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Ursolic acid and rosiglitazone combination alleviates metabolic
syndrome in high fat diet fed C57BL/6] mice
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Abstract. The aim of this study was to examine the combined effect of ursolic acid (UA) and ros-
iglitazone (RSG) on metabolic syndrome in C57BL/6] mice. Upon feeding high fat diet (HFD)
C57BL/6] mice developed obesity, insulin resistance, dyslipidemia and hypertension. The male
mice were randomly divided into six groups, and fed normal diet, normal diet plus UA and RSG,
HFD alone, HFD plus UA, HFD plus RSG, and HFD plus UA and RSG, respectively. HFD fed mice
showed increase in body weight, elevated plasma glucose and insulin. Activities of gluconeogenic
enzymes such as glucose 6-phosphatase, fructose 1,6-bisphosphatase increased while the activity of
glycolytic enzyme, glucokinase, decreased in the liver along with glycogen content. Total cholesterol,
triglyceride, low-density lipoprotein cholesterol and very low-density lipoprotein cholesterol and
free fatty acid levels significantly increased in the plasma, whereas high-density lipoprotein choles-
terol significantly decreased in high fat diet fed mice. In addition, both systolic and diastolic blood
pressure was increased significantly. Combined treatment with UA and RSG improved the above
parameters towards normality and pronounced more responses than UA or RSG lone treatment.
The inclusion of UA in treatment with RSG may reduce the body weight gain, one of adverse side
effect associated with the RSG-therapy.
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Abbreviations: Hb, haemoglobin; HbAlc, glycosylated haemoglobin; HDL-C, high-density lipopro-
tein cholesterol; HED, high fat diet; LDL-C, low-density lipoprotein cholesterol; PPAR-y, peroxisome
proliferator-activated receptor-y; RSG, rosiglitazone; TC, total cholesterol; TG, triglyceride; TZD,
thiazolidinedione; UA, ursolic acid; VLDL-C, very low-density lipoprotein cholesterol.

Introduction

Insulin resistance concomitant with obesity, type-2 diabetes
mellitus, hypertension, and other features of the metabolic
syndrome is a major risk factor for cardiovascular diseases,
the leading cause of mortality and morbidity (DeFronzo
2004). Insulin resistance plays a central role in pathogenesis
of metabolic syndrome as well as overt diabetes (Yip et al.
1998). Lipid metabolic disorders underlie the etiological
basis of the metabolic syndrome and are the major con-

Correspondence to: Kodukkur Viswanathan Pugalendi, Depart-
ment of Biochemistry and Biotechnology, Faculty of Science, An-
namalai University, Annamalainagar-608 002, Tamilnadu, India
E-mail: pugale@sify.com

stituent of metabolic syndrome (Kolovou et al. 2005). There
is a need of most composite agent for treating metabolic
syndrome as is characterized by many etiologically linked
or even exclusively or mutually independent manifestations
like dyslipidemia, hyperglycemia, hyperinsulinemia, insulin
resistance and hypertension.

Treatment of metabolic syndrome mainly involves the
use of thiazolidinediones (TZDs) like rosiglitazone (RSG)
improving insulin resistance and dyslipidemia (Lim et al.
2009). However, due to unwanted side effects, the efficacies
of these compounds are debatable and there is a demand for
new compounds for the treatment of metabolic syndrome.
The combination of TZDs with other hypoglycaemics such
as sulphonylureas, meglitinide derivatives or biguanides
augments their effect (Scheen 2005).
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Ursolic acid (UA; 3B-hydroxy-urs-12-en-28-oic acid),
a natural pentacyclic triterpenoid carboxyl acid, is the
major component of some traditional medicinal herbs and
is well known to possess a wide range of biological func-
tions, including anticancer (Sohn et al. 1995), antioxidative
(Balanehru and Nagarajan 1991), hepatoprotective (Liu
1995) and hypolipidemic, antiatherosclerotic (Somova et al.
2003). From our laboratory, Senthil et al. (2007) reported
the protective effect of UA against isoproterenol-induced
myocardial ischemic injury in rats and Saravanan and
Pugalendi (2006) reported that UA coadministration with
ethanol would protect the heart probably by suppressing
cellular oxidative stress from ethanol-induced oxidative
damage. Zhang et al. (2006) reported that ursolic acid
inhibits protein tyrosine phosphatase 1B, which enhances
insulin receptor phosphorylation and stimulates glucose
uptake. RSG, a member of the TZD class of antidiabetic
agents, is a selective synthetic ligand of the nuclear tran-
scription factor peroxisome proliferator-activated receptor-y
(PPAR-y), acts primarily as insulin sensitizer (Diamant
and Hein 2003). Expression of these receptors is most
abundant in adipose tissue where they play a central role
in adipogenesis and lipid metabolism (Vidal-Puig et al.
1977). However, weight gain and edema can occur with
such treatment (Masoudi et al. 2003). Because people with
diabetes are at increased risk for cardiovascular disease and
may have preexisting heart disease, weight gain and edema
can be a concern.

