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Abstract

The present study investigated the effects of transdermally delivered oleanolic acid (OA)
monotherapy and in combination with chloroquine (CHQ) on malaria parasites and glucose
homeostasis of P. berghei-infected male Sprague-Dawley rats. Oral glucose test (OGT)
responses to OA-pectin patch and CHQ-OA combination matrix patch were monitored in
non-infected and infected rats. To evaluate the short-term effects of treatment, percentage
parasitaemia, blood glucose, glycogen and plasma insulin were monitored in separate
groups of animals treated with either OA-patch monotherapy or CHQ-OA combination pec-
tin patch over a 21-days period. Animals treated with drug-free pectin and CHQ acted as
untreated and treated positive controls, respectively. Infected control rats exhibited signifi-
cantly increased parasitaemia which was accompanied by hypoglycaemia. Both OA mono-
therapy and CHQ-OA combination therapy reduced and cleared the malaria parasites within
a period of 4 and 3 days, respectively. Compared to respective controls groups, OGT
responses of animals treated with OA monotherapy or CHQ-OA combination therapy exhib-
ited lower blood glucose levels at all time points. A once-off transdermal application of OA-
patch or CHQ-OA combination patch significantly improved blood glucose concentrations
inducing any changes in insulin concentration. Transdermal OA used as a monotherapy or
in combination with CHQ is able to clear and reduce the malaria parasites within a shorter
period of time without eliciting any adverse effects on glucose homeostasis of P. berghei-
infected rats.

Introduction

Malaria continues to be a health problem globally, an estimated 3.3 billion people are at risk of
developing the disease [1]. According to the World Health Organization (WHO), 438 000
deaths were reported in 2015, with 90% of these cases occurring in the African region [1].
Reports indicated that the high parasitaemia resulting from infection is associated with the
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derangement of some physiological systems including the impairment of the glucose homeo-
stasis, acute renal failure and anaemia [2-5]. Severe hypoglycaemia has been reported in Afri-
can children infected with Plasmodium falciparum. This decrease in blood glucose has been
attributed to increased utilisation of the host’s glucose stores by the malaria parasites [3]. Fur-
thermore, studies have shown that the depletion of vital gluconeogenic substrates, such as thia-
mine, by the malaria parasites plays a major role in the reported malaria-associated
hypoglycaemia [6]. This hypoglycaemia may be exacerbated by some antimalarial drugs,
including quinine and CHQ [7-8].

The widespread resistance of Plasmodium parasites to commonly used anti-malarial
drugs, such as mefloquine and CHQ, has forced countries to review and deploy new anti-
malarial drug policies. The current treatment for malaria involves the use of artemisinin-
derived combination therapies (ACTs) [9]. ACT's have and still remain the first-line treat-
ments for uncomplicated Plasmodium falciparum malaria in many malaria-endemic areas
[9-10]. The use of these combination therapies has resulted in a significant reduction in
malaria-related mortalities and overall transmission of the disease over the past decade [11-
12]. Despite their success in reducing malaria mortality rates and lowering the rate at which
resistance occurs, therapeutic failure of ACTs has been reported in some areas, including
Southeast Asia [13-15]. The emergence of ACT-resistant strains of Plasmodium falciparum
poses a major threat in many endemic areas, such as Southeast Asia, India and Africa.
Hence, there is an urgent need to search and develop novel antimalarial agents which are
able to eliminate the malaria parasites from systemic circulation within a short time period
and ameliorate malaria-related complications. Syzygium aromaticum (S. aromaticum) [Mir-
taceae family] commonly known as clove has been widely used in folkloric medicine for the
treatment of a variety of ailments. Reports indicate that S. aromaticum-derived oleanolic acid
(OA) and maslinic acid (MA) possesses anti-inflammatory, antibacterial, antioxidant, and
hepatoprotective properties [16-19]. We, therefore, speculate that these plant extracts may
exert antiplasmodial effects against P. berghei parasites in vivo. Studies have shown that these
triterpenes are of low solubility when administered orally, which ultimately affects their bio-
availability [20-21]. We have reported on the ability of transdermal CHQ and insulin
matrix-pectin patch to provide sustained controlled release of CHQ and insulin over a period
of time, respectively [22-24]. Against this background, the current study evaluated the effects
of transdermally delivered OA and CHQ-OA combination on P. berghei parasites and glu-
cose homeostasis in male Sprague-Dawley rats.

Materials and Methods
Drug and chemicals

All drugs and chemicals which were of analytical grade quality were sourced from standard
pharmaceutical suppliers. Chloroquine diphosphate (C;sH,¢CIN3-2H;PO,), anthrone
reagent, sigmacote, dimethyl sulphoxide (DMSO), Giemsa stain and May-Grunwald solution
(Sigma-Aldrich Chemical Company, St Louis, Missouri, USA); calcium chloride (CaCl,),
potassium hydroxide (KOH), sodium sulphate (Na,SO,), sodium hydroxide (NaOH), potas-
sium dihydrogen phosphate (KH,PO,) and 95% ethanol (C,HsOH) (Merck Chemicals
(PTY) LTD, Johannesburg, South Africa); diethyl ether (C;H;,0) (NT Laboratory Supplies
(PTY) LTD, Johannesburg, South Africa); sulphuric acid (H,SO,4) (BDH Chemicals LTD,
Poole, Dorset, England), halothane (Fluorothane™, AstraZeneca Pharmaceuticals (PTY)
LTD, Johannesburg, South Africa) and insulin ELISA kit (Mecrodia AB, Uppsala, Sweden).
S. aromaticum dried flower buds were purchased from Kies Supermarket (Reservoir Hills,
Durban, South Africa)
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Isolation of OA

OA was isolated from S. aromaticum [(Linnaeus) Merrill & Perry] [Myrtaceae] (cloves) flower
buds using a standard protocol that has been validated in our laboratory with slight modifica-
tions [25-26]. Briefly, air-dried S. aromaticum flower buds (500 g) were sequentially extracted
twice at 24-hour intervals at room temperature with 1 L dichloromethane (DCM), and ethyl
acetate (720 mL) on each occasion. Removal of the solvent from the extract under reduced
pressure at 55+1°C using a rotary evaporator yielded dichloromethane solubles (DCMS, 63 g)
and ethyl acetate solubles (EAS, 85 g). The EAS containing mixtures of oleanolic/ursolic acid
was purified by silica gel 60 column chromatography with a hexane: ethyl acetate 9:1, 8:2 sol-
vent system increasing polarity. OA was yielded. The structure of OA was confirmed by spec-
troscopic analysis using 1D and 2D, "H and "*C Nuclear Magnetic Resonance (NMR)
techniques.

