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INTRODUCTION

Metabolic syndrome (MS) is a heaping of three or more dis-
orders including abdominal obesity, glucose intolerance or 
insulin resistance, dyslipidemia, hypertension, lipid peroxi-
dation, and pro-inflammatory states. Each of these understat-
ed disorders is a consequential risk factor that can lead to the 
development of heart disease and endothelial dysfunction. 
The increased high-calorie food intake and reduced energy 
expenditure due to a sedentary lifestyle contribute to the pre-
sent rising popularity of obesity.1,2 Studies have exposed that 
HFD plays a critical role to intensify obesity, hyperglycemia, 
dyslipidemia, impaired insulin sensitivity or glucose intoler-
ance, oxidative stress, and raised blood pressure, which is to-
gether clubbed as MS.3,4 Besides, adipose tissue-derived adi-
pocytokines such as leptin and adiponectin are the important 

hormones that regulate body weight by regulating calorie in-
take and energy expenditure. Dysregulated secretion of these 
adipocytokines i.e. lower adiponectin and higher leptin may 
contribute to the progression of obesity and other metabolic 
disorders.5 Leptin inhibits appetite and decreased body mass 
by acting on the hypothalamus. However, a higher level of 
leptin was observed in most obese patients and animals but 
it fails to suppress feeding and decrease body mass, resulting 
in fat accumulation in adipose tissue as well as liver, muscle, 
and pancreas. This failure of leptin’s effect on body tissue is 
called leptin resistance which may lead to the progression of 
obesity and insulin resistance.6

Solasodine (SD) is a principle aglycone (spiroketal) of 
solamargine and solasonine which are the most valuable 
steroidal glycoalkaloids, procured from different parts of 
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ABSTRACT
Introduction: Metabolic Syndrome (MS) is a group of disorders including abdominal obesity, glucose intolerance or insulin 
resistance, dyslipidemia, hypertension, lipid peroxidation, and pro-inflammatory states. Solasodine and Coenzyme Q10 are 
acknowledged as potent antioxidants that prevented oxidative stress; a critical risk factor for the progression of MS.
Objective: To evaluate the potency of solasodine with coenzyme Q10 on high fat diet-induced metabolic syndrome in rats by 
modulating adipokines and lipid peroxidation. 
Methods: Out of six groups (n=6), one group as a control (normal) received a standard diet for 16 weeks, and the other five 
groups were administered with a high-fat diet (HFD) only or with pioglitazone, coenzyme Q10, Solasodine and Solasodine with 
coenzyme Q10, (SDQ10) for the last 4 weeks. 
Results: Animals feeding with HFD for 16 weeks exhibited a significant increase in body weight, total cholesterol, triglyceride, 
and a decrease in HDL-cholesterol as well as developed glucose intolerance. It also raised lipid peroxidation and leptin level 
as well as lowered reduced glutathione and adiponectin level. Treatment with a combination of solasodine and coenzyme Q10 
effectively reversed the above paradigm of metabolic syndrome induced by a high-fat diet. Besides, treatment with SDQ10 re-
duced the lipid peroxidation and enhanced the reduced glutathione as well as normalized the levels of leptin and adiponectin. 
Conclusion: The combined supplementation of solasodine and coenzyme Q10 reversed the effect of HFD intake on lipid per-
oxidation and adipocytokine levels and improve the symptoms of metabolic syndrome.
Key Words: Adiponectin, Dyslipidemia, Glucose Intolerance, Leptin, Oxidative stress
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solanaceous plants (family-Solanaceae).7 The earlier stud-
ies have exhibited that solasodine prevented lipid peroxi-
dation (oxidative stress) and atherogenesis by reducing 
total cholesterol and LDL level in rats.8,9 Solasodine also 
contains several activities including anticancer, antiobes-
ity, anti-inflammatory, antinociceptive, anticonvulsant, 
antifungal, immunomodulatory, and other activities on the 
central nervous system.10 In previous studies of acute toxic-
ity, LD50 of SD was established as 2 g/kg in orally admin-
istered rats.11