C57BL/6] models have been used for investigation of
human obesity and metabolic syndrome (Feldstein et al.
2003). When raised on a high fat diet (HFD), animals de-
velop central adiposity, insulin resistance, hyperinsulinemia,
hyperglycemia, dyslipidemia and hypertension (Surwit et al.
1998) in the C57BL/6] mice closely parallel the progression
of common forms of the human diseases. We hypothesized
that a combination of UA with RSG would take away the
side effects of RSG i.e. weight gain but retain their beneficial
effects on glucose and lipid metabolism. We therefore evalu-
ated the effects of UA and RSG combination on glucose and
lipid metabolism in HFD-fed insulin resistance C57BL/6]
mice.

Materials and Methods

Animals

Male C57BL/6] mice were purchased from National In-
stitute of Nutrition (Hyderabad) at 5 weeks of age. The
mice were housed in a room maintained at a controlled
temperature (23 + 1°C) and 12-h light/12-h dark cycle
at Central Animal House, Department of Experimental
Medicine, Rajah Muthiah Medical College and Hospital,

Annamalai University. Animals were given free access to
water and food. The study protocols were approved by the
Institutional Animal Ethics Committee of Rajah Muthiah
Medical College and Hospital (Reg No. 160/1999/CPCSEA,
Proposal number: 631), Annamalai University, Annama-
lainagar.

Chemicals

UA was obtained from Sigma-Aldrich (U6753; St. Louis,
Missouri, USA). RSG (Windia) was purchased from Glaxo
SmithKline, Mumbai, India. All other chemicals used in
this study were of analytical grade obtained from E. Merck
or HIMEDIA, Mumbai, India.

Diet

The standard diet consisted of a balanced diet containing
protein 21.1%, fat 5.1%, carbohydrate 60.0%, fiber 3.9%,
minerals 7.9% and vitamins 2.0%.

40 % high fat diet (HFD) was prepared by mixing beef tal-
low (34.1%) with standard pellet diet every day. All measures
were taken to ensure uniform mixing of the additives of the
diet before kneading using a little water.

Experimental design

Test animals were fed initially, before the study, with standard
diets. Then these were assigned to one of six groups with
10 mice in each group:

Group 1 received standard pellet diet for 15 weeks;

Group 2 received UA (5 mg/kg b.w.) and RSG (4 mg/kg b.w.)
for last five weeks;

Group 3 received HFD for 15 weeks;

Group 4 received HED for first 10 weeks then oral admin-
istration of UA (5 mg/kg b.w.) along with HFD for
next 5 weeks;

Group 5 received HFD for first 10 weeks then oral adminis-
tration of RSG (4 mg/kg b.w.) along with HFD for
next 5 weeks;

Group 6 received HFD for first 10 weeks then oral admin-
istration of UA (5 mg/kg b.w.) and RSG (4 mg/kg
b.w.) along with HFD for next 5 weeks.

UA and RSG were administered as suspensions directly
into the stomach using a gastric tube in the morning for
last fast 5 weeks, the former, by mixing with vehicle 0.5%
dimethyl sulfoxide, and the latter, in drinking water.

Body weight and food intake of mice were measured
weekly once. At the end of the experimental period, mice
were sacrificed by cervical dislocation. Blood was collected
by cutting the jugular vein into heparinised glass tubes.
Plasma was obtained from blood samples after centrifugation
(1500 x g for 10 min) and stored at 4°C until analysis. After



Effects of ursolicacid and rosiglitazone on metabolic syndrome

325

collecting the blood, the liver and the epididymal fat were
removed, rinsed with physiological saline and used for the
various biochemical parameters.