Patch preparation

Amidated pectin hydrogel OA and CHQ-OA matrix patches were prepared using a well-estab-
lished protocol by Musabayane et al., (2003) with slight modifications [22]. Briefly, amidated
low methoxyl pectin was dissolved in deionized water (4.4 g/110 mL) followed by adding OA
(1.44 g dissolved in DMSO) (Sigma-Aldrich Chemical Company, Missouri, St Louis, USA).
However, to prepare the CHQ-OA combination patch, CHQ (5 g) and OA, (1.44 g dissolved
in DMSO) were added together in one beaker, followed by agitation for 30 minutes. Subse-
quently, eucalyptus oil (1.65 mL, Barrs Pharmaceutical Industries cc, Cape Town, South
Africa) and vitamin E (1.65 mL, Pharmacare Ltd, Johannesburg, South Africa) were added to
the mixture and spun for another 1 hour 30 minutes. Following this, an aliquot (11 mL) was
transferred to a petri dish with a known diameter and frozen at -4°C for 18 hours. After freez-
ing, 1.5 mL of a 2% CaCl, solution was added to allow for cross-linking and formation of the
matrix patch. The patches were then stored in a refrigerator at 4°C until use.

Animals

Male Sprague-Dawley rats (90-120g body weight) bred and maintained at the Biomedical
Research Unit, University of KwaZulu-Natal were used. The animals had free access to stan-
dard rat chow (Meadows Feeds, Pietermaritzburg, South Africa) and water, with a 12-hour
light/12 h-hour dark cycle. The animals were monitored twice daily at 8h00 and 17h00.
Humane endpoints were also monitored daily and the animals were assessed on the following:
alertness upon handling, mobility, type of breathing (rapid, shallow, laboured or normal)
change in body weight, haematocrit, % baseline weight change, food and water consumption.
Animals that stopped eating, drinking water or lost more than 20% of baseline weight at any
time point were euthanised by exposing to halothane (100 mg/kg) for 3 minutes via a gas
anaesthetic chamber. Untreated P. berghei-infected control animals were closely monitored,
for ethical reasons the infected control animals were sacrificed on day 12 of the 21 days study
to alleviating any pain and distress. The animals were sacrificed by exposing to halothane (100
mg/kg) for 3 minutes via a gas anaesthetic chamber. All animal experimentation was reviewed
and approved by the Animal Ethics Committee of the University of KwaZulu-Natal (095/14/
Animal).

Induction of malaria

Malaria was induced in male Sprague-Dawley rats with a single intraperitoneal injection of P.
berghei parasitized red blood cells (10°) [27]. Control animals were injected with phosphate
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buffered saline vehicle. Successful malaria induction was confirmed by microscopic examina-
tion of Giemsa-stained thin smears of the rat tail blood. Percentage parasitaemia of greater
than or equal to 20% was considered as a stable malaria state before commencing any experi-
mental procedures.

Application of the hydrogel matrix patch

Rats were shaved on the dorsal region of the neck using the Oster Golden A5 heavy duty sin-
gle-speed animal clipper (Oster Professional products, McMinnville, Tennessee, United States)
24 hours prior to the application of hydrogel matrix patches. The dermal patches were secured
in place with adhesive hydrofilm (Hartman-Congo Inc, Rock Hill, South Carolina, USA) and
rat jackets (Braintree, Scientific, Inc, Braintree, Massachusetts, USA) which were adjusted
according to the size of the animal.

Acute studies

OGT responses following transdermal application of either OA-pectin patches (34 mg/kg) or
CHQ-OA (56 /34 mg/kg) pectin patches and oral OA (160 mg/kg) were evaluated in separate
groups of non-infected and P. berghei-infected rats as previously described by Musabayane

et al [28]. Briefly, separate groups of non-infected and infected rats were fasted overnight (18
hours). OGT responses were monitored over a 4-hour period. Animals treated with drug-free
pectin and CHQ (30 mg/kg, p.o) acted as untreated and treated positive control animals.
Blood glucose was measured using a glucometer (OneTouch select glucometer, Lifescan,
Mosta, Malta, United Kingdom) at 15 minutes intervals for the first hour and then hourly for
the subsequent 4 hours after glucose loading (0.86 mg/kg). Blood samples were collected by
cardiac puncture into pre-cooled heparinized tubes after 4 hours from all groups for plasma
insulin measurements.

Short-term studies

To evaluate the short-term effects of transdermally delivered OA (34 mg/kg) and a CHQ-OA
(56/34 mg/kg) combination, patches were topically applied onto the shaved skin area on the
back of the neck. The patches were only applied once at 9h00 on day 7 of the treatment period.
Oral CHQ (30 mg/kg) and OA (160 mg/kg) were administered twice daily for 5 consecutive
days. Animals treated with drug-free pectin and CHQ acted as negative and positive controls,
respectively. Blood glucose, body weights, amounts of water and food consumed were mea-
sured in control and treated animals at 09h00 every 3™ day during the pre-treatment and post-
treatment periods. However, following the application of dermal patches, parameters were
monitored on selected days (9 and 12). Blood glucose concentrations were measured using
blood glucose testing strips, (OneTouch select glucometer, Lifescan,Mosta, Malta, United
Kingdom).

Parasitaemia monitoring

Daily malaria parasite density was monitored by microscopic counting of Giemsa-stained thin
blood smears of P. berghei-infected animals throughout the 21-day experimental period. The
blood smears were collected 24 hours after treatment at 9h00. Parasitaemia was scored on
Giemsa-stained tail-blood films under a microscope (Olympus cooperation, Tokyo, Japan)
with a x50-x100 oil immersion objective (Olympus cooperation, Tokyo, Japan).
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Terminal studies

On selected days (days 0, 7, 9, 12 and 21), separate groups of animals were sacrificed by expos-
ing to halothane (100 mg/kg) for 3 minutes via a gas anaesthetic chamber. Blood was collected
by cardiac puncture into individual pre-cooled heparinized tubes. Separated plasma was ana-
lysed for insulin concentrations. Thereafter, the liver and muscle tissues were removed snap
frozen in liquid nitrogen and stored in a BioUltra freezer (Snijders Scientific, Tilburg, Nether-
lands) at -80°C until use. The liver and muscle were analysed for glycogen content.

Insulin concentrations measurements

Plasma insulin concentrations were determined in blood samples of separate groups of non-
infected and infected animals following treatment with various patch formulations. The assays
were performed on ultrasensitive rat insulin ELISA kit (Mercodia AB, Uppsala, Sweden). The
lower limit of detection was 0.020 pg/L. The intra- and interassay analytical coefficients of vari-
ation ranged from 2.0 to 2.9% and from 3.5 to 4.8% respectively.

