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LABORATORY STUDY

Synergistic antihyperglycemic effects between plant-derived
oleanolic acid and insulin in streptozotocin-induced diabetic rats

C.T. Musabayane, M.A. Tufts and R.F. Mapanga

Discipline of Human Physiology, School of Medical Sciences, University of KwaZulu-Natal, Durban, South Africa

ABSTRACT

Studies from our laboratories indicate that Syzygium cordatum leaf extract contains triterpene mixtures [olean-
olic acid (OA) and ursolic acid (UA)] with hypoglycemic properties. The aims of this study were to investigate
the hypoglycemic effects of Syzygium aromaticum-derived OA and whether OA influenced the blood glucose
lowering effects of insulin in streptozotocin (STZ)-induced diabetic rats. We envisaged that OA may provide a
strategy with different mechanism of action for effective diabetic therapy because no single-marketed antidia-
betic drug is capable of achieving long-lasting blood glucose control. The effects of various doses of OA and/
or standard antidiabetic drugs on blood glucose were monitored in nondiabetic and STZ-induced diabetic rats
given a glucose load after an 18-h fast. Rats treated with deionized water and standard antidiabetic drugs
acted as untreated and treated positive controls, respectively. Blood glucose concentrations were measured
at 15-min intervals for the first hour and hourly thereafter for 3 h. Blood glucose concentrations were also
monitored in animals treated with OA and/or standard antidiabetic drugs for 5 weeks. OA like insulin
decreased blood glucose concentrations in nondiabetic and STZ-induced diabetic rats. Combined OA and
insulin treatment had even greater antihyperglycemic response, suggestive of a synergistic effect of the two.
After 5 weeks, STZ-induced diabetic rats exhibited hyperglycemia and depleted hepatic and muscle glycogen
concentrations. OA treatment lowered the blood glucose with concomitant restoration of glycogen concentra-
tions to near normalcy. Our results suggest that OA may have a role in improving insulin sensitivity. These
findings merit further research in this field.
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INTRODUCTION

Diabetes mellitus, a syndrome affecting many people
in all countries over the world, is commonly treated
with blood glucose lowering agents. However, identifi-
cation of new antidiabetic drugs that intervene in the
early development of diabetes or to combat insulin
resistance retains the attention of the scientific com-
munity. Studies in our laboratories have indeed
reported that crude extracts of Opuntia megacantha
(Miller) (Cactaceae), Allium sativum (Linnaeus) (Alli-
aceae), and Syzygium cordatum (Hochst.) (Myrtaceae)
possess hypoglycemic properties.’*> Herbal medicines
have been used for many years by different cultures
around the world, for both the prevention and
management of diabetes.>* Bioactive compounds with
hypoglycemic properties isolated from plant extracts
include polysaccharides, flavonoids, xanthones,
peptides, and triterpenes.s’6 Oleanolic acid (OA) (36-
hydroxy-olea-12-en-28-oic acid) and its isomer ursolic
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acid (UA) share many pharmacological properties
such as hepatoprotective, anti-inflammatory, analge-
sia, cardiotonic, sedative, and tonic effects with plants
containing triterpene constituents.” Considering the
challenges and limitations that no single-marketed
antidiabetic drug is capable of achieving long-lasting
blood glucose control in the majority of patients or
compensating for metabolic derangements, OA may
provide a strategy with different mechanism of action
and potential for effective therapy.

We have reported that the antihyperglycemic effects
of the Syzygium cordarum (Hochst.) (Myrtaceae) crude
leaf extract rich in triterpene mixtures (OA) and UA in
streptozotocin (STZ)-induced diabetic rats are medi-
ated in part through increased hepatic glycogen
synthesis.® We, therefore, speculated that Syzygium
aromaticum [(Linnaeus) Merrill & Perry] [Myrtaceae]
(known as clove) extracts contain similar compounds.
Accordingly, this study was designed to isolate OA
from S. aromaticum flower bud and investigate its



antihyperglycemic effects in STZ-induced diabetic
rats. Additionally, we investigated possible synergistic
antihyperglycemic effects between OA and insulin
because some literature evidence suggests that OA is
an insulin secretagogue’'? and exists in most food
products'®'% and African plant species used in tradi-
tional medicine.”!> The STZ-induced diabetic rat
model used in the study has been used extensively in
our laboratories. >3

MATERIALS AND METHODS

Drugs and chemicals

Drugs were sourced from standard pharmaceutical
suppliers. All other chemicals used were purchased
from standard commercial suppliers and were of ana-
Iytical grade quality.

