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Background: Arjunarishta (AA), a formulation used as cardiotonic is a hydroalcoholic formulation of
Terminalia arjuna (Roxb.) Wight and Arn. (TA) belonging to family Combretaceae.
Objective: To evaluate the anti-hyperglycemic and anti-hyperlipidemic effect of Arjunarishta on high-fat
diet fed animals.
Materials and methods: High-fat diet fed (HFD) Wistar rats were randomly divided into three groups and
treated with phytochemically standardized Arjunarishta (1.8 ml/kg), and hydroalcoholic extract of
T. arjuna (TAHA) (250 mg/kg) and rosuvastatin (10 mg/kg), for 3 months. Intraperitoneal glucose toler-
ance test, blood biochemistry, liver triglyceride and systolic blood pressure were performed in all the
groups. Effect of these drugs on the expression of tumor necrosis factor-a (TNF-a) and insulin receptor
substrate-1 (IRS-1) and peroxisome proliferators activated receptor g coactivator 1-a (PGC-1a) were
studied in liver tissue using Quantitative Real-time PCR.
Results: HFD increased fasting blood glucose, liver triglyceride, systolic blood pressure and gene
expression of TNF-a, IRS-1 and PGC-1a. Treatment of AA and TAHA significantly reduced fasting blood
glucose, systolic blood pressure, total cholesterol and triglyceride levels. These treatments significantly
decreased gene expression of TNF-a (2.4, 2.2 and 2.6 fold change); increased IRS-1 (2.8, 2.9 and 2.8 fold
change) and PGC-1a (2.9, 3.7 and 3.3 fold change) as compared to untreated HFD.
Conclusion: Anti-hyperglycemic, anti-hyperlipidemic effect of Arjunarishta may be mediated by
decreased TNF-a and increased PGC-1a and IRS-1.
© 2017 Transdisciplinary University, Bangalore and World Ayurveda Foundation. Publishing Services by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Natural products have been considered the leading source of
treatment for several human diseases due to their wide chemical
diversity and biological actions. Diabetes remains the most com-
mon metabolic disorder, generally differentiated by hyperglycemia
with disturbance of carbohydrate, fat, and protein metabolism
resulting from defects in insulin secretion, action or both [1,2].
ary University, Bangalore.
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Type 2 diabetes (T2DM) is associated with abnormal glucose
utilization, insulin resistance, and hyperlipidemia. Lipoprotein ab-
normalities are the major cause of cardiovascular (CV) morbidity
and mortality in diabetes patients who require additional lipid-
lowering agents along with their antidiabetic medications while,
available antidiabetic agents do not exert a favourable effect on
lipid abnormalities [3]. The commonly used anti-hyperlipidemic
agents such as statins adversely manipulate glycemic control. Due
to this reason, the need for novel treatment strategies which offer
more benefits to patients suffering from T2DM was created,
focusing on treatments that produce better glycemic control,
appetite regulation, blood pressure, lipid reduction andweight loss.
Also, there has been a growing emphasis on therapy of
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hyperlipidemia associated with diabetes to develop newer antidi-
abetic agents with potential anti-hyperlipidemic effects [4].

Traditional Indian Medicinal System (TIMS) utilizes a large
number of plants and derived preparations, which are often diffi-
cult to characterize through phytochemical, pharmacological, and
toxicological investigations. Terminalia arjuna (Roxb.) Wight and
Arn. (TA) and its traditional preparations were used in Ayurveda for
their cardiotonic and antidiabetic effects for many years [5,6].
Several clinical investigations have suggested its usefulness in
relieving angina pain and in the treatment of coronary artery dis-
ease, heart failure and possibly hypercholesterolemia [7e9].
Raghavan and Krishnakumari have provided evidence for the
beneficial effect of hydroalcoholic bark extract of TA (TAHA) in
relation to the treatment of diabetes, reporting a reduction in
serum glucose levels as well as protection against the destruction of
pancreatic beta cells and kidney damage in animals with alloxan-
induced diabetes [10].