Glycogen measurements

Glycogen concentrations were determined as previously described by Khathi et al [29]. Liver
and muscle tissue samples (1-1.5 g) were homogenised in 2 mL of 30% KOH solution and
digested at 100°C for 30 minutes. The homogenate was then cooled in ice-saturated sodium
sulphate. After cooling, glycogen was precipitated with ethanol, pelleted, washed, and dissolved
in deionized water. Glycogen standards (10-2000 mg/L) were also prepared using glycogen
powder. The glycogen concentration was determined by its reaction with the anthrone reagent
(2 g anthrone/L of 95% (v/v) H2S04) after which absorbance was measured at 620 nm using a
NovaspeclI spectrophotometer (Biochrom Ltd., Cambridge, UK).

Skin histology

The effects of dermal-hydrogel matrix patch applications on the skin were evaluated using his-
tological analysis. Following collection, the skin samples were fixed in formalin solution
(10%). This was followed by rehydration in decreasing grades of ethanol and embedding in
paraffin wax. The samples were then sectioned using a microm rotary microtome (Robert-
Bosch-StraBe, Walldorf, Baden-Wiirttemberg, Germany). Subsequently, the sections were
stained with haematoxylin and eosin (H and E) followed by dehydration in increasing grades
of ethanol and cleared in xylene. The sections were viewed and captured using Leica light
microscope (Leica Biosystems Peterborough Limited, Peterborough, Berkshire, UK).

Statistical analysis

All data were expressed as means + standard error of means (S.E.M.). Statistical comparison of
the differences between the control means and experimental groups was performed with
GraphPadInStat Software (version 5.00, GraphPad Software, San Diego, California, USA),
using one-way analysis of variance (ANOVA), followed by Tukey-Kramer multiple compari-
son test. A value of p<0.05 was considered significant.

Results
Structural elucidation of OA

The isolated OA was identified by IH NMR and 13C NMR (1D and 2D). This data compared
with those reported in the literature [25]. The purity of the plant-derived OA was approxi-
mately 98% and the percentage yield varied from 0.02% to 0.03%.
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Fig 1. The effects of oral administration of OA (O OA), transdermal application of OA (TD OA) and CHQ-OA (TD CHQ-OA) pectin
matrix patches on percentage parasitaemia in P. berghei-infected rats. Values are presented as means, and vertical bars indicate SEM
of means (day 0, n=30; day 7, n = 24; day 9, n = 18; day 12, n = 12; day 21, n = 6). *p<0.05 by comparison with control animals.**p<0.05 by
comparison with oral CHQ treated animals.

doi:10.1371/journal.pone.0167132.9001

Effect of treatments on parasitaemia

The infected untreated control showed a continuous increase in percentage parasitaemia
reaching 61.2 + 2.3% by day 12 post infection. These control animals were sacrificed on day 12
due to ethical reasons. A once-off topical application of OA and CHQ-OA dermal patches sig-
nificantly decreased percentage parasitaemia to undetectable levels by day 12 and 11 respec-
tively. Oral administration of either OA or CHQ twice daily, reduced and cleared all residual
parasites from the systemic circulation by day 14 (Fig 1).

OGT responses

Following a glucose load, there was a significant increase in blood glucose concentrations of
non-infected (NIC) and infected animals (IC) (Fig 2). A once-off topical application of OA
matrix patch (TD OA), significantly decreased glucose levels of non-infected and infected ani-
mals, a similar trend was observed in animals treated with oral OA (O OA). Transdermal
administration of OA in combination with CHQ (TD CHQ-OA) reduced blood glucose of
non-infected and infected animals throughout the 4-hour period. Oral administration of CHQ
(O CHQ) also decreased blood glucose concentrations of non-infected and P. berghei-infected
animals reaching hypoglycaemic values by the end of the experimental period.

Short-term effects of OA on blood glucose

Infected control (IC) animals exhibited reduced blood glucose concentrations in comparison
to the non-infected control (NIC) (Fig 3). Topical application of OA- pectin patches (TD OA)

PLOS ONE | DOI:10.1371/journal.pone.0167132 December 1,2016 6/18



@° PLOS | ONE

Transdermal Delivery of Oleanolic Acid and Chloroquine

Blood [glucose|mmolA

Blood [glucose|mmol/l

== Control
== O CHQ

IA. Non-infectedl == O OA

== TID OA
== TID CHQ-OA

T ] |
60 120 180 240
Time (minutes)

10 IB. P. berghei—infectedl

T 1
60 120 180 240

Time (minutes)

Fig 2. Comparisons of OGT responses in non-infected [A] and P. berghei-infected rats [B] to different antimalarial
formulations with respective control animals. Values are presented as means, and vertical bars indicate SEM of means (n=6
in each treatment group). “p<0.05 by comparison with non-infected control animals (NIC), *p<0.05 by comparison with infected
control (IC) animals and *°p<0.05 by comparison with CHQ treated animals (O CHQ).

doi:10.1371/journal.pone.0167132.g002

significantly increased blood concentrations of infected animals (Fig 3). Following transder-
mally delivery of CHQ-OA combination (TD CHQ-OA) to infected animals there was a signif-
icant increase in blood glucose levels of these animals when compared with respective controls
(Fig 3). However, the blood glucose concentrations of animals treated with combination ther-
apy were slightly lower when compared to those treated with transdermal OA and oral mono-
therapy (Fig 3). Oral CHQ treated animals exhibited significantly reduced blood glucose in
comparison to other treatment groups throughout the treatment period (Fig 3)

Effect of treatments on glycogen content

Infected control (IC) animals showed significantly reduced hepatic and muscle glycogen con-
tent in comparison to the non-infected control animals (Table 1). Transdermal (TD OA) and
oral OA (O OA) treatment improved hepatic glycogen content in malaria-infected animals in
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Fig 3. Comparison of the effects of oral administration of OA (O OA), transdermal application of OA (TD OA) and CHQ-OA
combination (TD CHQ-OA) pectin matrix patches on blood glucose concentrations with those of respective controls and a
standard drug CHQ (O CHQ). Values are presented as means, and vertical bars indicate SEM of means (n = 30 in each treatment group).
*p<0.05 by comparison with non-infected control animals (NIC), *p<0.05 by comparison with infected control animals (IC), *°p<0.05 by
comparison with CHQ treated animals (O CHQ), ™p<0.05 by comparison with oral OA treated animals (O OA), #p<0.05 by comparison with
transdermal OA treated animals (TD OA) and ®p<0.05 by comparison with CHQ-OA treated animals (TD CHQ-OA).

doi:10.1371/journal.pone.0167132.9003

comparison with infected control animals. Similar responses were observed in animals treated
with CHQ-OA combination (TD CHQ-OA) pectin patch, where hepatic glycogen concentra-
tions reached values comparable to those of the non-infected control animals (NIC). However,
on day 12 animals treated with oral CHQ (O CHQ) showed increased hepatic glycogen con-
centrations relative to the non-infected controls animals (NIC).

