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EDITORIAL

This issue of the Journal of the Serbian Chemical Society contains selected
articles from The Belgrade International Food Conference held in Belgrade, Ser-
bia on 26-28 October, 2012. The conference was organized by the Center for
Food Science and Molecular Biotechnology of the Faculty of Chemistry, Uni-
versity of Belgrade within an EU-funded project FCUB ERA “Reinforcement of
the Faculty of Chemistry, University of Belgrade, towards becoming a center of
excellence in food science and molecular biotechnology in the region of the
western Balkan”.

The main theme of the conference was: food, health and well being. The
Conference was organized in eleven sessions and two poster sessions. Enzymes
in food processing, Wastes and biomass valorization, Supplements, micronut-
rients and food additives, Food antioxidants, Nutrition science and bioactive
compounds, New approaches to food analysis, Food allergens, Nutrition and im-
munology, Molecular biotechnology for the benefit of consumers, New func-
tional foods, and Health effects of food.

The main goal of The Belgrade International Food Conference was to offer
an inter-disciplinary arena of discussion and opinion-sharing for scientists deal-
ing with different aspects of Food Science, to present a broad scope of multidisci-
plinary approaches to the field and to create a novel scientific network with a
specia focus on the promotion of young scientists. The scientific program in-
cluded 20 lectures, 16 oral presentations and 57 poster presentations. In total, 120
participants from 17 countries attended the workshop representing 37 different
ingtitutions. The highest number of foreign participants came from Romania,
Germany, Greece, France and Tunisia

The Guest Editors wish to sincerely thanks all contributors to this special
issue and the expert reviewers for their efforts to help compile a representative
collection of contemporary topics in this multidisciplinary field; all the invited
speakers, participants, and members of the Scientific and Organizing Committees
for their contribution to the successful organization of the conference. The Guest
Editors wish to express their profound gratitude to the Editor in Chief Branislav
Nikalic, the Biochemistry and Biotechnology Sub Editor Olgica Nedic and the
Technical Editors of the Journal of the Serbian Chemical Society for their sup-
port in the process of compiling this special issue devoted to the promotion of
Food Science and Food Chemistry in particular.

Guest Editors
Tanja Cirkovié Velickovié
Marija Gavrovi¢-Jankulovié
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Survey

SURVEY

Authentication of food allergens
KARIN HOFFMANN-SOMMERGRUBER*
Department of Pathophysiology and Allergy Research, University of Vienna, Austria
(Received 22 October 2012, revised 2 January 2013)

Abstract: Pure allergen batches are required for precise personalised diagnosis
of food allergies. Furthermore, they can be used to develop sensitive allergen
detection assays in foods and are valuable tools to develop novel immune-
therapies. However, these reagents have to be well characterised and have to
meet certain quality criteria. Within the EU-Project EuroPrevall, the concept of
an dlergen library comprising the most important food allergens from animal-
and plant-derived foods was developed together with a catalogue of physico-
chemical and immunological properties that had to be investigated. In close
cooperation, partners from academia and the biotech industry applied well-
established laboratory techniques as well as novel high throughput assays to
analyse the most important features of the final protein batches. It is expected
that this proof of concept will contribute to improved authentication of
alergens for both routine application in alergy diagnosis and treatment and
risk assessment in food production.

Keywords: food allergens; IgE; diagnosis.

CONTENTS
1. INTRODUCTION
2. ALLERGEN PRODUCTION AND AUTHENTICATION

1. INTRODUCTION

Allergies are regarded as the epidemic of the present century affecting a
steadily increasing number of people. It is usually harmless, non-toxic proteins
that induce an immune response in predisposed individuals, evoking symptoms
that range from mild and unpleasant local reactions to generalized and even life
threatening conditions.

Up to now, no immunotherapy for food allergies is available; therefore
avoidance of the incriminating food source is the method of choice.

* Corresponding author. E-mail: Karin.hoff mann@meduniwien.ac.at
doi: 10.2298/JSC121022002H
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316 HOFFMANN-SOMMERGRUBER

Great efforts have been undertaken to identify and characterise non-toxic
food proteins that induce an IgE-mediated alergic response in patients. Many
hundreds of allergens from animal- or plant-derived food have been identified in
the last 2 decades. The information on these proteins, regarding their physicoche-
mical properties and their allergenic relevance, including cross reactivities, has
been entered into alergen databases. Of these, the IUIS adlergen database
(http://www.allergen.org/) provides the systematic nomenclature for allergens
and their respective alergen designations. Entries for new alergens are only
accepted upon approval of the allergen nomenclature subcommittee. Based on
these datasets, it became clear that proteins with alergenic activity are restricted
to a limited number of protein families and are not randomly distributed.l
Degspite this, it remains to be clarified what intrinsic factors contribute to the
alergenic activity of certain proteins.

2. ALLERGEN PRODUCTION AND AUTHENTICATION

Purified food allergens are applied for in vitro diagnosis (component re-
solved diagnosis, CRD) and as reference materials for the quantification of the
respective allergen in foods.2 Furthermore, they are relevant tools to study the
function—structure relationship of food alergens and the impact of food pro-
cessing and the food matrix on the allergenicity of individual allergens. Finaly,
these well-characterised molecules are used to develop novel vaccination stra-
tegies for food allergies.

For each of these applications, a quality catalogue for purified food allergens
has to be developed to harmonise the purification strategies and to enable a cor-
rect analysis of the obtained data.

Within the EU-funded project EuroPrevall, partners from academia and the
biotech industry worked together to establish a food alergen library comprising
the most important alergens from animal and plant derived food sources (Table
1).3 Purified allergens from cow’s and goat’s milk, hen’s egg, fish, shrimp, fruits
from the Rosaceae family (apple, peach), hazelnut, peanut and celery were in-
cluded.# The majority of these are already in use for component resolved diag-
nosis and others are not yet included. These well-defined allergens were used to
compare conventional in vitro diagnosis with CRD, to set up in vitro models of
food processing and to develop novel allergen detection assays in foods.

The individual allergens were purified either from natural sources or pro-
duced as recombinant proteins. Prior to inclusion into the allergen library, a puri-
fied allergen had to meet several quality criteria. As the most important quality
criteria, purity and identity, protein folding, post-translational modifications and
immunochemical properties were identified.®> The most important quality para-
meters and the analytical applied methods are summarised in Tablell.
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AUTHENTICATION OF FOOD ALLERGENS 317

Individual allergens can occur as a single isoform or as a range of highly
similar proteins with varying IgE binding activity. In addition, the abundance of a
given alergen may influence the decision of whether to produce the proteinin a
heterologous expression system or to purify the single protein or a mixture of iso-
forms from natural sources. For both approaches, purity and verification of the
correct sequence are prerequisites for further applications. As a routine method,
1D-gel-electrophoresis (SDS-PAGE) was applied and only protein batches with
purity > 95 % were further analysed. Usually a combination of methods was used
to assess purity, i.e., HPLC and capillary electrophoresis. For natural allergens
comprising arange of isoforms, 2D-gel electrophoresis was performed to identify
the number of isoforms. To verify the correct N-terminal amino acid sequence,
Edman degradation and mass spectrometry were performed to verify the correct
mass data.

TABLE I. EuroPrevall Allergen library. The most important food allergens from animal and
plant food sources were identified and either purified from natural sources or produced as
recombinant proteins

Protein family/functional  1UIS Allergen

Source properties designation® Origin
Animal food alergens
Cow’'s Bosdomestica o-Lactalbumin Bosd 4P Cow’s milk (raw)
milk
SLactoglobulin Bosd 5P Cow’s milk (raw)
Total casein Bosd 8° Cow’s milk (raw)
Goat's Caprinus Total casein Goat’'smilk (raw)
milk domesticus
Hen's Gallus Ovomucoid Ga d1p Hen's egg white
egg domesticus
Ovalbumin Gal d2b Hen's egg white
Ovotransferrin Gal d3b Hen's egg white
Lysozyme Gad4 Hen’'s egg white
Serum albumin Ga d 5P Hen's egg yolk
Carp Cyprinus Parvalbumin Cypc1b Recombinant
carpio (Escherichia cali)
Codfish Gadus Parvalbumin Gad m 1P Codfish muscle and
mor hua recombinant (E. coli)
Shrimp Penaeus Tropomyosin Penal?  Recombinant (E. coli)
aztecus
Plant food allergens
Apple Malus Bet v 1 homologue, PR-10 Ma d1°  Recombinant (E. coli)
domestica
Thaumatin-like protein Mal d2 Apple fruit
Non-specific lipid transfer Mal d3 Apple ped
protein
Profilin Mal d4  Recombinant (E. coli)
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318 HOFFMANN-SOMMERGRUBER

TABLE I. Continued

Protein family/functional  1UIS Allergen

Source properties designation® Origin
Plant food allergens
Peach Prunus PR-10 Prup1P  Recombinant (E. coli)
persica
Non specific lipid transfer Prup 3P Peach peel
protein
Hazelnut  Corylus PR-10 Coralt  Recombinant (E. coli)
avellana
Hazelnut  Corylus Profilin Cora?2 Recombinant (E. coli)
avellana
Non-specific lipid transfer Cor a 8P Recombinant (Pichia
protein pastoris)
11S legumin, seed storage Coragb Hazelnuts
globulin
7S vicillin, seed storage Corall Hazelnuts
globulin
Peanut Arachis 7S seed storage globulin Arah 1P Peanuts
hypogae
2 Salbumins Arah 2, 6° Peanuts
11S seed storage globulin Arah3° Peanuts
PR-10 Arah 8" Recombinant (E. coli)
Celeriac  Apium PR-10 Apig1b Recombinant (E. coli)
graveolens
Profilin Apig4 Recombinant (E. coali)
FAD-containing oxidase Apig5h Celeriac

@Allergen designations as listed in the IUIS Allergen Nomenclature database (www.allergen.org); bAIIergens
already used in routine component resolved diagnosis in either ImmunoCAP or ISAC chip format

TABLE Il. Parameters and key methods used for the authentication of purified food allergens

Sequence verification

Matrix assisted laser adsorption MALDI (time of flight (TOF), quadrupole (Q)), N-terminal
amino acid sequencing

Isoforms

Two dimensional polyacrylamide gel electrophoresis (2D-PAGE)

Folding/structure

Far-UV circular dichroism spectroscopy (CD), 1-D nuclear magnetic resonance spectroscopy
(1D-NMR)

Purity/glycosylation/proteolysis

1-D Gel electrophoresis (SDS-PAGE), size exclusion chromatography, electrospray mass
spectrometry (ES-MS), capillary electrophoresis

Biologica function

Enzymatic activity, ligand binding assay

Immunological activity

IgE-Immunaoblot, enzyme linked immunosorbent assay (EL1SA), radioallergosorbent assay
(RAST), inhibition assay, histamine release assay
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AUTHENTICATION OF FOOD ALLERGENS 319

Analysis of the 3D-structure of the final purified allergen is necessary, since
it affects the immunochemical properties of individual allergens. For in vitro
diagnosis application, the structural determinants of the purified allergen should
be equivalent to the protein present in its natural matrix. Within the EuroPrevall
project, far UV circular dichroism was routinely applied to assess the overall se-
condary structure, and the presence of an alpha helical, a beta-sheet and unor-
dered structures. Furthermore, 1D-nuclear magnetic resonance spectroscopy of
the allergens was applied to provide information on the tertiary structure of
alergen, discriminating between arigid 3D-structure, a mobile flexible structure
and proteins with features of both, rigid and flexible mobile elements.6

Post-trandational modifications of proteins may affect their overall allerge-
nic activity. In this respect, glycosylation has an impact on IgE binding activity.
For some proteins, glycan moieties contribute to the overall stability of the pro-
tein as has been shown for the celery allergen, Api g 5.7 On the other hand,
glycans account for increased recognition of specific IgE antibodies without
clinical implications, as is known for some grass pollen allergens. Detection of
glycans can be performed by specific staining for lectins. Enzymatic release of
glycans with subsequent mass spectrometry analysis is direct proof of glycan
moieties.

Finally, the immunological properties of the purified allergen batches have
to be determined. The IgE binding properties of a protein are routinely tested in
an immunoblot assay or in an ELISA format.2 While the first approach provides
additional qualitative information of the allergen, the second approach enables a
semi-quantitative analysis. In addition, the levels of cross reactivity among re-
lated proteins can be assessed by inhibition assays in both formats. For in vivo
approaches, skin prick tests with protein extracts and purified allergens have been
performed, inducing alocal allergic response in patients. Blood-derived IgE sen-
sitized basophiles can be used for cellular tests. Upon addition of purified aller-
gens, the basophiles are activated due to cross linking of the cell-bound IgE via
the allergens. As readout of activation of the cells, surface markers such as CD63
or CD203c can be measured by flow cytometry.8 Alternatively, released hista-
mine is measured by fluorometric detection.

In conclusion, the proof of concept of an alergen library was established
within the EuroPrevall framework. Selected alergens from the most important
allergenic food sources were purified and characterised applying an array of
physico-chemical and immunological methods. During the establishment of the
library and collation of the allergen authentication protocols, it became evident,
that there is a need for timely and efficient analytical methods for the authenti-
cation of proteins. It is expected that the data generated from the EuroPrevall
alergen library will contribute to the attainment of important goals, such as the
development of alergen standardisation and reference materials that in turn will
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320 HOFFMANN-SOMMERGRUBER

improve allergenic risk assessment of food production, diagnosis of food allergy
and work towards immunotherapy.

U3BOJ
YTBPHUBAILE AYTEHTUYHOCTH AJTEPTEHA XPAHE

KARIN HOFFMANN-SOMMERGRUBER
Department of Pathophysiology and Allergy Research, University of Vienna, Austria

YucTy npenapary ajepreHa cy notpedHH 3a TauHy, THYHY JHjarHo3y ajleprije Ha XpaHy.
Onu ce, Takohe, MOTy KOPHUCTUTH 3a Pa3BOj OCET/BUBUX TECTOBA 3a AETEKLUjy ajepreHa y Xpa-
HU ¥ y UMyHOTepanuju. OBY IpenapaTH — peareHcu Mopajy OUTH 100pOo OKapaKTEpPHCAaHU U
3a[JOBOJBHTH OfipeheHe KpUTepHjyMe KBaluTeTa. Y OKBUPY eBpoICcKor npojexra ,EuroPrevall”
pa3BHjeH je KOHIeNT OUONMOTEeKe ajepreHa y KOjoj ce Haja3le HajBaKHUjU ajlepreHH XpaHe
KMBOTHICKOT U OMJBHOT NIOPEKJIA, Y3 MPETIe] BBUXOBUX (PU3UUKO—XEMUjCKUX U UMYHOJIOMKHUX
ocoduHa. CapaJHULIX Ca YHUBEP3UTETa ¥ U3 DHOTEXHOJIOUIKE HHIYCTPHje Cy 3ajeJHUYKU MTPH-
MEHWIH Mo3HarTe 1adOpaTopHjcke TEXHWKe, Ka0 U HOBE TECTOBE, V aHAJIWU3U HajBaKHHjUX
KapaKTepUCTHKa KpajibuxX MPOTEHHCKUX mpernapara. O4ekyje ce Ja oBakaB KOHIIENT JIOMPH-
Hece yTBphUBawy ayTeHTHUHOCTH ajepreHa, pagy pyTUHCKE TPUMeHe Y TUjarHo3u U Tepanuju
ajiepryja, kao ¥y MpoLieHH PHU3HKa Of] alepruje y Npou3BOAKBY XpaHe.

(ITpummbeno 22. oxrobpa 2012, peupupano 2. janyapa 2013)
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REVIEW
What makes peanuts so allergenic?

ARND PETERSEN*, WOLF-MEINHARD BECKER and UTA JAPPE

Division of Clinical and Molecular Allergology, Research Center Borstel, Airway Research
Center North (ARCN), Member of the German Center for Lung Research, Borstel, Germany

(Received 5 October 2012, revised 24 January 2013)

Abstract: Peanut allergy belongs to one of the most severe food alergies. So
far 12 peanut allergens have been registered by the 1UIS Allergen Nomen-
clature Subcommittee. The different peanut allergens and factors that con-
tribute to alergenicity are described herein. Peanut contains several class |
food allergens (especialy Arah 1, 2, 3) that are stable against heat denaturation
and proteolytic digestion and represent storage proteins. These alergens are
often associated with severe alergic reactions. Additionally, peanut contains
class Il food allergens (Ara h 5 and 8), where the IgE reactivity is caused by
cross reactions to inhalant allergens. These allergens are mostly associated with
mild to moderate allergic reactions. However, the severity of the symptoms
may change by involvement of additional factors. The peanut matrix consiststo
about 50 % of lipids, and allergenipid associations have been shown for
several peanut alergens. Further factors influencing allergenicity depend on
the peanut variety, geographical differences and aterations in food processing.
Finally, the physiological function of allergens and the mechanisms by which
they interact with the immune system are further modulating factors. Thus, the
specific allergen structure, matrix, genetic variations, geographic aterations
and further augmentation factors are important parameters that induce and
influence alergenicity.

Keywords: alergenicity; augmentation factors; class | and Il food alergens;
epitope; IgE reactivity.
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2. STRUCTURAL CHARACTERISTICS OF PEANUT ALLERGENS
2.1. Characteristics of class | food allergens of peanut
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3. ADDITIONAL FACTORS INFLUENCING ALLERGENICITY

* Corresponding author. E-mail: apetersen@fz-borstel.de
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322 PETERSEN, BECKER and JAPPE

4. WHAT ARE THE MECHANISMS OF THE SENSITIZATION BY PEANUT
ALLERGENS?
5. CONCLUSIONS

1. INTRODUCTION

Peanut is one of the most hazardous sources of food allergens that can cause
severe, sometimes even fatal, anaphylactic reactions. About 100 ug of peanut
protein can provoke symptoms in alergic individuals.l It is rather difficult to
avoid peanuts, since they may occur as hidden allergens in exotic meals and as
supplements, such as peanut oil in cosmetics. Due to their lipophilic matrix (pea
nuts contain about 50 % of lipids?), peanut proteins are considerably adhesive
and may be resistant to degradation. Possible sensitization routes are the gastro-
intestinal tract, the respiratory tract, the skin, aswell as breast feeding.

To answer the questions concerning peanut alergenicity, the complexity of
peanut allergens, co-factors and interaction with the immune system at different
interfaces have to be taken into account.

Three topics should be considered:

1. the structural characteristics of peanut allergens;

2. additional factorsthat can increase alergenicity;

3. mechanisms of sensitization by peanut allergens.

2. STRUCTURAL CHARACTERISTICS OF PEANUT ALLERGENS

The molecular structure is obviously related to alergenicity. The fact that
alergens exist only in 1.5 % of the 9318 protein families3 suggests a correlation
between molecular structure and alergenicity. This was further confirmed by
studies of da Costa Santiago et al., who demonstrated a correlation of aller-
genicity with structural uniqueness of proteins, while homologous proteins com-
mon in eukaryotic organisms and high amino acid conservation levels result in
lower alergenicity or lead to immunological tolerance.

However, little is known about the typical structural characteristics of aller-
gens.® Allergens are glycoproteins or proteins with a molecular weight of 10 to
70 kDa. They must carry at least two IgE-reactive epitopes to enable cross-link-
ing of IgE antibodies on effector cells to release mediators. The allergenic mole-
cules must be stable to reach the immune cells. Interestingly, low dosages cause
allergy, since low concentrations increase Th2 cell activation. Usually allergens
are readily soluble. The physiological functions of allergens also have to be con-
sidered as factors promoting allergenicity, although few publications exist on this
particular subject: some allergens have been identified as proteases, protease in-
hibitors, transport proteins, regulatory proteins, storage proteins and defence pro-
teins.

Subsequently, different peanut allergens and factors that contribute to aler-
genicity are described. Peanut allergens were identified by 2D immunoblotting
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ALLERGENICITY OF PEANUTS 323

using sera from peanut alergic individuals. The protein spots were identified by
tryptic mass fingerprinting and sequence homology was searched for in data-
bases.6 The complexity becomes evident when focusing on molecules of similar
size but with different pl values. Many allergens consist of isoforms that differ
from each other by exchange of one or a few amino acids and/or post-trans-
lational modifications.’8

The peanut alergens as they are listed by the IUIS Allergen Nomenclature
Subcommittee are summarized in Table |. Twelve different allergens from peanut
(Arachis hypogaea) are known: Ara h 1-Ara h 13. The structure of the allergens
varies from polypeptides (e.g., oleosins), small molecules stabilized by disulfide
bonds (e.g., Ara h 2) to complex post-translation modified glycoproteins that oli-
gomerize (e.g., Ara h 1). The physiological function of peanut allergens range
from storage proteins, protease inhibitors, pathogenesis-related proteins (PR pro-
teins for defence) to transport proteins.

TABLE I. Overview of the peanut alergens (Arachis hypogaea). PTM, post-trandational
modifications; glyc, glycosylation; S-S, disulfide bond; PR, pathogenesis-related protein
(Becker et al.,® modified)

Allergen MW/ kDa pl Structure PTM Function
Arahl 62-69 6.0-6.4 Cupin, vi cj lintype, glyc, S-S Storage protein
7S, trimer

Arah2 17-18 55 Conglutin type, 2S ss Storage protein,

abumin trypsin inhibitor
Arah 3.01 56-59 54-5.6 Cupin, legumintype, glyc, S-S, Storage protein
Arah 3.02 11S, hexamer o and &
(Arah 4) subunits
Arah5 14 4.6 Profilin - Profilin
Arah6 14 5.0 Conglutin type, 2S -

' S-S

albumin

Arah7 16-17 5.6-7.5 Conglutin type, 2S -
’ S-S

abumin
Arah 8 16-17 5.0 Bet v 1 homologous PR-10, transport

protein a
Arah9 9 9.3-9.5 Lipidtransfer protein ss PR-14, lipid

transport

Arah 10 16-18 9.4-9.6 Oleosin - Lipid transport
Arah 11 14 9.1 Oleosin - Lipid transport
Arah 1218 5 7.7 Defensin, dimer S-S PR-12, defence
Arah 138 5 8.2 Defensin, dimer S-S PR-12, defence

In contrast to pollen alergens that enter the organism without structural
changes, peanuts are usually processed by roasting before consumption and sub-
sequently undergo digestion under acidic conditions by pepsin in the stomach
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and in basic conditions in duodenum by pancreatic enzymes, before fragments
(single allergens) reach the immune system, a complex procedure, which influ-
ences their allergenicity.10

Food alergy is divided into two classes as described in Table 11.11 Class |
food allergy is characterized by systemic and more severe reactions, which is
associated with allergens resistant to heat, proteases and digestion, alowing these
alergens to pass the gastrointestinal tract without structural changes. This
category of allergensin peanut contains Arah 1, 2 and 3, which are known to be
responsible for severe anaphylactic reactions after peanut consumption.

TABLE Il. Classification of food allergensinto class| and Il

Parameter Class| Class ||
Sensitization route Gastrointestinal Inhalation
Characteristics Thermally and proteolytically ~ Thermally and proteolytically
stable unstable
Symptoms Severe reactions Often mild reactions
Anaphylaxis OAS
Examples Arahl1,2and3 Arah5and 8

However, peanut also contains class Il food alergens. In this case, the sen-
sitization is usually raised against pollen allergens via the respiratory tract. Due
to cross-reactive IgE epitopes in peanut allergens, such molecules can cause al-
lergic reactions as well. Usually these allergens are thermally and proteolytically
unstable, and often only mild symptoms are provoked.

The following description of the class | and 11 allergens of peanut is based on
the review of Becker et al.®

2.1. Characteristics of class | food allergens of peanut

Some of the peanut allergens reveal many sequentia IgE-binding epitopes,
e.g., Arah 1 possesses 23 linear epitopes.12 Even after partial cleavage during di-
gestion, some IgE-binding epitopes remain on the fragments and probably cause
histamine release.

Arah 1 and Ara h 3 belong to the cupin superfamily with a molecular struc-
ture formed by a p-barrel core domain and two additional conserved sequence
motifs. Arah 1 is a 7S globulin and belongs to the vicilin type. Hydrophobic
patches are located at the ends of the molecule; they are the binding edges for the
formation of Ara h 1 trimers.13 Ara h 3 tends to form hexamers. Its monomers
are composed of an acidic and a basic subunit linked by a disulfide bond.14 Arah
3isan 11S globulin and belongs to the legumin type.

Arah 2, 6 and 7 are members of the prolamin superfamily. They are acohol
soluble proline and glutamine rich storage proteins that show a specific, highly
conserved cysteine pattern (C—Xn—C—Xn—C—C-Xn—C—-X—-C—-Xn-C-Xn-C),
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whereby Ara h 6 contains 10 cysteines. Arah 2, 6 and 7 belong to the 2S albu-
mins. Ara h 2 is the most frequently recognized peanut allergen.1 Studies by
Maleki et al.10 showed that the stability of this molecule is due to the four di-
sulfide bonds. Roasting and denaturating conditions with 8 M urea did not alter
the secondary structure, as demonstrated by CD spectroscopy. However, the con-
formational structure is destroyed by reducing procedures.

Arah 9 also belongs to the prolamin superfamily, but to the subgroup of the
non-specific lipid transfer proteins (LTP). The LTPs are largely distributed in
fruits and vegetables and cause allergic reactions, especialy in individuals of the
Mediterranean region.16:17 The underlying molecule is stabilized by four disul-
fide bonds and belongs to the pathogenesis-related proteins (PR12-protein).11

Two further families of peanut allergens are associated with lipids: the ole-
osins (Ara h 10 and 11) and the defensins (Ara h 12 and 1318). Oleosins are
amphiphilic molecules that form a monolayer on oilbodies!® and peanut defen-
sins, isolated from lipophilic fractions, have recently been identified as IgE-
reactive components.18 Plant defensins are small, highly stable, cysteine-rich
peptides that constitute a part of the innate immune system, primarily directed
against fungal pathogens.20

2.2. Characteristics of class |1 food allergens of peanut

Class Il food allergens in peanut are Arah 5 and 8. Arah 5 is a profilin.21
Profilins are detectable in al eukaryatic cells and are involved in the formation
of the cytoskeleton. Since they also exist in human cells, immune responses can
only be elucidated to structurally and phylogenetically less related plant profi-
lins.22 Nevertheless, the structural differences to plant profilins are small. Cli-
nical relevance seems to be negligible. The symptoms, if any occur, are usualy
only mild.

Arah 8 is aBet v 1-homologous protein (PR-10 protein)23.24 and a class |1
food allergen, since the sensitization (especially in Northern Europe) is caused by
the major birch pollen allergen Bet v 1. This plant family is rather large and
consists of many members of fruits and vegetables from Rosaceae and Apiaceae,
respectively.2®

Even though the protein sequences can differ by 60 % among different
members, the underlying 3D structure and surface identity (important for the
antibody binding) are more similar. The characteristic 3D structure is formed by
7 antiparallel S-sheets and 2 short a-helices. These allergens are unstable to hest
and digestion and, therefore, often cause only mild reactions, e.g., the oral allergy
syndrome (OAS).24
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3. ADDITIONAL FACTORS INFLUENCING ALLERGENICITY

For alergy development, the specific structure of the alergen/s in the con-
text of alergen exposure and the genetic background of the individual are of
profound importance.

Allergenicity can vary considerably due to the variety of the allergen sour-
ces, the form of protein extraction and the further processing.

Comparing peanuts from different varieties and origins, a peanut species
from Bali that showed nearly no Arah 1 was evidenced by 2D PAGE and immu-
noblotting.28 It might be speculated that this was a hypoallergenic peanut variant.
However, when the allergenicity of the peanut extract was determined, it was
found to be comparable to those other varieties, which is probably due to com-
pensation with higher amounts of the other peanut alergens. This is a natural
example that demonstrates that the elimination of a single allergen does not ne-
cessarily result in alower overall alergenicity.

The extraction conditions also play an important role. Under akaline con-
ditions (carbonate buffer, pH 8), which mirrors the physiological conditions of
peanut uptake in man, Arah 1 and Arah 3 are especially detectable, while under
acidic conditions (acetate buffer, pH 5) oleosins and LTP (Ara h 9) appear more
prominently.27

When an attempt was made to improve the isolation of Ara h 8 from an
extract,28 it was observed that lipophilic extraction by use of chloroform and me-
thanol2® produced a more efficient isolation, resulting in pure Ara h 8. It would
not have been possible to identify the sera of Ara h 8-reactive patients in the
usually isolated extract (carbonate buffer, pH 8). However, by application of the
lipophilic extraction method, Arah 8 could clearly be detected. Thisis afact that
has to be considered for diagnosis.

A further interesting phenomenon was observed in these experiments. ex-
tracts prepared from roasted peanuts revealed a stronger IgE reactivity when
compared to the extract from unroasted peanuts (personal communication). This
may be due to roasting as Maillard products are formed30 by the reaction of car-
bohydrates and allergens, which was demonstrated for the peanut allergens Ara h
1and 2.10.13

A lipophilic matrix can also have an important influence on the allergenicity
of the molecules. Sancho et al.3! demonstrated that phosphatidylcholine induced
conformational changes in the apple allergen Mal d 1 and allowed this allergen to
penetrate the phosphatidylcholine vesicle. By this, the digestion of the Ma d 1
was retarded, and the allergenicity was retained to a large extent. Since peanut
consists of up to 50 % of lipids,2 evidence was found that lipids also interfere
with the IgE binding and digestibility of Ara h 8. After roasting, some covalent
Ara h 8ipid oxidation products might have been generated. Recombinant Ara h
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8 without lipids was degraded rapidly, while Ara h 8 isolated from roasted
peanuts was resistant in gastrointestinal digestion experiments.28

Not only Arah 8, but also several other peanut allergens are associated with
lipids. Thus, the lipid transfer protein Ara h 9, the oleosins, which float on the
surface of oilbodies, 19 Ara h 10 and 11, and finally plant defensins were iden-
tified as by-product when Ara h 8 was isolated by lipophilic extraction.18

Besides the specific structure, the quantity of allergens can influence sensi-
tization as well. Fox et al.32 reported that high levels of environmental exposure
to peanut during infancy caused higher rates of sensitizations. On the other hand,
du Toit et al.33 showed that early consumption of peanuts in infancy seemsto be
associated with a low prevalence of peanut allergy. They determined a 10-fold
lower prevalence for peanut alergy in Jewish children in Israel than in Jewish
children in the U.K. Isragli children consume peanuts in high quantities in the
first year of life, while U.K. infants avoid peanuts. Other probable factors arising
by atopy, socia class, genetic background and peanut allergenicity were ruled
out in the study.33 This indicates that a window of opportunity might exist in
early life that causes tolerance induction.34

Furthermore, the route of the allergen exposure seems to be decisive. In
peanut alergic patients, the proliferation of peanut-specific memory T-cells with
the skin-homing factor CLA+ (cutaneous lymphocyte antigen) predominates,
while peanut-tolerant groups have a mixed skin- and gastrointestinal-homing fac-
tor composition CLA+/ o4 37+.35 These results further support the hypothesis that
the initial route of allergen exposure in early lifeis crucia: allergic sensitization
might occur via the skin, while passage via the gut induces tolerance.3®

Geographical parameters and environmental factors can also influence the
occurrence of alergic reactions to specific allergens. Concerning peanut aller-
gens, a clear distribution of the North European population exposed mainly to
birch pollen results in reactivity to the Bet v 1-homologous Ara h 8, while in the
Mediterranean countries, the reactions are especially based on the lipid transfer
proteins. Thisis probably caused by exposure to the marker allergen Pru p 3 from
peach, which cross-reacts with Arah 9.17.36

Food processing habits can also influence sensitization. It is interesting to
note that peanuts are usually cooked in China, while they are mainly roasted in
other countries.37 Although peanut consumption is high in China, peanut allergy
does not seem to be as prevalent asit isin the U.S.A. The reason might be due to
the food processing. By cooking peanuts, some allergens may be washed out,
while roasting can generate new stable allergenic epitopes, e.g., Maillard pro-
ducts.38

Last but not least, factors such as acoholic drinks, non-steroidal anti-inflam-
matory drugs (NSAIDs), exercise and menses can increase food allergic symp-
toms_39,40
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4. WHAT ARE THE MECHANISMS OF THE SENSITIZATION BY PEANUT
ALLERGENS?

To understand the effect of allergenicity, it is important to investigate how
specific allergens interact with the epithelium and the immune response-trig-
gering cells.

Several food allergens have been identified as proteases, e.g., actinidin of
kiwi (Act d 1), and Cavic et al.#! were able to demonstrate similar morphological
changes and desquamation of epithelial cells after exposure to Act d 1 and with
the house dust mite allergen Der p 1.42 Although no allergenic protease have
hitherto been identified in peanut, it might be speculated that, for example, sub-
tilisin, a serine protease in peanut kernels,43 disrupts the tight junctions, thereby
enabling peanut allergens passage through the epithelial barrier.

The alergens Ara h 2, 6 and 7 show molecular similarities to the soybean
trypsin inhibitor.19 This might result in incomplete digestion of alergens, which
can consequently elucidate alergic reactions. Shreffler et al.#4 demonstrated a
binding of the glycoprotein Ara h 1 via its carbohydrate moiety (f-glucan) to
CD209 on dendritic cells, the DC-SIGN (dendritic cell-specific intercellular ad-
hesion molecule 3 grabbing non-integrin). As a consequence, a shift towards Th2
activation occurs, as shown in human in vitro experiments. The results corres-
pond to those obtained in studies of Royer et al.,*> which showed that several
native allergens with a carbohydrate moiety (among them Ara h 1) can bind to
the mannose receptor on dendritic cells (C-type lectin) causing Th2 cell pola-
rization.

Khodoun and co-workers? proved that components from peanut extract can
activate complement in mice in vivo and in vitro and they also demonstrated this
effect in vitro in man. C3a and to a lower degree Fcyreceptors were identified as
contributing to peanut extract-induced anaphylactic shock. This was shown to
occur without the involvement of the adaptive immune system. To date, the elu-
cidating components from peanut extract have not been identified.

Furthermore, the association of proteins with lipids and lipophilic molecules
can have structural and functional effects. Karp#’ hypothesized that intrinsic ad-
juvant activity may be provided for by the association of the proteins with their
lipid cargo and that this underlies their immunogenicity and/or allergenicity. In
this context, Ara h 8 and other lipophilic allergens may support or enhance the
binding to receptors of the innate immune system, such as the Toll-like receptors
TLR2 and TLR4 that bind lipopeptides and lipopolysaccharides (LPS), respecti-
vely. Dependent on the LPS concentration, the immune responses can vary con-
siderably. In an animal model with ovalbumin, a dose of <1 ng LPS led to tole-
rance, a dose of 100 ng LPS to sensitization with a Th2 immune response and a
dose of 100 pg to Thl inflammation.48
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For the Bet v 1-homologous peanut allergen Arah 8, abinding to lipid rafts
and allergen uptake via caveolae was demonstrated. Interestingly, this binding
was only detected in birch pollen alergic individuals, but not in heathy con-
trols.49 The receptor, however, has not yet been identified.

5. CONCLUSIONS

The presented data provide evidence for a clear relationship between mole-
cular structure and allergenicity, athough many further influencing factors may
be involved. Besides the allergen structure, the variety of the source of alergens,
the matrix, the manner of processing, and with regards to the consumer, the ge-
netic background, the qualitative and quantitative exposure, the route of exposure
(gastrointestinal tract, respiratory tract, skin), and host-associated additional fac-
tors. Preliminary investigations have been performed to better understand these
interactions. Since the development of an alergic phenotype depends on many
factors, it isimportant to dissect and study the different factors.

Furthermore, the clinica relevance of the sensitization should be determined,
since sensitization does not necessarily result in clinical symptoms. Clinical
problems arise from inter- and intra-individual variability of the level triggering
alergic reactions.

A first step is to switch from prick test with mixtures from alergenic
sources, which can only differentiate between sensitized or non-sensitized, to a
component-resolved diagnosis, which allows discrimination between the diffe-
rent allergens and, hopefully, to find marker alergens (e.g., Ara h 2) that alow
severe symptoms to be predicted.50

U3BO[
HITA KUKUPUKHU YHUHHU JAKUM AJIEPTEHOM?

