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Abstract. Type 2 diabetes mellitus (T2DM) is a serious health 
issue worldwide. The disease is characterized by insulin 
resistance (IR), which leads to dyslipidemia and alterations in 
the expression levels of a number of genes. Metformin is the 
standard treatment for T2DM; however, the exact mechanism 
underlying metformin regulation is not fully understood. 
The aim of the present study was to investigate the effects of 
metformin on serum lipid profiles and the expression levels 
of various genes that are associated with IR, as well as the 
histopathological changes in the liver and pancreas. A T2DM 
rat model was established by feeding the rats a high‑fat diet for 
4 weeks, combined with a dose of streptozotocin (35 mg/kg 
body weight). Following the successful induction of T2DM, 
metformin was administered orally (400  mg/kg/day) for 

4 weeks. The results indicated that metformin improved the 
symptoms of IR by normalizing the serum lipid profiles in 
the diabetic rats. Furthermore, metformin upregulated the 
expression of insulin receptors and genes associated with lipid 
metabolism, including acyl‑CoA oxidase, carnitine palmitoyl 
transferase‑1 and peroxisome proliferator activated receptor‑α. 
In addition, treatment with metformin downregulated the 
expression levels of fetuin‑A and retinol binding protein‑4 
(RBP‑4), while normalizing the expression of perilipin that 
had been reduced in the T2DM rats. Metformin administra‑
tion induced regenerative changes in the hepatocyte cytoplasm 
and parenchyma. In the pancreas, treatment with metformin 
was shown to induce positive signaling for insulin and the 
regeneration of pancreatic β cells. In summary, metformin 
treatment ameliorated a number of the harmful effects associ‑
ated with T2DM via the modulation of the expression levels of 
fetuin‑A, RBP‑4, perilipin and various genes associated with 
lipid metabolism, resulting in regenerative changes in the liver 
and pancreatic cells.

Introduction

In 2010, 285 million individuals were estimated to have been 
diagnosed with diabetes mellitus worldwide, a prevalence of 
6.4%, which is predicted to increase to 439 million (7.7%) by 
2030 (1). The mortality rate of diabetes mellitus, including 
indirect mortalities, is estimated to be ~3.96 million per year 
for all age groups, which is a prevalence of 6.8% (2). Type 2 
diabetes mellitus (T2DM) accounts for ~90% of diabetes 
cases worldwide (1). T2DM has been described as a ʻsilent 
diseaseʼ (3) and is characterized by a combination of inad‑
equate insulin secretion due to islet β cell deterioration and 
insulin resistance (IR) (3). Interruption of pancreatic β cell 
function and insulin activity characterizes T2DM, resulting in 
symptoms which include dyslipidemia, hyperglycemia, hyper‑
tension and atherosclerosis, which subsequently contribute to 
reduced insulin sensitivity (4).

T2DM is associated with IR, which induces a range of 
detrimental effects in various organs and tissues. The impact 
of IR on the central nervous system (CNS) may lead to obesity, 
as the appetite may be enhanced as a result of the activity of 
insulin in the CNS (5). In adipose tissue, IR causes hyperlip‑
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idemia. Under normal conditions, insulin promotes adipocyte 
differentiation and glucose uptake, while inhibiting lipolysis 
in adipocytes. Furthermore, adipose tissue is able to function 
as an endocrine organ by releasing cytokines and hormones, a 
function which is disrupted by fat expansion, thus promoting 
IR (6). In pancreatic tissue, IR impairs β cell regeneration (7). 
However, whether insulin has a direct autocrine function on 
β cells in promoting insulin secretion is yet to be fully eluci‑
dated (8).

Jung et al (9) identified a novel hepatokine secreted by the 
liver, named fetuin‑A, which was found to be associated with 
obesity, IR and non‑alcoholic fatty liver disease. Fetuin‑A 
affects insulin signal transduction by inhibiting the activity of 
the insulin receptor tyrosine kinase in the liver and skeletal 
muscle, in addition to mitigating insulin receptor autophosphor‑
ylation in vitro and in vivo, subsequently resulting in IR (10). 
An additional novel biological marker that can function as a 
reliable indicator of IR is retinol binding protein‑4 (RBP‑4). 
RBP‑4 may serve crucial functions in the development of IR 
and atherosclerosis in T2DM patients with coronary artery 
disease. Further study of these marker proteins and peptides 
may aid in the diagnosis and alleviation of IR (11). Perilipins 
are a family of proteins that target the surfaces of lipid drop‑
lets to regulate lipid storage and hydrolysis. A previous study 
investigating perilipin activity indicated the physiological 
function of cytosolic lipid droplets and their association with 
obesity‑associated diseases, such as IR (12).

Metformin hydrochloride is one of the most commonly 
used treatments for T2DM. Metformin improves insulin 
sensitivity, reduces gluconeogenesis, promotes glucose uptake 
and reduces glucose production in the liver (13,14). In combi‑
nation with lifestyle modifications, metformin is the primary 
glucose‑lowering agent used in the treatment of T2DM, due 
to its efficacy, safety and beneficial cardiovascular and meta‑
bolic activity (15,16). Notably, metformin exerts pleiotropic 
effects in a number of tissues that are affected by IR and 
hyperinsulinemia, such as skeletal muscles, adipose tissue and 
the endothelium (17). Although metformin has been used in 
clinical practice for >40 years, the exact underlying mecha‑
nism of action is yet to be fully elucidated (18).