Effects of treatments on plasma insulin secretion

Acute administration of OA orally (O OA) or transdermally (TD OA) had no effects on termi-
nal plasma insulin concentrations of non-infected (Fig 4A) and P. berghei-infected (Fig 4B)
animals. Transdermal application of CHQ-OA containing patches had no significant effect on
plasma insulin concentrations in infected control animals. Oral administration of CHQ signif-
icantly increased plasma insulin concentrations of non-infected and infected in comparison
when compared with other treatment groups (Fig 4A and 4B).
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Table 1. The effect of transdermally delivered OA (TD OA) alone and in combination with CHQ (CHQ-OA) on hepatic and gastrocnemius glycogen
concentrations of P. berghei-infected rats in comparison with control animals (NIC and IC).

Group/treatment Time (Days) Glycogen g 1007 g tissue
Hepatic Muscle
NIC 9 25.6+0.6 52.0+0.9
12 26.3+0.9 52.9+0.8
21 27.4+0.7 53.4+0.9
IC 9 17.0£0.4 52.5+0.8
12 16.0£0.3 50.9+0.5
O CHQ 30 9 48.2+1.0% 63.0+0.5**
12 51.5+1.1* 65.2+0.6"*
21 26.8+0.6 55.1+ 0.4
OO0A 9 22.7+0.9*> 49.4 +0.9%
12 21.3+1.0*° 39.0 £0.6™
21 20.3+0.6 55.0 +0.4
TD OA 9 28.1+0.6*> 55.4+ 0.8
12 28.0+0.9* 42.3+0.6
21 19.2+0.5° 54.0 +0.6™
TD CHQ-OA 9 24.7 +0.4*> 51.3+0.5
12 28.6+0.7*> 40.3+0.5™
21 23.0+0.6* 44.7 0.8

(n=30in each treatment group). Values are presented as means + SEM
*p<0.05 by comparison with the non- infected control (NIC) animals
*p<0.05 by comparison with the infected control (IC) animals

°°p<0.05 by comparison with the CHQ-treated animals

doi:10.1371/journal.pone.0167132.t001

Short-term administration of OA either orally (O OA) or transdermally (TD OA) had no
effect on plasma insulin concentrations throughout the experimental period. There were no
significant changes in plasma insulin concentrations following a once-off transdermal applica-
tion of the CHQ-OA combination (TD CHQ-OA) patch (Fig 5). Oral administration of CHQ
twice daily (OCHQ) significantly (p<0.05) increased plasma insulin concentrations of P. ber-
ghei- infected (NIC) (Fig 5).

Food and water intake

Food and water intake of non-infected control (NIC) animals remained unchanged throughout
the study, whilst the animals progressively gained weight (Table 2). When compared to non-
infected control, both P. berghei-infected control (IC) and oral CHQ (O CHQ) treated animals
showed a significant (p<0.05) reduction in food and water intake. This reduction in food and
water intake was associated with a reduction in body weight. There were no changes in food and
water intake in animals treated with either transdermal OA (TD OA) or CHQ-OA combination
patch (TD CHQ-OA). However, a significant reduction in body weight during the treatment
period was observed in these animals. During the post-treatment, period transdermally treated
animals gained weight, reaching values comparable to the non-infected control (Table 2).

Effect of dermal patches on the skin

Fig 6 shows the H and E skin stained sections of untreated non-infected control (NIC),
infected control (IC), P. berghei-infected rats treated with a once-off topical application of the
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doi:10.1371/journal.pone.0167132.9g004

pectin OA matrix patch (TD OA) and oral CHQ (O CHQ). Fig 6A represents intact secretory
ducts (ISD), uninjured stratum basale (USB) and intact sebaceous glands (ISG) of the non-
infected control animals (NIC). Photomicrograph (6B) shows P.berghei-infected control (IC)
and photomicrograph (6C) shows P.berghei-infected oral CHQ treated group. Photomicro-
graph (6D) represents intact secretory ducts (ISD), uninjured stratum basale (USB) and intact
sebaceous glands (ISG) of the P. berghei infected treated with once-off topical application of
the OA pectin patch. Compared to the non-infected control animals (Fig 6A), neither
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Fig 5. Comparison of the short-term effects of oral administration of OA (O OA), transdermal application of OA (TD OA) and
CHQ-OA (TD CHQ-OA) pectin matrix patches with respective controls and a standard drug CHQ (D) on plasma insulin
concentrations in P. berghei-infected rats with non-infected (NIC) and infected control (IC) animals. Values are presented as means,
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*p<0.05 by comparison with infected control (IC) animals, *°p<0.05 by comparison with CHQ (O CHQ) treated animals.

doi:10.1371/journal.pone.0167132.9005

inflammation nor necrosis was detected in the skin as the photomicrographs revealed pre-
served epidermis and dermis after the treatment period.

Discussion

The results presented in this study show that a once-off transdermal application of OA-alone
or in combination with CHQ clears the malaria parasites in P. berghei-infected rats. Further-
more, there was no relapse that occurred during the post-treatment period. This data demon-
strates the ability of the OA-pectin patch to deliver sustained controlled therapeutic doses of
OA which reduced and cleared the malaria parasites within a period of 4 days. Indeed, we have
previously reported on the ability of transdermal systems to deliver drugs in a sustained con-
trolled manner [23-30]. Similar to CHQ, both transdermal and orally administered OA were
able to reduce parasitaemia to undetectable levels. Previous studies have reported the antiplas-
modial activities of OA against CHQ sensitive Plasmodium falciparum in vitro [31-32]. Bero
and colleagues also demonstrated the antiplasmodial properties of Keetia leucantha-derived
OA in vitro [33]. However, the previous studies only demonstrate the in vitro effects. The data
presented in the current study demonstrates for the first time, the potent antiplasmodial
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Table 2. The effect of transdermally delivered OA (TD OA) alone and in combination with CHQ (CHQ-OA) on body weight, food and water intake in
P. berghei-infected rats in comparison to control animals (NIC and IC).

Parameter Group
Food intake (g/100g) NIC
IC
O CHQ
OOA
TD OA
TD CHQ-OA
Water intake (mL/100g) NIC
IC
O CHQ
OOA
TD OA
TD CHQ-OA
% b. wt change NIC
IC
O CHQ
OOA
TD OA
TD CHQ-OA

Pre-treatment
11.0+£2.0
10.0+1.0
10.0+1.0
10.0+1.0
11.0+£2.0
11.0£2.0
15.0+2.0
8.0+3.0
8.0£2.0
12.0+£1.0
11.0+£1.0
11.0+£1.0
8.0+1.0
-6.0+2.0
-8.0£1.0
-6.0+1.0
-5.0+1.0
-4.0+1.0

Treatment
12.0+1.0
6.0 £2.0*
4.0%1.0*
11.0+1.0*>
11.6+1.0*
12.3+2%>
16.0£3.0
8.0+2.0
7.0+£2.0*
14.0 £4.0*
14.0+2*
15.0+2*
10.0+1.0
-4.0+2"
-5.0+1.0*
-1.0+£1.0**
2.0+1.0**
2.0+1.0**