ARND PETERSEN, WOLF-MEINHARD BECKER u UTA JAPPE

Division of Clinical and Molecular Allergology, Research Center Borstel, Airway Research Center North
(ARCN), Member of the German Center for Lung Research, Borstel, Germany

Anepryja Ha KUKUPHKM je jefHa O Hajjauux aneprdja Ha xpany. Jlo caza je peruc-
TpoBaHO 12 anepreHa KMKUpUKHja of cTpaHe HamuexxHor Tena (IUIS Allergen Nomenclature
Subcommittee). Y oBoM pafly OIMCyjeMO pasjMuuTe ajepreHe KMKUPHKHja U daKTope Koju
TOIPUHOCE anepreHocTH. KUKUpUKY canpKu HEKOMUKo anepreHa kiace I (moceduo Ara h 1, 2
u 3), KOjU 0Z0JIEBAjy TOIVIOTHOM M INPOTEOJNIMTHYKUM pasjiaramy U 4MHE Jeno nporernHe. OHU
YeCTo U3a3uBajy jake aneprujcke peakuuje. Kukupuku cagpsku u aneprede wiace II (Arah 5u
8), xoju uHpyKyjy IgE peakTHBHOCT KOja MMa yHaKPCHO NPENO3HaBake MHXAaTOPHUX ajlep-
reHa. OBY ajiepreHu usasuBajy Onary 1o cpefme jaky anepreHocT. Ha jaunHy cumnroma mMory
yTULIATU ¥ fofaTHU daxkTopyu. Kukupuku ce cactoju of 50 % nunuia U 3a HEKOJIUKO ajepreHa
je KOHCTaTOBaHO acocoBame ca Junuauma. Ha anepreHocT yTude BpCTa KUKHPHUKHja, Ieo-
rpadCko MOPEKIO M Ha4yMH o0pafe 3a ucxpaHy. PH3HOJOIIKK MYT al€epreHa, Kao M Mexa-
HHM3MH HHTEPaKLHje ca UMYHHM CHUCTEMOM Cy, Takohe, mogynaTopHu ¢akropu. [Ipema Tome,
cneuM@HyHa CTPYKTypa ajiepreHa, KOH3MCTEHLIMja, TEHETCKe Bapujauuje, reorpadcko Io-
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PeKyIo U Apyru nojavyaBajyhu GakTopu Cy BaKHU NMapaMeTpH 3a UHAYKUU)jY U Ja/bH TOK anep-
rUjcke peakiyje.
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Abstract: Since its first appearance on the market, kiwifruit has become very
popular in the human diet due to its pleasant taste, low caloric value and high
content of vitamin C. However, kiwifruit allergy has become a frequent cause
of type | hypersensitivity in the western society. The molecular basis for
kiwifruit alergy has been ascribed to up-to-now 11 identified IgE reactive
molecules. They are proteins and glycoproteins with a molecular mass between
10 and 50 kDa. The major kiwifruit alergen is a cysteine protease denoted as
Act d 1, which represents 50 % of the soluble protein extract. Due to diffe-
rences in the abundance of the protein components and biological activity, the
quality of kiwifruit extracts intended for alergy diagnosis can vary in content
and amount of IgE reactive molecules. In addition, the quality of allergen ex-
tracts for alergy diagnosis depends on the fruit ripening stage and storage
conditions. In terms of clinical reactivity, it has become evident that kiwifruit
alergy is not a homogeneous disorder. Different patterns of IgE reactivity ac-
company severa clinical subgroups that have been identified in different geo-
graphical regions. In the last decade, enormous progress has been made in the
isolation and characterization of kiwifruit allergens. This paper presents an
overview of the structural features of kiwifruit alergens.

Keywords: alergy; kiwifruit; food allergens; IgE reactivity.
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1. INTRODUCTION

Since its first appearance on the fruit market, kiwifruit has become very
popular in the human diet due to its pleasant taste, low caloric value and high
content of vitamin C; and numerous investigations on health-promoting proper-
ties of this fruit have been reported.12 Kiwifruit has also found extensive appli-
cation in the food industry as a meat tenderizer,3 milk coagulant4 and fruit in-
gredient in jams and jellies, syrups, confectionery, etc.>

However, smultaneously, kiwifruit is a good example of the possible con-
sequences encountered by the introduction of a novel item into the human diet. In
30 years, from the first report of allergic reaction in 1981,6 kiwifruit has become
one of the top ten sources of food alergy, as shown in recent studies from Fin-
land, Sweden and France.’

Kiwifruit was formally described for the first time in 1847 and given the
Latin name Actinidia chinensis. The plant is native to the Yangtze valley of
southeast China and has been a favorite of the local population for centuries.8
The transformation of a small, hard, and wild Chinese berry into the fleshier,
tastier kiwifruit began in 1904 when a school teacher from New Zealand arrived
back from a short visit to China with seeds of what was then called Chinese or
Ichang gooseberry, and from these a local nurseryman produced two plants from
which almost all today’s cultivars outside of China descend. Kiwifruit benefited
from the warm, humid climate and volcanic soil of New Zealand’s north island
and soon became popular in the area, in the beginning valued more as a decora-
tive vine with snowy white flowers than for its fruit. Over the next three decades,
gardeners developed superior kiwifruit vines through careful selection, pruning,
and grafting. During World War |1, American soldiers stationed in New Zealand
developed a liking for the taste of this fruit and in 1962, when New Zealand began
with the export of this fruit to the USA, as part of a marketing campaign, they re-
named it from Chinese gooseberry to kiwifruit, after the national bird of New
Zealand.910

Kiwifruit belongs to the large genus of Actinidia and was first known under
the botanical name A. chinensis. However, this species was discovered to be
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polymorphic comprising several varieties (var. chinensis, var. hispida and var.
setosa). In 1986, it was concluded that enough differences between the varieties
exist to reclassify A. chinensis var. chinensis and A. chinensis var. hispida into
two different species. Kiwifruit that is commercially grown and readily available
worldwide is now known under the botanical name A. deliciosa (A. Chev) C.F.
Liang & A.R. Ferguson var. deliciosa.ll Until 1999, the world kiwifruit pro-
duction was mostly based on the green-fleshed cultivar Actinidia deliciosa cv
Hayward, when the yellow-fleshed cultivar A. chinensis cv Hortl6A became
available on the international market under the commercial name Zespri Gold.
These two varieties not only differ in taste, but also in their alergenicity.

2. CLINICAL MANIFESTATIONS OF KIWIFRUIT ALLERGY

Since it was first described in 1981,5 kiwifruit alergy has been observed
with increasing frequency in western populations.12 Symptoms of kiwifruit al-
lergy vary from mild symptoms localized to the oral mucosa to severe systemic
reactions, particularly in young children.12 Kiwifruit allergy can be the result of
cross-reactivity with pollen and latex, the most frequent association being with
birch and grass poIIinosis;13 however, monosensitizations have also been re-
ported. Symptoms severity and sensitization patterns of kiwifruit alergy are geo-
graphically dependent, with different alergen sensitization patterns seen across
Europe. More severe symptoms to kiwifruit allergy in alergic patients were re-
corded in the birch-free Mediterranean area than in central Europe.14 Aleman et
al. provided evidence that kiwifruit alergy is not a homogeneous disorder because
several clinical subgroups can be established.1®

Food allergy is a consequence of primary sensitization of the immune system
to food allergens or from primary sensitization to inhalant allergens (pollens or
latexes in dlergies to plant foods) in atopic persons. It has been postulated that
direct sensitization by food allergens via the oral route is only possible when the
alergens possess resistance to proteolysis in the digestive tract. This feature is
regarded as decisive for the potential of food allergens to induce severe systemic
reactions mediated by immunoglobulin E antibodies.

Structural similarities of proteins from different sources provide an expla-
nation for a number of clinically observed cross-reactivity cases.13 Due to cross-
reactivity between plant and pollen allergens, patients with allergy to pollens
often report oral allergy syndrome (OAS) after ingestion of certain fruits, nuts
and vegetables. Pollen—food cross-reactive IgE antibodies are usually implicated
in mild symptoms of alergy, such as OAS. The major birch pollen alergen Bet v
1 and the pollen profilins, the maor source of cross-reactive IgE binding epi-
topes, are sensitive to pepsin digestion, and therefore the clinical symptoms of
alergy arerestricted to the oral cavity.
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3. MOLECULAR BASIS OF KIWIFRUIT ALLERGY

The molecular basis of kiwifruit allergy is attributed to eleven International
Union of Immunological Societies (IUIS) nominated kiwifruit alergens (www.
alergen.org) (Tablel).

TABLE I. Kiwifruit allergens

Allergen Biochemical name MW/ kDa (SDS-PAGE)
Actd1l Cysteine protease (actinidin) 30
Actd?2 Thaumatin-like protein 24
Actd3 - 40
Actd4 Phytocystatin 11
Actd5 Kiwellin 26
Actd6 Pectin methylesterase inhibitor 18
Actd7 Pectin methylesterase 50
Actd8 Pathogenesis-related protein PR-10 17
Actd9 Profilin 14
Actd 10 Lipid transfer protein 1 10
Actd1l Major latex protein/ripening-related protein family 17
3.1 Actd1

Actinidin (EC 3.4.22.14) is a cysteine protease from the papain superfamily
and is abundant in kiwifruit.16 Beginning from the 1970s, this enzyme has been
studied in detail and its 3-dimensional structure, amino acid and nucleotide se-
quences are known.17-19 The mature form of actinidin is comprised of a single
polypeptide chain organized into two domains with 3 disulphide bridges and has
a molecular weight of 23.8 kDa and a pl value of 3.5.17.20.21 Njeuwenhuizen et
al. identified more than 10 different MRNA molecules encoding actinidin
isoforms with predicted pl values ranging from acidic (3.9) to basic (9.3).22 Acti-
nidin has a wide pH activity range (4-10) and wide substrate specificity, prefe-
rentially hydrolyzing the amide and ester bonds at the carboxyl side of lysine
residues.23.24

Actinidin represents more than 50 % of total soluble protein content in the
green-fleshed kiwifruit cultivar (A. deliciosa cv. Hayward), but this protein ap-
pears to be at a very low level in Hortl6A, the most important commercial cul-
tivar of gold kiwifruit (A. chinensis).16:22 |mmunol ocalization showed that actini-
din was present inside the vacuole of the small cells of the outer pericarp of ma-
ture A. deliciosa fruit at harvest.22 Several other cysteine proteases, which are
actinidin homol ogues from the papain family, are also accumulated at high levels
in specific tissues or cell types, including papain from papaya, bromelain from
pineapple and ficin from fig.

The physiological role of these enzymes is unknown, but it has been pro-
posed that they function as storage proteins or are part of a defense mechanism
against insects, plant diseases and other forms of stress.25:26
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Actinidin (Act d 1) is a kiwifruit alergen and is considered a marker of
monosensitization to this alergen food source, since no cross-reactivity with
birch or grass pollen has been observed.1520.27.28 |n most studies, actinidin was
identified as amajor allergen in kiwifruit allergic patients.”2527-29 An exception
to this was a study performed in 2007 by Lucas et al. on kiwifruit alergic pati-
entsin the United Kingdom in which none of the 30 patients showed IgE binding
to purified actinidin in Western blot.30 Actinidin retains allergenicity after ther-
mal treatment, a significant feature in terms of the possible development of aller-
gic reactions after the consumption of food products containing processed kiwi-
fruit.21

Although some studies indicate that actinidin is susceptible to degradation
upon passage through the gastrointestinal tract,3! others showed that actinidin
retains its enzymatic activity under conditions of gastric and intestinal digestion
and aids in the digestion of food proteins.32:33 In a 2012 study by Cavi¢ et al., the
proteolytical activity of actinidin, which leads to changes in the morphology and
adhesion of intestinal epithelia cells, was proposed as a possible route for oral
sensitization to this allergen.34

3.2. Actd 2

The second IgE binding molecule isolated from A. deliciosa was a thau-
matin-like protein (TLP) and it was denominated Act d 2.13 Act d 2, as well as
other TL proteins, belongs to the pathogenesis related (PR) 5 family of pro-
teins.35 It is a protein of 225 amino acids, with the first 24 representing a signal
peptide that designates this protein to the apoplast. It has basic pl values of 9.4
and 9.5.13.14 A potential N-glycosylation site is located on N189FS and glycosy-
lation was suggested to exist based on its ability to bind to concanavalin A lec-
tin.13 Kiwi TLP, similar to other members of the PR 5 family, possesses anti-
fungal activity against Botrytis cynerea, Mycosphaerella arachidicola3® and Sa-
ccharomyces carlsbergensis.13 The anomalous migration of kiwifruit TLP in
SDS-PAGE is due to an unusually high number of S-S bridges, a peculiarity
common for TLPs.13 Namely, it has 8 disulphide bridges between cysteines
Cys°’3—Cy5224, @574@584, Cy589—@895, @5140_Cy3213, CN8146—W3196,
Cysl54_Cysl64 Cysl68 Cysl?7 and Cysl78-Cysl83,

There are opposing studies concerning TLP stability under simulated gastro-
intestinal conditions.13:31 The first obtained results suggested that purified TLP
was digested in simulated gastric fluid (SGF) in only 1 min, while TLP in crude
extract resisted digestion for 8 min.13 However, later studies suggested that the
stability of TLP during ssimulated gastrointestinal digestion largely depended on
the enzyme:substrate ratio employed in the experimenta setting, as well as whether
reducing or non-reducing conditions were employed for SDS-PAGE analysis of
the reaction mixture. Under non-reducing conditions, 25 % of the allergen re-
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mained intact following in vitro gastric digestion and during duodenal digestion
residual intact Act d 2 was till present when analyzed by SDS-PAGE. Under
reducing conditions, the allergen promptly disappeared.3! The observed differen-
ces stem from the different digestion protocols used in the experiments, i.e., dif-
ferent amounts of pepsin used for the simulated in vitro digestion. However, it
can be assumed, as suggested by a later study31 and by similar results obtained
for milk37 and wheat38 allergens, that disulfide bonds are important in the resis-
tance of this and other allergens to digestion with proteases commonly en-coun-
tered in the gastrointestinal tract.

Thermal stability experiments suggest that Act d 2 aggregates following
heating at pH 7, but not at pH 2.31 These results show that cross-linking of Act d
2 molecules at pH 7 by intermolecular disulfide bonds was induced by heating.
The cleavage of disulfide bonds at neutral pH and high temperature was pre-
viously observed for thaumatin,3® but also in unrelated proteins including oval-
bumin and transferrin.40 The most probable mechanism of this reaction is f-€li-
mination, in which a base-catalyzed subtraction of a $-proton from a cysteine re-
aults in cleavage of disulfide bonds. This creates intermolecular disulfide link-
ages and induces aggregation. In contrast, thermal denaturation at acidic con-
ditions (such as those found in juice) reversibly unfolded the protein.31

Members of the TLP family have arole as allergens in a wide panel of plant
foods and in severa pollens, athough there is little experimental evidence of
plant foods and/or pollen cross-reactivity. Gavrovié¢-Jankuovié et al.13 showed
positive skin prick tests (SPT) in 80 % of the tested polysensitized patients (4 out
of 5) and IgE reactivity in Western blot (7 out of 7 in crude extract). In a study by
Palacin et al.,14 in vitro (specific IgE detected in 64 % and 88 % of individual
sera by ELISA and immunodetection assays, respectively) and in vivo (52 % of
positive SPT responses) reactivity pointed to Act d 2 as the second major aller-
gen in the analyzed kiwi-sensitized population of Spain. Immunoblotting expe-
riments by Bublin et al., showed that in extracts prepared from kiwifruit jam and
whey, Act d 2 was present and its alergenic activity was not decreased by
technological treatments.31

3.3.Actd3

Act d 3isastrongly glycosylated 40 kDa protein present in two genetic va-
riants, and is homologous to hypothetical hydrolases from castor bean and other
plant species. 1441 The high sequence identity with the putative Ricinus com-
munis protease suggests a functional role for Act d 3 in kiwifruits that could ex-
plain the presence in preparations of the purified allergen of possible self-de-
gradation products that retain IgE-binding potency.14

Act d 3.02 seems to be a minor component of kiwifruit extracts, yet, in con-
trast, it represents a major kiwi allergen based on its high specific IgE prevalence
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(62 %) in sera from kiwi-sensitized patients. The potential clinical relevance of
Act d 3 was further supported by the statistical correlation between IgE levels to
this alergen and anaphylactic symptoms. All these data are in agreement with
those observed previously for Act d 3.01, both in vitro (66 % of sera with spe-
cific IgE) and in vivo (13 out of 15 patients with positive SPT responses).#1
Moreover, Act d 3 could probably correspond to the 38-kDa protein described by
Lucas et al. as the magjor kiwifruit alergen in the United Kingdom.30 Thirty six
percent of the 22 patients with combined kiwifruit/pollen or kiwifruit/pollen/latex
alergy were sensitized to Act d 3, as reported by Bublin et al.2° Moreover, these
authors claimed that IgE binding to highly cross-reactive alergens (rAct d 8,
rAct d 9) or Act d 3 was not a clinically specific marker for kiwifruit allergy in
the presence of pollen or pollen/latex sensitization.29

The complex glycans (cross-reactive carbohydrate determinants) attached to
Act d 3 can be a source of cross-reactivity between kiwifruit and other plant foods
and pollens, the actual clinical relevance of which remains to be explored.14

34.Actd4

Act d 4 isa 11 kDa alergen first reported as an IgE binding component of
kiwifruit extract.28 It belongs to the family of cysteine proteinase inhibitors (CPI)
named phytocystatins.42 There are 3 isoforms of phytocystatins present in kiwi-
fruit, with isoform 1 being the most abundant.#2 Act d 4 was identified and iso-
lated asisoform 1.43

Act d 4 isatype | plant cystatin synthesized as a pre-protein of 116 amino
acids, with the first 26 amino acids representing a signal sequence that is cleaved
off from the mature protein.#243 |mmuno-tissue print results indicated that CPI is
most abundant in the outer layer of the pericarp, near the peel and the innermost
part of the pulp — sites where it could act as a natural barrier against pathogens
entering the fruit.44 It is a glycoprotein with a pl of 6.9 which binds Con A lectin,
mannose-specific banana lectin and fucose-specific Aleuria aurantia lectin.43
The molecular masses of the mature protein were determined by MALDI to be
10902.5 Da and 11055.2 Da.43 These different masses observed could probably
be attributed to the presence of different glycosylation isoforms present in kiwi-
fruit.

Act d 4, similar to other type | plant cystatins, showed antifungal activity
against two phytopathogenic fungi (Alternaria radicina and B. cinerea), by inhi-
biting fungal spore germination. In vivo, Act d 4 was able to prevent artificial
infection of apple and carrot with spore suspensions of B. cinerea and A. radi-
cina, respectively. It aso exerted activity on both intracellular and fermentation
fluid proteinases.#4 Act d 4 influenced the growth of phytopathogenic bacteria
Agrobacterium tumefaciens (76.2 % growth inhibition using 15 uM CPl), Burk-
holderia cepacia (75.6 % growth inhibition) and, to a lesser extent, Erwinia ca-
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rotovora (44.4 % growth inhibition) by inhibiting proteinases that are excreted by
these bacteria 45

Act d 4 was first identified as an IgE binding component of kiwifruit ex-
tract.28 However, a positive skin prick reactivity with Act d 4 was induced in
three kiwifruit allergic patients, as well as the upregulation of CD63 and CD203c
molecules in the basophile activation assay. IgE reactivity was detected in dot
blot analysis and subsequent negative Western blot analysis using sera from six
kiwifruit patients, which suggested the presence of conformational IgE epitopes
on the Act d 4 molecule. As an activator of effector cells in type | hypersensi-
tivity Act d 4 isafunctional allergen contributing to the clinical symptoms of ki-
wifruit allergy.43

3.5.Actd5

The fifth alergen detected in kiwifruit extract was named kiwellin and was
designated as Act d 5.46 Kiwellin was first identified in green kiwifruit and
described as an alergen and one of the major protein components of this fruit.46
It was also identified in the gold kiwifruit species, where it appears as the most
abundant protein component.4’ Anomalous behavior of Act d 5 was observed in
SDS-PAGE (traveling as a 20 kDa band in non-reducing and a 28 kDa band in
reducing conditions), which, as observed for TLP, is a consequence of disulphide
bridges, as it contains 14 cysteine residues. It contains 189 amino acid residues
and sequence heterogeneity was found at position 61, where His replaced Tyr in
approximately 40 % of the protein molecules.

Kiwellin is cleaved into the following four peptides: kissper, KiTH1, KiTH2
and KiTH 3.47 Kissper is a 39-residue peptide isolated in good yield from the
edible part of kiwifruit; its amino acid sequence showed 100 % identity with the
first 39 residues of the N-terminal region of kiwellin.48 Kissper is derived from
the processing of the precursor kiwellin through the cleavage of the peptide bond
between Thr39 and Thr40. The capacity of kissper to permeabilize synthetic
membranes was tested, and while kissper showed anion selectivity,48 it was at
concentration values generally lower than those reported for several pore-forming
peptides, such as defensins, thionins, cecropins, cryptidin, duramycin, etc.49.50 The
high amount of kissper found in ripe kiwi fruit and its strong resistance to pro-
teolysis suggest that it could very likely affect the gastrointestinal physiology.48

KiTH was detected on SDS-PAGE as a 20-kDa band. Elucidation and anal-
ysis of the primary structure of purified KiTH revealed 100 % amino acid se-
guence identity with the C-terminal region (residues 40-189) of kiwellin. KiTH
and kissper were isolated from green kiwifruit in approximately stoichiometric
amounts, which suggested that both were produced following a proteolytic cleav-
age of kiwellin.4” KiTH and kissper were not detected in gold kiwifruit extract,
but it cannot be excluded that they were present in very low, undetectable
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amounts.#’ The observation that their presence in green kiwifruit was correlated
with a high amount of actinidin suggested a possible involvement of this protease
in their generation. Two KiTH forms found in the green kiwifruit extracts de-
rived from in vivo cleavage between Thr39 and Thr40 (site 1) and between His*
and Ser42 (site 2) of kiwellin, were also identified as products of in vitro di-
gestion by actinidin. A third form of KiTH, showing two additional residues at
the N terminus, was obtained after in vitro enzymatic cleavage of kiwellin, sug-
gesting a significant effects of the environmental conditions on the specificity of
the proteolytic action. The experimental data demonstrated that KiTH and kissper
are produced following in vitro proteolytic processing by actinidin and that envi-
ronmental conditions may affect the ratio of the digestion products.4’

Serological tests and Western blot analysis showed that kiwellin is speci-
fically recognized by IgE of patients allergic to kiwifruit.46 Similar to kiwellin
from green kiwifruit,#6 the homologous protein from gold kiwifruit displays IgE-
binding capacity. Both proteins were detected by the same sera, and even the
levels of the signal on Western blot were comparable, thus suggesting conser-
vation of the IgE-binding epitopes. KiTH was also detected as an IgE binding
molecule.4” The obtained results suggested that (i) kiwellin may have a hidden
IgE-binding epitope that becomes available in KiTH, following the removal of
kissper, and (ii) kissper might be an IgE-binding epitope by itself.47

On testing a population of subjects allergic to kiwifruit using the standard
protocol for SPT, eight out of 29 (28 %) had a positive reaction to Act d 5. The
observation that some subjects had a positive reaction either at neutral or acidic
pH values suggests that this alergen, depending on the experimental conditions,
may expose different epitopes. CD measurements under different experimental
conditions indicated that the three-dimensional structure of Act d 5 is modulated
by the solvent pH and polarity. Therefore, it may be hypothesized that, depend-
ing on the environments encountered, this allergen may undergo in vivo confor-
mational changes and expose different epitopes, inducing the synthesis/inter-
action of different specific IgEs.51

3.6.Actd6

A protein acting as a powerful inhibitor of plant pectin methylesterase
(PMEI) was isolated from kiwifruit and denoted as Act d 6.2 This protein is
comprised of 152 amino-acid residues, accounting for a molecular mass of 16277
Da, with a predominant alpha-helix conformation in the secondary structure.>2
The protein has five cysteine residues but neither tryptophan nor methionine.>2
Analysis of fragments obtained after digestion of the protein alkylated without
previous reduction identified two disulfide bridges connecting cysteines Cys—
—Cysl8, and Cys’4—Cysl14, while Cys!40 bears a free thiol group. A database
search indicated a similarity between PMEI and plant invertase inhibitors. In
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particular, the four Cys residues, which in PMEI are involved in the disulfide
bridges, are conserved. A comparison of the sequence of these inhibitors con-
firms the existence of a novel class of proteins with significant sequence conser-
vation, comprising plant proteins acting as inhibitors of sugar metabolism enzy-
mes, and probably involved in various steps of plant devel opment.52

Considering that PMEI interacts with pectin methylesterase (PME), which is
localized in the cell wall, it is probable that a signal sequenceis required to direct
the protein toward its final cellular localization. In fact, preliminary experiments
of tissue immunological staining indicate that Act d 6 is concentrated in a layer
close to the cell membrane.52

The relative expression levels of the PMEI genes in kiwifruit, analyzed by
competitive PCR, increased with progression of fruit maturation. Given that the
PME activity also showed its highest level at the fully ripened stage of matu-
ration, the increase in PMEI expression may not indicate direct inhibitory effects
on the PME activity and fruit maturation process.®3

3.7.Actd7

Act d 7 belongs to the family of pectin methylesterases (PME), a class of
proteins involved in pectin metabolism during different physiological and patho-
logical processes, such as fruit ripening® and response to pathogen attack.>®
PME was purified from a salt extract of kiwifruit cell wall by a combination of
ion exchange and affinity chromatography (on pectin methylesterase inhibitor
PMEI).5%6 PME consists of two forms (PME; and PME,). Both isoforms have a
neutral pl of 7.3.56 The molecular weight of purified kiwi PME, determined by
both gel filtration and SDS-PAGE, was 50 kDa.®6 Act d 7 is a monomeric pro-
tein.>6 Kiwi PME was reported to be glycosylated with a molecular mass of 57
kDa,5" however in this case, glycosylation may approximately account for 30 %
of the total molecular mass of the protein.>8 The two isoforms of PME differ in
their degree of glycosylation as shown by different retention times on conca-
navalin A—sepharose with respect to a glucose gradient.5’

Kiwi PME showed two activity optima a pH 6.5 and 8.0-8.5, both in the
presence and in the absence of 100 mM NaCl. The enzyme has a pH and salt
dependent activity. It shows lowered activity at the lower pH optimum in the ab-
sence of salt, which may be due to the adverse effect of specific charged groups
on the enzyme/substrate interaction.58 The two isoforms also differ in thermosta-
bility, with PME; being more stable than PME,.>7

Binding experiments, performed by surface plasmon resonance, showed that
PMEI strongly interacts with immobilized kiwi PME, as indicated by the extre-
mely low dissociation rates observed at pH values ranging from 3.5 to 8.0.58 The
observation that only extreme pH conditions can dissociate the complex kiwi
PME-PMEI may address the hypothesis that, in vivo, kiwi PME is irreversibly
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inactivated by PMEI when it has no further physiological function at the end of
the ripening process.8

In Western blot analysis, 13 % of patients had a positive IgE directed to
purified alergen. Patients positive to Act d 7 were also positiveto Api g 5, Anac
2 and Hev b 4, which are known as allergens containing cross-reactive carbohyd-
rate determinants (CCDs).59 This can be explained by the high cross reactivity of
CCDs from different allergen sources.”

3.8.Actd8

Act d 8 is a homologue to the major birch pollen allergen Bet v 1.60 Act d 8
(from A. deliciosa) and Act ¢ 8 (from A. chinensis) are encoded by open reading
frames (ORFs) of 471 and 474 nucleotides, corresponding to 157 and 158 amino
acid residues, respectively.6! There are thirteen ORF sequences corresponding to
Act d 8 isoforms detected in green kiwi extract, while six were detected in gold
kiwi extract.61 The amino acid sequence identity between Act d 8 and Act ¢ 8
was 70 % and to Bet v 1 (CAA54696) 53 and 54 %, respectively.61 The predicted
molecular masses of Act d 8 and Act ¢ 8 are 16922 Da and 17387 Da, and their
calculated pl values are 5.36 and 5.82, respectively.61

Transcripts for Act ¢ 8 and Act d 8 are considerably less abundant, with Act
¢ 8 appearing to be more highly expressed than Act d 8 in both green and gold
kiwifruit.61

The secondary structures of recombinantly produced Act d 8 and Act ¢ 8
were determined by CD spectroscopy and the spectra were similar to CD spectra
obtained with rBet v 1.0101.61

IgE binding of purified rAct d 8 and rAct ¢ 8 was confirmed in both ELISA
and immunoblot experiments on the sera from eight kiwifruit/birch pollen
alergic patients. Both purified proteins were able to bind IgE from patient serain
both ELISA and immunoblot. The cross-reactivity of rBet v 1.0101, rAct d 8, and
rAct ¢ 8 was assayed in an IgE ELISA inhibition assay. Pretreatment of the sera
from individual kiwifruit/birch pollen alergic patients with rAct d 8 or rAct c 8
as inhibitor resulted in reduced IgE binding to rBet v 1.0101, while IgE binding
to rAct d 8 and rAct ¢ 8 was completely inhibited by pre-incubation with rBet v
1.0101.61

The results of the localization studies show that a Bet v 1-related protein was
recognized in the peripheral pulp by a polyclonal anti-Bet v 1 antibody in green
and gold kiwifruit.61

Allergic symptoms €licited by a member of the Bet v 1 family are usually
confined to the oral mucosa or angioedema of the lips. Such mild symptoms have
been described in Bet v 1-mediated fruit alergy to appleb2 and cherry.63 These
findings could be explained by heat liability and low resistance to digestion of
the Bet v 1 homologous proteins.
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Birch pollen-related food allergy is highly prevalent and often perennial.
Recent study has shown that high food allergen-specific 1gG4/IgE ratios seem
associated with food tolerance, potentially because specific 1gG4 blocks IgE
binding to food alergens. Thus, the presence of food alergen-specific 1gG4
antibodies is no diagnostic marker for birch pollen-related food allergy.64

3.9.Actd9

Act d 9 or profilin is an actin-binding protein involved in the dynamic turn-
over and restructuring of the actin cytoskeleton.®> It is found in all eukaryotic
organisms in most cells. Profilin is important for spatially and temporally con-
trolled growth of actin microfilaments.65

Profilin binds sequences rich in the amino acid proline in diverse proteins.
While most of profilinin acell is bound to actin, profilins have over 50 different
binding partners. Many of these are related to actin regulation, but profilin also
seems to be involved in activities in the nucleus, such as mRNA splicing.66
Profilin binds some variants of membrane phospholipids. The function of this
interaction is the sequestration of profilin in an “inactive” form, from where it
can be released by action of the enzyme phospholipase C. IgE reactive profilins
are present in birch,57 grassS8 and other pollen.69-71

A primary structure comparison of Act d 9 and profilins from other allergen
sources revealed amino acid sequence identity with Cap a 2 from bell pepper (93
%), Hev b 8 from latex (90 %) and Bet v 2 from birch pollen (75 %).

rAct d 9 demonstrated IgE binding reactivity in vitro in 36 % patients with
combined kiwifruit/pollen or kiwifruit/pollen/latex allergy.29

3.10. Actd 10

Act d 10 belongs to the family of plant lipid transfer proteins or LTPs.”2
Plant LTPs are widely distributed, structurally related, small proteins involved in
defense mechanisms. Although their lipid binding ability has been well reported,
the biological function of LTPs is still largely unknown. The plant LTP family
includes two subfamilies according to their molecular masses: the 9-kDa LTP1
and the 7-kDa LTP2. Although LTP1 and LTP2 share a common compact fold
consisting of four a-helices stabilized by four disulfide bridges, the pairing part-
ners of cysteines are not completely conserved between the two subfamilies, that
also display alow overall sequence similarity (about 30 % identity).”3 To date,
63 LTPs have been characterized as alergens, 46 of them expressed in edible
parts of plants, amost al of them belonging to the LTP1 protein subfamily, and
just two to the LTP2 subfamily (www.allergome.org).

LTP was detected and purified in both gold and green kiwifruit as Act ¢ 10
and Act d 10, respectively. Both proteins are present in seed extract, but not in
pulp extract.”2 Direct protein sequencing of the purified protein allowed the
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identification of two different isoforms of Act d 10. Possible additional isoforms,
suggested by elution profiles obtained during purification, were not identified
probably because of the low yield.”2

MALDI-TOF mass spectrometry of purified nAct d 10 provided two mass
values, 9.464 and 9.484 kDa, which are in good agreement with the values
deduced from the amino acid sequence of the two isoforms having alanine (9.458
kDa) or threonine (9.488 kDa) as N-terminal residues, respectively.’2

Analysis by SDS-PAGE and RP-HPLC of LTP samples subjected to diges-
tion in SGF showed that nAct ¢ 10 and nAct d 10, similarly to nPru p 3, are re-
sistant to gastric digestion. Moreover, similar to the results reported by Cavatorta
et al.,” Pru p 3 was partially digested by trypsin, whereas nAct d 10 and nAct ¢
10 appeared to be resistant.’2

A homology search in Uniprot protein database realized using the BLAST
algorithm (www.expasy.org) showed the sequence identity between Act d 10 and
other already known allergenic LTPs to be not very high, ranging between 55 %
with Arah 9 (isoform Arah 9.0201) and 35 % with Par j 2. The identities among
the full-length amino acid sequence of the six alergenic LTPs: Act d 10, Arah 9,
Art v 3, Cor a8, Mor n 3 and Pru p 3 are in the range from 42 to 70 %. The
sequence identity values between Act d 10 and other alergenic LTPs, such as
Api g 2 (celery stalk), Cit s 3 (orange), Fra a 3 (strawberry), Lac s 1 (lettuce),
Len ¢ 3 (lentil), Lyc e 3 (tomato), Mal d 3 (apple), Ory s 14 (rice), Plaor 3 (plane
tree pollen), Pru du 3 (almond), Pyr ¢ 3 (pear), Sin a 3 (mustard), Tri a 14
(wheat), Vit v 1 (grape), Zea m 14 (maize) are found in the narrow range of
40-55 %.72

3.11. Actd 11

Act d 11 isa 17-kDa protein found in variable amounts in extracts of green
kiwifruit. Thisis aripening-related protein, the amount of which is influenced by
natural ripening and post harvesting treatments, including exposure to the plant
hormone ethylene.”> Act d 11 displays the highest sequence identity with mem-
bers of the major latex protein/ripening-related protein (MLP/RRP) family, which
belongs to the Bet v 1 superfamily.”® A lower sequence identity is shared with
members of the PR-10 protein family, including Bet v 1.7°

Several antigenic regions of the surface of Bet v 1 and of co-recognized al-
lergens were described following studies based on the mapping of conserved
residues,’’.8 phage-displayed allergen mimotope technology ”® and X-ray crys-
tallography.80 Most of the amino-acid residues, which belong to B-cell or T-cell
epitopesin Bet v 1 or in Bet v 1-related allergens,’7:81 are conserved in Act d 11
and cluster mainly in the regions comprising the p-loop motif and the protein
C-terminal domain, where the local sequence identity is significantly high.”>
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The residue Glu4> was reported to be critically important in Bet v 1 for 1gG
and IgE binding.81 Like several MLP/RRPs, Act d 11 shares E45 with Bet v 1
and with most of the homologous allergens. The capacity of Act d 11 to inhibit,
at least partially, IgE binding to Bet v 1 and to homologues, such as Cor a 1, Dau
¢ 1 and Mal d 1, suggests epitope-sharing regions higher than that inferable from
the low overall sequence identity.”®

Act d 11 showed IgE reactivity in SPT, double blind placebo-controlled food
challenge and immunoblot. Act d 11 was able to inhibit partially Betv 1, Mal d 1
and Cor a 1 IgE binding. Soluble Bet v 1 achieved 100 % IgE inhibition of
amost al Act d 11 positive sera.”™

4, CROSS-REACTIVITY BETWEEN KIWIFRUIT AND LATEX AND/OR POLLEN
ALLERGENS

Cross-reactivity (CR) occurs when an adaptive immune response to a parti-
cular antigen causes reactivity to other antigens that are structurally related to the
inducer.82 The World Health Organization guidelines for the prediction of aller-
genicity specify that a protein can be considered to cross-react with an allergen if
they share at least 35 % sequence similarity in a fragment of 80 amino acids or
complete identity with a peptide of 6-8 amino acids from an allergen. Latex-fruit
syndrome is the association of latex alergy and allergy to plant foods, which
affects up to 50 % of latex-alergic patients.83 The foods most frequently in-
volved are banana (28 %), avocado (28 %), chestnut (24 %) and kiwi (20 %).
With these foods, clinica symptoms are often severe, as is the case with other
foods less frequently related to latex (fig, papaya and tomato). Allergy to latex
usually precedes food allergy, although this is not always the case. Frequently,
the spectrum of food allergies increases with time.83

Patients allergic to pollen from birch and other Fagales show symptoms of
alergy to plant foods. Pollinosis precedes the symptoms induced by the foods.
These tend to be slight, characteristically OAS, and occur following ingestion of
the raw food. The main culprit alergen, which isinvolved in more than 90 % of
patients with allergy to plant foods associated with allergy to birch pollen, is Bet
v 1,84 a PR-10, which gives rise to cross-reactivity with its homologues in these
foods. In kiwifruit, the two Bet v 1 homologues identified so far in green and
gold specimens are Act d 8 and Act ¢ 8,61 but also Act d 11.75

Profilins are structural proteins that are both ubiquitous and very well con-
served during evolution. They are considered incomplete allergens, capable of
inducing sensitization by inhalation, but not by ingestion, due to their lability
against peptic digestion. Thus, whilst in the north of Europe, it is associated with
alergy to birch pollen,85 while in Spain, it is more frequent and associated
mainly with pollinoses due to grasses.86 The clinical manifestation of this food
alergy is OAS induced by the raw food. Several foods could be involved, given
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that many allergenic profilins have been described in plant foods that are eaten
raw. Profilin present in green kiwifruit extract was designated Act d 9.29

In the study of Gavrovi¢-Jankulovi¢ et al., a molecular basis of IgE cross-re-
activity between meadow fescue pollen and kiwifruit has been found between
Fes p 4, a36-kDa meadow fescue allergen and a 24-kDa kiwifruit protein,13

5. DIAGNOSIS OF KIWIFRUIT ALLERGY

At present, the diagnosis of kiwifruit allergy is unsatisfactory. In vitro and in
vivo tests based on commercialy available kiwifruit extracts frequently fail to
detect specific IgE, resulting in alow sensitivity.29 Diagnosis performed by skin
prick testing with Kiwifruit extract has a sensitivity of only 40 to 50 %, while the
measurement of food specific serum IgE has a sensitivity of 17 to 60 %.87 Due to
the poor correlation between a suggestive case history and a skin prick test (SPT)
performed with commercial kiwifruit protein extracts, improved in vivo diagnosis
of kiwifruit allergy necessitates the use of fresh fruit, such as in the prick—prick
technique. However, although prick-to-prick tests with fresh kiwifruit have a
higher sensitivity (83 to 100 %), they also have a low specificity (31 %) and are
difficult to standardize.1215 The low diagnostic sensitivity of in vitro and in vivo
tests is related to the low level or absence of kiwifruit proteins from commer-
cialy available kiwifruit extracts. Preparation of higher quality extracts that would
give reproducible results is limited by the natural variability of the plant source
material .29 It was also shown that the natural ripening stage, cold storage, and
ethylene treatment influence the protein composition and IgE-binding profiles of
both green and gold kiwi fruit extracts.88:89

Two recent studies showed that the use of individual kiwifruit alergens in-
creased the diagnostic sensitivity compared with use of commercia extracts. In a
study by Bublin et al., the authors evaluated the use of individual alergens for
component-resolved in vitro diagnosis of kiwifruit allergy. The study was per-
formed on thirty patients with a positive double-blind placebo-controlled food
challenge (DBCFC) to kiwifruit. Specific IgE to 7 individual allergens and aller-
gen extracts was measured by ImmunoCAP. The use of individual allergens raised
the diagnosis sensitivity from the 17 % obtained with commercial extract to 77
%, but the diagnostic specificity was lowered from 100 to 30 %. Using only kiwi
dlergens Act d 1, Act d 2, Act d 4, and Act d 5 gave a diagnostic sengitivity of
40 %, whereas diagnostic specificity remained high (90 %).2° The performance
of a component-based allergen micro-array for the diagnosis of kiwifruit allergy
was evaluated by Bublin et al. The specific IgE and 1gG4 levels to a panel of
nine kiwifruit allergens where measured in sera of 237 individuals with kiwifruit
alergy. The panel of kiwifruit allergens showed a diagnostic sensitivity of 66 %,
aspecificity of 56 % and a positive predictive value of 73 %.7
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Molecular basis of kiwifruit allergy has been extensively investigated in the
last decade and huge progress has been made in the isolation and characterization
of kiwifruit allergens. However, kiwifruit allergen extracts are still employed in
clinical settings for in vivo alergy diagnosis by the skin prick test. In order to im-
prove performance of alergy diagnosis, it seems that the component-resolved
concept with a selected panel of natural and/or recombinant kiwifruit allergens
will replace allergen extractsin future allergy testing.