Isolation of OA

OA was isolated form Syzygium aromaricum [(Linnaeus)
Merrill & Perry] [Myrtaceae] (cloves) flower buds
using a standard protocol that has been validated in
our laboratory.!® Briefly, air-dried powdered flower
buds of S. aromaricum (1.74 kg) were sequentially
extracted thrice at 24-h intervals with 3 L of hexane,
dichloromethane, ethyl acetate, and methanol on each
occasion. Recrystallization of ethyl acetate solubles
(EAS) (25.5 g), which contained mixtures of OA/UA
and methyl maslinate/methyl corosolate®!” with etha-
nol, yielded pure OA whose structure was confirmed
by spectroscopic analysis using 1D and 2D, 'H and
13C nuclear magnetic resonance (NMR) techniques.
Preliminary studies indicated that the hypoglycemic
effects of S. aromaricum-isolated OA and commercial
OA were similar and hence the plant-extracted OA
was used in the experiments as it is less costly.

Animals

Male Sprague—Dawley rats (250-300 g) bred and main-
tained at the Biomedical Research Unit, University of
KwaZulu-Natal, South Africa were used. The animals
had free access to standard rat chow (Epol-diet 4700,
Epol, South Africa) and water, with a 12-h light/12-h
dark cycle. Procedures involving animals and their care
were conducted in conformity with institutional guide-
lines of the University of KwaZulu-Natal.

Induction of experimental diabetes mellitus

Diabetes mellitus was induced in the male Sprague—
Dawley rats with a single intraperitoneal injection of
STZ (60 mg kg™") dissolved in freshly prepared 0.1 M
citrate buffer (pH 6.3). Control animals were injected
with the vehicle. Animals that exhibited glucosuria after
24 h, tested by urine strips (Rapidmed Diagnostics,
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Sandton, South Africa), were considered diabetic.
Blood glucose concentration of 20 mmol 1I™! or above
measured after 1 week was considered as a stable diabetic
state before experimental procedures commenced.

Experimental design
Nondiabetic and STZ-induced diabetic rats were
divided into separate groups to study the acute and
short-term (5 weeks) effects of OA on blood glucose
(n = 6 in each group).

Effects of OA on blood glucose
The effects of OA on blood glucose were evaluated in
nondiabetic and STZ-induced diabetic rats according
to the method described previously.!® Briefly, an 18 h
fast was allowed for all animals, followed by measuring
blood glucose (time 0). Subsequently, the animals
were administered glucose (0.86 g kg™!, body weight,
p. 0.), followed by OA at various doses (40, 80, and
120 mg kg™, p. 0.). OA was freshly dissolved in dime-
thyl sulfoxide (DMSO, 2 mL) and normal saline (19
mL) before use in each case.® Rats treated with deion-
ized water (3 mL kg™!, p.o.) and standard antidiabetic
drugs insulin [200 ug kg™!, s.c., metformin (1,1-
dimethylbiguanide hydrochloride, 500 mg kg™!, p.o.)
and glibenclamide (glyburide; N-p-[2-(5-chloro-2-
methoxybenzamido) ethylbenzene-sulphonyl-N’-
cyclohexylurea), 500 ug kg™, p.o.] served as control
animals and positive control animals, respectively.
The influence of standard drugs on OA-induced
hypoglycemic effects was studied in separate groups of
animals that were treated with OA at either 40 or
80 mg kg™! followed by insulin (100 or 200 pg kg™!,
s.c.), glibenclamide (250 or 500 ug kg™', p. o.), and
metformin (250 or 500 mg kg™!, p.o.). Blood samples
were collected from the tail veins of the animals at 15-
min intervals for the first hour, and hourly thereafter
for the subsequent 3 h for glucose measurements,
using Bayer’s Glucometer Elite® [Elite (Pvt.) Ltd.,
Health Care Division, Isando, South Africa].