Few studies have been undertaken to understand the mecha-
nism of this plant in diabetes and its related complications [11].
Earlier studies indicated that the anti-inflammatory and antioxi-
dant activities of TA could be the one of the mechanisms behind its
antidiabetic effects [12]. Till date, the exact molecular mechanism
of TA bark in diabetes is unknown. Chemically, TA contains poly-
phenols such gallic acid, ellagic acid, and triterpenoids like arju-
nolic acid, arjunic acid, arjunetin, arjungenin, arjunglucoside I and
II [13].

In Ayurveda, Arjunarishta (AA) is an ancient hydroalcoholic Ay-
urvedic formulation having the highest percentage of TA and used
for the treatment of CVD. It nourishes and strengthens the heart
muscle and promotes cardiac functioning by regulating blood
pressure and cholesterol [14].

Therefore, the present study was undertaken to evaluate the
anti-hyperglycemic and anti-hyperlipidemic effects of phyto-
chemically standardized AA in high-fat diet fed (HFD) animals.

2. Materials and methods

2.1. Test materials, extraction, and formulation

The dried bark of TAwas purchased from Trimurti Traders, Pune,
India. A botanist authenticated the plant material from Agharkar
Research Institute, Pune, India. The sample was deposited at
Agharkar Research Institute, Pune, Indiawith voucher specimen no.
S/B-109. The dried barkwas extractedwith ethanol :water (70:30 v/
v) using Soxhlet extractor for 3 consecutive days at 65 �C. The extract
was dried under vacuum using rotary evaporator at 45 �C. AA;
traditional formulation containing TA was procured from the local
market (Batch no. 25; Sandu Pharmaceuticals Ltd., Mumbai, India).

2.2. Chemical characterization of selected test materials using
HPLC-PDA analysis

Chemical characterization was carried using polyphenolics such
as gallic acid, ellagic acid, and quercetin by HPLC method [15]. The
method was modified as per laboratory conditions [15,16]. Promi-
nence HPLC system (Schimatzu, Japan) equipped with the binary
pump, autosampler, a column oven and a photodiode array detec-
tor was used. Chromatographic separations were carried out using
C-18 analytical column (150 � 4.6 mm, 5 mm particle size; Syn-
cronis, Thermo Scientific, USA). Gradient elution with water con-
taining 0.5% acetic acid as component A and acetonitrile : water
containing 0.5% of acetic acid (80:20 v/v) as component B were
used.

The non-linear gradient elution program: 0e10 min 10% of B;
10e20 min 20% of B; 20e30 min 40% of B; 30e40 min 60% of B;
40e45 min 70% of B; 45e55 min 10% of B and equilibrated with
initial conditions for another 5 min. The flow rate and oven tem-
perature were used at 1 ml/min and 25 �C respectively. All chro-
matograms were monitored at 270 nm. The method was validated
for linearity, accuracy, and precision.

2.2.1. Reference compound preparation
Each reference compound (10 mg) was dissolved in 10 ml of

methanol. Serial dilutions were carried out from the working stock
solution in methanol (600 mg/ml). Calibration curves were plotted
from concentration range of 3.125e100 mg/ml in triplicate.

2.2.2. Sample preparation
Sample preparation was done as per previously reported

method [15]. Briefly, 10 mg of TAHA extract was dissolved in 10 ml
methanol, and the solutionwas filtered through 0.45 mmmembrane
filter. AA (1 ml) was dried on a rotary evaporator for 0.5 h, and 5 ml
of methanol was added. It was sonicated for 10 min and then
centrifuged at 3000 rpm for 10 min. The supernatant (1 ml) was
passed through 0.45 mmmembrane filter. Sample solutions of 20 ml
were used for HPLC analysis. The peaks of ellagic acid, gallic acid,
and quercetin were identified by comparing their retention time
values and UV spectrawith those of standards. Themarker contents
for TAHA and AA were expressed as mg/g and mg/ml respectively.