Acknowledgement. The study was supported by Grant 172049 from the Ministry of
Education, Science and Technological Development of the Republic of Serbia.

U3BOJ
100 KMBHUJA KAO U3BOP AJIEPTEHA XPAHE

MWINLA ITIOTIOBUR, MUJIULIA TPO3JAHOBHUR 1 MAPUJA TABPOBUR-JAHKYJIOBUR
Katnegpa 3a duoxemujy, Xemujcku paxynitein, Ynusep3uuieii y Beoipagy, Beoipag

Op npBor NOjaB/bHBaka Ha TPXKUIITY VIO KMBHja je MOCTao M3Y3€THO MOIylIapaH cac-
TOjak XyMaHe UCXpaHe ycje[ MPHjaTHOT YKyca, HUCKe KaJOpHjCKe BPEIHOCTH M BUCOKOT Cafip-
Kaja ButamuHa C. MehyTum, anepruja Ha KHBH je TOCTana y4ecTaad Y3poK IPeoceT/bUBOCTH
tuna 1 y sanagHom apywTsy. [lo cana je otkpuseHo 11 IgE Besyjyhux mosnekyna koju uune
MOJIEKYJICKY OCHOBY ajiepruje Ha KMBU. To Cy IPOTEMHHU U ITIMKOIPOTEUHHU MOJIEKYJICKUX Maca
usmehy 10 u 50 kDa. [aBHM anepreH KWBHja je LUCTEHMH-IPOTea3a O3HaueHa kao Act d 1,
Koja caurmaBa 50 % pacTBOPHMX NMpOTEHHA IJIOAA KMBHUja. Ycien pasiuke Y 3aCTyIUbeHOCTH
MPOTEUHCKUX KOMIIOHEHTH U OHOJIOIIKOj aKTUBHOCTH, KBAJTUTET TPOTEMHCKUX €KCTpaKaTa KH-
BHja Koju ce ynoTpedrpaBajy y HUjarHOCTU(MUKOBAKY ajleprije MoXe BapUpaTd y campxajy u
konuurHU IgE peaxtuBHHMX Monekyna. Takohe, KBaluUTeT ajepreHUX eKcTpakara 3aBUCH Off
CTelleHa 3PeioCTH Boha MPWIKKOM Opama, Kao ¥ Off yCI0Ba CKIaAulITea Boha HAKOH Opama.
[To nuTamy KIMHHUYKE PEAKTUBHOCTH IIOCTAJIO je OYMIVIENHO Aa ajJepruja Ha IJIof KHUBHja He
npexncras/ba XoMmorenu nopemehaj. Pasnuuurty obpacuu IgE peakTHBHOCTH YOUEHH Cy KOJ| He-
KOJIMLMHE KIMHUYKUX [TOATPyMa Koje Cy UaeHTU(DUKOBaHe Y Pa3InYUTHM reorpadCKUM peru-
jama. TokoM Tocienwe JelleHrje HaYHUbeH je BeJUKH Hanpenak y H30JI0Bamby U KapaKTepH-
sauuju IgE Besyjyhux nporeuHa kvBuja. Y okBUpY OBOr paja fahemo mperies CTpyKTyPHUX
0coDHHa aJlepreHux MpoTernHa KUBHja.

(ITpummeno 12. genemdpa 2012, pesugupano 30. janyapa 2013)
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Abstract: An increasing amount of evidence has established that the biologi-
caly active form of vitamin D, 1,25-dihydroxyvitamin D3, possesses immune-
regulatory properties. Vitamin D exerts its effects through binding to the nuc-
lear vitamin D receptor (VDR), which is expressed by cells of the immune sys-
tem. Most of the immunological effects mediated by vitamin D—VDR are regu-
latory, inhibiting adaptive immune responses. It has become apparent that the
incidence of vitamin D insufficiency is surprisingly high in the general popu-
lation. A link between low vitamin D serum levels and the increased preva-
lence of alergic diseases has been proposed. This possible connection was in-
vestigated in numerous studies on associations between vitamin D serum con-
centrations and different allergic conditions, as well as studies on the effect of
vitamin D supplementation. Although there is some evidence for a protective
role of vitamin D in asthma, no consensus on the role of vitamin D in alergic
disease has yet been reached. Still, treatment strategies involving vitamin D
supplementation to risk groups, combinatorial corticosteroid and vitamin D
treatment in asthma and vitamin D as an immunomodulator in allergen-specific
immunotherapy show promise for the future.

Keywords: vitamin D; alergy; immunomodulator.
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1. BIOSYNTHESISAND MODE OF ACTION

Vitamin D is generated in the human body during exposure to sunlight. Only
a minor proportion is normally obtained through diet, e.g., from oily fish species
and vitamin D supplemented food products.l UVB radiation converts 7-dehyd-
rocholesteral in the skin into pre-vitamin D3, which after isomerization is con-
verted to cholecalciferol. After transport to the liver, cholecalciferol is hydro-
xylated by 25-hydroxylase to form 25-hydroxyvitamin D3 (calcidiol), which is
the main circulating form of vitamin D. To generate the biologically active form
of vitamin D, i.e., 1,25-dihydroxy vitamin D3 or calcitriol, 25-hydroxyvitamin
D3 is subjected to hydroxylation by 1o-hydroxylase (CYP27B1).23 This second
hydroxylation step mainly occurs in the kidney, but CYP27B1 is also expressed
in a number of other tissues (Fig. 1). Both vitamin D2 (ergocalciferol) and vita-
min D3 are used as vitamin D supplements.# Assays analyzing serum vitamin D
levels measure 25-hydroxyvitamin D, including 25-hydroxyvitamin D2 and 25-
-hydroxyvitamin D3.4 Hereafter, the term “vitamin D” will be used for both bio-
logically active calcitriol and when referring to supplementation or serum levels
of vitamin D.

The biological effect of vitamin D is mediated by the nuclear vitamin D re-
ceptor (VDR). The VDR belongs to the nuclear hormone receptor superfamily
and is expressed in most tissues of the body. When vitamin D binds to VDR, the
receptor dimerizes with the retinoic X receptor (RXR) and the complex activates
transcription of genes through interaction with VDR-responsive elements (VDRE)
in the promoter regions of these genes.256 A couple of thousand target genes
have been found to respond to vitamin D/VDR activation.” Vitamin D plays a
well-established role in calcium-phosphate homeostasis and bone metabolism,
not least evident by the skeletal symptoms seen in rickets and osteomalacia
caused by vitamin D deficiency. However, as indicated by the widespread ex-
pression of both CYP27B1 and VDR, vitamin D has several “non-classical”
effects in addition to its role in calcium metabolism. These non-classical func-
tions of vitamin D include regulation of hormone secretion, cellular proliferation
and cell differentiation.3 Vitamin D also exertsimmunomodulatory effects.>8.9

2. VITAMIN D AND THE IMMUNE SYSTEM

One clear indication that vitamin D might play a role in the regulation of
immune responses comes from the observations that cells of the immune system
express VDR and respond to vitamin D. Thus, e.g., monocytes,10 dendritic cells
(DC)1! and T-cells!213 express the VDR, and VDRESs are found in genes im-
portant for immune regulation, e.g., FOXP3,14 |L-10,1 and CD14.16 Another
observation indicating a possible role of vitamin D in immune regulation is the
increased prevalence of cancer, allergic and autoimmune diseases coinciding with
anincreasing prevalence of life style related vitamin D insufficiency.l” Moreover,
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genetic polymorphisms in the VDR gene have been linked to immune and inflam-
matory conditions such as Crohn'’ s disease, 18 tubercul osis!® and asthma.20:21
Vitamin D can affect both innate and adaptive immunity.22 Cells of impor-
tance for the innate response to pathogens, e.g., macrophages and epithelial cells,
are able to produce localy active vitamin D as they express CYP27B, and to
respond to vitamin D through their expression of VDR.23-25, Furthermore, vita-
min D promotes the synthesis of the antimicrobial peptide cathelicidin, which is
part of the innate response to pathogens,26:27 and induces autophagy in macro-
phages, important for the clearance of intracellular pathogens.2829 Innate res-
ponses may be negatively regulated by vitamin D through the down-regulation of
pathogen pattern-recognition receptors, such as Toll-like receptors (TLR), and
suppression of TLR-mediated inflammation.30 If vitamin D seems to have both
activating and regulatory effects on the innate immune response, the effect on
adaptive immunity is mainly regulatory. Vitamin D may limit adaptive immune
responses through its suppressive action on DCs. Severa studies showed that
vitamin D inhibits the differentiation and maturation of DCs by down-regulation
of co-stimulatory molecules and reduces the production of pro-inflammatory
cytokines.31-33 When cultured with vitamin D in vitro, tolerogenic DCs are
generated, i.e., the DCs adopt an immature phenotype and produce lower levels
of 1L-12 and enhanced levels of 1L-10.3435 Such tolerogenic DCs are able to
promote regulatory T-cell (Treg) responses.31:36:37 |t was also shown that vita-
min D alone or in combination with dexamethasone induces Tregs.3841 Al-
though the promoting effect of vitamin D on regulatory T cell responses is well
established, the data on vitamin D’s effects on Th2 responses are contradictory.
A Th2 promoting effect was suggested by data showing that both Thl and Thl17
responses are inhibited by vitamin D.42-46 Moreover, vitamin D was shown to
enhance the development of Th2 cells from naive T-cells in mice.4” On the other
hand, by its ability to induce Tregs, as discussed above, vitamin D can inhibit
Th2 responses. A mechanism involving decreased expression of OX40 and in-
creased expression of TGF-4 by DCs that reduces the Th2 response has been
described.#® Taken together, the pronounced effect of vitamin D on immune re-
gulation suggests that vitamin D insufficiency may play arolein allergic disease.

3. VITAMIN D IN ALLERGIC DISEASE

Allergic disorders are caused by an imbalanced immune response elicited
against allergens, which results in a Th2 skewed response and allergic inflam-
mation. Depending on the target tissue for allergen exposure, the alergy may
manifest as rhinoconjunctivitis or alergic asthmato inhalant allergens, eczemato
food- or contact allergens, gastrointestinal/systemic symptoms to ingested food
alergens and systemic reactions to injected allergens. The prevalence of alergic
diseases has increased considerably during the last decades.4® One explanatory
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model for thisincrease is the hygiene hypothesis, stating that a reduced microbial
burden due to improved hygiene in modern society leads to a hypersensitive
immune system and increased risk of developing allergy.®? The modern Wes-
ternized life style also implies changed diet and less time spent outdoors, factors
that influence the vitamin D status. Indeed, it has been reported that a large
proportion of the population in modern societies has vitamin D serum levels cor-
responding to deficiency or insufficiency. In a study on a US pediatric popula-
tion, 9 % of the examined children and adolescents were vitamin D deficient
(defined as <15 ng ml—1) and as many as 61 % were considered vitamin D in-
sufficient (15-29 ng mi—1).51 In an adult British population, approximately 15 %
had vitamin D serum levels <25 nmol L~ (considered to correspond to vitamin
D deficiency) during the winter—spring season.1’ There is no consensus regarding
cut-off levelsfor vitamin D deficiency and insufficiency but recent US guidelines
have proposed vitamin D levels above 20 ng mL—1 to be considered as vitamin D
sufficiency.52 It should be noted that guidelines for vitamin D serum levels are
based on bone health and that consistent clinical/epidemiologic data on optimal
levels for beneficial effects on non-musculoskeletal health are lacking. Still, it
was suggested aready in 1999 that there may be a link between the nutritional
intake of vitamin D and allergies.®3 Since then many studies have investigated
the relationship between vitamin D and allergy. In areview from 2012, Reinholz
et al. presented a table of clinical studies on vitamin D in alergic disease.®*
Eighteen of the listed studies suggested a protective role of vitamin D, six a de-
leterious role and two studies reported no role for vitamin D in allergic disease.
These studies represent populations of various ages and geographic locations,
patients with different allergic manifestations as well as subjects with no allergic
diagnosis, different means of determining vitamin D status and heterogenic study
designs. Taken together, these factors illustrate the difficulties encountered to
reach a consensus regarding the role of vitamin D in alergy. The complexity is
exemplified below, where some of the studies are discussed.

One may divide studies investigating the role of vitamin D in allergy into
two main categories. In association studies, vitamin D serum levels are linked to
the incidence of allergic disease. Supplementation studies investigate the effect
of vitamin D supplementation, given prenatal (maternal supplementation) or
postnatal, on alergic status later in childhood or adult life. In 45 years old sub-
jects from a British cohort, low (<25 nmol L~1) and high levels (>135 nmol L1)
of serum vitamin D correlated with higher IgE serum concentrations compared to
“normal” vitamin D levels.55 No correlation was found between vitamin D serum
levels and total IgE levels in a Chinese population with recently diagnosed
asthma. However, it was shown that vitamin D insufficiency was prevalent in the
same population and that vitamin D status correlated with lung function.56 The
relationship between lung function and vitamin D serum levels was examined in
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14,091 subjects, 20 years or older, participating in a cross-sectional study con-
ducted in the US. The subjects underwent spirometry and serum vitamin D con-
centrations were determined. In this study, a strong positive relationship was
found between serum vitamin D levels and lung function measured as forced
expiratory volumein 1 second (FEV 1) and forced vital capacity (FVC).>’ In con-
trast, in another case-controlled study on adult patients with asthma and controls
performed in the UK, no association between vitamin D and asthma severity or
lung function could be found.58 These studies were all conducted on adults and
vitamin D status may be of more importance at an early age during the develop-
ment of the immune system. Camargo et al. analyzed maternal intake of vitamin
D during pregnancy and correlated it to recurrent wheeze at three-year age in a
prospective pre-birth cohort study in the US.59 In this study, a higher maternal
intake of vitamin D resulted in lower prevalence of recurrent wheeze, which is a
predictor of asthma. A study performed on children in Costa Rica showed that 28
% of asthmatic children exhibited vitamin D deficiency or insufficiency (< 30 ng
mL-1) despite living at a latitude with high sun exposure. Several disease mar-
kers, such as total serum IgE, eosinophil count, hospitalization for asthma, anti-
inflammatory medication and airway hyper-responsiveness, inversely correlated
with vitamin D serum concentrationsin this study population.60

Vitamin D supplementation has been examined in relation to allergic dis-
ease. A couple of studies on children who received ora vitamin D supplemen-
tation reported an increased risk for the development of allergic disease in child-
hood or later in life.1-63 Vitamin D supplementation may nonetheless be bene-
ficial by reducing the risk of respiratory infections and, consequently, lowering
the risk of asthma exacerbations. This was recently shown in a randomized
placebo-controlled trial on school children in Japan.64 Children receiving vitamin
D supplementation during December—March had a reduced incidence of influ-
enza A infections compared to those receiving placebo. In a subgroup of children
with asthma, exacerbations were less common in the vitamin D supplemented

group.
4.VITAMIN D IN EXPERIMENTAL MODELS OF ALLERGY AND ASTHMA

To understand better the mechanisms of how vitamin D may affect alergy,
murine experimental models have been employed. In these models, mice are
sensitized with a model allergen to evoke an alergic Th2 skewed immune res-
ponse, followed by allergen challenge in the airways. The allergic immune res-
ponse, alergic inflammation and airway hyper-reactivity are then investigated.
Data obtained from VDR knockout mice (VDR KO) indicated that vitamin D
might play a deleterious role in allergy and asthma. The VDR KO mice failed to
develop airway inflammation and airway hyper-reactivity after chicken albumin
(OVA) sensitization, despite high IgE levels and Th2 cytokine production.65.66 |t
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should be noted that in this experimental model, vitamin D treatment did not
affect airway inflammation or hyper-reactivity in sensitized wild type mice. In
contrast, Topilski et al. applied a mouse model for OVA-induced experimental
asthma, in which they could show that pretreatment with intraperitonedly (i.p.)
administered vitamin D reduced the eosinophilic airway inflammation and IL-4
levels in the bronchoalveolar lavage fluid (BALF) of sensitized mice. Treatment
after sensitization but before airway chalenge with OVA aso significantly
reduced the airway inflammation, but to less extent compared to vitamin D given
prior to sensitization.67 Another study using an OVA model demonstrated an
increased allergen induced Th2 profile but a decreased inflammatory response
detected in the BALF of mice treated with vitamin D before and during the
sensitization and allergen challenge protocol .68 These results from experimental
models suggest that vitamin D may have dua effects on the allergen specific Th2
response and allergen-induced airway inflammation.

5. VITAMIN D ASA POSSIBLE THERAPEUTIC TOOL IN ALLERGY AND ASTHMA

The results reported by Topilski et al. indicate that it is possible to decrease
the allergic airway inflammation by vitamin D treatment in previously sensitized
mice with an established Th2 skewed allergen specific immune response.6” The
concept to use vitamin D as an immunomodulator in alergy treatment was
further explored by Taher et al.69 Mice sensitized to OVA were treated with
OVA adone or in combination with vitamin D prior to airway challenge with
OVA. Co-administration of vitamin D with OVA significantly inhibited the air-
way hyper-responsiveness and potentiated the OVA treatment effect by increas-
ing the reduction of serum OVA-specific IgE levels, airway eosinophilia and
Th2-related cytokines. The treatment-potentiating effect of vitamin D seemed to
be mediated by the immunoregulatory cytokines IL-10 and TGF-8, since the
levels of these cytokines were elevated in the vitamin D-treated mice and the
treatment effect was abrogated in the presence of antibodies to these cytokines.59
A similar concept was tested in a mouse mode! for cat allergy.0 In this study, the
major cat allergen Fel d 1 was covaently linked to vitamin D and treatment of
Fel d 1 sensitized mice with the Fel d 1-vitamin D vaccine was compared to
treatment with Fel d 1 alone. Both treatments decreased allergen-specific IgE,
Th2 cytokines in the BALF, airway eosinophilia and airway hyper-responsi-
veness, and in addition generated Fel d 1-specific 1gG. The Fel d 1-vitamin D
vaccine was more potent than Fel d 1 alone in inhibiting the allergen-challenge
induced airway symptoms, especialy the eosinophilic inflammation.”0 Both
these studies present promising strategies for improving the current allergen spe-
cific immunotherapy by combining an alergy vaccine with vitamin D. The con-
cept of covaently linking vitamin D directly or indirectly to an allergen is parti-
cularly interesting as it might enhance the efficacy of the immune modulation,
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but it is a challenge to produce stable vaccine formulations with preserved vita-
min D biological activity.

Vitamin D was demonstrated to enhance dexamethasone stimulated 1L-10
synthesis in human CD4+ T-cells.38 Interestingly, vitamin D was able to restore
the lost ability of T-cells from patients with steroid-refractory asthma to respond
to dexamethasone by 1L-10 production ex vivo.3° Three patients with steroid-
refractory asthma were given oral vitamin D and peripheral blood cells were col-
lected before and after treatment. In vitro stimulation of the cells in the presence
of dexamethasone showed that vitamin D treatment enhanced steroid responsi-
veness and led to increased production of IL-10.39 The data suggest that vitamin
D could potentially restore the therapeutic effect of glucocorticoids in patients
with steroid-resistant asthma.

6. CONCLUDING REMARKS

An increasing amount of evidence points to an important regulatory role for
vitamin D in innate and adaptive immunity. The current data suggest that vitamin
D may have a beneficial effect on asthma, while the influence on the allergic im-
mune response remains unclear. Carefully designed long-term interventional stu-
dies with vitamin D supplementation are required to elucidate further the role of
vitamin D in alergy. Still, treatment strategies involving vitamin D supplemen-
tation to risk groups, combinatoria corticosteroid and vitamin D treatment in
asthma and vitamin D as an immunomodulator in allergen specific immuno-
therapy show promise for the future.

H3BOJ
BUTAMUH I U AJIEPTUJE

GURO GAFVELIN

Karolinska Institute, Department of Medicine, Clinical Immunology and Allergy Unit, Karolinska University
Hospital, 17176 Stockholm, Sweden

Cae je BulIe mojaTaka ja OHMONOIIKM akTuBHa dopma BUTamuHa I, 1,25-IUXUAPOKCH-
-BUTaMUH D3, uMa uMyHoperynatopHe ocobune. Butamun D cBoj edekar HCIO/baBa HAKOH
Be3WBamwa 3a peuentop 3a ButamuH D y jempy (VDR), xoju je excnipumupas y henujama
UMyHOT cucTema. Behuna umyHomomkux edekara nocpepoBanux suramuaom D—-VDR cy pe-
Ty/IaTOPHU, UHXUOUPAjyhu amanTHBHU UMYHH OATOBOpP. Mely cTaHOBHHULITBOM je u3HeHaly-
jyhe Benuka 3acTyIUBEHOCT HejocTaTka BUTamMHa D. Mma nokasaTe/sa Ja INOCTOjU Be3a
usMmely Mane KOHIEHTpauyje BUTaMuHa D y cepyMmy U aleprujckux 5omecTu. Y dpojHUM CTy-
IvjaMa je ucuTHBaHa Moryha Be3a M3Mely cepyMcke KOHLIEHTpauuje BUTamMuHa D u pasnu-
YUTHX a/leprUjCKUX CTama, Kao U edexar ysumamwa BUTamMHa D. HMako mocroje mopauu o
3aIUTUTHOj yJI03W BUTaMHHa D y acTMH, HeMa OIIITET CTaBa O Y1034 BUTaMuHa D y anepryj-
ckuM Donectuma. Ynorpeba ButamuHa D Kop pU3MUYHUX Trpyna, KOMOMHOBaHA Tepamnuja Kop-
THKOCTEPOMIMMA ¥ BUTaMMHOM D xop acTme, kao u ynorpeba suramuHa D xao ©MyHOMOLY-
naTopa y ajnepreH-cnenudHUYHOj UMyHOTepanuju, odehasajyhu cy TepaneyTcku npaBLH.

(ITpumsmeno 22. okrodpa 2012, peBunupano 7. janyapa 2013)
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Abstract: Given that oxidative stress plays a major role in pancrestic f-cell
dysfunction and ultimate destruction, as well as in different complications of
diabetes, therapy with antioxidants has assumed an important place in the
management of diabetes. The relatively limited effects of established antioxi-
dant compounds have stimulated efforts to develop new therapeutic strategies,
e.g. to increase the endogenous antioxidant defences through pharmacologica
modulation of key antioxidant enzymes. Plant extracts are gaining popularity in
treating diabetes because many substances synthesized by higher plants and
fungi possess antioxidant activities and can prevent or protect tissues against
the damaging effects of free radicals. This review summarizes experimental
models of diabetes and possible mechanisms that lie behind the antioxidative
effects of o-lipoic acid (LA), a powerful antioxidant and compound that sti-
mulates cellular glucose uptake, as well as of plant extracts from sweet chest-
nut (Castanea sativa), edible mushroom (Lactarius deterrimus) and natural
products containing S-glucans in the treatment of diabetes. Their roles in pre-
venting pancreatic g-cell death and in ameliorating the effects of severe dia-
betic complications are discussed.

Keywords:. diabetes; oxidative stress; lipoic acid; plant antioxidants.
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1. INTRODUCTION

Diabetes médllitus is a chronic metabolic disease with an aetiology linked to
both genetic and environmental factors. Diabetes has become a globa health
problem due to its high incidence and latent harmful and lethal effects. Accord-
ing to the World Health Organization (WHO),1 347 million people worldwide
have diabetes, which has greatly increased the cost of treating both the disease
and its numerous devastating complications. According to the International Dia-
betes Federation (IDF), 4.6 million people die each year from the consequences
of diabetes,2 with more than 80 % of diabetes-related deaths occurring in low and
middle income countries.l According to The Public Health Institute of Serbia
“Dr Milan Jovanovi¢ Batut”,3 630,000 people or 8.2 % of the Serbian population
suffer from diabetes and about 3,000 diabetics die each year. Type 1 diabetes
(T1D) is characterized by destruction of pancrestic p-cells and thereby loss of
insulin secretion. Type 2 diabetes (T2D) is associated with progressive insulin
resistance and g-cell dysfunction. Deficiency of insulin secretion or action in
diabetes causes prolonged hyperglycaemia that in turn leads to severe diabetic
complications, such as retinopathy, neuropathy, nephropathy, cardiovascular
problems, liver disease and limb amputation. Diabetes treatment includes insulin
injection in combination with application of hypoglycaemic drugs. However,
current control of diabetes-associated complications and mortality is not satis-
factory.

Limitations in diabetes treatment have stimulated efforts to develop new the-
rapeutic strategies. Growing evidence in both experimental and clinical studies
suggests that oxidative stress plays an important role in pancreatic f-cell des-
truction/dysfunction and subsequent complications of diabetes. Therefore, stra-
tegies for diabetes management include antioxidant protection. However, estab-
lished antioxidant compounds, such as vitamins C and E, have yielded limited
effects, indicating the necessity for examination of other antioxidant compounds.
Given that antioxidant enzyme expression and function is deregulated in dia
betes, pharmacological modulation of key enzymes that are responsible for re-
ducing the oxygen radical load is a potentially more effective approach than the
use of systemic antioxidants.*® It is therefore imperative to continuously identify
new products with antioxidant activities for use in “causal” therapy of diabetes.6
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Plant extracts are gaining popularity in diabetes treatment because of their effi-
cacy, low incidence of side effects, their accessibility and low cost. Identifying
new agents from plants with hypoglycaemic and antioxidative activities is of
great importance. In this review, a summary will be given of the ameliorating
effects and potential mechanisms of the actions of the known antioxidant com-
pound a-lipoic acid (LA), extracts of the sweet chestnut (Castanea sativa), edible
mushroom (Lactarius deterrimus) and their combination (MIX Cg/Ld), and of a
S-glucan-enriched extract in the treatment of diabetes, i.e., in the prevention of
pancreatic f-cell death and amelioration of the severe complications in diabetes.
Experimental models of diabetes will also be discussed.

2. OXIDATIVE STRESSIN THE DEVELOPMENT OF DIABETES
AND ITS COMPLICATIONS

Oxidative stress is generally defined as a persistent imbalance between the
concentrations of generated highly reactive free radical reactive oxygen species
(ROS) and reactive nitrogen species (RNS) on the one hand and the antioxidant
defence of the organism on the other. Hyperglycaemia promotes the formation of
elevated levels of free radicals, especialy ROS, via different routes of activation:
glucose autoxidation,” non-enzymatic protein glycation,8 increased metabolism
of glucose through the hexosamine pathway,® excessive activation of the polyol
pathway by unused glucose,10 and by advanced glycation end-products (AGE)
formed by the interaction of glucose with proteins.11 One of the main sources of
free radicals in diabetes is glucose autoxidation.12 In atransition-metal dependent
reaction, the enediol form of glucose is oxidized to an enediol radical anion that
is converted into reactive ketoaldehydes and to superoxide anion radicals (O2*).
The superoxide anion radicals undergo dismutation to hydrogen peroxide (H205),
which, if not degraded by catalase (CAT) or glutathione peroxidase (GSH-Px), in
the presence of transition metals can lead to the production of extremely reactive
hydroxy! radicals (OH-).13 Superoxide anion radicals can also react with nitric
oxide (NO) to form reactive peroxynitrite. Peroxynitrite is chemically unstable
under physiological conditions and reacts with al major classes of biomolecules,
mediating cytotoxicity,14 AGE signalling, through the receptor for AGE (RAGE),
and inactivation of enzymes by altering their structure,15 thereby supporting ad-
ditional free radical accumulation.16 Excess levels of free radicals damage cel-
lular proteins, lipids and nucleic acids, leading to cell death in various tissues (the
cardiovascular system, retina, kidneys, liver, peripheral nerves and skin), thus
contributing to diabetes complications. The harmful effects of ROS and RNS are
neutralized by the endogenously expressed antioxidant enzymes (superoxide dis-
mutases (SODs), CAT, GSH-Px) and non-enzymatic antioxidants (endogenous
reduced glutathione (GSH) and exogenous vitamins C and E).”
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3. EXPERIMENTAL MODELS OF DIABETESMELLITUS

Experimental models play an important role in understanding diabetes, as
well asin evaluating the pharmacological actions of different agents. Isolated rat,
mouse and human pancreatic isets are used for investigating the mechanisms
involved in g-cell dysfunction and destruction in diabetes.17-19 The use of pri-
mary p-cells in research is limited because their purification and maintenance of
native characteristics is technically demanding. To overcome these limitations,
investigators have produced immortalized g-cell lines.20 The most widely used
insulin-secreting cell lines are rat insulinoma cells (RIN and INS-1), hamster
pancreatic p-cells (HIT) and mouse insulinoma cells (MIN and STC). Although
the properties of the cell lines differ dightly from those of primary f-cells, they
are extremely valuable tools for the study of molecular events underlying S-cell
function, including the testing of the effects of potential drugs in diabetes mana-
gement.

Several animal models have been developed for in vivo studies of diabetes
and anti-diabetic agents. Genetic models of diabetes include the spontaneous
development of diabetes in rats?1.22 and genetically engineered diabetic mice to
either overexpress (transgenic) or underexpress (knockout) proteins thought to
play a key role in glucose metabolism.23.24 Surgical model of diabetes include
the complete removal of the pancreas (pancreatectomy) or partial pancreatectomy
(more than 80 % resection in rats). These models allow for the evaluation of the
effect of natural products in an animal without the interference of side effects
induced by chemical drugs used to induce experimental diabetes.2>26 However,
these models are rarely used because of the highly specialized technical skills
required and the high percentage of animal mortalities.

Chemical induction is the most popular procedure for inducing diabetes in
experimental animals and has been proven repeatedly to be useful for the study
of multiple aspects of the disease. Streptozotocin (STZ), a naturally occurring
glucosamine-nitrosourea compound is the most frequently used drug for experi-
mental diabetes induction in laboratory rats. As a glucose analogue, STZ selecti-
vely accumulates in S-cells via the glucose transporter (GLUT2). As an akyla
ting agent, STZ fragments DNA.27 DNA damage induces activation of the DNA
repair process that leads to enhanced ATP dephosphorylation, which supplies a
substrate for xanthine oxidase, resulting in ROS formation. The diabetogenic
effect of STZ aso relies on its ability to liberate NO which participates in DNA
damage. STZ is capable of inducing T1D either by direct s-cell destruction after
administration of a single large dose of STZ (65-150 mg kg1),28 or via an im-
mune cell-mediated mechanism using multiple low doses of STZ (40 mg kg1).29
A single high dose of STZ causes extensive non-physiological f-cell necrosis,
whereas multiple low doses of STZ induce limited apoptosis, which €licits an
autoimmune reaction that eliminates the remaining cells.30 There is a general
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consensus that the experimental model of multiple low-dose STZ-induced dia-
betes resembles more closely the in vivo state of insulinaemia, reflecting its
autoimmune nature and resulting onset of diabetes.

4. NUMEROUS ANTIOXIDANT COMPOUNDS AND PLANT EXTRACTS
IN DIABETES MANAGEMENT

A number of studies have demonstrated that treatment with antioxidants
reduces oxidative stress and alleviates diabetic complications in diabetic subjects
and animals.31 Vitamins C and E, and LA are the most studied antioxidants.
Vitamin C is the strongest physiological antioxidant. It regenerates vitamin E
through redox cycling and increases intracellular GSH levels.32 Small clinical
trials showed that vitamin E, as well as a combination of vitamin E and C,
exerted beneficial effects on the cardiovascular system in T1D patients33:34 and
improved renal function in T2D patients.3> However, in large-scale clinical trials,
i.e, Heart Outcomes Prevention Evauation (HOPE),36 Secondary Prevention
with Antioxidants of Cardiovascular Disease in End Stage Renal Disease
(SPACE),37 the Primary Prevention Project (PPP)38 and the Study to Evaluate
Carotid Ultrasound Changes in Patients Treated With Ramipril and Vitamin E
(SECURE),39 vitamin E treatment failed to provide any benefit in cardiovascular
disorders or nephropathy. A multifactorial approach is more efficient than con-
ventional therapy for the prevention of oxidative stress-induced vascular compli-
cations in diabetes.40 Daily supplementation of vitamin C (250 mg), vitamin E
(100 mg), folic acid (400 mg) and chromium picolinate (100 mg) in combination
with multifactorial intensive therapy resulted in an amost 50 % decrease in
cardiovascular incidents.

LA stimulates cellular glucose uptake and possesses direct radical-scaveng-
ing and metal-chelating properties, and has the ability to regenerate other anti-
oxidants.41 Naturally occurring LA is present in low amounts in vegetables and
animal tissues where it functions as a coenzyme in pyruvate dehydrogenase and
o-ketoglutarate dehydrogenase mitochondria reactions. The most abundant plant
sources of LA are spinach, followed by broccoli and tomatoes. Synthetic LA has
arelatively long history of use as a nutritional supplement in European countries
and the United States, and as a therapeutic agent in the treatment of diabetic
neuropathy and retinopathy.42 Studies with LA, i.e., Alpha Lipoic Acid in Dia-
betic Neuropathy (ALADIN) I, 1l and 111,43-45 and Deutsche Kardiale Autonome
Neuropathie (DEKAN),%6 investigated the effect of LA treatment on sensory
symptoms of diabetic polyneuropathy as assessed by the Total Symptom Score
(SYDNEY)47 and meta-analysis?8 led to its approval for the treatment of diabetic
neuropathy, and initial results are more promising than those obtained with vita-
min E. Parallel with LA use, questions of its safety and effectiveness have been
raised. A daily ora dose of 600 mg provides an optimum risk-to-benefit ratio in
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human diabetics.42 LA supplementation at higher doses causes a few serious side
effects, such as gastrointestinal disorders and alergic reactions. Selection of the
appropriate dose of LA for application in diabetes is critical .49 As cholestatic
hepatitis was probably caused by LA (600 mg day1) treatment of symptomatic
diabetic neuropathy,50 the authors suggest liver enzyme levels be monitored
during LA treatment.

