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Review

Development in malarial vaccine: A review

Meenakshi Dhanawat™, Nirupam Das, Ramesh C. Nagarwal, J. K. Pandit*

Department of Pharmaceutics, Institute of Technology, Banaras Hindu University, Varanasi, India.

ABSTRACT: Malaria, a vector-borne infectious
disease, is currently a grave and universal concern
with a significant social, economic, and human cost,
mainly in developing countries. In addition, the
emergence and spread of resistance to antimalarial
therapies have further aggravated the global
situation. Currently most of the research is focused
on development of antimalarial drugs, drug
resistance, and novel formulations to maximize the
therapeutic effect. A number of novel molecules
potentially active against malarial parasites are
being developed. A vaccine is still viewed as a critical
part of a long-term malaria control strategy. In
the last several years various studies have shown
significant progress in the development of vaccines
against malaria. Advancement in vaccine technology
and immunology is being used to develop malaria
subunit vaccines that would open up new vistas
for effective treatment and control of malaria.
The development of an effective malaria vaccine
represents one of the most important approaches
that would provide a cost-effective intervention
in addition to currently available malaria control
strategies. An overview on progress in antimalarial
vaccines is presented.

Keywords: Malaria, plasmodium, vaccines, adjuvant

1. Introduction

Malaria is a debilitating parasitic disease. According
to the Roll Back Malaria (RBM) Partnership, each
year approximately 860,000 (89% were in the African
Region, followed by 6% in the Eastern Mediterranean
and 5% in the South-East Asia Regions) lives, mainly
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005, India.
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Banaras Hindu University, Varanasi-221 005, India.
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children and women, succumb to it (/,2).

Most of the drugs used in antimalarial chemotherapy
are particularly active against the asexual blood forms
of the parasite, which are responsible for the clinical
symptoms of the disease (3). The increasing resistance
of the malaria parasite Plasmodium falciparum to
currently available drugs and especially to chloroquine
necessitates a continuous effort to develop more
effective therapeutic options (4,5).

Malaria continues to exact a devastating social and
economic cost across the globe. It strikes hardest at
some of the poorest nations and is a significant root
and outcome of poverty. This is endemic in many
developing nations; additionally malaria is also of
serious concern to travelers, especially in the absence
of a vaccine and in the face of widespread resistance
to several antimalarial drugs (6). The most common
etiological agent of malaria is P. falciparum, a highly
evolved unicellular parasite whose life cycle, shared
between an Anopheles mosquito vector and the human
host, exhibits striking biological features that have
been exploited to seek intervention strategies for
malaria therapy (7). A logical and rational approach for
vaccine development is imperatively needed. Devising
an effective malaria vaccine would certainly help in
limiting unacceptably high morbidity (8). Due to the
complexity of the malarial parasite's life cycle, a better
understanding of its molecular interactions in invasion
is required (9,10).

Because of the rapid emergence of drug resistance
and unclear mechanisms, much money has been wasted
in many malaria endemic sites. Therefore a vaccine
seems to be an alternative and pragmatic approach
to eradicate the disease. Even a modestly efficacious
malaria vaccine may protect hundreds of thousands
of people from disease and death each year. The
development of an effective malaria vaccine represents
one of the most important approaches that would
provide a cost-effective intervention in addition to
currently available malaria control strategies. A number
of antigens (a dozen or so) derived from different stages
of the parasite's life cycle have been described and are
in preclinical or clinical vaccine trials (/7).

The recent sequencing of genomes of the
Plasmodium species causing malaria offers immense
opportunities to aid in the development of new

www.ddtjournal.com
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therapeutics and vaccine candidates through Bio-
informatics tools and resources. One such database
that can significantly promote the vaccine research
is the MalVac Database (/2). Recent launching of a
massive vaccine trial spearheaded by British drugmaker
GlaxoSmithKline PLC in collaboration with the
PATH (Programs for Appropriate Technologies in
Health) Malaria Vaccine Initiative has been reported.
This initiative might accelerate development of a
new generation of malaria vaccines (Attp://www.
malariavaccine.org/news-press-kits-09252008.php).

An ideal vaccine should be safe with no or minimal
side-effects, easy and cheap to manufacture, stable
for storage/transport, easy to administer, could be
given to infants (ideally alongside other childhood
vaccinations), and should stimulate life-long protection
against all forms of the disease. Although much effort
is currently directed at disease treatment through the
development of new antimalarial drugs, vaccines enjoy
many intrinsic advantages. The desirable frequency of
vaccine treatment is perhaps in the range of once or
twice per lifetime, or at least, once or twice per year.
Vaccines are relatively cheap to produce, if albeit not
necessarily easy to discover, making them of special
interest to developing countries. The ongoing spread of
drug-resistant forms of malaria in combination with the
side-effects associated with prevention and treatment of
this disease have provided impetus for the development
of a safe and effective vaccine.

2. Progress in the development of antimalarial
vaccines

It is important to understand the pathogenesis of the
disease, including the life cycle (Figure 1) of the
parasite and the interaction between the host immune

Sporozoites are injected when infected
mosquito takes second blood meal

Sporozo:tes
/_$ Sporozoites enter
\/blood stream

Gamtocytes are ingested when
mosquito takes first meal
(
P SN

/& Infected l.lver cells

reptures releasing

Released Ring merozoites
merozoites k J
Blood stage Merozoites enter
blood stream
Schizonts Trophozoites

Figure 1. Malaria vaccines targeting life cycles: Targets-
sporozoite, liver stage, blood stage, sexual stage. (www.
iavireport.org/Issues/1102/malariavax.asp, http://encarta.msn.
com/media_461541582/life_cycle_of the _malaria_parasite.
html)

response and the parasite, for better preventive and
therapeutic modalities against malaria.

The initial stage of infection involves the
inoculation of sporozoites into the blood stream known
as the pre-erythrocytic stage. This is an asymptomatic
phase associated with an initial humoral response. The
phase is followed by multiplication and infection of
hepatocytes (13).

During this phase, a cell-mediated CTL (cytotoxic
T lymphocyte) response is elicited. Last comes the
erythrocytic phase, where infected hepatocytes rupture,
releasing thousands of daughter merozoites back into
the blood, where they invade circulating erythrocytes
and which is associated with the clinical symptoms
of the disease and correlated with both humoral and
cellular responses (Figure 1) (/4).

Vaccines against malaria have been designed to
work at these different stages of the life cycle of the
parasite (Table 1). Apart from the life cycle one can
consider DNA and T-Cell targeting vaccines. Recently
developed transmission-blocking vaccines are of
considerable importance (/5). In addition, potentially
important targets for naturally acquired immunity have
been exploited. The variant surface antigens (VSA)
families present on the surface of infected erythrocytes
particularly the PfEMP1 is well characterized. A VSA-
based vaccine may prolong the protection level by
preventing the parasites from expressing the VSA and
will render the disease less severe (16).

Although promising an individual antibody response
may vary between each domain as PfEMP1 exhibits
a domain structure. Recent studies simultaneously
observed that potential cross-reactivity in response
to one of the domains- (Duffy-binding like domain)
DBL4y suggest reconsidering the vaccine for further
improvement in triggering an invariable antibody
response (/7).

On the other hand a carbohydrate-based synthetic
vaccine is also being developed, which will be
discussed in a later part of this review. Based upon the
above mentioned targets there are two standard models:
(7) Vaccines to prevent clinical disease using irradiated
sporozoites (/8) and (ii) Vaccines to prevent mortality
based on innate immunity (/9).

Development of an effective malaria vaccine is
a daunting task as the parasite undergoes changes
in its morphological forms and surface antigens.
These features enable the parasite to evade protective
immune responses and vaccines based on protective
immunity and are unlikely to effectively curtail
transmission. As a result, the acquisition of long-term
sterilizing immunity characterized by recovery from
many infectious diseases does not occur with malaria.
Hence vaccines inducing artificially acquired active
immunity are the need of the hour and the recombinant
pre-erythrocytic vaccine RTS, S might hold promise
for the near future.

www.ddtjournal.com
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Table 1. Possible targets and immune mechanism of antimalarial vaccines
S. No. Targets Immune mechanism
1 Pre-erythrocytic Stage
Sporozoites Antibodies
Liver forms CD4+ and CD8+ T-Cells/antibodies
2 Asexual blood Stage
Erythrocytes (infected) Antibody-includes inhibition of RBC invasion
3 Sexual Stage
Gametocytes Antibody-blocking of activity (pre- and post-fertilization in the mosquito)
Table 2. Summary of antimalarial vaccines
S.No. Vaccines Type Antigen Mechanism Site of Action
1. RTS, S Pre-erythrocytic Fusion of C-terminal regions Prevents sporozoites from  Sporozoite
of CSP with the hepatitis B invading hepatocytes; Eliminating
surface antigen infected hepatocytes
2. FFM ME-TRAP Pre-erythrocytic Two attenuated POX virus  Both deliver the pre-erythrocytic ~ Sporozoite
vectors malaria antigen
3. ICC-1132 Pre-erythrocytic ~ Modified hepatitis B virus  Generate a potent anti-CSP  Sporozoite
core particle (HBc) bearing  antibody response
putative protective T- and
B-cell epitopes
4. Liver Stage Antigen Pre-erythrocytic Liver stage antigens-1 and 3~ Shows antigenic effect on liver- Acts in liver
(LSA-1 and LSA-3) stage parasites; Expressed solely schizogony
in infected hepatocytes and merozoite
release
5. MSP (Merozoites Surface  Blood Stage Merozoite surface protein Hinders Interactions between Merozoite/
Protein) merozoites and erythrocytes  Erythrocytes
during initial contact
6. AMAL (Apical Membrane  Blood Stage Apical membrane antigen-1 Ceases the invasion of host  Erythrocytes
Protein) cell immune responses by
Plasmodium profound parasite-
inhibitory effects
7. EBA-175 RII-NG Blood Stage Erythrocyte binding antigen  Blocks incursion of host cells and ~ Erythrocytes
(EBA-175) an intracellular translocation of
machinery by parasite
8. PfEMP1 Blood Stage Erythrocyte Membrane Immunity to the surface of the  Erythrocytes
Binding antigen trophozoite-infected RBC
9. PfCP2.9 Combination AMAI/MSPI1 chimeric Hinders Interactions between  Erythrocytes
blood stage recombinant antigen merozoites and erythrocytes
during initial contact
10. AMA1-C1/Alhydrogel®  Asexual Blood-  Apical membrane antigen-1 Profound parasite-inhibitory  Erythrocytes
plus CPG7909 Stage Vaccine effects. This is the first reported use
in humans of an investigational
vaccine
11. MSP3/GLURP (GMZ2) Combination Recombinant GLURP- GLURP and MSP3 antigenicity Erythrocytes
AIOH blood stage MSP3 fusion antigen
12. P£s230 Sexual stage Gamete-specific surface  Block the infectivity of gametes Gametocytes
antigen
13. Pfs25 and Pvs25 Transmission Surface antigen of mosquito  Kills the mosquito stage of Mosquito stage
blocking vaccine  stage of the malaria parasites  parasite of parasite
14. FFM ME-TRAP + PEV3A Combination Targeting different stages of the malaria life cycle
Multi-stage
Vaccines
15. NYVAC-P{7 Single NYVAC genome containing genes encoding seven Plasmodium falciparum antigens
16. Synthetic GPI vaccine Endotoxin of  Prevent the pathology and fatalities of severe malaria

parasitic origin

2.1. Pre-erythrocytic vaccines

A pre-erythrocytic vaccine is designed to target
sporozoites or schizont-infected liver cells and thus
prevent the release of primary merozoites from infected

hepatocytes. Sporozoites constitute the infective
stage of the malarial parasite and they are ideally the
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pre-erythrocytic stage vaccine (PEV) includes antigens
from the sporozoites and liver stages. The PEV is
unique in that it can induce a state of strong, sterile
immunity both in humans and in animal models (20).
The ideal vaccine for this stage would induce high
titers of functional antibodies against sporozoites to
prevent all parasites from entering the liver stage, and
induce potent cytotoxic T-lymphocyte immunogenicity
against the liver stage to kill infected hepatocytes, while
not harming the human host. The lead candidate vaccine
of this type is RTS, S, a recombinant protein vaccine.
It targets the sporozoite stage preventing the invasion
of hepatocytes by sporozoites or destroys parasites in
infected hepatocytes and thus prevents both clinical
disease and the transmission of malaria (Figure 2) (27-23).

2.1.1. Circumsporozoite protein (CSP) based vaccines

CSP expressed on the surface of developing and mature
sporozoites are considered to be an important target of
antibody and T cell-mediated responses to sporozoites
(24). Due to high immunogenicity and a crucial role
in hepatic cell invasion by CSP this molecule has
been considered as an excellent target for antimalarial
vaccine development. CSP based vaccine is classified
into recombinant and synthetic (25). The CSP displays
a characteristic common molecular structure in all
Plasmodia, consisting of a central tandem amino acid

repeat region and two relatively conserved domains
named regions I and II (containing great genetic
variability in some residues), localized at the protein's
amino- and carboxy-terminal ends, respectively (Figure
3) (26,27). PEV has been primarily based on the CSP.
In particular, the central repeat region that contains an
immunodominant B cell epitope represented the target
of the initial vaccine trials (28-30).

(a) RTS, S — RTS, S is a recombinant pre-
erythrocytic vaccine consisting of the circumsporozoite
protein found on the surface of the sporozoite stage
of P. falciparum. It's a fusion of the central repeat and
C-terminal flanking regions of CSP with the hepatitis
B surface antigen (HBsAg), combined and named
RTS, and formulated with the ASO2A Adjuvant System
(21). This antigen elicits antibodies that are capable
of preventing sporozoites from invading hepatocytes,
and a cellular response that is capable of eliminating
infected hepatocytes (31,32). Different types of RTS, S
vaccines depending upon adjuvant are: RTS, S/AS02A,
RTS, S/AS02B, RTS, S/AS02D, RTS, S/ASO2E. The
most successful malaria vaccine to date, the recombinant
protein RTS, S administered with the adjuvant AS02A,
has shown protection against experimental and natural P,
falciparum sporozoite challenge in humans (33,34).

A trial in southern Mozambique aimed to assess
the safety, immunogenicity, and initial efficacy of the
malaria vaccine RTS, S formulated in the AS02 adjuvant

Pre-erythrocytic Vaccines

l

l l.

J l

csp Non-CSP CSP+ Other antigens Liver-stage
antigens
RTS,S/AS02A AdCh63 MVA primeboost ME-TRAP | Modified Vaccinia Ankara
! |
RTS,S5/AS01B (MVA) CSP + LSA1 epitope
DMNA MVA primeboost
Multi-epitope(ME)
RTS,S/AS01E string + TRAP Fowl Pox 9 CSP+
PEE—

Adenovirus serotype 5CSP

LSA-1 epitope

| FP9 MvA primeboost ME-TRAP |

Adenovirus serotype 35CSP

| RTS,S/AS02 2nd TRAP |

| HepB Core Ag-CSP \VLP |

RTS,S5/AS502 and Modified
Vaccinia virus Ankara (MVA)CSP

| FP9 MVA polyprotein |

| LSA-1 E. coli expressed MSBEAl N

| RTS,S/AS02 / DNACSP |

| LSA-1 £, coli expressed MS(JlBl <

| CSP Long synthetic peptidel

| LSA-3 L. [actis expressed | <

| €SP DNA immunization |

| MVA CSP + LSA-1 epitope | «

Fowlpox strain FP9
CS5P + LSA-1 epitope

FPS CSP + LSA-1 epitope/
MWA CSP + LSA-1 epitope

&

Figure 2. Pre-erythrocytic vaccines in various phases of clinical trials. Vaccines in BOX are withdrawn from clinical trials.
(http://www.who.int/vaccine_research/documents/Malaria%20Vaccine%20Rainbow%20Table_Clinical_Oct_2008.pdf)
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Figure 3. Various regions of CSP vaccine.

system, AS02D (with the letter D indicating the pediatric
formulation) has proved that the vaccine is having a good
safety profile and is protective in those most vulnerable
to the disease-infants less than 1 year old (35). This trial
was followed by recent Phase IIb studies of the vaccine
in Bagamoyo, Tanzania. Although the vaccine was co-
administered to infants with other routinely delivered
EPI immunizations (the World Health Organization's
Expanded Program on Immunization), it did not interfere
with the immunogenicity of the multiple co-administered
antigens. A 65% rate of protection against new infections
was observed (36). To confirm the efficacy of RTS, S, a
study sponsored by the PATH Malaria Vaccine Initiative
(MVI) and GlaxoSmithKline Biologicals found that
this particular malaria vaccine has significant efficacy
with fewer serious adverse effects in clinical malaria in
children 5 to 17 months of age (37).

A large scale study (Phase III) of RTS, S/ASOLE
(Mosquirix®) vaccine developed by GSK (Glaxo
Smithkline Biologicals) has been launched and is
expected to be undertaken at 11 different sites in seven
countries in Sub-Saharan Africa involving 16,000
children and infants (38).

(b) FFM ME-TRAP — FFM ME-TRAP denotes
two recombinant viral vectors, attenuated fowl pox
strain FP9 (FP9 ME-TRAP) and modified Vaccinia
Virus Ankara (MVA ME-TRAP). Both encode the pre-
erythrocytic malaria antigen construct thrombospondin-
related adhesion protein (TRAP) coupled to the multiple
epitope (ME) string (39). Outcome from a Phase IIb trial
with vaccination regimen FFM ME-TRAP indicated that
the vaccine showed weak immune response and was not
protective against episodes of clinical malaria among
children in a malaria endemic area (40).

(¢) ICC-1132 — ICC-1132 is a malaria vaccine
candidate based on a modified hepatitis B virus core
particle (HBc) bearing putative protective T- and B-cell
epitopes from the repeat region and a universal T-cell
epitope from the C terminus of CSP of P. falciparum
(Figure 4). It was used to generate a potent anti-CSP
antibody response. This vaccine has been found to
be highly immunogenic in mice and in cynomolgus

Plasmodium falciparum CS protein
Repeat region

NH, COOH

Tl NANFNVDPNANP T* EYLNKIQNSLSTEWSPCSVT

B(NANP),

Figure 4. Plasmodium falciparum CS proteins [B-cell
epitope; (NANP),; T1-epitope; T*-epitope] (41,42).

monkeys. ICC-1132 elicits potent antibody responses
in mice primed with P. falciparum sporozoites.
This suggests a potential advantage of enhancing
the sporozoite-primed responses of semi-immune
individuals in endemic areas (41,42).

In a recent trial of ICC-1132 (Malariavax), a novel
CS based malaria vaccine was found to be safe and well
tolerated but malaria specific antibody responses were
relatively weak as compared to the responses to the
immunogen (ICC-1132) and to HBc. When adjuvanted
with alum (Alhydrogel® formulation), the vaccine was
poorly immunogenic suggesting the use of a more
powerful adjuvant system (43).

(d) CSP (Long synthetic peptide) — One of the major
targets of antibody and T cell-mediated responses to
sporozoites is the CSP expressed on the surface (54).
CSP derived peptides are presented in association with
MHC molecules on the surface of infected liver cells as
evidenced by CSP-specific T cell recognition (44).

(e) CSP + other antigens — Modified Vaccinia Ankara
(MVA) CSP + LSA-1 epitope, and Fowl Pox 9 CSP +
LSA-1 epitope are two types of vaccine which have CSP
along with some other antigens like LSA-1. Unfortunately
both of them have failed in their Phase Ia clinical trials.
Apart from these CSP vaccines, numerous CSPs became
obsolete in various stages of their clinical trials. Some of
them are: HepB Core Ag-CSP VLP, RTS, S/AS02 and
modified vaccinia virus Ankara (MVA), RTS, S/AS02/
DNA CSP (NMRC-GSK), CSP Long synthetic peptide,
CSP DNA immunization, MVA CSP + LSA-1 epitope,
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Fowl pox strain FP9 CSP + LSA-1 epitope, and FP9 CSP
+ LSA-1 epitope/MVA CSP + LSA-1 epitope.

2.1.2. Liver-stage antigens (LSAs)

The liver plays a crucial role in the Plasmodium life cycle,
because hepatocytes are an obligatory site for schizogony,
a process of amplification and molecular changes for
the parasite. In P. falciparum, at least two of the relevant
antigens (LSA-1 and LSA-3), have been identified
and characterized (45-47). LSAs 1 and 3 expressed by
liver-stage parasites and both pre-erythrocytic and a
blood-stage parasites respectively showed promising
antigenic and immunogenic properties. LSA-1, from
current evidence, is one of the few antigens exclusively
expressed in hepatocytes (48,49). Immunization studies
with various LSA-3 antigens on chimpanzees (Pan
troglodytes), the primates most closely related to humans,
induced protection against successive challenges with
large numbers of P. falciparum sporozoites. These surface
proteins are expressed solely in infected hepatocytes and
thought to have a role in liver schizogony and merozoite
release (50). The different stages of the parasite express
different antigens. A vaccine effective in killing liver-
stage parasites may not inhibit the growth of blood-stage
parasites and the above study did not confirm whether
it was liver-stage or blood-stage protection (57,52).
Although the exact function of LSA-1 for the parasite
remains unknown, there is still evidence that this antigen
is an attractive target for vaccine design at both the T-cell
and B-cell level.

2.2. Blood-stage/erythrocytic vaccines

For an asexual stage malaria vaccine, the impetus came

from the establishment of parasite culture by Trager and
Jensen (53) and peptide biology. Blood stage vaccines
(Figure 5) aim to impact the disease causing stage of
the parasite's life cycle, and research in this area has
focused mainly on AMA1 and MSP1 (54) antigens
that are used by the parasite to invade the human red
blood cell and cause disease. There are two possible
classes of blood-stage vaccine: anti-invasion and anti-
complication. A vaccine that could prevent invasion of
red blood cells by merozoites would prevent malaria
disease. Blood-stage vaccines reduce morbidity and
mortality due to severe malaria, and are not intended to
prevent infection (55). Development of such vaccines
has been hampered by the lack of an established human
challenge model, by the limitations of available animal
models, and by unclear immunological correlates
of protection (56). Despite these challenges, several
antigens expressed by merozoites, the extra cellular
form of the parasite that infects erythrocytes, have
emerged as promising vaccine candidates. Druilhe and
colleagues put forward encouraging findings from a
Phase I trial of merozoite surface protein (MSP) (57).

2.2.1. MSP (merozoite surface protein)

During initial contact MSPs, often referred as "surface
proteins", mediate the interactions between merozoites
and erythrocytes (58,59). MSPs are situated on the
merozoite surface, and are associated with merozoite
surface molecules. In P. falciparum, this protein ranges
in size from 185 to 200 kDa and is attached at its C
terminus to the parasite plasma membrane via a glyco-
sylphosphatidylinositol anchor (60). These proteins are
of great importance in developing potential targets as
candidates for an anti-malarial vaccine (61,62).

Blood Stage vaccines

l

l i

MSP1 AMA1
MSP-1 42 3D7

AMA-1 3D7 (FMP2.1)/AS02A

(FMP-1/A502)

MSP-1 42 FVOD

MSP-1 42 3D7/

| MSP-1 42 FVO/AIOH |

AMA-1 3D7 (FMP2.1) AS01B

AMA-1 C1 (FVO+3D7)/AI0H

AMA-1 C1 (FVO+3D7)/AIOH+CPG

l l

Other Blood Combination Blood
Stage Antigens Stage Antigens

MSP-3 Long synthetic peptide Combination B:

RESA, MSP1, MSP2 (STI)

| GLURP Long synthetic peptide

MSP-3-GLURP
hybrid Long synthetic
peptide (SSI)

MSP-2 3D7+ FC27

SE 36/ Alum

MSP3/GLURP

EBA-175 RII-NG/ (NIAID) (GMZ 2)/AIOH

MSP-1 19/AMA-1

MSP-1-C1 42 AMA-1 C1 1S5A720
(FWVO+3D7)/AI0H
MSP-1-C1 42 [ AMA-1 MontanidelSA720; ASD2 |

chimera (PfCP2.9)

(FVO+3D7)/AI0H+CPG
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Figure 5. Blood stage vaccines in various phases of clinical trials. Vaccines in BOX are withdrawn from clinical trials. (http.//

www.who.int)
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The major MSP-1 is one of the most widely studied
parasite antigens from the erythrocyte stage of infection
by P. falciparum (63,64). It is secreted as a 195 kDa
protein that is proteolytically cleaved (Figure 6) to form
four fragments, of 83 kDa, 30 kDa, 38 kDa, and 42
kDa, during merozoite maturation (65-67). The 42 kDa
C-terminal fragment (MSP-142) is further processed
to 33 kDa and 19 kDa. Only the MSP1-19 fragment
remains on the merozoite surface at the time of
erythrocyte invasion. It contains two epidermal growth
factor-like modules that are anchored to the surface via
a glycosylphosphatidylinositol moiety. Both MSP-119
and MSP-142 are leading vaccine candidates for the
blood stage of P. falciparum (68).

