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Abstract The present study evaluated the effects of asi-
atic acid (AA), a pentacyclic triterpenoid from Centella
asiatica on lipid metabolism parameters in a rat model of
obesity induced using a high fat diet (HFD) for 42 days.
AA (20 mg/kg body weight [BW]) was administered orally
once daily for 42 days, and an orlistat-treated group of rats
(10 mg/kg BW) was included for comparison. Changes in
BW, blood glucose levels, insulin resistance and leptin,
adiponectin, amylase, and lipase levels in the blood; lipid
profiles of plasma; liver antioxidants levels; and acetyl CoA
carboxylase(ACC), uncoupling protein-2 (UCP2), and carni-
tine palmitoyltransferase-1 (CPT1) mRNA expression were
observed in the experimental rats. Our results revealed that
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AA (20 mg/kg BW), similar to orlistat, reduced the increase
in BW; increased bone mineral contents and bone mineral
densities; reduced blood glucose levels, insulin resistance,
leptin, plasma lipid levels; increased adiponectin, amylase,
lipase levels in the blood; showed antioxidant activity; and
altered mRNA expression of lipid metabolism-related genes,
including ACC, UCP 2, and CPT 1, in the HFD-fed rats.
From these results, we concluded that AA possesses sig-
nificant anti-obesity potential through the suppression of
BW gain, lipid lowering action, development of insulin and
leptin sensitivity, antioxidant activity, and increased mRNA
expression of lipid metabolism-related genes.
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Concluded that Asiatic Acid possesses significant anti-obesity potential
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Introduction

The obesity epidemic is widespread. The prevalence and
incidence of obesity are escalating worldwide in develop-
ing and developed countries, adversely affecting both men
and women of different ages [1]. Obesity increases the risk
of various diseases including type 2 diabetes, hypertension,
hyperlipidemia, and cardiovascular diseases [2]. It is char-
acterized by an anomalous or unnecessary fat accumula-
tion attributable to an imbalance between energy intake and
energy expenditure [3]. The etiology of obesity is dissimilar.
However, the root cause is an energy discrepancy in which
more calories are consumed than expended.

Numerous therapeutic interventions are available for the
treatment of obesity, including low calorie diets, increased
physical activity, behavioral treatments, pharmacologi-
cal interventions, and bariatric surgery. However, these
interventions generally have limited efficacy and safety
[4]. Pharmacotherapy for obesity treatment has advanced
remarkably in recent times. Along with lifestyle modifica-
tions, a reduction in supplement assimilation, and identi-
fication of groups of drugs that influence lipid assembly
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and utilization will be suitable for developing treatments
for obesity. The drugs that are presently permitted for
obesity by the US Food and Drug Administration (FDA)
include orlistat, diethylpropion, and phendimetrazine, of
which only orlistat is accepted for long-term use [5]. Cur-
rently, the market for anti-obesity drugs is growing rapidly,
but the available drugs cannot meet the market demand.
Hence, identifying novel anti-obesity drugs to alleviate
obesity is necessary [6]. Epidemiological studies have rec-
ommended the use of phytoconstituents that can reduce
the risk of diabetes, cardiovascular diseases, and obesity
[7], thus suggesting that the consumption of asiatic acid
may be beneficial for the treatment of metabolic diseases.

Asiatic acid (AA) is a triterpene found abundantly in
Centella asiatica (L.), a perennial herbaceous creeper of
the Apiaceae family [8]. It possesses an extensive array
of biological functions including antioxidant, hepato-
protective, and anti-inflammatory activities [9]. Further-
more, AA exhibits antidiabetic properties by enhancing
plasma levels of insulin, reducing blood glucose levels,
and adjusting the status of the lipid-metabolizing enzymes
[10]. It is also reported to prevent lipid peroxidation and
improves the antioxidant status in rats with streptozotocin-
induced diabetes [11]. However, no information pertaining
to the anti-obesity effects of AA is available. Therefore,
the purpose of the present study is to appraise the anti-
obesity potential of AA in HFD-fed rat model.
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Fig. 1 Structure of the Asiatic acid (2a, 3f, 23-trihydroxyurs-12-en-
28-oic acid)

Materials and methods
Chemicals

AA (2a, 3p, 23-trihydroxyurs-12-en-28-oic acid; Fig. 1) and
orlistat (04139 Sigma) were purchased from Sigma-Aldrich
(St. Louis, Missouri, USA). Fasting blood glucose kits and
insulin kits were procured from Stanbio Laboratory USA,
Bio-Merieux, RCS, Lyon, France. All the reagents used in
the experiments were analytical grade reagents of the high-
est purity.