Besides, Coenzyme Q10 (Q10) is acknowledged as an in-
tracellular antioxidant that protects mitochondrial membrane 
proteins by removing free radicals and preventing lipid per-
oxidation.12 Q10 may decrease hyperinsulinemia, hypergly-
cemia, hyperlipidemia, and blood pressure which are the 
important components of MS.13 The acute toxicity study is 
also reported that the LD50 of Q10 was greater than 20 g/kg, 
supports the safety of Q10 for oral consumption.14

This study established that HFD intake for the 16 weeks 
leads to the onset of metabolic syndrome, through its effect 
on body weight, glucose tolerance, lipid profile, lipid per-
oxidation, and adipocytokines such as leptin and adiponectin 
level. This study also elucidates the potency of Solasodine 
with Coenzyme Q10 supplementation (SDQ10) against the 
HFD induced on lipid peroxidation and adipocytokine levels 
with improving the above paradigm of MS.

MATERIALS AND METHODS

Test Chemicals
A high-fat diet composed of (g/kg): Casein-250g, Choles-
terol-10g, Lard-310g; dl-Methionine-3g, Yeast powder- 1g; 
Sodium chloride -1g; Pellet diet-365g was obtained from 
AIIMS, New Delhi. Solasodine and Coenzyme Q10 were 
obtained from Med Chem Express (LLC–USA) and Sigma 
Chemical (St. Louis. Mo.). All the chemicals used were of 
analytical grade.

Experimental animals
Wistar albino rats of either sex weighing 150-170 g were 
selected for the study. All animals were acclimatized at 
standard room temperature and an adequate light schedule of 
12hrs light and 12 hrs dark with food and water ad libitum. 
The experimental protocol was approved by the institutional 
animal ethical committee of KNIMT, Faculty of Pharmacy, 
Sultanpur (KNIMT/PHAR/IAEC/18/04). All experiments 
were performed as per the guidelines of CPCSEA.

Experimental design
The experiment was performed on rats divided into 6 groups 
randomly, each consisting of 5-7 animals. Group I as control 

was provided with a standard (normal) diet for 16 weeks. 
The HFD was given to the remaining five groups for 16 
weeks. Group II continued to supply with HFD while group 
III was treated with pioglitazone (10 mg/kg, orally), group 
IV with Q10 (50 mg/kg, orally), group V with SD (50 mg/kg, 
orally), and Group VI with a combination of SD and Q10 i.e. 
SDQ10 (25 mg/kg of each; total 50 mg/kg, orally) in the last 
4 weeks of study. All drugs were administered as a suspen-
sion prepared by 1% Carboxymethylcellulose.

Measurement of Body, Organ Weights, and ab-
dominal circumference
Each animal’s body weight was recorded before we begin 
our experiment & then weekly during the entire period of 
the experiment by weighing balance. When the study period 
was over, the animals were sacrificed & the weights of the 
liver, heart, and fat pad (adipose tissue) were measured. The 
abdominal circumference was measured every 4 weeks of 
the study periods.

Oral glucose tolerance test (OGTT)
After 16 weeks of HFD intake, OGTT was carried out in 
overnight-fasted animals by administration of glucose (2g/
kg body weight) orally. Samples were taken before glu-
cose administration and after glucose administration at 30, 
60, 90,120 min respectively. The total area under the curve 
(AUC) in terms of mg/dl/h was calculated by the trapezoidal 
rule.15

Biochemical estimation
After 16 weeks of the study, Blood samples were taken from 
12 hours of fasted animals via retro-orbital plexus and centri-
fuged at 2000 rpm for15 min to separate serum. Total choles-
terol (TC) Triglycerides (TGs), and HDL-cholesterol in se-
rum were determined by using Span diagnostic commercial 
kits. LDL and VLDL-cholesterol were also determined by 
using the formula of Friedelwald et al.16 The leptin and total 
adiponectin level were determined with rat leptin ELISA kit 
(BioVendor, Brno, Czech Republic) and adiponectin ELISA 
kit (Alpco diagnostics Salem, USA) respectively.