2.2.2. Apical membrane antigen (AMAI)

AMAT1 is a micronemal protein of apicomplexan
parasites that appears to be essential during the invasion
of host cell immune responses by Plasmodium. AMA1
can have profound parasite-inhibitory effects; both have
been measured in vitro and in animal challenge models,
suggesting AMAI1 as a potential vaccine component
(69,70). AMAL is a structurally conserved type |
integral membrane protein varying between 556 to 563
amino acids and is an apical membrane antigen 1 of
the malarial parasite P. falciparum (PfAMAL). It is a
merozoite antigen that is considered a strong candidate
for inclusion in a malaria vaccine (Figure 7) (71).

2.2.3. AMAI-C1/Alhydrogel® plus CpG 7909

The AMA1-Combination 1 vaccine was developed
by the Malaria Vaccine Development Branch of the
National Institute of Allergy and Infectious Diseases
(NIAID), National Institutes of Health, USA. It contains
an equal mixture of yeast expressed recombinant allelic
proteins based on sequences from the FVO (fragment
from the Vietnam-Oak Knoll) and 3D7 strains of P.
falciparum, adsorbed on Alhydrogel (73). AMAL, a
polymorphic MSP, is a leading asexual blood-stage
malaria vaccine candidate. The overall structure of
AMAL appears to be conserved as compared to other
surface proteins, but there are numerous amino acid
substitutions identified among different P. falciparum
isolates (74-76). This is the first reported use in
humans of an investigational vaccine with the novel
adjuvant CpG (cytosine and guanine separated by a
phosphate) 7909. It is an immunomodulating synthetic
oligodeoxynucleotide (ODN). CpG ODN as a vaccine
adjuvant has a sequence of 5'-TCG TCG TTT TGT
CGT TTT GTC GTT-3' with all nucleotides linked
with phosphorothioate bonds and has been found to be
considerably more potent than alum in mice. CpG 7909
is needed to induce high antibody levels for malaria
proteins, which are generally poor immunogens in
humans (77). As an adjuvant alhydrogel is known to

strongly promote Th2 (T helper)-type responses. Mullen
and coworkers showed that the addition of CpG 7909 to
AMA1-C1/Alhydrogel vaccine resulted in an increase
in antibody titers and functional responses in mice, rats,
and guinea pigs. The safety profile of the AMA1-C1/
Alhydrogel® (aluminium hydroxide) plus CpG 7909
malaria vaccine is acceptable and a significant increase
in immunogenicity was observed (78,79).

A Phase I trial of this vaccine in two different
formulations (phosphate buffer and saline) and
dosing intervals (1 month or 2 months) was
conducted in healthy adults of age 18-50 years.
AMA1-C1/Alhydrogel” + CPG 7909 in saline
was shown to have similar immunogenicity as
the AMA1-C1/Alhydrogel® + CPG 7909 buffered
with phosphate and both the formulations were well
tolerated. Excellent in vitro growth-inhibitory activity
was reported in this human vaccine trial with AMAT.
Based on the tolerability and immunogenicity of the
vaccine a Phase II study suggested the development
of a more immunogenic formulation of AMA1-Cl1

195-kDa precursor present on the merozoite’s

MSP1  surface as a complex of fragments

> MSP1-83
> MSP1-33

—————————> MSP1-38

—————————> MSP1-42

— MSP1-33
— MSP1-19

Figure 6. Proteolytic cleavage of MSPs.

Figure 7. Schematic of Pf AMAL ectodomain (domains,
I, 11 and I11). Locations of eight disulphide bridges are
shown in dark grey. D493, F505 and K544, are shaded in
grey. Residues shaded in black represent mutations across 11
different naturally occurring P. falciparum sequences (71,72).
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as an effective blood stage vaccine for P. falciparum
malaria. Further, in the absence of a human blood stage
challenge model or a predictive animal model, blood
stage malaria vaccine development is empiric and
demonstration of protection requires Phase IIb studies
in the target population (55).

2.2.4. Other blood stage antigens

(a) EBA-175 RII-NG — One approach is to develop
vaccines that target the molecular receptors used by
the malaria parasite for the incursion of host cells and
an intracellular translocation machinery to accentuate
the process. The transmembrane erythrocyte binding
protein-175 (EBA-175) and TRAP play a vital role in
this course of action (80,81). The 175 kDa P. falciparum
erythrocyte binding antigen (EBA-175) (Figure 8)
binds sialic acid residues on glycophorin-A to mediate
erythrocyte invasion. Two adhesive modules (called
F1/F2) located in the extra cellular domain mediate the
receptor interaction of EBA-175 (82-85). The binding
region within EBA-175 is a cysteine-rich region
identified as region II. Antibodies against region II block
the binding of native EBA-175 to erythrocytes (84,86).
(b) PfEMP1 — PfEMPI1 (Figure 9) (P. falciparum
erythrocyte membrane protein 1) is a high-molecular
weight (200 to 350 kDa) transmembrane polypeptide
consisting of 4 to 7 extracellular domains encoded
by the var gene family. It has been identified as the
rosetting ligand of the malaria parasite P. falciparum
(87,88). PfEMP1 interacts with complement receptor,
one on uninfected erythrocytes to form rosettes in the
vasculature of the infected organ, and is associated with
severe malaria. PFEMP1 could regulate both trophozoite
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Figure 8. EBA-175 RI1-NG-blood stage antigens.
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Figure 9. The multi-domain structure of PFEMP1 (91-93).
The extracellular domain building blocks: NTS, DBL, CIDR
and C2 domains. Based on sequence similarity, DBL domains
group as five types (o-&) and CIDR domains as three types
(a-y)12. DBLa, B and & types pair with other domains.
Abbreviation: CR1, complement receptor 1; ATS, acidic
terminal segment; CIDR, cysteine-rich interdomain region;
DBL, Dufty-binding-like domain; ICAM-1, intracellular
adhesion molecule-1; NTS, N-terminal segment; TM,
transmembrane domain.

and sexual stage densities (89,90). Immunity to the
surface of the trophozoite-infected RBC could render
protection from further infection. PFEMP1 appears to
be the target of naturally acquired protective immunity
in humans and immunization of 4ofus monkeys with a
domain of PfEMP1 inducing protection against a lethal
Plasmodium parasite line (91).

(c¢) PfEMPI1 DBLIa-TM-AS — The primary structure
of PfEMP1 consists of a large N-terminal ecto-domain
containing a variable number of DBL domains that
mediate cytoadherence to various host cell receptors
(94,95). The cytoadhesion of parasite-infected
erythrocytes to a number of host cells is a causative
factor in severe pathology of malaria, and PfEMP1
is considered the major virulence determinant of P.
falciparum (96). Vogt et al. using recombinant proteins
corresponding to the different domains of P. falciparum
erythrocyte membrane protein 1 (PfEMP1) identified
DBL-1a as the ligand for HS (heparan sulfate) (97).

2.2.5. Combination blood stage vaccines

(a) PfCP2.9 — PfCP2.9 (Figure 10) is the first malaria
vaccine candidate based on a chimeric recombinant
protein vaccine for P. falciparum malaria consisting
of AMAT1 (domain III) and MSP1(19 kDa portion)
expressed from the yeast Pichia pastoris with improved
immunogenicity.

The enhancement of immunogenicity may be
attributed to the presence of more T cell epitopes
included in the construct and activity mediated
by a combination of growth-inhibitory antibodies
generated by the individual MSP1-19 and AMA-1(III)
of PfCP-2.9 Vaccine (98). It was formulated with the
adjuvant Montanide ISA 720 and at a dose of 50 pg, the
vaccine appeared safe and highly immunogenic when
observed during a preclinical evaluation (99).

A Phase I clinical trial was conducted at
Shanghai, China to assess the safety, reactivity, and
immunogenicity (antigen-specific antibody response)
of PfCP2.9/ISA 720 vaccine. In this trial, volunteers
developed high ELISA antibody responses to PfCP2.9

AMA-1 MSP1
A | | 1 1] 1 |
Domain | n [T /M5P1 19
—>  PiCP-2.9 > /
B | [T |
<~ h mcs <

Figure 10. Schematic representation of the PfCP-2.9 gene
construct and recombinant protein. (A) Localization of
domain III of AMA-1 and MSP1-19 on the two molecules.
(B) Structure of PfCP-2.9. The AMA-1(IIT) and MSP1-19
fragments were fused via a hinge-MCS (Multiple Cloning
Site or polylinker)-hinge fragment (98).
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but biological function of these antibodies was not
reflected by in vitro inhibition of parasite growth.
Additionally lower IFA (Indirect Immunofluorescent
Assay) antibody responses were observed to native
AMA1 and MSPI in parasites (/00). The most common
adverse event was dose dependent reactivity at the
injection site as reported earlier (/07). Sinobiomed
Inc., a Shanghai based leading developer of genetically
engineered recombinant protein drugs and vaccines
is planning to launch the Phase II clinical trial of its
patented malaria vaccine candidate, PfCP2.9 (http.//
www.redorbit.com/news/health/1385194/phase_ii_clini
cal_trial _of sinobiomeds_malaria_candidate vaccine _
to/).

(b) MSP3/GLURP (GMZ 2)/AIOH — Lactococcus
lactis expressed recombinant is a fusion protein,
derived from P. falciparum Glutamate-rich protein
(GLURP) genetically coupled to P. falciparum MSP3
and produced in L. /actis as a secreted recombinant
GLURP-MSP3 fusion protein. It was designed with
an aim to produce high levels of cytophilic antibodies.
Antigenic studies suggested that the hybrid molecule
provides an adequate presentation of GLURP and
MSP3 antigenicity (/7,102).

2.3. Sexual-stage vaccines

Induction of antibodies to gametocyte antigens can
prevent fertilization in the mosquito; as well as its
blood meal. The mosquito ingests antibodies that block
fertilization. As a result, assessment of the efficacy of
gametocyte vaccines is possible with a simple ex vivo
assay. A sexual-stage vaccine consisting of an antigen
not expressed in human beings during natural infection
would not select for escape mutants. Therefore,
combination of such a vaccine with a blood-stage
or pre-erythrocytic vaccine could prevent potential
immune selection. Sexual-stage vaccination would not
protect vaccinated individuals from disease but would
protect communities from infection.

2.3.1. Pfs230

The 230 kDa gametocyte gamete-specific surface
protein of P. falciparum, Pfs230, is a target of
antibodies which inhibit the development of the parasite
inside the mosquito vector (Figure 11). A transmission
blocking vaccine based on Pfs230 may be a powerful
tool for malaria control. This sexual-stage falciparum
surface antigen can elicit antibodies which block the
infectivity of gametes in mosquitoes (/03-105).

2.3.2. Transmission-blocking vaccine
Mosquito stage transmission blocking (MSTB) or

transmission-blocking vaccine (TBV) (Figure 12) is
an anti-mosquito stage vaccine that targets antigens

on gametes, zygotes or ookinetes. The idea for TBVs
emerged from the 1976 observations of Gwadz (106)
and Carter & Chen (/07) which showed that antibodies
elicited by gametocytes from the avian malarial parasite,
P. gallinaceum were capable of killing the emerging
gametocytes — not in the avian host but in the mosquito
vector. The ultimate goal of TBVs is the interruption
of malaria transmission from human to mosquito
populations through prevention of parasite development
in the mosquito midgut. TBVs do not confer protection
to individuals and thus vaccination coverage will likely
need to be widespread and sustained.

An underlying assumption of course is that proteins
expressed in mammalian cells after immunization with
DNA vaccine plasmids, are likely to be folded more
like that in the eukaryotic parasite and thus elicit a
functionally effective transmission-blocking immune
response in experimental animals and ultimately
in humans (/08,109). The intention is to protect
communities from infection, rather than the individual,
but active clinical development of this approach is still
awaited.

The Phase I Trial of Malaria Transmission Blocking

Eecormtinant probwie:

e I —— ——

Figure 11. Sequence domains of Pfs230 and the sequences
from which recombinant antigens were derived. S, signal
sequence; E, poly-glutamate region; Rpt, tetra peptide region;
CR, cystein rich motifs; r2-5, recombinant proteins; Shaded
area, net negative charge.
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Figure 12. Concept of malaria transmission blocking
vaccine Pfs25 and Pvs25.
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Vaccine (TBV) Candidates Pfs25 and Pvs25 Formulated
with Montanide ISA 51: Pfs25 and Pvs25, surface
proteins of mosquito stage of the malaria parasites
P. falciparum and P. vivax, respectively, are leading
candidates for vaccines preventing malaria transmission
by mosquitoes. It is feasible to induce transmission-
blocking immunity in humans using the Pfs25/ISA 51
vaccine (/10). Two TBVs, which were under clinical
trial, withdrawn at Phase Ia were: Pfs25 ISAS1 Pichia
pastoris expressed, Pvs25 AIOH/ISAS1 Saccharomyces
expressed.

2.4. Combination multi-stage vaccines

Due to the complex life cycle and high antigenic
diversity of the malaria parasite, a multistage vaccine
may be necessary for optimal protection against the
disease. A combination of pre-erythrocytic and blood-
stage antigens is the most feasible approach to obtain
a multistage vaccine to prevent malarial parasites from
invasion of the host.

2.4.1. FFM ME-TRAP + PEV3A4

A combination vaccine targeting different stages of
the malaria life cycle may provide the most effective
malaria vaccine. A new combination malaria vaccine
is FFM ME-TRAP + PEV3A. PEV3A consists
of peptide derived from both the pre-erythrocytic
circumsporozoite protein and the blood stage antigen
AMA-1 (111). Virosomal PEV3A vaccine given either
alone or in combination with ME-TRAP vaccine had no
protective effect in the malaria challenge model.

2.4.2. NYVAC-Pf7

A recently developed multistage vaccine, NYVAC-
Pf7 is a single NYVAC genome containing genes
encoding seven P. falciparum antigens. NY VAC-Pf7
is a genetically engineered, attenuated vaccinia virus,
multistage, multicomponent P. falciparum vaccine
that includes a TBV candidate Pfs-25, together with
six additional leading candidate antigens (three pre-
erythrocytic proteins: CS, SSP2/TRAP and LSA-1; and
three asexual blood-stage antigens: MSP-1, AMA-1,
and SERA) (112).

2.5. T-cell targeting vaccines

Most currently used vaccines work by getting the body
to produce antibodies against the disease. Antibodies
are unable to attack the malaria parasite once it has
invaded liver cells and thus the approach was to
design malaria vaccines that will produce potent T-cell
responses against the liver stage of malaria infection
(Figure 13). T-cells are a type of white blood cells
called lymphocytes that circulate in the blood. There
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Figure 13. T-cell targeting vaccines.

are two types of T-cells: CD8+ T-cells and CD4+ T-cells
and among them CD8+ T-cells play an important
role in protective immunity. The vaccines stimulate
populations of T-cells that will destroy liver cells that
are harboring the malaria parasite and thus prevent
parasite development. This approach could prevent
both blood-stage infection and also prevent malaria
transmission in endemic areas. The T-cells recognize
the infected liver cells as they express small peptides
from malaria on their surface (/13,714). They also
produce chemokines and cytokines particularly IFN-y
(Interferon-gamma) that can act in highly infection
specific mechanisms to interfere with the spread and
replication of a microbe. Mutation at a target epitope
of the pathogen limits the ability of the T-cell (CD8+
T-cell) to recognize it and also in the presence of a high
level of antigens, T-cells get exhausted after a certain
time interval (/15).

For many years the IFN-y ex vivo ELISpot has been
a major assay for assessing human T-cell responses
generated by malaria vaccines. The ELISpot assay
though a sensitive assay is an imperfect correlate of
protection against malaria. Developing an ideal assay
procedure was considered to be the major limitation
for evaluating the efficiency of T-cell vaccines. Flow
cytometric analysis of T-cell function that has been
developed over time provides valuable insight into
vaccine efficacy and protection (//6). It also allows
characterization of multifunctional antigen-specific
T-cells following vaccination (//7).

Flow cytometric analysis facilitates a more precise
measurement of MIG (monokine induced by gamma)
also known as CXCL9. Measurement of CXCL9, a
chemokine induced by INF-y, has now been considered
as a more sensitive assay for the quantitative detection
of INF-y post vaccination (//8).

2.5.1. DNA vaccines

The interest in this novel technology has been enormous
and DNA vaccines are quite effective in priming
immune responses and inducing immunological
memory. Vaccine delivery systems that have been
designed to induce protective CD8+ T-cell responses
against Plasmodium-infected hepatocytes have been
studied extensively but have been judged as being
suboptimal for inducing protective immunity against
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malaria. The key to success for any DNA-based therapy
is to design a vector able to serve as a safe and efficient
delivery system. Efficient and relatively safe DNA
transfection using lipoplexes makes them an appealing
alternative to be explored for gene delivery (/79). The
emerging technology of DNA vaccines offers many
of the features desired in a malaria vaccine. Plasmid
DNA introduced directly into the cells of the vaccine
encodes antigen expression which stimulates a specific
immunological response. This technique provides
a practical and relatively simple approach toward
designing a multivalent vaccine capable of delivering
those antigens necessary to induce a protective immune
response. This capability is especially relevant for a
malaria vaccine. There are only a few target epitopes for
T-cells and sequences vary from one strain of parasite
to another and the specific variants do not often induce
immunologically cross-reactive responses. Indeed, an
effective DNA vaccine against malaria is expected to
be a multi-gene vaccine (56). To date no DNA vaccine
used alone has been reported to be efficacious in
humans.

Although significant successes have been achieved
in laboratory animal species, the level of immunity and
protection afforded by DNA vaccines in larger animals
and humans is often more limited than by conventional
vaccines.

2.5.2. DNA, MVA, and FP9 vaccines

DNA, MVA and FP9 vaccines used initially encoded
an identical DNA sequence consisting of a string of
T- and B-cell epitopes from pre-erythrocytic antigens
(the multi-epitope or ME string) fused to the entire
sequence of TRAP (Figure 14) (/20-122). TRAP is
a pre-erythrocytic antigen that has been shown to
be important for gliding motility and infectivity of
liver cells and is currently being pursued as a malaria
vaccine candidate for P. falciparum (120,123,124). It
is a transmembrane protein that belongs to the TRAP/
Micronemal protein 2 (TRAP/MIC2) family required
for sporozoite gliding motility and together with the
circumsporozoite protein (CS) it has been found to be
essential for the process of malaria sporozoite infection
to the hepatocyte (125-127).

Several sequential clinical trials of DNA ME-TRAP,
MVA ME-TRAP and FP9 ME-TRAP vaccines have
been conducted to evaluate their safety, immunogenicity
and protective efficacy in human volunteers. These

L Infected Liver cells)

Figure 14. Schematic representation of Plasmodium vivax
TRAP protein. Bold and underlined characters represent the
cell adhesive motifs. Sig, signal sequence; M, transmembrane
sequence; CYT, cytoplasmic tail (/28).

vaccines are safe, highly immunogenic for CD4+ and
CD8+ T lymphocytes and have shown encouraging
and statistically significant results in studies of efficacy
against a stringent, heterologous strain sporozoite
challenge.

2.6. Synthetic glycosylphosphatidylinositol (GPI)

vaccine

GPI (Figures 15 and 16), which is a pro-inflammatory
endotoxin of parasitic origin and thought to be
responsible for malarial acidosis, pulmonary edema
and cerebral syndrome, has been synthesized.
Hexasaccharide malarial toxin I synthesized by an
automated procedure is currently under development as
a malaria vaccine candidate (/29). Using a combination
of automated solid phase methods and solution-phase
fragment coupling, the target GPI was assembled in
a matter of days. Seeberger ef al. recently reported
the total synthesis of P. falciparum lipidated GPI by
a highly convergent synthetic strategy. They placed
three orthogonal protecting groups for the late stage
installation of three lipid side chains on the GPI
hexasaccharide backbone (/30).

Synthetic GPI (P. falciparum GPI glycan) is a
prototype carbohydrate anti-toxic vaccine, which could
contribute greatly to prevent the pathology and fatalities
of severe malaria (/317,132).

Regardless of these advances, major improvements
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Figure 15. Consensus structure and retrosynthetic analysis
of lipidates P. falciparum GPls.
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Figure 16. Hexasaccharide GPI malaria toxin-I.
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and innovative approaches are still needed. For many
infectious diseases it is possible to produce an attenuated
(harmless) version of the pathogen or a pathogen subunit
that will lead to protective immunity without causing
disease. Although in the case of malaria this is technically
possible (irradiated malaria sporozoites given by infected
mosquito bite can lead to protective immunity), it is
impractical to do this on a large scale.

3. Conclusion

All vaccines which have failed in different phases or
are in the pipeline toward success have been covered in
this review. Many clinical trials and unresolved issues
related to stability, immunogenicity and targeting to
the site of the parasite life cycle give hope for further
development of antimalarial vaccines. The development
of a vaccine of therapeutic and protective benefit against
the malaria parasite requires a novel approach and to
date there are no vaccines available that can effectively
target a parasitic infection. Traditional approaches to
vaccine development against malaria have met with
limited success. The search for an efficacious vaccine
against malaria is ongoing and it is now widely believed
that to confer protection a vaccine must induce very
strong cellular and humoral immunity concurrently,
but the vaccine, which has been promised to be 'just
round the corner' for many years, remains elusive.
Development of an effective and deployable malaria
vaccine seems technically feasible in the view of most
malaria researchers. New vaccine delivery methods and
adjuvants could continue to increase the antibody and
cellular immunogenicity of subunit vaccination. The
development of a vaccine to protect human subjects
against malaria is a feasible goal and the emergence of
DNA vaccine technology offers a simple approach to
formulating such a multivalent vaccine.

Highly purified subunit vaccines require potent
adjuvants in order to elicit optimal immune responses
and therefore an efficient adjuvant is also needed.
A vaccine that would reduce both mortality and
morbidity secondary to P. falciparum infection would
be a valuable resource in the fight against this disease.
A safe, effective and affordable malaria vaccine is
expected to provide a long-lasting approach to prevent
infection, reduce disease severity, prevent death and
interrupt transmission. A vaccine that completely
prevented infection, even for a relatively short time,
would be very satisfactory for travelers.
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ABSTRACT: Cardiovascular diseases (CVDs),
diabetes mellitus (DM), cancer, and thyroid
abnormalities are major health problems prevalent
around the world and are responsible for a large
portion of morbidity and mortality out of health
problems overall. Advances in genomics and
proteomics in recent years have led to an explosion in
the number of possible therapeutic targets and drug
candidates through use of molecular approaches,
chemical synthesis, traditional medicinal chemistry,
and phyto-chemistry and through the exploration
of novel herbal preparations. However, virtually
none of these candidates are devoid of potential
adverse drug reaction(s) or undesirable side effects.
Therefore, the clear need is to look to alternative
ways to develop novel drug candidates with fewer
side effects and less cost. Interestingly, the last
few years have seen an increase in the number of
available reports on fruits and vegetable peels, and
particularly on their biological activity, their content
of different bioactive compounds, their chemical
characterization, understanding of their structure-
activity relationships, isolation and purification of
commercially important chemicals without using
high throughput techniques, etc. Therefore, research
in the field of fruit and vegetable peels should
present immense possibilities for drug discovery
and development of cost-effective therapies that
have fewer or practically no side effects. This virtual
explosion of interest in fruit and vegetable peels as a
source of medicinal and nutritional value has led to
the present review.
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1. Introduction

Cardiovascular diseases including coronary heart
disease (heart attacks), cerebrovascular disease, raised
blood pressure (hypertension), peripheral artery disease,
rheumatic heart disease, congenital heart disease
and heart failure, diabetes mellitus (both types 1 and
2), thyroid abnormalities (broadly hypo- and hyper-
thyroidism), and cancer are among the most prevalent
diseases around the world and are responsible for a
large portion of morbidity and mortality out of health
problems overall (1-9).