Animals

Male Sprague—Dawley rats were obtained from Department
of Biochemistry, Muthyammal College of Arts and Sci-
ence, Rasipuram, Namakkal District, Tamilnadu, India. The
experimental rats were maintained under standard laboratory
conditions (temperature: 22 + 2 °C; humidity: 40-60%) and
were permitted food and water ad libitum. The rats, initially
weighing 180-200 g, were divided into four groups of six
each (n = 6). All procedures involving laboratory animals
were in accordance with the institutional animal ethical
committee of Muthyammal College of Arts and Science
(Approval No: IAEC/MCAS/05/2016).

High fat diet formula

A normal diet (ND) and HFD were procured from the
National Center for Laboratory Animal Sciences, National
Institute of Nutrition, Hyderabad, India (Table 1). The nor-
mal control rats were fed with standard rodent chow pel-
let diet according to AIN-93 guidelines, whereas the other
three groups of rats were fed with HFD throughout the
experiment.

Experimental design

Group 1 ND control group (Control).
Group 2 HFD group (HFD control).

Table 1 Composition of the normal and high fat diet (in grams per
kilogram diet)

Ingredients Normal diet High fat diet
Casein 200.0 200.0
Starch 615.0 150.0
Sucrose - 150.0

Corn oil 80.0 -

Beef tallow - 400.0
Cellulose 50.0 50.0
Vitamin—mineral premix 50.0 50.0
DL-methionine 3.0 3.0

Choline chloride 2.0 2.0

Group 3 HFD rats orally treated with AA (20 mg/kg BW)
in a vehicle solution for 42 days [10].

Group 4 HFD rats orally treated with orlistat (10 mg/kg
BW) in a vehicle solution for 42 days [12].

Measurement of body weight

The BW and the total amount of food consumption (data
not shown) of each rat were measured. Toward the end of
the experiment, blood was collected from overnight fasted
anesthetized animals by using retro-orbital puncture method.
Blood was collected in anticoagulant-coated vials and
allowed to stand for 15 min at room temperature. The plasma
was separated by centrifugation at 2500 rpm for 15 min. At
the end of the experimental period, the rats were fasted over-
night, anesthetized, and sacrificed by cervical decapitation.

Blood glucose and insulin levels and insulin resistance

Plasma glucose was estimated using standard kits (Cat No
1060-500, Stanbio laboratory, USA). The plasma level of
insulin was determined using kits from Bio-Merieux, RCS,
Lyon, France. The insulin resistance index was evaluated
by substituting the fasting serum insulin and plasma glu-
cose levels in the following homeostasis model assess-
ment (HOMA) formula: HOMA = fasting serum insulin
(mU/L) X fasting plasma glucose (mM)/22.5.

Oral glucose tolerance test (OGTT)

OGTT was performed toward the end of the experiment;
after overnight fasting, glucose was administered orogas-
trically at a dose of 2.0 g/kg BW and blood samples were
collected at 0, 30, 60, and 120 min, and the blood glucose
levels were evaluated.
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Determination of biochemical profiles

Blood samples were centrifuged at 4000 rpm/min for 10 min
to separate the plasma for lipid profile analysis and stored
at —20 °C until further use. Liver tissues were weighed and
rinsed in ice-cold saline. A 10% tissue homogenate was pre-
pared using 0.025 M Tris—HCI buffer, pH 7.5. After centrifu-
gation at 2000 rpm for 10 min, the clear supernatant was
used for further biochemical assays. The plasma levels of
low-density lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol (HDL-C), triglycerides (TGs), total
cholesterol (TC) by enzymatic colorimetric methods using
kits (Nicholas Piramal India Ltd., Mumbai, India). Plasma
amylase (cat. no. 84, Labtest® Minas Gerais, Brazil) and
lipase (BioClin®, Minas Gerais, Brazil) were analyzed using
the commercial kits. Plasma leptin and adiponectin (Crystal
Chem, Downers Grove, IL, USA) was measured by enzyme-
linked immunosorbent assay (ELISA) performed in dupli-
cate and was expressed in ng mL™!.

Liver antioxidant analysis

The liver was excised and rinsed in ice-cold normal saline
and then in an ice-cold 10% KCl solution, blotted, dried, and
weighed. A 10% w/v homogenate was prepared in the ice-
cold KClI solution and centrifuged at 2000 rpm for 10 min
at 4 °C. The supernatant thus obtained was used for the esti-
mation of the levels of antioxidants. The level of thiobar-
bituric acid reactive substances (TBARS) and glutathione
(GSH), the activities of superoxide dismutase (SOD), cata-
lase (CAT), and glutathione peroxidase (GPx) in tissue were
quantified using commercially available kits, purchased from
Cayman Chemical Company, USA, following the manufac-
turer’s instructions.

