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ABSTRACT
Background: The newly available medications are ineffective because of their unintended 
side effects in the treatment of type 2 diabetes. Hence, search drugs, from plant 
sources. β-sitosterol is plant sterols with structurally almost like that of cholesterol. It is 
widely present in various medicinal plants. Although the sterol it was shown to possess 
antihyperglycemic activity, the mechanism of action of the plant sterol on a high-fat 
diet (HFD)-induced insulin resistance in gastrocnemius muscle is not yet determined. 
Objectives: To the assessment of the beneficial role of β-sitosterol on the expression of 
insulin-signaling molecules within the skeletal muscle of HFD-fed and sucrose-induced  
type-2 diabetic rats. Materials and Methods: The effective oral β-sitosterol dose (20 mg/kg  
of body weight) was administered once daily until the conclusion of the research 
period. (30 days post-induction of diabetes) to HFD- fed diabetic rats. At the end of 
a period of experiment, fasting blood sugar (FBG), oral glucose (OGT) and tolerances 
(IT), Homeostasis Model Assessment for Insulin Resistance (HOMA-IR) and Quantitative 
Insulin Sensitivity Check Index (QUICKI), serum lipid profile, lipid peroxidation (LPO), 
peroxide (H2O2) and hydroxyl (OH*) generation, antioxidant enzymes as well as the levels 
of insulin signaling molecules like insulin receptor (IR), glucose transporter subtype 4 
(GLUT4) proteins and glycogen concentration within the gastrocnemius muscle were 
assessed. Results: A diabetic rat indicates impaired tolerances for glucose and insulin 
and molecules signaling insulin (IR and GLUT4) proteins and glycogen concentration. In 
diabetic rats, serum insulin, lipid profile, LPO, H2O2, OH* has been found to be increased. 
The β-sitosterol treatment stabilized altered blood glucose levels, serum insulin levels, lipid 
profile, markers of oxidative stress, IR and GLUT4 protein levels. Conclusion: Our current 
findings suggest that β-sitosterol enhances Glycemic regulation in the gastrocnemius 
muscle by IR and GLUT4 activation of HFD- fed and sucrose-induced type-2 diabetic rats.
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INTRODUCTION

Diabetes mellitus is related to abnormalities 
of  carbohydrate, fat and protein metabolism,  
and characterized by abnormal serum insulin  

levels or insensitivity of  target tissues to  
insulin action.1 Number of  individuals 
with diabetes worldwide is 425 million 
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in 2017 and it is estimated that the amount will reach 
around 629 million by 2045.2 The acute complications 
of  DM are diabetic ketoacidosis, non-ketotic 
hyperosmolar coma, and diabetic coma. The chronic 
complication is related to chronic elevation of  blood 
sugar level which causes damage to blood vessels,3 and  
Dysfunction and failure of  different organs, eyes,  
kidneys, nerves and heart.4 Currently available drugs for  
management of  diabetes have certain disadvantages  
and thus there’s a requirement to seek out safer and  
simpler antidiabetic drugs.5 The development mechanism  
of  the discovery of  antidiabetic drugs has changed its 
specialize in Plant-derived remedies because of  their 
purity, effectiveness, cultural acceptability, and lesser side 
effect.6 Herbal source compounds are used since ancient 
times for diabetes treatment mellitus. About 90% of  the 
world in rural areas, the population of  for their primary  
health care, developing countries rely exclusively on  
conventional medicines.7 
β-sitosterol may be a present plant sterol, ubiquitously 
found in many plants.8 β- sitosterol has been used as  
food additives in processed foods due to its nutraceutical  
advantages. It was shown that sitosterol is rich in  
margarine,9 butter,10 and orange juice.11 It was stated 
that β-Sitosterol has many biological activities such as  
anticancer,12 antioxidant,13 anti-inflammatory,14 

c h e m o p r o t e c t i v e / c h e m o p r e v e n t i v e , 1 5 

hypocholesterolemic,16 angiogenic,17 
neuroprotective18 and It may be used for 
coronary artery disease therapy.19 benign prostatic  
hyperplasia20 and diabetes.21 Many Studies have 
documented the antidiabetic activity of  β-sitosterol.21,22  
We have been studying the impact of  β-sitosterol on  
post-receptor insulin signaling molecules and in silico 
analysis of  adipose tissue, were also performed to  
seek out the binding affinity of  β-sitosterol with insulin  
downstream signaling molecules.23,24 Even so, there 
are no studies available on the anti-diabetic effects of   
β-sitosterol on skeletal muscles. However, the mechanisms  
underlying the antidiabetic property of  β-sitosterol 
on transduction of  the insulin signal and oxidation of  
glucose is essentially unknown. Therefore, the current  
study is aimed to clarify the role of  β-sitosterol in signaling  
molecules for insulin and glucose oxidation within high 
fat-diet induced type 2 diabetic experimental animals 
with gastrocnemius muscle.