A vast body of literature is available on the possible
therapeutic targets for those diseases, although many
substances are either in clinical trials or used in practice
(10-37). However, they have some major drawbacks
including their high cost and adverse effects like
cardiovascular events, cancer, aging, cardiac and
renal toxicity, and increased oxidative stress (38-51).
Oxidative stress is itself known to be a root cause for the
progression and development of the diseases mentioned
(6), and modern medicines should be designed in a way
to maintain a healthy homeostasis between oxidants
and antioxidants. As most herbal preparations are
antioxidative in nature, they improve health directly by
reducing oxidative stress (6,52,53). In fact, many herbal
extracts are known to be antiperoxidative, anti-cancer,
cardio-protective, anti-diabetic, and thyro-regulatory
in nature (3,4,54-58). However, the identification
of the plant(s) and its availability, precise chemical
composition, dose, potential use for ailment(s), precise
mechanism of action, unpredictable toxicity, and
cost are major concerns that hinder the use of herbal
preparations (59). That said, fruit and vegetable peels
have advantages over other herbal extracts, as they
are casily identifiable, commonly used by people,
rich in various bioactive compounds, and some of
their compounds have been characterized in terms
of their chemical structures and biological properties
through use of structure-activity relationships (SAR).
Additionally, peels are usually considered waste, so
they are obviously cost-effective (60-64).

Therefore, the present review has attempted to
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assess the emerging potential of fruit and vegetable
peels for use in developing new generation therapeutics.

2. Anti-peroxidative or radical-scavenging properties

Free radical production in any organism can either be
accidental or deliberate. Free radicals have increasingly
been accepted as commonplace and important
biochemical intermediates, leading to these compounds
being implicated in a large number of human diseases
including cardiovascular problems, diabetes mellitus,
cancer, thyroid disorders, and Alzheimer's disease (6).
Various fruit and vegetable peel extracts or
compounds are known to be antiperoxidative in nature
and their different in vitro or in vivo mechanism(s) have
also been reported (Table 1). The antiperoxidative or
radical-scavenging potential of the peel extracts from C.
sinensis, P. granatum, M. paradisiaca, C. vulgaris, C.
melo, and M. indica is well documented in both in vivo
and in vitro models (52,53,63-67). In fact, the current
authors have demonstrated that these peel extracts work
mainly through the direct radical scavenging of various
types of radicals in a dose-specific manner (64). Possible
mechanism(s) of their antiperoxidative potential might
be mediated via the presence of a variety of polyphenols
and flavonoids in different concentrations. Specifically,
C. sinensis was found to be an efficient scavenger for
DPPH, singlet oxygen, and various peroxyradicals. P.
granatum and M. paradisiaca were also found to be
effective against all the aforementioned radicals and
nitric oxide (NO) radicals as well, while M. indica was
found to be effective only against peroxyradicals and C.
vulgaris and C. melo were similarly found to be effective
only against singlet oxygen and peroxyradicals. All of
the aforementioned peels also have a minor influence
on enzymatic and non-enzymatic oxidative defense,
which includes catalase (CAT), superoxide dismutase
(SOD), and reduced glutathione (GSH), particularly

Table 1. Antiperoxidative potential of fruit and vegetable peels

Botanical name English name References

1. Citrus sinensis Sweet orange (64-66)

2. Citrus reticulata Mandarin (68,149)

3. Citrus paradisi Jaffa grapefruit ~ (68)

4. Musa paradisiaca Banana (52,64,65,94)

5. Citrullus vulgaris Watermelon (63,64,67)

6. Cucumis melo Melon (63,64,67)

7. Mangifera indica Mango (63,64,67,150,151)
8. Punica granatum Pomegranate (52,64,65,99,135)

Nl

. Passiflora liguralis

Sweet granadilla

(153)

10. Legenaria siceraria Bottle gourd (62)

11. Solanum melongena L.  Brinjal (73,74)

12. Solanum tuberosam Potato (75,76)

13. Capsicum annuum L. Sweet pepper (74)

14. Cydonia vulgaris Quince (154)

15. Pyrus malus Apple (60,71,133)
16. Pyrus pashia Pear (60,71)

17. Prunus persica Peaches (71)

in the event of disease (53,66). Other citrus fruit peels
including C. reticulata and C. paradisi are also known
to have an antiperoxidative effect (68,69). Similarly,
extracts of P. liguralis peels are reported to have
considerable antioxidant activity, as represented by the
trolox equivalent antioxidant capacity (TEAC) value,
due to the presence of various antioxidative bioactive
compounds, certainly indicating the importance of this
peel as an alternative source of bioactive compounds
(70). Peach, pear, and apple peels are also reported to
have antioxidative potential according to various in vitro
methods such as total radical-trapping antioxidative
potential (TRAP) values, which also correlate with their
polyphenolic content. Peels of those fruits have also been
found to be antiperoxidative in hypercholesterolemic
diet-fed animals (71). Pears and apples were further
characterized by beta-carotene bleaching and NO and
DPPH radical-scavenging potential (60). Peels from Red
grape marc have also been found to be a radical quencher
according to a beta-carotene bleaching assay (72).
Solanum melongena is known to contain very strong
antioxidants, including nasunin, and its antioxidative
potential has been demonstrated using electron spin
resonance spectrometric analysis, 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO), spin trapping, hydroxyl
(+OH) or superoxide anion radicals (O”") generated by
a Fenton reaction, and hypoxanthine-xanthine oxidase
systems (73). Both S. melongena L. and C. annuum L.
peels are also reported to have in vitro antiperoxidative
potential due to the presence of some other strong
antioxidant compounds (74). Solanum tuberosum peel
extract has also been found to have an antioxidative
effect on erythrocytes and in rats with streptozotocin-
induced diabetes (75,76). Jaffa grapefruit peels have been
evaluated in DPPH and beta-carotene linoleate model
systems and have been found to be radical scavengers
in vitro (77). The peel extract of L. siceraria has also
recently been reported to have antiperoxidative potential
in both in vitro and in vivo studies; in vitro analysis
demonstrated that this peel extract not only quenches
DPPH radicals but also lowers hepatic lipid peroxidation
values induced by CCl, and H,0O, (62). A parallel in vivo
study on normal healthy and hyperthyroid mice further
confirmed its antioxidative efficacy (62).

3. Cardiovascular protective effect

Many flavonoids and their glycosides present in herbal
extracts are known for their cardiovascular regulatory
properties (Table 2) and many are abundantly available
in fruit and/or vegetable peels including rutin,
isoquercetin, narirutin, narcissin, quercetin, kaempferol,
luteolin, and apigenin are known to have a vasodilatory
and hypotensive effect (78-80). Some of the flavonoids,
such as quercetin and quercetin glycosides, are reported
to have lipid-lowering and anti-atherosclerotic activity
(79,81-83). In fact, hesperidin and naringin, both citrus
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Table 2. Fruit and vegetable peels known for their
cardiovascular effect

Table 3. Anti-diabetic or gluco-regulatory potential of
fruit and vegetable peels

Botanical name English name References Botanical name English name References

1. Citrus sinensis Sweet orange (52) 1. Citrus sinensis Sweet orange (65-67,119)
2. Citrus reticulata Mandarin (84) 2. Punica granatum Pomegranate (65,67)

3. Musa paradisiaca Banana (52) 3. Mangifera indica Mango (63)

4. Citrullus vulgaris Watermelon (65,118) 4. Citrullus vulgaris Watermelon (63)

5. Cucumis melo Melon (65) 5. Solanum tuberosum Potato (75)

6. Mangifera indica Mango (52,115) 6. Legenaria siceraria Bottle gourd (62)

7. Punica granatum Pomegranate (52)

8. Citrus paradisi Jaffa grapefruit (77)

9. Pyrus malus Apple (60,71) and naringin (88-92). In M. paradisiaca, dopamine
10. Pyrus pashia Pear (60,71) : o

11, Prunus persica Peaches (60) seems to be responsible as it is known to have strong

bioflavonoids also present in citrus fruit peels, exhibit
biological and pharmacological properties, such as
anti-inflammatory, lipid-lowering, and antioxidative
behavior; all are related to cardiovascular health (84,85).

The mechanism(s) of the aforementioned effects
may be explained by the fact that oxidative modification
of low-density lipoproteins (LDL) by free radicals is
an early event in the pathogenesis of atherosclerosis.
The rapid uptake of oxidatively modified LDL via
a scavenger receptor leads to the formation of foam
cells. Oxidized LDL also has a number of other
atherogenic properties. A number of mechanisms are
likely to contribute to inhibition of LDL oxidation
by flavonoids. Flavonoids may directly scavenge
some radical species by acting as chain-breaking
antioxidants (86). In addition, they may recycle other
chain-breaking antioxidants such as a-tocopherol by
donating a hydrogen atom to the tocopheryl radical (87).
Transition metals such as iron and copper are important
pro-oxidants, and some flavonoids can chelate divalent
metal ions, hence preventing free radical formation.

A detailed in vivo study of C. sinensis, P. granatum,
M. paradisiaca, C. vulgaris, C. melo, and M. indica
peels in a diet-induced animal model of atherosclerosis
revealed the anti-atherogenic potential of extracts. The
study also revealed their direct benefit of maintaining
cardiovascular health by positively influencing serum
lipids (including total cholesterol, triglycerides, LDL-
cholesterol, and VLDL-cholesterol), the atherogenic
index, glucose, tissue lipid peroxidation, the serum level
of creatinine kinase-MB enzyme, and histopathological
alterations (52,67). The possible reasons for this
beneficial role correlated with the presence of a variety of
total flavonoids, phenolic compounds, and ascorbic acid
content of the peel extracts (66,67). The aforementioned
fruit peels are specifically known to contain various
bioactive compounds that are already known for
their cardiovascular or related benefits, including
antiperoxidative, anti-inflammatory, and cardioprotective
action. In brief, the protective effect of C. sinensis peels
might be due to the presence of polymethoxylated
flavones, C-glycosylated flavones, O-glycosylated
flavones, flavonols, phenolic acids, nobiletin, hesperidin,

antiperoxidative properties that are known to be
associated with the amelioration of cardiovascular
problem(s) (6,93-97). In P. granatum, some compounds
are already known for their antiperoxidative and anti-
inflammatory properties, including oleanolic, ursolic, and
gallic acids, punicalagin, ellagitannin, ellagic acid, and
catechin (98-107). Similarly, the anti-atherogenic activity
of the peel extract of M. indica could be the result of the
action of its rich polyphenolic content. Q 3-galactoside,
Q 3-glucoside, and Q 3-arabinoside, gallic acid, and
mangiferin are reported to have an antioxidative, anti-
inflammatory, and cardioprotective role (108-115). The
protective activity of C. vulgaris and C. melo peels
mainly relates to their high content of citrulline, an
essential amino acid that helps in nitric oxide synthesis
that, in turn, enhances vasodilatation (116-118). Peels
from Jaffa grapefruit (C. paradisi), pears, peaches,
and apples were also evaluated for their possible
cardiovascular benefits in hypercholesterolemic diet-
fed animals. These peels increased plasma antioxidant
capacity and improved plasma levels of different lipids.
Further correlation studies revealed that the observed
benefits of these peels might be mediated via the
presence of total flavonoids, phenolics, phenolic acids,
and dietary fiber at various levels of correlation (77).

4. Antidiabetic or gluco-regulatory potential of fruit
and vegetable peels

Dietary antioxidant compounds such as bio-flavonoids
may offer some protection against the early stage of
diabetes mellitus and the development of complications
(Table 3). Available reports describe the known
mechanism(s) of bioflavonoids that are present in
peels, such as hesperidin and naringin as are present
in citrus fruit peels. These peels play an antidiabetic
role in C57BL/KsJ-db/db mice via regulation of gluco-
regulatory enzymes i.e., they decrease the activity
of glucose-6-phosphatase and phosphoenol pyruvate
with a concomitant increase in the activity of hepatic
glucokinase, increased hepatic glycogen content, and
increased serum insulin along with a decrease in serum
glucose concentrations (80).

C. sinensis and P. granatum peel extracts have
also been found to be thyroid-stimulating in nature
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when evaluated in normal healthy animals (65).
Their antidiabetic potential was further confirmed
by the experimentation using alloxan induced
diabetes mellitus, hypercholesterolemic diet fed,
and hyperthyroid animal models of study, which
indentified the mechanism for the observed effects of
C. sinensis peels and suggested that the antidiabetic
potential of this peel extract might be mediated via
antiperoxidation, a-amylase enzyme activity inhibition
that is responsible for the conversion of complex
carbohydrates to glucose, increased hepatic glycogen
content, insulin-stimulating activity, and repair of
secretory defects in B-cells (53). Inhibition of a-amylase
enzyme activity by Citrus sinensis peel extract was
also reported by other authors (119). P. granatum
is suggested to have intrinsic antiperoxidative and
hypoglycemic properties that may be attributed to some
of its bioactive compounds, including oleanolic, ursolic,
and gallic acids, punicalagin, ellagitannin, ellagic
acid, and catechin (98-107). This protective effect was
further correlated with the total phenolic and flavonoid
compound content in the peels (53). However, M.
indica and C. vulgaris have displayed neither any
intrinsic hypoglycemic potential nor any antidiabetic
potential in diabetic models (data not shown) but have
been found to produce hypoglycemia in hyperlipidemia-
induced diabetes (67). Therefore, these peel extracts
may work via gluconeogenesis or glycogenolysis
or glucose uptake in hypercholesterolemic animals.
Therefore, it seems that these peels may be beneficial
in obesity induced type 2 diabetic condition or in
metabolic syndrome. Antidiabetic role of potato or S.
tuberosum peels against streptozotocin induced diabetic
model was also reported where, reversal in almost all
the diabetic changes including serum glucose, body
weight, polydipsia, polyuria, elevated activity of serum
transaminases (ALT and AST) and hepatic MDA
levels, and reduced glutathione (GSH) was observed
(75). However, the plausible mechanism for this
antidiabetic effect has not been completely elucidated
but antiperoxidative potential was presumably a major
contributing factor to the effect observed. Similarly,
the peel extract of L. siceraria has been found to cause
hypoglycemia in normal healthy and hyperthyroid
mice. The hypoglycemic potential observed might be
the outcome of thyroid and glucose-6-phosphatase
inhibitory activity of the peel extract (62).

Table 4. Influence of fruit and vegetable peels on thyroid status

5. Thyro-regulatory potential

Some plant compounds are already known to influence
the thyroid hormone homeostasis at various levels,
including that of binding of TSH-receptor, thyroid-iodide
transport and conversion of T, to T, (120). However, few
reports (Table 4) have demonstrated the thyro-regulatory
potential of fruit and vegetable peels (52,53,62-67).
Peels from C. sinensis and M. paradisiaca have been
found to inhibit the thyroid. Where, reduction in both
the thyroid hormones was observed, in response to
either of the peel extract. Therefore, it was suggested
that both C. sinensis and M. paradisiaca might be
inhibiting thyroid hormones not only at glandular level,
but also at the level of peripheral conversion of T, to Tj.
The antithyroidal role of C. sinensis might be mediated
through the inhibition of thyroid peroxidase (TPO);
the key enzyme in thyroid hormone biosynthesis, as
it contains the phenolic compound naringin which
inhibits the activity of TPO (121-123). Similarly, the
antithyroidal role of M. paradisiaca might be mediated
by its high dopamine content, which is already known to
inhibit the thyroid as previously indicated (94,124,125).

The peel extracts of M. indica, C. vulgaris, and C.
Melo were found to be thyro-stimulatory in nature. This
thyroid stimulatory nature was further confirmed by a
study of rats with chemically-induced hypothyroidism
in which the administration of test peel extracts
restored the serum levels of two thyroid hormones
to normal in hypothyroid animals (63). These results
clearly demonstrated the role the aforementioned
peel extracts had in ameliorating hypothyroidism.
An increased level of both thyroid hormones T; and
T, demonstrated the thyroid stimulatory potential of
these peel extracts on both the glandular level (the only
source for T, synthesis) and at the level of peripheral
monodeiodination of T,, the main source of T;.

Thus far, the mechanism for the effect(s)
observed may relate to the presence of various small
polyphenolic molecules that might play a major role in
thyroid stimulatory activity, as they are already reported
to influence thyroid hormone metabolism at genomic
level. For instance, they increase the activity of the type
2 iodothyronine deiodinase gene (126). Secondly, other
mechanisms are also possible, such as TPO stimulation,
enhanced glandular functionality, and 5'-deiodinase
activity, and could not be ruled out by these studies.

Botanical name English name Nature References
1. Citrus sinensis Sweet orange Thyroid-inhibiting (65,66)

2. Musa paradisiaca Banana Thyroid-inhibiting (65)

3. Legenaria siceraria Bottle gourd Thyroid-inhibiting (62)

4. Citrullus vulgaris Watermelon Thyroid-stimulating (63)

5. Cucumis melo Melon Thyroid-stimulating (64)

6. Mangifera indica Mango Thyroid-stimulating (63)
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6. Anticancer potential

Cancer is one of the most devastating diseases for which
various remedies have been reported, but development of
suitable therapeutics to treat this disease is still a major
challenge for biomedical professionals. In the search
for novel therapies and exploration of hitherto unknown
compounds with anticancer potential, some reports
have described herbal preparations including fruit and
vegetable peels (Table 5) (127-132). A few important
biochemical in vitro studies using different cancer cell
lines and in vivo studies have revealed the potential some
fruit peels have to combat variety of cancers, including
cancer of the liver, colon, breast, and lung. Peels from
different varieties of apples (Rome Beauty, Idared,
Cortland, and Golden Delicious) are reported to have
an antiproliferative effect (130). Golden delicious apple
peels have been reported to inhibit the cell proliferation
of HepG2 human liver cancer cells and MCF-7 human
breast cancer cells (133). Some of the active principles
present in these peels, such as quercetin and quercetin-
3-O-beta-D-glucopyranoside, have been found to be
responsible for the anticancer activity observed (130,134).
The anticancer effect(s) observed might be mediated via
inhibition of NF-kappa B activation (131). Some of the
triterpenoids are also present in apple peels, including
2 alpha-hydroxyursolic acid, 2 alpha-hydroxy-3
beta-{[(2E)-3-phenyl-1-0x0-2-propenyl]oxy}olean-
12-en-28-o0ic acid, 3 beta-trans-p-coumaroyloxy-2
alpha-hydroxyolean-12-en-28-oic acid, and 2 alpha-
hydroxyursolic acid, and are known to possess anticancer
potential via the inhibition of NF-kappa B activation
(134). Similarly, peels of Punica granatum are also
thought to have an anticancer effect in inflammation-
associated cancers (135). Different Citrus varieties
including C. reticulata, C. unshiu, and C. natsudaidai are
known to prevent tumorigenesis (136,137). C. reticulata
peels have displayed potent tumor-suppressing activity
in SNU-C4 human colon cancer cells; the mechanism
for this is believed to be via the up-regulation of the pro-
apoptotic gene Bax and apoptotic gene caspase-3 along
with a concomitant decrease in the expression of the anti-
apoptotic gene bcl-2 (138).

The peel extract of C. natsudaidai has also
been demonstrated to act on tumors in B-16 mouse

melanoma and human lung carcinoma cells; it is
theorized to contain hydrophobic antitumor compounds
(137). In fact, 78 species of the genus Citrus are known
to inhibit the Epstein-Barr virus early antigen (EBV-
EA) activation (responsible for some cancers, including
Burkitt's lymphoma) induced by 12-O-tetradeca-
noylphorbol 13-acetate (TPA); this serves as a useful
screening method for anti-tumor promoters and further
underscores the importance of peels in the development
of potential anti-tumor therapies (139).

Isolated fractions of D. kaki (persimmon) peels
have potent cytotoxic activity against human oral
squamous cell carcinoma cells (HSC-2) and human sub-
mandibular gland tumor (HSG) cells (140). Interestingly,
these fractions also had activity to reverse multiple
drug resistance (MDR), further encouraging research
on persimmon peels in the prevention and treatment
of cancers as MDR is a frequently occurring event in
most of the available cancer therapies (140). Similarly,
cytotoxic and MDR reversal activity were also reported
in response to treatment with Feijoa peel extract (141).

7. Active principles available in peels and their
potential health benefits

Various compounds are present in both vegetable and
fruit peels and are known for their different biological
activities; these compounds are thought to be the active
principles in these peels (Table 6). Different species
of S. melongena contain various anthocyanins such
as delphinidin 3-(p-coumaroylrutinoside)-5-glucoside
(nasunin), delphinidin 3-rutinoside, delphinidin
3-glucoside, and petunidin 3-(p-coumaroylrutinoside)-
5-glucoside (petunidin 3RGe5G). These compounds
are all reported to have a varying degree of radical-
scavenging potential. Delphinidin 3RGcaf5G is reported
to have the highest level of radical-scavenging activity
in 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical and
linoleic acid radical systems, followed by nasunin and
petunidin 3RGc5G, in that order (73,142). Interestingly,
an ex Vivo angiogenesis assay using a rat aortic ring
revealed the antiangiogenic and antioxidative potential of
nasunin (78). Similarly, delphinidin-3-rutinoside from S.
melongena and delphinidin-3-trans-coumaroylrutinoside-
5-glucoside from C. annuum L. are also reported to

Table 5. Fruit and vegetable peels known for their anticancer efficacy

Botanical name English name References

1. Pyrus malus Apple (130,131,133,134)
2. Punica granatum Pomegranat (135)

3. Solanum lycopersicum Tomato (155)

4. Citrus reticulata blanco Mandarin orange (138)

5. Citrus unshiu Mikan (136,137)

6. Citri Reticulatae Viride Green Tangerine Orange (136,137)

7. Citrus natsudaidai Japanese summer grape fruit (137)

8. Diospyros kaki Persimmon (140)

9. Feijoa sellowiana Feijoa (141)
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Table 6. Active principles isolated from fruit and/or vegetable peels and known for their various biological properties

Name Source

Biological activity References

1. Different varieties of delphinidin anthocyanins,
delphinidin-3-rutinoside, nasunin

Solanum melongena

Antioxidant (73,74,78,142)

2. Flavonoids including quercetin-3-O-beta-D- Pyrus malus Anticancer (61,130,134)
glucopyranoside, quercetin-3-O-beta-p-galactopyranoside,
quercetin, (—)-catechin, (—)-epicatechin, quercetin-3-O-
alpha-L-arabinofuranoside, 2 alpha-hydroxyursolic acid
3. Various triterpenoids including ursolic acid, 3 beta-trans- Pyrus malus Antioxidant (61,130,134)
p-coumaroyloxy-2 alpha-hydroxyolean-12-en-28-oic acid,
(—)-epicatechin, procyanidin B2, chlorogenic acid, and
catechins and flavonol glycosides, especially rutin
4. Epicatechin, gallic, and p-coumaric acids Diospyros kaki Antiatherosclerotic (143)
Pyrus malus
5. Caffeic, p-coumaric, and ferulic acids Pyrus malus Lipid lowering (144,148)
Pyrus pashia
Prunus persica
6. Mangiferin, penta-O-galloyl-glucoside, gallic acid, methyl Mangifera indica L. Antioxidant (150,151)
gallate, quercetin O-glycosides, kaempferol O-glycoside,
xanthone C-glycosides, mangiferin, isomangiferin,
gallotannins
7. Resorcinols including 5-(11'Z-Heptadecenyl)-resorcinol, Mangifera indica L. Anti-inflammatory (152)
5-(8'Z, 11'Z-Heptadecadienyl)-resorcinol
8. Fatty acid esters of hydroxybenzoic acid, fatty acid esters Cydonia vulgaris Antioxidant (154)
of hydroxybenzaldehyde, glucosides of aromatic acids,
chlorogenic acids, flavonols, and benzylamine
9. Xyloglucan (carbohydrate) Passiflora liguralis Antioxidant
10. Flavanon glycosides hesperidin and naringin aglycones Some Citrus fruits Antioxidant (144,148)
hesperetin and naringenin
5-Hydroxy-3,6,7,8,3',4'-hexamethoxyflavone Citrus sinensis Anticancer (136,145)
11. Cyclonatsudamine A Citrus natsudaidai Vasodilatation (146)
12. Naringin, naringenin, hesperidin, hesperetin, rutin, Some Citrus fruit peels NO radical inhibition (149)
nobiletin, and tangeretin
13. Delphinidin-3-trans-coumaroylrutinoside-5-glucoside Capsicum annuum L. Antioxidant (74)
14. Lycopene and carotenoids Solanum lycopersicum Cancer prevention (155)

15. Hesperidin

16. Auraptene and umbelliferone

Citrus unshiu

Citrus natsudaidai

Decreased plasma triglycerides (148)

Anticancer (136)

be antiperoxidative according to two different in vitro
antioxidant capacity assessment assays (74). Similarly,
apple peels contain a number of major flavonoids,
including quercetin-3-O-beta-D-glucopyranoside,
quercetin-3-O-beta-D-galactopyranoside, and trace
amounts of quercetin, (—)-catechin, (—)-epicatechin,
and quercetin-3-O-alpha-L-arabinofuranoside (130).
Among the compounds isolated, quercetin and quercetin-
3-O-beta-D-glucopyranoside had potent antioxidative
and antiproliferative activity against HepG2 (liver)
and MCF-7 (breast) cancer cells, while caffeic acid,
quercetin, and quercetin-3-O-beta-D-arabinofuranoside,
all phenolic compounds, also had antioxidant activity

(134). Interestingly, most of the flavonoids and phenolic
compounds tested were found to be stronger antioxidants
when compared to ascorbic acid and might be directly
responsible for the antioxidative and antiproliferative
activity of apple peels. The presence of triterpenoids,
including 2 alpha-hydroxyursolic acid and ursolic acid,
in apple peels also makes them a potent cytotoxic or
anticancer agent, as evidenced by their inhibitory activity
against four tumor cell lines (HL-60, BGC, Bel-7402, and
Hela) (61). These compounds have anticancer activity
via inhibition of NF-kappa B activation. Interestingly,
structure-activity relationships (SAR) revealed that
these triterpenes possess two hydrogen bond-forming
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groups (an H-donor and a carbonyl group) at positions
3 and 28 with cytotoxic activity. The configuration at
C-3 was found to be important for anticancer activity,
as introduction of an amino group was found to greatly
increase cytotoxicity. Other evidence has also confirmed
the importance of the C-3 and 28 positions, e.g. a 3 beta-
amino derivative had 20 times the potency of its parent
ursolic acid and 28-aminoalkyl dimer compounds had
selective cytotoxicity (61).