RT- PCR analysis

Total RNA was isolated from the liver tissue of the rats by
using a combination of proteinase K, buffer component,
RNX-Plus reagent, and high temperature according to the
manufacturer’s instructions. For cDNA synthesis, random
hexamer (1 pL), Oligo (dT) (1 pL), and ANTP (1 pL) were
used. Then, 10 pL. RNA was added to each tube for 5 min
at 65 °C and immediately placed at 4 °C. The other mix-
ture, containing nuclease-free water (4.5 pL), M-MuLV 10x
buffer (2 pL), and M-MuLV 200 U/pl (0.5 pL), was prepared
in an Eppendorf tube, and added to the first tube. Final reac-
tion volume was 20 pL and the next run duration was 60 min
at 42 °C with the primers. The sequences of the primers
were as follows: UCP 2, forward STAAAGCAGTTCTACA
CCAAGGG-3 and reverse 5’'CGAAGGCAGAAGTGAAGT
GG-3,CPT-1,forward STAGGACAGGCAGAAAATTGC3'
and reverse SCAGTAGGAGCCGATTCAAAA-3, ACC 1,
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forward F STCTATTCGGGGTGACTTTC3' and reverse 5’
CTATCAGTCTGTCCAGCCCS3. The housekeeping gene
f-actin was used for normalization.

Western blot analysis

The liver of the rats were collected and lysed using a bead
beater and centrifuged at 7000 rpm for 15 min at 4 °C. The
suspension samples were collected, and 20 pL of each sam-
ple was loaded on a 6% sodium dodecyl sulfate gel and run
for the HFD and treated groups (AA and orlistat). The gels
were transferred from bands to polyvinylidene fluoride mem-
brane using trans turbo gel transfer equipment. The primary
antibodies anti-ACC (Ser79), anti-UCP 2 (ab67241), and
anti CPT 1 (ab53532) were added, and the membrane devel-
oped blots which were analyzed using ChemiDoc equipment
(ChemiDoc™, Bio-Rad Laboratories, Inc.).

Histopathological studies

Harvested liver tissues from the sacrificed animals were
fixed in 10% neutral-buffered formalin solution, dehy-
drated in ethanol, and embedded in paraffin. Then, 5-um
thick sections were prepared using a rotary microtome and
stained with hematoxylin and eosin dye for microscopic
observations.

Statistical analysis

One-way ANOVA was used, and the results were expressed
as mean =+ standard deviation (SD). The least significant
difference (LSD) test was also performed. The level of sta-
tistical significance was set at p < 0.05.

Results

Figure 2 depicts the changes in BW in the control and HFD
groups during the experiment. The BW of the HFD group
was significantly (p < 0.05) higher than that of the nor-
mal control group because of HFD intake for 42 days. The
groups treated with orally administered AA (20 mg/kg BW)
or orlistat exhibited a significantly (p < 0.05) lower increase
in BW than the HFD control group did.

Table 2 depicts the levels of plasma glucose, plasma insu-
lin, and insulin resistance in the control and experimental
obese rats. A significant (p < 0.05) increase was observed
in the levels of plasma glucose, plasma insulin, and insulin
resistance in the HFD-fed rats. Oral supplementation of AA
(20 mg/kg BW) or orlistat tended to bring the levels of blood
glucose and plasma insulin toward near normal levels.

Figure 3 presents the level of oral glucose tolerance in
the control and experimental obese rats. In the control rats,
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Fig. 2 Effect of AA on body weights of the control and experimental
animals. Values are expressed as Mean + SD for 6 animals in each
group. Values are statistically significant at *p < 0.05. *Significantly
different from control. ®Significantly different from HFD control

a significant increase was observed in the blood glucose
level, and it reached the maximum value at 30 min after
glucose load. Then, the levels declined to near basal lev-
els at 120 min. However, in the HFD-induced obese rats,

the blood glucose levels were at the maximum value even
beyond 60 min after glucose load and remained high over
the next 90 min. Oral administration of AA (20 mg/kg BW)
or orlistat to obese rats resulted in a significant reduction in
the blood glucose levels at 90 min compared with the HFD
control rats.

Figure 4 depicts the levels of leptin and adiponectin in the
control and experimental obese rats. A significant (p < 0.05)
increase in leptin levels and decrease in adiponectin levels
were observed in the HFD-induced obese rats compared
with the control rats. Oral administration of AA (20 mg/kg
BW) or orlistat reduced the levels of leptin and adiponectin
to near normal levels.