MATERIALS AND METHODS
Chemicals
The molecular and analytical grades of  all chemicals and 
reagents used in this analysis were purchased from Sigma 

Chemical Company, St. Louis, MO, USA; Amersham 
Biosciences, Little Chalfont, Buckinghamshire, United 
Kingdom; MP Biomedicals, Santa Ana, CA 92707 USA; 
and Sisco Research Laboratories, Mumbai, India. ACON 
Laboratories, Inc. has purchased On-Call Plus Blood 
glucose test strips. San Diego, United States. β-sitosterol 
and β-actin actin monoclonal antibody were procured 
from Sigma Chemicals Company, USA. 14C-glucose and 
14C-2-deoxyglucose were bought from the Radiation 
Board and Isotope Technology (BRIT), Mumbai, India. 
Crystal Chem Inc., USA, obtained the Ultra-sensitive rat 
insulin enzyme-linked immunosorbent assay (ELISA) 
package. In the present research, biochemical kits used 
were procured from Spinreact (Girona, Spain). Polyclonal  
IR-β, and GLUT4 antibodies were procured from Santa 
Cruz Biotechnology (USA).

Animals
Animals have been maintained in compliance with the 
National Principles and Specifications accepted by the 
Institutional Animal Ethics committee (IAEC No: 
011/2016, dated 2016-07-04). In this study, healthy adult 
male Wistar strain (Rattus norvegicus) albino rats (150-180 
days old, weighing 180-200g) were used and maintained 
in clean polypropylene cages at the Meenakshi Medical 
College and Research Institute (Meenakhsi Academy of  
Higher Education and Research) Central Animal House)  
under specific humidity (65 ± 5 %) and temperature  
(21 ± 2°C) with constant 12 h light and 12 h dark  
schedule. They were fed with a normal rat pellet diet 
(Lipton India, Mumbai, India) and ad libitum was made 
available for clean drinking water.

Induction of type-2 diabetes
Rats were subjected to a high-fat diet of  60 days containing  
3 percent cholesterol, 1 percent cholic acid, 30 percent 
coconut oil, and 66 percent and 30 percent sucrose 
through drinking water. On the 58th day of  treatment,  
blood glucose and rats were tested after overnight fasting.  
Which have blood glucose above 120mg/dl were chosen 
as type-2 diabetic rats. Sucrose feeding through drinking 
water with high fat diet was continued until end of  the 
study.

Dose dependent study
The optimum dose of  beta-sitosterol sitosterol was  
calculated on the basis of  the dose fixation analysis 
below. Rats were split randomly into following groups 
of  3 rats each. Group I: control (vehicle treated), Group  
II: rats were made diabetic (type 2) after 60 days of  feeding  
by drinking water with a high fat diet and sucrose. (30%). 
Group III-VIII: Diabetic (type-2) rats treated with beta 
sitosterol (5, 10, 20 and 30mg/kg body weight/day, 
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orally for 30 days, respectively). At the end of  30 days 
of  treatment, the control and experimental animals were  
subjected to overnight fasting. Blood was extracted 
from the tip of  the tail of  the rat and blood glucose 
was tested using blood glucose test strips. From On-Call 
Plus. The outcomes are expressed as mg/dl. The dose 
of  β- sitosterol was fixed on the basis of  reduction in the 
fasting blood glucose level. β-sitosterol at the doses of  10 
and 20 mg groups compared with regulation, it showed 
a substantial decrease in blood glucose. Markers of  liver 
function (alanine transaminase, aspartate transaminase, 
and alkaline phosphatase) and markers of  renal  
function (urea and creatinine) were measured for 
assessment of  toxicity. No toxicity was found in 20 and  
30 mg β-sitosterol treated animals. Since blood glucose 
was restored to normal range at 20 mg dose itself, the 
same dose was selected for the present study.

Experimental design
Adult male albino rats of  Wistar strain 150-180 days old 
with 180-200g body weight randomly, they were divided 
into five groups of  6 rats each.