The peels of persimmons and apples have also been
recommended as part of an antiatherosclerotic diet due
to their rich amounts of total, soluble, and insoluble
dietary fiber, total phenols, epicatechin, and gallic and
p-coumaric acids along with concentrations of Na, K,
Mg, Ca, Fe, and Mn (143).

The different active components isolated from citrus
fruit peels are also known for their various health benefits
and disease protection, including antiperoxidative and
anticancer activity, vasodilatation, decreased serum
triglycerides, and improved cardiovascular health
(144-148). Caffeic acid, p-coumaric acid, ferulic acid,
and p-hydroxybenzoic acid isolated from C. unshiu Marc.
peels had antioxidative or radical-scavenging properties
as represented by trolox equivalent antioxidant capacity
(TEAC) values. Similarly, hesperidin isolated from the
same citrus variety was found to decrease the level of
serum triglycerides (144,148). A polymethoxyflavone
compound, 5-hydroxy-3,6,7,8,3',4'-hexamethoxyflavone
(5-OH-HxXMF), from the sweet orange (C. sinensis) is
found exclusively in the Citrus genus and known for its
anticancer and anti-inflammatory potential according to
12-O-tetradecanoylphorbol-13-acetate (TPA)-induced
expression of inducible nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2), which lead to tumor
progression, in mouse skin (145). Pre-treatment with a
topical application of 5-OH-HxMF has been found to
inhibit the TPA-induced nuclear translocation of nuclear
factor-kappa B (NF-kappa B) subunit and DNA binding
by blocking phosphorylation of inhibitor kappa B
(IkappaB) alpha and p65 and subsequent degradation of
IkappaB alpha (145). Another study also suggested the
potential of OH-HXxMF to inhibit 7,12-dimethylbenz[a]
anthracene/TPA-induced skin tumor formation, as
evidenced by a reduction in tumor incidence and tumor
multiplicity of papillomas at 20 weeks (136). Because of
its anti-inflammatory and anti-tumor properties, 5-OH-
HxMF may prove to be a novel functional agent to
prevent inflammation-associated tumorigenesis (145).
A novel compound, cyclonatsudamine A, was isolated
from C. natsudaidai and evaluated for its vasodilatory
potential in a rat aorta model with norepinephrine-
induced contractions. The mechanism of vasodilatation
was presumably mediated by increased NO release from
endothelial cells (146).

In fact, some citrus fruit peel extracts have been
reported to have varying degrees of NO radical-
scavenging activity, and these levels have been further

correlated with the content of some flavonoids, including
naringin, naringenin, hesperidin, hesperetin, rutin,
nobiletin, and tangeretin (149). M. indica peels contain
compounds such as quercetin O-glycosides, kaempferol
O-glycoside, xanthone C-glycosides, mangiferin, and
isomangiferin that may serve as natural antioxidants or
functional food ingredients (150). Other components,
including mangiferin, penta-O-galloyl-glucoside,
gallic acid, and methyl gallate, are already reported to
scavenge DPPH radicals, suggesting radical-scavenging
activity (151). Similarly, two other compounds,
5-(11'Z-heptadecenyl)-resorcinol and 5-(8'Z,11'Z-
heptadecadienyl)-resorcinol, are also reported to exhibit
potent cyclooxygenase-1 (COX-1) and COX-2 inhibitory
activity (152). Understanding structure-activity
relationships revealed that the degree of unsaturation in
the alkyl chain plays a key role in this COX inhibitory
activity (152). In a TEAC assay system, an unknown
polysaccharide xyloglucan from Passiflora liguralis
or granadilla fruit peels was also reported to have
antioxidative potential (153). Reports on assessing the
capacity to scavenge the 2,2'-diphenyl-1-picrylhydrazyl
(DPPH) radical and anion superoxide radical and to
induce the reduction of Mo(VI) to Mo(V) indicated that
various chlorogenic acids and the flavonols isolated
from the peels of Cydonia vulgaris have antioxidative
and radical-scavenging properties greater than those
of alpha-tocopherol and ascorbic acid (154). Tomato
consumption is associated with a lower incidence of
upper aerodigestive tract and prostate cancers due to
presence of carotenoids, lycopene, and/or beta-carotene,
but interestingly the content of these compounds is
higher in peels than in other parts of the fruit (155). In
fact, an in vitro digestion model using human intestinal
cells (Caco-2) revealed that tomato paste enriched with
6% peel increased lycopene absorption into intestinal
cells 75% and beta-carotene absorption 41%, clearly
demonstrating the important role that active principles
present in peels might play in cancer prevention (155).

8. Future scenario

Reviewing all of the findings on fruit and vegetable
peels leads to the conclusion that fruit and vegetable
peels have immense potential as novel and promising
therapies against the most prevalent diseases, i.e.,
cardiovascular problems, diabetes mellitus, thyroid
abnormalities, and various cancers.

Interestingly, most peels are considered to be waste
and are believed to adversely affect the cleanliness
of urban areas, so their utilization in pharma or
nutraceuticals will certainly offer the potential for cost-
effective new generation therapeutics and also enhance
the value of fruits and vegetables. As oxidative stress is
one of the major factors responsible for various diseases
and tissue damage, the presence of strong antioxidants
in peels suggests a reduced likelihood of potential drug
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toxicity or adverse drug reaction(s). However, well
planned pre-clinical studies exploring toxicity and
efficacy evaluations that provide an understanding of
molecular pathways of the biological effects observed are
still needed before any clinical trials can be conducted.

Based on the available literature, evidence, and
first-hand experience working in this field, the current
authors are quite optimistic that the path from fruit and
vegetable peels used in the laboratory to peels available
on the market will only take a few more years; soon,
they may serve as new generation therapeutics to treat
cancer, cardiovascular diseases, diabetes mellitus and
thyroid abnormalities.
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ABSTRACT: Aqueous solution of 0.1-2 M arginine
at mildly acidic to neutral pH is widely used in
biotechnology and protein research, including
protein refolding, purification, and formulation.
This is largely because of its ability to suppress
non-specific protein-protein and protein-surface
interactions. Here we propose potential applications
of arginine in interaction analysis for proteins. One
of the important goals of such analysis is discovery of
small molecule antagonistic or agonistic ligands that
bind to target proteins and thereby modulate their
function. Such research is often hampered by the
low solubility of the small molecules, the instability
of target proteins and the non-specific protein-ligand
interactions. Aqueous arginine solution increases
the solubility of small molecules, which should give
an alternative to conventional dissolution method
of small molecules by organic solvents. Arginine
may also directly impact on the analysis of protein-
protein or protein-ligand interactions by suppressing
weak non-specific interactions.

Keywords: Small molecule, solubility, arginine,
interaction analysis, aggregation suppression

1. Introduction

One of the important goals of protein-ligand interaction
studies is discovery of novel small molecule ligands that
bind to the target proteins and affect their functions (1).
Such small molecules should help understand in vitro
and in vivo functional roles of the proteins and may be
developed as a therapeutic drug. A major problem in the
analysis of ligand-protein interaction is a poor aqueous
solubility of small molecules, instability of target

*Address correspondence to:
Dr. Tsutomu Arakawa, Alliance Protein Laboratories,
3957 Corte Cancion, Thousand Oaks, CA 91360, USA.
e-mail: tarakawa2@aol.com

proteins and non-specific ligand-protein interactions.
There have been a number of studies to increase the
solubility of small molecule drug substances, €.g.,
micronization (2), generation of crystalline formulation
(3), salt form with hydrophilic counterions (4), or
formulation with delivery vehicles (5-7). Solvent
additives, such as arginine, have also been used to
enhance the solubility of the drug substances that had
been formulated with cyclodextrins (8,9).

Aqueous solution of 0.1-2 M arginine at mildly
acidic to neutral pH is widely used in biotechnology
field and protein research, including protein refolding,
purification and formulation (10-16). While arginine
is not a protein stabilizer, it suppresses aggregation
of proteins and non-specific interaction of proteins
with chromatographic resins (17-21). In addition,
arginine has been observed to increase the solubility
of small molecules (22-24). In this review we wish
to propose that arginine may prevent non-specific
interactions between the small molecules and proteins
and aggregation of the target proteins during interaction
analysis, and thereby find applications in the drug
discovery research.

2. Effects of arginine on small molecules

There is no systematic study of the effects of arginine
on the solubility of small molecules and hence we
summarize below the data mostly from our laboratories.
Coumarin is used as an anti-coagulant and has a
poor aqueous solubility (25,26). It is a small organic
compound with a molecular weight of 146.15 and
contains an aromatic ring structure (see Figure 1 for
chemical structure). Figure 2 plots the solubility of
coumarin as a function of additive concentration in
50 mM citrate-phosphate buffer, pH 7.5. It is evident
that arginine and guanidine hydrochloride (GdnHCI)
increase the coumarin solubility concentration-
dependently to a similar degree. Arginine as well as
GdnHCI at 1.0 M increased the coumarin solubility by
about 2-fold. Considering the non-denaturing property
of arginine and its safety, 1.0 M arginine should be a

www.ddtjournal.com



327 Drug Discoveries & Therapeutics. 2010; 4(5):326-333.

L
o] e}
Coumarin

OH
m@ﬁr
O..
HO R
o]

Alkyl (R)-Gallate

oH
N, O,
,N:/Hf CH, YﬂOH
H,C OH

Caffeine Caffeic Acid
o
H CH,
N 3
HN
Ay
o
N OH
HNT N N g \[— HCsg
Naproxen

Acycloguanosine

Figure 1. Chemical structure of small molecule drug
substances.

Coumarin
24 T T T T

4 GdnHCI

20

16

124

8 L aCI

| | ] ]
00 02 04 06 08 10

Solubility of coumarin (mM)

Concentration (M)

Figure 2. Solubility of coumarin in 50 mM citrate-
phosphate buffer at pH 7.5. Closed circles, arginine; Open
circles, GdnHCI; Closed squares, NH,SCN; Open squares,
urea; Closed triangles, proline; Open triangles, glycine;
Closed inverse triangles, NaCl. The excess amounts of
powder of coumarin were added into the stock aqueous
additive solutions. Coumarin solutions were boiled at 100°C
for 30 min, followed by incubation at 25°C for 2 h. After the
incubation, the samples were centrifuged at 15,000 x g for
20 min at 20°C. The supernatants of the sample were diluted
20-fold with distilled water, and then the concentrations
of soluble coumarin in the supernatant were measured by
absorbance at 278 nm. Reformatted from ref. 23.

better additive, as GdnHCI may denature or destabilize
the proteins when used in the interaction analysis. As
shown in Figure 2, protein folding assisting osmolyte,
proline (27), has essentially no effect on coumarin
solubility at any concentration up to 1 M. Urea, a
protein denaturant, is significantly less effective than
GdnHCI at the same concentration, consistent with its
weaker denaturing potency for proteins (28). Figure 2

also shows that another osmolyte, glycine, decreases
the coumarin solubility. Other amino acids tested, i.e.,
alanine, serine, and lysine, also decreased the coumarin
solubility (data not shown). These four amino acids
are similar, within experimental errors, to each other,
decreasing the coumarin solubility by about 0.7-0.8-
fold (data not shown). It is interesting to point out that
a basic amino acid, lysine, decreased the coumarin
solubility, in contrast to the effect of basic arginine.
This demonstrates that the basic nature is not the factor
responsible for the observed effectiveness of arginine.
Conversely, thiocyantates, salting-in salts, effectively
increased the coumarin solubility (see Figure 2 for
ammonium thiocyanate), ammonium salt being more
effective than sodium salt (data not shown), consistent
with their salting-in effects on proteins (29-31). Iodide
salts were also slightly effective, with the magnitude
similar to the effect observed for urea (data not shown).
All the salting-out salts tested, i.e., sulfate salts and
chloride salts, decreased the coumarin solubility (data
not shown), consistent with their known effects on
protein solubility (29-31). Sulfate salts were most
effective, consistent with the Hofmeister series of salts
(32,33). Within the group of chloride salts, the salting-
out effect increased in the order of NH, < K ~ Li < Na.
Gallic acid (3,4,5-trihydroxybenzoic acid) is
obtained from nutgalls or other plants and fruits or by
alkaline or acid hydrolysis of the tannins (see Figure
1 for chemical structure of alkyl-gallates) (34-36).
Some of gallate derivatives have been extensively
characterized in terms of physiological activities and
cytotoxicities (34-42). Gallates are used as antioxidants
in fats and oils and also used in cosmetics and, as food
additives, in shortening, baked goods, candy and dried
milk (43). Solubility of four different alkyl-gallates, i.e.,
methyl-, ethy-, propyl-, and butyl-gallate, was measured
in water as a function of arginine concentration and, for
comparison, lysine concentration (Hirano A, Kameda
T, Arakawa T, Shiraki K, unpublished results). Figure 3
plots the solubility ratio of these gallate derivatives as
a function of arginine or lysine concentration. Arginine
increased the solubility ratio of all 4 alkyl-gallates
concentration-dependently (four closed symbols). It
appears that the solubility enhancement by arginine
is higher for more water-soluble methyl- and ethyl-
gallate than the less soluble propyl- and butyl-gallate.
As the alkyl-chain length increases in this order (i.e.,
from methyl to butyl), the above results suggest that
the solubility-enhancing effect of arginine is reduced
with the increasing proportion of alkyl-chain length in
the gallate-derivatives. In other words, arginine appears
to interact with the aromatic structure in the gallates,
leading to the enhanced solubility more effectively for
shorter chain gallates, as has been observed (44,45).
Conversely, the solubility-enhancing effect of lysine
is marginal (four open symbols). Lysine increased the
solubility of methyl- and ethyl-gallate only slightly, at

www.ddtjournal.com



Drug Discoveries & Therapeutics. 2010; 4(5):326-333. 328

most 1.3-fold at I M and was ineffective for propyl-
and butyl-gallate.

Arginine is also effective against a longer alkyl-
chain gallate, i.e., octyl-gallate, whose aqueous
solubility is only ~ 0.072 mg/mL. The solubility
increased by about 1.6- and 2.2-fold by the addition of
0.5 and 1 M arginine. On the contrary, NaCl decreased
the solubility by ~ 30 and 50% at 0.5 and 1 M.

Hot water extracts of coffee exhibit strong antiviral
and virucidal activities (46). Caffeine and caffeic
acid are the components of coffee, which both also
exhibit antiviral activities (46-49). Caffeic acid plays
a role as an antioxidant (50,51) and exhibits various
pharmacological activities as well as antiviral activities
(46,52-54). Different from the compounds described
above, caffeic acid is a weak acid (see Figure 1) and
hence its solubility is not only solvent-dependent, but
also pH-dependent. The deprotonated, charged state of
caffeic acid is much more soluble than the protonated,
uncharged state. Thus, the effects of 1 and 2 M arginine
were examined in the pH range where the caffeic acid
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Figure 3. Solubility of alkyl gallates in aqueous lysine
and arginine solutions. Ratio of the gallate solubility in
the presence of additive to that in water is plotted. Closed
symbols, solubility in aqueous arginine solutions; Open
symbols, solubility in aqueous lysine solutions; Circle,
methyl-gallate; Square, ethyl-gallate; Triangle, propyl-gallate;
Diamond, butyl-gallate. Methyl-, ethyl-, propyl-, and butyl-
galltes were dried in desiccators. Dried alkyl-galltes were
transferred into test tubes, to which 0.5 mL of water or amino
acid solutions were added. The suspension was heated
at 40°C for 1 h with frequent vortex mixing, resulting in
complete resolution of the gallate powders. The solution was
then incubated at 25°C for 3 days with frequent vortex mixing,
resulting in precipitation. The suspension was centrifuged
at 25°C and 16,000 x g to obtain supernatant saturated with
alkyl-gallate. After appropriate dilution with water, the
absorbance of the supernatant was spectrophotometrically
determined at 271 nm. The absorbance value was converted
to the concentration based on the standard curve determined
for each alkyl-gallate. The solubility thus determined was
an average of triplicate experiments and the average and
standard deviation were obtained. Reformatted from Hirano A,
Kameda T, Arakawa T, Shiraki K, unpublished results.

is mostly protonated, i.e., between pH 3.5 and 5.0. At
a given pH, 1 and 2 M arginine increased the solubility
of caffeic acid by about 5- and 10-fold (data not shown)
(Hirano A, Shiraki K, Uozaki M, Koyama AH, Arakawa
T, unpublished results). Conversely, 1 M NaCl showed
negligible effect and 2 M NaCl significantly decreased
the solubility, indicating that ionic strength of arginine
plays no major role in observed increased solubility.
On the other hand, the solubility of caffeine was not
affected by arginine (Hirano A, Shiraki K, Uozaki M,
Koyama AH, Arakawa T, unpublished results), which
may be due to its high aqueous solubility, namely, water
may already be a good solvent for caffeine.

Acycloguanosine contains a partial nucleoside
structure (see Figure 1) and is a potent antiherpetic
agent, one of the most commonly used antiviral agents
(55-57). It has a moderate aqueous solubility (1.5 mg/mL
in 50 mM phosphate, pH 7.0). As acycloguanosine is a
base (Figure 1), 50 mM phosphate was used to maintain
the pH constant. The solubility of acycloguanosine in
arginine was expressed as the solubility ratio, namely
against the solubility in buffer. The solubility ratio is
plotted in Figure 4 as a function of arginine concentration
(24). Arginine up to 0.1 M showed no effect on the
solubility of acycloguanosine, but significantly increased
its solubility above 0.5 M. The solubility increased by 1.9-
and 2.6-fold at 1 and 2 M.

We have described above that arginine by itself
increases the solubility of small molecules in aqueous
solution. The following example shows that arginine
synergizes with other solubility enhancing additives.
One of such solubility-enhancing additives uses the
compound that binds or entraps the small molecule

3.0 | | |
2.51 =

2.0 =

Solubility Ratio

o o
oo (4]

Figure 4. Solubility of acycloguanosine in aqueous arginine
solution. About 5-10 mg of acycloguanosine were weighed
into eppendolf tubes, into which 1 mL of test solvents in
50 mM phosphate, pH 7.0 was added. Such a strong buffer
was required to minimize pH changes upon dissolution of
basic acycloguanosine. The suspension was incubated at
room temperature for 1 day with frequent vortexing and then
centrifuged to separate supernatant. The supernatant was
appropriately diluted with water for absorbance measurements.
Concentration of acycloguanosine was spectrophotometrically
determined at 252 nm. Reformatted from ref. 24.
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drug. Cyclodextrin is often used as an additive for such
purpose, but has limited application in pharmaceutical
formulations due to low solubility and high molecular
weight (58), although hydroxypropyl-B-cyclodextrin
(HPC), a more water-soluble and low-cost derivative
of cyclodextrin, has been developed. Mura and co-
workers (9,59) have developed a novel system of
multicomponent solution, termed ternary system that
increases the solubility of a hydrophobic drug naproxen,
a nonsteroidal anti-inflammatory drug (see Figure 1
for chemical structure), using cyclodextrin and amino
acid, such as valine, lysine, and arginine, as solution
additives. The solubility of naproxen is pH-dependent,
due to the fact that naproxen is an acid with a carboxyl
group (Figure 1). The solubility of naproxen as a
protonated form is very low in acid (below 0.1 mg/mL)
and increases with increasing pH by about 100-fold at
neutral pH (data not shown), a similar observation for
caffeic acid. Nevertheless, the solubility is still low at
neutral pH in the absence of the additives (~ 2 mg/mL).
When HPC and arginine were combined, both additives
acted synergistically to the solubility of naproxen,
leading to a 14-fold increase over the solubility of pH
6.9 control.

3. Effects of arginine on proteins

The solubility of small molecules may be increased by
arginine. Small molecules solubilized by arginine at high
concentrations may be diluted into a solution containing
a target protein as well as other macromolecules (e.g. in
the cell-based analysis). Therefore, it is critical to know
how arginine affects the properties of the proteins. Here
we summarize our current knowledge on the effects of
arginine on proteins.

First, arginine increases the solubility of proteins.
In general, salting-in effects are difficult to measure,
compared to the salting-out effects, as most globular
proteins are highly soluble in aqueous solution. To our
knowledge, three poorly water-soluble proteins have
been used to assess the ability of arginine to increase
the solubility of protein, wheat flour gluten (22),
S-carboxymethylated lysozyme (60) and fibroblast
growth factor-20 (15). These proteins are barely soluble
in aqueous salt solutions. Arginine concentration-
dependently increased the gluten solubility up to ~
3-fold at 1-2 M (data not shown). Interestingly, the
magnitude of the increase is similar to that observed for
small molecules. S-carboxymethylated lysozyme has a
solubility below ~ 0.1 mg/mL in neutral phosphate buffer
(60). Addition of 0.2 M arginine increased the solubility
by about 4-fold, more so than 0.2 M urea or GdnHCI.
Other amino acids were either ineffective or less
effective (data not shown). Fibroblast growth factor-20
has an extremely low solubility in aqueous solution (15).
The solubility in 50 mM phosphate buffer is below 0.5
mg/mL at any pH, nearly zero between pH 6.0 and 6.5.

The addition of 0.2 M arginine in the same buffer greatly
increased the solubility of the fibroblast growth factor-20.
The solubility increased to above 1 mg/mL between
pH 7.0 and 8.5, reaching 8 mg/mL at pH 5.5 (data not
shown). The ability of arginine to increase the solubility
of proteins has been utilized to extract insoluble proteins
from inclusion bodies (61-63). Certain inclusion bodies
of recombinant proteins, when expressed in Escherichia
coli, occur from aggregation of native or native-like
structures and can be readily solubilized by 0.2-2 M
arginine at neutral pH in the native protein structure.

The solubilizing effect of arginine is consistent
with its ability to suppress protein aggregation (17-19).
Proteins often aggregate during storage and experiment
due to various stresses, including such physical stresses
as shaking, surface adsorption, pH and temperature
fluctuation, concentration, and freezing and such
chemical stresses as UV light and metals (64,65).
Arginine has been used to suppress aggregation of
proteins induced by these stresses (16-19,65).

Similarly, arginine has been used to suppress protein
interactions with surfaces or chromatographic resins
(20,21,66). Size exclusion chromatography of protein
often suffers loss or retention of the proteins due to
non-specific binding to the resins. Addition of 0.2-0.5
M arginine in the elution buffer (mobile phase) reduced
such non-specific protein binding, leading to normal
elution of loaded proteins (21). Hydrophobic interaction
chromatography uses mildly hydrophobic groups
(ligands) conjugated to the resins. Many proteins can
only bind to the column in the presence of salting-out
salts and elute during descending concentration of the
salt. Arginine has been found to facilitate elution of the
proteins with both high recovery and earlier elution
(66). Also, arginine reduced the protein binding when
included in the loading sample containing salting-out
salts. Thus, arginine reduces hydrophobic interaction.

Such suppression of protein interaction by arginine
has been observed for small molecules. Octyl-gallate
is highly insoluble in water as described earlier, most
likely due to its hydrophobic property. Arginine not only
increased the solubility of octyl-gallate, but also inhibited
its binding to bovine serum albumin (24). In other words,
the free concentration of octyl-gallate was reduced by
bovine serum albumin and was enhanced when arginine
was included. A similar observation was made with a
protonated form of caffeic acid. Caffeic acid was shown
to bind to the plastic surface and such binding was
reduced by arginine (Hirano A, Shiraki K, Uozaki M,
Koyama AH, Arakawa T, unpublished results).