Phytochemicals, the bioactive non-nutrient plant compounds in fruit, vege-
tables, grains and other plant foods, have been linked to reductions in the risk of
major chronic diseases. It is estimated that more than 5,000 phytochemicals have
been identified, but that a large percentage remains unknown.51 Phytochemicals
with antioxidative effects include a variety of phytosterols, terpenes and espe-
cialy polyphenols, such as flavonoids, tannins and phenylpropanoids. A direct
correlation between the total phenolic content and antioxidant capacity was esta
blished and explained through a humber of different mechanisms, such as free
radical scavenging, metal ion chelation and hydrogen donation.52-54

There is a growing interest for the use of plant extracts because purified
biocavailable phenolic compounds are difficult to obtain, and because extracts
sometimes have better antioxidant activities than the pure molecules.55 Taken
aone, the individual antioxidants studied in clinical trials do not appear to have
consistent diabetes-preventive effects. Studies of different fruit combinations
showed greater total antioxidant activity because of their additive and synergistic
relationships.51 An isolated pure compound can lose its bioactivity or may not
exhibit it in the same way as when present in whole foods. This partially explains
why no single antioxidant can replace a combination of natural phytochemicals
contained in plants in accomplishing health benefits. Although plants are rich in
antioxidants, individual “antioxidant” molecules cannot just be extracted, packed
in pillsin high doses and expected to provide high levels of protection.® Pills or
tablets cannot mimic the balanced natural combination of phytochemicals present
in plants. Phytochemicals differ in molecular size, polarity, and solubility, and
these differences may affect the bioavailability and distribution of each phytoche-
mical in different macromolecules, sub-cellular organelles, cells, organs, and tis-
sues. These observations have lead to the concept that antioxidants are better im-
plemented through whole food consumption than as expensive dietary supple-
ments. Further research on the health benefits of phytochemicals in whole foods
is of essential interest.56

Many investigations have studied the effects of antioxidant components of
plants on diabetes and its complications. Antioxidant and antihyperglycemic pro-
perties of Allium cepa L., Anoectochilus formosanus, Lycium barbarum, Cassia
fistula L., Aloe vera, Vitis aestivalis and Coffea arabica in chemica models of
diabetes have been demonstrated.5’—63 In addition, Centaurium erythrea and
Aegle marmelos extracts and quercetin, a flavonoid antioxidant present in many
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plants, alleviate STZ-induced cell damage and oxidative stress in rat pancreas.65-66
Medicina plants with proven antidiabetic and related beneficial effects in dia
betes treatment also include: Allium sativum, Eugenia jambolana, Momordica
charantia, Ocimum sanctum, Phyllanthus amarus, Pterocarpus marsupium,
Tinospora cordifolia, Trigonella foenum graecum and Withania somnifera.67

5. NOVEL MECHANISM OF ANTIOXIDATIVE EFFECT OF LA IN DIABETES

Numerous studies indicate that LA exerts its antioxidant effect by increasing
the endogenous defence response of cells through enhanced synthesis of endo-
genous low molecular weight antioxidants and antioxidant enzymes.#2 The levels
of antioxidant enzymes are regulated by gene expression, as well as by post-
translational modifications.68 Emerging data indicates that the post-translational
addition of S-N-acetylglucosamine (O-GIcNAC) to proteins has a role in the
aetiology of diabetes.?® O-linked glycosylation of certain proteinsisincreased in
hyperglycaemia because of activation of the hexosamine pathway, which pro-
duces uridine-diphospho-N-acetylglucosamine (UDP-GICNAC), a substrate for
the glycosylation reaction. This modification is dynamic and may disturb the
normal dynamic balance between O-GIcNAcylation and O-phosphorylation that
controls enzyme activity, DNA binding, protein—protein interactions, the half-life
of proteins and their sub-cellular localization. Elucidation of the specific roles of
O-GIcNAc in transcription, cell signalling, glucose toxicity and insulin resistance
should lead to new avenues for the diagnosis and treatment of diabetes.6°

A novel mechanism of the antioxidant effect of LA in diabetes progression
through decreased O-GIcNAcylation of the key proteins that are involved in
redox signalling pathways was hypothesized.”0.71 In these experiments, LA was
applied at a dose of 10 mg kg1 i.p., which corresponds to 600 mg LA day1 in
humans for 4 weeks, starting from the last day of STZ administration (40 mg kg1
i.p. for 5 consecutive days). These studies focused on the antioxidant defence
system of red blood cells (RBC) and kidneys. RBC are exposed to some of the
highest levels of oxidative stressin the body because they continuously transport
oxygen and are the first cellular structures to respond to increased ROS presence.
RBC damage is a reflection of the general state of oxidative stress in the whole
organism.’2 In the hyperglycaemic environment, RBCs are subjected to compo-
sitional changes and are affected at the functional level.”3 In agreement with
other reports, enzymatic silencing of CuZnSOD and CAT in RBC under diabetic
conditions were observed, /47> which was associated with increased levels of O-
GlcNAc-modification of CuZnSOD and CAT, and of the heat shock proteins
HSP70 and HSP90.70 In vitro studies showed that glycosylation causes a 40 %
lowering of CuZnSOD activity in RBC.76 It was shown that LA administration to
diabetic rats preserved the structural and functional integrity of RBC by adjusting
the redox disturbance and by decreasing the O-GIcNAcylation of SOD and CAT.
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It was hypothesized that the induction of HSP90 and the lowering of the levels of
O-GIcNAc-modification of HSP70 and HSP90 as a result of the LA treatment is
an important defence mechanism in RBC, since HSPs monitor, protect and main-
tain the structure and stability of erythrocyte proteins. These results are valuable
because functional and healthy RBC could delay or inhibit further diabetic com-
plications, especially neuropathy.

The renal-protective effect of LA is associated with a reduction of oxidative
stress.”’ Recently performed work revealed that LA administration activates a
coordinated cytoprotective response against diabetes-induced oxidative injury in
kidneys through an O-GIcNA c-dependent mechanism, which influences the ex-
pression and activities of CuZnSOD and CAT. The observed upregulation of the
antioxidant enzyme genes during LA treatment in diabetic kidney was accom-
panied by nuclear trandocation of the nuclear factor-erythroid-2-related factor
(Nrf2), enhanced expression of HSPs and by a reduction of O-GIcNAcylation of
HSP90 and HSP70, and of the extra-cellular regulated kinase (ERK) and p38.
Under unstressed conditions, Nrf2 resides in the cytoplasm as an inactive com-
plex bound to a repressor molecule known as Keapl (Kelch-like ECH-associated
protein 1) that facilitates its ubiquitination.’® Upon activation, Nrf2 translocates
to the nucleus where it heterodimerizes with specific cofactors and coordinates
the upregulation of cytoprotective genes through the initiation of transcription at
an antioxidant response element (ARE).”9 In addition, it was reported that HSP90
interaction with Keapl can mediate Nrf2 activation.80 LA can oxidize critical
thiols on the Keapl dimer to halt Nrf2 degradation and to prevent Keapl from
binding newly synthesized Nrf2. LA also activates the protein kinase signalling
pathways that lead to the phosphorylation of Ser40 on Nrf2, alowing it to dis-
sociate from Keapl and to translocate to the nucleus.#2 Inhibition of nitrogen-
activated kinases (MAPKS), ERK and p38 prevents the accumulation of Nrf2 in
the nucleus independently of its phosphorylation.8! It was suggested that MAPK -
mediated phosphorylation of molecular chaperones or some other type of
accessory protein is required for Nrf2 nuclear translocation.82 Based on our
obtained results and existing literature data, a model that illustrates the potential
mechanisms by which LA ameliorates kidney damage in diabetes by inducing
SOD and CAT expressionispresented in Fig. 1.

6. POSITIVE EFFECTS OF L. deterrimus (Ld) AND C. sativa (Cs) EXTRACTS AND
THEIR COMBINATION (MIX Ld/Cs) ON -CELL SURVIVAL

Examination of compounds and factors that can regulate S-cell survival,
growth and functioning is of great interest in the context of the prevention of
diabetes development and its progress. The antioxidant properties and beneficial
effects of extracts obtained from the edible mushroom Lactarius deterrimus (Ld),
the sweet chestnut Castanea sativa (Cs) and their combination (MIX Ld/Cs) on
STZ-induced rat pancreatic -cell (Rin-5F cells) death have been described.83.84
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Fig. 1. Potential mechanisms of LA-regulated SOD and CAT gene expression in kidneys of
diabetic rats. Pathway A illustrates L A-induced protein expression of HSPs and their
decreased O-GIcNAc modifications that could influence their interaction with Keapl, causing
a subsequent release of Nrf2 (A1) and/or formation of HSP-Nrf2 heterocomplex that
translocates to the nucleus and binds ARE (A2), promoting the transcription of genesfor
MnSOD, CuzZnSOD and CAT. In a LA-orchestrated O-GIcNA c-dependent mechanism
(pathway B), reduced O-GIcNAc modification of ERK and p38 could enhance their activity.
Activated ERK and p38 could phosphorylate a certain Nrf2-binding protein (Nrf2-B.P.) that
could assist the nuclear translocation of Nrf2 released from Keapl.

The Cs extract exhibited a remarkably high level of antioxidant activity in vitro,
while the Ld extract displayed good H>O, and NO scavenging activities. MIX
Ld/Cs demonstrated strong antioxidant effects in vitro, and astonishingly, a very
effective Fe2* chelating effect, despite the very low individual chelating activities
of the Ld and Cs extracts. This is in correlation with the concept that no single
antioxidant can replace the health benefits of a combination of natural phytoche-
micals because of their additive and synergistic effects.>1 Each extract and espe-
cially their combination increased Rin-5F cell viability after the STZ treatment as
aresult of a significant reduction in DNA damage and improved redox status. It
is suggested that different mechanisms underlie the antioxidant effects of Cs, Ld
and MIX Ld/Cs (Fig. 2). The antioxidant property of the Cs extract probably re-
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lies on its ROS scavenging activity.55.83,8586 |t directly correlates with the ex-
tremely high content of phenolic compounds, especially of hydrolysable tannins
(ellagic and gallic acids and their derivatives). The beneficial biological effects of
these compounds in vivo are related to the high free radical-scavenging activity
they exhibit in vitro.87 The antioxidant properties of the Ld can be explained by a
strong NO scavenging activity. The low phenolic content of the Ls extract sug-
gests that some other non-phenolic compounds or secondary metabolites®® were
responsible for its beneficial effect, such as the essential trace elements Se and
Zn. Se functions as a cofactor of some antioxidant enzymes,8° while Zn protects
enzyme sulfhydryls from oxidation and reduces the formation of the hydroxyl ra-
dical from HoO, by competing with redox-active transition metals.0 It is sug-
gested that the MIX Ld/Cs displayed the most beneficial effect on cell survival
through the additive and synergistic effects of the different antioxidant activities
contained in Cs and Ld extracts.56 These results provide compelling evidence
that mixtures of extracts acquire new qualities with respect to the individual ex-
tracts and individual components. This feature explains the improved antioxidant
and beneficial effects that were exerted on S-cells.

ROS FeZt NO
scavenging chelation scavenging
RS =
—~
Rin-5F cells

T Redox status
t Cell viability

Fig. 2. Potential mechanism of Cs, Ld and MIX Ld/Cs action on the improvement of Rin-5F
cell redox status and survival.

The antioxidant properties of the mushroom and chestnut extracts need to be
confirmed in vivo on a rat model of STZ-induced diabetes (work in progress).
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Duly aware of the limitations of the in vitro model system, it is proposed that the
MIX Ld/Cs can reduce oxidative stress in S-cells and that it could thereby
potentially attenuate the process that underlies the development and progression
of diabetes.

7. EFFECTS OF #GLUCANS ON DIABETES AND THE ASSOCIATED
COMPLICATIONS

Natural products containing S-glucans as active components have been pro-
posed to improve general health.91-93 5-Glucans belong to a group of polysac-
charides that are characterized by their location in the cell wall. Some microor-
ganisms, mushrooms and cereals, such as barley and oats, arerich in s-glucans.94
The macromolecular structure of S-glucans depends on both the source and me-
thod of isolation. The biological activities of g-glucans are determined by their
primary structure, solubility, degree of branching, molecular weight, the charge
on their polymers and structure in agueous media.% On reviewing the literature,
it became obvious that the observed effects of f-glucans and glucan-containing
products are controversial.% While there are reports that emphasize the immune
stimulatory97:98 and pro-inflammatory effects of f-glucans,®® as well as in-
creased generation of ROS,100 other studies described their free radical scaveng-
ing activities, 101 and anti-inflammatory192 and antioxidative effects.103 Among
several mechanisms proposed for the protective effects of S-glucan, a major one
isrelated to its antioxidant activity.104

B-Glucans have shown great potential in the treatment of diabetes.92 They
are effective in lowering blood glucose concentrations and decreasing hyperlipi-
daemia and hypertension. In addition, S-glucans also promote wound healing and
aleviate ischemic heart injury. Foods containing fS-glucans have been used in
clinical trials in the treatment of diabetes. 105,106 Our preliminary results are based
on observations obtained after treating STZ-induced diabetic rats with a comer-
cialy available p-glucan-enriched extract (80 mg kg1 for four weeks, starting
from the last day of STZ treatment). Treating diabetic rats with g-glucan pro-
moted a systemic improvement that could be expected to increase the resistance
of the organism to the onset of diabetic complications. The beneficial effect of
the S-glucan-enriched extract against diabetes-associated liver and kidney injury
was mediated through its hyperglycaemia lowering, anti-inflammatory and anti-
oxidant actions. It was speculated that the observed properties of the applied com-
mercial S-glucan-enriched extract could be attributed to the effects of S-glucan
and other components of the preparation. Mechanisms underlying its effect on
diabetes and associated complications need to be investigated using pure S-glucan.

8. CONCLUSIONS

Despite numerous strategies designed to improve different diabetes-related
symptoms, the current control of diabetes-associated complications and mortality
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is not satisfactory. Targeting of oxidative stress in the management of diabetes
using synthetic antioxidants, such as vitamins A, C and E, yielded limited results
and the presence of side effects. This has renewed interest in the therapeutic
potential of bioavailable compounds, extracts and complex mixtures. Due to the
relatively lower number of side effects and lower cost, naturally derived sub-
stances provide a useful source of potential novel anti-diabetogenic pharmaceu-
tical entities and dietary supplements to existing therapies. Considering that phy-
tochemicals can reduce the major risk factors in diabetes, such as hypergly-
caemia, hyperlipidaemia and oxidative stress, the use of medicinal plants repre-
sents a promising approach for treating diabetes. It is therefore imperative to con-
tinuously identify naturally occurring products with antioxidant activities for use
in the “causal” therapy of diabetes.
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H3BOI

I[MO3UTUBHO JEJCTBO AHTUOKCUIOATHBHUX JEIUBEKBA U3 BUJBHUX
EKCTPAKATA Y EKCITEPUMEHTATHOM MOJIETY TUJABETECA

CBETJIAHA JUHHWH, AJIEKCAHIIPA YCKOKOBHWH, MUPJAHA MUXAWJIOBWR, HEBEHA I'PIOBUE, JEJIEHA
APAMBAIIWR, JETEHA MAPKOBHWHR, TOPAH ITO3HAHOBWR Y MEJTUTA BUTJAKOBHU|R

Ogememe 3a monexynapHy ouonoiujy, Huctiiuitiyw 3a duonowxa uctiipaxcusarnd, Ynuseepsuiieii y beoipagy,
Bynesap geciiotia Citiepana 142, 11060 Beoipag

Tepamnuja aHTHOKCHAAHCHMA 3ay3MMa 3HauajHO MECTO y jedewy Aujadereca c 0d3Upom
Ila OKCUIATHBHU CTPEC Y BEJIMKOj MEepH NONPUHOCH HapyllaBawy GyHKIUje U CTPYKType S-he-
7vja MaHKpeaca Kao ¥ pasBojy KOMIUIMKalUMja y aujaderecy. 300r OrpaHHYEHOr LejCTBa MOCTO-
jehHX aHTHOKCUIATUBHHUX jelUierha Tpara ce 3a HOBUM TePaNUjCKUM pellelhUMa Y TPeTMaHy
IjabeTeca, Kao IITO je moBehawe eHAOTeHE aHTHUOKCHIATHBHE 3aIUTHTE OPraHU3Ma MyTeM
(papmaxorolke Momynanvje KbyYHUX aHTHOKCHATUBHUX €H3MMa. [IprMeHa OWBHHX eKc-
TpakaTa y jedewy AujadeTeca IocTaje cBe MoMylapHUja. MHOre cyncraHle Koje ce Hanase y
cacTaBy BUIIMX Ou/baka M IVbMBA IOCENYjy aHTMOKCHAATHBHA CBOjCTBA KOja MOTY Ja 3alUTUTe
TKMBA Of IITETHUX yTHIAja CIODOOHUX pafiuKaia. Y OBOM PEBHjaTHOM Pafly OMHUCAHU Cy €KC-
MepUMEeHTAIHA Moenu nujadereca kKao M MOryhd MeXaHM3MH KOjU Jieke Y OCHOBH aHTH-
OKCHJJATHBHOT JIejCTBa o-UNOHCKe KucennHe (LA), CHOKHOT aHTHOKCHUZIAHCA U jefHiberha Koje
cTuMyuuie henujcky ancopnuyjy mykose, kao ¥ OM/bHUX eKcTpaKaTa U3010BaHUX U3 CJIaTKOT
xecteHa (Castanea sativa), jectuBux nevypaka (Lactarius deterrimus) u IpUPOSHUX TPOU3BOAA
KOjH cafipke S-TilykaH y neuemwy Adjabeteca. OnucaHy Cy BUXO0BA yJIora y CpedaBamy CMPTH
S-henyja naHkpeaca kao ¥ H71aroTBOPHO IiejCTBO Ha KOMIUTMKaUYje y nujaderecy.

(ITpumibeHo 26. OKTOOpAa, peBHAUpaHo 6. nenemdpa 2012)

REFERENCES

1. World Hedlth Organization (WHO), Global strategy on diet, physical activity and health:
diabetes. September, 2012, http://www.who.int/mediacentre/factsheets/fs312/en/ (accessed
on 15 Feb, 2013)

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS

@080

EW MG RMD




1
1

12.
13.
14.

15.
16.
17.

18.
19.

20.
21.
22,
23.
24.
25,

26.
27.
28.
29.

3L
32
33.

35.

POV ~NOe UM

PLANT EXTRACTSIN DIABETES TREATMENT 377

International Digbetes Federation (IDF), Global Diabetes Plan 2011-2021, http://
/iwww.idf .org/global -diabetes-plan-2011-2021 (accessed on 15 Feb, 2013)

Institute of Public Health of Serbia“Dr Milan Jovanovi¢ Batut”, Serbian Diabetes Registry,
“Dr Milan Jovanovi¢ Batut” Ingtitute of Public Health of Serbia, Belgrade, Serbia, 2010,
Report No. 5, ISBN 978-86-7358-040-1

S. Wassmann, K. Wassmann, G. Nickenig, Hypertension 44 (2004) 381

B. Halliwell, Nutr. Rev. 70 (2012) 257

A. Cariello, Diabetes Care 26 (2003) 1589

A. C. Maritim, R. A. Sanders, J. B. Watkins, J. Biochem. Mol. Toxicol. 17 (2003) 24

A. Lapolla, P. Traldi, D. Fedele, Clin. Biochem. 38 (2005) 103

M. Brownlee, Nature 414 (2001) 813

S. S. Chung, E. C. Ho, K. S. Lam, S. K. Chung, J. Am. Soc. Nephrol. 14 (2003) 233

O. Hori, S. D. Yan, S. Ogawa, K. Kuwabara, M. Matsumoto, D. Stern, A. M. Schmidkt,
Nephrol. Dial. Transplant. 11 (Suppl. 5) (1996) 13

S. P. Walff, R. T. Dean, Biochem. J. 245 (1987) 243

Z.Y.Jang, A. C. Woollard, S. P. Wolff, FEBS Lett. 268 (1990) 69

R. P. Patel, J. McAndrew, H. Sdllak, C. R. White, H. Jo, B. A. Freeman, V. M. Darley-
Usmar, Biochim. Biophys. Acta 1411 (1999) 385

A. D. McCarthy, S. B. Etcheverry, A. M. Cortizo, Acta. Diabetol. 38 (2001) 113

S. Penckofer, D. Schwertz, K. Florczak, J. Cardiovasc. Nurs. 16 (2002) 68

K. D. Kroncke, J. Funda, B. Berschick, H. Kolb, V. Kolb-Bachofen, Diabetologia 34 (1991)
232

C. A. Delaney, M. H. Green, J. E. Lowe, |. C. Green, FEBS Lett. 333 (1993) 291

D. L. Eizirik, S. Sandler, N. Welsh, M. Cetkovi¢-Cvrlje, A. Nieman, D. A. Geller, D. G.
Pipeleers, K. Bendtzen, C. Hellerstrom, J. Clin. Invest. 93 (1994) 1968

M. Skelin, M. Rupnik, A. Cenci¢, ALTEX 27 (2010) 105

D. Chen, M. W. Wang, Diabetes Obes. Metab. 7 (2005) 307

P. Masidlo, Int. J. Biochem. Cell, B 38 (2006) 873

M. G. Von Herrath, M. B. Oldstone, J. Exp. Med. 185 (1997) 531

D. A. Meiton, N. Engl. J. Med. 355 (2006) 89

S. B. Chai, C. H. Park, M. K. Choi, D. W. Jun, S. Park, Biosci. Biotech. Biochem. 68 (2004)
2257

D. A. Rees, J. C. Alcolado, Diabetic Med. 22 (2005) 359

S. Lenzen, Diabetologia 51 (2007) 216

C. C. Rerup, Pharmacol. Rev. 22 (1970) 485

A. A.Rossini, A. A. Like, W. L. Chick, M. C. Appd, G. F. Cahill Jr., Proc. Natl. Acad. ci.
USA 74 (1977) 2485

J. W. Cardina, G. P. Margison, K. J. Mynett, A. P. Yates, D. P. Cameron, R. H. Elder, Mal.
Cell. Biol. 21 (2001) 5605

R. Rahimi, S. Nikfar, B. Larijani, M. Abdollahi, Biomed. Pharmacother. 59 (2005) 365

M. Naziroglu, P. Butterworth, Can. J. Appl. Physiol. 30 (2005) 172

R. A. Skyrme-Jones, R. C. O'Brien, K. L. Berry, I. T. Meredith, J. Am. Call. Cardiol. 36
(2000) 94

J. A. Beckman, A. B. Goldfine, M. B. Gordon, L. A. Garrett, J. F. Keaney J., M. A.
Creager, Am. J. Physiol. 285 (2003) H2392

P. Gaede, H. E. Poulsen, H. H. Parving, O. Pedersen, Diabet. Med. 18 (2001) 756

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS

©3

56

RE MO




378 DINIC at al.

36.
37.

38.
39.

41.
42,

IS

46.

47.

49,

51.

AR

55.
56.
57.
59.
61.
62.

63.

65.
66.

S. Yusuf, G. Dagenais, J. Pogue, J. Bosch, P. Sleight, N. Engl. J. Med. 342 (2000) 154

M. Boaz, S. Smetana, T. Weinstein, Z. Matas, U. Gafter, A. laina, A. Knecht, Y. Weiss-
garten, D. Brunner, M. Fainaru, M. S. Green, Lancet 356 (2000) 1213

A. Nicolucci, Diabetes Care 26 (2003) 3264

E. M. Lonn, S. Yusuf, V. Dzavik, C. I. Doris, Q. Yi, S. Smith, A. Moore-Cox, J. Bosch, W.
A. Riley, K. K. Teo, Circulation 103 (2001) 919

P. Gaede, P. Vedd, N. Larsen, G. V. H. Jensen, H.-H. Parving, O. Pedersen: N. Engl. J.
Med. 348 (2003) 383

H. Moini, L. Packer, N. E. L. Saris, Toxicol. Appl. Pharm. 182 (2002) 84

K. P. Shay, R. F. Moreau, E. J. Smith, A. R. Smith, T. M. Hagen, Biochim. Biophys. Acta
1790 (2009) 1149

D. Ziegler, M. Hanefeld, K. J. Ruhnau, H. P. Meissner, M. Lobisch, K. Schutte, F. A. Gries,
Diabetologia 38 (1995) 1425

M. Reljanovi¢, G. Reichdl, K. Rett, M. Lobisch, K. Schuette, W. Maller, H. J. Tritschler, H.
Mehnert, Free Radical Res. 31 (1999) 171

D. Ziegler, M. Hanefeld, K. Ruhnau, H. Hasche, M. Lobisch, K. Schutte, G. Kerum, R.
Malessa, Diabetes Care 22 (1999) 1296

D. Ziegler, H. Schatz, F. Conrad, F. A. Gries, H. Ulrich, G. Reichel, Diabetes Care 20
(1997) 369

A. S. Ametov, A. Barinov, P. J. Dyck, R. Hermann, N. Kozlova, W. J. Litchy, P. A. Low,
D. Nehrdich, M. Novosadova, P. C. O'Brien, M. Reljanovi¢, R. Samigullin, K. Schuette, |.
Strokov, H. J. Tritschler, K. Wessdl, N. Yakhno, D. Ziegler, Diabetes Care 26 (2003) 770
D. Ziegler, H. Nowak, P. Kempler, P. Vargha, P. A. Low, Diabet. Med. 21 (2004) 114

A. C. Maritim, R. A. Sanders, J. B. Watkins, J. Nutr. Biochem. 14 (2003) 288

E. Ridrugio, T. Castiglioni, M. O. Silva, Ann. Pharmacother. 45 (2011) e43

R. H. Liu, Am. J. Clin. Nutr. 78 (Suppl.) (2003) 517S

N. Larkins, S. Wynn, Vet. Clin. North. Am. Small Anim. Pract. 34 (2004) 291

P. Fresco, F. Borges, C. Diniz, M. P. M. Marques, Med. Res. Rev. 26 (2006) 747

C. Siquet, F. PaivaMartins, L. F. C. Lima, S. Rels, F. Borges, Free Radical Res. 40 (2006)
433

C. A. Cdligte, P. Trouillas, D. P. Allais, J. L. Duroux, J. Agric. Food Chem. 53 (2005) 282
R. H. Liu, J. Nutr. 134 (2004) 3479

K. Kumari, K. T. Augusti, Indian. J. Exp. Biol. 40 (2002) 1005

C.C. Shih, Y. W.Wu, W. C. Lin, Clin. Exp. Pharmacol. 29 (2002) 684

Q. Luo, Y. Cai, J. Yan, M. Sun, H. Corke, Life Sci. 76 (2004) 137

G. Manonmani, V. Bhavapriya, S. Kapana, S. Govindasamy, T. Apparanantham, J.
Ethnopharmacol. 97 (2005) 39

S. Rgjasekaran, K. Sivaghanam, S. Subramanian Pharm. Rep. 57 (2005) 90

L. Zhang, S. Hogan, J. Li, S. Sun, C. Canning, S. J. Zheng, K. Zhou, Food Chem. 126
(2011) 466

Y .-F. Chu, Y. Chen, R. M. Black, P. H. Brown, B. J. Lyle, R. H. Liu, B. Ou, Food Chem.
124 (2011) 914

M. Sefi, F. Hamadi, N. Lachkar, A. Tahraoui, B. Lyouss, T. Boudawara, N. Zeghal, J.
Ethnopharmacol. 135 (2011) 243

G. R. Gandhi, S. Ignacimuthu, M. G. Paulrgj, Food Chem. Toxicol. 50 (2012) 166

O. Coskun, M. Kanter, A. Korkmaz, S. Oter, Pharmacol. Res. 51 (2005) 117

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS

©3

56

RE MO




67.
69.
70.
71.
72.
73.
74.

75.
76.

7.

78.

85.
86.
87.
89.
90.
91.
92.
93.
95.

96.

PLANT EXTRACTSIN DIABETES TREATMENT 379

M. Manisha, D. Priyanjdi, L. Jayant, G. Sargj, P. A. Thomas, J. Clin. Biochem. Nutr. 40
(2007) 163

J. Fujii, N. Taniguchi, Free Radical Res. 31 (1999) 301

G. W. Hart, M. P. Houdley, C. Slawson, Nature 446 (2007) 1017

M. Mihailovi¢, J. ArambaSi¢, A. Uskokovi¢, S. Dini¢, N. Grdovi¢, J. Markovi¢, G.
Poznanovi¢, M. Vidakovi¢, Eur. J. Nutr. 51 (2012) 975

J. Arambasi¢, M. Mihailovi¢, A. Uskokovi¢, S. Dini¢, N. Grdovi¢, J. Markovi¢, G.
Poznanovi¢, B. Baec, M. Vidakovi¢, Eur. J. Nutr., doi 10.1007/s00394-012-0452-z

A. E. Tsantes, S. Bonovas, A. Travlou, N. M. Sitaras, Antioxid. Redox. Sgn. 8 (2006) 1205
M. Singh, S. Shin, Indian. J. Exp. Biol. 47 (2009) 7

S. Gupta, M. Kataria, P. K. Gupta, S. Murganandan, R. C. Y ashroy, J. Ethnopharmacol. 90
(2004) 185

B. Ramesh, K. V. Pugalendi J. Biol. Med. 78 (2005) 131

A. Oda, C. Bannai, T. Yamaoka, T. Katori, T. Matsushima, K. Yamashita, Horm. Metab.
Res. 26 (1994) 1

M. F. Melhem, P. A. Craven, J. Liachenko, F. R. DeRubertis, J. Am. Soc. Nephrol. 13
(2002) 108

K. Itoh, N. Wakabayashi, Y. Katoh, T. Ishii, K. Igarashi, J. D. Engel, M. Y amamoto, Genes
Dev. 13 (1999) 76

. T. H. Rushmore, M. R. Morton, C. B. Pickett, J. Biol. Chem. 266 (1991)

K. S. Niture, K. A. Jaiswal, J. Biol. Chem. 285 (2010) 36865

. L. M. Zipper, R. T. Mulcahy, Biochem. Biophys. Res. Commun. 278 (2000) 484
. L. M. Zipper, R. T. Mulcahy, Toxicol. Sci. 73 (2003) 124

A. Muji¢, N. Grdovi¢, 1. Muji¢, M. Mihailovié, J. Zivkovi¢, G. Poznanovi¢, M. Vidakovi¢,
Food Chem. 125 (2011) 841

N. Grdovi¢, S. Dini¢, J Arambasi¢, M. Mihailovi¢, A. Uskokovi¢, J. Markovi¢, G.
Poznanovi¢, S. Vidovi¢, Z. Zekovi¢, A. Myji¢, 1. Muji¢, M. Vidakovi¢, Br. J. Nutr. 108
(2012) 1163

J. C. M. Barreirg, |. C. F. R. Ferreira, M. B. P. P. Oliveira, J. A. Pereira, Food Chem. 107
(2008) 1106

J. Zivkovié, Z. Zekovié, |. Muji¢, D. Godevac, M. Mojovié, A. Muji¢, |. Spasojevié. Food
Biophys. 4 (2009) 126

M. Larrosa, M. Garcia=Conesa, J. Espin, F. A. Tomas-Barberan, Mol. Aspects Med. 31
(2010) 513

A. Demain, Pure. Appl. Chem. 58 (1986) 219

M. van Bakel, G. Printzen, B. Wermuth, U. N. Wiesmann, Am. J. Clin. Nutr. 72 (2000) 976

S. Powell, J. Nutr. 130 (2000) 1447S

M. Mayell, Altern. Med. Rev. 6 (2001) 48

C. Jezhong, R. Kenneth, Vasc. Health Risk Manag. 4 (2008) 1265

M. S. Mantovani, M. F. Bellini, J. P. F. Angdli, R. J. Oliveira, A. F. Silva, L. R. Ribeiro,
Mutat. Res. 658 (2008) 154

J. Chen, R. Seviour, Mycoal. Res. 111 (2007) 635

D. B. Zekovi¢, S. Kwiatkowski, M. M. Vrvi¢, D. Jakovljevi¢, C. A. Moran, Crit. Rev.
Biotechnal. 25 (2005) 205

E. Tsapdi, S. Whaley, J. Kabfleisch, H. E. Endey, |. W. Browder, D. L. Williams, Free
Radical. Biol. Med. 30 (2001) 393

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS

©3

56

RE MO




380

97.
98.

99.
100.

101.
102.

103.
104.

105.
106.

DINIC at al.

D. L. Williams, Mediat. Inflamm. 6 (1997) 247

D. L. Williams, T. Ha, C. Li, J. H. Kabfleisch, J. J. Laffan, D. A. Ferguson, Surgery 126
(1999) 54

J. Battle, T. Ha, C Li, V. Della Beffa, P. Rice, J. Kabfleisch, W. Browder, D. Williams,
Biochem. Biophys. Res. Commun. 249 (1998) 499

H. Z. Toklu, G. Sener, N. Jahovi¢, B. Uduy, S. Arbak, B. C. Yagen, Int. Immunopharmacol.
6 (2006) 156

H.Y.Fu, D. E. Shieh, C. T. Ho, J. Food Lipids 9 (2002) 35

J. Luhm, U. Langenkamp, J. Hensdl, C. Frohn, J. M. Brand, H. Hennig, L. Rink, P. Koritke,
N. Wittkopf, D. L. Williams, A. Mueller, BMC Immunal. 7 (2006) 1

J. P.F. Angdli, L. R. Ribeiro, M. F. Bdllini, M. S. Mantovani, Hum. Exp. Toxicol. 25 (2006)
319

M. Babincova, Z. Bacova, E. Machova, G. J. Kogan, Med. Food 5 (2002) 79

Y. W. Kim, K. H. Kim, H. J. Chai, D. S. Leg, Biotechnal. Lett. 27 (2005) 483

H.C.Lo,F. A.Tsa, S. P. Wasser, J. G. Yang, B. M. Huang, Life Sci. 78 (2006) 1957.

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS

©3

56

RE MO




Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 78 (3) 381-394 (2013)  UDC 577.161.5:615.155.3:615.273:599.323.4
JSCS-4423 Original scientific paper

.““w\-[m.\'ﬂlsl'u

Strain differencesin thetoxicity of the vitamin K
antagonist warfarinin rats

JELENA DJOKICY, MARINA NINKOVZ, ALEKSANDRA POPOV ALEKSANDROVY,
IVANA MIRKOVY, VESNA SUBOTAZ, LUKA MIHAJLOVIC3, MARIJA
STOJADINOVIC3, DRAGANA STANIC-VUCINIC3, DRAGAN KATARANOVSK |14
and MILENA KATARANOV SK |14

lUniversity of Belgrade, Institute for Biological Research “ Sinisa Sankovi¢” , Bulevar
despota Sefana 142, Belgrade, Serbia, 2Military Medical Academy, Institute for
Biochemistry, Crnotravska 17, Belgrade, Serbia, S3University of Belgrade, Faculty of
Chemistry, Studentski trg 16, Belgrade, Serbia and 4University of Belgrade, Faculty of
Biology, Studentski trg 16, Belgrade, Serbia

(Received 14 November 2012, revised 30 January 2013)

Abstract: Warfarin (3-(o~acetonylbenzyl)-4-hydroxy coumarin) is a vitamin K
(VK) antagonist that inhibits vitamin K-dependent (VKD) processes, such as
blood coagulation. It also exerts an influence on some non-VKD-related
activities. In this study, the effect of sub-acute (30-day) oral warfarin (2 and 1
mg L"1) intake on hematological parameters was examined in two rat strains,
Albino Oxford (AO) and Dark Agouti (DA), that differ in their sensitivity to
certain chemicals. Greater susceptibility to the anticoagulant effect of 2 mg L1
of warfarin was observed in AO rats and was associated with an increase in the
relevant hematologica parameters in this strain. Although both strains
responded to 2 mg L1 of warfarin with quantitative changes in the peripheral
blood leukocytes, differential bone marrow and lung responses were observed.
Strain-related differences in the pro-inflammatory activity of peripheral blood
granulocytes and in mononuclear cell IFN-y production were observed.
Recognition of differences in quantitative and qualitative effects of ora
warfarin on processes other than hemostasis might be of relevance for those
humans who are on warfarin therapy.

Keywords. warfarin; rats, anticoagulant effect; hematology; periphera blood
leukocytes.

INTRODUCTION

Warfarin (3-(a-acetonylbenzyl)-4-hydroxy coumarin) and other coumarin
analogs are antagonists of vitamin K that inhibit the vitamin K-dependent (VKD)
step in the synthesis of several factors required for normal blood coagulation.l
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Interference with the synthesis of biologically active coagulation factors results
in increases in the clotting time up to the point where no clotting occurs. Anti-
coagulants of the 4-hydroxy-coumarin type are used in prophylactic medicine to
prevent thromboembolic diseases and as pesticides for rodents (anticoagulant
rodenticides).23 Warfarin inhibits vitamin K epoxide reductase (VKOR), giving
rise to depletion of hydroquinone, a co-factor for the y-glutamyl carboxylase, an
enzyme that mediates carboxylation of glutamyl (Gla) residues on precursors of
several proteins involved in coagulation, including 11 (FII, prothrombin), VII
(FVID), IX (FIX), and X (FX) factors.2 Inhibition of VKOR by warfarin also
affects the catalytic rate of other VKD proteins, such as proteins required for the
regulation of bone growth and calcification (bone Gla protein, BGP/osteocalcin
and matrix Gla protein, MGP) as well as those involved in the growth of vascular
smooth muscle cells and mesangial cells.4~ Moreover, warfarin exerts influence
on some non-VKD-related activities, including anti-tumor and
immunomodulating activities.89 As regards the immune system, both stimulatory
and suppressive effects of warfarin (and other coumarin congeners) were
observed.10-15 Some clinical complications of warfarin therapy and adverse
reactions associated with inflammatory cells attendance in affected tissues
implies the pro-inflammatory potential of this chemical .16-21

It was previoudy demonstrated that acute (intraperitoneal or epicutaneous
route) or sub-acute oral administration of warfarin at doses resulting in antico-
agulation exert systemic pro-inflammatory effects in rats and suggested that peri-
pheral blood neutrophils are the target of this agent.22-25 The impact of sub-acute
oral warfarin intake on other hematological parameters besides peripheral blood
leukocyte numbers and mononuclear cell activity was explored in this study in
order to see whether there were broader effects of warfarin at the systemic level.
Bearing in mind the well-known differences in the response of humans to antico-
agulation by warfarin,26 these effects were examined comparatively in two rat
strains known for their differences in immune responses to chemical insult, i.e.,
Albino Oxford (AO) and Dark Agouti (DA) rats.2/.28

EXPERIMENTAL
Chemicals

Warfarin sodium (Serva Feinbiochemica, Heidelberg, Germany), dextran 500,000,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), phorbol-12-myristate-
-13-acetate (PMA), hexadecyltrimethylammonium bromide (HTAB), o-dianisidine dihydro-
chloride and myeloperoxidase (MPO) (all from Sigma Chemica Co., St. Louis, MO, USA),
nitroblue tetrazolium (NBT) (ICN Pharmaceutical, Costa Mesa, CA, USA), concanavalin-A
(ConA) (Pharmacia, Uppsala, Sweden) were used in experiments. The culture medium RPMI-
1640 (PAA laboratories, Austria) supplemented with 2 mM glutamine, 20 ug mL1 genta-
mycin (Galenika a.d., Serbia) and 5 % (v/v) heat-deactivated fetal calf serum (PAA Labo-
ratories, Austria), i.e., complete medium, was used in the cell culture experiments.
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Animals and warfarin treatment

Twelve-week old, female DA (weighing 200-232 g) and AO rats (weighing 295-325 g),
conventionally housed at the Institute for Biological Research “SiniSa Stankovi¢” (Belgrade,
Serbia) were used in the experiments. The treatments were performed in adherence with the
Guidelines of the Ethical Committee of the Institute. In the pilot experiments, rats were given
4 mg L1 of warfarin solution in drinking water, which (at consumption volume of 20-30 mL
of solution daily) corresponded to 0.367 (+0.047) mg of warfarin per kg daily. However, mas-
sive hemorrhage was observed in AO rats during the last week of warfarin intake, with
subsequent death of more than 80 % of individuals, while less than 15 % of the DA rats died.
No fatal outcome was observed in either rat strain at two (2 mg L1) and four times (1 mg L™1)
lower warfarin doses. Thus, the consequences of the intake of these two lower non-lethal
warfarin doses were analyzed further. At least two independent experiments were conducted
with four to six animals assigned to each treatment group. Rats were given warfarin solution
in drinking water ad libitumfor 30 days. Control rats were given drinking water only.