The isolated liver was homogenized with phosphate buffer 
(pH7.4), and the homogenate was used for the estimation of 
lipid peroxidation (TBARS) and reduced glutathione (GSH) 
as antioxidant activity.

Histopathology
Isolated liver and heart tissue samples were kept in 10 % 
formalin neutral buffered solution, Section (5μm) were cut 
using rotary microtone and stained with hematoxylin & eo-
sin. The sections of all tissues were studied under an optical 
microscope to determine the level of tissue damage.
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Statistical analysis
All data were presented as mean ± S.E.M. To evaluate the 
differences among groups, one-way ANOVA followed by 
post hoc (Tukey’s) multiple comparison tests was used via 
Graph Pad Prism-8 computer program. The probability 
p<0.05 value was considered as standard for statistical sig-
nificance. 

RESULT

Effect of SDQ10 on Body Weight, organ weight, 
and abdominal circumference
As in Table 1, All HFD-fed animals showed a significant 
raise (***p<0.001) in body weight, body weight gain, and 
abdominal circumference as compared to normal diet-fed 
animals. During the treatment period of SD and SDQ10 the 
body weight and body weight gain, as well as abdominal 
circumference was found to be significantly (###p<0.001) re-
duced in HFD fed animals. A significant increase in weight 
(absolute) of the liver, heart, & Adipose tissue was found in 
the HFD group as compared to the normal group. Treatment 
with combination SDQ10 and pioglitazone significantly de-
creased the weight of liver & adipose tissue compared to the 
high-fat diet administered group. However, no significant 
impact on the weight of the liver, heart, and adipose tissue 
was found in the group treated with solasodine or coenzyme 
Q10 alone. 

Effect of SDQ10 on OGTT& AUC (mg/dl/h) for 
blood glucose
Blood glucose was influenced by the time during the per-
formance of OGTTs. As compared to the normal group, a 
significant increase in AUC (glycaemic response) was ex-
hibited in the HFD group. However, Solasodine and its com-
bination with Q10 as well as standard pioglitazone presented 
a significant decrease in AUC compared to rats fed with 
HFD (Figures 1 and 2).

Effect of SDQ10 on lipid profile 
Lipid profiles in serum are exhibited in Table 2. As compared 
to the normal group, atherogenic index as well as concentra-
tions of TC, TG, LDL-C, and VLDL-C in serum were signif-
icantly (p<0.001) increased in the HFD group.  As compared 
to the HFD group, the concentration of these parameters was 
significantly reduced in SD and SDQ10 treated animals. 
Although the administration of solasodine alone did not in-
crease the HDL level, treatment with SDQ10 combination 
significantly (p<0.001) increased the level of HDL. 

Effect of SDQ10 on serum Adipocytokine levels 
and Oxidative stress parameter
Feeding of high-fat diet significantly raises the serum leptin 
concentration as compared to the untreated control group. 

However, Increase in serum leptin level was prevented in 
SD and SDQ10 treated groups. Also, the adiponectin level 
of the HFD group was found to be reduced significantly as 
compared to the normal group. Comparing with HFD fed 
animals, SD (p<0.05) and combination SDQ10 (p<0.001) 
treated animals showed a significant increase in adiponectin 
level. In addition, HFD administration for 16 weeks raised 
the TBARS level and significantly reduced the level of an-
tioxidant enzyme i.e. reduced glutathione (GSH). However, 
Treatment with SD (p<0.05) and SDQ10 (p<0.001) signif-
icantly enhanced the level of GSH as well as reduced the 
TBARS (lipid peroxidation) level (Table 3). 