Post-treatment
14+ 2

N/A
11.0+£1.0
12.0+£2.0
18.4+3*
14.7+3
17.0£2.0
N/A
12.0+2.0*
14.0+£2.0
16.0+£2.0
14.0+2"
18+1.0
N/A
-1.0+£1.0*
2.0+1.0**
8.0+1.0"*
6.0+1.0"*

Oral CHQ and OA were administered twice daily for 5 consecutive days, however, for transdermal delivery the patch was applied once-off at the beginning

of the treatment period. (n = 30 in each treatment group). Values are presented as means + SEM

*p<0.05 by comparison with the non- infected control (NIC) animals

*p<0.05 by comparison with the infected control (IC) animals
°° p<0.05 by comparison with the CHQ-treated animals

doi:10.1371/journal.pone.0167132.1002

activity of OA against P. berghei parasites in an in vivo. According to Sairafianpour et al., OA
exerts its antiplasmodial activity by incorporating into the membranes of erythrocytes and
mediates the transformation of erythrocytes into stomatocytes [31]. Interestingly, the OA
patch formulation showed synergistic effects when combined with CHQ, as indicated by the
elimination of parasitaemia in as shorter period of time. This data provides evidence that
transdermally administered OA as a monotherapy or in combination with CHQ possesses
activity against P. berghei in vivo. Previous studies have shown that orally administered OA is
susceptible to hepatic degradation, which ultimately results into reduced bioavailability of the
drug [21-34]. As a result of this hepatic metabolism, higher drug concentrations are required
to achieve therapeutic effects. This might explain the slow elimination of parasitaemia by orally
administered OA, which only cleared the malaria parasites after 7 days. The dose that was used
in the current study, 160 mg/kg, was selected based on preliminary studies, where 3 doses of
OA were evaluated for their antimalarial activities against P. berghei parasites. The highest
dose, 160 mg/kg, was the most potent of the three. When we compared the antiplasmodial
effects of transdermally delivered OA at a dose of 34 mg/kg to those of oral OA at 160 mg/kg,
transdermal OA was able to clear parasitaemia within a period of 4 days. This demonstrates
the ability of the OA-patch formulation to bypass hepatic degradation, which may have
improved the bioavailability of OA, allowing for a quicker elimination of parasitaemia. Indeed
transdermal delivery systems have been reported to bypass the liver which allows for the use of
lower drug concentrations and delivering drugs directly into the systemic circulation [35].
This further demonstrates the advantage of using the OA-patch over oral OA. Furthermore,
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Fig 6. H and E stains illustrating the effects of OA-containing dermal patches on the morphology of the skin. Picture (6A)
represents intact secretory ducts (ISD), uninjured stratum basale (USB) and intact sebaceous glands (ISG) of the non-infected
control animals (Mag 7x500 pum). Picture 6B represents intact secretory ducts, uninjured stratum basale and intact sebaceous
glands of the P. berghei-infected control (Mag 7x500 pm).Treatment with oral CHQ picture 6C (Mag 7x500 um) and OA dermal
patches picture 6D (Mag 8x500 pm) showed intact secretory ducts, uninjured stratum basale and intact sebaceous glands.

doi:10.1371/journal.pone.0167132.g006

the OA patch formulation showed synergistic effects when combined with CHQ, as indicated
by the reduction and clearance of parasitaemia within a period of time 3 days. According to Lu
et al., the administration of OA at a dose of 500 umol/kg (225 mg/kg) for 10 days induced liver
injury in mice, which indicates the toxic effects of this triterpene when using high doses [36].
OA doses from 225-450 mg/kg orally administered were shown to exert toxic effects in mice
[36]. The doses used in this study, 160 mg/kg (oral) and 34 mg/kg (transdermal) are lower
when compared to 225 mg/kg that was used in the previous study, this could minimise the pos-
sibility of adverse effects of OA. However, the toxic effects of these doses and the antiplasmo-
dial of this triterpene against Plasmodium falciparum in vivo remain to be investigated.

The acute blood glucose lowering effect of the OA-pectin patch demonstrates the ability of
this novel formulation to deliver OA at a sustained controlled manner. Indeed, transdermal
delivery systems have been shown to offer controlled release of drugs over longer periods of
time [37-38]. The acute blood glucose lowering effects of CHQ that were observed might be
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attributed to the CHQ-induced increase in plasma insulin concentrations. Indeed, there was a
concomitant increase in plasma insulin concentrations at the end of the 4h period. These
results are in agreement with previous reports that have demonstrated the ability of CHQ to
lower blood glucose levels by increasing plasma insulin concentrations [39-40]. The increase
in plasma insulin concentrations following oral administration of CHQ is suggestive of CHQ
toxicity on glucose homeostasis.

Hypoglycaemia is an important complication of severe Plasmodium falciparum malaria,
particularly in children and pregnant women. The ability of OA treatment to increase blood
glucose concentrations in infected rats demonstrates the beneficial effects of using OA as an
antiplasmodial agent. The utilisation of the host’s glucose stores by the malaria parasites has
been reported to cause of hypoglycaemia in malaria infection [41].We believe that the reduc-
tion and subsequent elimination of parasitaemia by transdermal played a significant role in
ameliorating hypoglycaemia. Indeed, there was a correlation between blood glucose concen-
trations and percentage parasitaemia at each time interval, without any changes in plasma
insulin concentrations. OA has been shown to possess hepatoprotective properties [42]. The
hepatoprotective properties of OA may in part play a role in improving blood glucose levels
back to normoglycaemia. Unlike OA and CHQ-OA, CHQ treatment showed adverse effects
on glucose homeostasis by exacerbating hypoglycaemia. These results are in agreement with
previous findings which have reported the adverse effects of CHQ on glucose homeostasis [7-
43]. Furthermore, the bitter taste of CHQ is believed to result in reduced food and water intake
which can aggravate hypoglycaemia during treatment. The use of the CHQ-OA patch was able
to avoid the bitter taste of CHQ by delivering the drug through the skin and allowed for the
continuous food consumption. The continuous food intake subsequently improved the blood
glucose concentrations in the infected animals.

Glycogen concentrations of animals treated with transdermal OA were comparable to
those of the non-infected control animals. This data further demonstrates the ability of OA to
improve glucose homeostasis without having any adverse effects in rats. The data also shows
that OA-associated increase in blood glucose levels is mainly mediated through the removal of
the malaria parasites from the systemic circulation. Hepatic and muscle glycogen contents
were increased following treatment with oral CHQ. The increase in glycogen concentration
might attribute to increased plasma insulin following treatment with CHQ. We speculate that
this increase in insulin concentrations promotes glucose uptake in the liver.