Prothrombin time

The prothrombin time (PT) was determined in samples of blood withdrawn from the
abdominal artery diluted in citrate buffer (blood to citrate ratio 5:1) by a one-stage method
using citrate plasma and Thromborel S reagents (Behring Diagnostics GmbH, Marburg,
Germany) with Siemens BCS-XP Dade Behring equipment (Marburg, Germany).

Hematology

Complete blood tests analyses were conducted automatically using a Siemens ADVIA
120 flow cytometer (Terytown, N.Y., USA). In this way, the white blood cell count (WBC)
and percentage of leukocytes, red blood cell count (RBC), hemoglobin concentration (Hb),
hematocrit (HCT), mean corpuscle volume (MCV), platelet number (PLT) and mean platelet
volume (MPV) were measured.

Bone marrow leukocyte counts

Total bone marrow counts were determined using an improved Neubauer hemocytometer
following cell staining with Tidrck solution. Differentia cell counts were determined by
differentiating at least 1000 cells of bone marrow smears stained according to the May—
Grinwald—-Giemsa protocol.

Lung histology

Lungs were excised, cut and immediately fixed in 4 % formaldehyde (pH 6.9). After
processing, the tissue was embedded in paraffin wax for sectioning at 5 um. Hematoxylin and
eosin (H&E)-stained histology dlides were subsequently analyzed in a blinded manner by
experienced pathologist using a Coolscope digital light microscope (Nikon Co., Tokyo,
Japan).

Peripheral blood granulocyte and mononuclear cell isolation

Peripheral blood leukocytes were isolated from the heparinized blood by dextran sedi-
mentation and centrifugation (700 g, 20 min at room temperature) on an OptiPrep (Nycomed
AS, Norway) density gradient. Polymorphonuclear cells (granulocytes) were obtained from
the pellet fraction, following the lysis of erythrocytes with the isotonic NH,Cl solution. The
mononuclear cells were harvested from the band at the interface of plasma and OptiPrep
density medium.
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MTT assay for leukocyte viability

Granulocyte and mononuclear viability was determined in freshly isolated cells by a
quantitative colorimetric assay for metabolic viability described for humans,?® which is based
on the reduction of the tetrazolium salt MTT to a colored end-product, formazan, by severa
mitochondrial dehydrogenases in viable cells. The formazan produced was dissolved in an
acidified sodium dodecyl sulfate solution (10 % SDS-0.01 M HCI) and the optical density
(OD) was measured using a microplate spectrophotometer (GRD, Rome, Italy) at 540 nm.
Peripheral blood granulocyte and mononuclear cell activity

Granulocyte activation was evaluated by a cytochemica nitroblue tetrazolium (NBT)
reduction assay for the respiratory burst based on the capacity of granulocytes to reduce NBT
via respiratory burst oxidase.30 Briefly, NBT (10 uL, 5 mg mL-1) was added to a granulocyte
suspension (5x10° cells well'1 of a 96-well plate, in 100 pL) and incubated for 30 min with
100 ng mL1 PMA (stimulated NBT reduction) or solely in medium (spontaneous NBT
reduction). The absorbance of the produced formazan was measured as described above.

The granulocyte myeloperoxidase (MPO) activity was assessed based on the oxidation of
o-dianisidine dihydrochloride by cells.3! To 966 pL of substrate solution (0.167 mg mL-1 o-
dianisidine dihydrochloride and 0.0005 % H,O, in 50 mM potassium phosphate buffer, pH
6.0), 33 uL of granulocyte lysate, obtained by repeated freeze-thaw, was added. The absor-
bance was read at 450 nm (at three-minute intervals up to ten minutes) against an MPO
standard. The values are expressed as MPO units per 106 cells.

To examine interferon-y (IFN-y) production, mononuclear cells were cultured at 5x10°
cellswell'lin a 96-well plate for 48 h in culture medium solely (spontaneous production) or in
the presence of 1 pg mL"1 of ConA (ConA-stimulated production). The concentration of IFN-y
produced was measured by enzyme-linked immunosorbent assays (ELISA) for rat IFN-y
(R&D systems, Minneapolis, USA). The cytokine titer was calculated using a standard curve
constructed with known amounts of recombinant IFN-y.

Data display and statistical analysis

The results were obtained from two independent experiments and are expressed as means
+ standard deviation (SD). Statistical analysis was performed using Statistica 6.0 (StatSoft
Inc., Tulsa, Oklahoma, USA). The statistical significance was defined by the Mann—Whitney
U test. Values of p less than 0.05 were considered significant.

RESULTS
Anticoagulant effects of warfarin

Rats were given 1 and 2 mg L= of warfarin in their drink water. Every indi-
vidual consumed 20-30 mL of warfarin solution daily, in this way consuming
0.090+0.009 (0.078-0.107) and 0.191+0.016 (0.164-0.215) mg kgL day1 at 1
and 2 mg L1, respectively. Prolongation of the mean prothrombin time was
observed in the AO rats following consumption of 2 mg L1 of warfarin only
(Fig. 1). No changesin PT were observed at the lower (1 mg L~1) warfarin dose.

Hematology

Thirty-day consumption of 2 mg L—1 of warfarin resulted in significantly
lower total leukocyte counts and in atendency (p = 0.07) of decreasing inthe AO
and DA rats, respectively (Table 1). A decrease in lymphocyte with unchanged
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neutrophil concentrations was observed in the individuals of both strains. Besides
leukocytes, several other hematological parameters were affected in AO rats, in-
cluding an increase in red blood cell counts, hemoglobin concentration, hema-
tocrit, mean corpuscle volume and platelet counts. No changes in these parame-
ters were observed in DA rats, although the highly variable platelet counts re-
sulted in a numerical increase at this warfarin dose. Consumption of 1 mg L1
was without effect, except for an increase in HCT in AO rats.

60 DA AO

40

T

Concentration, mg L!

Fig. 1. Anticoagulant effect of warfarin intake in AO and DA rats expressed through the
prothrombin time (PT). The results are expressed as mean values + SD from two independent
experiments with six animals per each animal group. Significance at * p < 0.05 vs. controls
(0 mg L-1 of warfarin) of the respective strain.

Time, s

Bone marrow leukocyte counts

Given the quantitative changes in the peripheral blood leukocytes at 2 mg L1
of warfarin, an analysis of bone marrow leukocytes was conducted in rats that
consumed this warfarin dose. Significant increase in number of immature neu-
trophils (metamyelocytes) and a tendency (p = 0.060) of an increase in the ma-
ture granulocyte pool were observed only in DA rats (Table I1). No changes in
the number of lymphocytes or monocytes were observed in either strain.

Lung histology

As lungs harbor an intravascular reservoir of leukocytes, predominantly
neutrophils, called marginated pool, which constantly exchanges with the circul-
ating cells, 3! histological analysis of lungs from rats that consumed 2 mg L1 of
warfarin was conducted next (Fig. 2). It revealed neutrophil attendance in AO
rats (neutrophil lung infiltration noted in three out of four animals), as compared
to DA rats, where neutrophils were observed in the lungs of one out of four
individuals that had consumed warfarin.
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TABLE II. Tota and differential bone marrow leukocyte counts; data represent the mean
values £3D from two independent experiments with four to six animals per group

Cell number DA AO
x 106 per femur Warfarin dose, mg L1 Warfarin dose, mg L1
Parameter 0 2 0 2
Total 72.4+10.7 74.916.6 72.7£7.1 70.7£1.2
Metamyelocyte 8.70+2.1 11.77+2.32 6.48+0.9 6.36+0.4
Granulocyte 31.02+4.9 34.1613.2 24.92+35 24.21+0.8
Lymphocyte 31.73t5.7 29.82+9.0 40.42+4.1 39.19+15
Monocyte 0.94+0.3 1.13+0.5 0.83+0.2 0.88+0.1
aSignifica\ntly different from control animals of the respective strain (0 mg L'l) a p<0.05
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Fig. 2. Histology of lungs of an AO rat following oral intake of 2 mg L1 of warfarin.
Perivascular neutrophil attendance and interstitial edema. Inset: lung histology
of acontrol animal (0 mg L1 of warfarin).

Peripheral blood granulocyte viability and activity

To determine whether there were qualitative changes in the peripheral blood
leukocytes, some of the basic aspects of activity (metabolically-based viahility,
activation/priming for respiratory burst and myeloperoxidase activity) were exa-
mined in neutrophils taken from animals that had consumed the higher warfarin
dose (2 mg L-1). Asshown in Fig. 3, an increase in the MTT reduction by freshly
isolated peripheral blood granulocytes of DA rats that had consumed warfarin
was observed, while a similar capacity of reduction was observed in the control
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and warfarin-exposed AO rats (Fig. 3A). No difference in level of spontaneous
NBT reduction could be observed between the control and rats that had con-
sumed warfarin (Fig. 3B). Stimulation with PMA resulted in an increase in the
NBT reduction by cells from the control and treated animals of both strains.
Although PMA-stimulated NBT reduction capacity was more pronounced in AO
compared to DA rats (p < 0.05), no difference was noted between control and the
warfarin-treated AO rats, while the levels of reduction attained in DA rats that
had consumed warfarin were higher than those from the controls.

Measurements of the intracellular MPO content in neutrophils revealed lower
values in the control DA (vs. AO) rats, but it increased significantly after warfarin
consumption in the DA rats (Fig. 3C), whileit remained unchanged in the AO rats.

Peripheral blood mononuclear cell viability and activity

Asadrop in the periphera blood lymphaocyte counts was observed in rats that
had consumed 2 mg L1 of warfarin, the viability of the blood mononuclear cells
was next determined. No difference in MTT reduction was observed between the
control and the warfarin-treated rats of either strain (Fig. 4A). To determine whether
warfarin exerted an influence on the mononuclear cell activity, the production of
IFN-y was determined (Fig. 4B). While there was no effect on the spontaneous
IFN-y production by mononuclear cells from DA rats, consumption of warfarin
resulted in an increase in the AO rats. Stimulation with ConA, however, resulted
in significantly higher production of this cytokine in DA rats that had consumed
warfarin, while it was similar in the control and warfarin-treated AO rats.

DISCUSSION

In this study, the effects of sub-acute (30-day) ora intake of warfarin on
hematological parameters and on peripheral blood granulocyte and mononuclear
cell activity were examined comparatively in two rat strains known to differ in
their susceptibility to chemical insult. The lower susceptibility to the anticoagu-
lant effect of warfarin, the increase in some of the hematological parameters
(RBC and PLT counts, Hb concentration and HCT values) as well as the lack of
qualitative effects (peripheral blood granulocyte) or different pattern of mono-
nuclear cell activity in DA vs. AO rats demonstrated the differential responsive-
ness to warfarin treatment in the two rat strains. The differential susceptibility to
hemorrhage might have accounted for differences in mortality at the highest
warfarin dose, in line with data showing that impaired coagulation, along with
the hemorrhage generally resulted in the death of rodents.3 The increase in pro-
thrombin time, which reflects the basic biologica activity of warfarin, at a dose
that resulted in no changes in this parameter in DA rats, also depicts the higher
responsiveness of AQO rats to warfarin anticoagulation. Strain-related differences
in the metabolism of warfarin shown in laboratory rat strains32:33 might be res-
ponsible for the differences observed in the prothrombin time in AO vs. DA rats.
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Differences in cytochrome P450 (CYP) enzymes as well as vitamin K epoxide
reductase complex subunit 1 (VKORC1) might have accounted for these diffe-
rences, as polymorphism in these enzymes affects the anticoagulant action of
warfarin in humans.34
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Fig. 3. The effect of warfarin intake on peripheral blood granulocyte viability and activity. A.
Reduction of MTT. B. The spontaneous and PMA-stimulated reduction of NBT. C.
Intracellular MPO activity. The results are expressed as mean values + SD from two

independent experiments with four to six animals per group. Significance at * p < 0.05 vs.
controls (0 mg L1 of warfarin) of the respective strain.
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Fig. 4. The effect of warfarin intake on peripheral blood mononuclear cell viability and
activity. A. Reduction of MTT. B. IFN-y production. The results are expressed as mean values
+ SD from two independent experiments with four to six animals per group. Significance at
*p < 0.05 vs. controls (0 mg L1 of warfarin) of the respective strain.

On the other hand, the differential effects of warfarin on some hematol ogical
parameters and peripheral blood leukocytes in the two strains imply that the ef-
fect of warfarin might depend on the parameter/activity examined. Indeed, the
differential sensitivity of individuals of these two strains to warfarin was demon-
strated by the hemoconcentration in AO rats (resulting from an increase in the
number of red blood cells) following the consumption of the higher warfarin dose.

A decrease in the lymphocyte counts in the peripheral blood of rats that had
consumed warfarin accounted for a drop in the leukocyte counts in both rat strains.
This could not be ascribed to warfarin cytotoxicity, as there was a lack of changes
in the viability of freshly isolated mononuclear cells. The underlying mechanisms
of leuko/lymphopenia are presently unknown, but leukocyte migration to the fo-
cuses of hemorrhage in peripheral tissues might be responsible. Increases in im-
mature bone marrow neutrophils imply that there is a need for these cells in the
periphery and that this might be an underlying mechanism to uphold neutrophil
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numbers in DA rats. Neutrophil attendance in lungs (pronounced in AO rats) im-
plies the exchange of neutrophils from circulation with the lung’s intravascular
reservoir of leukocytes (marginated pool).31

Differential effects of warfarin consumption on leukocyte functional activity
were observed in these strains. While no effects on granulocyte viability were ob-
served in AO rats, an increase in the MTT reducing capacity by cells from war-
farin-treated DA rats was observed. Asthe MTT assay depends on mitochondrial
activity in viable cells and is influenced by their metabolic activity, it actually
reflects the overall functional state of granulocytes.2935 A cytochemical assay
for the respiratory burst, which is a measure of cellular capacity to reduce NBT
via tetrazolium reducing respiratory burst phagocyte oxidase, is often employed
as an in vitro measure of peripheral blood granulocyte activation.36.37 Similar
levels of spontaneous NBT reduction by granulocytes between controls and rats
that had consumed warfarin imply the lack of the capacity of this chemical to
activate granulocytes. However, significantly higher NBT reduction provoked by
PMA in the granulocytes from warfarin-treated DA rats compared to the controls
indicated to a primed state of these cédlls, i.e., a state of increased responsiveness
to exogenous stimulation.38 An increase in intracellular MPO content, which along
with phagocyte oxidase, is a source of oxidant activity in phagocytes,3° empha-
sises the effect of warfarin intake on the oxidative activities of granulocyte in
peripheral blood. The priming of granulocytes of DA rats for the respiratory burst
and the higher intracellular MPO content imply the higher responsiveness of
these rats to warfarin, compared to AQ rats.

Thelack of an effect of warfarin intake on the peripheral blood mononuclear
cell production of 1FN-y (the main mononuclear cell cytokine under conditions of
systemic inflammation) in DA when compared to AO ratsimplies the differential
susceptibility of these cells to warfarin. In addition, the lack of priming of mono-
nuclears from warfarin-treated AO rats (similar levels of IFN-y production in res-
ponse to ConA stimulation) in contrast to the increased levels of cytokine pro-
duced in DA rats shows refractoriness of the mononuclear cells to exogenous
stimulation. These data also suggest that not only peripheral blood neutrophils,
but also mononuclear cells present targets for warfarin. The underlying mecha
nisms responsible for differential granulocyte and mononuclear cell responsive-
ness to oral warfarin might be ascribed to differences in signaling pathways and/or
sensitivity to chemical signals, such as pro-inflammatory cytokines, known to
modulate leukocyte activities. These assumptions warrant future attention.

CONCLUSIONS

The present study has demonstrated strain-related differential responsiveness
to oral warfarin intake in rats not only in terms of anticoagulation, but in certain
hematological parameters and in inflammation—relevant peripheral blood gra-
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nulocyte and mononuclear cell activity as well. Recognition of differences in
guantitative and qualitative effects of oral warfarin on processes other than he-
mostasis might be of relevance for those humans who are on warfarin therapy.
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COJHE PA3JIMUKE Y TOKCUYHOCTHU AHTATOHHUCTE BUTAMHUHA K
BAP®APHUHA KOJI [TAIIOBA

JEJIEHA BOKHR', MAPHHA HUHKOB', ATEKCAHIIPA [TOTIOB AJIEKCAH/IPOB', UBAHA MHPKOB',
BECHA CYBOTA?, JIYKA MUXAJJIOBUR®, MAPUJA CTOJALIMHOBUR®, IPATAHA CTAHUR-BYUUHUR’,
IOPATAH KATAPAHOBCKHU"" 1 MUJIEHA KATAPAHOBCKH™*

1YHusep3uu76m y Beolpagy, Hnciiuttiywi 3a duonowxa uciipaxusara ,Cunuwa Ciiankosuh”,bynesap

gectiotia Ciiepana 142, Beoipag, “BojHomeguyuncka akagemuja, Hucutiyin 3a duoxemujy, Lipnoiipascka

17, Beoipag, 3YHueep3uu76m y Beoipagy, Xemujcxku Qaxynimei, Ciiygeniticku wpi 16, Beoipag u

Yuusepsutuetni y Beoipagy, Buonowxu paxynimei, Ciiygeniticku wipi 16, Beoipag

Bapdapus (3-o-auetoHundeHswn)-4—XUIPOKCUKYMapHH) je aHTaroHHUCT BUTaMHUHa K
(BK) xoju unHxudHpa Hpolece 3aBUCHE O OBOT BUTAMHUHA, yK/bydyjyhH Koarynalujy KpBH.
OcuM TOra, OH WCIO/baBa M aKTMBHOCTH KOje He 3aBUCe Off BUTaMMHa K kao IITO Cy aHTH-
TYMODPCKa ¥ UMyHOMOJYJIaTOpHa akTUBHOCT. Y 0BOM pafy je ucnurtaH edexar cydakytHor (30
DlaHa) OpajHOI yHOca BapdapuHa Ha XEMAaTo/IOLIKe IlapaMeTpe M aKTHBHOCT JIEYKOLHUTa
nepudepHe KpBU Kof fiBa coja naunosa Albino Oxford (AO) u Dark Agouti (DA) xoju ce pas-
JIMKYjy y OCET/BMBOCTH Ha UCTe Xemujcke areHce. Kop jemuHku AO coja 3anaxeHa je Beha
CMPTHOCT HAaKOH KOH3ymupama fgose on 4 mg L~! kao u Beha oceTuBOCT Ha aHTHMKOAry-
JNaHTHO fiejcTBO BapdapuHa Tpu HwkuM nosama (2 mg L~1) koje je mpaheno mosehamem
HEKHUX XeMaToJIOLIKKUX MapameTrapa. Mako kop jenuHkH oba coja nomasu o mosehamwa dpoja
HEYTPOUIHUX JleyKouuTa nepudepHe KpBY NpHu 034 of 2 mg L~1, npomene y ocHOBHUM
NpOHH@IaMaTOPHUM aKTHUBHOCTHMa OBUX henuja Cy 3amakeHe camo Kof jesuHku DA coja.
[Tpomene y dpojy HeyTpodwIHHX jneykonuTta y kpBu DA jenuHku cy npaheHe nmosehamem
Opoja rpaHyIOLMTHUX MPEKYpCcopa Y KOLITaHOj CPXKH, NOK IPUCYCTBO HeyTpodwia y mryhuma
AO jenuHKM yKka3syje Ha pa3meHy henuja uamehy nepudepHe KpBU U IIYhHOT WHTPABACKY-
napHor nysna henuja. JudepeHuyjanHe cojHO—3aBUCHE MPOMEHE Y aKTUBHOCTH MOHOHYKJIE-
apHux henuja nepudepHe KpBHU Cy Takohe 3anaxeHe. Pasnuke y edexTy opaaHO YHETOT Bap-
(papuHa MoOry a MIMajy UMIUIMKaLHUje 3a 0code Ha 0paaHoj BapdapHUHCKOj TEPAIHjH.

(ITpumspeno 14. HoBembpa 2012, pesunupano 30. janyapa 2013)
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Abstract: Spirulina, now named Arthrospira, is a microscopic and filamentous
cyanobacterium that has along history of use as a safe food, lacking toxicity. It
is commercialy produced in large outdoor ponds under controlled conditions.
The aim of this review article is to summarize the recent available information
concerning the human clinical potential and applications of Spirulina, as well
as clinical data related to the safety and side effects of Spirulina. Potential
health benefits of Spirulina are mainly due to its chemical composition, which
includes proteins (the highest protein content of any natural food, 55-70 %),
carbohydrates, essential amino acids, minerals (especialy iron), essential fatty
acids, vitamins and pigments. In this respect, three major bioactive components
of Spirulina, the protein phycocyanin (a biliprotein pigment), sulfated poly-
saccharides and gamma linolenic acid seem to play significant roles in impart-
ing improved human body functions. Furthermore, new experimental evidence
supports the immunomodulation and antiviral effects of Spirulina supplemen-
tation. According to the Dietary Supplements Information Expert Committee of
the United States Pharmacopeial Convention, the available clinical evidence
does not indicate a serious risk to health or other public health concerns due to
Spirulina. However, afew cases of severe side effects have been reported.

Keywords. cyanobacterium; phycocyanin; phycocyanobilin; sulfated polysac-
charides.
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3.3. Clinical potential of phycocyanobilin
3.4. Safety aspects
3.5. Sde effects

4. CONCLUDING REMARKS

1. INTRODUCTION

Agriculture is faced with multiple challenges in the 21st century: i) increase
in food production for a growing world population, which is expected to increase
by about 2.3 billion people over the next 40 years, mostly in developing coun-
tries, ii) insufficient fresh water supply together with land degradation, which
causes losses in agricultural productivity, iii) increase of the production of feed-
stock for bioenergy, iv) adoption of more efficient and sustainable production
methods and V) adaptation to climate change.l.2. Furthermore, it is presently ac-
cepted that malnutrition is a silent massacre. According to United Nations
sources, millions of children every year die either from malnutrition or are vic-
tims of malnutrition and micronutrient deficiency — the lack of key vitamins and
minerals — with severe consequences on their physical and intellectual develop-
ment.34 Moreover, both overweight and underweight people may suffer either
from a deficiency or an excess of the intake of nutrients needed for healthy living.

Taking into account the above challenges, a future increase of the global
production of food and food protein and a combat of malnutrition could be ad-
dressed through the development of non-traditional farm products by biotechno-
logical intervention. Such a solution seems today economically viable by sup-
porting the mass cultivation of microalgae rich in protein, vitamins and other
functional nutrients known to benefit health. In this respect, Spirulina microalga
seems to offer the perfect solution.

Spirulina, now named Arthrospira, are microscopic photosynthetic and fila-
mentous cyanobacteria (blue—green algae) that have along history of use as food.
Cyanobacteria are believed to have evolved 3.5 billion years ago and they are the
first group of bacteriathat evolved that could fix atmospheric carbon dioxide into
organic carbon compounds using water with the simultaneous evolution of oxy-
gen. Before Columbus, Mexicans (Aztecs) exploited this microorganism as hu-
man food, while presently the African Kanembou tribe in the Lake Chad area
(Republic of Chad) employs it for the same purpose. The name Spirulina derives
from the spiral or helical nature of its filaments. Arthrospira is the scientific
name of a cyanobacteria genus comprising a whole group of edible cyanobacteria
sold under the name Spirulina. Among the various Arthrospira species, A. pla-
tensis and A. maxima are the most important. Arthrospira trichomes (filaments),
which contain cylindrical cells aligned together in spirals or in straight lines.
These filaments have variable length (usually 100-200 um) and a diameter close
to 6-12 pum, but the cell dimensions, degree of coiling and length of filaments
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vary with species. The cell organization of Spirulina is typical of a prokaryote
gram-negative bacterium with a lack of membrane-bound organelles. The cell
wall constitutes a weak envelope that is composed of a number of layers, mostly
of a peptidoglycan and lipopolysaccharide nature. The Spirulina cells have a
number of inclusions, such as thylacoid membranes with phycobilisomes, carbo-
xysomes, ribosomes, DNA fibrils and gas vacuoles, as well as polyglycan, poly-
phosphate and cyanophycin granules.5-10

Spirulina grows naturally in alkaline lakes but is commercially produced in
large outdoor or greenhouse ponds under controlled conditions. Microalgal culti-
vation is based on a photosynthetic process using sunlight, nutrition elements and
CO» contained in a fresh water culture medium under a relatively high tempe-
rature (optimum temperature: 35-38 °C). Commercial culture of Spirulina is fol-
lowed by harvesting the biomass, drying and packaging.9.11

World market evolution of Spirulina involves mainly dried Spirulina whole
biomass used as a human health food supplement, assuming that its consumption
may benefit, prevent, help, or cure common diseases and malnutrition. Other
commercial products containing Spirulina biomass or Spirulina extracts or active
ingredients include protein supplements in animal feed, products for the impro-
vement of pet health, natural colors for foods and cosmetics and purified biomo-
lecules for medicine and biotechnology.10 The objectives of this paper are to re-
view recent literature on various health and safety aspects of Spirulina food sup-
plements and their possible side effects.

2. CHEMICAL COMPOSITION

Chemical analysis of Spirulina showed that it is an excellent source of pro-
teins, vitamins, dietary minerals and pigments. The biochemical composition de-
pends upon the specific Arthrospira source, culture conditions and season of pro-
duction.9.10.12-14

The protein content of Spirulina (50-70 % of the dry weight) exceeds that of
meat, dried milk, eggs, soybeans or grains. Spirulina proteins are complete, since
al the essential amino acids are present. The highest values for the essential
amino acids are those for leucine, valine and isoleucine. When compared to
standard alimentary proteins (from meat, eggs or milk), it is somewhat deficient
in methionine, cysteine, and lysine, but is superior to al plant proteins including
proteins from legumes.6,10,13

Soirulina proteins with significant health effects are the phycobiliproteins
phycocyanin C and alophycocyanin at an approximately 10:1 ratio, which are
proteins with linear tetrapyrrole prosthetic groups (phycocyanobilin) that in their
functional state are covalently linked to specific cysteine residues of the proteins
and they form light-harvesting antenna complexes of the cyanobacteria. Spirulina
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is the only food containing phycocyanins, which represent about 15-25 % of the
dry biomass of the microalga.1516

Half of the total Spirulina lipids are fatty acids.1214 A detailed analysis of
Spirulina fatty acids showed the presence of essentia fatty acids (mostly w-6).
The rare polyunsaturated fatty acid y-linolenic acid (GLA) with putative medi-
cinal properties represents 10-20 % of the fatty acids in A. maxima, compared to
49 % in A. platensis and can be considered one of the best known source of GLA
after human milk and some little used vegetable oils such as evening primrose,
borage, blackcurrant seed and hemp oil. 10 g of Spirulina provide over 100 mg of
GLA (which corresponds to more than two capsules of evening primrose oil).9
Other major fatty acids present are the unsaturated oleic and linoleic acids as well
as the saturated palmitic acid, which forms more than 60 % of lipids in A. ma-
xima. Monogalactosyl- and sulfoquinovosyl-diacylglycerol as well as phospha
tidylglycerol are the major Spirulina lipids (20-25 % each).17 It is important that
sulfolipids from cyanobacteria are active against the AIDS virus.10.12

Virtually al the assimilable Spirulina carbohydrates consist of polymers
containing glucose. The major polymeric component in A. platensisis a branched
polysaccharide, structurally similar to glycogen.® High molecular weight anionic
polysaccharides with antiviral and immunomodulating activities (see below) have
been isolated from Spirulina.18 A sulfated polysaccharide fraction with antiviral
action (calcium spirulan) was extensively purified and shown to be composed of
rhamnose, 3-O-methylrhamnose (acofriose), 2,3-di-O-methylrhamnose, 3-O-me-
thylxylose, uronic acids and sulfates.19.20 Recently, an acidic polysaccharide
fraction has also been isolated from A. platensis, which induces the synthesis of
TNF-a in RAW macrophages.18

Spirulina is claimed to be the richest whole-food source of provitamin A
(p-carotene), with 20 g of Spirulina also fulfilling the significant body require-
ments of vitamins B1 (thiamine), B2 (riboflavin) and B3 (niacin).10.121321 |tg
mineral content varies depending on the culture medium. The most interesting
minerals in Spirulina are iron, calcium, phosphorus and potassium.10.12 The ana-
lytical datafor the chemical composition of Spirulina are presented in Tablel.

Whole-genome sequences of several Spirulina strains have aready appeared
in the literature. A. platensis NIES-39 genome structure is estimated to be a
single circular chromosome of 6.8 Mb, yielding 6,630 protein-coding genes, two
sets of rRNA genes and 40 tRNA genes.22 Whole-genome sequencing of the
Arthrospira PCC 8005 strain, which was selected by the European Space Agency
(ESA) as a nutritional product and an oxygen producer of the Micro-Ecological
Life Support System Alternative (MELiSSA) for long-term manned space mis-
sions, showed the presence of 6,279,260 bases with an average G+C content of
44.7 %, 5,856 protein-coding sequences and 176 genes encoding RNA were also
predicted.23 Recently, the draft whole-genome shotgun sequencing of A. maxima
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was obtained. The draft genome was approximately 6.0 Mb in total, with 5,690
protein-coding sequences.24

TABLE I. Analytical composition of Spirulina (Arthrospira)

Component Relative dry weight, % Reference
Proteins 50-70 12
Carbohydrates 15-25 10,13
Lipids 6-13 14
Nucleic acids 426 12
Iron 0.058-0.18 12
Calcium 0.13-1.4 12
Phosphorus 0.67-0.9 12
Potassium 0.64-1.54 12
Carotenoids 0.37-0.59 10,18
Chlorophyll « 0.66-1.2 10,13,18
Ash 311 9
Moisture 4-9 9

3. HEALTH ASPECTS

Although historically Spirulina was used as a food component, it has been
thoroughly investigated using in vitro and in vivo experiments, including cell and
tissue culture, animal testing as well as human clinical trias, for itsrole in human
health management. A huge number of publications in peer reviewed scientific
journals and book chapters covering health aspects of Spirulina have appeared
during the last three decades. These articles described experimental approaches
involving whole cell Spirulina preparations, various cell extracts and purified
biomolecules, aiming at elucidating the potential health benefits of the consump-
tion of this microalga, so far with exciting results. Potential health effects in-
cluded: immunomodulation, antioxidant, anticancer, antiviral and antibacterial
activities, as well as positive effects against malnutrition, hyperlipidemia, diabe-
tes, obesity, inflammatory allergic reactions, heavy metal/chemical-induced toxi-
city, radiation damage and anemias.10.12,25-30 |n this respect, the most promising
active Spirulina constituents appeared to be the protein phycocyanin,30 sulfated
polysaccharide fractions,18 GLA3! and certain sulfolipids.32 While these medi-
cinal claims may be based on experimental observations, more research is needed,
especially with larger scale randomized studies in humans, in order to rate the
effectiveness of Spirulina as a nutraceutical and source of potential pharmaceu-
ticals, and to understand the mechanisms of action of specific Spirulina biomole-
cules, their short-term and long-term effects, and the safety of their use in func-
tional foods.

Available new information or data not covered by previous review articles
concerning human clinical potential of Spirulina, and data related to the safety
and side effects of Spirulina are summarized below.
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3.1. Immunomodulation

Forty volunteers of both sexes with an age of 50 years or older took a Spi-
rulina supplement (3 g per day) for 12 weeks. A steady increase in the average
values of the mean corpuscular hemoglobin in subjects of both sexes was re-
corded. An increase of indoleamine 2,3-dioxygenase enzyme activity (a sign of
immune function) and white blood cell count were also observed for the mgjority
of subjects.33

In a recent clinical trial involving two studies, a pilot study with 11 indi-
viduals and a double-blind placebo controlled study with 12 individuals, heathy
volunteers supplemented their diet with 200 or 400 mg day—1, respectively, for
seven days with Immulina® (a commercia extract of A. platensis, which is
known to activate THP-1 monocytes and CD+ T cells in vitro and enhance
immunological functions in mice). An enhancement of natural killer cell activity
following administration of Immulina® was observed. Evidence was presented
that Braun-type lipoproteins of the Spirulina commercial extract were respon-
sible for the major portion of the in vitro monocyte activation.34

3.2. HIV-infected and undernourished patients

In a randomized study to compare the effect of A. platensis vs. soybean as
food supplements on insulin-resistant HIV-infected patients, 33 patients received
19 g of supplement (Spirulina or soybean) daily for 8 weeks. It was concluded
that the insulin sensitivity in HIV patients improved more when Spirulina rather
than soybean was used as nutritional supplement.3® Furthermore, when HIV-in-
fected or HIV-negative undernourished children and HIV-infected adults were
treated with Spirulina supplementation, clinical improvement was always ob-
served, including weight increase, improvement of hematological parameters and
decreasein the HIV viral load.36-39

3.3. Clinical potential of phycocyanobilin

The chromophore phycocyanobilin (PCB) of Spirulina, was found to strongly
inhibit NADPH oxidase activity, since in mammalian cellsit is reduced to phyco-
cyanorubin, a close homolog of bilirubin, which shows a potent inhibitory acti-
vity of this enzyme complex (observed in nanomolar intracellular concentra-
tions). Due to the central roles of NADPH oxidase activation in pathology, PCB
supplementation may induce prevention and therapy of various diseases in part
mediated by NADPH oxidase overactivity in affected tissues. Medical conditions
associated with or linked to NADPH oxidase activity include among others: car-
diovascular diseases, metabolic syndrome, diabetic complications, Parkinson's di-
sease, Alzheimer’s disease, rheumatoid arthritis, allergic reactions and cancer.
Administration of PCB may be achieved by any desirable route including inges-
tion of whole Spirulina, phycocyanin protein or isolated tetrapyrrole chromo-
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phore. PCB represents about 4.7 % of the mass of phycocyanin. Thus, about
0.66 % of the dry mass of Spirulina is PCB, or about 15 g of Spirulina can be
expected to provide about 100 mg of PCB.40:41

3.4. Safety aspects

Spirulina is regulated as afood and as a dietary supplement.13 The Food and
Drug Administration (FDA) of the USA has categorized several Arthrospira
dried biomass products as “generally recognized as safe” (GRAS) for human
consumption.#2 Spirulina has typically been studied in daily doses of 1 to 10 g
and a recommended dosage for adults is usually in the range of 3-10 g
day-1.9.1012

The amount of iodine contained in 10 g of dried Spirulina biomassis only 3
ug# or less (not detected).44 Since the upper safe level for total daily intake of
iodine (for a 60 kg bodyweight adult), established by the Scientific Committee on
Food (SCF) and the European Food Safety Authority (EFSA), is 600 pg, while
the corresponding value suggested by the US Institute of Medicine is 1100 pg,4°
there is no risk of a consumer taking in excessive iodine by Spirulina consump-
tion.