Liver homogenate preparation

Liver tissue was sliced into pieces and homogenized in
appropriate buffer (pH 7.0) in cold condition to give 10%
homogenate (w/v). The homogenate was centrifuged at 1000
rpm for 10 min at 0°C in a cold centrifuge. The supernatant
was separated and used to measure carbohydrate metabolic
enzyme activities.

Estimation of plasma glucose, insulin, blood Hb and HbA1c

Plasma glucose level was measured by enzymatic method
using commercial kit (Agappe Pharmaceutical, Kerala,
India) with a semi-autoanalyser. The plasma insulin
(Medgenix-INS-ELISA, Biosource, Europe S.A., Belgium)
level was determined using a radioimmunoassay kit. The
assay was based on the oligoclonal system in which several
monoclonal antibodies directed against distinct epitopes of
insulin (Burgi et al. 1998). Haemoglobin (Hb) was estimated
by the method of Drabkin and Austin (1932). Glycosylated
haemoglobin (HbAlc) was estimated by the method of
Sudhakar and Pattabiraman (1981).

Estimation of lipid profile

Total cholesterol (TC), triglyceride (TG) and high-den-
sity lipoprotein cholesterol (HDL-C) levels in plasma were
determined using commercially available kits according
to the instructions of the manufacturer (Agappe Pharma-
ceutical, Kerala, India) with a semi-autoanalyser. Low-den-
sity lipoprotein cholesterol (LDL-C) and very low-density
lipoprotein cholesterol (VLDL-C) were calculated from
TG, TC and HDL-C concentrations following Friedewald
formula (Friedewald et al. 1972): VLDL cholesterol = TG/5 :
LDL-C = TC — [HDL-C+VLDL-C]. Free fatty acids (FFA)
in the plasma were estimated by the method of Falholt et
al. (1973).

Estimation of hepatic glucose regulating enzyme activities
and glycogen level

Assay of hexokinase D (glucokinase). Hexokinase D was
assayed by the method of Brandstrup et al. (1957). The
reaction mixture in a total volume of 5.5 ml contained the
following: 1.0 ml of 0.005 M glucose solution, 0.5 ml of
1 M ATP, 0.5 ml 0of 0.05 M MgCl,, 0.5 ml 0f 0.0125 M dipo-
tassium hydrogen phosphate solution, 0.4 ml of 0.1 M KCl,
0.1 ml of 0.5 M NaF solution and 2.5 ml of Tris-HCI buffer
(0.01 M; pH 8.0). The mixture was preincubated at 37°C

for 5 min. The reaction was initiated by the addition of
1.0 ml of liver tissue homogenate. 1.0 ml aliquot of the
reaction mixture was taken immediately (zero time) to
tubes containing 1.0 ml of 10% TCA. A second aliquot was
removed after 30 min of incubation at 37°C and added to
tubes containing ml of 10% TCA. The precipitated protein
was removed by centrifugation and the residual glucose in
the supernatant was estimated by the o-toluidine method
of Sasaki et al. 1972. The green colour developed was read
in a colorimeter at 620 nm. A reagent blank was run with
each test. The difference between the two values gave the
amount of glucose phosphorylated.

Assay of fructose 1,6-bisphosphatase. 1, 6-bisphosphatase
was assayed by the method of Gancedo and Gancedo
(1971). The assay medium in a final volume of 2.0 ml con-
tained 1.0 ml of Tris-HCl buffer (0.1 M, pH 7.0), 0.4 ml of
substrate as fructose 1,6- bisphosphate (0.05 M), 0.1 ml
each of magnesium chloride (0.1 M), 2 ml potassium
chloride (0.1 M), 0.1 ml of 0.001 M EDTA and 0.2 ml of
enzyme source. The incubation was carried out at 37°C
for 15 min. The reaction was terminated by the addition
of 2 ml of 10% TCA. The suspension was centrifuged and
the phosphorus content of the supernatant was estimated
according to the method described by Fiske and Subbarow
(1925) To 1 ml of an aliquot of the supernatant, 0.3 ml of
distilled water and 0.5 ml of ammonium molybdate (2.5%
ammonium molybdate in 3 N sulphuric acid) were added.
After 10 min, 0.2 ml of 1-amino-2-naphthol-4-sulphonic
acid (ANSA) was added. The tubes were shaken well, kept
aside for 20 min and the blue color developed was read at
620 nm.