2.3. Study animals and ethics committee approval

Male Wistar rats, weighing from 200 to 250 g body weight were
used in this study. Animals were procured and maintained at Na-
tional Toxicology Centre, APT Research Foundation, Pune, India.
They were housed in makrolon cages under standard laboratory
conditions (light and dark cycle of 12 h at temperature 21 ± 2 �C
with a relative humidity of 55 ± 10%). The animals were fed with
commercial HFD (45%) procured from VRK Nutritional Solutions,
Pune, India. The composition of HFD is mentioned in Supp.
Table no. 1. All animals had free access to water during the exper-
imental period. The study protocol was approved by Institutional
Animal Ethics Committee (Certificate was attached as Supp. Figure.
No. 1). All institutional and national guidelines for the care and use
of laboratory animals were followed.

2.4. Experimental design

Forty animals were randomly divided into five groups contain-
ing eight animals in each group. The detailed study groups were as
follow: (Group I) Normal Diet þ Vehicle (distilled water), (Group II)
HFD þ Vehicle (distilled water), (Group III) HFD þ Rosuvastatin
(10 mg/kg), (Group IV): HFD þ AA (1.8 ml/kg), (Group V)
HFD þ TAHA (250 mg/kg).

According to the conversion table based on surface area, the
adult human dose multiplied by 0.018 gave the dose for rat
weighing 200 g [17]. The dose was selected based on adult human
dose (20 ml per day). It was converted using USFDA guidance
considering the weight of rat as 200 g. Animals were studied for
glucose tolerance using intraperitoneal administration of glucose
(2 g/kg). Blood was collected for evaluation of serum biochemical
parameters such as total cholesterol (TC), triglyceride (TG) and high
density lipoproteins (HDL). The animals were then sacrificed, and
liver tissue was collected and stored at �70 �C for RNA isolation.
RNA was isolated for gene expression studies.

2.5. Collection of blood samples and lipid profile test

The blood samples were collected on the 90th day from the
retro-orbital venous plexus of rats without any coagulant for the
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separation of serum. Serum samples were analyzed for biochemical
parameters with the help of commercially available kits produced
by Crest Biosystem, Pune, India (Crest Biosystems a division of Coral
Clinical Systems is a part of the innovative Tulip Group of Com-
panies). Low density lipoprotein cholesterol (LDL-C) and very low
density lipoprotein cholesterol (VLDL-C) were calculated by using
Friedewald's equation [18].

2.6. Intraperitoneal glucose tolerance test (IPGTT)

Animals were fasted overnight before IPGTT. An IPGTT was
performed onmaleWistar rats 90 days after the onset of treatment.
Rats were injected with D-glucose at 2 g/kg body weight. Blood
samples were drawn from the tail vein before glucose adminis-
tration at 60,120 and 180min thereafter. Blood glucose content was
measured using a commercial Glucometer (Contour, Bayers). The
results were expressed as area under the curve (AUC0e180 min)
calculated by using GraphPad Prism 5.00 Software [San Diego, USA]
[19,20].

2.7. Systolic blood pressure determination

Systolic blood pressure was measured in consciously restrained
animals with a tail-cuff sphygmomanometer, using a non-invasive
blood pressure instrument (AD Instrument, Australia). Thirty
minutes before the measurements, the animals were placed into
restrainers, with the tail exposed. The tail cuff was fitted to the base
of the tail, and the pulse sensor was place just behind the tail cuff.
The pressure in the occlusion cuff and the pulse signal were
recorded in a Power Lab/400 system. The initiation of the pulse
Fig. 1. HPLC chromatogram of a. Reference standard spike polyphenols gallic acid, ellagic a
signals, after the inflation peaks, was correlated with the pressures
in the occlusion cuff to obtain the mean systolic blood pressure
readings for each animal.