Group I Normal rats

Group II Type-2 diabetic rats

Group III Type-2 diabetic rat treated with SIT (20mg/kg b.wt/
day, orally for 30 days

Group IV Type-2 Diabetic rats treated with metformin (50mg/
kg, b.wt/day orally, for 30days)

Group V Normal rats treated with SIT (20mg/kg b.wt/day 
orally, for 30 days)

Oral glucose tolerance (OGT) and insulin tolerance  
(ITT) tests were conducted on control and experimental  
animals two days before the killing. At the end of  the 
experiment, the animals were anaesthetized with sodium 
thiopentone (40 mg/kg body weight), blood was 
obtained by cardiac puncture, serum was isolated and 
stored at -80°C, and to clear the blood from the lungs, 
20ml of  isotonic sodium chloride solution was perfused 
through the left ventricle. Liver, gastrocnemius muscle 
and adipose tissues were dissected immediately and used 
for the different parameters.

Fasting blood glucose (FBG)
Blood glucose was estimated after overnight fasting 
using On-Call Plus blood glucose test strips (ACON 
Laboratories Inc., USA). By nicking the tip of  the rat 
tail, blood has been obtained and findings are expressed 
as mg/dl.

Oral Glucose Tolerance Test (OGTT)

For oral glucose tolerance test, animals were fasted 
overnight and On-Call Plus blood glucose test strips for 
different periods of  time were used to estimate blood  
glucose. (60, 120 and 180 min) after giving the oral  
glucose load (10 ml/kg; 50% w/v). Blood glucose value 
before giving glucose load is considered as 0 min value. 
Results are expressed as mg/dl. 

Insulin Tolerance Test (ITT)
This test was performed on random-fed rats. Rats were 
injected with insulin (0.75 U/kg) in ~ 0.1 ml 0.9% saline 
intraperitoneally. A drop of  blood (5μl) was taken from 
the tail vein prior to insulin injection and after 15, 30, 45,  
and 60 min for glucometer-based blood glucose 
determination. Results are expressed as mg/dl. 

Fasting serum insulin
Serum insulin was tested using Crystal Chem Inc’s  
ultrasensitive rat insulin ELISA kit (Illinois, USA). The 
detection range is 0.1 - 64 ng/ml. The percentage of   
insulin antibody cross-reactivity to rat insulin was 100 
percent. The coefficient of  variation in the intra-assay 
was about 10.0% and the coefficient of  variation in the 
inter-assay was about 10.0%. Results are expressed in 
terms of  ng/ml.

Serum testosterone
Serum testosterone was assayed using testosterone 
ELISA kit (DBC Diagnostics biochem, Canada). The 
testosterone concentration in the sample was calculated  
using standard graph and the results are expressed  
as ng/ml. 

Homeostasis Model Assessment for Insulin 
Resistance (HOMA-IR) and Quantitative Insulin 
Sensitivity Check Index (QUICKI)
HOMA-IR was calculate using the formula (fasting 
blood glucose X fasting serum insulin/405) as per the 
method of  Matthews et al. (1985)25 and QUICKI was  
calculated using the formula 1/ (log fasting serum  
insulin + log fasting blood glucose) as per the method 
of  Katz et al. (2000).26

Serum lipid profile
Serum cholesterol (CHO), triglyceride (TG), low-density 
lipoproteins (LDL), High-density lipoproteins (HDL) 
and free fatty acid (FFA) were assessed using assay kits 
purchased from Spinreact, Spain. Results for same are 
expressed as mg/dl.

Liver and kidney function markers
Markers of  liver function (aspartate transaminase, alanine 
transaminase and phosphatase alkaline) and markers 
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of  kidney function (urea, creatinine and bilirubin) were 
measured using biochemical-assay kits procured from 
Spinreact, Spain. Results for same are expressed as U/L.

Reactive oxygen species and lipid peroxidation 
Lipid peroxidation (LPO) was calculated by the technique  
of  Tarachand and Devasagayam, (1987).27 
The malondialdehyde content of  the 
sample is expressed as protein-formed 
MDA nmoles/min/mg. Hydrogen peroxide  
generation was assessed by the Pick and Keisari 
spectrophotometric process (1981)28 and expressed 
as μmoles/min/mg protein. Hydroxyl radical (OH*) 
development was quantified by Puntarulo and 
Cederbaum (1988)29 and expressed as μmoles/min/mg 
protein.