Assay of glucose 6-phosphatase. Glucose 6-phosphatase was
measured by the method of Koide and Oda (1959). The in-
cubation mixture contained 0.3 ml maleic acid bufter (0.1 M,
pH 6.5) 0.5mlof 0.01 M glucose 6-phosphate and 0.2 ml liver
tissue homogenate. This was incubated at 37°C for 1 h. 1 ml
10% TCA was added to the tubes to terminate the enzyme
activity, then centrifuged and the phosphate content of the
supernatant was estimated by Fiske and Subbarow (1925)
method. To 1 ml of the aliquot of supernatant, 1 ml of 0.2
% ammonium molybdate and 0.4 ml ANSA were added.
The blue color developed was read after 20 min at 620 nm.
A tube devoid of the enzyme served as control.

Estimation of liver glycogen. Liver glycogen was extracted
and estimated by the method of Morales et al. (1975). 50
mg of fresh liver tissue was digested with 3 ml of 30% po-
tassium hydroxide solution in a boiling water bath for 15
min. The tubes were cooled and a drop of 1 M ammonium
acetate was added to precipitate glycogen and left it in
a freezer overnight. Glycogen was collected by centrifug-
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ing at 3000 rpm for 20 min. The precipitate was dissolved
by heating and again the glycogen was re-precipitated with
2 ml of 75% alcohol and a drop of 1 M ammonium acetate
and centrifuged. The final precipitate was dissolved in
saturated ammonium chloride solution by heating in
a boiling water bath for 5 min. Aliquots of glycogen
solution were taken and 4 ml of anthrone reagent was
added. The tubes were shaken well and heated in a boiling
water bath for 20 min. After cooling, the intensity of blue
colour was read at 640 nm against water blank treated in
a similar manner.

Blood pressure measurements. Blood pressure was deter-
mined by the tail-cuff method (IITC, model 31, Woodland
Hills, CA, USA). The animals were placed in a heated
chamber at an ambient temperature of 30-34°C for 15
min and from each animal, 1-9 blood pressure values were
recorded. The lowest three readings averaged to obtain
a mean blood pressure. All recordings and data analyses
were done using a computerized data acquisition system
and software.

Histopathology of adipose tissue. Epididymal fat wedges from
representative mice in each group were fixed overnight in
10% neutral buffered formalin, embedded in paraffin, and
cut into thin section (5 pm), and mounted on slide glasses.
Hematoxylin and eosin (H&E) staining was performed ac-
cording to the standard protocol as described by Bancroft
and Gamble (2002). Processed tissues were deparaffinized
with two changes of xylene for 2 min each, rehydrated with

two changes ofabsolute, 95% and 80% alcohols for 2 min
each, followed by washing in running tap water for 5 min.
Then, the tissues were stained with Harris’s haematoxylin
for 20 min and washed inrunning tap water. Differentiation
with 1% acid alcohol was carried out for 10 s, followed by
washing and bluing by dipping the tissues in ammonia water
for 10 s. After a washing step, thetissues were counterstained
with eosin Y for 2 min, dehydrated with increasing graded of
alcohols for 2 min each, cleared with two changes of xylene
for 2 min each and finally mounted with dibutyl phthalate
xylene (DPX). Micrographs were taken at magnification x20
(BX41, Olympus, Tokyo).

Adipocyte sizing. The histology sections were viewed at mag-
nification x20, and images were obtained with digital camera
(Olympus, Tokyo). Images were analyzed with National
Institutes of Health Image J software. The total number and
cross-sectional areas of adipocytes were calculated with the
command Measure All. Cross-sectional areas were expressed
by the computer as mm?. Results were directly loaded into
a spreadsheet program (Excel, Microsoft Inc., Redmond,
WA, USA) for analysis. Because each millimeter of the digital
image equaled ~50 pm, the calculated areas were multiplied
by a conversion factor of 2500 (50%) to determine the cross-
sectional area of the adipocytes in pum?.