2.8. TG levels in liver, peritoneal and epididymal tissue

TG was extracted from liver, peritoneal and epididymal tissue
overnight in 500 ml heptane-isopropanol (3:2) at 4 �C. TG content
was measured using a colorimetric kit as described above. The
organic layer was collected and dried. The residue was dissolved in
isopropanol for measuring triglyceride content with a colorimetric
kit. All values of tissue triglyceride content were corrected for
respective tissue weight and intra-assay co-efficient variation was
7.8% [21].

2.9. Hematology

To evaluate the toxicological effect of chronic supplementation
of TAHA and AA, hematological parameters such as white blood
cells (WBC), red blood cells (RBC), platelet count, hemoglobin (Hb)
level, mean corpuscular hemoglobin (MCH), mean corpuscular
hemoglobin concentration (MCHC), mean corpuscular volume
(MCV) were determined by the use of automated hematological
analyzer.

2.10. RNA isolation and real-time PCR analysis

Total RNA was isolated using the TRI reagent (SigmaeAldrich),
according to the manufacturer's instructions. Total RNA (2 mg) was
reverse transcribed into first-strand cDNA (ABI) following the
cid, and quercetin; b. Hydroalcoholic extract of T. arjuna (TAHA); c. Arjunarishta (AA).



Table 1
Retention time and relative concentration of polyphenols in Arjunarishta (AA) and the hydroalcoholic extract of T. arjuna (TAHA).

Sr. no. Compound name Rt (min) (mg/ml of AA) (mg/g of TAHA)

Reference standard AA TAHA

1 Gallic acid 2.362 2.248 2.358 92.18 ± 1.184 2.443 ± 0.090
2 Ellagic acid 24.711 24.720 24.709 244.6 ± 8.676 7.901 ± 0.786
3 Quercetin 31.987 31.944 31.974 15.82 ± 1.832 3.20 ± 0.351

Results were expressed as mean ± SEM.
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manufacturer's procedure. The synthesized cDNA (50 ng/ml) was
used as a template for polymerase chain reaction (PCR) amplifica-
tion. Real-time PCR was performed using step one Real-time PCR
system (ABI).

PCRwas carried out for 45 cycles using the following conditions:
denaturation at 95 �C for 45 s, annealing at 62.7 �C for 30 s, and
elongation at 72 �C for 15 s. The relative expression levels of the
target genes were calculated as a ratio to the housekeeping gene
GAPDH. All the samples were in triplicate and each time no tem-
plate control was done during plate run. Melting curve analysis was
performed to assess the specificity of the amplified PCR products. A
dissociation curve analysis of all primers showed a single peak. The
primers used for SYBR Green Real-time PCR are mentioned in the
Supp. Table 2. All relative quantification analysis was represented in
the form of relative expression to the normal group (delta delta Ct)
[22].
2.11. Statistical analysis

The experimental data were expressed as mean ± SEM. The
significance of difference among the various treated groups and
control group were analyzed by mean of one-way ANOVA followed
by Dunnett's multiple comparison tests using GraphPad Prism 5.00
Software [San Diego, USA]. p < 0.01 and p < 0.05 were considered as
statistically significant.
Fig. 2. Effect of Arjunarishta (AA) and the hydroalcoholic extract of T. arjuna (TAHA) on IPGTT
mean ± SEM [N ¼ 8]. *p < 0.05 and ***p < 0.001 as compared to diabetes control.
3. Results

3.1. HPLC-PDA analysis

Phytochemical standardization of AA and TAHA was carried out
using selected marker-based approach. Polyphenolic compounds
such as gallic acid, ellagic acid, and quercetinwere used as chemical
markers for standardization purpose. The marker contents were
estimated using earlier reported HPLC-PDA method modified with
column and mobile phase gradient. The optimized chromato-
graphic conditions showed good resolution of all the peaks. The
presence of marker contents in the AA and TAHA was identified
using retention time (tR) and UV spectra matching with corre-
sponding reference standards (Fig. 1). The tR for gallic acid, ellagic
acid, and quercetin was found to be 2.36, 24.71 and 31.98 min
respectively. The spectral overlays showed the presence of UV
spectra at 270 nm and were matched with the reference standard
(see inset of Fig. 1). Quantitative estimation of these marker com-
pounds was carried out using external standard calibration
method. The calibration plots of concentration versus peak area
were constructed in the range of 3.125e100 mg/ml.