Antioxidant enzymes
Superoxide dismutase (SOD) was assessed by the 
method of  Marklund, Marklund (1974)30 and the results 
expressed units/mg protein. Catalase activity (CAT) was 
assessed as per the method of  Sinha (1972)31 and the 
results for which are expressed as units/mg protein. 
Glutathione peroxidase (GPx) levels were assessed by 
method of  Rotruck et al. (1973)32 and the activity were 
expressed as µg of  glutathione utilized/min/mg protein. 
Glutathione-S-transferase (GST) activity was assessed 
by Habig et al. (1974)33 Results for the activities of  
GST are conveyed as µmoles of  CDNB utilized/min/ 
mg protein. Glutathione reductase (GR) was assessed 
method of  Staal et al. (1969)34 and reduced glutathione  
(GSH) levels were measure by the method of  Moron  
et al. (1979)35 Results for the activity of  GR and GSH are 
explained as nmoles of  GSSG reduced/min/mg protein 
and nmoles of  GSH/mg protein respectively. 
14C-2-deoxyglucose uptake
The uptake of  glucose was estimated using 14C-2-
dexoyglucose as per the method of  Nevado et al. (2006).36 
Results are expressed as CPM of  14C-DOG uptake/100 mg  
tissue.
14C-glucose oxidation 
Glucose oxidation was estimated using 14C-glucose as 
per the method of  Muthusamy et al. (2007).37 Results are 
expressed as CPM of  14CO2 released/100 mg tissue.

Tissue Glycogen
Glycogen was measured by the process of  Hassid and 
Abraham (1957).38 Results for the amount of  glycogen 
concentration are illustrated as mg/g wet tissue.

Protein expression analysis

Protein isolation
The tissues were homogenized in buffer-A containing 
10 mM NaHCO3, 0.25 M sucrose, 5 mM NaN3 (1 ml for 
100 mg) At 1300 x g for 10 min at 4°C, the homogenate 
was centrifuged. The supernatant was centrifuged at 
12,000 x g for 15 min at 4°C. For insulin receptor study, 
the resultant supernatant was sampled as a complete 
protein (IR). For GLUT4 Western blot, protein 
measurement fractions of  the cytosolic and plasma 
membrane were separated according to the process of  
Dombrowski et al. (1996)39 and Nevado et al. (2006).36 
The protein concentration was estimated by Lowry et al.  
(1951)40 using BSA (Bovine Serum Albumin) as a standard.

Western blot analysis
The lysate proteins (50µg/lane) sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (10% gel) was isolated  
and transferred to the polyvinylidene difluoride (PVDF) 
membrane by electroblotting (Bio-Rad Laboratories 
Inc). With 5% non-fat dry milk, the membranes were 
blocked and the primary antibodies were tested (1:1000 
dilution). The membrane was then washed and incubated  
for 1 h with horseradish peroxidase-conjugated secondary  
antibodies against rabbit-anti-mouse or goat-anti- 
rabbit (dilution 1:10000) (GeNei, Bangalore, India). 
An improved chemiluminescence detection system has 
detected the relevant signals. (Thermo Fisher scientific 
Inc, USA). Using Chemidoc, the protein bands were 
captured and quantified by Bio-Rad Laboratories, CA’s 
Quantity One image analysis method. The membranes  
were then incubated in a stripping buffer (Thermo  
Scientific, USA) and the membrane was reprobated 
using a β-actin antibody (1:5000). The current research 
utilized rat β-actin as the invariant power. Santa Curz 
Biotechnology, USA, purchased the main antibodies.

Statistical analysis
The data were subjected to statistical analysis using  
one-way variance analysis (ANOVA) and a multiple 
range test by Duncan to determine the importance of  
individual differences between using computer-based  
tools, control and care groups (Graph Pad Prism version 5).  
The importance was considered at the p<0.05 stage in 
Duncan’s test.

RESULTS
Dose-dependent effect of β-sitosterol on fasting 
blood glucose in type-2 diabetic adult male rat
Figure 1 Shows the dose-dependent effect of  β-sitosterol 
on fasting blood glucose of  control and experimental  
animals. Diabetic animals showed elevated blood  
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glucose levels when compared to control. Treatment 
with 5 and 10 mg/kg b.wt β-sitosterol did not reach 
the control level. Whereas, 20 and 30 mg/kg b.wt doses 
effectively reduced the blood glucose levels in diabetic  
animals. Liver function markers (alanine transaminase, 
aspartate transaminase, and alkaline phosphatase) and 
kidney function markers (urea and creatinine) were 
found to be elevated in diabetic animals. βsitosterol 
effectively reduced it. No toxicity was found in 20 and 
30 mg β-sitosterol treated animals. Since blood glucose 
was restored to the normal range at 20 mg dose itself, 
the same dose was selected as the optimal dose for the 
present study.