Effects of OA on insulin secretion

Plasma insulin concentrations were measured in sepa-
rate parallel groups of nondiabetic and STZ-induced
diabetic rats as prepared to examine the blood glucose
lowering effects of OA. Blood was collected by cardiac
puncture into pre-cooled heparinized tubes for insulin
determination after 60 min following OA (80 mg kg ™!,
p.o.), metformin (500 mg kg!, p.o.), and insulin
(200 pg kg™!, s.c.). Plasma insulin concentrations were
also monitored in groups of animals treated with com-
bined OA and insulin. In preliminary experiments, the
plasma lowering effect of the treatments was found to
reach plateau within 30 min and maintained for 60
min in fasted rats after OA or insulin administration.
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Separated plasma was stored at —70°C in a BioUltra
freezer (Snijers Scientific, Holland) until insulin assay.

Short-term studies

Effects of OA on food and water intake and body
weight changes. Groups of control and treated non-
diabetic and STZ-induced diabetic male Sprague—
Dawley rats were housed individually in Makrolon
polycarbonate metabolic cages (Techniplats, Labotec,
South Africa) for a 5-week period at the Biomedical
Resource Unit, University of KwaZulu-Natal (z = 6 in
each group). In those animals in which the effects of
OA were investigated, the rats were treated with OA
(80 mg kg™!) twice daily at 09:00 and 15:00 by means
of a bulbed steel tube. Separate groups of rats similarly
treated with deionized water (3 mL kg™, p.o.) and
standard antidiabetic drugs (metformin, 500 mg kg™!,
p.o.; insulin, 200 ug kg™!, s.c) acted as untreated and
treated positive controls, respectively. The weights of
the animals were assessed every third day at 09:00.

Terminal studies

Blood samples were collected by cardiac puncture 24 h
after the last treatment from all nonfasted groups of
animals for glucose and insulin assay at the end of the
5-week treatment period. Samples of known liver and
gastrocnemius muscle weights (1-1.5 g) were quickly
removed from untreated and treated rats for glycogen
measurement. The plasma, liver, and muscle samples
were stored in a BioUltra freezer (Snijers Scientific) at
—70°C until assayed.

Laboratory analyses

Plasma insulin concentrations were evaluated by
ultrasensitive rat insulin ELISA kit (DRG Instru-
ments GmBH, Marburg, Germany) with 100%
cross-reactivity with insulin lispro (Humalog® Eli
Lilly). The immunoassay is a quantitative method
for the determination of plasma insulin utilizing two
monoclonal antibodies which, together, are specific
for insulin. The lower limit of detection was 1.74
pmol L_l. The intra- and inter-assay analytical coef-
ficients of variation ranged from 4.4 to 5.5% and
from 4.7 to 8.9%, respectively.

Glycogen was determined as described by Ong
and Khoo.!” The liver and gastrocnemius muscle
tissue samples were homogenized in 2 mL of 30%
potassium hydroxide (300 g L™!) and boiled at 100°C
for 30 min, and then cooled in ice-saturated sodium
sulfate. Glycogen was precipitated with ethanol,
pelleted, and resolubilized in deionized water. Glyco-
gen content was determined by the treatment with
anthrone reagent and measured at 620 nm using a
Novaspec II spectrophotometer (Biochrom Ltd.,
Cambridge, UK).

Statistical analysis

All data were expressed as means + SEM. Statistical
comparison of the differences between the means of
control and experimental groups was performed with
GraphPad InStat Software (version 4.00, GraphPad
Software, San Diego, CA, USA), using one-way analy-
sis of variance (ANOVA), followed by Tukey—Kramer
multiple comparison test. A value of p < 0.05 was con-
sidered significant.

RESULTS

Structure of OA
Spectroscopic analyses of the white powder obtained
after recrystallization of S. aromaricum EAS with etha-
nol carried out using 'H- and >C-NMR (1D and 2D)
spectroscopy that was compared with literature data®’
confirmed the structure of OA.