The activities of amylase and pancreatic lipase of the nor-
mal and experimental obese rats are depicted in Fig. 5. The
HFD-fed rats exhibited a significant increase (p < 0.05) in
the activities of amylase and pancreatic lipases. Oral admin-
istration of AA (20 mg/kg BW) or orlistat to obese rats sig-
nificantly reduced the activity of amylase and pancreatic
lipase.

Figure 6 presents the lipid profiles of the control and
HFD-induced obese rats. The levels of plasma and liver
lipids were significantly higher in the experimental obese
rats than in the normal rats. Oral administration of AA
(20 mg/kg BW) or orlistat significantly (p < 0.05) reduced

Table 2 Effect of AA on the

Group Plasma glucose (mg d1™") Insulin (uU m1™") Insulin resistance
level of plasma glucose, plasma
insulin, and insulin resistance Normal control 80.24 +9.36 2.9 +0.89 51+0.79
g]‘jz::tr;‘zls and experimental HFD control 167.36 + 10.78" 9.3 + 1.67* 8.5 + 1.04*
HFD + AA 119.32 + 9.99"" 5.3+ 049" 5.8 +0.69"
HFD + Orlistat 114.89 + 10.23"" 4.7 +0.79™ 4.6 +0.77"
Values are expressed as Mean + SD for 6 animals in each group
Values are statistically significant at *p < 0.05
“Significantly different from control
bSignificantly different from HED control
Fig. 3 Effect of AA on Oral
glucose tolerance test (OGTT)
in control and experimental —4— Control

rats. Values are expressed as
Mean + SD for 6 animals in
each group. Values are statisti-
cally significant at *p < 0.05.
#Significantly different from
control. ®Significantly different
from HFD control

Blood ghicose(ig/dl)

~—HFD Control

——HFD+AA (20
mgk.gb.w)
~f8-HFD+Orlistat

Ohr 30 min

60 min 90 min 120 min
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Fig. 4 Effect of AA on the level of leptin and adiponectin in control
and experimental obese rats. Values are expressed as Mean + SD
for 6 animals in each group. Values are statistically significant at
*p < 0.03. *Significantly different from control. ®Significantly differ-
ent from HFD control
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Fig. 5 Effect of AA the activities of the amylase and pancreatic
lipase of normal and experimental obese rats. Values are expressed
as Mean + SD for 6 animals in each group. Values are statistically
significant at *p < 0.05. *Significantly different from control. ®Signifi-
cantly different from HFD control

the levels of plasma and liver lipids in obese rats to near
normal levels.

Table 3 lists the levels of TBARS and activities of
GSH, SOD, CAT, and GPx in the livers of the control
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Fig. 6 Effect of AA on the levels of lipid profile in control and HFD-
induced obese rats. Values are expressed as Mean + SD for 6 animals
in each group. Values are statistically significant at *p < 0.05. *Sig-
nificantly different from control. ®Significantly different from HFD
control

and HFD-induced experimental obese rats. A considerable
decrease in the activities of GSH, SOD, CAT, and GPx
and a concomitant increase in the level of TBARS were
observed in the HFD-induced experimental obese rats.
Treatment with AA or orlistat considerably increased the
activities of SOD, CAT, and GPx and reduced the levels
of TBARS in livers of treated animals.

Figure 7 and a depicts the mRNA levels of CPT 1, UCP
2 and ACC 1 in the tissues of the control and experimental
obese rats. Significantly (p < 0.05) lower levels of CPT
1 and UCP 2 mRNA and a concomitant increase in the
levels of ACC 1 mRNA were observed in the tissues of
the HFD control rats compared with the normal control
rats. AA (20 mg/kg BW) or orlistat administration (oral)
significantly (p < 0.05) increased the activity of CPT 1 and
UCP 2 and reduced the activity of ACC 1 in the tissues
of the treated obese rats. Figure 7b depicts the expression
of the proteins CPT 1, UCP 2, and ACC 1 in the tissues
of the control and experimental obese rats. Western blot
analysis of these proteins revealed that the alterations in
protein expression were normalized after treatment with
AA or orlistat, and these results were supported by mRNA
expression studies.