Effect of β-sitosterol on glucose tolerance and 
fasting blood glucose in type-2 diabetic adult male 
rat
Figure 2. a, b Shows the level of  fasting blood glucose  
and glucose tolerance of  control and experimental  
animals. Diabetic rats showed higher blood glucose level 
after glucose load and reached maximum at 1 hr. It did 
not reach 120 mg/dl even after 2 hr of  glucose load 
indicating glucose intolerance. Treatment with 20 mg  
β-sitosterol improved glucose tolerance as that of   
standard drug metformin. Elevated fasting blood  
glucose in diabetic animals was also found to be reduced 
by β-sitosterol administration similar to that of  standard 
drug metformin. β-sitosterol treatment to control rats 
did not show any alteration in oral glucose tolerance and 
fasting blood glucose.

Effect of β-sitosterol on insulin tolerance in the 
type-2 diabetic adult male rat
The level of  insulin tolerance on control and experimental 
rats are presented in Figure 3. When insulin load was 

given to control rats, it shows a significant decrease  
and reached a minimum in 30 min and reached near-
normal range at 60 min. Insulin administration to  
diabetic animals exhibits a slow decrement in blood  
glucose level and reaches the minimal level only at  
60 min and it clearly shows impaired insulin tolerance.  
β-sitosterol treatment to diabetic animals improves insulin  
tolerance as that of  standard drug metformin.

Effect of β-sitosterol on serum insulin, HOMA-IR 
and QUICKI in type-2 diabetic adult male rat
Figure 4a, b represents the level of  serum insulin, 
HOMA-IR, and QUICKI on control and experimental rats. 
The level of  Fasting serum insulin was markedly increased 
in diabetic animals compared to control. β-sitosterol  
treatment to diabetic rats significantly reduced the  
insulin level. Control rats treated with β-sitosterol did 
not show any significant change. Insulin resistance and 
insulin sensitivity index values clearly suggest severe 
insulin resistance in diabetic animals. When compared 
to control, a significant increase in HOMA-IR and 
decrease in QUICKI values was observed in diabetic  
animals. Whereas, administration of  β-sitosterol 
significantly altered these parameters to reach near-
normal range. Treatment with β-sitosterol to control 

Figure 1: The dose dependent effect of β-sitosterol on fasting 
blood glucose of control and experimental animals.

Each value represents mean ± SD of  six animals. Significance at p < 0.05, (a) compared 
with group-1 control; (b) compared with group-2 diabetic control; (c) compared 
with group-3 diabetes + β-sitosterol (5mg); (d) compared with group-4 diabetes + 
β-sitosterol (10mg).

Figure 2: The effect of β-sitosterol on fasting blood glucose 
(A) and Oral Glucose tolerance (OGT) of control and  

experimental animals. 
Each bar/value is mean ± SEM of  six animals. Significance at p < 0.05. a-compared 
with group-1 control, b-compared with group-2 diabetic control. 1-compared with 
respective fasting blood glucose, 2-compared with respective 1 hr blood glucose, 
3-compared with respective 2 hr blood glucose.
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The level of  total cholesterol, FFA, TG, LDL, HDL  
of  control, and experimental animals are represented  
in Figure 5a-e respectively. Increase level of  Total  
cholesterol (TC), free fatty acid (FFA), triglyceride (TG) 
and LDL cholesterol (LDLC) but low HDL cholesterol 
(HDLC) was observed in diabetic animals. β-sitosterol 
alleviated dyslipidemia in par with that of  metformin.

Effect of β-sitosterol on 14C-2-deoxyglucose uptake 
and 14C-glucose oxidation in the gastrocnemius 
muscle
Figure 6a, b shows the level of  glucose absorption and 
oxidation in control animals and in studies. In diabetic 
animals, glucose uptake and oxidation have been greatly 
reduced. β-sitosterol administration to diabetic animals  
improved the glucose uptake and oxidation in the gastro-
cnemius muscle as that of  standard drug metformin.  
Control rats treated with β-sitosterol has no major  
improvement has been shown. When compared to control.

Effect of β-sitosterol on hydrogen peroxide (H2O2), 
hydroxyl radical (°OH) and lipid peroxidation 
(LPO) in the gastrocnemius muscle 
Figure 7a-c shows the level of  hydrogen peroxide, 
hydroxyl radical and lipid peroxidation on control and  

Figure 3: The level of insulin tolerance on control and  
experimental rats. 

Each point/ value represents Mean±SEM of  six animals. Significance at p<0.05,  
a- compared with group-1 control; b- compared with group-2 diabetic control;  
1- compared with 0 min of  respective group; 2- compared with 15 min of  respective 
group; 3- compared with 30 min of  respective group; 4- compared with 45 min of  
respective group.