The content of gallic acid, ellagic acid, and quercetin was
2.443 ± 0.090, 7.901 ± 0.786 and 3.20 ± 0.351 mg/g respectively in
TAHAwhereas 92.18 ± 1.184, 244.6 ± 8.676 and 15.82 ± 1.832 mg/ml
respectively in AA (Table 1 and Fig. 1). These quantitative estima-
tions were consistent with earlier reports on AA and TAHA.
in HFD fed rats (A) blood glucose levels and (B) AUC0e180 min. Results were expressed as



Fig. 3. Effect of Arjunarishta (AA) and the hydroalcoholic extract of T. arjuna (TAHA) on systolic blood pressure in HFD fed rats (A) 1 month and (B) 3 month. Results were expressed
as mean ± SEM [N ¼ 8]. *p < 0.05 and **p < 0.01 as compared to diabetes control.
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3.2. Hematology

Treatment with rosuvastatin, AA, and TAHA for 90 days did not
alter the hematological investigations. No significant changes were
observed on WBC, RBC, platelet, hemoglobin, percent hematocrit,
MCV, MCH and MCHC in treated animals.

3.3. Intraperitoneal glucose tolerance test (IPGTT)

Glucose homeostasis was assessed in HFD fed animals treated
with test materials by glucose tolerance test before and at the end
of the experiment. Oral treatment of AA and TAHA significantly
reduced AUC of blood glucose levels by 33.1% (p < 0.01) and 43.6%
(p < 0.01; AUC0e180 min) as compared to diabetes control (DC) an-
imals respectively (Fig. 2).

3.4. Systolic blood pressure

Hypertension effect was tested on experimental animals after
30 and 90 days of initiating the study. Elevated systolic blood
pressure was observed in the DC animals by 12% in comparison to
healthy control (HC) animals. As shown in Fig. 3, a significant
reduction of systolic blood pressure was demonstrated in animals
treated with AA (p < 0.01), TAHA (p < 0.05), and rosuvastatin
(p < 0.05) as compared to DC animals.

3.5. Metabolic parameters

HFD-fed animals showed a significant increase in TC, TG, LDL-C,
VLDL-C (p < 0.001) and a significantly decreased level of HDL-C
(p < 0.001) compared with the HC animals. HFD-fed animals
with TAHA, AA, and rosuvastatin showed a significant fall in the
level of TC, TG, LDL-C, VLDL-C (p < 0.05) and a significantly
increased level of HDL-C compared with the DC animals (p < 0.05)
(Table 2).
Table 2
Effect of Arjunarishta (AA) and the hydroalcoholic extract of T. arjuna (TAHA) on metabo

Metabolic parameters

TG (mg/ml) TC (mg/ml)

Healthy control 110.25 ± 3.33*** 157.25 ± 4.77***
Diabetic control 264.5 ± 6.99 303.0 ± 9.11
Rosuvastatin 150.75 ± 5.76*** 243.75 ± 14.65*
AA 182.75 ± 5.93*** 239.25 ± 7.28***
TAHA 200.5 ± 5.38*** 235.75 ± 6.68***

Results were expressed as mean ± SEM [N ¼ 8]. *p < 0.05, **p < 0.01, ***p < 0.001 when
High-density lipoprotein; LDL, Low-density lipoprotein; VLDL, Very low-density lipopro
3.6. TG levels in liver, peritoneal, and epididymal tissues