Effect on Histopathological examination
In histopathology of the liver, macrovascular fatty changes 
in hepatocytes were observed in the HFD group. Treatment 
with SDQ10 and standard pioglitazone leads to the protec-
tion of macrovascular fatty change in hepatocytes (Figure 3). 
In histology of the heart, infiltrating inflammatory cells with 
cardiomyocyte disorganization and interstitial fibrosis were 
observed in the HFD group, whereas no marked pathological 
changes occur in the SDQ10 and pioglitazone treated group 
(Figure 4).

DISCUSSION

Metabolic syndrome (MS) is a cluster of risk factors includ-
ing obesity, dyslipidemia, glucose intolerance or insulin 
resistance, and hypertension. The present study provided 
exciting insights on the development of obesity and the po-
tential of solasodine with Coenzyme Q10 supplementation 
(SDQ10) in regulating the lipid peroxidation and adipokines 
level with the condition of obesity in the high fat diet-fed 
rats. In our study, the pattern of food intake in the differ-
ent groups reflected on the body weight, organ weight (liver, 
heart, & adipose tissue), and abdominal circumference of 
the animals. As compared to the control group, a significant 
increase in body weight, organ weight, and abdominal cir-
cumference of the HFD group was recorded. In similar stud-
ies conducted earlier, it has been reported that HFD fed rats 
gained more body weight, organ weight, and abdominal cir-
cumference as compared to control rats.17-19 Treatment with 
SD and SDQ10 suppressed the increased body weight and 
abdomen circumference induced by HFD. However absolute 
liver weight and weight of adipose tissue were significantly 
reduced in SDQ10 and standard pioglitazone treated group. 

In the study of the oral glucose tolerance test, HFD feeding 
induced a significant increase in AUC for glucose as com-
pared to normal feeding rats. SD and SDQ10 effectively 
lowered the raised AUC and brought it close to a normal 
value within four weeks of treatment, proposing the treatment 
of glucose intolerance. It has been shown earlier that, the 
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AUC of glycemic response was significantly greater in HFD 
feeding rats.20

The increased serum cholesterol, TGs, LDL, VLDL as well 
as reduced HDL in HFD fed rats have been reported in the 
development of dyslipidemia, one of the important risk fac-
tors to inducing obesity.21 We found in our studies that SD 
and SDQ10 treated groups had significantly reduced the lev-
els of TC, TG, LDL-C, VLDL, and atherogenic index. How-
ever, only SDQ10 and standard drug pioglitazone adminis-
tration had significantly increased the HDL level. This result 
suggests that solasodine supplemented with Q10 showed 
better lipid profiles compared to solasodine alone. However, 
the previous study reported the lipid-lowering activity of so-
lasodine in HFD fed rabbits.9

Leptin and adiponectin hormones act upon the brain to regu-
late energy balance by regulating calorie intake and energy 
expenditure.22,23 In the present study, leptin resistance was 
evidenced by a significant rise of the serum leptin in the 
HFD group, compared to the normal group. Meanwhile, 
Treatment with solasodine and its combination SDQ10 sig-
nificantly ameliorated leptin resistance. In this study also, a 
significant reduction in the adiponectin level was recorded in 
HFD group, which was increased by treatment with SD and 
SDQ10 in the high fat diet-fed rats. Previous studies reported 
that a reduced adiponectin level was observed in obese ani-
mal models or HFD fed animals, while higher adiponectin 
was reported in animals with low body weight. These stud-
ies indicated that food composition and lifestyle influence 
body weight by controlling leptin and adiponectin levels.24,25 
Hence, lower levels of leptin, a higher level of adiponectin, 
as well as reduced body weight and weight of fat pad, which 
was observed in treated groups, may explain the basis of its 
reversal of metabolic syndrome.      