Figure 5: The level of total cholesterol (A), FFA (B), TG (C), 
LDL (D) and HDL (E) of control and experimental animals. 

Each bar represents Mean ± SEM of  six animals (n=6) Significance at p < 0.05.  
A-compared with Control, b-compared with group- 2 diabetic control.

Figure 4: The level of serum insulin, HOMA and QUICKI on 
control and experimental rats. 

Each bar represents Mean ± SEM of  six animals (n=6) Significance at p < 0.05. 
A-compared with group-1 control, b-compared with group-2 diabetic control. 
C-compared with group-3 diabetes + β-sitosterol, d-compared with group-4 
diabetes+metformin.

rats did not show any significant alteration compared 

to control. 

Effect of β-sitosterol on serum lipid profile in the 

type-2 diabetic adult male rat
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Effect of β-sitosterol on glycogen concentration in 
the gastrocnemius muscle
Figure 9 shows the concentration of  glycogen in control 
and experimental rats. Type-2 diabetes significantly 
reduced gastrocnemius muscle glycogen concentration 
compared to control. β-sitosterol treatment partially 
restored this similar to that of  metformin. There was 
no statistical significance observed between control rats 
and control rats treated with β-sitosterol.

Effect of β-sitosterol on insulin receptor protein 
(IR) in the gastrocnemius muscle 
Figure 10 Shows the level of  IR on control and 
experimental rats. A significant decrease (p<0.05) in IR  
protein levels in gastrocnemius muscle was observed in 
type-2 diabetic animals, whereas β-sitosterol treatment  

Figure 6: The effect of β-sitosterol on glucose uptake (A) and 
oxidation (B) on type 2 diabetic rats. 

Mean ± SEM of  six animals (n = 6) Importance of  each bar at p < 0.05. A-in comparison 
with control, b-compared with group- 2 diabetic control.

Figure 7: The level of hydrogen peroxide (A), hydroxyl radical 
(B) and lipid peroxidation (C) on control and experimental 

animals.
Each bar represents Mean ± SEM of  six animals (n=6) Significance at p < 0.05.  
a-compared with group- 1 control, b-compared with group-2 diabetic control.

experimental animals. Compared to control, the hydrogen  
peroxide (H2O2), hydroxyl radical (°OH), and lipid  
peroxidation (LPO) in gastrocnemius muscle of  diabetic  
rats were significantly raised. β-sitosterol notably brought  
down the rise in hydrogen peroxide, hydroxyl radical, 
and lipid peroxidation.

Effect of β-sitosterol on antioxidant enzymes in 
the gastrocnemius muscle
Figure 8a-f  represents the level of  superoxide dismutase,  
catalase, glutathione peroxidase, glutathione-S-transferase,  
glutathione reductase, and reduced glutathione in  
control and experimental rats. There was a marked 
decrease observed in superoxide dismutase, catalase,  
glutathione peroxidase, glutathione-S-transferase,  
glutathione reductase, and reduced glutathione in the 
gastrocnemius muscle of  diabetic group compared to  
control. β-sitosterol efficiently increased the level of   
antioxidant enzymes compared to the diabetic group. 
Metformin showed a similar pattern to that of  
β-sitosterol. β-sitosterol treated control group did not 
indicate any change.
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Figure 8: The level of superoxide dismutase (A), catalase (B),  
glutathione peroxidase (C), glutathione-S-transferase (D),  

glutathione reductase (E) and reduced glutathione  
(F) in control and experimental rats. 

Each bar represents Mean ± SEM of  six animals (n=6) Significance at p < 0.05.  
a-compared with group-1 Control, b-compared with group- 2 diabetic control.

Figure 9: The concentration of glycogen in control and  
experimental rats.

Each bar represents Mean ± SEM of  six animals (n=6) Significance at p < 0.05.  
a-compared with group-1 Control, b-compared with group- 2 diabetic control.

Figure 10: The level of insulin receptor on control and  
experimental rats.

 Each bar represents Mean ± SEM of  three animals (n=3) Significance at p < 0.05.  
A-compared with group-1 control, b-compared with group- 2 diabetic control.

Figure 11: Shows the level of GLUT4 (PM) (A), GLUT4 (CF) (B) 
on control and experimental rats. 

Each bar represents Mean ± SEM of  three animals (n=3) Significance at p < 0.05.  
A-compared with group- 1 Control, b-compared with group- 2 diabetic control.

increased the IR protein level in the type-2 diabetic  
animals. β-sitosterol treatment to control rats did not 
show any significant change in the IR protein level.