Statistical analysis

Values are given as means = S.D. for six readings from
ten mice in each group. Data were analyzed by one-way
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Figure 1. Effect of UA and RSG on body weight in HDF-fed C57BL/6] mice. Values are means * S.D. (six readings from ten mice).
Duncan’s multiple range test (DMRT) was used. * p < 0.05 compared with control mice; * T p < 0.05 compared with HED mice.
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analysis of variance (ANOVA) followed by Duncan’s mul-
tiple range test (DMRT) using SPSS version 11.5 (SPSS,
Chicago, IL). The limit of statistical significance was set
at p <0.05.

Results

Body weight, weight gain and epididymal fat content

Figures 1 and 2 show the body weight and epididymal fat
content of HFD fed C57BL/6] mice, respectively. The HFD
caused a significant increase in body weight in comparison
with the control group. The UA and UA/RSG treatment
caused a significant reduction in body weight. RSG alone
treated group showed an increase in body weight (Figure 1).
At 15" week, the epididymal fat content was markedly
greater in HFD group. UA alone or combination with RSG
significantly suppressed the HFD induced epididymal fat
content. RSG treatment increased the epididymal fat content
(Figure 2).
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Figure 2. Effect of UA and RSG on epididymal fat pad weight in
HDF-fed C57BL/6] mice. Values are means * S.D. (six readings
from ten mice). Duncan’s multiple range test (DMRT). * p < 0.05
compared with control mice; T p < 0.05 compared with HFD
mice.

Table 1. Effect of UA and RSG on plasma glucose, insulin, blood Hb and HbA1c levels in HFD-fed C57BL/6] mice

Control UA+RSG HFD HFD+UA HFD+RSG ~ HFD+UA+RSG
Glucose (mg/dl) 79.54+7.85  7548+7.43  293.42+16.54* 149.57+16.54" 134.84+12.79° 94.75+8.97"
Insulin (uU/ml) 17.34 £ 1.56 1671 +1.49  3724+256* 2871+ 181" 2579+ 185" 2074+ 1.65
Hb (g/dl) 14.19 + 1.08 14.12+0.73 7.26+0.40%  10.12+0.65°  1081+0.52° 1273 +0.94
HbA c ( mg/g of Hb) 0.45 +0.03 0.40 + 0.03 1.82 + 0.09* 0.74 + 0.06" 0.65 + 0.05" 0.52 +0.03"

Values are means + S.D. (six readings from ten mice). Duncan’s multiple range test (DMRT) was used. * p < 0.05 compared with control
mice; ® p <0.05 compared with HFD mice. UA, ursolic acid; RSG, rosiglitazone; HFD, high fat diet; Hb, hemoglobin; HbA ¢, glyco-

sylated hemoglobin.

Table 2. Effect of UA and RSG on the activities of hepatic carbohydrate metabolic enzyme and glycogen content in HFD-fed C57BL/6]

mice
Control UA+RSG HFD HFD+UA HFD+RSG  HFD+UA+RSG

Liver glycogen 49194356 5328+096 2135+527% 40.48+3.85° 38.67+299°  45.15+3.67
(mg/100g tissue)

Glucokinase

(mmol of glucose phosphorylated 029+0011 028+0.014 0.12+0.04* 0.17+0.015° 0.20+0.014" 0.25+0.018"
per h /mg protein)

Glucose 6-phosphatase

(mmol of Pi liberated per min/mg 0.19+0.013 0.18+0.017 0.46+0.032* 0.35+0.022* 0.32+0.025 0.22 +0.019"
protein)

Fructose 1, 6-bis phosphatase

(mmol of Pi liberated per h/mg 0.38£0.020 0.37+0.025 0.74+0.046* 0.49+0.043" 0.48+0.042" 0.40 + 0.025"

protein)

Values are means + S.D. (six readings from ten mice). Duncan’s multiple range test (DMRT). * p < 0.05 compared with control mice;
%1 p <0.05 compared with HFD mice. For abbreviations, see Table 1.
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Figure 3. Effect of UA and RSG on systolic blood pressure level in HFD-fed C57BL/6] mice. Values are means + S.D. (six readings from ten
mice). Duncan’s multiple range test (DMRT) was used. * p < 0.05 compared with control mice; * T p < 0.05 compared with HFD mice.
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Figure 4. Effect of UA and RSG on diastolic blood pressure level in HFD-fed C57BL/6] mice. Values are means * S.D. (six readings from
ten mice). Duncan’s multiple range test (DMRT). * p < 0.05 compared with control mice; * T p < 0.05 compared with HFD mice.