In this study, HFD produces oxidative stress as evidenced by 
a significant increase in TBARS level and reduced level of 
reduced glutathione (GSH). Chronic consumption of a high-
fat diet leads to excessive production of reactive oxygen spe-
cies (ROS), which induces oxidative stress. Many studies 
have reported earlier that oxidative stress is produced from 
the inadequate antioxidant status and increased peroxida-
tion markers (TBARS level) in the blood and liver of rats 
fed HFD. Oxidative stress and its mediators have reportedly 
implicated in the induction of MS.26,27In this study, SD and 
SDQ10 treated groups produced a significant increase in 
GSH level and reduced the TBARS level. This result jus-
tified the antioxidant property of solasodine and coenzyme 
Q10, which reported in previous studies also. Hence, the an-
tioxidant property of SDQ10 can be used in the treatment of 
oxidative stress-induced obesity. 

Fatty liver and heart dysfunction may also be responsible for 
the development of obesity and cardiovascular disorder.28,29 
Impaired metabolism or excess formation of fat in the body 

may lead to the accumulation of fat in the liver that can de-
velop fatty liver or hepatic steatosis. In the present histologi-
cal study, we observed that the SDQ10 combination had ef-
fectively minimized the content of fatty droplets in hepatic 
tissue as well as inflammation and fibrosis in heart tissue in 
animals fed with HFD. Hence the SDQ10 combination has a 
potential effect in ameliorating the fatty liver and inflamma-
tion in HFD fed rats.  

CONCLUSION

From our results, it can be concluded that Solasodine with 
Coenzyme Q10 supplementation (SDQ10) improved the 
related markers of metabolic syndrome, including obesity, 
lipid profile, glucose intolerance, increased oxidative stress, 
and circulating adipokine levels i.e. leptin and adiponectin. 
Hence, combined supplementation of solasodine and coen-
zyme Q10 reversed the effect of high-fat diet intake on lipid 
peroxidation and adipokine levels with improving the symp-
toms of metabolic syndrome. 
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Table 1: Effect of SDQ10 on Body Weight, Organ weight, and abdominal circumference
Parameters Normal High Fat Diet 

(HFD)
HFD+ PG 
(10mg/kg)

HFD +Q10 
(50mg/kg)

HFD + SD 
(50mg/kg)

HFD+ SDQ10 
(50mg/kg)

Initial Body weight (g) 154.28±2.33 150.10±0.92 153.27±2.84 151.23±1.49 158.63±2.03 149.65±3.37
Final body weight (g) 209.83±4.33 298.67±9.20*** 258.34±7.67### 266.83±5.16### 258.67±7.51### 247.67±3.26###

Weight gain (g) 55.55 148.57*** 105.07### 115.60## 100.04### 98.00###

Liver weight (g) 9.57±1.08 14.74±0.42*** 9.57±1.08# 12.54±1.63 13.31±0.49 12.31±1.49 ##

Heart weight (g) 0.69±0.05 0.94±0.08** 0.814±0.06 0.89±0.04 0.86±0.11 0.87±0.13
Fat pad weight (g) 4.21±0.26 9.11±0.42*** 6.18±0.47 ## 8.25±0.58 7.29±0.64 6.68±0.34##

Abdominal Circum-
ference (cm)

16.1±0.18 22.2±0.17*** 18.6±0.24### 19.7±0.23# 18.8±0.18### 18.5±0.21###

Each value was expressed as Mean± SEM, (n=5-7); **P<0.01, ***p<0.001 as compared to the Normal (control) group; #p< 0.05, 
##P<0.01, ###p<0.001 as compared to the high fat diet (HFD) group (ANOVA followed by Tukey’s t-test).
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Table 2: Effect of SDQ10 on serum lipid profile in HFD-induced MS
Parameters Normal HFD HFD+ PG 

(10mg/kg)
HFD +Q10 
(50mg/kg)

HFD + SD 
(50mg/kg)

HFD+ SDQ10 
(50mg/kg)