4. Potential applications

An obvious application of arginine in small molecule-
protein interaction analysis is dissolution of small
molecules by arginine, instead of organic solvents.
As organic solvents are generally stronger in the
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solubilization effectiveness, the final concentration in
the interaction analysis may be lower than the arginine
concentration that would be required and hence may
not be high enough to denature the protein of interest.
However, the target protein will be exposed to a
transient high organic solvent concentration, which may
be sufficient to cause protein denaturation. In addition,
certain organic solvents are strong protein precipitant,
and hence such a transient high concentration may
cause irreversible protein aggregation. On the contrary,
arginine does not denature proteins nor does it cause
aggregation. It even suppresses protein aggregation.

Second potential application is inclusion of arginine
to suppress non-specific protein-ligand interactions.
Non-specific interactions of small molecules can cause
the reduced effective concentration and false positives,
as has been observed for benzofuran acyl-sulfonamide:
this UDP-N-acetylmuramyl-L-alanine ligase inhibitor
has been observed to bind to serum proteins (67).
Arginine has been observed to suppress binding of
octyl-gallate to bovine serum albumin (24). This raises
a possibility that arginine may suppress weak, but
specific, protein-ligand interactions, leaving only the
strongly bound ligands in the protein-ligand complex.

Third potential application is to use arginine at
0.1-0.5 M level to prevent aggregation of target proteins
or other proteins during the interaction analysis. Arginine
is an effective suppressor of protein aggregation against
various stresses as described above. This implies that
care must be exercised for handling weakly associating
oligomeric proteins. Arginine at 0.2 M has been found to
cause dissociation of hemoglobin tetramer to the dimers
(Arakawa T, unpublished observation).

Arginine may also prevent aggregation of small
molecules. Small molecules have been observed to form
a promiscuous cluster that presents non-polar surface,
leading to non-specific binding of target proteins to
the cluster (68). Inclusion of arginine in the interaction
analysis may prevent such clustering of small
molecules and also reduce non-specific interactions
of the proteins with the cluster, if formed. Arginine
has been observed to reduce non-specific binding of
protein to chromatographic resins. In addition, arginine
concentration-dependently prevented binding of caffeic
acid to a plastic tube.

Finally, one of the ultimate goals of small molecule-
protein interaction analysis may be the structure
determination of the interacting complex. X-ray
structure determination requires production of high
quality crystals. Recently, arginine as well as some
amino acids and their derivatives have been shown to
assist production of high quality crystal of lysozyme,
which otherwise tends to form amorphous precipitates.
The effects of arginine to assist crystallization were
ascribed to its suppressive effect on protein aggregation
(69,70). Similarly, arginine assisted crystallization of
hemoglobin (71).

5. Mechanism

Arginine increases the solubility of both small organic
molecules and proteins as described above. The effects
of arginine on protein solubility can be explained
from its interaction with the proteins as determined
by equilibrium dialysis and amino acid solubility
measurements. Arginine shows an interaction pattern
different from other solvent additives that enhance
protein stability and decrease protein solubility (72-75).
Salting-out salts are the typical additives, whose
physical mechanisms can be explained by an increase
in the surface tension of water. Namely, the higher
the surface tension increment of water by the salts,
the greater the decrease in the solubility of proteins is
(76). Such correlation was also found in the solubility
data for coumarin and caffeine as shown in Figure SA
(coumarin) and Figure 5B (caffeine). Although the
data are somewhat scattering, there is a similar trend,
i.e., the more effectively the surface tension increase
by the salts, the more they decrease the solubility of
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Figure 5. Correlation between the solubility of coumarin
(A) or caffeine (B) and the molar surface tension
increment. Linear lines indicate the least-square fitting of
the line with correlation coefficients of —0.9573 + 0.0006 (A,
coumarin) and —0.8345 £ 0.0024 (B, caffeine).
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coumarin and caffeine. The mechanism of surface
tension effect is due to interfacial free energy at the
molecule surface. Surface tension of water creates
the surface free energy at the interface between water
and the compound. The free energy becomes greater
with increasing surface tension, as schematically
shown in Figure 6. The solubility of the compound
is determined by the difference in the free energy
between the liquid phase and the solid phase. Here it is
assumed that the precipitate has a lower interfacial free
energy than the soluble form, as the surface area per
compound is smaller in precipitate than in the soluble
form. Smaller interface of the precipitate also means
that the increment of the interfacial free energy, upon
transfer of the precipitate from water to salt solution,
is smaller than that of the soluble form, as shown in
Figure 6 (lower panel). Thus, the free energy difference
between the soluble form and precipitate phase is larger
in salting-out salt solution than in water, leading to
decreased solubility of the compound.

This mechanism, however, does not apply for
arginine, as it also increases the surface tension of
water (73). This is exactly identical to the case of
urea that also increases the surface tension of water,
yet is a solubilizing agent (76). Urea binding has
been used to explain its solubilizing and denaturing
effects (76-78). Can binding also explain the arginine
effects? Preferential interaction measurements suggest
such possibility for proteins (72-75). Formation of
arginine clusters and their binding to proteins were
also suggested (79). A plenty of evidence exists
for binding of arginine with m-electron of aromatic
ring structures (44,45,80). The chemical structures
of some of the compounds used here are shown in
Figure 1. Such binding mechanism clearly applies to
coumarin, alkyl-gallates, caffeic acid and naproxen.
Due to this mechanism, solubilization could be most
likely observed for small molecules containing one or
more aromatic ring structures. It is not clear whether
arginine can increase the solubility of non-aromatic
compounds. It is possible that arginine may not

InWater ———— In Salt Solution

Increased Surface Free
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/
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Figure 6. Schematic diagram of free energy of a compound
in soluble form (upper panel) and in precipitate (lower
panel) in the absence (left panel) and presence (right panel)
of salting-out salt.

increase the solubility of non-aromatic compounds, but
may suppress their binding to proteins, if the protein
contains aromatic groups involved in binding non-
aromatic compounds. Although acycloguanosine and
caffeine have a similar structure without aromatic ring
structures, only acycloguanosine solubility increased
in the presence of arginine. This may be due to the
different electrostatic properties between the two
compounds. It suggests, however, that aromatic ring
structure may not be an absolute requirement for
arginine to exert solubilizing effects. Thus, more studies
are required to fully understand how arginine interacts
with the small molecules. We have initiated molecular
dynamic simulation to examine molecular detail of the
interactions between gallates and arginine (Hirano A,
Kameda T, Arakawa T, Shiraki K, unpublished results).

6. Conclusion

We have summarized the effects of arginine on small
molecules and proteins. Arginine increases the solubility
of proteins and small molecules and suppresses protein-
protein and protein-surface interactions. These effects
of arginine may find application in the analysis of
drug-protein interactions and in solubilization of small
molecules, and suppressing aggregation of target
proteins and non-specific interactions.
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Anti-hyperlipidemic activity of Withania coagulans in streptozotocin-
induced diabetes: A potent anti-atherosclerotic agent

Bhagawati Saxena™

Pharmacology Research laboratory, Department of Pharmaceutics, Meerut Institute of Engineering and Technology, Meerut, India.

ABSTRACT: Dyslipidemia is one of the most
common complications in diabetes mellitus,
which increases risk of premature atherosclerosis.
Drugs having antihyperlipidemic activity in
addition to their hypoglycemic effect in diabetes
may be suitable anti-atherosclerotic agents in
diabetic patients. The present study was aimed
to investigate the anti-atherosclerotic activity of
an aqueous extract of Withania coagulans (AWC)
in terms of atherogenic index (Al) in normal and
streptozotocin (STZ)-induced diabetes. AWC (1,000
mg/kg body weight, BW) was orally administrated
in normal and STZ (70 mg/kg)-induced diabetic
rats and levels of glucose, total cholesterol (CHL),
high density lipoprotein (HDL)-cholesterol and
triglyceride (TG) levels in the plasma were analyzed
spectrophotometrically. BW was measured and Al
was calculated in each group. Results show that
after sub-chronic dosing, AWC reduced plasma
glucose levels both in normal and diabetic rats,
while significantly decreasing plasma levels of CHL,
HDL and TG only in STZ-induced diabetic rats.
Repeated administration of AWC also significantly
decreased Al and prevented weight loss in STZ-
induced diabetic animals. Hence, AWC showed
anti-hyperlipidemic activity in diabetic rats and
was suggested to be a suitable candidate for the
treatment of atherosclerosis associated with diabetes.

Keywords: Withania coagulans, diabetes, anti-
hyperlipidemic, hypoglycemic, atherosclerosis

1. Introduction

Diabetes mellitus, an endocrine disorder, is a major
source of morbidity in developed countries. The
number of people with diabetes mellitus is rapidly
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increasing worldwide. There is a report by the
International Diabetes and Federation in the year 2005
which shows that more than 150 million people are
suffering from diabetic disease. Diabetes patients show
several complications including coronary insufficiency,
cerebrovascular, peripheral vascular disease,
neuropathy, retinopathy, and nephropathy etc. (1,2).
Diabetes and its associated complications are the major
cause of disability and hospitalization which ultimately
results in a significant financial burden. One of the
complications of diabetes is dyslipidemia (alterations in
the plasma lipid and lipoprotein profile). Dyslipidemia
is one of the most common complications in diabetes
mellitus, which is found in about 40% of diabetic
patients. Abnormality in lipid profile increases risk of
premature atherosclerosis, coronary and myocardial
infarction (3), which is a major cause of cardiovascular
(CV) morbidity and mortality in diabetic patients (4-6).
Thus, an anti-diabetic drug having a favorable effect
on lipid profile would be beneficial in the treatment of
lipid abnormalities and the accompanying premature
atherosclerosis of CV disease in diabetic patients.
Currently there is no oral antidiabetic drug approved
for the treatment of diabetes which has a favorable
effect on CV disease (7). Some of the available oral
anti-diabetic drugs are associated with serious adverse
effects (8,9). Injection of insulin to treat type 1 diabetes
has its own limitations (10). Thus, there emerges the
need for new, relatively non-toxic, therapeutic agents
for the treatment of hyperglycemia, which also would
be able to correct dyslipidemia and reduce the risk of
CV complications of diabetes. With growing emphasis
on therapy of dyslipidemia associated with diabetes
and a need to develop drugs which do not have side
effects and which avoid recurrences of cardiovascular
diseases associated with diabetes on drug withdrawal,
researchers during the last decade started to investigate
several indigenous plants. There is a need to explore
more indigenous plants through application of modern
evaluation protocols, so as to evaluate the ability
of these plants in the treatment of atherosclerosis
associated with the diabetes. In ayurveda many
indigenous plants have been mentioned and well
established as anti-atherosclerotic agents. Yet there
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is a paucity of information regarding the activity of
Withania coagulans in atherosclerosis. Thus this study
was undertaken to fulfill the lacunae in this regard.

Withania coagulans Dunal (Family: Solanaceae) is
commonly known as Indian cheese and is found in drier
parts of India. Different parts of this plant have been
reported to possess a variety of ethnopharmacological
activities (11). Traditional healers in Varanasi and its
surrounding area, use dry fruits of Withania coagulans
for the treatment of diabetic patients. The hypoglycemic
activity of an aqueous extract of the fruit of Withania
coagulans (AWC) was previously demonstrated in
streptozotocin (STZ)-induced diabetic rats (12). There
is no report showing an anti-hyperlipidemic and anti-
atherosclerotic effect of AWC in STZ-induced diabetes.

For this reason, in our present investigation we
evaluated AWC for its hypolipidemic activity such
as reduction in plasma total cholesterol (CHL) and
triglycerides (TG) levels, body weight as well as
atherogenic index after oral administration, in normal
as well as STZ-diabetic rats, using the latter animals as
a model for human type 1 diabetes (13) for elucidating
its activity in atherosclerosis associated with diabetes.
The sulfonylurea, glibenclamide (GLB), and the
semi-essential amino acid taurine (TR) were used as
reference compounds.

2. Materials and Methods
2.1. Chemicals

STZ, taurine and glibenclamide were procured from
Sigma-Aldrich, St. Louis, MO, USA. All other
chemicals used were of analytical grade.

2.2. Plant material

Dried fruits of Withania coagulans were purchased
from the market and identified by chief botanist of
TAMPCOL Arumbakkam, Chennai. The fruits (with
persistent calyx and pedicle) were coarsely powdered
and boiled with distilled water repeatedly. The aqueous
extract was concentrated and dried in a vacuum
dessicator. The dried extract, which was dark brown
in color with coca-like smell was dissolved in distilled
water and used for experimental work.

2.3. Animals

Male Albino rats were purchased from Central Drug
Research Institute, Lucknow, Uttar Pradesh, India.
The body weights of the animal ranged between 175
and 225 g. The rats were housed in polypropylene
cages (one in each cage) at an ambient temperature
of 25 £ 2°C and 55-60% relative humidity. The
animals were acclimatized to in-house conditions and
were fed a commercial pellet diet (Hindustan Lever

Ltd., Bangalore, India) and water ad libitum. The
experimental protocol was undertaken in accordance
with "Principles of laboratory animal care" (NIH
publication number 85-23, revised 1985) guidelines.

2.4. Experimental induction of diabetes in rats

Diabetes was induced in animals by intraperitoneal
administration of a freshly prepared solution of STZ
dissolved in citrate buffer (0.1 M, pH 4.5) at a dose
of 70 mg/kg body weight to overnight fasted animals.
Blood glucose levels were determined 72 h after STZ
injection. Rats with stable (yield = 90-95%) (up to
three days) blood glucose levels above 250 mg% were
selected to use in further studies.

2.5. Experimental treatment protocol

Normal and STZ-diabetic rats were randomly assigned
to groups of six each. The acute study consists of four
normal and four diabetic groups while subchronic study
includes four normal and four diabetic groups. Among
the four groups of acute study, one received a single
oral dose of distilled water, a second group received
AWC at a dose of 1,000 mg/kg of body weight (BW),
while the third and fourth groups received the first
reference compound taurine (TR) (10 mg/kg) and the
second reference drug glibenclamide (GLB) (10 mg/kg)
respectively. Similarly, the four groups of STZ-diabetic
rats received water, AWC, TR and GLB, at the same
doses described above, respectively. Selection of the
dose of AWC was based upon a previous study done by
Hemalatha et al. (12) in which AWC at the stated dose
showed considerable hypoglycemic activity in normal
and diabetic rats. For the sub-chronic treatment, groups
of normal and STZ-induced diabetic rats received oral
doses (by gavage) of water or the three test materials
(AWC, TR and GLB) daily for 28 days. For the acute
study, blood was collected before administered dose
(0 h) and then at 6 h after the single dose. For the sub-
chronic study, blood samples were collected before
treatment i.e., for baseline estimation (DO0), after 14
days of treatment (D14) and after 28 days of treatment
(D28). Plasma, obtained by centrifugation, was stored
at —20°C until analyzed for glucose, plasma high
density lipoprotein (HDL)-cholesterol and TG levels.

2.6. Analytical methods

Blood glucose (collected at 0 and 6 h post dose in
the single dose study and 6 h post dose on DO, D14
and D28 in the sub-chronic study), total cholesterol,
HDL-cholesterol and triglyceride levels in serum (6
h post dose on DO, D14 and D28 in the sub-chronic
study) were measured spectrophotometrically with
the Span Diagnostic kit (Span Diagnostics Ltd., Surat,
India). Atherogenic index was calculated by using the
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following formula (14):

Atherogenic index = (CHL — HDL-cholesterol)/
HDL-cholesterol

2.7. Statistical analysis

All grouped data were statistically evaluated with
SigmaStat 3.5 software. Hypothesis testing methods
included one way analysis of variance (ANOVA)
followed by Dunnett test for more than two groups
while using student's t-test for two groups. p < 0.05
was considered to indicate statistical significance. All
the results were expressed as mean = S.E.M. for six
animals in each group.

3. Results

3.1. Effect of a single (acute) and sub-chronic oral doses
of test substances (AWC, TR, and GLB) on body weight

Effect of a single (acute) and sub-chronic oral doses
of test substances (AWC, TR, and GLB) on body
weight are shown in Table 1. In normal rats, body
weight significantly (p < 0.05) increased after 28 days
treatment with distilled water, AWC, TR as well as
GLB compared to the baseline (D0) values. There
was no significant difference in weights between the
treatment groups. However, in the STZ-diabetic rats,
a very significant (p < 0.05) weight loss occurred in
rats that were given water. The TR group also showed
a slight but significant (p < 0.05) loss in body weight.
On the other hand, there was no change in the weight
of rats given daily doses of AWC. GLB administration
caused a small but significant (p < 0.05) increase in
body weight.

3.2. Effect of a single (acute) and sub-chronic oral
doses of test substances (AWC, TR and GLB) on plasma

Table 1. Effect of repeated daily oral treatment with the
aqueous extract of Withania coagulance (AWC), taurine
(TR) and glibenclamide (GLB) on body weight in normal
and STZ-induced diabetic rats

glucose levels

The effect of single (acute) oral doses of water (10
mL/kg) and the test materials (AWC, TR, and GLB) on
blood glucose levels in normal and STZ-diabetic rats is
presented in Table 2; the values are compared with the
baseline values (before treatment). In normal rats, with
a single dose of water, AWC caused little decrease (not
significant) in plasma glucose levels but a significant
(p < 0.05) decrease occurred in glucose levels with TR.
GLB had no effect. In the diabetic rats, two standard
drugs TR and GLB showed significant (p < 0.05)
hypoglycemia. TR produced normal glycemia post
dose. With GLB glucose levels remained slightly higher
than the normal values.

The effect of daily oral dosing for 28 days with the
test materials (AWC, TR, and GLB) and water at the
doses indicated above on blood glucose levels in normal
and STZ-induced diabetic rats is presented in Table 3.
The values are compared with the baseline values (DO0).
In normal rats, daily dosing with the AWC reduced
plasma glucose significantly (p < 0.05) after 14 days
as well as 28 days. The hypoglycemic response to TR
was significant (p < 0.05) after 28 days. Administration
of GLB, like water, had no effect on plasma glucose
levels. In the diabetic rats, daily dosing with AWC
produced significant hypoglycemia (p < 0.05) on D14
as well as on D28. Rats became normoglycemic after 2
weeks of daily treatment with levels going down further
at the end of the 28 days of treatment. GLB treatment
reduced glucose levels on D14, but the decrease was
far less than that produced by AWC. Continuous
administration of GLB resulted in a further decrease (p
< 0.05) in glucose levels. After 28 days of treatment,
once again the reduction was not as great as with AWC,
and the rats did not achieve normoglycemia even after
4 weeks of continuous treatment. TR significantly (p <
0.05) reduced glucose levels after 2 weeks. However,
normoglycemia was achieved after 28 days of treatment

Table 2. The effect of a single oral dose of aqueous
extract of Withania coagulance (AWC), taurine (TR), and
glibenclamide (GLB) on plasma glucose levels after acute
oral administration in normal and STZ-diabetic rats

Dose Body weight (g) Dose Plasma glucose level (mg%)
Treatment Treatment
(mg/kg) DO D28 (mg/kg) Before treatment After treatment
Normal Normal
Water a 201.2+2.8 251.5+5.4* ‘Water a 94.6+29 93.5+3.1
AWC 1,000 198.4+3.8 236.7 +9.6* AWC 1,000 93.5+4.5 81.9+2.1
TR 10 228.6+1.5 273.1+4.8* TR 10 95.5+1.6 77.4+0.8*
GLB 10 187.4+2.7 218.3£6.3* GLB 10 96.5+1.3 98.3+2.4
STZ-induced STZ-induced
diabetic rats diabetic rats
Water a 2233+1.7 191.9 +£2.4* Water a 303.4+6.6 288.0+2.5
AWC 1,000 249.1 £10.2 237.0+13.8 AWC 1,000 330.3+5.2 307.8 +4.7
TR 10 2102+1.6 195.5 + 1.4* TR 10 365.2+5.0 106.6 + 3.6*
GLB 10 197.6 +9.2 224.7 +4.3* GLB 10 370.8 +2.5 191.9 +9.5*

The values are expressed as mean + S.E.M. (n = 6). a: 10 mL/kg. * p
< 0.05, when compared to baseline values. Data of DO and D28 were
analyzed within the treatment groups by t-test.

The values are expressed as mean + S.E.M. (n = 6). a: 10 mL/kg. * p
< 0.05, when compared to baseline values. Data of treatment groups
before treatment and after treatment were analyzed by t-test.
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with TR. Water had no significant effect on glucose
levels. Since acute administration of AWC was not
effective, further study was conducted in the chronic
administered group.

3.3. Effect of repeated oral doses (sub-chronic) of test
substances (AWC, TR, and GLB) on plasma lipids (CHL,
HDL, and TG)

The effect of oral sub-chronic treatment with AWC,
TR, and GLB on plasma CHL levels in normal and
STZ-induced diabetic rats are represented in Table 4.
In normal rats, repeated daily administration of AWC
induced a significant (p < 0.05) fall in plasma total CHL
levels on the 28th day of continuous treatment. The
effect of daily treatment with TR was similar to that of
AWC. GLB and water had no significant effect on total

CHL levels. In the STZ-diabetic rats all the materials
tested (except water) at the daily doses indicated above,
showed a significant (p < 0.05) hypocholesterolemic
effect. AWC induced a significant fall in plasma CHL
levels on D14, with an additional decrease occurring
with continued treatment on D28. TR was more
effective than AWC in decreasing CHL levels on D14,
while less so on D28. GLB was less effective than
AWC on D28 (p < 0.05). Water had no effect.

The effect of oral sub-chronic treatment with AWC,
TR, and GLB on plasma CHL levels and HDL levels in
normal and STZ-induced diabetic rats are represented
in Table 5. Oral sub-chronic treatment with AWC, TR,
and GLB are ineffective in plasma HDL level in normal
animals while AWC and TR at doses indicated above
show a significant (p < 0.05) increase in plasma HDL-
cholesterol levels on D14 as well as D28 in normal and

Table 3. The effect of sub-chronic oral administration of the aqueous extract of Withania coagulance (AWC), taurine (TR),
and glibenclamide (GLB) for up to 28 days on plasma glucose levels in normal and STZ-diabetic rats

Plasma glucose level (mg%)

Days of chronic treatment

Water (10 mL/kg) AWC (1 g/kg) TR (10 mg/kg) GLB (10 mg/kg)

Normal

DO 98.2+2.7 103.7+3.1 106.2 £3.5 99.6 +3.7

D14 100.4 £2.0 87.6 £ 1.0* 95.1+2.6 982+22

D28 91.7+4.7 73.6+£2.7* 89.0+3.1* 96.2+3.7
STZ-induced diabetes

DO 3336+ 14.5 363.4+9.9 391.0+16.5 31.0+19.8

D14 372.8+13.8 107.1 £ 10.2* 178.8 £9.4* 177.0 = 8.8*

D28 376.3 +10.1 83.1+6.3* 29+9.1* 27.6+10.8*

The values are expressed as mean + S.E.M. (n = 6). * p < 0.05, when compared to baseline values. Data within the treatment groups was analyzed

by one way ANOVA followed by Dunnett test.

Table 4. The effect of sub-chronic oral administration of the aqueous extract of Withania coagulance (AWC), taurine (TR),
and glibenclamide (GLB) for up to 28 days on plasma total cholesterol levels (mg/dL) in normal and STZ-diabetic rats

Plasma total cholesterol level (mg/dL)

Days of chronic treatment

Water (10 mL/kg) AWC (1 g/kg) TR (10 mg/kg) GLB (10 mg/kg)

Normal

DO 662+1.2 623+ 1.1 66.6+2.5 62.4+3.7

D14 65.1+2.1 58.8+1.6 64.8+1.1 60.1+£2.3

D28 64.6+2.0 552+0.9* 60.0 £ 1.2* 59.6+2.1
STZ-induced diabetes

DO 131.3+£4.3 122.5+3.4 106.3+£2.7 116.3+2.2

D14 123.8+3.9 94.6+1.1* 91.2+2.0* 107.3+34

D28 115.0+5.1 60.2 + 1.4* 702 +1.0* 105.8 £2.0*

The values are expressed as mean + S.E.M. (n = 6). * p < 0.05, when compared to baseline values. Data within the treatment groups was analyzed

by one way ANOVA followed by Dunnett test.