The purity (about 99%) of OA was elucidated on
the basis of chemical and physicochemical evidence.

Effects of OA on blood glucose

By comparison with control nondiabetic rats, the
mean fasting blood glucose concentration (time 0) of
control STZ-induced diabetic rats was significantly
higher as compared to the control nondiabetic animals
(3.26 £ 0.10 vs. 21.25 + 0.25 mmol L™}, n = 6 in both
groups). The blood glucose concentration of control
nondiabetic and STZ-induced diabetic rats increased
for 60 min following glucose load before declining to
respective, preloading values by the end of the experi-
mental period (Figure 1). Administration of OA at
various doses (40, 80, and 120 mg kg™!) significantly
(p < 0.05) reduced the blood glucose of nondiabetic
and STZ-induced diabetic rats by 45 min (Figure 1).
The blood glucose concentration in OA-treated STZ-
induced rats persisted declining below preloading
values by the end of the 4-h period whilst in nondia-
betic animals compared to preloading values at the
corresponding time. Comparison of the blood glucose-
lowering effects of OA doses at each time could not be
separated statistically, although effects appear to be
dose-dependent in STZ-induced diabetic rats. All
standard hypoglycemic drugs (insulin, glibenclamide,
and metformin) demonstrated blood glucose-lowering
effects in nondiabetic and STZ-induced diabetic rats,
except glibenclamide, the insulin secretagogue which
did not exhibit any antihyperglycemic effects in STZ-
induced diabetic animals (Figure 1¢).

Figure 2a—d compare the influence of insulin (100
or 200 g kg™, s.c.), glibenclamide (250 or 500 pg kg™!,
p.0.), and metformin (250 or 500 mg kg !, p.o.) on
the effects of OA (40 or 80 mg kg™!) on blood glucose
in nondiabetic and STZ-induced diabetic rats. Blood

Renal Failure
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FIGURE 1. OGT responses of nondiabetic rats (a and b) and STZ-induced diabetic (c and d) rats to graded doses of OA with
respective untreated control or positive control animals. Values are presented as mean + SEM (n = 6 in each group). *p < 0.05 by

comparison with control animals.

glucose concentrations were significantly (p < 0.05)
low at all the time points in animals treated with com-
bined OA and insulin when compared with rats
treated separately with either insulin or OA. The blood
glucose-lowering effects of combined OA (40 or 80 mg
kg™) with insulin (100 or 200 ug kg™}, s.c.), glibencla-
mide (250 or 500 ug kg™!, p. 0), and metformin (250
or 500 mg kg!, p.o.) revealed that the effects of this
narrow range of doses could not be separated statisti-
cally (Figure 2). More notable, however, were the dra-
matic effects produced by combined OA (80 mg kg™!)
and insulin (200 pg kg™!) treatment in STZ-induced
diabetic rats where the blood glucose concentrations
decreased to hypoglycemic levels (2.53 + 0.22 mmol
L™, n = 6 in each group) by the end of the 4-h experi-
mental period (Figure 2d).

By the end of 5 weeks, treatment with OA and/or
standard antidiabetic drugs (insulin and metformin)
reduced blood glucose of STZ-induced rats, but the
blood glucose of nondiabetic rats was not altered by
any of the treatments.

OA effects on insulin secretion

Plasma insulin concentrations in untreated STZ-
induced diabetic rats were significant (p < 0.05) in

© 2010 Informa UK Ltd.

comparison with control nondiabetic rats (Figure 3).
Acute OA administration did not alter plasma insulin
concentrations of STZ-induced diabetic animals, but
slightly increased plasma insulin concentrations in non-
diabetic rats to values that did not achieve statistical sig-
nificance. Acute treatment with insulin alone
significantly (p < 0.05) elevated plasma insulin concen-
tration of both groups of nondiabetic and STZ-induced
rats by comparison with respective control animals
(126.90 + 2.07 vs. 431.92 + 23.73 pmol L™! and 24.52
+0.56 vs. 33.76 + 1.33 pmol L™}, respectively). Treat-
ment with insulin alone or in combination with OA
evoked significant (p < 0.05) increases in plasma insulin
concentrations in nondiabetic and STZ-induced dia-
betic rats by comparison with respective control ani-
mals, but comparable with animals administered insulin
alone. The administration of OA and/or insulin over a
5-week period evoked similar plasma insulin concentra-
tions described for acute treatments.