HFD-fed animals showed a significant increase in TG levels in
liver, peritoneal and epididymal tissue after 30 and 90 days
(p < 0.05) compared with the HC animals. HFD-fed animals with
TAHA, AA, and rosuvastatin showed a significant fall in the level of
TG in liver, peritoneal, and epididymal tissue after 30 and 90 days
compared with the DC animals (p < 0.05) (Table 3).
3.7. Molecular mechanism study

AA and TAHAwere found to be modulating expression of insulin
sensitizing genes. Significant reduction in pro-inflammatory cyto-
kine TNF-a gene expression was observed in animals treated with
AA and TAHA.
3.7.1. Inflammatory gene expression
The expression of the inflammatory gene in the liver is given in

Fig. 4. The inflammatory gene, TNF-a was markedly upregulated in
DC animals compared to HC animals, indicating the increase in
cytokine levels which results into inflammation. Whereas, treat-
ment with AA, TAHA, and rosuvastatin markedly downregulated
(p < 0.05) mRNA expression of TNF-a (2.4, 2.2 and 2.6 fold change
respectively) as compared to DC animals.
3.7.2. Insulin sensitizer gene expression
The expression of insulin sensitizer gene in the liver is given in

Fig. 5. The insulin sensitizer genes including IRS-1 and PGC-1awere
downregulated in DC animals as compared to HC animals
(p < 0.05), indicating the insulin resistance through the inflam-
matory pathway. AA, TAHA, and rosuvastatin treatment signifi-
cantly enhanced mRNA expression of IRS-1 (2.8, 2.9 and 2.8 fold
change) and PGC-1a (2.9, 3.7 and 3.3 fold change) as compared to
DC animals.
lic parameters in HFD fed rats.

HDL (mg/ml) LDL (mg/ml) VLDL (mg/ml)

41.0 ± 2.65*** 93.75 ± 4.56*** 22.05 ± 0.66***
23.75 ± 1.25 226.0 ± 8.09 52.9 ± 1.40
31.75 ± 2.25* 181.5 ± 13.88* 30.15 ± 1.15***
33.0 ± 2.19* 169.5 ± 9.53** 36.55 ± 1.18***
32.25 ± 1.70* 163.0 ± 8.40*** 40.1 ± 1.08***

compared with diabetic control group. TG, Triglyceride; TC, Total Cholesterol; HDL,
tein.



Table 3
Effect of Arjunarishta (AA) and the hydroalcoholic extract of T. arjuna (TAHA) on triglyceride levels in liver, peritoneal, and epididymal tissues after 30 and 90 days treatment.

Group Liver (mg/dl) Peritoneal (mg/dl) Epididymal (mg/dl)

Healthy control After 30 days 266.4 ± 16.15* 332.8 ± 22.25* 318.9 ± 36.35*
After 90 days 464.2 ± 23** 296.3 ± 58.75*** 236.9 ± 27.71***

Diabetic control After 30 days 381.1 ± 25.24 530.9 ± 36.05 600.9 ± 61.75
After 90 days 753.5 ± 50.51 533.6 ± 20.99 421.5 ± 10.15

Rosuvastatin After 30 days 280.5 ± 14.15* 272.1 ± 17.5** 314.6 ± 23.5**
After 90 days 553.6 ± 41.1* 373.4 ± 40.64* 260 ± 22.5**

AA After 30 days 237.9 ± 42.51** 285.6 ± 31.51** 190 ± 37.24***
After 90 days 327.3 ± 20.4*** 304.7 ± 43.65** 263 ± 4.676***

TAHA After 30 days 238.3 ± 19.11** 327.2 ± 25.09** 503.7 ± 6.35
After 90 days 251.0 ± 6.35*** 249.3 ± 28.32*** 240.1 ± 8***