Table 5. The effect of sub-chronic oral administration of the aqueous extract of Withania coagulance (AWC), taurine (TR),
and glibenclamide (GLB) for up to 28 days on plasma HDL-cholesterol levels (mg/kg) in normal and STZ-diabetic rats

Plasma HDL-cholesterol level (mg/dL)

Days of chronic treatment

Water (10 mL/kg) AWC (1 g/kg) TR (10 mg/kg) GLB (10 mg/kg)

Normal

DO 29.0+0.4 28.8+0.6 28.7+0.9 26.5+0.9

D14 29.7+0.5 29.0+£0.3 27.5+£0.9 259+0.5

D28 282404 274+0.6 27.0+0.7 252+0.5
STZ-induced diabetes

DO 23.3+0.7 203+0.4 20.0+0.1 21.7+0.4

D14 21.1+0.4 26.6 +0.4* 22.5+0.3* 22.9+0.9

D28 235+0.6 29.0 +£0.3* 22.5+0.7* 23.8+0.3*

The values are expressed as mean + S.E.M. (n = 6). * p < 0.05, when compared to baseline values. Data within the treatment groups was analyzed

by one way ANOVA followed by Dunnett test.
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STZ-diabetic rats.

The effect of oral sub-chronic treatment with AWC,
TR, and GLB, at doses indicated above, on plasma
TG levels in normal and STZ-diabetic rats is shown in
Figure 1. In normal rats, daily dosing with either AWC
or TR reduced TG levels significantly (p < 0.05) only
after 28 days of treatment (Figure 1A). GLB showed
only an insignificant reduction in TG levels, while
water had no effect (Figure 1A). In the STZ-diabetic
rats, daily administration of either AWC or TR caused
a significant (p < 0.05) decrease in plasma TG levels
on D14 (Figure 1B). The decrease with GLB was
insignificant. With continued administration, serum TG
values fell further significantly (p < 0.05) with AWC
and TR on D28 with respect to baseline (DO0), while
GLB and water had no significant effect.

3.4. Effect of repeated oral doses (sub-chronic) of test
substances (AWC, TR and GLB) on Al (atherogenic index)

The effect of oral sub-chronic treatment with AWC, TR,
and GLB, at doses indicated above, on Al in normal and
STZ-diabetic rats is shown in Figure 2. In normal rats,
daily dosing with neither AWC, TR nor GLB reduced
Al significantly on D14 as well as D28 of continuous

Plasma Triglycerides

D28

B EZE@ Water (10 mitkg)
EZRAWC (1000 maikg)

E33TR (10 mg/kg)

[IDGLE (10 maikg)

R

!

Plasma Triglycerides

ot L
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Figure 1. Plasma triglyceride levels (mg/dL) at baseline
(D0), on 14th day (D14) and on 28th day (D28) after
repeated daily oral administration (sub-chronic dosing)
of water (10 mL/kg/day), aqueous extract of Withania
coagulace (AWC) (1,000 mg/kg/day), taurine (TR) (10 mg/
kg/day) and glibenclamide GLB (10 mg/kg/day) in normal
(A) and STZ-diabetic (B) rats. Values are expressed as
mean £ S.EM. (n = 6). *p < 0.05 compared with respective
baseline values (DO0). Data within the treatment groups was
analyzed by one way ANOVA followed by Dunnett test.

treatment. In the STZ-diabetic rats, daily administration
of either AWC (p < 0.05) or TR (p < 0.05) caused
a significant decrease in plasma TG levels on D14
(Figure 2B). The decrease with GLB was insignificant.
With continued administration, Al values fell further
significantly (p < 0.05) with AWC and TR on D28,
while GLB and water had no significant effect.

4. Discussion

Until now, no previous study has been performed with
Withania coagulans on dyslipidemia associated with
diabetes, which results in premature atherosclerosis
and is one of the important causes of CV disease in
diabetic patients. In the present study, we investigated,
whether AWC has any effect on levels of lipids (plasma
CHL and TGQ), in addition to its hypoglycemic action,
in normal and STZ-diabetic rats as well as on the
atherogenic index.

One report showed that AWC has a hypolipidemic
effect in high fat diets as well as triton induced
hypercholesterolemia (15). However, the mechanism
underlying diabetes induced dyslipidemia is
different from hyperlipidemia, resulting from
administration of triton and high fat diets in normal

=] L] L=] L4
1 1 1 ]

Al (Atherogenic Index) 3>
(=]
2]

o
(=]
L

EZAWater (10 miikg)
EES3AWC (1000 mglkg)
E1TR (10 mg/kg)
[IDGLB (10 mg/kg)

s

R

i

e

1

R

Al (Atherogenic Index)
e i K 9 £ g 9

Do D14 D28

Figure 2. Atherogenic index (Al) at baseline (D0), on 14th
day (D14) and on 28th day (D28) after repeated daily oral
administration (sub-chronic dosing) of water (10 mL/
kg/day), aqueous extract of Withania coagulace (AWC)
(1,000 mg/kg/day), taurine (TR) (10 mg/kg/day) and
glibenclamide (GLB) (10 mg/kg/day) in normal (A) and
STZ-diabetic (B) rats. Values are expressed as mean = S.E.M.
(n=6). *p <0.05 compared with respective baseline values
(D0). Data within the treatment groups was analyzed by one
way ANOVA followed by Dunnett test.

www.ddtjournal.com



339 Drug Discoveries & Therapeutics. 2010; 4(5):334-340.

animals. Triton first causes a sharp increase in serum
cholesterol levels (phase I) followed by a decrease in
hypercholesterolemia nearly to control levels (phase II).
The mechanism of triton induced hypercholesterolemia
in phase I is thought to be due to increased hepatic
synthesis of cholesterol through the ability of triton to
interfere with the uptake of plasma lipids by the tissues.
Drugs interfering with cholesterol biosynthesis were
shown to be active in phase I, while those interfering
with cholesterol excretion and metabolism were active
in phase II triton induced hyperlipidemia (16-19).

In high fat diets, higher levels of glucose and
lipid are maintained in blood for a longer duration
of time and result in insulin resistance. STZ-induced
diabetes mimics type 1 diabetes where insulin
secretion decreases greatly. Therefore, drugs active in
STZ induced diabetes and high fat diets are effective
in decreased insulin secretion as well as in insulin
resistance (20-23). Thus different models are used for
screening different antihyperlipidemic drugs. Moreover,
different hypercholesterolemia affecting drugs show
different activities using different tests (17). Therefore,
the study of the effect of drugs on lipid profiles in
different models reveals a clearer picture about their
mechanism of action.

Induction of diabetes in rats by STZ, also led to the
development of dyslipidemia (hypercholesterolemia and
hypertriglyceridemia) (Tables 4 and 5) and weight loss
as has been reported previously (24,25). Administration
of daily doses of AWC protected the STZ-diabetic rats
from weight loss, which was not the case with rats
given water, TR or GLB (Table 1). A single oral dose
of AWC and water had no effect on glucose levels in
normal as well as in STZ-induced diabetes. TR caused
lowering of glucose levels in normal as well as STZ-
induced diabetes. GLB had no effect on normal animals
and caused a lowering of glucose levels in STZ-induced
diabetes (Table 2). Daily dosing with AWC (sub-chronic
study) caused a gradual decrease in plasma glucose in
normal rats, which became significant on D28 (Table 3).
In the diabetic rats, daily dosing with AWC produced
a significant euglycemic effect on D14, with glucose
levels going down further by D28. GLB was less potent
and not able to decrease glucose levels up to normal. TR
had a slower onset of action and caused a euglycemic
effect on D28 (Table 3). The lower hypoglycemic
response in normoglycemic animals compared to
diabetic rats may be due to homeostasis mechanisms of
glucose/carbohydrate metabolism (26). AWC and TR
reduced TG levels in normal rats, while TR performed
at a slower rate (Figure 1A); GLB and water had no
effect. In the diabetic rats, daily dosing with either
AWC or TR reduced TG levels significantly, and the
effect increased with repeated dosing (Figure 1B). GLB
had no significant effect. Thus, our study shows that
repeated oral administration of AWC caused significant
hypolipidemia, especially in the diabetic rats.

The mechanism(s) of hypolipidemic and
hypoglycemic actions of AWC are not known. However,
in view of the similar reduction in plasma glucose as
well as the hypolipidemic effect of AWC and TR, the
mechanism of hypoglycemic action of AWC may be like
that of TR, which involves insulin and in turn causes
increased glucose utilization via insulin sensitization in
peripheral tissues (27,28). This also normalizes plasma
lipids in STZ-diabetic rats (25). Plants like Momordica
charantia fruit (29) and Scoparia dulcis leaves (30)
also show similar effects. The mechanism of action of
AWC is not like that of the sulfonylurea GLB, since
it has only a weak hypolipidemic action. Additionally
its hypolipidemic activity in triton induced as well as
high fat diet induced hyperlipidemia also reveals its
interference in synthesis, metabolism and excretion of
lipids. Insulin receptor sensitization would also explain
its mechanism of action.

The chronic elevation of glucose levels in diabetes
causes oxidative stress (31). It leads to protein oxidation,
glycation (32), and dyslipidemia. Together they play a
significant role in the manifestation and development of
premature atherosclerosis. Thus drugs effective in lipid
profiles in diabetic animals are assumed to be effective
in protection from atherosclerosis. It is further supported
by the result of the atherogenic index (Figure 2) which
shows AWC decreases the Al significantly in STZ-
induced diabetes.

A preliminary phytochemical analysis of AWC
revealed that it contains several withanolides and lactones
(33-35). There is report which shows that withanolides
are effective in cardiovascular complications (36). Thus
hypolipidemic and hypoglycemic activities of AWC may
be attributed to one or more of the identified or as-yet-
unidentified compounds. Studies are still in progress to
isolate and identify the active principle(s) of Withania
coagulans, which may be valuable in the treatment of
dyslipidemia and atherosclerosis in diabetic patients.

It can be concluded that AWC exhibited strong
hypolipidemic activity in addition to its hypoglycemic
action in diabetic animals. This has clinical implications
in that the relatively nontoxic AWC, if used as a
hypoglycemic agent, may also reverse dyslipidemia
associated with diabetes (types 1 and 2), and prevent the
CV complications which are very prevalent in diabetic
patients. Our results suggest that AWC has the potential
to be a suitable candidate for further investigations as
an anti-atherogenic agent in humans with diabetes.
Further studies are warranted to confirm our results
and fractionate AWC to isolate and identify the active
principle(s), and to determine the exact mechanism(s)
of action.
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Investigation of phenolic leaf extract of Heimia myrtifolia
(Lythraceae): Pharmacological properties (stimulation of
mineralization of SaOS-2 osteosarcoma cells) and identification
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ABSTRACT: Evaluation of the activity of an
aqueous alcoholic extract obtained from the leaves
of Heimia myrtifolia (Lythraceae) by determining
its stimulating effect on two human osteoblastic cell
lines HOS58 and SaOS-2 indicated its potential for
use in the prevention and treatment of osteoporosis.
In addition, the extract was found to significantly
increase the mineralization of cultivated human
bone cell SaOS-2, in which a strong dose-dependent
increase was observed. A phytochemical investigation
of the extract also confirmed that H. myrtifolia
is capable of synthesizing and accumulating
appreciable amounts of several phenolics, thus
leading to the isolation and characterization of
sixteen of these constituents. Identified among
these isolates were a new natural product, 1,6-di-
O-dehydrotrigalloyl-B-p-‘C,-glucopyranose, and
a rare natural product (this marks its second
report), 5,7,4'-trihydroxy-3-methoxyflavanone
(dihydrokaempferol-3-O-methyl ether). Structures
of these isolates were fully elucidated on the basis of
conventional methods of analysis and confirmed by
ESI/MS and 'H and "C-NMR analysis.

Keywords: Heimia myrtifolia, phenolics, osteoporosis,
1,6-di-O-dehydrotrigalloyl-B-D-’C,-glucopyranose

1. Introduction

Due to interest in biological activity as well as in the
diverse phenolic metabolite production of terrestrial
plants (/-3), the current authors investigated an aqueous

*Address correspondence to:
Dr. Nahla Ayoub, Department of Pharmacognosy,
Faculty of Pharmacy, Ain-Shams University, Cairo,

Egypt.
e-mail: Ayoub.n@link.net

alcoholic leaf extract of Heimia myrtifolia Cham.
for its potential use in the prevention or treatment of
osteoporosis by evaluating its stimulant effect on two
human osteoblastic cell lines HOS58 and SaOS-2.
Phytochemical screening, including color reactions and
chromatographic analysis of this extract, has shown that
it contains mainly phenolic compounds (4).

A comprehensive analysis of the constitutive
phenolics of the plant leave extract was therefore
undertaken. Sixteen compounds (compounds
1-16), including a new natural product, 1,6-di-O-
dehydrotrigalloyl-B-p-‘C,-glucopyranose (compound
7), and a rare natural product (this is its second report
in nature), 5,7,4'-trihydroxy-3-methoxyflavanone
(dihydrokaempferol-3-O-methyl ether) (compound 9),
were subsequently isolated and identified. Structures
were confirmed by electrospray ionization/mass
spectrometry (ESI/MS) and nuclear magnetic resonance
(NMR) analysis.

H. myrtifolia Cham., known as sun opener or
shrubby yellow crest, is one of the Lythraceous species
that is native to South America, ranging from Brazil
to Uruguay, where it is common along the sides of
streams. It is a deciduous shrub growing up to 1 m tall.
The yellow flowers are 5 petaled and 1 cm in diameter.
The leaves are approximately 2-5 ¢cm long and 1 cm
wide and are variably arranged in alternate, opposite, or
whorled fashion on the stem. H. myrtifolia flowers from
August to September. The flowers are hermaphrodite (5).

Extracts from H. myrtifolia that contain Lythrine
and Lythridine alkaloids exhibit diuretic activity (6).
Strong anti-inflammatory activity of H. myrtifolia
originates from an alkaloidal fraction containing
vertine (Cryogenine) (7), while 70% acetone extract of
H. myrtifolia has a strong cytotoxic effect on human
promyelocytic leukemia cells (HL-60) (8).

Three biphenylquinolizidine lactone alkaloids
were isolated from H. myrtifolia, namely Vertine
(Cryogenine), Lythrine, and Lythridine (9,70). The
fatty acid composition of seed lipids consists of linoleic
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acid (18:2) as the primary or dominant fatty acid of
H. myrtifolia, while palmitic acid (16:0) is the only
secondary component, constituting 10% or more of the
total fatty acid composition (/7). Nothing in literature
indicated the phenolic content or bone mineralization
activity of H. myrtifolia Cham. and Schl., thus leading
the present study to investigate the aqueous alcoholic
extract in depth for its phenolic content and its activity
in preventing or treating osteoporosis.

2. Materials and Methods

2.1. Instruments and materials for phytochemical
investigation

'H-NMR spectra were measured by a Jeol ECA 500
MHz NMR spectrometer (JEOL, Tokyo, Japan) at
500 MHz. 'H chemical shifts (8) were measured in
ppm, relative to TMS and "C-NMR chemical shifts to
dimethyl sulfoxide (DMSO)-d, and converted to the
tetramethylsilane (TMS) scale by adding 39.5. Typical
conditions: spectral width = 8 kHz for 'H and 30 kHz
for °C, 64 K data points, and a flip angle of 45.

ESI/MS spectra were measured on a Finnigan
LTQ-ESI/MS (Thermo Electron, Bremen, Germany)
(Department of Chemistry, Humboldt-Universitdt zu
Berlin). UV recording was done on a Shimadzu UV-
Visible-1601 spectrophotometer (Shimadzu, Kyoto,
Japan).

Paper chromatographic analysis was carried out
on Whatman No. | paper (Whatman, Kent, UK)
using solvent systems: 1) H,O; 2) 6% AcOH; and 3)
BAW (n-BuOH/AcOH/H,0, 4:1:5, v/v, upper layer).
Solvents 2 and 3 were also used for preparative paper
chromatography (PPC).

2.2. Plant material

The leaves of H. myrtifolia Cham. were collected from
El-Orman Botanical Garden, Cairo, Egypt, in March
2007 and identified by Mrs. Tereize Labib, Agricultural
Engineer, ElI-Orman Botanical Garden, Giza, Egypt.
Vouchered specimens of the authenticated plant were
deposited at the Department of Pharmacognosy, Faculty
of Pharmacy, Ain-Shams University, Cairo, Egypt.

2.3. Extraction, isolation, and purification of phenolics
from H. myrtifolia

The air dried plant material (2 kg) was extracted with
70% ethanol. The aqueous alcohol extract was filtered
and evaporated in vacuo at ~ 45°C until dry to yield
90 g of a sticky dark brown material. The dried residue
was applied to a polyamide 6s column (250 g, 125 cm
L x 5 cm D) (Riedel-de Haen AG, Seelze-Hannover,
Germany) and eluted with H,O followed by H,O/MeOH
mixtures of decreasing polarities to yield 36 individual

fractions (2 L each) that were examined separately
under UV light. Similar fractions were pooled to yield
eleven main fractions (I-XI) that were separately dried
in a vacuum and subjected to two-dimensional paper
chromatographic investigation (2D-PC). Compounds
1-7 were individually isolated from 5.6 g of fraction
I (eluted with 20% MeOH), where compound 1 (250
mg) was crystallized from the concentrated fraction
and then purified by application to a Sephadex LH-20
column (10 g; GE Healthcare Bio-Sciences, Uppsala,
Sweden) eluted with MeOH, while other compounds
were separated through column fractionation on a
Sephadex LH-20 column (30 g) (eluted with distilled
water 100% followed by pure MeOH 100%). This led
to the desorption of five successive sub-fractions (III-
[i-v]). Sub-fraction Ill-iv (2.8 g) was fractionated over
a Sephadex LH-20 column (20 g) using n-butanol
saturated with water, leading to the desorption of five
successive sub-fractions (III-iv-[ib-vb]). PPC using
BAW as a solvent of the dried material (700 mg) of
sub-fractions (III-iv-iib) led to the separation of pure
samples of compounds 2 (90 mg), 3 (82 mg), and
4 (96 mg), while PPC using BAW as an eluent of
the dried material (570 mg) of sub-fractions (III-iv-
ivb) yielded the pure compounds 5 (137 mg), 6 (112
mg), and 7 (136 mg). Compounds 8 (1.4 g), and 9
(150 mg) were individually separated from 5.5 g of
fraction VI (eluted with 60% MeOH) through initial
crystallization of a yellow amorphous powder (1.7 g)
from the concentrated fraction followed by purification
over a Sephadex LH-20 column (20 g) using n-butanol
saturated with water as a solvent. Compound 10 (180
mg) was separated from Fraction IX (2.2 g, eluted with
80% MeOH) by purification of (500 mg) using column
chromatography with a Sephadex LH-20 column and
MeOH as an eluent.

PPC of the material of fraction X (2.9 g, eluted
with 90% MeOH) with BAW as a solvent led to the
separation of four pure samples of compounds 11
(95 mg), 12 (125 mg), 13 (89 mg), and 14 (119 mg).
Polyamide 6s (25 g) column fractionation (1 g) of
fraction XI (6.5 g, eluted with 100% MeOH) using
EtOAc saturated with water for elution afforded
individual pure samples of compounds 15 (570 mg)
and 16 (280 mg).

2.4. Spectral data for the new natural product 1,6-di-O-
dehydrotrigalloyl-B-p-'C -glucopyranose (compound 7)

The new natural product was a white amorphous
powder (136 mg), R, values (x100): 50 (6% AcOH),
28 (BAW). UV A, (nm) in MeOH: 273 nm. UV A,
(nm) in MeOH after acid hydrolysis: 273 nm. Negative
ESI/MS indicated a molecular ion at [M-H], m/z 1,155,
which corresponded to a molecular mass (M,) of 1,156.
'H-NMR (DMSO-d,) & (ppm): 7.10 and 6.99 (1H, d, J
= 2.5 Hz, H-2 and H-2"), 6.96 (2H, s, H-8 and H-8'), 6.42
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and 6.40 (1H, d, J = 2.5 Hz, H-8b and H-8b'), 6.53 and
6.54 (1H, s, H-14 and H-14"), 4.70 (1H, d, J = 8 Hz,
H-1"), 4.40 (1H, d, J= 12 Hz, Ha-6"), 4.22 (1H, dd, J =
3.5, 12 Hz, Hb-6"), 3.1-3.8 (m, sugar protons) (see the
structural formula).

“C-NMR (DMSO-d,) & (ppm): 119.95 (C-1 and
C-1", 168.16 (C-1b and C-1b"), 102.79 and 102.93
(C-2 and C-2"), 148.59 (C-3 and C-3"), 138.95 (C-4 and
C-4"), 151.07 (C-4a and C-4a'), 138.90 (C-4b and C-4b"),
140.02 (C-5 and C-5'), 140.00 (C-6 and C-6"), 146.05
(C-7 and C-7'), 108.20 (C-8 and C-8'), 115.68 and
115.80 (C-8a and C-8a'), 110.70 and 110.80 (C-8b and
C-8b'), 166.27 (C-8c, C-8¢', C-9b and C-9b'), 114.74
(C-9 and C-9"), 136.89 (C-10 and C-10"), 141.90 (C-11
and C-11"), 141.92 (C-12 and C-12'), 148.31 (C-13 and
C-13"), 109.16 (C-14 and C-14"), 94.53 (C-1"), 74.29
(C-2"), 76.82 (C-3"), 70.33 (C-4"), 73.76 (C-5"), 66.24
(C-6").

2.5. Spectral data for the rarely reported natural
product 5,7,4'-trihydroxy-3-methoxyflavanone
(dihydrokaempferol-3-O-methyl ether) (compound 9)

The rarely reported natural product was a yellow
amorphous powder (150 mg), R, values (x100): 6 (6%
AcOH), 48 (BAW). UV A, (nm) in MeOH: 290, 324
sh; "H-NMR (DMSO-d,) & (ppm): 4.99 (1H, d, J = 11
Hz, H-2), 4.6 (1H, d, J =11 Hz, H-3), 5.96 (1H, d, J =
2.5 Hz, H-6), 6.10 (1H, d, J = 2.5 Hz, H-8), 7.47 (2H, d,
J= 8.5 Hz, H-2' and H-6"), 7.05 (2H, d, J = 8.5 Hz, H-3'
and H-5'), 4.04 (3H, s, OMe). UV spectral data and
'H-NMR data for compound 9 were identical to those
reported in the literature (/2).

2.6. Chemicals and biochemicals for biochemical assays

Cell culture plastics, fetal bovine serum (FBS), phosphate
buffered saline (PBS), L-glutamine, trypsin, and
antibiotics were purchased from Biochrom KG (Berlin,
Germany). Bovine serum albumin (BSA; fraction V) and
Iscove's modification of Dulbecco's medium (IMDM),
with or without phenol red, were purchased from
Invitrogen (Karlsruhe, Germany). All other reagents were
obtained from Sigma (Deisenhofen, Germany). HOS58
cells were obtained from H. Siggelkow (Heidelberg,
Germany). SaOS-2 cells were purchased from DSZM
(Braunschweig, Germany). Other chemicals used were of
analytical grade. All cell culture plastics were provided
by Biochrom KG (Berlin, Germany).

2.7. Cell culture

Human osteosarcoma cells HOS58 and SaOS-2 were
grown as a monolayer in IMDM with 10% FBS, 2 mM
L-glutamine, and 1% penicillin-streptomycin solution
(penicillin 10,000 IE/mL, streptomycin 10,000 pg/mL).
Both cell lines were grown at 37°C in 95% air humidity

and 5% CO, and were routinely sub-cultured.

For assays, HOS58 and SaOS-2 cells were grown to
90% confluence in 96-well plates for 48 h. After cells
were washed twice with PBS, the medium was changed
to IMDM without phenol red supplemented with 0.05%
BSA, 2 mM L-glutamine, and 1% antibiotics (assay
medium).

Different concentrations of Heimia extract in assay
medium were prepared using a stock solution (10
mg/mL DMSO) and serial dilution with medium. The
final DMSO concentration did not exceed 0.05%. The
procedure was further carried out as indicated below.

2.8. Cell viability and cell proliferation assays (Neutral
Red assay)

The Neutral Red assay was used to measure the cell
proliferation rate and cell viability. HOS58 cells
(see "Cell culture") were incubated with different
concentrations of H. myrtifolia (3.9-250 pg/mL) for 43
h. A 0.4% aqueous stock solution of Neutral Red (NR;
Sigma) was prepared and an aliquot added to bring the
IMDM medium to a final concentration of 50 pg/mL.