The group of ND-fed control rats exhibited normal his-
tological architecture (Fig. 8a). Significant hepatic steatosis
was observed along with severe swelling of the hepatic cells.
Fat accumulation was observed in the livers of the HFD-
fed rats (Fig. 8b). Treatment with AA or orlistat resulted in
the prevention of hepatic fat deposition in hepatocytes and,
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Table 3 Effect of AA on the
level of antioxidants profile in
control and experimental obese
rats

Control HFD HFD + AA HFD + Orlistat
TBARS (mM/100 g tissue) 2537+ 1.89 5042 +2.67  29.90+201" 2674 + 1.99"
GSH (mg/100 mg tissue) 9.87 + 1.01 3.89 + 1.36" 8.05 + 1.90" 8.74 + 1.68""
SOD (U/mg protein) 8.56 + 1.67 412 +1.78" 7.53 + 1.89% 8.01 + 1.45"
CAT (U/mg protein) 16.67 +2.03 9.12 +2.67* 14.97 + 1.90°" 15.47 + 1.36"
GPx (U/mg protein) 12.90 + 1.61 7.67 + 1.22%" 11.76 + 1.56™ 11.99 + 1,78

Values are expressed as Mean + SD for 6 animals in each group

Values are statistically significant at *p < 0.05

Significantly different from control

®Significantly different from HED control

reduced most of the pathological alterations induced by HFD
in the rats (Fig. 8c, d).

Discussion

Diet-induced obesity (DIO) in animals shares many features
with human obesity; hence, it is widely used to identify
medicinal foods for alleviating obesity. Prolonged feeding
with fat-enriched diets increases in the BW in liable rats
in the range of 10-20% compared with standard chow-fed
controls. Although HFDs produced from animals and plant
fats do not exhibit consistent differences because of fat-type
effects, some authors have described obesity resistance and
less hypertrophy of visceral fat pads when diets produced
from fish oil are used. According to the literature, semi-puri-
fied diets with a fat content of 40% produced using animal
fats and plant oils that contain w-6/w-9 fatty acid cause insu-
lin resistance and obesity, whereas diets with large amounts
of w-3-fatty acids do not. However, given the plethora of
dietary regimes described in the literature, characterizing
a single all encompassing HF diet composition is difficult.
Furthermore, diets theoretically composed of identical fat
types might yield diverse results because of inherent differ-
ences among the primary fat sources and among various diet
preparation methods [13].

The signs of DIO are insulin resistance, changes in
body weight composition, impaired glucose tolerance,
and abnormal levels of lipids [2]. In the present study,
increased BW and fat were observed in HFD-fed rats.
Long-term HFD intake results in increased bodyweight
and plasma comorbidity factors [14]. These effects might
occur because of the consumption of an energy-rich diet in
the form of saturated fats (lard) and its accretion in differ-
ent body fat pads [15], thus leading to an excessive devel-
opment of the adipose tissue. Furthermore, the ratio of
calorie ingestion to energy utilization determines the body-
weight. In this study, HFD provided a total energy content
of 17.03 kJg~". Thus, compared with the ND, the HFD was
hypercaloric. The HFD contained less carbohydrate but

more lipids than the ND, with a net energy difference of
4.37kJ g~'. Comparable effects have been reported in pre-
vious animal studies in which obesity was induced using
high-fat rodent diets having similar sources of fat as the
HFD in the current study and a similar experimental length
to the current study [2]. The HFD-fed rats treated with AA
exhibited a significantly lower BW increase than the HFD
control rats did. In the present study, AA apparently did
not suppress feeding in the HFD-fed rats (data not shown).
Hence, the AA-induced weight loss involves a mechanism
that is independent of hypophagia. The relatively low BW
gain may be caused by numerous mechanisms including
unusual food assimilation, decreased body energy storage,
and the reduction in the degree of BW gain [14].

The supplementation of an HFD for a period of 30 days
caused hyperglycemia, as shown by the increased levels
of plasma glucose, plasma insulin, and insulin resistance
[16]. In the current study, the HFD with 58% calories as
fat, caused insulin resistance in rats over a short period
of time. Therefore, HFD intake for a period of 30 days
causes insulin resistance syndrome and increased BW
(obesity), hypertriglyceridemia, and mild hyperglycemia
[17]. HFD-fed rats may be susceptible to insulin resistance
because the receptor cells are blocked by fat deposits; con-
sequently, diabetes becomes evident. In the present study,
we found that the HFD-fed rats clearly exhibited hyper-
glycemia in the presence of similar amounts of plasma
insulin concentrations as the normal controls. These rats
also exhibited the persistence of insulin resistance. In the
present study, a significant increase in the fasting blood
levels of glucose and insulin, insulin resistance, and BW
gain was observed in the HFD-fed rats compared with
the normal control rats. This effect might be due to HFD
intake [17]. Moderate hepatic and muscular uptake of
glucose caused hyperlipidemia because of increased fat
mobilization from the adipose tissue and resistance to the
anti-lipolytic action of insulin. Impaired insulin function
is related to an excessive intake of lipids. Although HFDs
have been reported to induce insulin resistance through
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Fig. 7 Effect of AA on the mRNA levels of CPT-1, UCP-2, and
ACC-1 in tissues of control and experimental obese rats. a CPT-
1, UCP-2, and ACC-1 mRNA expressions. Values are expressed as
Mean =+ SD for 6 animals in each group. Values are statistically sig-
nificant at *p < 0.05. Significantly different from control. "Signifi-
cantly different from HFD control. b Western blot analysis of CPT-1,
UCP-2, and ACC-1 protein expressions in control and experimen-
tal groups. I: Normal control; II: HFD control; III: HFD + AA; IV:
HFD + Orlistat. L1: ACC; L2: UCP 2; L3: CPT 1