Transdermal delivery offers a convenient and non-invasive alternative route of drug deliv-
ery to oral and subcutaneous injections. The skin plays a major role in the delivery of drugs via
the transdermal route. Accordingly, we evaluated the effects of transdermal patch application
on the skin morphology. Transdermal OA and CHQ-OA formulations did no elicit any
adverse effects on the skin morphology. We have previously reported on the ability of pectin-
insulin to deliver therapeutic doses of insulin without any adverse effects on the underlying tis-
sues of the skin [23]. The presence of antioxidants such as vitamin E and eucalyptus oil in the
patch formulations ensures skin protection against inflammation following application. OA
and CHQ-OA patches offer a novel, non-invasive and convenient route for administration of
antiplasmodial agents without exerting any negative effects on the skin.

In summary, the data presented in this study shows for the first time that a once-off trans-
dermal administration OA alone or in combination with CHQ is able to clear the malaria para-
sites in P. berghei-infected animals. The antimalarial formulations presented in the current
study not only provide novel alternatives treatments for malaria, but also introduce an
enhanced route of administration for CHQ which might improve patient compliance. Addi-
tionally, the transdermal route also offers a convenient dosing schedule which only requires a
once-off application of the patch as opposed to multiple doses that are associated with oral
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administration and painful intravenous injections of CHQ. OA and OA-CHQ patches provide
anovel, pain-free and convenient formulations which may be may be used for the treatment of
malaria.

Supporting Information

S1 Table. Percentage parasitaemia data of P. berghei-infected and treated animals with var-
ious formulations. IC- Infected control; O CHQ- Orally administered chloroquine; O OA-
Orally administered oleanolic acid; TD OA- Transdermally administered oleanolic acid; TD
CHQ-OA- Transdermally administered chloroquine-oleanolic acid combination.

(DOCX)

S2 Table. Data obtained from non-infected and P berghei-infected rats following a 4h OGT
responses to various treatments. IC- Infected control; O CHQ- Orally administered chloro-
quine; O OA- Orally administered oleanolic acid; TD OA- Transdermally administered olea-
nolic acid; TD CHQ-OA- Transdermally administered chloroquine-oleanolic acid
combination.

(DOCX)

S3 Table. Short-term effects of various treatments on blood glucose concentrations of non-
infected and infected animals. IC- Infected control; O CHQ- Orally administered chloro-
quine; O OA- Orally administered oleanolic acid; TD OA- Transdermally administered olea-
nolic acid; TD CHQ-OA- Transdermally administered chloroquine-oleanolic acid
combination.

(DOCX)

$4 Table. Terminal plasma insulin concentrations following a 4h oral glucose tolerance
tests. IC- Infected control; O CHQ- Orally administered chloroquine; O OA- Orally adminis-
tered oleanolic acid; TD OA- Transdermally administered oleanolic acid; TD CHQ-OA-
Transdermally administered chloroquine-oleanolic acid combination.

(DOCX)

S5 Table. Short-term effects of various treatments on plasma insulin concentrations of
non-infected and P. berghei-infected animals. IC- Infected control; O CHQ- Orally adminis-
tered chloroquine; O OA- Orally administered oleanolic acid; TD OA- Transdermally admin-
istered oleanolic acid; TD CHQ-OA- Transdermally administered chloroquine-oleanolic acid
combination.

(DOCX)

$6 Table. Liver and muscle glycogen concentrations following oral administration of CHQ
(O CHQ), OA (O OA) and transdermal application of OA (TD OA) and or CHQ-OA (TD
CHQ-O0A). IC- Infected control; O CHQ- Orally administered chloroquine; O OA- Orally
administered oleanolic acid; TD OA- Transdermally administered oleanolic acid; TD
CHQ-OA- Transdermally administered chloroquine-oleanolic acid combination.

(DOCX)

Acknowledgments

Professor Cephas T. Musabayane passed away before the submission of the final version of this
manuscript. Ms Happiness Sibiya accepts responsibility for the integrity and validity of the
data collected and analysed. This manuscript is dedicated to the late Professor Cephas T.
Musabayane. This work would not have been possible without his significant contribution to

PLOS ONE | DOI:10.1371/journal.pone.0167132 December 1,2016 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167132.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167132.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167132.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167132.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167132.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167132.s006

@° PLOS | ONE

Transdermal Delivery of Oleanolic Acid and Chloroquine

all aspects of this manuscript. The authors are also grateful to the Biomedical Resources Unit,
University of KwaZulu-Natal for the supply of animals.

Author Contributions

Conceptualization: HPS CTM.

Data curation: HPS.

Formal analysis: HPS CTM.

Funding acquisition: CTM MVM.

Investigation: HPS CTM.

Methodology: HPS CTM.

Project administration: HPS CTM.

Resources: CTM MVM.

Supervision: CTM MVM.

Validation: HPS CTM.

Visualization: HPS CTM.

Writing - original draft: HPS CTM.

Writing - review & editing: HPS MVM.

References

1. WHO. World malaria report: World Health Organization. 2015.

2.  White N, Miller K, Marsh K, Turner R, Berry C, Williamson D. Hypoglycaemia in African children with
severe malaria. Lancet. 1987; 1:707—11.

3. Dekker E, Hellersstein MK, Romijn JA, Neese RA, Peshu N, Endert E, et al. Glucose homeostasis in
children with falciparum malaria: precursor supply limits gluconeogenesis and glucose production. Jour-
nal of Clinical Endocrinology and Metabolism. 1997; 82:2514-21. doi: 10.1210/jcem.82.8.4131 PMID:
9253327
Das BS. Renal failure in malaria. Journal of Vector Borne Diseases. 2008; 45:83-97. PMID: 18592837

5. Barsoum R. Malarial acute renal failure. Journal of the American Society of Nephrology. 2000;
11:2147-54. PMID: 11053494

6. Krishna S, Taylor AM, Supanaranond W, Pukrittayakemee S, Ter Kuile F, Tawfig KM, et al. Thiamine
deficiency and malaria in adults from southeast Asia. Lancet. 1999; 353:546-9. PMID: 10028983

7. Bevan A, Krook A, Tikerpae J, Seabright P, Siddle K, Smith G. Chloroquine extends the lifetime of the
activated insulin receptor complex in endosomes. The Journal of Biological Chemistry. 1997;
272:26833—40. PMID: 9341114

8. JonesR, Sue-Ling H, Kear C, Wiles P, Quirke P. Severe symptomatic hypoglycaemia due to quinine
therapy. Journal of the Royal Society of Medicine. 1986; 79:426—-8. PMID: 3746804

9. WHO. Antimalarial Drug Combination Therapy: Report of a Technical Consultation. Geneva World
Health Organization. 2001.

10. Visser B, van Vugt M, Grobusch M. Malaria: an update on current chemotherapy. Expert Opinion on
Pharmacotherapy. 2014; 15:2219-54. doi: 10.1517/14656566.2014.944499 PMID: 25110058

11.  ErhartL, Yingyuen K, Chuanak N, Buathong N, Laoboonchai A, Miller R, et al. Hematologic and clinical
indices of malaria in a semi-immune population of western Thailand. American Journal of Tropical Medi-
cine and Hygeine. 2004; 70:8—14.