Pre-incubating NR-containing medium overnight at
37°C proved advantageous in terms of removing fine
precipitate and dye crystals that formed when NR was
mixed with medium. Deposition of such precipitated
crystals onto the cell cultures during incubation
would interfere with the assay. The NR-medium was
centrifuged for 10 min at 1,500 x g before use to
facilitate removal of crystals. After washing, 0.2 mL of
the NR-medium was added to the wells and the plates
were incubated at 37°C in 95% air humidity and 5%
CO, for a further 3 h, resulting in the uptake of the vital
dye into viable cells.

The dye-medium was removed and the cells were
washed rapidly with 1% formaldehyde-1% CaCl, to
remove extraneously adhering, unincorporated dye
and simultaneously promote adhesion of the cells to
the substratum. The formaldehyde had to be left only
briefly in contact with the cells since longer exposure
would result in extraction of the dye. Removal of the
formaldehyde and addition of 0.2 mL of a mixture of 1%
acetic acid/50% ethanol to each well then resulted in the
extraction of the NR into the solution. After 20 min the
trays were placed on a microtiter plate shaker for a few
seconds and the absorbance of the extracted dye was
measured with a Dynatech microplate reader equipped
with a 540-nm filter. Cell viability was calculated as the
percent of vehicle control (/3-15).

2.9. Cell maturation assay

A cell maturation assay was used to determine the
osteoblastic activity of osteoblastic cells. HOS58 cells
(see "Cell culture") were incubated with different
concentrations of H. myrtifolia for 5 days and the
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medium was exchanged on day 3. Cells were then lysed
and the enzyme activity of alkaline phosphatase (ALP)
was determined in the supernatant.

2.9.1. Cell lysis

Upon the conclusion of incubation, cells treated with
H. myrtifolia extract or vehicle were washed twice
with PBS and disrupted (lysed) by adding 100 pL of
0.1% Triton X-100 in 0.1 M Tris-HCI, pH 9.8 (lysis
buffer) followed by freeze/thawing and vigorous
mixing. The obtained suspension was centrifuged and
the supernatant (cell lysate) assayed for protein content
(Roti-Nanoquant, Roth GmbH, Karlsruhe, Germany)
and ALP activity (cleavage of 4-nitrophenylphosphate
under basic conditions).

2.9.2. Protein quantification

The total cellular protein was determined using Roti-
Nanoquant reagent (Roth GmbH, Karlsruhe, Germany)
and a modified Bradford method in accordance with
the manufacturer's instructions (/6). Briefly, 10 uL cell
lysates was diluted with PBS (1:4) in a microtiter plate.
Roti-Nanoquant (200 puL) reagent was added and mixed
and the OD was read out at 405 and 620 nm using a
spectrophotomer (Anthos Labtec, Salzburg, Austria).
The total protein content was calculated from a standard
curve using BSA.

2.9.3. ALP activity

Cellular ALP activity was determined by the release
of 4-nitrophenol (4-NP) from 4-nitrophenylphosphate
(4-NPP). An aliquot of cell lysates was mixed with 0.2
M aminopropanol buffer, pH 9.8 (AMP) and 24 mM
4-NPP in AMP. After incubation at 37°C, the reaction
was stopped by 0.5 M NaOH (50 pL), and the OD was
read out at 405 nm. The concentration of 4-NP was
calculated utilizing a calibration curve.

Here, for ALP determination assay two independent
experiments were carried out with six replicates each
and results were expressed as mean + S.D. Statistical
differences were analyzed using single side ANOVA; p
values < 0.05 were considered significant.

2.10. Mineralization assay

Sa0S-2 cells were seeded into 24 well-plates (10* cells/
well) using growth medium (see "Cell culture") and
grown to 90% confluence. The medium was discarded
and cells were maintained in assay medium (see "Cell
culture") with or without H. myrtifolia crude extract
(1, 5, and 25 pg/mL) for 21 days. The medium was
changed every 3 days. Mineralization was triggered by
continuously adding 2 mM B-glycerophosphate (bGP)
to the medium, while Zn was added to other cells as a

positive control. Upon the conclusion of incubation,
cells were stained for mineral deposition by the arsenazo
III method for measuring calcium (/7). After cells
were washed with warm PBS, they were fixed with 5%
buffered glutardialdehyde (Grade II, Sigma) in cold
PBS for 30 min. Cell layers were washed twice with
deionized water and Arsen-Azo III dye was added.
Cells were then incubated at room temperature for 2
min. After cells were mixed thoroughly, the absorbance
at 650 nm was measured for the bluish-purple color
formed after complex formation between Ca’" and
Arsen-Azo 111 dye, which is directly proportional to
calcium deposition. In the mineralization assay, each bar
represents mean + S.D. of 1 experiment with 4 parallels.

2.11. Statistical analysis

For ALP determination assay, two independent
experiments were carried out with six replicates each
and results were expressed as mean + S.D. Statistical
differences were analyzed using one-way ANOVA;
p values < 0.05 were considered significant. In the
mineralization assay, each bar represents the mean +
S.D. of 1 experiment with 4 parallels.

3. Results and Discussion

Little phytochemical investigation has been conduced
into the phenolic metabolites and biological activities
of H. myrtifolia. Thus, this study describes the isolation
and characterization of different phenolic compounds
and the influence of the aqueous alcoholic extract of
H. myrtifolia on the growth and maturation of human
osteoblastic osteosarcoma cell lines, HOS58 and
Sa0S-2.

3.1. Isolation and structure elucidation of phenolics

Phytochemical investigation indicated the presence
of complicated phenolic mixtures in the aqueous
alcoholic extract of H. myrtifolia. Following column
chromatographic fractionation of the H. myrtifolia
leaf extract, sixteen compounds (compounds 1-16)
were isolated. Conventional and spectral analysis
mainly by UV, '"H-NMR, and "C-NMR spectroscopy
and by ESI/MS spectrometry indicated that one of
these compounds, 1,6-di-O-dehydrotrigalloyl-p-p-“C,-
glucopyranose (7), was a new natural product (Figure 1)
and that another, 5,7,4'-trihydroxy-3-methoxyflavanone
(dihydrokaempferol-3-O-methyl ether) (9), was a
rare natural product (noted for the second time in
the present study) that was isolated as a new natural
product in 1992 (12) from Prunus domestica (family
Rosaceae). Compounds 9 and 10 are the first such
compounds reported from the family Lytheraceae while
the compounds 1-6, 8, and 11-16 are the first such
compounds reported from the genus Heimia.
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Figure 1. Compound 7: 1,6-di-O-dehydrotrigalloyl-p-p-'C,-
glucopyranose. Numbering of the carbons is for convenience.

3.1.1. Known compounds

The present study has described the isolation and
structural elucidation of sixteen phenolic compounds
where chromatographic behavior, UV spectral,
ESI/MS (negative mode), and 'H and "C NMR data
were consistent with those previously reported for
apigenin-7-O-rutinoside (1) (/8-20); protocatechuic
acid (2) (21); vanillic acid (3) (22); apigenin-4'-
O-methyl ether 7-O-glucoside (acacetin-7-0O-f-
glucoside) (4) (23,24); methyl gallate (5) (25,26);
gallic acid (6) (27-30); apigenin-7-O-B-D-'C,-glucoside
(8) (24,31); 5,7,4'-trihydroxy-3-methoxyflavanone
(dihydrokaempferol-3-O-metyhl ether) (9) (/2);
dehydrotrigallic acid (10) (32); 3,4,3'-trimethoxyellagic
acid (11) (33); 3,3'-dimethoxyellagic acid (12) (27,34);
3-methoxyellagic acid (13) (27,34); ellagic acid (14)
(32); apigenin (15) (24,35); and kaempferol (16) (36,37).

3.1.2. The new natural product 1,6-di-O-dehydrotrigalloyl-
B-D-'C -glucopyranose (compound 7)

The new natural product, compound 7 (Figure 1), was
obtained as a white amorphous powder that possesses
gallic acid-like characteristics (intense blue color
with FeCl,, rosy red color with KIO, and UV spectral
maximum in MeOH at 273 nm). Negative ESI mass
spectral analysis established that compound 7 was a
di-dehydrotrigalloyl glucose ([M-H], m/z 1,155) with
a M, of 1,156, which on complete acid hydrolysis
yielded dehydrotrigallic acid (Comparative paper
chromatography (CoPC), UV, and 'H and "C-NMR
spectral analyses) (32) together with glucose (CoPC).
Partial acid hydrolysis of compound 7 yielded,
besides glucose and dehydrotrigallic acid (CoPC), an
intermediate (7a) that was purified by preparative PC.
This was found to have a M, of 668 (negative ESI mass
spectrum: [M-H], m/z 667) and UV spectral maximum
in MeOH at 273 nm, thus suggesting its structure to be
a monodehydrotrigalloyl glucose (38).

To determine the site of attachment of the
dehydrotrigalloyl moieties in the molecule of the

parent compound (7), 'H-NMR spectral analysis was
then carried out. The spectrum, recorded in DMSO-d,,
revealed a characteristic doublet at 6 ppm 4.70 (d, J =
8 Hz) attributable to the f-anomeric glucose protons in
compound 7. The spectrum also showed two downfield
glucose proton resonances at 4.40 (d, J = 12 Hz) and
4.22 (dd, J = 3.5 Hz and 12 Hz) attributable to the two
methylenic glucose protons at C-6.

In addition, two different patterns of proton signals
each belonging to a dehydrotrigalloyl moiety were also
noted in this spectrum at § ppm 7.10 (d, J = 2.5 Hz); 6.99
(d, J=2.5Hz); 6.96 (s) (2H); 6.40 (d, J=2.5 Hz); 6.42
(d, J = 2.5 Hz); 6.53 (s); and 6.54 (s). This assignment
was based on comparison with the "H-NMR spectrum
of free dehydrotrigallic acid, which had signals at &
ppm: 7.02 (d, J= 2.5 Hz); 6.95 (s); 6.48 (d, J=2.5 Hz);
and 6.42 (s) (32).

Dehydrotrigalloylation at the anomeric and the
6-positions of glucose in compound 7 was evidenced
by an upfield shift of the anomeric carbon at & ppm
94.53 in the "C NMR spectrum and the low field of
methylenic proton signals in the 'H NMR spectrum in
comparison to the corresponding chemical shifts in free
B-glucose (39).

The weight of evidence described above indicated
that compound 7 is 1,6-di-O-dehydrotrigalloyl-B-D-
‘C,-glucopyranose. Final proof of its structure was
then obtained through “C-NMR spectral analysis,
which resulted in a spectrum containing essentially
double signals for most of the dehydrotrigalloyl
carbons. In this spectrum, resonances were assigned
by comparing them to the "C-NMR data reported for
free dehydrotrigallic acid (32) as well as for 1,6-di-
O-galloyl glucose (40,41), B-anomeric carbon signals
were readily identified from the characteristic chemical
shift values at & ppm 94.53, attributable to glucose C-1,
and at 66.24, attributable to C-6 glucose carbon. Other
resonances in this spectrum exhibited chemical shift
values [74.29 (C-2"), 76.82 (C-3"), 70.33 (C-4"), 73.76
(C-5")] that were in accordance with the proposed
structure of compound 7. Furthermore, the measured
chemical shift values of the glucose carbon resonances
proved that this moiety existed in a pyranose form (39),
thus confirming the final structure of compound 7 to
be 1,6-di-O-dehydrotrigalloyl-B-p-‘C,-glucopyranose,
which represents, to the extent known, a new natural
product.

3.2. Influence on human osteoblastic cell cultures

Osteoblastic-mediated bone formation can be divided
into three phases: proliferation, matrix maturation,
and mineralization (42). Cell vitality was estimated
in the Neutral Red assay (/3,/4) as a parameter
for the proliferation phase, and protein content and
ALP activity were determined as indicators for
matrix maturation and finally mineralization of the
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extracellular matrix (ECM). In order to increase the
validity of the results and to eliminate false positives,
two different cell lines, namely HOS58 and SaOS-2 cell
lines, were used.

3.2.1. Cell viability and cell proliferation assay (NR assay)

Neutral red (3-amino-m-dimetyhlamino-2-methyl-
phenazine hydrochloride)-based colorimetric assay
is one of the best methods to detect mammalian cell
survival and proliferation and is frequently used (/3,74).
The NR assay is based on the incorporation of the
supravital dye, neutral dye, into lysosomes of viable
uninjured cells after incubation of the cell culture
with the extract. This weakly cationic dye penetrates
cell membranes by nonionic diffusion and binds
intracellularly to anionic carboxylic and/or phosphate
groups of the lysosomal matrix. Xenobiotics that
injure the plasma or lysosomal membrane decrease the
uptake and subsequent retention of the dye. Dead cells
cannot retain the dye after washing/fixation (/4,15).
After extraction from the lysosomes, the neutral dye
is quantified spectrophotometrically and this amount
is compared to the amount of dye extracted from
control cell cultures (/3-15). Cytotoxicity testing of H.
myrtifolia did not indicate any reduction in cell viability
(Figure 2). Even at the highest concentration tested (125
pug/mL), HOSS58 cells retained their metabolic activity.

3.2.2. Cellular protein content and ALP activity of
HOS58 cells

The extract was slightly toxic to HOS58 cells up to 125
pg/mL (Figure 2), suggesting that it was tolerated by
the cell line prior to this concentration.

Total protein content assay — There was a transient
increase in total cellular protein at doses between 15.6
and 62.5 ug/mL. Given a lack of cytotoxicity at this
concentration, this can be considered the stimulation
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Figure 2. Cytotoxicity on HOS58 human osteosarcoma
cells. No significant toxicity was observed up to 125 pg/
mL, suggesting that the cells continued to be viable in the
experimental setup. Two independent experiments with 6
parallels each were performed.

of cell maturation (Figure 3). At higher concentrations
(> 100 pg/mL), protein production decreased.

ALP activity assay — ALP activity is commonly
used as an indicator of osteoblastic cell maturation.
The enzyme is considered to mark the middle stage
of bone formation and generally appears during the
matrix maturation phase (43,44). It plays an unclear,
but crucial role in matrix mineralization (44). The level
of cellular ALP activity of HOS58 human osteoblastic
osteosarcoma cells was significantly reduced in a dose-
dependent manner within the H. myrtifolia non-toxic
concentration range tested (15.6 and 62.5 pg/mL) to
values between 90% and 75% of vehicle treated control
(4,100 and 3,200 nmol/min/mg) (Figure 4). A higher
concentration (125 pg/mL) of H. myrtifolia resulted in
an even more pronounced reduction of ALP.

This finding supports the proposed triggering of
cell maturation by H. myrtifolia in terms of increased
formation of ECM. This matrix provides support for
subsequent mineralization. The enzyme ALP plays an
important but yet undefined role in the mineralization
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Figure 3. Total cellular protein produced by HOS58
human osteosarcoma cells under the influence of H.
myrtifolia leaf extract. A dose-dependent increase was
observed for medium doses (15.6 to 62.5 pg/mL). Two
independent experiments with 6 parallels each were
performed.
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Figure 4. ALP activity of HOSS8 human osteosarcoma
cells under the influence of H. myrtifolia leaf extract. A
dose-dependent decrease of enzyme activity was observed.
Two independent experiments with 6 parallels each were
performed.
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process and its abundance varies considerably with cell
activation. It is usually down-regulated when ECM is
produced (as it is not necessary for this process). The
model substance bGP (2 mM) was used as a positive
control and led to a significant increase in ALP activity
within the usual range, thus indicating quite normal cell
behavior.

3.2.3. Mineralization assay of SaOS-2 cells and
enhanced activity of the crude extract

To accomplish the testing of H. myrtifolia crude extract,
the effect of H. myrtifolia on in vitro mineralization was
studied using SaOS-2 cells. This delicate process is not
fully understood but it requires a highly sophisticated
ECM, an active ALP (at least in the beginning), and
a certain concentration of inorganic phosphorus.
Mineralization as the last step of bone formation
unambiguously shows the bone character of cells (43).
It is therefore used as an endpoint for in vitro studies
of cells with an osteoblastic lineage. After 21 days of
cultivation, unstimulated cells (containing no bGP) did
lack calcium deposition (data not shown). The addition of
bGP (2 mM) was found to be essential for the activation
of the mineralization process and led to detectable
calcium deposits of SaOS-2 of about 30 ug/mL (data
not shown). This finding has been noted by others, and
bGP is frequently used to trigger mineralization (45).
Zn is added as a positive control as it helps in calcium
deposition or aids in calcium deposition inside the matrix
(46). The aqueous alcoholic leaf extract of H. myrtifolia
has a stimulating effect on the mineralization of SaOS-2
cells. There was a highly significant increase (280
pg/mL) in calcium deposition or mineralization when
using 25 pg/mL of H. myrtifolia leaf extract (Figure 5).
Using 1 and 5 pg/mL of leaf extract did significantly
alter positive cell mineralization to 175 and 205 pg/mL,
respectively, indicating strong dose-dependent activity
(Figure 5).
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Figure 5. Mineralization (calcium deposition) of SaOS-2
human osteosarcoma cells in vitro under the influence of
H. myrtifolia leaf extract. A strong dose-dependent increase
was observed for Heimia extract. Calcium deposition was
triggered by 2 mM bGP (glycerophosphate). One experiment
with 4 parallels each was performed.

4. Conclusion

Sixteen compounds were isolated from the genus
Heimia for the first time. These compounds
included 5,7,4'-trihydroxy-3-methoxyflavanone
(dihydrokaempferol-3-O-methyl ether) (compound 9),
which was recorded for the second time, and a new
natural product, 1,6-di-O-dehydrotrigalloyl-B-p-‘C;-
glucopyranose (compound 7).

Further, an aqueous alcohol extract of H.
myrtifolia was found to stimulate mineralization and
protein production of SaOS-2 human osteosarcoma
osteoblastic cell cultures for the first time. Utilizing
pharmacologically relevant concentrations (< 30 pg/
mL), the current data thus show that the H. myrtifolia
aqueous alcoholic extract enhances the osteogenicity of
cultured bone cells. This positive effect on bone cells
with comparatively low doses of H. myrtifolia extract
is, at least partly, attributed to its high phenolic content.

In conclusion, H. myrtifolia extract has been found
to have a bone-enhancing effect in vitro. Its high
content of phenolic compounds, which help in calcium
deposition in the bone cells matrix, may lead to the
extract playing a role in the prevention of osteoporosis.
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Evaluation of therapeutic effects and pharmacokinetics of
antibacterial chromogenic agents in a silkworm model of

Staphylococcus aureus infection
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ABSTRACT: The therapeutic effect of dye
compounds with antibacterial activity was evaluated
in a silkworm model of Staphylococcus aureus
infection. Among 13 chromogenic agents that show
antibacterial activity against S. aureus (MIC = 0.02
to 19 pg/mL), rifampicin had a therapeutic effect.
The EDs, value in the silkworm model was consistent
with that in a murine model. Other 12 dyes did not
increase survival of the infected silkworms. We
examined the reason for the lack of therapeutic
efficacy. Amidol, pyronin G, and safranin were
toxic to silkworms, which explained the lack of
therapeutic effects. Fuchsin basic and methyl green
disappeared quickly from the hemolymph after
injection, suggesting that they are not stable in the
hemolymph. Although coomassie brilliant blue
R250/G250, cresyl blue, and nigrosin showed no
toxic effects or instability in the hemolymph, they
also did not have a therapeutic effect. The in vitro
antibacterial actions of these dyes were inhibited
by silkworm plasma or bovine serum albumin and
filtration experiments demonstrated that cresyl
blue bound to plasma proteins in the silkworm,
suggesting that plasma protein binding inhibited
the therapeutic efficacy of these four dyes. These
findings indicate that drug screening using the
silkworm infection model is useful for evaluating
toxicity and pharmacokinetics of potential
antibiotics.

Keywords: Silkworm, plasma protein binding,
antibacterial, dye

1. Introduction

In the course of developing drugs to treat infectious
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Dr. Kazuhisa Sekimizu, Graduate School of
Pharmaceutical Sciences, The University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.
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diseases, chemical compounds with antibacterial
activity in vitro are tested for their therapeutic
efficacy in vivo in animal infection models. A serious
problem is that most of compounds that exhibit
antibacterial activity in vitro do not have therapeutic
effects in animal infection models due to toxicity
and pharmacokinetic issues. Thus, for efficient drug
discovery, protocols must be established to exclude
agents without therapeutic effects at earlier stages of
drug development. Evaluation of the therapeutic effects
of potential antibiotics has been performed using
mammalian models, but conventional methods using a
large number of mammals are problematic due to high
costs and ethical concerns. Therefore, the development
of a non-vertebrate infection model to test drug efficacy
in the early stages of development is highly desirable.

We have established insect models of human
pathogenic bacterial and viral infection using the
silkworm, Bombyx mori (1-3), and proposed the
utilization of the silkworm model for drug discovery
(4). Our previous studies indicated that lethal doses
of chemicals in silkworm were consistent with those
in mammals, when normalized by body weights (5).
Silkworms and mammals share conserved mechanisms
for the pharmacokinetics of chemicals: absorption,
distribution, metabolism, and excretion (ADME) (5-7).
Therefore, the silkworm infection model is potentially
useful for the evaluation of toxicity and ADME of
candidate compounds in therapeutic drug screening for
infectious diseases.

In mammals, the binding of drugs to plasma proteins
like albumin is an important factor in the distribution
of drugs in the animal body. In invertebrates, however,
information regarding interactions of drugs with
plasma proteins is scarce. Therefore, it is not known
whether the silkworm model can be used to evaluate
the inhibition of therapeutic effects induced by plasma
protein binding of drug candidate agents.

To evaluate factors that affect pharmacokinetics,
including plasma protein binding, on the therapeutic
effects of antibacterial agents in the silkworm infection
model, we considered dyestuffs as suitable model
agents. Some of dyes have antibacterial activity (8,9).
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In addition, dye concentration in samples can be easily
quantified by measuring absorbance. Here we describe
the therapeutic effects and pharmacologic properties of
dyes in the silkworm model of S. aureus infection.

2. Materials and Methods
2.1. Animals

Bombyx mori eggs (Fu-Yo x Tsukuba+Ne) were
purchased from Ehima Sansyu (Ehime, Japan), and
raised to the fifth instar larval stage by feeding with
artificial food Silkmate 2S (Nosan Corporation,
Yokohama, Japan). All of the animals used in this study
were fifth instar larvae.

2.2. Chromogenic compounds

Rifampicin, methyl green, amidol (Wako Pure
Chemical Industries, Osaka, Japan), Coomassie brilliant
blue (CBB) R250, CBB G250, nigrosin (Nakalai
Tesque, Kyoto, Japan), malachite green (Tokushu
Chemicals, Tokyo, Japan), crystal violet (Sigma, St.
Louis, MO, USA), cresyl blue, pyronin G (Tokyo
Chemical Industry, Tokyo, Japan), toluidine blue O
(Chroma-gesellschaft Schmid, Stuttgart, Germany),
fuchsin basic, and safranin (Kanto Chemical, Tokyo,
Japan) were dissolved in phosphate buffered saline
(PBS, 10 mM sodium phosphate, 137 mM sodium
chloride, 3 mM potassium chloride, pH 7.4) or dimethyl
sulfoxide. Commercially available CBB R250 is a
mixture of chromogenic compounds in different forms
(10-12). Therefore, we purified CBB R250 from the
purchased reagent using thin layer chromatography
(TLC). The sample (30 mg) in methanol was applied
to a preparative TLC plate (silica gel 60 F254, Merck
KGaA, Darmstadt, Germany) and developed in
1-butanol/acetic acid/water (15:3:7). The main band
with blue color was scraped off, eluted with methanol,
and filtered through a 0.45-um filter. The methanol was
removed by evaporation and the sample was analyzed
using liquid chromatography-mass spectrometry. The
molecular mass of the principal compound in the
fraction was estimated to be 804, which is previously
reported molecular mass of CBB R250 (11).

2.3. Assay of antibacterial activity of dyes

A clinical strain of S. aureus, MSSAT1 (13), was
cultured in Luria-Bertani 10 (LB 10) medium (10 g
bactotryptone, 5 g yeast extract, 10 g NaCl per liter) at
37°C for 24 h. The full growth culture was diluted to
1/1,000 in Mueller-Hinton (MH) medium and then a
100-pL aliquot was added to each well of 96-well plate.
The dye solution was serially diluted 2-fold and 100 puL
of each dilution was added to the bacterial solution, and
cultured at 37°C for 18 to 24 h. Bacterial growth was

visually determined. The MIC (minimum inhibitory
concentration) was defined as the lowest concentration
of the dye that inhibited the bacterial growth. To
evaluate the effect of silkworm plasma or bovine serum
albumin (BSA) on the antibacterial activity of the dyes,
the silkworm plasma (final concentration, 25%) or
BSA (fraction V, Nakalai Tesque; final concentration,
25 mg/mL) was added to MH medium, and the MICs
of the dyes were determined. The silkworm plasma
was prepared as follows: the legs of fifth instar
larvae were cut and the hemolymph was collected.
2-Mercaptoethanol (2-ME; final concentration, 0.1%)
was added to the samples to inhibit melanization and
the hemocytes were removed by centrifugation for 5
min at 8,000 rpm (R10A2, Hitachi Koki, Tokyo, Japan).