different mechanisms, the resistance is mainly considered
to involve the Randle or glucose—fatty acid cycle [18].
HFD supplementation is demonstrated by increased TG
and TC levels. Accordingly, a variation in lipid profiles
can be used as an index of obesity. In the present study,

@ Springer

HFD intake increased the lipid profile in the experimental
obese rats. In addition, the modifications in the lipid pro-
file induced by HFD might involve lipolysis, intestinal fat
absorption, and the activation of gastric lipases. High TC
levels increase the risk of coronary heart disease. A high
LDL-C level is a risk factor for coronary heart disease,
whereas a high HDL-C level facilitates the transport of
excess cholesterol to the liver for excretion in the bile [19].
The increase in TG level caused by dietary cholesterol was
shown to reduce fatty acid oxidation, which in turn increases
the levels of hepatic and plasma triglycerol [20].

Obesity is accountable for the escalating occurrence of
metabolic disease. In the body, the adipose tissue is a key
site of energy storage and is crucial for energy homeostasis
[15]. It is well known that insulin can ultimately stimulate
leptin secretion during the metabolism of nutrients, particu-
larly during glucose utilization in adipocytes. Hyperlipi-
demia, hyperglycemia, insulin resistance, impaired glucose
metabolism, distinctive visceral adiposity, hyperinsulinemia,
and decreased bone mineral concentration and bone mineral
density are the common characteristics of DIO in rodents.
In the present study, HFD treatment to the experimental ani-
mals confirmed obesity as evidenced by the increased BW,
hyperglycemic condition, and increased insulin resistance
[21]. Under physiological conditions, insulin enhances lipo-
genesis and inhibits lipolysis leading to increased circulat-
ing levels of glucose and lipids, thus resulting in impaired
glucose-stimulated insulin secretion [22]. HFD is intimately
associated with the development of obesity by active adipo-
cytes; HFD results when the adipocytes incorporate glucose
and free fatty acids (FFAs) to synthesize and accumulate
TG to store energy [23]. In the present study, we observed
that AA treatment reduced plasma insulin level, suggesting
that AA could improve insulin resistance in the experimen-
tal animals. AA promotes insulin sensitivity, thus lower-
ing insulin resistance and reducing glucose levels in obese
rats, perhaps by controling the cell energy metabolism or
reducing the storage of FFAs. Evidence substantiates that
AA considerably lowered blood glucose levels in rats with
streptozocin-induced diabetes where asiatic acid preserved
B-cell death and promoted their proliferation [24]. Further-
more, administration of AA significantly improved glucose
homeostasis in a metabolic syndrome such as diabetes [11].

The adipose tissue is the primary site of fat accumula-
tion. Accumulation of excessive fat in the adipocytes is
the fundamental observable symptom for obesity. Adi-
pose tissue secretes numerous adipokines including leptin,
adiponectin, resistin, visfatin, tumor necrosis factor, and
interleukin-6 which participate in energy regulation [25].
Leptin and adiponectin secreted by adipocytes are believed
to play prominent roles in controling metabolic homeosta-
sis. Reduced plasma adiponectin levels were observed in
obese animals and, the low levels was positively connected
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Fig. 8 Effect of AA in Liver
of control and experimental
obese rats. a (Normal Control)
Rats administrated normal
diet showed normal histologi-
cal architecture; H&E, X40. b
(HFD Control): Hepatic
steatosis was observed along
with severe swelling in hepatic
cells and also fat accumulation
was observed in the livers of
HFD-fed rats; H&E, X40. ¢
(HFD + AA), d (HFD + Orl-
istat) Treatment with AA and
Orlistat reduced most of the
pathological alterations induced
by HFD in rats; H&E, X40