Spirulina contains substantial amounts of several B12 analogues (corrinoid
forms, pseudovitamin B12) which do not fulfill specific functional roles of vita-
min B12 for humans.#6 However, vitamin B12 bioavailability experiments with
animals fed with Spirulina showed that Spirulina intake does not interfere with
mammalian B12 metabolism, thus showing that the B12 analogues do not present
inhibitory actions.4’

Spirulina total nucleic acid contents of 4.2-6 % of microalga dry matter have
been reported!2 (the RNA content is about 3—4 times higher than that of DNA),®
which are higher than those of animal meat and various plant foods,48 similar to
those of unicellular algae but lower than those of bacteria and yeast.6 Dietary
nucleic acids highly influence serum uric acid levels because of purine metabo-
lism. A maximum safe limit of RNA in the diet of 2 g day~1 has been sug-
gested*8 since high levels of uric acid may result in pathological conditions.49
Accordingly, a safety margin of 30 g maximum daily intake of Spirulina was re-
commended.49

3.5. Sde effects

The Dietary Supplements Information Expert Committee (DSI-EC) reviewed
recent information from human clinical trials, animal studies, and regulatory and
pharmacopeia sources and analyzed adverse event reports regarding Spirulina to
assess potential health concerns. The DSI-EC concluded that the available evi-
dence does not indicate a serious risk to health or other public heath concerns
and assigned a Class A safety rating for A. maxima and A. platensis, thereby
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permitting the admission of quality monographs for these dietary supplement in-
gredients in the United States Pharmacopoeia and National Formulary.®0 How-
ever, information is limited concerning interactions with pharmaceutical com-
pounds or other dietary supplements. A few side effects have been reported from
the ingestion of Spirulina, including headache, stomach ache, muscle pain, flush-
ing of the face, sweating and concentration difficulties.®l A few cases of severe
side-effects have also been reported, including hepatotoxicity®2 and rhabdomyo-
lysis.®1 Since Spirulina is an immunomodulatory supplement, it might affect di-
sease severity in patients with autoimmune diseases. These patients have to avoid
the consumption of Spirulina.®3.54 A case of anaphylaxis caused by the Spirulina
pigment phycocyanin was also reported. Upon an oral challenge with increasing
Soirulina doses, corresponding to four Spirulina tablets over a 3-h period, a 14-
old year adolescent experienced diarrhea and erythema.®® People with phenyl-
ketonuria should avoid the consumption of Spirulina.>1 It has been suggested that
Spirulina when present in the diet exerted a neuroprotective effect in a mouse
model of amyotrophic lateral sclerosis (ALS), by retarding or stopping motor
neuron degeneration. 56 Nevertheless, as emphasized by the ALSUntangled
Group,>’ at this time there is no evidence that Spirulina is effective for ALS and
there appears to be real and theoretical toxicities that patients with ALS may
encounter with it. Until better efficacy and safety studies are published, the
AL SUntangled Group does not support the use of Spirulina in patients with ALS.57

It must be emphasized that the consumption of Spirulina of unknown origin
or originating from countries that do not guarantee the quality and safety of the
product should be avoided. The major areas of concern for the safe consumption
of Spirulina are microbiological load, heavy metal content, pesticides, extraneous
matter and cyanobacterial toxins,13.50

4. CONCLUDING REMARKS

Spirulina, a microscopic and filamentous cyanobacterium with widespread
usage throughout the world as a dietary supplement and a potential solution for
combating malnutrition, seems to offer significant health advantages to the con-
sumer. The positive effects of Spirulina in relation to its immunomodulation and
antiviral properties are based on clinical evidence but larger trials are required.
The microalga chromophore phycocyanobilin, as a potent inhibitor of NADPH
oxidase, may have versatile potentia in the prevention and therapy of various
diseases mediated by overactivity of this enzyme. Spirulina is accepted as a safe
food supplement and the total number of side effects reported in the literature is
relatively small. The iodine and nucleic acid content of Spirulina do not pose
health risks assuming a consumption of Spirulina of up to 30 g per day.
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U3BOJ

30PABCTBEHU ACITEKTH MUKPOAJITE Spirulina (Arthrospira) KAO XPAH/BUBOT
CYIUIEMEHTA

THEODORE G. SOTIROUDIS U GEORGIOS T. SOTIROUDIS

Institute of Biology, Medicinal Chemistry and Biotechnology, National Hellenic Research Foundation,
48 Vassileos Constantinou Avenue, Athens 11635, Greece

CnupynuHa (Spirulina), no3nara u kao Aprpocnupa (Arthrospira), je MUKpOCKoOIICKa Qu-
JlaMeHTO3Ha LHjaHoDaKTepHja Koja je myro y ymorpedu y ucxpanu. KomepuujanHo ce mpous-
BOJM Y BEJIMKHM OTBOPEHMM Da3eHMMa, Y KOHTPOJIHCAHUM yCiaoBUMA. LIk OBOT mperiesHor
paza je na u3Hece HOBe MOJATKe O KIMHUYKOM TOTEHUHjaTy U MPUMEHU CHUPY/INHE, Kao U 0
pesynTaTiMa KojH ce ofHoce Ha de3denHoCT U criopenHe edexre. [ToTeHIMjalHe 30paBCTBEHE
OnaromeTy ciupysiuHe IOTUYY OJ HEHOT XeMHjCKOT cacTaBa, ykbydyjyhu nporenne (Hajsehu
cajpikaj NpoTerMHa ofl CBe MpUpPOJHe XpaHe, 55—70 %), yIibeHe Xujpare, eceHlijaHe aMMHO-
KHUCelnuHe, MUHepase (mocedHo rBoxhe), eceHIWjalHe MacHe KHUCETWHE, BUTAMHUHE W IIUT-
meHTe. Tpu HajBakKHMje KOMIIOHEHTe CIUPY/INHE KOje UMajy 3HauajHy y/Iory y nodosblliaBamy
TeslecHUX GQyHKIHja KOJ JbyIH Cy MPOTeHuH MUKOLMjaHUH, CyadaTh Moaucaxapuia U JIHHO-
JeHCKa kucenrHa. HoBM eKcriepuMeHTaIHU oKas3u ynyhyjy Ha 3ak/byvak Jia CIUPY/IMHA UMa
HMYHOMOAYyJIaTOpPHE M aHTHBHpycHe edexTe. [IpemMa mnomauumMa aMepUYKOr KOMHTETa
(“Dietary Supplements Information Expert Committee of United States Pharmacopeial Conven-
tion”), mocamaulke KIMHUYKE CTyAMje He yKa3yjy Ha 3OpaBCTBEHM PHU3HK yciel yrmorpede
CIUpYJIMHe, Majia je IPHjaB/beHO HeKOJIMKO CTyyajeBa ca 030WbHUM MTpaTehum mnojaBama.

(ITpumsmeno 20. oxktodpa, peBunupaHo 18. geremdpa 2012)
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Abstract: Modern human life is impossible without products derived from
classical, contemporary biotechnology. However, large-scale production of
biotechnology wares opens a discussion about the economic impact, waste
management, biosafety, and bioethical issues. Plant molecular farming offers a
relatively inexpensive option for the yielding of many valuable products and
demonstrates a number of advantages over classical technologies, but aso
raises the questions of further development perspectives, hazard identification
and risk assessment. This review is focused on these two questions. opportu-
nities offered and challenges faced by modern plant molecular farming systems.

Keywords: molecular farming; biohazard; plant biotechnologies.
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1. INTRODUCTION

During the last decade, plant molecular farming has become a widely used
pipeline for the production of large variety of economically important compo-
nents, among them bio-pharmaceuticals, enzymes, polymers, etc. Recently,
several plant-derived biopharmaceutical proteins reached the late stages of com-
mercia development. These products include antibodies, vaccines, human blood
products, hormones and growth regulators.1 For such products, plants offer prac-
tical and safety advantages as well as lower production costs compared with tra-
ditional systems based on microbial, animal cells or transgenic animals. With
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ever-increasing number of products in development, plant molecular farming is
becoming even more competitive. In this review on the subject, recent techno-
logical developments in molecular farming are considered. An attempt has been
made to give a broad overview on the exploited production systems and on
several economic and biosafety issues.

2. BRIEF HISTORY OF MOLECULAR FARMING

The idea of producing valuable molecules using plants is as old as the first
plant transformation. Since then a concept of how and which product can be
efficiently produced in plants has rapidly evolved and developed. The first suc-
cesses of genetic engineering could be defined as the first examples of molecular
cloning — among them are human somatostatin, human somatotropin, and human
insulin. The general idea that plant cells could be transformed was developed in
early 1974.2 Ten years later, the first successful agrobacterium-mediated plant
transformation (Fig. 1) was reported by de Block et al.3 At the very beginning,
this technology was dedicated to the improvement the agricultural characteristics
of crop plants, such as yield,# lipid content modification® and optimization of the
amino acid composition,® or to provide agents for plant protection, such as bio-
logical insecticides,’ engineered herbicides resistance® and pathogen resistance.®
Since then, progress has been made in severa different directions, including
plant transformation systems and plant production lines. Since the initia com-
mercial and scientific interest was focused on the production of proteins or se-
condary metabolites for internal uses in the transgenic plants, the main efforts
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Fig. 1. A concise timetable of the development of molecular biotechnology
and molecular plant farming.
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were focused on improving transformation efficiency and broadening the host
plant range.10 In the latter respect, plant transformation systems were devel oped
very rapidly. As a result, a number of agrobacterium-mediated transformation,
direct gene delivery techniques!! and pollen pathl2 based systems have been
deployed in different research or commercial plant genetic modification prog-
rams. Lately, the strategies for stable transformation of plants were more inten-
sively substituted with the transient expression approach, which requires less
time and alows some difficulties related to plant regeneration and somaclonal
variations to be avoided. Most recently used transient expression systems are
based on plant viruses “delivered” into the plant cell by Agrobacterium infiltra-
tion. The last decade of plant farming development can be truly called “a decade
of plantibodies314 and biofuel” .15 The intensive research in the field of biofuels
and the production of human proteins in plants was initiated in both academic
and research institutions and private companies.

3. ADVANTAGES OF THE PLANT MOLECULAR FARMING APPROACH

Expression of potentially valuable pharmaceuticals in plant-based systems
has a number of advantages over the traditional biotechnological pipelines.
Molecular farming provides payoffs with high technological, economical, social,
and ecological impacts. As shown in Fig. 2, plant molecular farming has a re-
markable potential for saving time and labor requirements and improving produc-
tivity and scalability. One of the important technological positives of this ap-
proach is related to the large variety of production systems available for this pur-
pose. For instance, fully contained or open field systems can be easily imple-
mented with some minor adjustments. The fully contained production pipelines
do indeed require implementation of bioreactors with properties close to those of
the microbiological fermenters. Furthermore, some of the contained production
systems demand sufficient light in order to maintain the main plant functions,
such as photosynthesis. Light has to be evenly distributed in the fermentation
vessel, which in many cases is difficult to achieve or greatly increases the pro-
duction costs. Therefore, this type of production is usually restricted to locations
where the sunlight may be used as an energy source and the design of bioreactors
is strongly influenced by the technical solutions implemented for algae cultiva
tion. Alternatively, a genetically modified hairy root plant cultures may be used
in dark vessels. However, this system is limited mainly to the production of
secondary metabolites. Hairy roots induction is usually achieved by infecting
plant tissues with the natural plant pathogen, Agrobacterium rhizogenes that
causes so-called hairy root disease. The neoplastic roots produced by A. rhizo-
genes infection are characterized by high growth rate and genetic stability. These
genetically transformed root cultures can produce high levels of secondary meta-
bolites or amounts comparable to that of intact plants. Hairy root cultures promise
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production of valuable secondary metabolites in many plants. The main cons-
traint for the commercia exploitation of hairy root culturesis their scale-up, as a
specially designed bioreactor that permits the growth of interconnected tissues
unevenly distributed throughout the vessel would have to be developed. Since the
hairy root cultures require a fully contained and controlled environment, the
maintenance cost become equivalent to or higher than those required for conven-
tional fermentation methods. Another Agrobacterium strain, A. tumefaciens, is
recognized as applicable for plant molecular farming. A. tumefaciens is a natural
plant pathogen as is A. rhizogenes but instead of forming hairy roots, it induces
neoplastic growth of formations called “galls’. Molecular farming employs gene-
tically modified strains of A. tumefaciens. The genetic modification of this bac-
terial strain causes asymptomatic infection, which is coupled with the intro-
duction of an additional gene set, coding the expression of a particular econo-
mically important product. Depending on the implemented experimental proce-
dure, two types of results can be achieved: 1) stable plant transformation and 2)
transient expression of a particular gene. Both methods differ in many aspects.
The first method requires usage of a natural tumor-inducing plasmid, split in
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Fig. 2. A comparative analysis of molecular plant farming vs. traditional biotechnological
production by Xu et al.16 (with modifications).
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binary vector systems, modified in such a way that only the desired part of the
plasmid is incorporated into the plant genome. A stable transformation results in
inheritable expression of the whole gene set, which usually confers expression of
two genes — the gene of interest and a marker gene. The latter enables the posi-
tive or negative selection of the transgenic cells. The stable plant transformation
also offers an additional opportunity for the translocation of the protein product
into different cell compartments!/ and therefore, modification of the natural plant
synthetic pathways becomes possible. In this respect, the system allows the pro-
duction of not only recombinant proteins, but also the enhancement of the pro-
duction of different secondary metabolites. Regarding the experimental proce-
dure, stable plant transformation is more time and labor consuming but offers more
sustainable expression in the next generations. Alternatively, transient expression
offers a short-term high-level expression of a single gene encoding for the protein
of interest. In this case, the expression cassette is usualy cloned into the full
length or partial plant virus genome, for instance tobacco mosaic virus, potato
virus X (reviewed by Wagner et al.18), tobacco rattle virus (TRV),19 etc., con-
taining the gene of interest under control of a viral or other suitable promoter.
The function of the viral genome in this scenario is to ensure the replication and
subsequent transcription of its exogenously supplemented section. Depending on
the employed viral component, a systemic or local gene expression may be
observed. In most cases, the capacity of transient expression systemsis limited to
the production of recombinant proteins for a short-term period.

Another very promising aternative for genetic manipulation is the chloro-
plast transformation. It is accepted that the first plastids arose from endosym-
biosis between a photosynthetic bacterium and a non-photosynthetic host20 and
therefore the chloroplast matrix environment is more bacteria-like, which pro-
vides better protein storage conditions for some proteins. The chloroplast genome
is semi-autonomous; a large part of the chloroplast proteins are encoded by its
own genome but, simultaneously, a small part of the genetic information is
translocated to the nucleus of the plant cell — for example the large subunit of
Rubisco is encoded by the chloroplast genome but the Rubisco small subunit
encoding gene is located into to the plant nuclear genome.21 Upon translation in
the cytosol, the small subunit is subsequently transported into the chloroplasts.

Since the chloroplast transformation is mediated by homologous recombi-
nation of the transgene with the chloroplast genome, identification of spacer
regions for integration of transgenes and the regulatory sequences is essential for
experiment design. Asthe integration into the chloroplast genome is site-specific,
the concerns of a position effect, frequently observed in nuclear transgenic
lines,22 are eliminated. As a result of the lack of transgene silencing, high levels
of accumulation of transcripts have been reported.23
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On the other hand, in most angiosperm plant species, plastid genes are ma-
ternally inherited?4 and therefore, transgenes in these plastids are not dissemi-
nated by pollen. An important advantage of plastid transformation is the ability to
accumulate large amounts of foreign protein. Expression levels of up to 46 % of
the total soluble protein were reported by De Cosa et al. and protein crystal
formation was demonstrated.2> Until now, chloroplast transformation has been
implemented for the production of many valuable therapeutic proteins, such as
Human interferon gamma (HIF-y), Human somatostatin (hST), vaccines against
antrax,26 tetanus,2” cholera,28 etc. Chloroplast transformation has also been in-
volved in production of a number of biomaterials such as monellin,29 elastin-
derived polymers,30 etc.

In most cases, plant molecular farming systems require a certain degree of
biosafety measures. After appropriate risk assessment, transgenic plants may be
cultivated under regular field conditions according to the risk management prog-
rams developed for certain crops. In fact, only the cost of plant material process-
sing is additional to the standard farming costs.

4. BIOSAFETY ISSUES RELATED TO MOLECULAR FARMING IN PLANTS

Considering that in most cases of molecular farming in plants or plant-de-
rived cell/tissue cultures one is dealing with different degrees of genetically mo-
dified organisms, biosafety is gaining significant importance. The first two ques-
tions that require adequate answers are: 1) what is the hazard, respectively, how
to identify the hazard and 2) what is the biological risk of implementation of such
technology. Once the hazard is identified, exposure to the genetically modified
event has to be determined. Therisk is calculated using the formula:

Risk = HazardxExposure

Hazard identification requires assessment of the potential gene transfer
events, which are divided into two main classes: vertica and horizontal gene
transfer. Vertical gene transfer is the movement of genetic material between at
least partially sexually compatible plants. In this case, crops for molecular
farming should be chosen with the minimization of gene flow in mind. Thisisthe
most prevalent form of transgene pollution and occurs predominantly via the
dispersal of transgenic pollen, resulting in the formation of hybrid seeds with a
transgenic male parent.31 Hybrid seeds could also be generated with the trans-
genic plant as the female parent if the transgenic crops were fertilized by wild
type pollen. In this case, transgene pollution would occur via seed dispersal,
during growth, harvesting or transport.

Horizontal gene transfer represents genetic material exchange between sex-
ually incompatible species that may belong to very different taxonomic groups. It is
common in prokaryotes, resulting in the transfer of plasmid-borne resistance between
different bacteria species. There are only few examples of natural gene transfer
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between bacteria and higher eukaryotes. Since agrobacterium represents a special
case where gene transfer occurs naturally from bacteria to plants, there is a per-
ceived risk for horizontal gene transfer. In most cases, gene transfer from trans-
genic plants to soil bacteria or microorganisms in the digestive systems of herbi-
vores is a subject of concern. The eventualy transferred traits could have unpre-
dictable effects on the relationships between different organisms, i.e., render harm-
less bacteria pathogenic or make pathogenic species more difficult to control, etc.

Numerous potential solutions to the problem of transgene pollution caused
by either horizontal or vertical gene transfer have already been developed.

When discussing biosafety issues related to genetically modified plants, it is
necessary to recognize contamination with GM material during transport as an
important hazard factor, especialy in the case of post-harvest processing of the
plant material (seeds, foliage, fruits, etc.). The risk of contamination becomes
significant when genetically modified and conventionally produced plant mate-
rials or products are processed in the same installations or transported in the same
vehicles. As complete cleaning is not possible in most cases, 0.8 % GM conta-
mination in goods has been accepted as a threshold (this may differ in different
countries).

5. CONCLUDING REMARKS

Research over the past 20 years has significantly increased knowledge in the
field of molecular biology and especially the understanding of gene expression in
higher plants, and technological development enabled plant derived cells or tis-
sue to be cultured using different platforms. This has enabled a move from pure
laboratory studies in model species to the exploration of a variety of different
plants for the production of recombinant proteins and a number of secondary
metabolites. Broad ranges of technical, pharmaceutical and industrial proteins
have been produced in plants, some on a commercial basis. The main efforts
were focused on overcoming the technical limitations of molecular farming,
particularly by increasing low yields in some expression systems. However, there
are several further challenges concerning the issues of environmental impact,
biosafety and risk assessment, which reflect the release and agricultural-scale
cultivation of transgenic plants, as well as the safety of the plant-derived products
themselves.

U3BO[
MOJIEKYJIAPHU ACITEKTHU I'AJEFbA BUJbAKA — MOTYRHOCTHU U U3A30BU
RUMYANA VALKOVA, ELENA APOSTOLOVA u SAMIR NAIMOV
University of Plovdiv, Department of Plant Physiology and Molecular Biology, Plovdiv 4000, Bulgaria

MopepaH XUBOT /bynu je Hemoryhe 3aMucyiuT O€3 MPOU3BOJiA MPOUCTEKINX U3 KITacH-
YHe WIM MOZepHe OHOTexHoJorvje. bHOTexHomoUKa NPOU3BO/ika BEIMKUX pa3Mepa OTBapa
MUTamba eKOHOMCKOT 3Hayaja, pyKoBama OTIanoMm, duosourke desdbennoctu u duoertuke. Ia-
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jeme duspaka Ha MOJIEKYIapHOj OCHOBU HYIH PeaTUBHO jeTUHY MOTYhHOCT IPOU3BOIHE Be-
JUKOT Opoja 3HAaYajHUX MPOU3BOIA U MMa ofxpeheHe MPEeNHOCTH y OJHOCY Ha KJIACHYHY ITPO-
W3BOJY, aIU TIOBJIAaYM ca CODOM M MPOLEHy NMEPCNEeKTUBE Na/bel pasBoja, UAeHTU(DUKALHU)y
OMAaCHOCTH ¥ PU3UKA OBAKBE TEXHOJIOTHje. Y OBOM PEBHjCKOM pany omucaHe cy MoryhHoCTH U
W3330BH IIPUMEHE CHCTeMa MOZIEePHOT MOJIEKY/IapHOT Tajera dubaka.

(ITpumipeno 5. HoBemOpa, peBuaupaHo 16. neuemdpa 2012)
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SURVEY

Contribution of cell wall-modifying enzymesto the texture of
fleshy fruits. The example of apple

ESTELLE BONNIN* and MARC LAHAYE
INRA, UR 1268 Biopolymeéres, Interactions, Assemblages, BP 71627, 44316 Nantes, France
(Received 11 November 2012, revised 8 January 2013)

Abstract: The cell walls of fleshy fruits consist of polysaccharide assemblies
(pectin, hemicelluloses and cellulose), the structure and interactions of which
vary depending on the genetics of the fruit, and its stage and conditions of
development. The establishment and the structural reorganization of the assem-
blies result from enzyme/protein consortia acting in muro. The texture of fleshy
fruits is one of the major criteria for consumer choice. It impacts also post-
harvest routes and transformation processes. Disassembly of fruit cell wall
polysaccharides largely induces textural changes during ripening but the pre-
cise role of each polysaccharide and each enzyme remains unclear. The changes
of cell wall polysaccharides during fruit ripening have mainly emphasized a
modulation of the fine chemical structure of pectins by hydrolases, lyases, and
esterases. This restructuring also involves a reorganization of hemicelluloses
by hydrolases/transglycosidases and a modulation of their interactions with the
cellulose by non-catalytic proteins, such as expansin. Apple is the third most
produced fruit in the world and has been the subject of studies about fruit
quality. This paper presents some of the results to date about the enzymes/
/proteins involved in fruit ripening with particular emphasis on apple.

Keywords: hemicelluloses; ripening; softening; polysaccharide-hydrolases;
xyloglucan-transglycosidase.
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1. INTRODUCTION

Fleshy fruits are defined as fruits consisting mainly of a soft succulent tissue
made of water-rich parenchyma, named pulp or flesh. They include two main
types of fruit: drupes and berries. Drupes are fleshy fruits with a stone (cherry,
plum, peach, etc.) that have only one seed and the endocarp is thick and very
hard. On the other hand, berries are fleshy fruits with a thin endocarp that con-
tains generally several seeds scattered in the pulp.

Apple (Malus domestica) is a particular case of fleshy fruit where a core
containing several seeds is surrounded by the fleshy edible tissue. Since the latter
does not originate from the pistil tissue but from the inferior ovary, it is referred
to as an accessory fruit, previously called false fruit. Among fleshy fruits, apple
is the third world production, after tomato and grape.1 In Europe, Italy, Poland
and France are the three main producers and cumulate 5.8 Mt. Apple fruit texture
is a key quality trait orienting consumer choice as well as agro-industrial pro-
cesses, impacting post-harvest routes and resistance to diseases.2=3 Firm, crispy,
mealy, juicy, crunchy are among the words describing fruit texture. These add to
the criteria of visual appearance, sweetness and sourness and aromatic percep-
tions to determine consumer preference. Texture is defined as a group of proper-
ties sensed by the feeling of touch (hand, mouth) and related to the deformation,
disintegration, and flow of the food under force.# Fleshy fruits contain 85 to 95 %
water. Consequently, texture results from the structure and organisation of about
1.0 to 4.0 % of the macromolecular dry matter in cell walls.

Cell walls play a key role in cell protection and in the regulation of inter-
cellular exchanges. Their thickness, molecular organization and structure shape
the cells, assure cell—-cell adhesion and provide the mechanical support to the cell
for withstanding turgor pressure. On the tissue scale, the cell density and orga-
nization, as well as the number, size and distribution of intercellular spaces have
conseguences on the mechanical properties of fruit. On the organ scale, the pro-
portion and distribution of different tissues (parenchyma, conducting tissue, €etc.)
affect the perception of fruit texture. Particular combinations of these features on
different scales define the mechanical and physicochemical properties at the
origin of the various texture descriptors. The understanding and control of the
origin and evolution of these different combinations in ripening fruit represent a
major challenge for the fruit sector in order to provide fruits with the desired tex-
tures.d

Texture evolves early on, starting at fruit development,$ but it particularly
changes during fruit ripening as the result of major cellular metabolic modifica-
tions and cell wall disassembly. These phenomena lead to softening, the mecha
nism of which was the subject of numerous studies in tomato, taken as a fruit
model.”:8 However, despite common molecular features with other fruits, tomato
largely differsin structural and mechanical aspects from others, such as apple. In
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particular, its cell wall composition and the enzymatic machinery involved in
wall disassembly differ. Nevertheless, the discovery of regions of genomic syn-
teny across distant species, such as, for example, strawberry (Fragaria) and apple
(Malus) in the Rosaceae family® enable analogies between the fruits to be ad-
dressed.

Although softening of a fleshy fruit involves changes in water content and
compartmentalization, this review will highlight the cell wall contribution to the
texture in apple. After an overview of its cell wall and its congtitutive polymers,
the main changes occurring in the wall of the ripening fruit and the key enzymes
and proteinsinvolved in this process will be summarized.

2. STRUCTURE OF PLANT CELL WALL

Cell wall is a nanocomposite surrounding each plant cell exterior to the
plasmalema. It corresponds to an assembly of biopolymers, mainly polysaccha-
rides but also proteins and phenolic compounds. Fleshy fruits such as apple
mainly contain parenchyma cells where the cell wall is of a primary type. Pri-
mary cell walls are thin, flexible and highly hydrophilic (65 % water).10 In apple
cell wall, as in other fruit parenchyma, three main polysaccharide families inter-
act to form the primary cell wall: cellulose, hemicelluloses and pectin. Cellulose
is a 1,4-3D-glucan, which is associated by numerous hydrogen bonds to form
long and rigid microfibrils. It is essentialy insoluble in dilute acid and akali, is
highly resistant to physical, chemical and enzymatic degradations, and ensures
wall rigidity.

The hemicelluloses are composed of three groups of polysaccharides: xylo-
glucan (XyG), (galactogluco)mannan (GgM) and glucuronoxylan (GuX). They
are predominantly formed of neutral sugars and are soluble in dilute akali. In
apple, the most abundant hemicellulose is xyloglucan,1 which can account for
20-25 % of the primary cell wall.12 Its backbone is a 1,4-4-D glucan on which
75 % of the glucose residues (Glc) are substituted by mono-, di- or tri-saccharide
side chains. The first sugar of these side chains is always a o-D-xylopyranose
(Xyl). In apple, this first residue can carry f-D-galactopyranose or o-L-fucopy-
ranose-(1,2)-#D-gaactopyranose disaccharide. Acetyl-esterification can occur
on XyG. A nomenclature was proposed by Fry et al.13 for the different structures
encountered in xyloglucans, whereby one letter codes for the differently-sub-
stituted ~D-Glc residues of xyloglucan-derived oligosaccharides (Fig. 1).

Xyloglucans are classified as ‘XXXG-type or ‘XXGG-type based on the
number of backbone glucosyl residues that are branched.14 Apple xyloglucan is of
the XXXG-type with three Glc residues carrying a side chain and the fourth un-
substituted. In primary cell walls, xyloglucans extensively coat the cellulose mic-
rofibrils according to a reversible process involving hydrogen bonding (Fig. 2).1°
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Fig. 1. Structure and nomenclature of apple xyloglucans.13

cellulose micrafibril

celluloze micrafibril

Fig. 2. Schematic representation of the interaction of xyloglucan and cellulose. Full circle,
xyloglucan oligosaccharides that interact with cellulose microfibril (trains); empty circle,
xyloglucan oligosaccharides that do not interact with cellulose microfibril
(loops and tails), modified from Vincken et al 1

The second group of apple hemicelluloses is mannans. They are thought to
account for only 3-5 % of the primary cell wall, as glucomannans or as galacto-
glucomannans (GgM). Glc and mannose (Man) form the backbone with an alter-
nating or block-wise distribution, and the Man residues may carry Gal side
chains.12 Some structural data collected on GgM isolated from cultured tobacco
or blackberry cells, or from kiwi fruit show a more or less alternating structure
1-4 linked #-D-Glc and f-D-Man. The Man residue can be substituted on O-6
with o-D-Gal or a-D-Gal (1-2) AD-Gal and can be partially acetyl-esterified.1/-20
However, the fine chemical structure, properties and role in planta of GgM are
still under discussion. They are able to form hydrogen bonds to cellulose?122 and
are thus expected to share functions with XyG, athough they are less abundant
and generally shorter polysaccharides than XyG.23

The third group of hemicelluloses consists in glucuronoxylan. In tomato,
GuX is co-extracted with GgM even under strong alkaline conditions, and enzy-
matic treatments of the extract provided evidence that GuX and GgM can be as-
sociated in a complex.24 The function of GuX in the tomato wall remains to be
established. The presence of GuX in apple has not been reported to date.

Pectin forms the third family of cell wall polysaccharides in the primary cell
wall. Its high content in partly methyl-esterified galacturonic acid (GalA) and the
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presence of rhamnose (Rha) are the distinctive features of this heterogeneous
group of polysaccharides.2> Pectin is a complex polysaccharide that can be envi-
sioned as a multi-block co-biopolymer (Fig. 3). The simplest of these blocks is
homogalacturonan (HG), an unbranched polymer of (1—4)-a-D-GalpA. Other
minor galacturonans can be distinguished as, for example, rhamnogal acturonan 11
(RG-1I) and xylogaacturonan (XGA), the latter being particularly present in
apple pectin.26 A second major block, rhamnogal acturonan | (RG-1), is composed
of a repeating disaccharide unit [—2)-a-L-Rhap-(1—4)-a-D-GapA-(1—]. RG-I
is decorated primarily with arabinan and gal actan side chains.

Fig. 3. Schematic representation of the main structural elements of pectin.
HG: Homogal acturonan; RG-I: Rhamnogalacturonan I; XGA: Xylogalacturonan;
RG-II: Rhamnogalacturonan I1; A: Arabinan. Modified from Schols and V oragen.2®

Homogalacturonan plays important roles in cell—cell adhesion and in con-
trolling wall porosity. Depending on their degree of methylesterification and the
distribution of the methyl-substituents, HG is able to dimerise via the presence of
divalent cations, such as calcium. These interactions contribute to cell adhesion
in the middle lamellaregion as well as to the control of wall porosity.2” Rhamno-
galacturonan | structural domains are also thought to contribute to the cell wall
structure and cohesion through the ability of their side chains to interact with
water.28 On the other hand, it was shown that pectin side chains are able to link
cellulose microfibrills. This was demonstrated in vitro by creating artificial com-
posites by adsorption of extracted arabinan on the primary cell wall cellulose.29
This demonstrated the ability of arabinan chainsto stick to cellulose and a similar
phenomenon is likely to occur in planta.

3. RIPENING-INDUCED CHANGESIN THE CELL WALL

Extensive depolymerisation and solubilization of pectins together with de-
methylation were correlated with the decrease in fruit firmness observed during
ripening of many fruits.30-32 Fruit ripening is also often accompanied with galac-
tose loss.31 On the other hand, no change in molecular weight was evidenced for
hemicellulose groups such as GgM and GuX,24 but could be observed for XyG.”
In apple, galactose loss occurred mainly during maturation before ripening.33
However, it was shown that in apple, the loss in galactose concerns not only pec-
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tin, but also hemicelluloses. Indeed, during ripening, the galactose content de-
creased by 29 % in pectin and by 71 to 87 % in the hemicelluloses, according to
the apple variety.3! Nevertheless, there was no change in the molecular weight
profile of the hemicelluloses and particularly xyloglucan.34 More recently, galac-
tose loss during ripening was confirmed in 14 and 17 apple genotypes collected
over two years,35 showing that it is a general feature of apple ripening. More-
over, important hemicelluloses modifications were observed during fruit cons-
truction and maturation. These results suggested that the galactose and mannose
that disappeared during ripening originated from the same polysaccharide family.
Simultaneously, acetyl-esterification decreased in xyloglucan.

3.1. Enzyme involvement in fruit ripening

Due to the complexity of cell wall polysaccharides, alarge number of enzy-
mes are involved in their modification or degradation. They can be grouped into
three main categories. The first group corresponds to proteins that alter hydrogen
bonds and is represented by expansins. The second category corresponds to
depolymerases that cleave the polysaccharide backbone. This contains not only
glycan hydrolases but also lyases that cleave uronic acid-containing polysaccha
rides by the S-elimination mechanism to generate an unsaturated uronic acid
moiety at the new non-reducing end. This group also includes the transglycosi-
dases that are specific for successively cleaving the polysaccharide backbone and
transferring an oligosaccharide on the newly formed reducing end in a unique
catalytic event, to allow chain extension. As an example, xyloglucanendotrans-
glycosidase (XET) cuts and then ligates the XyG backbone during cell expan-
sion.36 The third category comprises the “shaving” enzymes that modify side
chains or eliminate substitutions on the backbones of the polysaccharides. These
include esterases that remove methyl- or acetyl-esters, and various glycosidases,
such as galactosidases and arabinofuranosidases, which shorten the neutral side
chains on pectin and hemicelluloses. These glycosidases catalyze the hydrolysis
of glycosydic linkages to remove terminal residues specifically from the reducing
or non-reducing end of oligosaccharides, polysaccharides or side chains.

To aid the occurrence of depolymerisation of matrix glycan, relaxation of the
xyloglucan—cellulose network often occurs. This is thought to be the role of
expansin, thanks to its ability to disrupt the hydrogen bonds between cellulose
and xyloglucans.37-38 This dissociation allows dippage of cell wall polymers,
before the association reforms to restore the integrity of the cell wall network.39
The resulting swelling of the cell wall islikely to improve diffusion of new poly-
saccharide components into the growing wall, as well as enzymes that cleave cel-
lulose and pectins. 49 In tomato, overexpression or suppression of the ripening
specific expansin Expl markedly affects texture.38 In apple, the expansin activity
pattern remains similar throughout all the developmental stages.#!
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Pectin depolymerisation during fruit ripening results from the combined
action of endopolygalacturonase (PG, EC 3.2.1.15) and pectin methylesterase
(EC 3.1.1.11) that were shown to increase drastically in several species.4243 In
contrast, pectin-degrading enzymes (i.e., endopolygalacturonase, pectin methyl-
esterase and pectate lyase) are very low in apple.41.44 Although the pectin con-
tent in apple isin the same range as in other fruits (1.5 to 2.5 % on a fresh weight
basis), % it does not appear to be a major target for the ripening-involved enzy-
mes. Nevertheless, PG1 expression levels have been associated with softening in
arange of cultivars,46 and suppression of PG1 in transgenic apple plants results
in a firmer fruit.4” Thus, the role of pectinolytic activities during apple ripening
and softening remains to be elucidated. Other polysaccharide-degrading enzymes
arelikely involved in cell wall disassembly in apple.

Several different enzymes were followed from the apple fruit-set to the over-
ripe stage.#! In this study, xyloglucan endo-transglycosydase (XET) was found to
be more active in the ripening fruit. This activity was shown to be particularly
important in controlling tomato fruit softening.48 In apple, the XET activity was
shown to be consistent with the kinetics of XET genes expression during apple
development, but it was not correlated with fruit growth.49 In contrast, endoglu-
canase (EC 3.2.1.4), which contributes to cellulose and xyloglucan hydrolysis,
seemed to be more prominent during growth than during ripening.4! The study of
the expression of cDNA encoding cell wall-modifying enzymes throughout the
development process showed that many different enzymes, such as methyles-
terase, pectate lyase (EC 4.2.2.2), arabinofuranosidase (EC 3.2.1.55), endogluca-
nase and XET, were transcribed until late softening.8 All the transcripts, except
methylesterase, could be unambiguously detected by semi-quantitative RT-PCR
in fruit during ripening. However, transcripts of endoglucanase were more abun-
dant at fruit-set. Two XETs were detected in over-ripe fruit, one of them showing
a ripening-related pattern. However, it has to be emphasised that none of the
cDNAs identified in this work was fruit specific. It is also interesting to note that
some hydrolases showed ripening-related expression patterns whereas limited or
no polysaccharide depolymerisation was observed during apple softening.34
Some of the hydrolases potentially involved in the softening process have been
shown in other fruits to have only a limited effect on polysaccharide molecular
weight. This is particularly true for a fxylosidase (EC 3.2.1.37) in Fragaria
ananassa, differently expressed in two strawberry cultivars with contrasted fruit
firmness.®0 The softest cultivar showed an early accumulation of xylosidase
transcripts and a higher trandation to the protein during ripening. However, xylo-
sidases are often described as bifunctional with both xylosidase and arabino-
furanosidase activities. Consequently, it is rather difficult to know the precise
role of these enzymes in vivo. Glycosidases such as f-gaactosidase (EC 3.2.1.23)
and o-L-arabinofuranosidase (EC 3.2.1.55) were related to the storability of
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apple.>l A high level of a-L-arabinofuranosidase activity was demonstrated to
result from 3 different genes and was related to apple mealiness devel opment
during fruit storage.>2 The target cell wall polysaccharide of this activity and the
resulting impact on the cell wall structure and mechanical properties involved in
this texture defect remains to be established. As arabinan side chainsin pectin are
likely to interact with cellulose and contribute to the wall structure,2 even a
dlight shortening of these chains by an arabinofuranosidase could affect this
interaction and weaken the network. In addition, galactosidases, xylosidases,
arabinofuranosidases and fucosidases potentially modify the XyG side chains
structure and thus could control XET activity>3:54 and finally fruit texture.

3.2. CAZymes in Malus domestica

Previous results showed that variation of polysaccharide structure is asso-
ciated with variations on some chromosomal regions that also control some va-
riations in sensory as well as instrumental texture measurements.>> However, the
relationship between genetic variations, cell wall structure and apple texture are
not known. Putative carbohydrate-active enzymes (CAZymes), including 26 gly-
cosyl hydrolases (GH) and one polysaccharide lyase (PL) were identified in
apple (www.cazy.org).%® Among them, 20 GH and the PL could be involved in
cell wall reorganisation (Table 1). However, only 2 of them were identified at the
protein level, the others being evidenced at the transcript level.