Plasma glucose, insulin blood Hb and HbA Ic level

Table 1 illustrates the plasma glucose, insulin, blood Hb and
HbAIc levels in HFD mice. The levels of plasma glucose,
insulin and HbAlc increased significantly and Hb level

decreased in the HFD group. UA or RSG alone treatment
showed a significant reduction in plasma glucose, insulin and
HbAlc while hemoglobin increased whereas combination
treatment (UA/RSG) had significant lowering effect than
individual compound.
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Hepatic glucose regulating enzyme activities and glycogen
level

The activities of carbohydrate metabolic enzymes and level
of glycogen in the liver of HFD mice are given in Table 2. The
hepatic glucokinase activity lowered significantly, and the activi-

HFD + UA + RSG

Figure 5. A. Effect of UA and RSG on adipose tissues histopatho-
logical variations in HFD-fed C57BL/6] mice. Hematoxylin and
eosin staining of the adipose tissues. Micrographs were taken at
magnification x20. B. Measurement of mean adipocyte area by
using Image ] software. Histogram depicts measurement of Mean
adipocyte area using by Image J software. 3 images were taken from
three mice tissues in a group. Bars represent mean + S.D, n =3
mice. At least 300-400 cells per 1 animal were evaluated. Values
not sharing a common marking (¥, #, 1, #1) differ significantly at
p <0.05 (DMRT).

ties of fructose-1,6-bisphosphatase and glucose-6-phosphatase
increased significantly in the HFD group. Treatment with UA
and RSG brought the above changes towards normality and
combination treatment (UA/RSG) further significantly influ-
enced towards normality. Glycogen content also improved more
significantly in combination treatment than lone treatment.
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Plasma lipid profile

Table 3 shows the level of plasma TC, TG, HDL-C, VLDL-C,
LDL-C, FFA and phospholipids in HFD mice. The HFD
mice had elevated levels of plasma TC, TG, LDL-C,
VLDL-C, FFA and phospholipids and decreased level of
HDL-C. Supplementation of UA and RSG alone brought
these levels towards normality, while combination treat-
ment (UA/RSG) further influenced significantly towards
normality.

Blood Pressure

Figures 3 and 4 show the systolic and diastolic blood pressure
of HFD mice, respectively. The systolic and diastolic blood
pressure was significantly higher in the HED fed group than
in the control group. Treatment with UA and RSG alone
significantly reduced the systolic and diastolic blood pressure
levels towards normality, while combination treatment (UA/
RSQG) further influenced significantly towards normality.

Histopathology of adipose tissue

Figure 5A shows the effect of UA and RSG on adipose tissues
histopathological variations in HFD-fed. HFD mice show an
expansion of adipocytes with increased fat accumulation.
HFD mice + UA restore the normal size of the adipocytes.
HFD mice + RSG show minimal expansion of adipocytes
with fat distribution. HFD mice + UA/RSG significantly
restore the normal size of the adipocytes. All scale bars
equal to 50 um.

Discussion

The metabolic syndrome, such as insulin resistance and lipid
disorder, can be induced by a HFD feeding in C57BL/6]

mice (Cong et al. 2008). The duration of a HFD feeding and
the lipid contents and type of the diets lead to alterations in
the degree of insulin resistance and in the lipid metabolic
parameters (Choi et al. 2007). The results of the present
study revealed that feeding HFD to C57BL/6] mice for ten
weeks could develop metabolic abnormalities including
overweight, hyperglycemia, dyslipidemia, hyperinsulinemia,
insulin resistance and hypertension. UA/RSG combination
improved the above changes towards normality, which was
more pronounced than UA or RSG alone.

HFD has been shown to produce more rapid weight
gain in rodents (Cong et al. 2008) especially C57BL/6] mice
(Surwit etal. 1998). In the present experiment, over a period
of 10 weeks, HFD-fed mice showed statistically significant
drastic weight gain than control group. Consumption of
the HFD led to obesity as it facilitates the development of
a positive energy balance leading to an increase in visceral
fat deposition; this led to abdominal obesity in particular.
Moreover, HED feeding is accompanied by molecular adap-
tations that errand fat storage in muscle rather than oxidation
(Schrauwen-Hinderling et al. 2005). Treatment with UA
alone or combination with RSG reduced the body weight
gain, and the effect was particularly marked in epididymal
adipose tissues. RSG alone treated animals had minimal
body weight loss when compared with HFD mice. RSG,
amember of the TZD class of antidiabetic agents, is selec-
tive synthetic ligand of PPAR-y. One of the side effects of
PPAR-vy ligand is their tendency to increase body weight gain,
which is a risk factor for type 2 diabetes. PPAR-y increases
adipogenesis by stimulating adipocyte differentiation (Lowell
1999) which may explain the effect of RSG on body weight
gain. The minimal reduction of body weight gain observed
in RSG treatment mice may be due to the influence of RSG
on both carbohydrate and lipid metabolism.