to HDL-C levels [1]. Leptin, a circulating fat-derived pro-
tein produced by the fat tissue, plays a fundamental role in
controlling BW by restraining food intake and improving
energy consumption. Leptin resistance is a feature of DIO, in
which the blood leptin levels diminish and do not respond to
target tissues (example, fat tissue, muscles, liver, and hypo-
thalamus). Adipocytes secrete leptin in direct proportion to
adipose tissue mass as well as nutritional status [26], where
as adiponectin is inversely correlated with body mass [27].
During the development of obesity, elevated levels of lep-
tin and concomitantly decreased levels of adiponectin are
observed [27, 28]. Leptin secretion is positively interrelated
with the extent of the TG stores in adipocytes [29]. In the
present study, increased leptin and decreased adiponectin
levels were observed in the plasma of HFD control group
compared with the control group. Treatment with AA low-
ered leptin and enhanced adiponectin in the plasma of the
experimental rats. A few polyphenols have been reported to
affect lipid catabolism and diminish insulin resistance which
are fundamental to obesity [30]. These observations suggest
that the decreased leptin and increased adiponectin levels
after AA supplementation may have ameliorated insulin
resistance in obese rats, thus resulting in decreased plasma
lipid levels and weight loss [31].

Amylase and lipase, the key catalysts in carbohydrate
and lipid metabolism, are the focus for developing medi-
cation outlines for treatment of some metabolic disorders.
Pancreatic lipase, the principal lipolytic enzyme secreted
from the pancreas, hydrolyzes dietary fat into fatty acid and

2-monoacylglycerol. Inhibition of this digestive enzyme is
accordingly useful in the treatment of overweight patients
[1]. a-amylase, one of the key digestive compounds dis-
charged from the pancreas and salivary organs, is included in
hydrolytic process of starch [32]. Because dietary lipids and
sugars constitute the major source of undesirable calories,
the hindrance of fat and carbohydrate digestion is a novel
methodology for reducing fat absorption. Activating lipase
or inhibiting pancreatic lipase would have an anti-obesity
effect. Lowered pancreatic amylase discharge reduces the
assimilation of carbohydrates by suppressing their process-
ing, thus resulting in decreased energy intake [33]. Various
exploratory reports have reported that a-amylase inhibitors,
most of which are extricated from plants, can reduce post-
prandial hyperglycemia, thus regulating abnormal glucose
metabolism and countering metabolic disorders [34]. In the
present study, pancreatic lipase and amylase levels increased
in HFD-induced obese rats. Oral supplementation of AA
inhibited the activity of pancreatic lipase and a-amylase in
the treated rats compared with HFD control rats. The mini-
mized levels of pancreatic amylase and lipase may represent
a component that impedes the assimilation and ingestion of
starches and lipids, which in turn, can reduce the caloric
admission in AA-treated HFD-fed obese rats, to enhance
weight reduction.

Obesity, particularly abdominal obesity, is an inde-
pendent risk factor that increases cardiovascular disease
risk and overall mortality and warrants medical attention
[35]. The HFD-induced obese rats exhibited anomalies in
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plasma and tissue biomarkers that mimic the commence-
ment of a group of metabolic risks including abnormalities
in lipid profile. HFD-induced obesity is associated with
increasing levels of TGs, very low-density lipoproteins
(VLDLs), TC, phospholipids (PLs), FFAs, and a decrease
in plasma levels of HDL [36]. In the present study, lipid-
level abnormalities such as elevated TGs, VLDLs, TC, PL,
FFA, and LDL, and reduced plasma levels of HDL were
observed. These findings was supported by Park et al. [37]
During the fed state, elevation of chylomicrons is a typical
element which causes an increase in the levels of TC, TGs,
and endogenous VLDL generation. The increased release
of FFAs from fat tissue to different tissues increases, pri-
marily to the liver during obesity [38], and it might be
because of the increment of leptin resistance. The increase
in the level of TGs was because of dietary cholesterol that
had appeared to reduce unsaturated fat oxidation, which
thus expanded the levels of hepatic and plasma TG and
caused the excessive accumulation of TGs in the lipid
stores [2]. The elevated level of phospholipids in this pre-
sent study was probably due to the elevated levels of FFA
and TC that can enhance the production of PLs. The ele-
vated PL level in the present study may be because of the
elevated levels of FFA [36] and an increase in cholesterol
levels that can support the generation of phospholipids.
High TC levels intensify the risk of coronary heart disease
by increasing LDL-C levels. However, high HDL-C levels
facilitate the transport of surplus cholesterol to the liver
for excretion in the form of bile [39]. Oral supplementation
of AA significantly lowered the levels of TC, TGs, FFAs,
and PLs in both serum and liver and the LDL-C levels in
the serum of the rats with HFD-induced obesity. Yongqi
et al. [40] reported that supplementation of phytoconstitu-
ents to fed animals leads to a hypolipidemic state by reduc-
ing cholesterol absorption and secretion from the intestine,
which leads to the reduced availability of FFAs to the liver.
Our finding is consistent with this report.