12.  White N. Qinghaosu (artemisinin): the price of success. Science. 2008; 320:330—4. doi: 10.1126/

science.1155165 PMID: 18420924

PLOS ONE | DOI:10.1371/journal.pone.0167132 December 1,2016 16/18


http://dx.doi.org/10.1210/jcem.82.8.4131
http://www.ncbi.nlm.nih.gov/pubmed/9253327
http://www.ncbi.nlm.nih.gov/pubmed/18592837
http://www.ncbi.nlm.nih.gov/pubmed/11053494
http://www.ncbi.nlm.nih.gov/pubmed/10028983
http://www.ncbi.nlm.nih.gov/pubmed/9341114
http://www.ncbi.nlm.nih.gov/pubmed/3746804
http://dx.doi.org/10.1517/14656566.2014.944499
http://www.ncbi.nlm.nih.gov/pubmed/25110058
http://dx.doi.org/10.1126/science.1155165
http://dx.doi.org/10.1126/science.1155165
http://www.ncbi.nlm.nih.gov/pubmed/18420924

@° PLOS | ONE

Transdermal Delivery of Oleanolic Acid and Chloroquine

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Amaratunga C, Sreng S, Suon S, Phelps E, Stepniewska K, Lim P, et al. Artemisinin-resistant Plasmo-
dium falciparum in Pursat province, western Cambodia: a parasite clearance rate study. The Lancet
Infectious Diseases. 2012; 12:851-8. doi: 10.1016/S1473-3099(12)70181-0 PMID: 22940027

Neodl H, Se Y, Sriwichai S, Schaecher K, Teja-Isavadharm P, Smith B, et al. Artemisinin resistance in
Cambodia: a clinical trial designed to address an emerging problem in Southeast Asia. Clinical Infec-
tious Diseases. 2010; 51:82-9.

WHO. Emergency response to artemisinin resistance in the Greater Mekong subregion: regional frame-
work for action, 2013-2015. Geneva. 2013:1-32.

Mkhwanazi BN, Serumula MR, Myburg RB, Van Heerden FR, Musabayane CT. Antioxidant effects of
maslinic acid in livers, hearts and kidneys of streptozotocin-induced diabetic rats: Effects on kidney
function. Renal Failure 2014; 36:419-31. doi: 10.3109/0886022X.2013.867799 PMID: 24344651

Wang X, Liu R, Zhang W, Zhang X, Liao N, Wang Z, et al. Oleanolic acid improves hepatic insulin resis-
tance via antioxidant, hypolipidemic and anti-inflammatory effects. Molecular and Cellular Endocrinol-
ogy. 2013; 376:70-80. doi: 10.1016/j.mce.2013.06.014 PMID: 23791844

GaoD, LiQ,LiY, Liuz, FanY, Liu Z, et al. Antidiabetic and antioxidant effects of oleanolic acid from
Ligustrum lucidum Ait in alloxan-induced diabetic rats. Phytotherapy Research. 2009; 23:1257-62. doi:
10.1002/ptr.2603 PMID: 19274687

Horiuchi K, Shiota S, Hatano T, Yoshida T, Kuroda T, Tsuchiya T. Antimicrobial activity of oleanolic acid
from Salvia officinalis and related compounds on vancomycin-resistant enterococci (VRE). Biological
and Pharmaceutical Bulletin. 2007; 30:1147-9. PMID: 17541170

Liu J. Oleanolic acid and ursolic acid: research perspectives. J Ethnopharmacol. 2005; 100:92—4. doi:
10.1016/j.jep.2005.05.024 PMID: 15994040

Jiang Q, Yang X, Du P, Zhang H, Zhang T. Dual strategies to improve oral bioavailability of oleanolic
acid: Enhancing water-solubility, permeability and inhibiting cytochrome P450 isozymes. European
Journal of Pharmaceutics and Biopharmaceutics. 2016; 99:65—72. doi: 10.1016/j.ejpb.2015.11.013
PMID: 26625716

Musabayane CT, Munjeri O, Matavire TP. Transdermal delivery of chloroquine by amidated pectin
hydrogel matrix patch in the rats. Renal failure. 2003; 25:525-34. PMID: 12911156

Hadebe S, Ngubane P, Serumula S, Musabayane C. Transdermal Delivery of Insulin by Amidated Pec-
tin Hydrogel Matrix Patch in Streptozotocin-Induced Diabetic Rats: Effects on Some Selected Metabolic
Parameters. Plos One. 2014; 9.

Ngubane P, Hadebe S, Serumula S, Musabayane C. The effects of transdermal insulin treatment of
streptozotocin-induced diabetic rats on kidney function and renal expression of glucose transporters.
Renal Failure. 2015; 37:151-9. doi: 10.3109/0886022X.2014.970469 PMID: 25300909

Madlala HP, Masola B, Singh M, Musabayane CT. The effects of syzygium aromaticum-derived oleano-
lic acid on kidney function of male Sprague-Dawley rats and on kidney and liver cell lines. 2012.

Mapanga R, Tufts M, Shode F, Musabayane C. Renal effects of plant-derived oleanolic acid in strepto-
zotocin-induced diabetic rats. Renal Failure 2009; 31:481-91. PMID: 19839826

Gumede B, Folbb P, Ryffela B. Oral artesunate prevents Plasmodium berghei Anka infection in mice.
Parasitology International. 2003; 52:53-9. PMID: 12543147

Musabayane CT, Gondwe M, Kamadyaapa DR, Chuturgoon AA, Ojewole JA. Effects of Ficus thonningii
(Blume) [Morarceae] stem-bark ethanolic extract on blood glucose, cardiovascular and kidney functions
of rats, and on kidney cell lines of the proximal (LLC-PK1) and distal tubules (MDBK). Renal Failure.
2007; 29:389-97. doi: 10.1080/08860220701260735 PMID: 17497459

Khathi A, Masola B, Musabayane CT. The Effects Of Syzygium Aromaticum Derived Oleanolic Acid On
Glucose Transport And Glycogen Synthesis In The Rat Small Intestine. Journal of Diabetes. 2013;
5:80—7. doi: 10.1111/j.1753-0407.2012.00230.x PMID: 22889319

Ngubane P, Hadebe S, Serumula S, Musabayane C. The effects of transdermal insulin treatment of
streptozotocin-induced diabetic rats on kidney function and renal expression of glucose transporters.
Renal Failure. 2015; 37(151-159). doi: 10.3109/0886022X.2014.970469 PMID: 25300909