HFD-fed group showed significant increase in the plasma
glucose, insulin, decreased blood Hb and increased HbAlc
level, indicating development of insulin resistance. Several

Table 3. Effect of UA and RSG on plasma TC, TG, HDL-C, LDL-C, VLDL-C, FFA and PL levels in HFD-fed C57BL/6] mice

Substance (mg/dl) Control UA+RSG HFD HFD+UA HFD+RSG HFD+UA+RSG
TC 75.54 +7.39 73.49 +7.22 179.73+17.94" 12675+ 11.54* 11586 + 10.43*  89.21 + 8.947
TG 61.24 +5.76 59.45 + 4.13 158.42 +14.92°  91.43 + 7.38" 84.42 + 6.46" 67.27 +5.297
HDL-C 47.90 + 3.28 4951 +4.21 26.48 +2.45" 34.21 + 3.25" 35.15 + 3.55" 43.09 + 3.34"
LDL-C 15.39 + 1.41 12.08 +1.17 121.57 £10.29° 7425 + 6.46" 63.82 + 5.88" 32.67 +2.137
VLDL-C 12.25 + 1.41 11.90 + 1.17 31.68 +2.44" 18.29 + 1.62* 16.89 + 1.41% 13.45 + 1.54"
FFA 54.46 + 5.28 52.48 +5.30 143.75 + 1425 112.37 +10.54*  104.63 + 10.30*  72.84 + 597"
PL 78.45 + 5.52 75.49 + 5.76 17425 +15.90° 11023 +9.52* 11854 +10.77°  87.09+6.517

Values are means + S.D. (six readings from ten mice). Duncan’s multiple range test (DMRT). * p < 0.05 compared with control mice;
%1 p <0.05 compared with HED mice. TG, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; VLDL-C, very low-density lipoprotein cholesterol; FFA, free fatty acids; PL, phospholipids.
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studies documented that insulin resistance most often pre-
cedes the onset of overt type 2 diabetes mellitus and is com-
pensated initially by hyperinsulinemia (Evans et al. 2003).
This hyperinsulinemia is produced by both compensatory
insulin hypersecretion and by reduced hepatic extraction
of insulin (Polonsky et al. 1988). In general, hyperglycemia
is characterized by a reduction in insulin-mediated glu-
cose disposal in type 2 diabetes mellitus (Ginsberg et al.
1975). In the present study UA/RSG combined treatment
significantly reduced the plasma glucose and insulin level
and the improvement in glycemic control is attributed to
mechanisms that involve insulin action rather than insulin
secretion. Insulin generally has an anabolic effect on protein
metabolism in that it stimulates protein synthesis and retards
protein degradation and thus, decreasing the synthesis of Hb.
HbAIcisan indicator of blood glucose level for the previous
2-3 months. The HbAlc level is used as both an index of
glycemia and as risk factors for the development of diabetic
complications (Tahara and Shima 1995). The combination
treatment (UA/RSG) significantly increased blood Hb level
and lowered the HbAlc level. These results suggest that
combination treatment (UA/RSG) can contribute to the
management of the disease.