TC (mg/dl) 96.96±2.24 164.87±3.14*** 99.85±3.38### 137.76±3.76 ### 117.32±2.89 ### 106.22±3.36 ###

TG (mg/dl) 59.14±2.15 172.91±3.61*** 84.01±2.18 ### 122.29±1.9 3### 109.66±1.44### 94.99±1.80###

HDL (mg/dl) 48.50±0.88 37.22±1.47** 50.36±0.89 ### 39.79±0.78 43.56±0.59 49.78±0.74 ###

LDL (mg/dl) 36.63±2.58 93.07±2.78 *** 32.69±4.01### 73.51±3.66 ### 51.83±3.28 ### 37.44±3.71###

VLDL (mg/dl) 11.83±0.60 34.58±0.62*** 16.80±1.08### 24.46±1.15## 21.93±0.87### 19.01±0.77###

TC/HDL 2.04±0.07 4.46±0.16 *** 1.99±0.13### 3.47±0.11### 2.70±0.09 ### 2.14±0.21###

LDL/HDL 0.76±0.06 2.52±0.13*** 0.66±0.09### 1.19±0.08 ## 1.85±0.05  ### 0.76±0.11###

Each value was expressed as Mean± SEM, (n=5-7); **P<0.01, ***p<0.001 as compared to the Normal (control), ##P<0.01, ###p<0.001 
as compared to the high fat diet (HFD) group (ANOVA followed by Tukey’s t-test).

Table 3: Effect of SDQ10 on serum Adipokine levels and oxidative stress parameter in HFD-induced MS
Parameters Normal HFD HFD+ PG (10mg/

kg)
HFD +Q10 
(50mg/kg)

HFD + SD 
(50mg/kg)

HFD+ SDQ10 
(50mg/kg)

Leptin (pg/ml) 186.43±6.49 266.32±1.74*** 164.53±2.46### 240.70±7.91 227.28±4.49## 191.48±2.71###

Adiponectin 
(ng/ml)

31.74±0.94 22.46±1.4*** 31.07±1.21### 24.82±0.81 27.52±1.12# 30.61±1.42###

TBARS nmoles/
mg protein

4.62±0.11 8.94±0.24*** 7.25±0.31## 6.19±0.48### 7.57±0.18# 5.91±0.16###

GSH ug/mg 
protein

24.23±0.63 11.03±0.84*** 17.72±0.64### 18.89±0.81### 15.49±0.99# 19.56±1.27###

Each value was expressed as Mean± SEM, (n=5-7); **P<0.01, ***p<0.001 as compared to the Normal (control), #P<0.05, ##P<0.01, 
###p<0.001 as compared to the high fat diet (HFD) group (ANOVA followed by Tukey’s t-test).

Figure 1: Effect of SDQ10 on Oral glucose tolerance test 
(OGTT). Each value was expressed as Mean± SEM, (n=5-7).

Figure 2: Effect of SDQ10 on AUC (mg/dl/h) for glycemic 
Index. Each value was expressed as Mean± SEM, (n=5-7); 
***p<0.001 as compared to the group I; ###p<0.001 as com-
pared to the Group II; ##p<0.01 as compared to the Group II 
(ANOVA followed by Tukey’s t-test).
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Figure 3: Histological section of liver tissues.  (a) Normal 
control with normal architecture. (b) HFD group showed liver 
parenchyma with macrovesicular fatty change. (d &e) Q10 & 
SD group showed minimal fatty change. (c & f) Pioglitazone & 
SDQ10 group showed no fat accumulation.

Figure 4: Histological section of heart tissues. (a) Normal con-
trol with normal cardiac cells (b) HFD group showed interstitial 
fibrosis. (d &e) Q10 & SD group showed marked infiltrating in-
flammatory cells (c & f) Pioglitazone and SDQ10 treated group 
showed no inflammation and fibrosis among cardiac cells.