Effect of β-sitosterol on glucose transporter 4 
protein (GLUT4) in gastrocnemius muscle
Figure 11 Shows the level of GLUT4 on control and  
experimental rats. In high fat diet-induced type-2  
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diabetic rats, the levels of  GLUT4 in the cytosol and 
its plasma membrane were found to be significantly 
reduced (p<0.05) when compared to control animals. 
β-sitosterol treatment increased GLUT4 protein levels  
in type-2 diabetic animals. β-sitosterol treatment to  
control rats, no major improvement in the rats was seen 
in the GLUT4 protein levels.

 DISCUSSION
Insulin resistance in skeletal muscle is a primary and 
important incident within the development of  T2DM.41 
Up to 85% of  entire-body insulin-stimulated glucose 
uptake occurs in skeletal muscle and it is mediated by the 
translocation of  glucose transporter molecules, mainly 
glucose transporter-4 (GLUT4) from endoplasmic  
reticulum to the plasma membrane.42,43 Many intracellular 
signaling cascades are involved in the translocation of  
GLUT4 vesicles including phosphorylation of  insulin  
receptor substrate (IRS) molecules, 
phosphatidylinositol-3- kinase and protein kinase B (or) 
Akt.44 Within the present study, A large rise in body 
weight was seen when fed a high-fat diet. due to high-
fat diet induction, on the opposite hand, treatment with 
β-sitosterol, body weight has substantially decreased 
significantly due to potential hypocholesterolemic effect.
Rats fed with a high-fat diet showed higher FBG and 
fasting serum insulin levels due to insulin resistance 
induced hyperglycemia. Conversely the decreased levels  
of  FBG and insulin, increase in this study may 
be due to an increase in insulin sensitivity and IR 
mediated increase in glucose uptake and oxidation by 
β-sitosterol. The most common metabolic disorder 
associated with diabetes is hypertriglyceridemia 
and hypercholesterolemia.45,46 within the present 
investigation, the marked increase in total cholesterol, 
FFA, triglycerides, VLDL, LDL, and decreased HDL 
cholesterol levels were observed in high fat-fed diabetic 
rats. Excess fat intake results in dyslipidemia, which 
is related to elevated levels of  FFAs, TG, and altered 
lipoprotein profile. Additionally, excess TG, FFA, 
and their metabolites can interfere with the activation 
of  insulin-stimulated phosphatidylinositol-3-kinase 
(PI3K)/Akt and thereby lower the downstream signaling 
events of  insulin, resulting in insulin resistance.47 Within 
the present study, the administration of  β-sitosterol 
to high-fat diet-induced diabetic rats significantly 
decreased total cholesterol, FFA, triglycerides, VLDL, 
LDL, and significantly increased HDL cholesterol level. 
The hypocholesterolemic effect of  β-Sitosterol is due 
to the inhibition of  absorption of  cholesterol in the 
intestine through competition with LDL-cholesterol.48

The increased formation of  oxidative stress during 
cause of  diabetes is an imbalance between the assembly 
of  ROS and their elimination by antioxidants defense 
systems.49 Within the current investigation, the levels of  
antioxidants like SOD, CAT, GPx, GR and GSH were 
found to be substantially reduced in skeletal muscle of  
diabetes-induced rats. In addition, gastrocnemius the 
muscle of  diabetic rats, treated with β-sitosterol showed a 
significant increase within the levels of  those antioxidants. 
Diabetic rats showed a rise in the number of  rats  
in the current study, H2O2, °OH, LPO, levels in the  
gastrocnemius muscle. β-sitosterol is a known anti-
oxidant, which might have scavenged the excess ROS  
produced from the high fat diet, improved the anti-
oxidants and restored the cell function.24

The concentration of  glycogen was significantly 
decreased in the skeletal muscle tissues of  diabetes-
induced rats in comparison with control rats. In sight of  
impairment in the process of  glycogenesis as a result of  
diminished Akt phosphorylation at Thr308 which is an  
important event within the activation of  glycogen  
synthase.50 Upon treatment with β-sitosterol the glycogen  
content was restored to the normal level.
Although, diabetic rats treated with β-sitosterol notably  
reduced the levels of  the same. Insulin resistance in 
skeletal muscle is that the primary defect before the  
β-cell dysfunction and hyperglycemia.51 When insulin  
binds with its receptor (IR) it activates the receptor  
tyrosine kinase, which in turn phosphorylates and 
engages other IRS proteins. Tyrosine-phosphorylated 
IRS provides binding sites for phosphatidylinositol-3 
kinase (PI3K), which, in turn, activates Akt/protein  
kinase B, leading to increased translocation of  intracellular 
GLUT4 to the plasma membrane. The stimulation of  
the IRS-PI3K-Akt pathway facilitates glucose uptake 
by the skeletal muscle cells.52 Insulin mediated glucose  
transport is decreased in the skeletal muscle during  
insulin-resistant states such as obesity, hypertension,  
and type-2 diabetes. This is due to impairment in the 
expression and functionality of  the insulin signaling 
pathway.53