Previous reports revealed that the hypoglycemic effect of
UA (Jayaprakasam et al. 2006) and RSG (Balfour and Plosker
1999) seems to be mediated by changes in the hepatic glucose
regulating enzyme activities in the experimental animals. In
general, increased hepatic glucose production, plus decreased
hepatic glycogen synthesis and glycolysis, are the major
changes in type 2 diabetes that result in hyperglycemia. These
would seem to be the consequence of the low glucokinase
activity and high glucose-6-phosphatase and fructose-1,6-
bisphosphatase activity in a diabetic state (Guignot and
Mithieux 1999). Hepatic glucokinase has a major effect on
glucose homeostasis and is a potential target for the pharma-
cological treatment of type 2 diabetes. An increase of hepatic
glucokinase activity can cause increased utilization of blood
glucose for energy production or glycogen storage in the liver
(Postic et al. 1999). Glucose-6-phosphatase catalyzes the last
enzymatic reaction, which is also included in gluconeogen-
esis reactions, and confers on the liver the capacity to release
glucose in the blood. Due to their strategic positions in the
liver glucose metabolism, both these enzymes are supposed to
be the target of important regulatory mechanisms of hepatic
glucose production (Foster et al. 1997). Glycogen synthesis
and insulin sensitivity are closely related. Decreased insulin-
stimulated glycogen synthesis and glucose transport activity
are observed in insulin resistance (Petersen and Shulman
2006). In this study, UA/RSG seemed to mediate glycogen
metabolism by stimulating glucokinase activity and inhibit-
ing glucose-6-phosphatase and fructose-1,6-bisphosphatase
activities in the liver of C57BL/6] mice, which is as indicated
by the higher amounts of hepatic glycogen in the liver.

Both FFA and TG content are significantly high in the
plasma of HFD fed mice. High plasma FFA level is known to
contribute to insulin resistance by inhibiting insulin signaling
and also by suppressing pancreatic insulin secretion (Arner
2003). Elevation in plasma FFA level in obesity and type 2
diabetes mellitus has been accredited to non-esterification in
the adipose tissue and the consequent escape from the adipose
tissue to the plasma (Riemens et al. 2000). The high plasma
TG level can be related with increased hepatic synthesis using
the freely available FFA and the resultant hypertriglycerdemia
in turn can contribute to insulin resistance (Grundy 1999). In
the present study UA/RSG combined treatment significantly
reduced the plasma FFA and TG levels.

The level of TC in plasma is the major determinant of the
risk of cardiovascular disease. Lowering the level of LDL-C
diminishes the risk in those with and without symptomatic
vascular disease. Hypercholesterolemia may be attributed
to increased dietary cholesterol absorption from the small
intestine following the intake of HFD in a diabetic condition
(Proietto 2005) and/or alteration of cholesterol metabolism
in insulin resistance state. This alteration could result from
increased glycation of LDL-C, thus decreasing its catabolism,
and from decreased hepatic LDL-C receptor activity (Task-
inen et al. 1986). Moreover, glycosylated apo-protein B in
LDL-C blocks receptor-mediated LDL-C catabolism in vivo,
which reduces LDL-C clearance in hyperglycemic patients
(Steinbrecher and Witztum 1984). In addition, the reverse
cholesterol transport pathway is also altered in diabetes
through a diminution in HDL-C concentrations (Monnier
etal. 1995). Our data clearly showed that feeding of HFD for
10 weeks increased the concentration of plasma TC, LDL-C
and decreased the level of HDL-C. UA/RSG combined treat-
ment produced significant decrease in serum TG and LDL-C
while there was a significant increase in HDL-C. These
results are in accordance with the known hypolipidaemic
effects of UA (Jayaprakasam et al. 2006) and TZDs (Ding et
al. 2005) in mice. Insulin resistance is associated not only
with hyperinsulinemia and hyperglycemia but also with
other disorders such as abnormal lipid profile disturbances,
which was improved after treatment with UA and RSG.

Hypertension is one of the diagnostic criteria for the
metabolic syndrome. A close relationship between insulin
resistance and hypertension has also been well established
(Semenkovich 2006). Fasting insulin levels are directly
correlated with blood pressure levels. Furthermore, insu-
lin resistance and hyperinsulinemia are found in animal
models of hypertension (Sowers 2004). The present study
revealed that HFD-fed mice showed marked elevation in
blood pressure. Combination treatment with UA/RSG mice
significantly reduced the blood pressure when compared
to HFD-fed mice. These results are in accordance with the
known antihypertensive effects of UA (Somova et al. 2003)
and RSG (Wu et al. 2004).
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In conclusion, UA with RSG is a potential candidate for
the prevention and treatment of Metabolic Syndrome associ-
ated with insulin resistance, type 2 diabetes mellitus, obesity,
dyslipidemia and hypertension. Addition of UA with RSG
may reduce the number of adverse side effects associated
with the RSG based therapy.
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