The liver is considered one of the vital metabolic organs
in the body, regulating and maintaining lipid homeostasis.
Insulin deficit causes various disturbances in regulatory and
metabolic processes [35], which in turn cause accumula-
tion of lipids in the liver. In obesity, the liver stores excess
amounts of fatty acids and after esterification with glycerol
phosphate, the fatty acids are deposited as TG. This leads
to a reduction in insulin-mediated metabolic activity and
can cause diabetes, which ensues in metabolic syndrome
[41]. The increase in the liver cholesterol levels of obese rats
observed in our study could be due to decreased removal of
cholesterol from the extra hepatic tissues by HDL choles-
terol and also increased cholesterogenesis [19]. Treatment
of obese rats with AA and orlistat showed a decrease in the
liver cholesterol and TG levels. This may be due to enhanced
clearance and also the decreased production of the major
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transporters of endogenously synthesized cholesterol and
triglycerides; thus, AA exhibited hepatoprotective effects.
Oxidative damage in cells is invariably associated with
disturbances in multiple non-enzymatic and enzymatic
antioxidant protection systems present in the cells [42].
Enzymatic antioxidants such as CAT, GPx, and SOD syner-
gistically prevent lipid peroxidation and scavenge reactive
oxygen species. SOD, the natural antioxidant enzyme in
cells, plays a crucial role in oxygen defense metabolism by
intercepting and reducing the superoxide radical to hydro-
gen peroxide [43]. CAT, a heme-containing omnipresent
enzyme, is well known to be involved in the detoxification
of high hydrogen peroxide concentrations and defending
the tissues from highly reactive hydroxyl radicals. GPx,
a selenium-containing tetrameric glycoprotein, occurs in
high concentrations in cells. It detoxifies hydrogen peroxide
into molecular oxygen and water through the oxidation of
reduced GSH [44]. GPx has been revealed to be a signifi-
cant adaptive response to a state of prolonged peroxidative
stress [45]. Previous studies have demonstrated that through
obesity induced by HFD, enzymatic antioxidant levels were
noticeably reduced. In the current study, lower hepatic GPx,
CAT, and SOD activities were observed in HFD-fed rats
than in the control rats. This is consistent with the results of
Brahmanaidu et al. [46], who demonstrated relatively low
levels of antioxidant enzymes in HFD-fed animals which
might result from high production of free radicals. Admin-
istration of AA significantly enhanced GPx, SOD, and CAT
activities and diminished TBARS [47] levels in HFD-fed
rats. This finding indicates the potential of AA as an effec-
tual inhibitor of the oxidative stress induced by HFD.
Obesity is connected with lipid accretion not only in
the adipose tissues but also in non-adipose tissues, such
as the liver and skeletal muscles [48]. Skeletal muscles
are the chief sites of fatty acid catabolism and abnormal
fat accumulation in the skeletal muscle causes metabolic
disorders including overweight. CPT 1 and UCP 2 act as
the rate-limiting enzyme for B-oxidation and main regulator
of thermogenesis, respectively [49]. ACC 1 is the first and
rate-limiting enzyme in the peroxisomal p-oxidation path-
way [50]. Fatty acids are transformed to acetyl CoA through
mitochondrial oxidation. Fatty acid oxidation is inhibited by
dephosphorylated AMPK. PPARY is known to be activated
by SREBPIc, which leads to reduced FFA oxidation [51,
52]. In the present study, the elevated expression of ACC 1
and concomitantly reduced expression of CPT 1 and UCP
2 were observed in HFD-induced obese rats. Oral admin-
istration of AA altered the expression of ACC 1, CPT 1,
and UCP 2 to near normal. These results were also sup-
ported by the western blot analysis results. Moreover, AA
restored the PPAR-y downstream genes CPT 1 and UCP 2,
contributing systematically to energy catabolism. Thus, the
findings imply that treatment with AA can reduce DIO by
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promoting lipid oxidation through activation of PPAR-y and
its downstream genes.

In the present study, the histopathological examinations
of the livers of HFD-fed rats revealed microvesicular stea-
tosis in the hepatocytes. Notably, treatment with AA and
orlistat reduced most of the pathological alterations induced
by HFDs in rats because it reduced hepatic lipid accumula-
tion, which resulted from both decreased lipogenesis and
increased fatty acid oxidation. Therefore, AA has potential
therapeutic use as a nutraceutical ingredient for the preven-
tion of obesity and hyperlipidemia.

In conclusion, our results suggest that dietary supple-
mentation of asiatic acid extracted from C. asiatica con-
siderably reduces the increase in BW and fat percentage in
HFD-induced obese rats by altering lipid metabolic mark-
ers. Hence, these results strongly suggest that asiatic acid
has therapeutic potential for the management of obesity and
hyperlipidemia and for the prevention of cardiovascular
diseases.
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