In summary, blood glucose concentrations of both
nondiabetic and STZ-induced diabetic rats were
decreased by OA. The hypoglycemic effects were
most significant in STZ-induced rats treated with
combined OA and insulin by comparison with all
other treatments.
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Effects of OA on body weight

Nondiabetic control rats progressively gained weight
whereas STZ-induced diabetic rats exhibited severe
wasting throughout the 5-week period. OA adminis-
tration reduced the body weight loss of STZ-induced
diabetic rats in the fifth week, whereas treatment with
metformin, insulin or combined insulin, and OA-
stabilized body weight of STZ-induced diabetic rats
from the third to the fifth week.

Effects of OA on glycogen concentration
STZ-induced diabetic rats were characterized by the
depletion of liver and muscle glycogen concentrations
at the end of the 5-week experimental period (Table 1).
OA treatment for 5 weeks like insulin or metformin
restored the glycogen concentration of STZ-induced dia-
betic rats to levels that compare with nondiabetic rats.
Combined OA and insulin administration, however, had
more pronounced glycogen concentration restoring effect
by comparison to all groups of treatments.

In summary, short-term OA treatment decreased
blood glucose concentrations of STZ-induced diabetic
rats with concomitant restoration of hepatic and mus-
cle glycogen content to levels that comparable to levels
with nondiabetic rats.

DISCUSSION

The experimental evidence presented in this study
suggests that OA isolated from Syzygium aromaticum
(cloves) acts in synergy with insulin to lower blood

Phytomedicine 837

glucose of STZ-induced diabetic rats. 'H- and ’C-
NMR (1D and 2D) spectroscopy studies confirmed
the structure of the isolated OA by the olefinic bond
between carbon 12 and carbon 13 peculiar to triterpe-
noids and the spectral data that compared with that
previously reported for OA.?°

The plasma insulin concentrations in STZ-induced
diabetic rats were significantly (p < 0.05) lower than in
nondiabetic rats perhaps because of the destruction of
pancreatic f-cells by STZ.?! Acute OA treatment
decreased blood glucose of both nondiabetic and
STZ-induced diabetic rats without any significant
effects on plasma insulin concentrations despite
reports that OA increases insulin secretion isolated rat
islets and pancreatic 3-cells.®!?%23 OA administration,
however, slightly increased plasma insulin concentra-
tions in nondiabetic rats to values that did not achieve
statistical significance. Interestingly, combined OA
and insulin treatment elevated plasma insulin concen-
trations in STZ-induced diabetic and nondiabetic rats,
although the magnitude in the increase of insulin
concentration was far much greater in nondiabetic
rats. The discrepancy can partly be attributed to the
presence or absence of S-pancreatic cell activity. OA
has been reported to modulate pancreatic S-cells to
increase insulin levels and secretion.!%?% Because STZ
selectively destroys $-cells of the pancreas,?! we would
not expect OA to increase insulin levels in STZ dia-
betic rats. We thus suggest that OA evoked the S-cells
of the pancreas to secrete in nondiabetic rats to
increase and decrease blood glucose. Sato et al.,!°
however, suggested that the direct effects of OA on

TABLE 1. Comparison of hepatic and muscle glycogen concentrations of various groups of
nondiabetic and STZ-induced diabetic rats treated with OA and/or standard antidiabetic

drugs with respective control groups.