Values were expressed as mean ± SEM [N ¼ 8]. *p < 0.05, **p < 0.01, ***p < 0.001 when compared with diabetic control group.
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4. Discussion

The hyperglycemic state developed in HFD fed animal was due
to the association of insulin resistance and glucose intolerance. The
treatment effect on glucose tolerance and tissue utilization of
glucose was studied using IPGTT. The IPGTT is advantageous as it
was performed under physiological conditions and simulated a
post-absorptive state inwhich the production and release of insulin
and its responsiveness are necessary [23]. The IPGTT and AUC
measure the rate of tissue uptake and glucose utilization. Oral
treatment of AA, TAHA and rosuvastatin significantly reduced in
blood glucose excursion as compared to DC animals (Fig. 2). A
similar effect was produced by rosuvastatin and TAHA in diabetic
animals [24]. The IPGTT results were in accordance with previous
reports on the anti-glycemic potential of TA [25].

Regulation of dyslipidemia remains important in the diabetes
etiology and complications. The study results indicate that pro-
phylactic treatment with AA, TAHA, and rosuvastatin improves
altered biochemical parameters in the HFD-fed animals, suggesting
its beneficial effects in hyperlipidemia by significantly lower levels
of TG, LDL-C, VLDL-C, TC and enhanced level of HDL-C. The study
results as shown in Table 2 are supported with previous reports on
the anti-hyperlipidemic potential of TAHA and rosuvastatin [26,27].
DC animals demonstrated the significant increase in TC, TG, LDL-C,
VLDL-C, whereas significantly decreased a level of HDL-C was
observed in comparison to HC animals. HFD-fed animals with
TAHA, AA, and rosuvastatin showed a significant fall in the level of
Fig. 4. Effect of Arjunarishta [AA] and the hydroalcoholic extract of T. arjuna [TAHA] on the
mean ± SEM [N ¼ 8]. *p < 0.05, **p < 0.01, ***p < 0.001 when compared with diabetes con
total cholesterol, TG, LDL-C, VLDL-C and a significantly increased
level of HDL-C compared with the DC animals.

Hyperglycemia and hyperlipidemia play an important role in the
development of hypertension. Therefore, the anti-hypertensive
effect was tested on experimental animals after 30 and 90 days of
initiating the study. Elevated systolic blood pressure was observed
in DC animals as compared to HC animals. As shown in Fig. 3, a
significant reduction upto normal level was demonstrated in ani-
mals treated with AA, TAHA, and rosuvastatin as compared to DC
animals. Similar findings on TAHA study has been previously re-
ported [28e30]. Also, hematological results were similar to earlier
reports for TAHA [26].

An abnormal accumulation of TG in liver, peritoneal, and
epididymal tissues plays an important role in the pathophysiology
of insulin resistance, atherosclerosis, hypertriglyceridemia, and
T2DM [31,32]. As shown in Table 3, study results demonstrated that
tissue TG levels in DC animals were increased significantly as
compared to HC animals. However, significant fall in the TG level
was observed in AA, TAHA and rosuvastatin treated animals.
Therefore, study findings on TG levels suggest improved condition
of hypertriglyceridemia leading to T2DM. Even if the diabetes ani-
mals revealed a hypertriglyceridemic condition, it should be
stressed that AA and TAHA displayed a higher capacity than that
showed by rosuvastatin treatment.

The liver is an important principal organ for metabolism of
carbohydrate, lipids and proteins leads to energy storage in the
form of TG. HFD feeding conditions enhance cholesterol and TG in
inflammatory gene in liver tissues after 90 days treatment. Values were expressed as
trol group.