TABLE I. CAZymesin Malus domestica; GH: glycosyl hydrolase; PL: polysaccharide lyase

Enzyme CAZy Family Entry Existence
SGlucosidase GH1 AEN94900 Evidenced at protein level
Endo-mannanase GH5 CTATX7 Evidenced at transcript level
Endo-mannanase GH5 C7A7X8 Evidenced at transcript level
Endo-mannanase GH5 C7A7TX9 Evidenced at transcript level
Endo-glucanase GH9 Q6V596 Evidenced at transcript level
XET GH16 COIRH4 Evidenced at transcript level
XET GH16 COIRH6 Evidenced at transcript level
XET GH16 COIRH7 Evidenced at transcript level
XET GH16 COIRH8 Evidenced at transcript level
XET GH16 COIRH9 Evidenced at transcript level
XET GH16 COIRI1 Evidenced at transcript level
XET GH16 COIRI2 Evidenced at transcript level
XET GH16 COIRI3 Evidenced at transcript level
XET GH16 COIRI4 Evidenced at transcript level
1,3-Glucanase GH17 Q6QCCS8 Evidenced at transcript level
1,3-Glucanase GH17 QB8RVM2 Evidenced at transcript level
1,3 glucanase GH17 Q8RVM3 Evidenced at transcript level
Endo-polygal acturonase GH28 P48978 Evidenced at transcript level
[Galactosidase GH35 P48981 Evidenced at protein level
o-Arabinofuranosidase GH51 Q7X9G7 Evidenced at transcript level
Pectate lyase PL1 Q6U7H9 Evidenced at transcript level
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4. CONCLUSIONS

Cell wall softening is an essential feature of fruit ripening resulting from
wall polysaccharide modifications. Diverse simultaneous structural changes in
pectin, cellulose and hemicelluloses are thought to be responsible for the ater-
ation of cell wall structure. These changes are the result of many different enzy-
matic activities, organized in consortia capable of a concerted action. However,
the function of many of them has not yet been evidenced.

Further work is thus required to identify the enzymatic actors involved in
cell wall remodelling and to link cell wall structure and apple texture. Now that
the apple genome has been sequenced,>’ this will help the scientific community
to identify the genes of interest for each mechanism.

H3BO[J

YTULIAJ EH3UMA KOJU MOJUOUKYJY REJIUJCKHU 3U] HA KOH3UCTEHLIUTY
CBEXET BORA: IIPUMEP JABYKE

ESTELLE BONNIN u MARC LAHAYE
INRA, UR 1268 Biopolymeres, Interactions, Assemblages, BP71627, 44316 Nantes, France

henujcku 3UIOBU ce cacToje Of MoOiHcaxapuna (NMeKTHH, XeMHULeNysio3a U Lenyios3a)
yHje CTPYKTYpe ¥ UHTEpaKLHUje 3aBUCe 0f] FeHeTHKe Boha, Kao ¥ CTafiujyMa U ycloBa pa3Boja.
YcnocraB/bame U CTPYKTYpPHA peOpraHusalldja OBUX IOJMCAaXapUAHHUX LEIUHA 3aBUCH Of
WHTEpaKUMja eH3UMa/TIPOTENHA KOjH fenyjy v 3uny. Konsucrenuuja csexer Boha je jenan of
[JIaBHUX KPUTEpHjyMa KOPHUCHHMKA NMPMWIMKOM H3dopa. OHa 3aBUCH M Of IyTeBa M Ipoueca
TpaHcdopmanije HakoH Opama. Pasapamwe nonucaxapuna hemwjckor 3una Boha Beoma ytuue
Ha HEeroBy KOH3WCTEHLIWjy TOKOM Ca3peBama, ajld TayHa yJiora CBaKoI MojHcaxapuia U eH-
3uMa ce He 3Ha. [I[pomeHe nonvcaxapuia henujckor 3unga TOKOM ca3peBama Haju3pakeHHje Cy
KpO3 IPOMEHY XEMHjCKE CTPYKType TEKTHHa AEjCTBOM XHApOnasa, Jnjasa U ecrepasa. OBo
pecTpyKTypupame, Takohe, obyxBaTa peopraHusalyjy XeMHULEeNyn03e [ejCTBOM XuAposasa/
/TpaHCIIyKo3uAa3a 1 MoguduKalrjy UHTepaKklyje eH3MMa ca LeIyI030M MOCPEACTBOM Heka-
TATUTHYKHAX NMPOTEHHA Kao IITO je ekcrmaH3uH. Jabyka je Tpeha Bohka mo BeMYWHU IPOU3-
BOJHE y CBETY U HEeH KBaJIMTET Ce Ipoy4yaBa. Y OBOM paly Cy HaBeleHW NOoAalld O eH3UMHU-
Ma/TpoTerHHMa YK/bYYeHUM y ca3peBame Boha, y3 nocebaH Hamiacak Ha jadyky.

(ITpummeno 11. HoBembpa 2012, peBunupaHo 8. janyapa 2013)
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Abstract: The beneficia effects of black chokeberry fruits and juices in health
promotion and prevention of chronic diseases shown in both epidemiological
and dietary intervention studies are often connected with their antioxidant acti-
vity. The aim of this study was to investigate the total phenolics and anthocya-
nins content, chemical antioxidant activity (DPPH-assay), antioxidant protec-
tion in erythrocytes and anti-platelet activity in vitro of three different choke-
berry products: commercia and fresh pure chokeberry juice and a crude lyo-
philized water—ethanol extract of chokeberry fruits, as part of their pre-clinical
evaluation. The obtained results indicated differences in chemical composition
and antioxidant activity of the investigated products. Cellular effects, including
both in vitro anti-platelet and antioxidant effects, were not directly correlated
with the chemical antioxidant activity and the results obtained in vitro for anti-
platelet effects were only partially consistent with the results obtained in vivo,
in apilot intervention trial. In conclusion, chemical analyses and in vitro expe-
riments on foods and their bioactive substances are a valuable pre-screening
tool for the evaluation of their biological activity. However, extrapolation of
the obtained results to the in vivo settings is often limited and influenced by the
bioavailability and metabolism of native dietary compounds or interactions
with differrent molecules within the human body.

Keywords. chokeberry; erythrocytes; platelets; DPPH assay; flow cytometry.

INTRODUCTION

Black chokeberry (Aronia melanocarpa) belongs to the Rosaceae family. It
is a native plant of North America and Canada, grown successfully in Europe
since the beginning of the 20™ century. The fruits and juices of black chokeberry
(A. melanocarpa) are excellent sources of both nutritive and non-nutritive dietary
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compounds with numerous biological activities, including phenolics, vitamins
and minerals. The phenolic compounds of chokeberries are procyanidins, antho-
cyanins, phenolic acids and tannins. Chokeberries are considered to be the best
dietary sources of anthocyanins (25 % of total phenolics), one of the most power-
ful in vitro antioxidants. The fruits and juices of this plant have the highest anti-
oxidant activity compared to other types of berries from the Rosaceae family.1 A
large number of dietary intervention studies showed the beneficial effects of the
consumption of chokeberry juice and extracts on various risk factors for chronic
diseases, including the parameters of oxidative stress,? total cholesterol, LDL,
oxy-LDL, triglycerides, glucose, HbA1c, systolic and diastolic blood pressure,34
platelet> and endothelial function.b The effects of black chokeberry consumption
are often connected with their antioxidant activity. However, the very low bio-
availability of anthocyanins observed after ingestion of anthocyanin-rich food
guestions the rationale for investigation of native compounds, instead of their
metabolites, in in vitro models, in pre-screening for in vivo effects, including
antioxidant activity. The aim of this study was to investigate the total contents of
phenoalics and anthocyanins, the chemical antioxidant activity (using the DPPH-
assay), celular antioxidant activity and anti-platelet activity in vitro and ex vivo
of three different chokeberry products. commercial and fresh pure chokeberry
juice and a crude lyophilized water—ethanol extract of chokeberry fruits.

EXPERIMENTAL
Chemicals

The following buffers and reagents were obtained from Sigma-Aldrich (Germany):
phosphate-buffered saline (PBS), Folin—Ciocalteu’s phenol reagent, gallic acid, potassium
chloride, sodium acetate, 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), ferrous sulphate heptahyd-
rate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), Dulbecco’s modified Eagle’'s medium (DMEM),
hydrogen peroxide 30 % solution (H50,), 3,4-dihydroxybenzoic acid (protocatechuic acid),
calcein acetoxymethyl ester (calcein AM), foetal bovine serum (FBS), bovine serum albumin
(BSA), adenosine diphosphate (ADP) and 2',7'-dichlorofluorescein diacetate (DCF-DA). Mono-
clonal antibodies: fluorescein isothiocyanate (FITC)-conjugated PAC1, phycoerythrine (PE)-
conjugated CD62P, peridinin chlorophyll protein (PerCP)-conjugated CD61 and control immu-
noglobulin G-PE and immunoglobulin M-FI TC were purchased from Becton Dickinson (USA).
Subjects

Whole blood was collected from subjects with metabolic syndrome for both in vitro
experiments (n = 3) and ex vivo pilot study (n = 6; 3 males and 3 females). Metabolic synd-
rome was defined according to ATP 111 criteria.” All blood samples were taken by venipunc-
ture according to the guidelines for blood sampling in platelet analysis. For the ex vivo pilot
study participants were subjected to dietary intervention by acute intake of 200 mL of com-
mercial pure chokeberry juice and blood samples were collected before and 2 h after the
consumption. Whole blood was used for the isolation of plasmaand platelets.

The study protocol was approved by the Ethical Committee of the Faculty of Pharmacy,
University of Belgrade. The study was conducted in accordance with the revised Declaration
of Helsinki. All participants provided written informed consent.
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Samples

Three different chokeberry products were used in the study: commercial pure chokeberry
juice (CCJ) (Aronia Antioxi, Nutrika, Serbia), fresh pure chokeberry juice (FCJ) obtained in
the laboratory by squeezing of fresh fruits (with a yield of 0.53 mL g1 of fresh fruits) and
crude lyophilized water—ethanol (40/60 % vol.) extract (WECE) of chokeberry fruits. All in-
vestigated chokeberry products were prepared from the fruits of Aronia melanocarpa var. ru-
bina, grown in western Serbia and harvested during October/November 2012. For the experi-
ments, the juices were diluted to the working concentrations in water or defined buffers. The
crude water—ethanol extract was further extracted (50 mg mL"1) with water or methanol and
soluble fractions (WCE and MCE, respectively) obtained by centrifugation were used in
further experiments. For the cell-based assay, the methanol soluble fraction of investigated
extract was evaporated to dryness in a rotary evaporator and the residue was reconstructed
with water immediately before addition to the cells. The cell-based antioxidant activity and
anti-platelet activity were also evaluated for protocatechuic acid, one of the major metabolites
of cyanidin-3-glucoside.8
Determination of the total phenolics

Content of total phenolics in investigated samples was analysed using a modified Folin—
—Ciocalteu method.219, Juices and extracts were diluted in distilled water to the working solu-
tions that gave absorbances within the standard calibration curve (0-600 pug mL™1 of gallic
acid). The results are expressed as milligrams of gallic acid equivaents (GAE) per mL of
juices or of the investigated extracts. Data are presented as mean =SD for three replications.

Determination of the total anthocyanins

The total anthocyanin content (TAC) was quantified using the pH differential method
described by Lee et al.11 Briefly, the investigated juices (CCJ and FCJ) and extract fractions
(WCE and MCE) were dissolved in a potassium chloride buffer of pH 1.0 and sodium acetate
buffer pH 4.5. The absorbance of both buffer solutions was measured at 520 and 700 nm. The
results were expressed as milligrams of cyanidin-3-glucoside equivalents (CGE) per mL of
juices or g of investigated extract. All experiments were performed in triplicate.

Determination of the antioxidant activity

Radical scavenging activity of the investigated samples was analysed using the DPPH
assay.12 The data are presented as the concentrations of the samples that inhibited 50 % of the
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical (0.05 mM) after 30 min of incubation, based on
the decrease in absorbance measured at 517 nm.

The antioxidant activity of plasma obtained from whole blood before and 2 h after the
dietary intervention with chokeberry juice was determined according to the method of Benzie
and Strain,13 as the ability of the plasma to reduce ferric ions. The data are presented as the
Fe(I11) concentration (mM) in the sample after reaction with the ferric tripyridyltriazine (Fe'!!-
TPTZ) complex, according to the calibration curve (02000 uM FeSO,). All experiments
were performed in triplicate.

Determination of the antioxidant protection of erythrocytes

The cellular antioxidant activity of the investigated samples was based on the antioxidant
protection of erythrocytes exposed to reactive oxygen species (ROS). The cellular antioxidant
protection assay was performed as previously described* with modifications regarding the
exposure of erythrocytes to a lower level of extracellular ROS (1mM H,0,). Packed erythro-
cytes were isolated from the whole blood of the donors by three subsequent washings with
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PBS. The obtained erythrocytes, re-suspended in PBS, were treated with serial dilutions of the
investigated samples (1 h, 37 °C). After incubation, the cells were washed twice with PBS to
remove extracellular antioxidants, and incubated with the intracellular dye 2',7'-dichlorofluo-
rescein diacetate (DCF-DA), washed again and treated with hydrogen peroxide (1 mM) for 30
min. Theintracellular ROS levels were analysed by flow cytometry (FACSCalibur, BD, USA)
based on the fluorescence of dichlorofluorescein (DCF), fluorescent product of DCF-DA in
the reaction with intracellular H,O,. The results are expressed as the mean fluorescence inten-
sity (MFI) of the total number of analysed erythrocytes (20000) and presented as mean £SD of
the data obtained in three subjects. All analyses were performed in duplicate.

Determination of platelet activation —in vitro

The platelet activation markers, P-selectin and GPIlb-I11a, were measured by whole-
blood flow cytometry according to a previously published protocol1® with slight modifications
for in vitro testing. In brief, after venipuncture, aiquots of dissolved (1:10 in Hepes-Tyrode
Buffer, pH 7.4) anti-coagulated blood (3.2 % citrate) were incubated with serial (2x) dilutions
of investigated samples (30 min, 37 °C) and subsequently incubated with CD61-PerCP (pan-
platelet marker), CD62P-PE (anti-P-selectin) and PAC-1-FITC (antiGPIIb-111a) monoclonal
antibodies with suboptimal concentration of platelet agonists (0.5 mM ADP) for 20 min in the
dark, at room temperature. After the incubation with antibodies, the samples were fixed with
paraformaldehyde solution (0.5 %) for 15 min and analysed. Sample analysis was performed
using a FACSCalibur flow cytometer with CellQuest software (Becton Dickinson, USA). The
results are presented as antigen positive platelets (%) in the platelet pool (20000 events).

Determination of platelet—endothelial cells adhesion —ex vivo

The effect of chokeberry juice consumption on platelet—endothelial adhesion was inves-
tigated ex vivo in a platelet—endothelial cell adhesion assay. EA.hy926, a continuously repli-
cating cell line derived from primary human umbilical vein endothelial cells (HUVEC) was
used as an endothelial cellular model.

EA.hy926 cells were cultured as a monolayer in DMEM supplemented with penicillin
(192 U mL-1), streptomycin (200 pg mL"1) and 10 % heat-deactivated FBS. The cells were
grown at 37 °Cin 5 % CO, and humidified air atmosphere with twice-weekly subculture.

Platel et-coated surfaces were prepared as described previously1® with modifications for
ex vivo testing. Suspensions of platelets (0.1 mL containing 1x108 platelets in HEPES Ty-
rode’s buffer), isolated from the whole blood before and after intervention, were added to
plastic flat-bottomed micro-titre wells. The plates were incubated for 24 h at 4 °C. The day
after, non-adherent platelets were removed by washing with PBS containing 1 % BSA. The
same solution was used for the blocking of “free adherent” sites on the plastic (1 h at 37 °C).
EA.hy926 were detached and re-suspended in PBS enriched with Ca2* and Mg?*. After
staining with calcein-AM, 1x10° EA.hy926 cells were added to each platelet-coated well in
the presence of thrombin (2 U mL"1) and incubated for 1 h at 37 °C. The plates were then
washed twice and the adherent cells were quantified in black 96-well plates with a fluores-
cence plate reader (Florosken Ascent FL, Thermo) with an excitation wavelength of 485 nm
and an emission wavelength of 520 nm.

Satistical analysis
All results are presented as mean + standard deviation (SD). The data were analysed by

the one sample t-test and p < 0.05 was considered statistically significant. The SPSS program,
version 19 (SPSS Inc., Chicago, IL), was used for the analysis.
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RESULTS AND DISCUSSION
Total phenolics content

The results of the total phenolics and anthocyanin content analysis, as well
as the radical (DPPH) scavenging activity of the investigated samples are sum-
marized in Table I, showing values expressed per mL of juices and g of dry
weight (DW) of the investigated juices, as well as per ml of the investigated ex-
tract fractions and g of investigated extract (WECE) used for the purpose of
comparison. Thetotal phenolics contents of CCJ and FCJwere similar (p = 0.79),
showing that processes included in the production of the commercial juice (pec-
tinase treatment, filtration) did not influence the phenolics of the juice. The ob-
tained results were in accordance with the results of Mayer-Miebach et al.1” The
contents of total phenolics in WCE and MCE, expressed as mg GAE per g of
WECE dry weight (DW), were 4 and 2.5 times lower, respectively, than phenol-
lics content in the juices, calculated on DW. It could be concluded that the phe-
nolics present in 100 mL of juice could be provided with at least 35 g of the in-
vestigated extract, indicating that the extraction process should be further opti-
mized and/or prioritizing juice as the optimal source of chokeberry phenolics in
future clinical studies. Results showing the significantly higher phenolic content
in MCE compared to WCE (p < 0.001) also indicate that compounds with the
phenolic structure present in WECE were extracted more efficiently with less
polar solvents (methanol vs. water).

TABLE I. Total phenolics content, total anthocyanins content and radical scavenging activity
of the analysed samples; CCJ — commercia chokeberry juice; FCJ — fresh chokeberry juice;
WCE — water soluble fraction of the water—ethanol (@,4er = 0.40) extract of chokeberry fruits;
MCE — methanol soluble fraction of the water—ethanol (@4 = 0.40) extract of chokeberry
fruits, GAE — gallic acid equivalents, DW — dry weight; CGE — cyanidin-3-glucoside equiva-
lents

Samples CCJ FCJ WCE MCE
Total phenolics, mg GAE mL™1 5.86+0.27 5.93+0.33 0.50+0.01  0.86+0.01
Total phenolics, mg GAE g1 DW 41.2+1.9 43.3+2.4 10.15+0.22 17.12+0.18
Total anthocyanins, g CGE mL1  0.15+0.02  2.18+0.09 0.0210+0.004 0.21+0.01
Tota anthocyanins, mg CGE g1 DW 1.07+0.14 15.91+0.65 0.42+0.02  4.12+0.18
ICsp®/ L mL-1 0.44+0.03  0.52+0.03 7414046  4.12+0.38
ICsp/ mg DW mL-1 0.062+0.001 0.071+0.001 0.370+0.023 0.206+0.019

@Concentration of samples that inhibited 50 % of DPPH radical, based on absorbance measurements at 517 nm

Total anthocyanins content

Tota anthocyanins (TA) content in FCJ was significantly higher than in CCJ
(p < 0.001), supporting previously published data on the influence of storage and
processing on the content of anthocyanins. Howard et al.18 reported that both
processing and storage of processed chokeberry products at ambient temperature
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induced significant losses of anthocyanins. Anthocyanins in juices were more
susceptible to the degradation processes compared to other products, due to the
removal of skin and seeds. Degradation of anthocyanins is accompanied with an
increase in the products of their polymerization, designed as polymeric pigments,
but the precise mechanism is still unknown.

The TA contents of WCE and MCE were 0.42+0.02 and 4.12+0.18 mg CGE
g1 DW, respectively. The observed significant difference between the obtained
values (p < 0.001), indicate that anthocyanins were more efficiently extracted
with methanol and the content in MCE was more than 10 times higher than in
WCE and almost 4 times higher than in CCJ calculated on DW, showing that 100
mL of CCJis equivalent to approximately 3.7 g of extract.

Antioxidant activity (DPPH assay)

Antioxidant activity of juices and extracts was evaluated as the radical sca-
venging activity (RSA). After 30 min of incubation with 0.04 mM DPPH solu-
tion in methanol, 50% inhibition of absorbance measured at 517 nm (1Csg value)
was obtained with 0.44+0.03 and 0.52+0.03 uL mL~1 of CCJ and FCJ, respecti-
vely, showing dlight but significant difference between the obtained values (p =
= 0.038) and surprisingly higher antioxidant activity of CCJ. Regarding investi-
gated extract MCE was more effective than WCE as DPPH radical scavenger,
with the 1Csq value of 0.206+£0.019 and 0.370+0.023 mg of WECE used for ex-
traction (p = 0.007). RSA did not correlate with the anthocyanin content in inves-
tigated juices and extract fractions, indicating the influence of other bioactive
substances present in the samples. In strawberries, DPPH radical scavenging acti-
vity was not significantly influenced by processing and storage and did not ref-
lect the decrease in anthocyanin content.19 However, RSA of extract fractions,
based on quantities relevant for consumption, is negligible compared to the inves-
tigated juices and consequently could not be taken as optimal intervention sample.

Antioxidant activity of plasma, measured using the ferric reducing antioxi-
dant power (FRAP) assay within in vivo pilot study in six subjects significantly
increased after single intervention with commercia chokeberry juice (p = 0.001),
with the obtained values of 1.51+0.26 mM Fe2* compared to the baseline values
of 1.29+0.23 mM Fe2*. The effect of acute intake of flavonoid-rich juice con-
sumption on FRAP value of plasma was observed previously, but the authors
suggested that the effect may be due to changesin uric acid concentration.20 Data
on acute intake of chokeberry juice on antioxidant capacity of plasmais lacking
although Pilaczynska-Szczesniak et al. have shown that long term chokeberry
juice consumption reduced parameters of lipid oxidation and increased the acti-
vities of antioxidative enzymes in erythrocytes.2
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Antioxidant protection of erythrocytes

Erythrocytes were used as a simple cellular model for the evaluation of the
bioactive antioxidant effects of chokeberry against moderate oxidative stress in-
duced by hydrogen peroxide, influenced by the uptake through the biological
membrane and overall bioavailability. Isolated red blood cells were pre-incubated
with serial dilutions of investigated samples and exposed to H>O» (1 mM). Intra-
cellular HoOo levels were determined according to the measured DCF fluores-
cence using flow cytometry. As shown in a representative histogram presenting
the decrease in DCF fluorescence in erythrocytes pre-treated with MCE (5 mg
mL-1), compared to the non-treated cells, after the subsequent HoO, exposure
(Fig. 1), the mean DCF fluorescence (horizontal axis) of the analysed cells, cor-
responding with intracellular ROS levels, is shifted to the left to lower values
compared to the fluorescence of non-pre-treated cells, indicating scavenging of
H20,. Figure 2 shows the decrease in intracellular ROS presented as the inhi-
bition of DCF fluorescence in the DCF-DA-stained cells pre-treated with different
concentrations (1.25, 2.5 and 5 mg mL-1) of water soluble fraction (WCE) or
methanol soluble fraction (MCE) of water—ethanol chokeberry fruit extract and
subsequently exposed to H,O» (1 mM), compared to the fluorescence in control
cells (without pre-treatment). Based on the results obtained, both WCE and MCE
showed antioxidant activity against HoO»-induced oxidative stress in erythro-
cytes, and the effect was more pronounced for MCE, with the inhibition levels (%)

160,

120,

80,

Cell count

40

0

1 10 100 1000
Mean fluorescent index

Fig. 1. Representative histogram showing DCF fluorescence decrease in erythrocytes pre-
treated with the methanol soluble fraction (MCE) of chokeberry extract and subsequently
exposed to H,O, (full area), compared to the fluorescence of non-pre-treated cells, exposed to
H>0, (purple borderline) and cells without H,O, exposure (green borderline).
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Fig. 2. Intracellular ROS decrease in erythrocytes pre-treated with different concentrations of
the water soluble fraction (WCE) and methanol soluble fraction (MCE) of chokeberry extract

and subsequently exposed to extracellular oxidative stress, compared to the control, non-pre-
treated cells (significantly different from control cells: *p<0.05 and **p<0.01).

of measured fluorescence of 30.65+2.61 (p < 0.01), 36.67+3.98 (p < 0.01) and
56.83+5.96 (p < 0.01), for the investigated concentrations of 1.25, 2.5 and 5 mg
mL-1, respectively, compared to the values obtained for WCE of 16.89+4.78 (p <
< 0.05), 8.69+7.45 (p = 0.18) and 43.42+12.08 (p < 0.05), for the same con-
centrations, respectively. The obtained results could be hypothetically explained
with the higher amount of anthocyanins in the total content of phenolics of MCE.
The main difference between the effects observed for MCE and WCE was the
dose response, which was shown to be non-linear for WCE and linear for MCE,
suggesting that the bioactive substances extracted with water or methanol could
have antioxidant effects with different modes and activity. The inhibition level
(%) was higher for MCE than for WCE at al the investigated concentrations, but
was dtatistically significant only for 1.25 and 2.5 mg mL~1 (p < 0.05 and p < 0.01,
respectively), showing that in higher concentrations, the cellular antioxidant ac-
tivity could be influenced by the uptake of potential antioxidants into the living
cell. The effects of investigated juices were evaluated in the concentration range
of 0.25-75 pL mL~1, with the maximum concentration hypothetically correlated
with the concentration in plasma after the consumption of 200 mL of juice and
the pre-assumption of complete availability of the bioactives present in the juices.
Both juices showed antioxidant potential in concentrations corresponding to their
ICso values determined using DPPH assay, but the effect of FCJ was more pro-
nounced (p = 0.049) with an inhibition level (%) of 63.7+8.4 at the 1Csg con-
centration (0.44 pL mL~1) compared to 47.3+5.7 obtained with CCJ at the ICsg
concentration of 0.52 uL mL-1. Interestingly, in the low concentration range
(0.5-4 puL mL-1), the observed antioxidant activity was inversely correlated with
concentration, while at higher concentrations, a direct correlation could be observed.
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Slatnar et al. investigated the cellular antioxidant effects of different berry juices
using Saccharomyces cerevisiae as an in vitro cellular model, DCF-DA staining
but without ROS exposure. They showed that the results obtained in the yeast
cells were markedly different from the data obtained by the DPPH assay and
concluded that the major factors found to influence in vivo antioxidant activity
were not only the cellular availability of the polyphenols present in juices but
also the ratio of specific polyphenol present in the juices and consumed by the
cell, with the favourable effects of the high anthocyanin content and low content
of hydroxycinnamic acids. They aso found that when the uptake of polyphenols
by the yeast cells was low, the antioxidant activity increased. High hyd-
roxycinnamic acid uptake with low anthocyanin intake induced higher intracel-
lular oxidation.2! The cellular antioxidant activity of protocatechuic acid (PCA),
a simple phenalic acid with in vitro antioxidant properties, was also investigated
and it was found to be one of the major metabolites of cyanidin-glucosides.822
The decrease in intracellular ROS, based on the inhibition of DCF fluorescence
in DCF-DA stained cells pre-treated with different concentrations (10, 100 and
1000 pM) of PCA and subsequently exposed to HoO» (1 mM), compared to the
fluorescence in control cells (without pre-treatment) is shown in Fig. 3. Anti-
oxidant protection of erythrocytes by PCA showed a statisticaly significant
inverse dose response correlation (p = 0.0065), with the lowest dose (10 uM)
that induced the highest reduction in intracellular ROS (52.09+£7.29), suggesting
that antioxidant activity of PCA is not mediated by its direct antioxidant action.
The published data on the antioxidant properties of PCA within cellular systems
and in animal models are controversial. Nakamura et al. showed dose and time
dependant effects of PCA in animal models of skin tumours, with beneficial ef-
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Fig. 3. Intracellular ROS decrease in erythrocytes pre-treated with different concentrations of
protocatechuic acid (PCA) and subsequently exposed to extracellular oxidative stress,
compared to the control, non-pre-treated, cells (significantly different from
control cells: **p < 0.01).
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fects of lower doses and pro-oxidant effects of higher doses and longer expo-
sure.23 At doses higher than 10 mM, PCA was also found to induce oxidative
stress in both transformed and malignant cells from oral tissue, but in lower non-
toxic doses (2.5 mM), it sensitized cells to the pro-oxidant stimuli.24 Opposing
results showing protective effects of PCA isolated from natural source against
H-0> induced oxidative stress both in vitro, in PC12 cells, as well asin vivo in
animal models were reported by Shi et al.2> These discrepancies could be partly
explained by the reported induction of cellular antioxidant enzymes by the lower
concentrations of PCA.26

Inhibition of platelet activation —in vitro

The influence of the analysed samples on the expression of two activation
markers, P-selectin and GPIIb-l11a, on the platelet surface after ex vivo action of
a suboptimal concentration of ADP was investigated. The effects were focused
on the activities of WECE regarding its further use in clinical trials. As shownin
Fig. 4, P-selectin expression in the whole blood platelets incubated with different
concentrations (1.25, 2.5 and 5 mg mL-1) of the water soluble fraction (WCE)
and the methanol soluble fraction (MCE) of the water—ethanol chokeberry fruit
extract and subsequently treated with ADP (0.5 pM) was not significantly differ-
rent from the expression of this activation marker in activated non-pre-treated
(control) cells. Inhibition levels (%) of P-selectin expression determined after
incubation with 1.25, 2.5 and 5 mg mL—1 of WCE were —12.64+5.52, —4.84+13.09
and 1.51+5.52, respectively, while with MCE, the obtained val ues were —2.86+5.99,
1.37+3.72 and 7.50+5.73, respectively, and none of the observed changes were
statistically significant. Linearity of the dose-response curves for the investigated
concentrations and P-selectin expression were not observed either. Inhibition of
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<
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Fig. 4. Inhibition of P-selectin expression in ADP-stimulated platelets pre-treated with
different concentrations of the water soluble fraction (WCE) and methanol soluble
fraction (MCE) of chokeberry extract compared to control, non-pre-treated cells.
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the GPlIb-Il1a activation marker was influenced by the pre-treatment under the
same experimental conditions with inhibition levels (%) of —2.96+1.83, 4.25+3.95
and 18.83+8.36 for WCE, and —4.27+2.46, 4.28+1.49 and 21.18+8.79 for MCE,
for concentrations of 1.25, 2.5 and 5 mg mL—1, respectively. Although the statis-
tical significance was compromised by the high inter-individual variations, dose-
response linearity could be observed (Fig. 5). CCJ and FCJ did not influence the
expression of either of measured antigens in analysed concentration range (0.25—
—75 uL mL—1). An effect of PCA in investigated concentration range (10-1000
UM) was also not observed (data not shown).

-4~ WCE
2 304 = MCE
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Fig. 5. Inhibition of GPIIb-111aexpression in ADP-stimulated platelets pre-treated with

different concentrations of the water soluble fraction (WCE) and methanol soluble fraction
(MCE) of chokeberry extract compared to control, non-pre-treated cells.

Expressions of the platelet surface antigens, P-selectin and GPIIb-lI1a, are
sensitive indicators of platelet activation.1®> P-selectin is a protein constitutively
expressed in the a-granules of platelets and following platelet stimulation, it
becomes expressed on the platelet surface. The active role of P-selectin in throm-
bosis, coagulation and its crucial role in the pathogenesis of atherosclerosis im-
plies mostly its role in leukocyte recruitment (notably monocytes) as an inflam-
mation process, mediated via its interaction with PSGL-1 (P-selectin glycopro-
tein ligand) congtitutively expressed in almost all leucocytes.2’” GPlIb-lllais an
activation-dependent receptor for fibrinogen and it mediates homotypic platelet
aggregation with a crucial role in thrombosis.28 Based on the results of previous
studies, dietary bioactive compounds, including polyphenols, can modulate plate-
let activation in response to agonist, both in vitro and ex vivo.29 Numerous stu-
dies reported beneficial effects of chokeberry products or extracts on platelet
function in vitro, including reduction of nitrative and oxidative stress in plate-
lets30-32 and platelet aggregation,33:34 but anti-platelet effects regarding expres-
sion of GPlIb-llla in response to suboptimal ADP were not investigated previ-
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oudly. Influence of chokeberry fruit extract on P-selectin expression after ADP
action was previously investigated.3® Regarding the anti-platelet activity of PCA,
previous studies showed that PCA selectively inhibited shear stress-induced pla-
telet activation and aggregation but did not inhibit platelet aggregation induced
by ADP and other endogenous agonists (collagen, thrombin). The proposed me-
chanism of the observed effects of PCA is the blockage of the von Willebrand
factor binding to the activated glycoprotein Ib.36

Inhibition of platel et—endothelial cells adhesion — ex vivo pilot study

The ex vivo effects of CCJ consumption were assessed by employment of the
platelet—endothelial cells adhesion assay, according to a previously described
procedure. Adhesion of platelets, isolated 2 h after the consumption of CCJ, to
endothelia cells (EA.hy926) in culture in the presence of thrombin was inhibited
in al subjects compared to the adhesion of the platelets isolated before the con-
sumption. The mean value of inhibition (%) obtained in six subjects was
37.83+£22.64, showing significant inhibition of platelet adhesion after chokeberry
juice consumption (p = 0.009) with a marked inter-individual variation of the
obtained values. The results obtained in this pilot study indicate a rationale for
future investigation of the observed effects in a larger population and within a
controlled study.

As platelet—endothelial adhesion is considered to be a GPIlb-111a dependant
process,37 the results obtained in vivo are consistent with the results obtained for
GPlIb-lllainhibition in vitro. It is noteworthy that the results of the present pilot
study investigating the effects of CCJ consumption on both P-selectin and GPIIb-
Illa expression after ex vivo suboptimal ADP action, evaluated by flow cyto-
metry, were also observed (data not shown). The in vitro effects of chokeberry
extract on platelet—endothelial cells adhesion was previously investigated by Lu-
zak et al., who reported that incubation with alow concentration (5 pug mL-1) of
chokeberry extract increased the efficacy of human umbilical endothelial cellsin
culture to inhibit ADP activated platelet adhesion in vitro.3° In the performed
study, the effects of chokeberry consumption targeted on the function of platelets
were investigated. The assay itself has numerous advantages in the screening of
different agents for in vitro anti-platelet effects targeted at the inhibition of
GPlIb-IlTaor endothelia cell-mediated inhibition of platelet aggregation or effect
of the consumption food and food bioactives on ex vivo agonist-induced platel et
activation and the consequential platel et adherence to endothelial cellsin culture.

The only reliable option to confirm the beneficia effects of anthocyanin-rich
food in health promotion and the prevention of chronic diseases and to prove the
hypothesis that the effects mostly rely on anthocyanins is to conduct a human
intervention study designed as a randomized placebo-controlled trial. Numerous
constrains on intervention trials with anthocyanins within food matrix include the
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design of the placebo, the rapid degradation of the bioactive substances, the rele-
vancy of their antioxidant activity in pre-screening for relevant effects of cardio-
vascular diseases (CV D) and surrogate outcomes.

Biological relevance of direct antioxidant effects of polyphenols in the pre-
vention of chronic diseases, including cardiovascular disease, has recently been
re-evaluated. More often experts in the field accept the opinion that the direct
antioxidant effect could not explain the numerous health effects observed in both
intervention and epidemiological studies.38 This opinion is based on their poor
bioavailability, low concentrations in blood compared with other antioxidants
and the decline in their antioxidant activity following ingestion. Based on the
results obtained in this study, the in vitro antioxidant potentia is not reliable for
the prediction of numerous effects relevant in CVD prevention.

The degradation of anthocyanins within berry products (especialy juices)
could be an issue in long term trials and additional strategies for mitigating
anthocyanins losses during the intervention period are required. The extract of
chokeberries evaluated in this study did not provide satisfactory results compared
to the juice and cellular in vitro effects were obtained in high non-relevant doses
regarding formulation in dosage forms or juice supplementation, suggesting that
further optimization in the extraction process is needed. Two cell-based assays,
investigating the antioxidant potential and anti-platelet effects were also not
correlated for the evaluated fractions of extracts, showing that antioxidant acti-
vity is not always a prerequisite for other cellular effects as previously sug-
gested.38 The in vitro anti-platelet effects, although evaluated at high concentra-
tions of extract, are supported by the pilot ex vivo trial, but the final conclusions
could be made only in an intervention trial. Subjected to intense metabolic trans-
formation, the bioactives could also provide metabolites with opposing effects,
compared to the native forms. The effects of long-term consumption of choke-
berry extract on platelet aggregation induced by ADP ex vivo were recently re-
ported in patients with metabolic syndrome,® but the effects on specific activa-
tion markers and both homotypic and heterotypic platelet aggregation, with opti-
mal and suboptimal agonist action should be further investigated.