Treatment

Hepatic glycogen
(mg/100 mg tissue)

Muscle glycogen
(mg/100 mg tissue)

Control
OA

Metformin

Nondiabetic rats

Insulin

Insulin + OA
STZ-induced diabetic rats Control
OA
Metformin
Insulin

Insulin + OA

28.4+1.9 2.6+0.3
37.9 +3.7%% 3.5 £ 0.3**
39.5 + 2.0%* 5.2+ 0.7%
66.3 + 2.7%# 5.2+ 0.4%
74.0 + 6.1% 5.0 £ 0.3%
17.1+0.4 1.1+0.1
30.3 £ 0.6%% 2.0 + 0.4%#
36.0  0.7%% 2.1 £ 0.4%*
42.3 +0.7%# 2.4+ 0.3%#
56.4 + 0.5% 3.1 £0.3*

Notes: Data are expressed as mean = SEM (n = 6) in each group.
*p < 0.05 by comparison with respective control animals.
#p < 0.05 by comparison with animals treated with combined OA and insulin.

© 2010 Informa UK Ltd.
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B-cell insulin secretion may not only account for its
antidiabetic properties. This point is underscored by
the observation that S. aromaticum crude extract
depresses the activities of hepatic gluconeogenic enzymes
phosphoenolpyruvate carboxykinase (PEPCK) and
glucose 6-phosphatase (G6Pase)?? thereby inhibiting
hepatic glucose production. Overexpression of hepatic
PEPCK is associated with diabetic-like syndrome in
experimental animals.?®

Short-term treatment of STZ-induced diabetic rats
with OA significantly (p < 0.05) reduced blood
glucose concentrations to levels that did not achieve
normoglycemia but had no effect in nondiabetic
animals. The failure to record normoglycemic values
may partly be attributed to experimental design and
data presentation. The blood glucose concentrations
were measured 24 h after the last dosing and presum-
ably by that time OA may have been metabolized and
rendered pharmacologically ineffective. The peak
hypoglycemic effect of triterpene containing herbal
extracts occurs 2—4 h after administration, with blood
glucose returning to pretreatment levels in 6-10 h.?’
Interestingly, combined OA and insulin had an even
greater effect in lowering blood glucose than their indi-
vidual effects, suggestive of a synergistic effect of the
two. We suggest that OA in part increased insulin
sensitivity to OA. Herbal extracts containing triterpe-
noids, UA, and corosolic acid have been reported to
enhance the blood glucose-lowering effects of insulin
in experimental animals.?8-3°

STZ-induced diabetic rats were characterized by
hyperglycemia and the depletion of liver and muscle
glycogen concentrations perhaps because of low
insulin levels caused by the destruction of pancreatic
B-cells by STZ.%! OA restored the glycogen concentra-
tion of STZ-induced diabetic rats to levels that com-
pared with nondiabetic rats perhaps due to increases
in noninsulin-dependent cellular uptake.>!> The
effects of OA on muscle glycogen synthesis in the
STZ-induced diabetic rats were perhaps due to OA’s
insulin mimetic properties as muscle glycogen synthe-
sis is dependent on insulin.>* On the contrary, glyco-
gen synthesis in skeletal tissues is dependent on insulin
which stimulates translocation of the GLUT-4 to the
cell membrane to mediate its uptake.>>37 Therefore,
combined OA and insulin had an even greater effect,
suggestive of a synergistic effect of the two.

By comparison with nondiabetic animals, STZ-
diabetic rats progressively lost body weight and drank
more water throughout the experimental period com-
paring with our previous observations.? Polydipsia and
increased water intake as a result of enhanced proteol-
ysis associated with hyperosmotic dehydration has
been shown to be associated with weight losses in
STZ-induced diabetic rats.>®3° Treatment with OA

alone or in combination with insulin stabilized body
weight of STZ-induced diabetic rats possibly due to
increased incorporation of glucose into tissues, as
reported in STZ-induced diabetic mice.*%%!

In conclusion, our data suggest a synergistic effect
between S. aromaticum-derived OA and insulin in low-
ering blood glucose of STZ-induced diabetic rats. The
observed improvement of blood glucose levels and
body weight in STZ-induced diabetic rats after OA
treatment suggests beneficial effects in diabetes man-
agement. The limitations of the study include the
absence of lipid profile and liver function assessment.
In this regard, it is envisaged to utilize the obese
Zucker diabetic rat model in future studies.
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