Fig. 5. Effect of Arjunarishta [AA] and the hydroalcoholic extract of T. arjuna [TAHA] on insulin sensitizer genes in liver tissues after 90 days treatment. Values were expressed as
mean ± SEM [N ¼ 8]. *p < 0.05, **p < 0.01, ***p < 0.001 when compared with diabetes control group.
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the liver exhibits hypertriglyceridemia and hyperlipidemia even-
tually in T2DM. To study the possible mechanism behind the anti-
hyperglycemic, anti-hyperlipidemic and anti-hypertriglyceridemic
activity, a gene expression study was investigated on liver-targeted
genes involved in inflammatory and insulin signaling pathways.

Previous reports on TAHA demonstrated that cardiotonic and
anti-hyperglycemic activity is associated with their anti-
inflammatory effects [12,33]. TNF-a has acted as a potential ther-
apeutic target for new onset diabetes and mechanistic correlations
between TNF-a and BMI, HOMA-IR, HOMA-B and insulin have been
established in T2DM [34,35]. To explore possible mechanism of AA
and TAHA on animals, we have investigated the expression level of
TNF-a related to anti-inflammation. As shown in Fig. 4, TNF-a was
markedly upregulated in DC animals in comparison to HC animals,
indicating HFD-induced enhancement of cytokine secretion, which
results in inflammation. These findings were consistent with an
earlier report published onTNF-a [36].Whereas treatment with AA,
TAHA, and rosuvastatin markedly downregulated (p < 0.05) mRNA
expression of TNF-a as compared to diabetes control. Gene
expression studies suggested the anti-inflammatory effect could be
one of the mechanisms behind the anti-hyperglycemic potential of
AA and TAHA.

Our study suggested that anti-glycemic potential of AA could be
due to increase in facilitated glucose transport into the cell
mediated through IRS-1. However, confirmatory studies on other
intermediate genes involved in insulin signaling pathway need to
be analyzed to understand the precise mechanism. Another tar-
geted insulin sensitizer gene: PGC-1a is transcription co-activator
to modulate glucose/fatty acid metabolism through enhanced
gluconeogenesis and promotion of fatty acid oxidation suggesting
key drug target for anti-hyperglycemic and insulin resistance-
related disorders [37e40]. Study results as illustrated in Fig. 5,
IRS-1 and PGC-1a were downregulated in DC animals as compared
to HC animals indicating HFD-induced cytokine secretion, which
results in insulin resistance through the inflammatory mechanism.
AA, TAHA, and rosuvastatin treatment significantly enhanced
mRNA expression of IRS-1 and PGC-1a. Gene expression finding
suggests that treatment with AA and TAHA might be restoring in-
sulin sensitization along with anti-hyperglycemic effect by its anti-
inflammatory activity. Further, upregulation of PGC-1a expression
is well documented to induce gluconeogenic enzymes such as
phosphoenolpyruvate carboxykinase and glucose 6-phosphate,
thereby enhancing glucose uptake. This supports our study finding
in a similar manner.

Treatment with AA and TAHA showed considerable modulation
of targeted genes involved in inflammation and insulin signaling
pathway as compared to rosuvastatin. Rosuvastatin is a competitive
HMG-CoA reductase inhibitor indicated for the treatment of dys-
lipidemia, hypercholesterolemia, and hypertriglyceridemia [41].
The gene expression results of rosuvastatin are found to be
consistent with earlier expression reports of statins [42].

Overall, the study demonstrated that AA and TAHA have mul-
tiple therapeutic effects mediated by insulin sensitization through
its anti-inflammatory mechanism; decrease in the systolic blood
pressure, TC, glucose and TG levels, which were elevated in the
disease condition. Additionally, these results might be correlated
with previous evidence of arjunolic acid, which acts as an anti-
diabetes against hyperglycemia [43].
5. Conclusion

The present study represents the action of AA and TAHA in the
treatment of hyperglycemia, hyperlipidemia, and hyper-
triglyceridemia. Activation of PGC-1a and IRS-1 due to a decrease in
the gene expression of TNF-a is the key mechanism of activity.
Further studies are needed to confirm signaling pathways for Ay-
urvedic formulation AA with multiple doses.
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