Sairafianpour M, Bahreininejad B, Witt M, Ziegler H, Jaroszewski J, Staerk D. Terpenoids of Salvia
hydrangea: two new, rearranged 20-norabietanes and the effect of oleanolic acid on erythrocyte mem-
branes. Planta Medica. 2003; 69((846—850). doi: 10.1055/s-2003-43212 PMID: 14598212

Steele J, Warhurst D, Kirby G, Simmonds M. In vitro and in vivo evaluation of betulinic acid as an anti-
malarial. Phytotherapy Research. 1999; 13:115-9. doi: 10.1002/(SICI)1099-1573(199903)13:2<115::
AID-PTR404>3.0.C0O;2-1 PMID: 10190183

Bero J, Hérent M, Schmeda-Hirschmann G, Frédérich M, Joélle Quetin-Leclercq J. In vivo antimalarial
activity of Keetia leucantha twigs extracts and in vitro antiplasmodial effect of their constituents. Journal
of Ethnopharmacology. 2013; 149:176-83. doi: 10.1016/j.jep.2013.06.018 PMID: 23792125

PLOS ONE | DOI:10.1371/journal.pone.0167132 December 1,2016 17/18


http://dx.doi.org/10.1016/S1473-3099(12)70181-0
http://www.ncbi.nlm.nih.gov/pubmed/22940027
http://dx.doi.org/10.3109/0886022X.2013.867799
http://www.ncbi.nlm.nih.gov/pubmed/24344651
http://dx.doi.org/10.1016/j.mce.2013.06.014
http://www.ncbi.nlm.nih.gov/pubmed/23791844
http://dx.doi.org/10.1002/ptr.2603
http://www.ncbi.nlm.nih.gov/pubmed/19274687
http://www.ncbi.nlm.nih.gov/pubmed/17541170
http://dx.doi.org/10.1016/j.jep.2005.05.024
http://www.ncbi.nlm.nih.gov/pubmed/15994040
http://dx.doi.org/10.1016/j.ejpb.2015.11.013
http://www.ncbi.nlm.nih.gov/pubmed/26625716
http://www.ncbi.nlm.nih.gov/pubmed/12911156
http://dx.doi.org/10.3109/0886022X.2014.970469
http://www.ncbi.nlm.nih.gov/pubmed/25300909
http://www.ncbi.nlm.nih.gov/pubmed/19839826
http://www.ncbi.nlm.nih.gov/pubmed/12543147
http://dx.doi.org/10.1080/08860220701260735
http://www.ncbi.nlm.nih.gov/pubmed/17497459
http://dx.doi.org/10.1111/j.1753-0407.2012.00230.x
http://www.ncbi.nlm.nih.gov/pubmed/22889319
http://dx.doi.org/10.3109/0886022X.2014.970469
http://www.ncbi.nlm.nih.gov/pubmed/25300909
http://dx.doi.org/10.1055/s-2003-43212
http://www.ncbi.nlm.nih.gov/pubmed/14598212
http://dx.doi.org/10.1002/(SICI)1099-1573(199903)13:2&lt;115::AID-PTR404&gt;3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1099-1573(199903)13:2&lt;115::AID-PTR404&gt;3.0.CO;2-1
http://www.ncbi.nlm.nih.gov/pubmed/10190183
http://dx.doi.org/10.1016/j.jep.2013.06.018
http://www.ncbi.nlm.nih.gov/pubmed/23792125

@° PLOS | ONE

Transdermal Delivery of Oleanolic Acid and Chloroquine

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Jager S, Winkler K, Pfiller U, Scheffler A. Solubility studies of oleanolic acid and betulinic acid in aque-
ous solutions and plant extracts of Viscum album L. Planta Medica. 2007; 73:157—62. doi: 10.1055/s-
2007-967106 PMID: 17415876

Prausnitz MR, Langer R. Transdermal drug delivery. Nature Biotechnology. 2008; 26:1261-8. doi: 10.
1038/nbt.1504 PMID: 18997767

LuY,Wan X, Xu Y, Liu J. Repeated oral administration of oleanolic acid produces cholestatic liver injury
in mice. Molecules. 2013; 18:3060-71. doi: 10.3390/molecules18033060 PMID: 23470335

Lufkin EG, Wahner HW, O’Fallon WM, Hodgson SF, Kotowicz MA, Lane AW, et al. Treatment of Post-
menopausal Osteoporosis with Transdermal Estrogen. Annals of internal Medicine. 1992; 117:1-9.
PMID: 1534476

Wua J, Paudelb KS, Strasingerb C, Hammellb D, Stinchcombb AL, Hindsa BJ. Programmable transder-
mal drug delivery of nicotine using carbon nanotube membranes. Proceedings of the National Academy
of Sciences of the United States of America. 2010; 107(11698—11702). doi: 10.1073/pnas.1004714107
PMID: 20547880

Davis TM. Antimalarial drugs and glucose metabolism. British Journal of Clinical Pharmacology. 1997;
44:1-7. doi: 10.1046/j.1365-2125.1997.00597.x PMID: 9241090

Knutson VP, Ronnet GV, Lane MD. The effects of cycloheximide and chloroquine on insulin receptor
metabolism. Differential effects on receptor cycling and inactivation and insulin degradation. The Jour-
nal of Biological Chemistry. 1985; 260:114180-14188.

WHO. Severe and complicated malaria. Transactions of Royal Society of Tropical Medicine and
Hygiene. 2000; 94:1-90.

Bai X, Qiu A, Guan J, Shi Z. Antioxidant and protective effect of an oleanolic acid- enriched extract of A.
deliciosa root on carbon tetrachloride induced rat liver injury. Asia Pacific Journal of Clinical Nutrition.
2007; 16:169-73. PMID: 17392098

Jarzyna P, Kiersztan A L O, B. J. The inhibition of gluconeogenesis by chloroquine contributes to its
hypoglycaemic action. European Journal of Pharmacology. 2001; 428:381-8. PMID: 11689198

PLOS ONE | DOI:10.1371/journal.pone.0167132 December 1,2016 18/18


http://dx.doi.org/10.1055/s-2007-967106
http://dx.doi.org/10.1055/s-2007-967106
http://www.ncbi.nlm.nih.gov/pubmed/17415876
http://dx.doi.org/10.1038/nbt.1504
http://dx.doi.org/10.1038/nbt.1504
http://www.ncbi.nlm.nih.gov/pubmed/18997767
http://dx.doi.org/10.3390/molecules18033060
http://www.ncbi.nlm.nih.gov/pubmed/23470335
http://www.ncbi.nlm.nih.gov/pubmed/1534476
http://dx.doi.org/10.1073/pnas.1004714107
http://www.ncbi.nlm.nih.gov/pubmed/20547880
http://dx.doi.org/10.1046/j.1365-2125.1997.00597.x
http://www.ncbi.nlm.nih.gov/pubmed/9241090
http://www.ncbi.nlm.nih.gov/pubmed/17392098
http://www.ncbi.nlm.nih.gov/pubmed/11689198