2.4. Calculation of the theoretically minimal effective
dose of antibacterial dye required for the treatment of
infected silkworms

The fifth instar larva (2 g) used for therapeutic assay
has a hemolymph with volume of approximately 500
pL (5). Therefore, injection of 50 pL dye solution into
the silkworm hemolymph results in a 1:10 dilution.
The putative minimal effective dose of dye minimally
required to achieve therapeutic effect on the infected
silkworm, tEDmini (pg/gelarva), was theoretically
defined based on the following formula using the MIC
of the dye.

MIC (pg/mL) % 0.5 (mL) x 10
2 (g-larva)

tEDmini (pg/gelarva) =

2.5. Determination of the dye LDy, in silkworms

The larvae were reared for 1 day at 27°C with
feeding. The larvae (n = 3-5) were injected with
2-fold serial dilutions of the dye solution (50 uL) into
the hemolymph and reared at 27°C. The number of
surviving larvae was counted 2 days later. The LD,
was determined by the survival curve as the dose that
killed half of the larvae (LDs).

2.6. Evaluation of therapeutic effects of dyes

Full growth S. aureus culture was diluted 10-fold
with 0.9% NaCl. A 50 pL aliquot was injected into
the hemolymph of the silkworm. Dye solution (50
pL) diluted with PBS was further injected into the
hemolymph (6). The silkworms were reared at 27°C
and the number of surviving silkworms was counted 2
days later. Vancomycin (200 pg/mL) was administered
as a positive control. To determine the number of
viable bacteria in the hemolymph, the hemolymph was
collected 1 day after the injection of CBB R250 and
diluted in 0.9% NaCl before spreading on mannitol-
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salt agar plates. The plates were incubated at 37°C
overnight and the colonies were counted.

2.7. Determination of the concentration of chromogenic
compound in the hemolymph of the injected silkworm

Rifampicin solution (3.5 mg/mL in 30% dimethyl
sulfoxide, 0.9% NaCl, 50 pL) was injected into the
hemolymph of the silkworm. The animals were reared
at 27°C and the hemolymph was collected after 20 sec,
1,5, 10, 15, 30, 60 min, 1.5, 2, 4, 8 h. 2-ME (1 pL) was
added to approximately 100 pL of hemolymph and an
equal volume of acetone was added to the hemolymph,
followed by vigorous shaking. The sample was then
centrifuged at 20,000 x g for 5 min and the OD,,5 of the
supernatant was measured. Hemolymph of a silkworm
injected with the buffer (30% dimethyl sulfoxide, 0.9%
NaCl) was used as the background.

A solution (50 pL, in PBS) of fuchsin basic (5 mg/
mL), methyl green (15 mg/mL), CBB R250 (3.7 mg/
mL), CBB G250 (5 mg/mL), cresyl blue (8 mg/mL), or
nigrosin (9 mg/mL) was injected into the hemolymph of
the silkworm. The animals were reared at 27°C and the
hemolymph was collected after 2 days and the sample
was prepared as described above. The OD value, at
absorption maximum of each dye, of the supernatant
was measured. Hemolymph of a silkworm injected with
PBS was used as the background.

2.8. Assay for cresyl blue binding to the silkworm
plasma proteins

A solution of cresyl blue (2 pL, 8 mg/mL) was mixed
with the silkworm plasma (200 pL) diluted with
phosphate buffer (10 mM sodium phosphate, 150 mM
sodium chloride, 5 mM potassium chloride, 1 mM
calcium chloride, pH 7.2). The sample was applied to
YM-3 filter for ultra filtration (3 kDa cut-off, Millipore,
Billerica, MA, USA) and centrifuged at 12,000 x g for

30 min at 4°C. The ODg;; of the filtered solution was
measured and the amount of the dye that passed through
the membrane was calculated. Protein concentration in
the filtered solution was determined by Lowry's method
after trichloroacetic acids precipitation. The findings
revealed that most of the proteins did not pass through
the filter.

3. Results

First, we measured the antibacterial activity in vitro
of 44 randomly selected chromogenic compounds in
vitro and chose the 13 dyes for which the MIC was
less than 20 pg/mL (Table 1). We then tested whether
the dyes were therapeutically effective in silkworms
infected with S. aureus. Rifampicin had a therapeutic
effect and the ED;, value was 0.08 pg/g-larva. This is
consistent with the value in a murine model (0.062 pg/g)
(14). None of others had a therapeutic effect, even at
various doses. In addition to evaluating the therapeutic
effect by counting the number of surviving silkworms,
we examined whether CBB R250 suppresses the
growth of S. aureus in the silkworm hemolymph.
Our findings indicated that CBB R250 administration
did not decrease the number of viable bacteria in the
hemolymph (Figure 1), whereas vancomycin suppressed
bacterial growth in the hemolymph. To understand
the reason for the lack of therapeutic effects of these
dyes in the silkworm infection model, we studied their
toxicity, stability in the hemolymph, and plasma protein
binding properties as follows.

For antibacterial agents to show therapeutic effects,
their concentrations in the hemolymph after injection
should be higher than their MIC values and, at the
same time, they should not be toxic to the host animals.
As the MIC value enables us to calculate the minimal
required dose for the therapeutic effect in infected
silkworms (see "Material and Methods"), we defined the
value as the theoretical minimal effective dose required

Table 1. Antibacterial activity, toxicity, and therapeutic effect of dyes in the silkworm model of S. aureus infection

Dye MIC (png/mL) tEDmini (ng/g-larva) LD, (ng/g-larva) EDj, (ng/g-larva) EDsy/MIC
Rifampicin 0.02 0.05 ND 0.08 4
Amidol 19 48 54 >9 >0.5
Pyronin G 2 5 11 >13 >7
Safranin 10 25 34 >23 >2
Fuchsin basic 6 15 100-500 >230 >38
Methyl Green 13 33 530 > 160 >12
CBB R250 4 10 > 660 > 83 >17
CBB G250 7 18 > 800 >172 >10
Cresyl Blue 4 10 530 > 150 >39
Nigrosin 5 13 490 > 170 >33
Crystal Violet 0.2 0.5 15 >9 >45
Malachite Green 0.3 0.8 15 >10 >33
Toluidine Blue O 14 35 1,000 > 700 >50
Vancomycin 1 2 ND 0.3* 0.3*

*; the values are cited from Hamamoto et al., 2004. tEDmini; theoretical minimal effective dose required for therapeutic effect in the infected

silkworm. ND; not determined.
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for the therapeutic effect (tEDmini), and compared it
with the LDs, value of the dye. The tEDmini values
of amidol, pyronin G, and safranin were 48, 5, and 25
ng/gelarva, respectively, which were all greater than 1/3
of the LD;, values (Table 1). These results suggest that
these three dyes were not therapeutically effective in
the silkworm infection model because they were toxic
to the silkworms.

The other nine dyes with antibacterial activity
showed smaller tEDmini values lower than 1/10
of the LDy, (Table 1). These dyes still did not have
therapeutic effects in the infected silkworms. We
previously proposed that an antibacterial agent whose
ED;,/MIC values were lower than 10 had proper
pharmacokinetics characteristics (6). While the EDs,/
MIC value of rifampicin was 4, the values of the nine
dyes were over 10 (Table 1), suggesting that these
dyes have pharmacokinetic problem in the silkworm
and thus are not therapeutically effective. To test this
notion, we examined the stability of these compounds
in the silkworm hemolymph. The concentration of the
chromogenic compound in the hemolymph can be easily
measured by absorbance at the maximum absorption
wavelength. This method revealed that the half-life
of rifampicin at a phase was 3 min, indicating rapidly
distributed (Figure 2). The half-life at B phase was 3 h,
suggesting that rifampicin is present in the hemolymph
over the MIC during 2 days after injection. The period
of the half-life at p phase was consistent with that of
human (15). As for other dyes, the concentration of
fuchsin basic and methyl green in the hemolymph
was below the MIC at 2 days after injection (Table 2),
suggesting that these dyes are rapidly eliminated from
the hemolymph. We concluded that these chromogenic
compounds do not have therapeutic effects due to their
rapid distribution into the tissues, rapid metabolism,
and/or rapid excretion.

The concentrations of CBB R250, CBB G250,
cresyl blue, and nigrosin in the hemolymph were higher
than the MIC values even 2 days after injection, but
they still did not show the therapeutic effects (Tables 1
and 2), suggesting that a factor other than distribution,
metabolism, and excretion of the dyes inhibited the
therapeutic effects.

Therapeutic effects of drugs are sometimes
prevented by plasma protein binding, which is
included in the issues of distribution of ADME. It is
well known that CBB R250, CBB G250, and nigrosin
bind to proteins (16-18). We examined whether the
antibacterial activity of CBB R250, CBB G250, cresyl
blue, and nigrosin were inhibited in the presence of
the silkworm plasma. Adding the silkworm plasma
fraction increased the MICs of these four dyes (Table
3). The protein concentration in the hemolymph of
fifth instar larva ranges from approximately 10 to 100
mg/mL (19,20). Adding 25 mg/mL BSA also increased
the MICs of the dyes, whereas adding the silkworm
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Figure 1. Evaluation of the therapeutic effect of CBB R250
based on the number of viable bacteria in the hemolymph
after injection into the silkworm. A 10-fold diluted solution
(50 pL) of full growth S. aureus culture was injected into the
hemolymph of fifth instar larva, and then an equal volume
of CBB R250, PBS, or vancomycin was injected into the
hemolymph. The hemolymph was collected 1 day later and
the number of colonies of viable bacteria was counted. Each
dot indicates the number of viable bacteria in the hemolymph
from one individual larva. * Student's t-test, p < 0.05.
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Figure 2. Pharmacokinetics of rifampicin in the silkworm.
Rifampicin solution (50 pL, 3.5 mg/mL) was injected into the
silkworm hemolymph and then the hemolymph was collected
at different time after injection. The rifampicin concentration
in the hemolymph was calculated by OD,;; value. Data are
presented as mean + S.E.M. (n = 3).

Table 2. Dye concentration in the silkworm hemolymph
after injection

Concentration in hemolymph

Dye MIC (ug/mL) after 2 days (ng/mL)
Fuchsin basic 6 0£0(n=5)
Methyl green 13 1£1(n=5)
CBB R250 4 14+5(n=7)
CBB G250 7 7+3(n=75)
Cresyl blue 4 12+£4(n=4)
Nigrosin 5 9+1(n=4)

Data shown are the MICs and the concentrations in the hemolymph
of dyes (ng/mL). The concentration was measured 2 days after dye
injection (250 pg/larva for fuchsin basic, 750 pg/larva for methyl green,
185 pg/larva for CBB R250, 250 pg/larva for CBB G250, 400 pg/larva
for cresyl blue, 450 pg/larva for nigrosin) into the hemolymph. Values
are presented as mean = S.E.M. N; number of the tested silkworms.
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plasma or BSA did not affect the MIC of vancomycin.
Cresyl blue is a basic dye that binds to various biologic
substances such as nucleic acids, although information
regarding its protein binding properties is limited to
only a few species of proteins (21,22). To examine
whether cresyl blue binds to silkworm plasma proteins,
we performed a filtration assay (see "Materials and
Methods"). Adding the silkworm plasma decreased the
amount of the filtrated dye (Figure 3). When mixed
with the maximum amount (99%) of plasma, only 4%
of cresyl blue penetrated through the filter, indicating
that 96% of the dye wad bound to the plasma proteins.
These results suggest that the antibacterial activities of
CBB R250, CBB G250, cresyl blue, and nigrosin are
inhibited in the hemolymph by plasma protein binding.

4. Discussion

In the present study, we examined the therapeutic
effects of 13 different chromogenic compounds with
in vitro antibacterial activity against S. aureus, and

Table 3. Effect of the presence of the silkworm plasma
(25%) and BSA (25 mg/ml) on the antibacterial activity of
dyes

Dye None Plasma BSA

CBB R250 7+2(n=3) >263 (n=23) > 1,050 (n=3)
CBB G250 7+0(n=3) 600+184(n=3) >900 (n=3)
Cresyl Blue  5+1(n=4) >16 (n=4) >131(n=4)
Nigrosin 3+0(n=3) >163 (n=4) >325(=3)
Vancomycin 1 £0(n=2) 1£0(n=2) 1£0(n=2)

The MICs of the dyes are shown (ug/mL). A CBB R250 reagent
was obtained from the supplier and used without purification in this
experiment. Values are presented as mean + S.E.M.

0 20 40 60 80 100

Permeation of the dye through the filter (%)

Amounts of the plasma in the sample (%)

Figure 3. Binding of cresyl blue to the silkworm plasma
proteins. Silkworm plasma was mixed with buffer in various
ratios and then cresyl blue was added. The sample was
applied to ultra-filtration. The ODg;;5 of the filtrated solution
was determined and the permeation of the dye was calculated.
Data are presented as mean + S.E.M. (n = 3).

demonstrated that rifampicin had a therapeutic effect
and the EDs, value and the elimination half-life were
consistent with those in mammals. The other 12 dyes
were not therapeutically effective in the silkworm
infection model due to toxicity or ADME problems.
Some of the dyes (CBB R250, CBB G250, cresyl
blue, and nigrosin) had no therapeutic effects, while
apparent concentrations in the hemolymph were
maintained higher than their MICs. These dyes lost
their antibacterial activity in the presence of silkworm
plasma or BSA, which suggested that these dyes bind
to silkworm plasma proteins and the concentrations of
the free compounds are too small in the hemolymph
to produce therapeutic effects in the silkworm
infection model. We previously reported that the
pharmacokinetics of various compounds are similar
between silkworms and mammals (5-7). Here we
reported that the influence of plasma protein binding
on drug distribution, which is a known phenomenon
in mammals, is also observed in silkworms. To our
knowledge, this is the first report that the therapeutic
effectiveness of drugs can be inhibited by plasma
protein binding in invertebrates as well as in
vertebrates.

Further, we showed that the silkworm model can
be used to evaluate the toxicity of candidate agents
of drugs for infectious diseases. We previously
reported that the LDs, values of cytotoxic agents
in silkworm are consistent with those in mammals
(5). Therefore, therapeutically effective agents in
the silkworm infection model are expected to show
therapeutic effectiveness without toxicity in mammals.
The silkworm infection model is advantageous for
simultaneous evaluation of the toxicity and therapeutic
effects of drug candidates.

Drug candidates whose concentrations in free
form in the blood are reduced by plasma protein
binding often do not show therapeutic effects. Efficient
exclusion of such candidates in the early phase of drug
development is necessary for productive drug discovery.
To advance drug development, candidate compounds
must have the low toxicity and good property of
ADME properties. We propose the use of a silkworm
model for these aims. Silkworm models of diseases
do not cost compared with mammalian models and
are associated with fewer ethical issues and biohazard
risks. Furthermore, silkworm larvae are large enough
to handle for the injection of reagent solutions and for
the collection of hemolymph for analysis. Silkworm
models of infectious diseases have been established
using bacteria, virus, and fungi (1,3,6). Although
other invertebrate infection models have also been
proposed (23,24), the silkworm is highly advantageous
for studies of pharmacokinetics and this model can
likely be extended to various human diseases. Actually
a silkworm model of human sepiapterin reductase
deficiency was recently reported (25). Utilization of
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the silkworm model of various diseases will be helpful
to exclude candidate therapeutic agents that are not
effective at an early stage of drug development.
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ABSTRACT: The effects of heparin-superoxide
dismutase (SOD) conjugate (heparin-SOD) on
y-radiation induced DNA damage in vivo and in vitro
were evaluated. Plasmid pcDNA3.0 solution was
mixed with heparin-SOD, SOD, and a mixture of
heparin and SOD (heparin + SOD), respectively, and
irradiated with “Co at a dosage of 120 Gy. DNA injury
was analyzed using agarose gel electrophoresis. The
results showed that the degree of injury of pcDNA3.0
mixed with heparin-SOD, SOD, or heparin + SOD
was less than that of untreated pcDNA3.0, and among
them the degree of injury of pcDNA3.0 mixed with
heparin-SOD was the least. It also showed that the
protective effect increased with an increase of heparin-
SOD concentration. The effects of SOD and heparin-
SOD on the DNA damage and tumor inhibition rate of
“Co y-radiation exposure on tumor-bearing mice were
also studied. Agarose gel electrophoresis showed that,
when different SOD samples were administered before
irradiation, the thymus DNA injuries of heparin-
SOD, SOD, or heparin + SOD groups were more
serious than that of the control group, and the DNA
injuries of heparin-SOD or heparin + SOD groups
were the most serious, which contradicted the above in
vitro experiments. However, when heparin-SOD was
administered post irradiation, it showed a repairing
effect on the injured DNA.
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fragmentation
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1. Introduction

Eighty percent of cancer patients need radiotherapy at
some time, either for a curative or palliative purpose.
Since human tissues contain 80% water, the major
radiation damage is due to aqueous free radicals
generated by the action of radiation on water. These free
radicals react with cellular macromolecules, such as
DNA, RNA, proteins, efc., and cause cell dysfunction
and mortality. Oxidative damage to the cellular genetic
material, i.e., DNA, plays a major role in mutagenesis
and carcinogenesis. Highly reactive oxygen radicals
produced by ionizing radiation cause lesions in DNA,
which lead to cell death and DNA mutation. In order
to obtain better tumor control with a higher radiation
dose, normal tissues should be protected from radiation
injury. Thus, the role of radioprotective compounds
is very important in clinical radiotherapy. However,
many of them have severe side effects, such as nausea,
vomiting, and hypotension (/,2).

Enzymes such as superoxide dismutase, glutathione
peroxidase and catalase protect mammalian cells
from oxidative radiation damage (3). Because of the
shortcomings of proteins used as medicines, such as
short half-life, antigenicity, and instability, the utilization
of these enzymes has been limited and increasing
attention has been given to chemical modification of
proteins to overcome the shortcomings (4,5). In our
laboratory, Cu,Zn-superoxide dismutase (Cu,Zn-SOD)
has been chemically modified with low molecular
weight heparin (LMWH), and it was proved that after
modification, the immunogenicity was lowered, the anti-
inflammatory activity was increased and the stability
of SOD towards acid, alkali, heat and trypsin were
enhanced (4). Our earlier studies showed that heparin-
SOD could prevent the effect of carbon tetrachloride-
induced acute liver failure and hepatic fibrosis in mice
(6). Our earlier studies also showed that heparin-SOD
could attenuate bleomycin-induced pulmonary fibrosis
in vivo, and inhibit the inflammatory cytokine expression
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induced by radiation, demonstrating that heparin-SOD
might be useful in the treatment of pulmonary fibrosis
(7). In the present study, the radioprotective effects and
possible mechanisms of heparin-SOD in vivo and in
vitro were investigated.

2. Materials and Methods
2.1. Materials

Heparin-SOD was prepared according to the method
reported previously (4,5). Agarose and ethidium bromide
were purchased from Sigma-Aldrich, St. Louis, MO,
USA. Plasmid pcDNA3.0 was purified from Escherichia
coli using a Qiagen Plasmid kit-Pack 500 (Qiagen,
Hilden, Germany). S180 tumor cells were supplied by
Shandong Academy of Medical Science, China. “’Co
y-radiation exposure was performed in the Academy of
Agricultural Sciences of Shandong Province, China.
Other chemicals and reagents were of analytical grade.

2.2. Animals

Pathogen-free male Kunming mice, weighing 23-27
g, obtained from the Experimental Animal Center of
Shandong University (Ji'nan, Shandong, China) were
used in the experiments. The mice were housed in
animal facilities accredited by the Shandong Council on
Animal Care and treated in accordance with approved
protocols. Animals were maintained in a specific
pathogen-free environment that was temperature-
controlled (23 £ 2°C) and humidity-controlled (60 +
10%), under a 12 h light-dark cycle. The animals used in
this study were handled and treated in accordance with
the strict guiding principles of the National Institutes
of Health for Experimental Care and Use of Animals.
The experimental design and procedures were approved
by the Institutional Ethical Committee for Animal Care
and Use of Shandong University, People's Republic of
China.

2.3. In vitro assessment of the radio-protective effect of
heparin-SOD on pcDNA3.0

One microgram of pcDNA3.0 was put into 4 Eppendorf
centrifuge tubes, respectively, and 50 pL of SOD,
heparin-SOD, a mixture of heparin and SOD (heparin
+ SOD), and isotonic sodium chloride (as control)
were added respectively before irradiation. The added
dosages concerning SOD for the above SOD sample
were according to Cu,Zn-SOD enzymatic activity (3,000
units/mL), and the heparin dosage in heparin + SOD
was the same heparin proportion as in heparin-SOD.
After mixing, the four tubes were exposed to y-radiation
at a dose rate of 1 Gy/min on an ice bath with a total
dose of 120 Gy as reported elsewhere (8-70). The
supercoiled (SC) and open circular (OC) forms of DNA

were separated using 1.5% agarose gel electrophoresis
and DNA bands were quantified by scanning the
resulting optical density with a densitometer (LKB Co.
Ltd., Stockholm, Sweden) after staining with ethidium
bromide (/7). Radiation induced damage was assessed as
an increase in the OC form of DNA (/2).

In another experiment, the radio-protective effect
of heparin-SOD at different enzyme activity levels
on “Co y-radiation induced pcDNA3.0 damage was
assessed. One microgram of pcDNA3.0 was put into 5
Eppendorf centrifuge tubes respectively, and isochoric
heparin-SOD solutions containing enzymatic activities
of 7.5 x 10°, 1.5 x 10%, 3.0 x 10°, 6 x 10°, and 1.2 x
10* units, respectively, were added before irradiation.
After mixing, the five tubes were exposed to y-radiation
at a dose rate of 1 Gy/min and a total dose of 120 Gy
on an ice bath as above. An equal quantity of DNA
(based on optical density measurements at 260 nm) in
different tubes was loaded in each lane, and agarose gel
electrophoresis was carried out as above.

2.4. In vivo experiment of the effect of SOD, heparin-
SOD, and heparin + SOD on DNA damage and tumor
growth inhibition of sarcoma bearing mice caused by
“Co y-radiation exposure

To study the effect of heparin, SOD, and heparin-SOD
on DNA damage and tumor growth inhibition caused by
%Co y-radiation exposure in vivo, S180 sarcoma bearing
mice were prepared by subcutaneous injection of sarcoma
cells. The tumor-bearing mice were randomly divided
into the following 5 groups (10 mice in each group) on
the seventh day after tumor cell transplantation: group I,
control (0.5 mL of isotonic sodium chloride); group II,
SOD (35,000 units/kg); group III, heparin + SOD (SOD
35,000 units/kg and the same proportion of heparin
as in heparin-SOD); group 1V, heparin-SOD (35,000
units/kg); group V, no irradiation exposure. Group I ~ IV
received an intraperitoneal injection of the corresponding
SODs 40 min before radiation exposure. “’Co y-radiation
exposure was at a dose rate of 0.30 Gy/min and the
total dose was 6 Gy. Mice were sacrificed by cervical
dislocation on the fifth day after radiation exposure.
Tumors were removed carefully and weighed. At the
same time the thymus was removed for DNA extraction.
Agarose gel electrophoresis was carried out to analyze
for DNA fragmentation (//-13).

2.5. In vivo experiment of the effect of heparin-SOD
injected at different times and different parts of sarcoma
bearing mice on the DNA damage caused by “Co
y-radiation exposure

S180 sarcoma bearing mice were prepared by
subcutaneous injection of the sarcoma cells as above.
The tumor-bearing mice were randomly divided
into the following 5 groups (10 mice in each group):
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group I, control (no radiation administered); group II,
received intraperitoneal injection of 0.5 mL of isotonic
sodium chloride; group 111, intraperitoneal injection of
heparin-SOD (35,000 units/kg) 3 min after exposure
to y-radiation; group IV, intraperitoneal injection of
heparin-SOD 40 min before exposure to y-radiation
(35,000 units/kg); group V, received intratumoral
injection of heparin-SOD 40 min before exposure to
y-radiation. Mice were sacrificed after “Co y-radiation
exposure as above. The thymus was removed for DNA
extraction and agarose gel electrophoresis was carried
out to analyze for DNA fragmentation.

2.6. Statistical analysis

The differences between the control and experimental
g