The high fat diet-fed animals showed significantly  
lowered insulin-stimulated tyrosine kinase activity per 
IR which is related to decreased autophosphorylation 
of  the β receptor subunit and the lower percentage 
of  tyrosine-phosphorylated receptors.54 Moreover, the 
increased FFA which is formed during high-fat diet 
treatment inhibits IR gene expression and that results in 
a decreased amount of  IR protein in the insulin target 
cells.50 The present study showed a significant decrease  
in the IR protein expression in the gastrocnemius  
muscle of  diabetes-induced rats. β-sitosterol treated 
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type 2 diabetic rats showed increased IR protein levels 
as a result of  the hypolipidemic potential of  β-sitosterol.
The uptake of  glucose in insulin-sensitive tissues, 
like skeletal muscle and adipose tissue is mediated by  
GLUT4 transporter. When insulin binds with its receptor,  
GLUT4 vesicles are translocated from the cytoplasm 
to the plasma membrane and mediate glucose uptake 
by cells. The resistance to insulin in type 2 diabetes is 
because of  decreased translocation of  GLUT4.55,56 In 
our study, diabetes-induced rats showed a significant 
decrease in the GLUT4 protein expression in both 
the plasma membrane and cytosolic fractions. The 
increased FFA levels during type-2 diabetes may reduce 
the expression and translocation of  GLUT4 from 
cytosol to the plasma membrane.57 In human cardiac 
muscle biopsies, expression of  the GLUT4 promoter 
in cardiomyocytes and GLUT4 protein decreased under 
elevated FFA and lipotoxicity conditions, which also  
attenuated the Insulin signalling and GLUT4 
translocation by IkB kinase (IKK) pathway activation.55 
However β-sitosterol treated diabetic rats increase the 
GLUT4 levels in both plasma membrane and cytosol 
may be due to β-sitosterol mediated increase in insulin 
signaling molecule (IR). This study clearly shows the 
antidiabetic potential of  β-sitosterol.
High fat diet-fed rats showed impairment in glucose 
uptake and oxidation. This is due to a decreased level of  
GLUT4 in the plasma membrane as results of  decreased 
glucose uptake and oxidation which can be liable for the 
elevated blood glucose in diabetic rats.58 Treatment with 
β-sitosterol significantly increased glucose uptake and 
oxidation. This might be a consequence of  β-sitosterol 
activated increased in insulin signaling molecule thereby 
increased GLUT4 translocation from cytosol to the 
plasma membrane.

CONCLUSION
β-sitosterol restores hyperglycemia and reduces the 
Type-2 Diabetes associated complications through the 
activation of  insulin receptor molecules and increased 
translocation of  GLUT4 within the skeletal muscle of   
high fat and sucrose induced type-2 diabetic rats.  
Further, the potential of  β-sitosterol on the expression 
of  other insulin signaling molecules like IRS-1, IRS-2, 
Akt is required to be studied to elucidate the antidiabetic  
effect of  β-sitosterol in detail. As of  now it can be  
concluded that β-sitosterol may be a promising anti-
diabetic drug for the management of  type 2 DM. 
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SUMMARY

β-sitosterol supplementation in the present study 
exhibited reversal of liver and kidney dysfunction, 
lipid profile and improved antioxidant enzymes in 
high fat diet-induced diabetic rats. Improved glucose 
and insulin tolerances and significant decrease in free 
radical generation were also achieved suggesting its 
potential therapeutic effect for the control of type-2 
diabetes. The precise molecular mechanism by which 
β-sitosterol regulates glucose uptake and oxidation 
in the skeletal muscle studied and this study shows 
β-sitosterol improved the glucose uptake and oxidation 
in the target tissue of high fat diet-induced type-2 
diabetic rats through the regulation of the expression 
of pattern of the molecules involved in the insulin 
signaling mechanisms to be observed in the present 
study ascertains the efficacy and therapeutic value of 
β-sitosterol in the management of insulin resistance/ 
type-2 diabetes mellitus.
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