In conclusion, a multifaceted approach in preclinical investigation is the opti-
mal strategy in the screening for potential candidates for health promotion and
prevention of chronic diseases, but it still could not guarantee the effectsin vivo.
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U3BOJ

HCITUTHUBAE BUOJIOIIKE AKTUBHOCTH AHTUOKCHIAHACA APOHHUIJE
(Aronia melanocarpa) Y TU3AJHUPARY UHTEPBEHTHUX CTYIUJA

AJIEKCAHJIPA KOHW|R PI/ICTI/I'Bi, TATJAHA CPIWR PAJI/I'EZ, HEBEHA KAP):[YM1 Y MAPHJA TJIHBETHR'

I eHTIap U3y3elliHe BPegHOCTIU y 00NACTHY UCTAPANUBAA UCXPAHe U MeThadonusma, HHCTUiyw 3a
MequUUHCKa uctipaxcusarnad, Ynueepauiteii y beoipagy, Ip Cybomuha 4, 11000 Beoipag u ZHucmuWyw 3a
OHKONOTUjY U paguonoiujy, Ynueep3uiteii y Beoipagy, IMacieposa 13, 11000 Beoipag

[ToBobHU edeKTy IIOLOBA U COKOBA apOHHje Y MPOMOLIUjH 3IpaBiba U ITpeBeHIHjU Ho-
JIECTH TI0Ka3aHU Cy Y MHOTHM eNUIEeMHOJIOLIKUM U UHTEPBEHTHUM CTyZHjaMa U BeoMa 4ecTo
Ce MOoBe3yjy ca aHTHOKCHAATUBHUM JIeIOBalBEM IUXOBUX cacTojaka. IJum oBe crynuje je 1o
Ila Ce WCIUTA aHTHOKCHATHBHO [IEJI0OBalke Ha €PUTPOLMTE U aHTU-TPOMOOLIUTHO [eJI0Babe
TPHU pa3jv4MTa NPoU3Boja JoOUjeHa Off IUIofa apoHHUje: KoMepLHjalHOr coKa, CBexe LeheHor
COKa ¥ MHOGMUIN30BAHOT BOJJEHO—ETAHOIIHOT eKCTPaKTa IUIofia apoHHje, Y in vitro excrepu-
MeHTaJHUM ycinoBuMa. HobujeHu pesynTatu mopeheHu cy y OmHOCY Ha cafgpikaj YKYMHUX
nonudeHoa U aHTOIMjaHa, Ka0 U Ha aHTUOKCHUAATHBHY aKTHBHOCT onpeheny DPPH Tectom.
Pe3synTatu cy ykasaau Ha 3HayajHE pa3IUKE y XEMMjCKOM CacTaBy M aHTHOKCHUATHBHO]
aKTHBHOCTH WUCIHUTHBAHUX IPOU3BOJIA, alM JUPEKTHA Be3a ca edekTHmMa Ha hendjama, yKiby-
yyjyhud ¥ aHTHOKCHUIATHBHO [EJI0Balbe HAa EPUTPOLMTE U aHTU-TPOMOOLIMTHO AENoBame in
vitro, HYje TOKa3aHa. Pe3ynTatu A00HjeHUM ex Vvivo y OKBUPY NWIOT CTyOHje, Ca jeSHUM OFf
WCIUTUBAHUX Y30paKa, jefHUM JIeJIOM Cy MOTBPAWIHN pe3yiTare nodujeHe in vitro. Ha ocHOBY
pe3ynrata HO0HjeHUX WCIUTUBAKEM AaHTHOKCHIAHAca apOHMje TO0Ka3aHO je Ja XeMHjcka
aHanu3a U in vitro ekCiepuMeHTH Ha henujckum Monenuma MMajy BeIUKH 3Hauaj y MpoLeH!
BUX0Be dHOOIIKe BpegHOCTH. ExcTpanonanyja fobujeHnx pesynaraTa y CUTyauujy in vitro je,
mehyTuM, 4ecTo oTexaHa M MOZ yTHLAjeM OHOPACIOI0KHUBOCTH U MeTaboau3Ma JUjeTapHUX
OMOaKTUBHUX CYyICTaHLIH.

(ITpumsseno 13. neuemdpa 2012, pesusupaHo 7. dpedpyapa 2013)
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The modifications of bovine g-lactoglobulin — effectson its
structural and functional properties
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Abstract: Due to its excellent techno-functional properties, high nutritional
value and low cost, g-lactoglobulin (BLG), the main protein in whey, is a
frequently used additive in wide range of food products. It is also considered as
an acid-resistant drug carrier for the delivery of pharmaceutical and nutra-
ceutical agents. However, BLG is the main alergen of milk. A variety of
methods has been explored for the modification of BLG in attempts to improve
its functional properties and to decrease its alergenicity. Due to its compact
globular structure, BLG isrelatively resistant to modifications, especially under
mild conditions. BLG can be modified by physical, chemica and enzymatic
treatments. Although chemical modifications offer efficient routes to the alter-
ation of the structural and functional properties of proteins, they are associated
with safety concerns. In the last decade, there is a tendency for application of
novel non-thermal physical processing methods, as well as enzymes in order to
obtain BLG derivatives with desirable properties. The objective of this review
is to overview the chemical, physical and enzymatic processing techniques
utilized to modify BLG and their effects on the structural and functional
properties of BLG.

Keywords: g-lactoglobulin; modification; chemical; physical; enzymatic; func-
tional.
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1. INTRODUCTION

p-Lactoglobulin (BLG) is the magjor whey protein found in the milk of most
mammalian species, representing 60 % of the total whey proteins. BLG (Fig. 1)
is a globular protein consisting of 162 amino acid residues with a molecular
weight (MW) of 18.3 kDa. BLG has two intramolecular disulfide bonds and one
free thiol group, which plays an essential role in the antioxidant activities of
BLG.2 At different pH values, BLG preserves more or less the same secondary
structure but it can adopt various tertiary structures.3 BLG undergoes time- and
temperature-dependent denaturation above 65 °C, which is accompanied by ex-
tensive conformational transitions that expose highly reactive thiol and amino
groups. Bovine BLG belongs to the lipocalin protein family. It binds a wide
range of small hydrophobic ligands, acting as a transporter. The binding of reti-
nol and fatty acids to BLG have been widely implicated in its proposed physio-
logical functions.4 BLG and its peptide fragments have various bioactivities. It
was reported that the various peptides derived from the proteolytic digestion of
BLG have inhibitory activity against the angiotensin-converting enzyme.> Anti-
microbial, immunomodulating, opioid and hypocholesterolemic activities have
also been documented.®

Fig. 1. Schematic representation of the structure of
bovine p-lactoglobulin drawn using Swiss Pdb Viewer
(http://www.expasy.org/spdbv/).1

BLG has desirable techno-functional properties determined by its physico-
chemical properties, such as viscosity, gelation, foaming, solubility and emulsi-
fication. This protein has a high nutritional value and may serve as a carrier for
lipophilic nutrients and drugs. It is frequently used as an additive in a wide range
of food products. However, BLG is the main allergen of milk and presents a
significant health risk for patients alergic to milk. Due to its compact globular
structure, BLG, as many other food allergens, is resistant to digestion.®

In the last decade, the requirements of food technologists, nutritional scien-
tists and consumers for techno-functional, tropho-functional and hypoallergenic
attributes of food products have been continuously rising. Different methods for
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BLG modifications were studied in attempt to broaden its application in food and
pharmaceutical industry by improving its techno-functional properties, as well as
to increase its digestibility and reduce its alergenic potential. This review sum-
marizes the effects of chemical, physical and enzymatic modifications of BLG on
its structural and functional characteristics.

2. CHEMICAL MODIFICATIONS

Chemical modifications of proteins are not welcome in the food industry
despite the application of non-toxic reagents, because of the complex procedures
required to remove unreacted chemicals and the products of side reactions. How-
ever, chemical modifications offer efficient ways of imparting desirable proper-
tiesto proteins.

Acylation and alkylation. Acylation by anhydrides of monocarboxylic acids
replaces ammonium cations with neutral acylamino groups, resulting in electro-
statically neutral groups. Acylation by anhydrides of di- or tricarboxylic acids
leads to a conversion of cationic into anionic residues, which alters the net charge
of a protein. A large degree of acylation can affect the secondary and tertiary
structure of the protein.

It was demonstrated that acetylation and succinylation of BLG influenced
not only its tertiary structure, but also its secondary structure. These modifica-
tions resulted in decreased hydrophobicity and increased content of beta sheet
structures and random coils. Both acetylated and succinylated BLG were less
stable against guanidine hydrochloride and urea denaturation.” The surface pres-
sure of low-extent succinylated BLG was higher than that of native BLG, but
higher levels of succinylation reduced the surface pressure.8 Foam formation and
stability of BLG were reduced following its succinylation.® Succinylated BLG
was found to be a suitable natural excipient for the formation of delayed release
tablets or tablets containing probiotic bacteria. Furthermore, succinylation of
BLG improved its survival under gastric conditions.® In addition, succinylation
of BLG decreased its solubility and its charge density at acidic pH values, re-
sulting in decreased tablet erosion (protein loss) at pH 1.2. Solubility of succi-
nylated BLG compared to unmodified protein increased at pH 7.5, making it suit-
able for the protection and intestinal release of gastro-sensitive compounds.
Many studies have shown that acylated milk proteins with increased negative
charge are potent antiviral compounds, having a therapeutic potential for local
administration. Modification of BLG by 3-hydroxyphthalic anhydride (3HP)
yielded compounds that exerted antiviral activity in vitro against herpes simplex
virus type 2, influenza virus, human immunodeficiency virus 1 (HIV-1) and si-
mian immunodeficiency virus (SIV).10

BLG modified with vanillin and benzaldehyde exhibited very low solubility
near the isoel ectric point and possessed improved emulsifying activity in the aci-
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dic pH range, but lower emulsion stability in the alkaline pH range.11 Alkylation
of BLG enhanced its binding affinity for retinoids.12 BLG alkylated by allyl iso-
thiocyanate (AITC) gave BLG-AITC conjugates, which at pH 7.1 possessed
loose and partially unfolded structures, whereas at pH 4.0, they exhibited features
typical for a molten globule. BLG-AITC conjugates showed better emulsifying
and foaming properties than those of unmodified BLG.13 The immunogenicity of
chitosan-conjugated BL G was reduced compared to native BLG. The linear epi-
tope profiles of these conjugates were similar to those of BLG, but the antibody
response to each epitope was dramatically reduced due to the masking of B cell
epitopes.14 The anti-BL G antibody response in mice was markedly decreased fol-
lowing immunization of the animals with BL G—carboxymethyl dextran (CMD)
conjugates. Although linear epitope profiles of BLG-CMD conjugates were si-
milar to those of BLG, the antibody response for each epitope was dramatically
reduced as a consequence of the effective shielding of epitopes by CMD. BLG
conjugated with poly(ethylene glycol) (PEG) had decreased antigenicity, while
the allergenicity of the conjugate was weaker than that of the native protein.1®
Oxidative sulfitolysis combined with covalent binding of PEG to BLG resulted in
a conjugate with improved emulsifying activity and emulsion stability at acidic
aswell as at neutral pH values.16

It is known that covalent linking of lipids to proteins results in increased
hydrophobicity of proteins, which then display an improved capacity to form and
stabilize emulsions and foams. Stearic acid-modified BLG, thus, possesses an
increased hydrophobicity, while the solubility of the conjugate depends on its
content of stearic acid. The emulsifying and foaming properties of these conju-
gates were improved at low and medium levels of stearic acid incorporation.”
BLG with a low content of stearic acid demonstrated increased binding of IgE
and 1gG when compared to the native protein, which was due to the increased
exposure of antigenic sites. However, the ability of BLG with medium content of
stearic acid to bind antibodies was reduced. Finally, a high level of fatty acid
attachment to BL G resulted in its denaturation and inability to bind to antibodies,
due to the reduction or destruction of the available allergenic sites. A decrease in
the digestibility of the modified BLG accompanied by an increased lipophili-
zation was al so observed.18

Esterification. Proteins modified by esterification gain a more positive
charge as the number of ionizable carboxyl groups becomes reduced. Moderate
esterification of BLG induces not only slight changes in its secondary structure,
but also itstertiary structure acquires properties that are characteristic of the mol-
ten globule state. This leads to opening of the BLG molecule to the cleavage of
the peptide bond. Esterified BLG is hydrolyzed rapidly by pepsin, which is due
to 22 new sites of pepsin cleavage introduced by esterification.l® Fourteen
cleavage sites are pepsin-specific and their unveiling is due to the imposed ter-
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tiary structure changes. Eight of the new cleavage sites are esterified carboxylates
recognized by pepsin.18 The methyl-, ethyl-, and butyl-esters of BLG showed
enhanced surface activity, as well as hydrophobic probe binding activity, the
most pronounced effect being that of methyl esters.20

The positive charges on the protein molecules enable them to interact with
viral proteins or viral DNA, affecting viral replication, transcription or translation
and, consequently, viral infectivity. Highly esterified BLG at pH 7 showed
DNA-binding capacities comparable to those exhibited by native basic proteins,
such as lysozymes and histones. Esterification of BLG enhanced its antiviral
activity against the avian influenza A virus (H5N1), the influenza virus A sub-
type HIN1 and the HSV-1 virus.2! Peptic hydrolyzates of esterified BLG also
displayed antiviral activity.22

Glycation by Maillard reaction. Glycation by the Maillard reaction is a ubi-
guitous reaction of condensation of a reducing sugar with the amino groups of
proteins. The products of Maillard reaction could improve the functional and/or
biological properties of a protein, which could be utilized in the food industry.
The glycosylation of BLG in Maillard reaction under mild conditions does not
ater the protein structure, except a slight increase in its Stokes radius and an in-
crease in the temperature of denaturation. Since the Stokes radius of denatured
BLG is not significantly smaller than that of glycosylated BLG, it was proposed
that its non-polar residues associate with the sugar moieties in the unfolded state,
thereby preventing their solvent exposure and affecting the aggregation propen-
sity and the type of aggregate formed.23 Glycation of BLG in the Maillard reac-
tion by several alimentary sugars induced oligomerization of BLG monomers.23
Among the sugars used, pentoses (arabinose and ribose) induced the highest
degree of modification, while hexoses (glucose, galactose and rhamnose) were
less reactive and lactose generated the lowest degree of modification.24 Proteins
substituted with pentoses formed polymers stabilized by sugar-induced covalent
bonds. When other sugars were used, a proportion of the aggregated proteins
were stabilized only by hydrophobic interactions and disulfide bonds. In the
presence of less reactive sugars, heating of BLG induced only minor structural
modifications, in contrast to more reactive sugars such as pentoses. Dry-state gly-
cation of BLG did not significantly alter the native-like BLG behavior, while
treatment in solution led to important structural changes. Denatured BLG mono-
mers associated covalently via their free thiol group and in a subsequent step,
non-covalent polymerization of the unfolded homodimers and swollen monomers
occurred through hydrophobic interactions.2°

Moderate glycation of BLG in the early stages of the Maillard reaction had
only a small effect on its recognition by IgE, whereas a high degree of glycation
had a clear “masking” effect on the recognition of epitopes.26 The antigenicity of
BLG glycated by glucose and oligoisomaltose was reduced.2” High levels of
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BLG glycation in the Maillard reaction impaired BLG proteolysis by simulated
gastrointestinal digestion and, consequently, increased the 1gG- and IgE-reactivi-
ties of the hydrolysates, regardless of the employed carbohydrate. However, pro-
tein aggregation during the advanced stages of the Maillard reaction had a mask-
ing effect on the BLG epitopes, counteracting the negative effect of the lower
digestibility of the glycated protein on its allergenicity.28 After mice immuni-
zation with BLG modified by acidic oligosaccharides, the anti-BLG antibody
response was markedly diminished in the vicinity of the carbohydrate-binding
sites,29 which was due to reduced T cell response because of reduced suscepti-
bility of the conjugates to processing enzymes for antigen presentation. High le-
vels of BLG glycation with galactose, tagatose, and dextran impaired its pro-
teolysis and, consequently, increased the 1gG- and IgE- reactivities of the hyd-
rolysates, regardless of the used carbohydrate. The different increasesin suscepti-
bility of glycated BLG to pepsinolysis were related to the alteration of the con-
formation of the protein when glycation was performed with highly reactive
sugars.30

Glycation of BLG with highly reactive pentose sugars, such as arabinose or
ribose, improved BLG emulsifying properties, while its foaming properties were
improved when glycation occurred with hexose sugars, such as glucose or galac-
tose.24 Glycation of BLG with different sugars induced an increased ability for
scavenging radicals, with ribose and arabinose having the most pronounced
effect.31 Maillard reaction products, formed in the reaction of hydrolyzed BLG
with glucose, exhibited increased radical scavenging activity, which reduced its
iron chelating activity.32 BLG modified by glucose-6-phosphate showed a greater
thermal stability and a greater emulsifying activity than the native protein.33

SH-group modifications. BLG has two intramolecular disulfide bonds that
may be responsible for its allergenicity. After reduction of one or both of its di-
sulfide bonds by thioredoxin, BLG became strikingly sensitive to pepsin and lost
its allergenicity.34 Modification of the buried thiol group of BLG by 5,5-di-
thiobis(2-nitrobenzoic acid) (DTNB) destabilizes the rigid hydrophobic core and
the dimer interface, thereby producing a monomeric state that is native-like at pH
2.0 but is molten globule-like at pH 7.5. Upon reducing the mixed disulfide of
DTNB-BLG with dithiothreitol, intact BLG was regenerated.3® In order to cleave
the disulfide bonds, BLG was modified by sulfitolysis, but it was hydrolyzed by
pepsin and trypsin more readily than the intact protein.36

Phosphorylation. Phosphorylation of BLG with POCI3 in the presence of
either triethylamine or hexylamine resulted in a slightly cross-linked BLG with
increased negative charge. The phosphorylation resulted in disordering of the se-
condary structure of BLG and shifting BLG solubility minima toward lower va
lues.37 The addition of butylamine produced phosphobutylated BLG with excel-
lent foaming and emulsifying properties, while the use of longer aliphatic pri-
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mary amines (C8-C12) gave rise to reduced solubility, poor foaming and weak
emulsifying properties.38

Non-covalent chemical modifications. Ligand binding to BLG may have a
stabilizing effect on the protein. Susceptibility of BLG/retinol or BLG/retinoic
acid complexes to trypsin was significantly lower than that of unconjugated
BLG, due to the more compact structure.3% When bound to gallic acid, BLG
displays a lower degree of hydrolysis than native BLG, but gallic acid induces
oxidation of the four methionine residues in BLG to methionine sulfoxides.40 On
the other hand, binding to BLG can protect some ligands from oxidation; this
suggests that BLG could be employed as an effective carrier of oxidation-sen-
sitive hydrophobic drugs and nutriceuticals. Binding of folic acid to BLG im-
proves its photostability.4! Binding of resveratrol to BLG, although partially dis-
rupting itstertiary structure, provides a slight increase in the photostability of res-
veratrol and a significant increase in its hydrosolubility.42 Epigallocatechin-3-
-gallate (EGCG) in thermally-induced BLG-EGCG conjugates are protected
from oxidative degradation.#3 BLG/retinoid complexes exhibited an increased
thermal stability and a higher resistance to UV light-induced oxidation.# It was
reported that BLG degrades more rapidly in the presence of catechin-enriched
polyphenols from green tea. However, laccase polymerized green tea catechins
(GTC) adversely affected protein digestion of BLG and the protecting effect of
polyphenols correlated well with the ability of proteins to form insoluble com-
plexes with oxidized catechins.#® In a study of non-covalent interactions between
BLG and polyphenols from extracts of green and black teas, coffee and cocoa, it
was demonstrated that stronger non-covalent interactions delayed pepsin and
pancreatin digestion of BLG and induced the S-sheet to a-helix transition at
neutral pH values. The positive correlation between the strength of protein—
polyphenol interactions and the half time of protein decay under gastric condi-
tions was found, as well as a masking of the total antioxidant capacity of protein—
polyphenol complexes.46 BLG saturated with palmitic acid possessed a higher
gelling temperature and gelation time, implying that differences in the amount of
bound fatty acids could be an important source of variability in the gelation
behavior of BLG.47 Phosphatidylcholine (PC) binding increased BLG thermosta-
bility, accelerated heat-induced gelation, and reinforced the mechanical strength
of gels48 PC protected BLG from degradation under duodenal conditions and
altered the pattern of the digestion products. PC binds to a secondary fatty acid
binding site in BLG, thus blocking the action of proteases, rather than occupying
the central calyx.49 Interaction of flavor compounds with BLG have an influence
on the release of flavor from food. BLG possesses at least two binding sites for
aroma compounds. The longer the hydrophobic chain of the aroma compound,
the greater is the affinity of BLG for the compound. This results in a decreased
release rate and alower final headspace aroma concentration.>0
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3. MODIFICATION BY PHYSICAL METHODS

During a physical treatment, an irreversible change occurs only above a
given threshold of treatment intensity. The formation of covalent and non-co-
valent protein aggregates contributes to the irreversibility of the process. Below
the threshold, a number of reversible modifications occur, but after the pertur-
bation is over, the protein returns to a native-like form. Since comprehensive
reviews that deal with the effects of thermal treatment on the structure and func-
tion of BLG already exist,>1 in this review, focus is directed on the modifications
of BLG caused by non-thermal physical methods.

Gamma irradiation. y-Irradiation of BLG in solution promotes the formation
of linear oligomers, which consist of dimers of BLG (tetramers, hexamers, etc.),
the oligomerization being partially caused by intermolecular cross-linking between
tyrosyl radicals.®2 The changes in the secondary and tertiary structure of BLG
induced by y-irradiation are similar to the alterations observed in BLG that had
been treated thermally under mild conditions.®3 Both changes result in the re-
duced solubility of the protein and increased agglomeration. Application of y-
radiation up to a dose level of 10 kGy did not affect the molecular-weight dis-
tribution of BLG, but reduced its solubility and increased its antigenicity.>4

Pulsed eectric field (PEF) and electrolysis. Application of high-intensity
PEF to BLG resulted in the partial denaturation of the protein and its aggregation,
including covalent cross-linking. PEF treatment increased the thermal stability of
BLG by 4to 5 °C, as well as its gelation rate.5> After the treatment by electro-
lysis, BLG on the cathode showed markedly mitigated allergenic properties, at-
tributed to the dislocation of the allergenic peptides from the protein surface.>6

Ultrasound. High intensity ultrasound under uncontrolled temperature con-
ditions induced changes in the secondary structure of BLG, which was accom-
panied by the formation of dimers, trimers and oligomers, and by an increased
susceptibility to pepsin digestion. Although sonication under controlled tempera-
ture conditions induced changes in the secondary structure of BLG, it did not in-
duce protein oligomerization or a change in its capacity to bind retinol .57 The so-
nication-induced BLG forms had larger hydrophobic surfaces than native BLG
and, thus, more easily underwent cross-linking with phenol oxidase. Sonication
had only aminor effect on the ability of BLG to bind to IgE, both in vitro and in
vivo.57 The reactive thiol content and surface hydrophobicity of BLG increased
continuously during sonication, suggesting an unfolding of the dimer structure, as
an initiation step, with exposure of the thiol groups and the hydrophobic regions.
Minor secondary and tertiary structural changes were also observed.®® A no-
ticeable synergism between ultrasound and heat on BLG denaturation was ob-
served.®® It was shown that even under conditions that were not very favorable
for the Maillard reaction, such as neutral pH and reaction in solution, BLG could
be glycated with the aid of high intensity ultrasound. The ultrasound-promoted
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BL G glycation did not have a drastic impact on its secondary or tertiary structure.
Forms of BLG abtained in the Maillard reaction forced by ultrasound exhibited
radical scavenging ability and possessed a greater ferrous ion-chelating activity
and better reducing power than the native protein.69

UV irradiation. UV irradiation of BLG induces changes in its molecular size
distribution and a disruption of the ordered structure of BLG. Thisled to changes
in the BLG antigenicity and to altered activity of BLG in the regulation of immu-
noglobulin production.61 After 24 h of UV-irradiation, 18 % of the protein had
been denatured with some protein aggregation. Changes in the secondary struc-
ture of BLG were similar to those that occurred in the early phase of heat-in-
duced denaturation. The number of exposed sulfhydryl groups increased, but the
number of total sulfhydryl groups decreased together with some photo-oxi-
dation.62

High hydrostatic pressure (HHP). Stapelfeldt et al.63 proposed a three step
pressure denaturation model for BLG in neutral solution at ambient temperature:
an initial pressure-melted state (up to 50 MPa) with the partial collapse of the
inner calyx and solvent exposure of the free thiol group, followed by areversible
denaturation with exposure of the hydrophobic regions (half-denaturation at 123
MPa) and irreversible denaturation with the thiol—disulfide exchange becoming
increasingly important at higher pressures. In the initial stage of HHP-induced
aggregation of BLG, only dimers and trimers arose due to SH/S-S interaction.64
The high-pressure denaturation of BLG led to increased reactivity of the thiol
group that was buried inside the native globule. Thiswas a result of the exposure
of the thiol group to the protein surface. The release of monomers seems to repre-
sent one of the earliest events, while association of the transiently modified
monomers stabilized the denatured form of the protein.65 Up to 200 MPa, alarge
number of monomeric BLG molecules was formed, which carried exposed thiol
groups and which had an increased surface hydrophobicity. At pressures larger
than 200 MPa, the hydrophobicity of the protein surface continued to increase,
while the exposure of thiol groups decreased, due to the formation of covalently
linked oligomers. Pressure-induced BLG oligomerization and formation of disul-
fide bonds resulted from SH/S-S interchange reactions rather than from oxida-
tion of the thiol groups. At a pressure between 100 and 300 MPa, there was a
significant increase in relative hydration of BLG due to structural changes of the
protein. The number of water molecules associated with BLG molecule was also
increased. Only a small decrease in the hydration of BLG was observed at higher
pressures, due to the irreversible denaturation and aggregation.66 Mazri et al.6”
found the reaction order for HHP-induced BL G denaturation to be n = 1.5, which
is the same as that found for thermal denaturation of BLG. This unusual value
has been attributed not only to a complex reaction mechanism, which involves
not only many consecutive and/or concurrent steps, including the dissociation of
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BLG dimer into monomers, but also to unfolding of monomers followed by the
aggregation. Kolakowski et al.68 demonstrated that the pressure-induced unfold-
ing of BLG was significantly lower at 4 °C than at 25 °C and was without aggre-
gation. They suggested the existence of different BLG conformations under dif-
ferent p/T conditions: the native conformation at 0.1 MP&/20 °C, a pressure-de-
natured state at 200 MPa/20 °C and a cold-denatured state at 200 M Pa/—15 °C.

Although BLG exhibits a considerably enhanced susceptibility to proteolysis
under HHP, the addition at ambient pressure of proteases to pressure-treated
BLG gave only a modest increase in proteolysis. The products of chymotrypsin
hydrolysis obtained under pressure were different from those obtained at atmo-
spheric pressure without immunochemical reactivity, which indicated that chy-
motrypsin effectively hydrolyzed the hydrophobic regions of BLG that were
transiently exposed during the pressure treatment.®9 The rate of pepsin hydrolysis
of BLG (negligible at 0.1 MPa) increased considerably when a pressure up to 300
MPa was applied. However, this was not accompanied by qualitative changes in
the profiles of the peptides obtained after hydrolysis. HHP treatment at 600 and
800 MPa resulted in a rapid digestion of BLG by pepsin.”® HHP treatment
increased the binding of BLG to rabbit anti-BLG 1gG antibody, but it did not
affect the binding of BLG to IgE from patients allergic to BLG. There was no
apparent relationship between these responses and the degree of protein aggre-
gation.”1

The viscosity of BLG solutions increased with pressure due to the unfolding
of BLG monomers and their aggregation. BLG modified by high-pressure dis-
played a reduced emulsifying capacity and a reduced foamability when compared
to native BLG. This was attributed to an increase in both BLG hydrophobicity
and its potential for aggregation.’2 Furthermore, a pressure-treated BLG showed
a greater capacity for protein—protein interactions in the adsorbed layers of inter-
faces. The binding of retinol to BLG was enhanced by an increase in pressure up
to 150 MPa, but at higher pressures, it decreased and disappeared atogether at
300 MPa. Once dissociated, the BLG—retinol complex did not re-associate after
decompression at neutral pH.73

4. ENZYMATIC MODIFICATIONS

The employment of enzymes offers many advantages, including the ability
to perform modifications under physiological conditions with great specificity
and stereoselectivity, but without undesirable side reactions. Enzymatically mo-
dified proteins are well accepted by consumers, as enzymes are natural products.
However, due to their labile activity and difficulties in their purification, enzy-
mes are still underexploited as protein modifiers. Exposure to different pH condi-
tions, heat treatments, and adsorption to interfaces are all potential ways to in-
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duce conformational changes, which could then increase accessibility of BLG to
enzymatic catalysis.

Cross-linking enzymes. A protein that undergoes cross-linking by modifying
enzymes should have a flexible structure. As a globular protein with a compact
structure, BLG is poorly accessible to cross-linking enzymes. Therefore, for an
efficient cross-linking, it is necessary to partly unfold the BLG molecules, either
prior to or during the cross-linking. The addition of mediators can help, for
example, the addition of small phenolic compounds during the cross-linking of
BLG by phenol oxidases.

Transglutaminase (TG). Proteins can be cross-linked using transglutaminase,
which catalyzes an acyl group transfer between the j-carboxamide group of glu-
taminyl residues in proteins and the e-amino group of lysyl residues, forming an
isopeptide bond. Moderate TG treatment of BLG in the presence of dithiothreitol
(DTT) led to a decrease in the thermal stability of BLG. In contrast, treatment of
BLG in an excess of TG resulted in a remarkable increase in the thermostability
of the protein, regardless of the presence or absence of DTT. The modulation of
the thermal stability of BLG by TG treatment may be attributed to partial un-
folding of the protein molecule and subsequent re-arrangement of its confor-
mation.”4 BLG modified by TG in the presence of cysteine possesses increased
foamability and index of surface hydrophobicity, although less than heat-treated
BLG.7”> Subjecting BLG to dlightly alkaline (pH 7.5) and alkaline (pH 9.0)
conditions results in a limited cross-linking by TG, which is due to a minor
population shift towards a molten-globule state. However, upon heat treatment
followed by cooling, the cross-linking of BLG was associated with a molten-glo-
bule-like conformation that showed a small change in the secondary structure and
asignificantly disturbed tertiary structure.’®

Tyrosinase. In tyrosinase-induced cross-linking of a protein, the oxidation
proceeds as a two-step reaction. Monophenols are first oxidized to diphenals,
after which, quinones are formed. Thalmann et al.”’ reported that BLG can be
cross-linked by tyrosinase from Agaricus bisporus only in the presence of alow
molecular weight phenolic compound, which probably acted as a bridging agent
between the protein subunits. It appears that the cross-linking of BLG by Tricho-
derma reesei tyrosinase (TrTyr) may occur even without the presence of phenolic
mediators at pH 9, but not at pH 7.5. The increased accessibility of BLG to the
tyrosinase at pH 9 was associated with small changes in the protein secondary
structure and a loosening of the hydrophobic core, rather than with a major un-
folding of BLG, which occurs in the higher pH range (between 10 and 12).78 At
neutral pH, BLG was susceptible to TrTyr only after heat treatment, as the BLG
adopted a molten-globule-like conformation that enabled accessibility to TrTyr.
Heat-treated BLG molecules adsorbed on an air/water interface and then enzy-
matically treated favored intra-molecular over inter-molecular cross-linking within
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the packed BL G layer, which makes the adsorbed molecules even more rigid and
less free to reorganize.”

Laccase. The application of laccase in the cross-linking of proteinsis affected
by the accessibility of their phenolic moieties, as proteins generally contain a
small number of phenolic groups. In the presence of ferulic acid, laccase was
able to form irreducible intermolecular cross-links in BLG, as well as to induce
oxidative modifications. The latter included: dityrosine formation, formation of
fluorescent tryptophan oxidation products and formation of carbonyl derivatives
of histidine, tryptophan and methionine, which resulted in the protein molecules
exhibiting a higher surface tension.”® The allergenicity of BLG cross-linked by
laccase in the presence of phenolics originating from sour cherry decreased,
wheresas the digestibility of the remaining BLG monomers increased under con-
ditions that ssimulated the human gastrointestinal tract. The tryptic hydrolysates
of cross-linked BLG showed a 57 % increase in radical-scavenging activity when
compared to the control BLG.44 The cross-linking of BLG in the presence of
phenolics from apple (APE) rendered cross-linked BLG. Laccase treatment of
BLG caused a bi-phasal pepsin—pancreatin digestibility of the monomeric and
cross-linked protein to decrease, thus decreasing its nutritional value.89 Cross-
linking of BLG by laccase in the presence of polyphenols from green tea ex-
tended the half-life of BLG that was subjected to in vitro digestion by pepsin.81

Proteolytic enzymes. Whey protein hydrolysates can be practically used in
the production of infant formulas for atopy. It is known that only mixtures of
amino acids are completely non-allergenic products and that other hypoallergenic
products available on the market still contain peptides, which may trigger allergic
mechanisms. Hydrolysis could partly reduce the immunogenicity of native BLG,
as it destroys the three-dimensiona structure of BLG by removing some of its
epitopes.82 Proteolysis by trypsin resulted in extensive degradation of BLG,
which then had a remarkable reduction in IgE binding capacity.83 In addition,
peptides obtained by tryptic hydrolysis of BLG induced a specific oral tolerance
in mice.84 The application of high pressure enhanced this proteolysis, which re-
sulted in a decrease of BLG antigenicity and also a decrease in its ability to bind
IgE from serum.85 Furthermore, the application of a mixture of different pro-
teases possessing different specificities proved to be more effective in enhancing
the hydrolysis of BLG and aso in reducing its residual antigenicity.86 A con-
taminating proteolytic activity in the enzyme preparations used for cross-linking
removed a peptide from the N-terminus of BLG, making it more susceptible to
pepsin digestion and reducing its allergenic potential .87

Fragments of the S-barrel domain of BLG, obtained by proteolysis, have a
lower surface hydrophobicity and slightly higher surface and interfacial tension.
As a consequence, these proteolytically formed oligopeptides possess higher
emulsifying activity index, higher emulsion stability and better foaming proper-
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ties.88 A limited tryptic proteolysate of BLG formed much stronger gels with a
lower gel point and higher rate of gelation, which were due to a more efficient
association of the fragments that had unfolded domains and aso to the existence
of structured domains with lower thermal stability.82 An improvement of the
functionality of BLG hydrolysates, compared to the intact protein, was caused by
the presence of peptides, as higher concentrations of molecular species were pre-
sent in the hydrolysates. However, BLG treated by alcalase first forms trans-
parent gels, before the non-covalently linked protein aggregates appear.®0 BLG
hydrolysate possesses a higher anti-oxidative capacity and iron-binding capacity
than native BLG, mostly due to Met and Tyr residues.®1

5. CONCLUSIONS

Research devoted to modifications of BLG is attracting more and more sci-
entists who work in the food industry. This is mainly because BLG is the most
abundant protein in whey, which is a by-product of cheese production and, thus,
a cheap source of this highly valuable nutrient. In addition, the excellent inherent
functional properties of BLG enable a wide range of applications of this protein
in the food and pharmaceutical industries. However, there is an increasing pre-
valence of food allergies worldwide, which includes an allergy to milk. Having a
compact globular structure, BLG is relatively resistant to modifications, espe-
cially under mild conditions. On the other hand, its resistance to modifications
helps it retain its desirable functional characteristics after a controlled modi-
fication.

Alterations in the digestibility of BLG induced by modifications can have
several consequences. On the one hand, the increased digestibility may reduce its
alergenic potential. The alteration in the peptide profile, which is obtained after
BLG digestion in gastrointestina tract, could also lead to a loss of one set of
health-promoting biopeptides and gaining another. On the other hand, some of
BLG modifications reduce its digestibility and are, therefore, suitable for the
application in weight-loss food products. Many methods for modifications of
BLG target its lysine residues. As lysine is an essential amino acid, extensive
modifications of lysines lead to a substantial loss of the nutritional quality of
milk products. Any change in BLG structure induced by modifications may in-
crease alergenicity of this molecule by exposing hidden epitopes or by creating
new epitopes. Therefore, an alergenicity assessment is necessary to test the sa-
fety of modified BLG molecules.
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U3BOJ

MOIHUOHNKALHNIE BETA-JTAKTOITIOBYJIMHA — EQEKTH HA IhETOBE CTPYKTYPHE U
OYHKIJMOHAJTHE OCOBHMHE

JPATAHA CTAHUR-BYYUHHWER n TAIbA RHPKOBHUR BEJIMYKOBUR
Xemujcxu paxynitein Ynusepsuiieia y beoipagy, Ciiygentwicku wipi 16, ui.iip. 158, 11001 Beoipag

bera-naxtornodynus (BJIT) je rmaBHU NPOTEUH CYPYTKE KOjH CE YECTO KOPUCTH Kao afiu-
THB Y BEIMKOM OpOjy mpexpamdeHUX NMPOM3BOa 3axBasbyjyhy CBOjUM M3BaHPENHUM TEXHUY-
KUM U (QYHKIIMOHAJTHUM OCODHMHAMa, BUCOKQj HYTPUTHUBHOj BPEOHOCTH, KaO U HHUCKOj LIEHH.
OBaj MpoTerH Ce TMO0Ka3a0 Kao MOTOJAaH HOCay 3a JIeKOBe U XpaHJbHBe CYIICTaHIle, jep je oT-
NOpaH Ha KUCENy CPEOMHY Yy racTpO-MHTEeCTHHaJHOM TpakTy. Mehytum, BJIT' je u rmasBHH
anepreH mieka. Ca uuwbeM yHanpehema QyHKIIMOHATHUX OCOOMHA U CMamema alepreHoCTH
OBOI' MPOTEHHAa [0 Caja je pa3BUjeH BEJHUKU Opoj METoAa 3a WEroBy MoauduUKauujy. 3a-
xBaspyjyhu cB0joj KoMIakTHO]j riodynapHoj cTpykrypH BJIT je penaTuBHO pe3nucTeHTaH Ha MO-
ouduKanyje, HAPOUUTO OHe moj Omarum ycinoBuma. BJIT Moke duti mMomudukoBaH GuU3NU-
KUM, XEMHjCKUM U eH3UMCKUM MeTomama. Magma cy xemujcke monudukanuje e¢rkacad Ha-
YHUH NPOMEHE CTPYKTYPHUX M (DYHKLMOHAIHUX OCOOMHA ITPOTEHHA, Y BE3U Ca BHUMa Ce YeCTOo
NocTaB/ba NUTame de3demHocTH. TOKOM HOCHen®e AeLeHuje OCTOjU cBe Beha TEeHIEeHIUja Ka
IPUMEHHM HOBUX TpETMaHa 3aCHOBAHMX Ha (PU3MUKUM HETePMaIHUM MeETofama, kao WU Ha
NPUMEHHU €H3HMMa, Kako Ou ce poduo BJIT ca xemeHUM ocoduHama. Llwm OBOr mperiaefsHor
pazna je mpuKka3 XeMHUjCkuX, (PU3NIKHUX U €H3UMCKHX TeXHHUKA KOje ce Kopucrte 3a MoxudHKa-
uujy BJIT, xao 1 BUX0BUX edekara Ha CTPYKTypy U yHkuujy BJIT.

(ITpummeno 10. aBrycra, pesugupaHo 8. nenemdpa 2012)
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