The present study investigated the effects of metformin 
on dyslipidemia and the expression of genes associated with 
lipid metabolism in T2DM rats. The effects of metformin were 
assessed at a molecular and immunohistopathological level.

Materials and methods

Reagents. Streptozotocin (STZ) and metformin were purchased 
from Sigma‑Aldrich (St. Louis, MO, USA). Wistar albino rats 
were purchased from Egyptian Co. for Experimental Animals 
Production (Helwan, Egypt). Solvents and associated reagents 
were purchased from ADWIA Pharmaceuticals (Obour City, 
Egypt). The high‑fat diet (HFD) was purchased from Qaha Co. 
for Food Production (Qaha, Egypt). Biochemical kits to assess 
the lipids profiles were obtained from Clini Lab (Heliopolis, 
Egypt).

Induction of T2DM and experimental design. In total, 30 male 
Wistar rats (age, 4 weeks; weight, 80‑100 g) were selected at 
random. The rats were exposed to a 12‑h day/night cycle, with 

free access to food and water. The present study was approved 
by the Ethics Committee on Animal Care of Taif University 
(Taif, Saudi Arabia; project no.  #3103/1435/1). Rats were 
divided into three groups (n=10 per group). Control group rats 
received a normal diet. In order to induce IR and T2DM, the 
remaining 20 rats received a HFD for 4 weeks, which consisted 
of 15.5% protein, 38.8% fat and 45.7% carbohydrates, by calo‑
ries. Induction of T2DM in the HFD‑fed rats was based on the 
protocol outlined by Srinivasan et al (19), which comprised 
an intraperitoneal injection of STZ (35 mg/kg body weight), 
followed by administration of the HFD for 4 weeks. T2DM 
was confirmed after 1 week, as serum glucose levels and lipid 
profiles were increased. The T2DM rats (n=20) were subse‑
quently divided into two subgroups, namely the T2DM group 
(n=10) and the T2DM + metformin group (n=10), in which 
metformin (400 mg/kg/day) was administered for 4 weeks.

Following the experimental procedures, all rats were 
decapitated following inhalation of diethyl ether and after 
overnight fasting and blood samples were collected for serum 
extraction and serum chemistry analysis. In addition, liver and 
adipose tissues were maintained in TRIzol reagent (Invitrogen 
Life Technologies, Carlsbad, CA, USA) for RNA extraction 
and semi‑quantitative reverse transcription‑polymerase chain 
reaction (RT‑PCR) analysis of gene expression.

Serum chemistry analysis. Levels of serum triglycerides 
(TG), total cholesterol (TC), low‑density lipoproteins (LDLs), 
very low‑density lipoproteins (VLDLs) and high‑density 
lipoproteins (HDLs) were measured using commercial spec‑
trophotometric analysis kits. Insulin and glucose levels were 
measured using spectrophotometric commercial kits. All the 
kits were purchased from Bio‑Diagnostic Company (Giza, 
Egypt).

cDNA synthesis, semi‑quantitative RT‑PCR analysis and 
gene expression. Liver and epididymal adipose tissues were 
collected from rats, flash frozen in 1  ml TRIzol reagent 
and subsequently stored at ‑70˚C. Frozen samples (~100 mg 
tissue per sample) were immediately homogenized using a 
POLYTRON 300 D homogenizer (Brinkmann Instruments, 
Inc., Westbury, NY, USA). Total RNA was extracted via 
chloroform extraction, which was followed by nucleic acid 
precipitation with isopropanol. The pellet was washed with 
75% ethanol and resuspended in molecular biology grade water. 
The nucleic acid concentration was measured at an optical 
density of 260  nm using a SmartSpec spectrophotometer 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA). The RNA 
integrity was evaluated using an Agilent 2100 Bioanalyzer 
(Agilent Technologies, Inc., Foster City, CA, USA).

RNA (1 µg) was treated at 70˚C for 5 min and reverse 
transcribed using 100 units Moloney Murine Leukemia Virus 
Reverse Transcriptase (Gibco Life Technologies, Carlsbad, 
CA, USA), 50 pmol poly (dT) primer and 20 nmol dNTPs, 
in a total volume of 10 µl at 37˚C for 1 h. After heating at 
94˚C for 5  min, PCR amplification was performed using 
2.5 units Taq polymerase (PerkinElmer, Inc., Waltham, MA, 
USA), 3 mM MgCl2 and 50 pmol forward and reverse primers 
specific for the respective genes, in a total volume of 25 µl. 
The PCR conditions for the various genes investigated are 
presented in Table I. PCR products were visualized under an 
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ultra‑violet lamp following electrophoresis in 1.5% agarose 
gel stained with ethidium bromide. Intensities of the PCR 
bands were analyzed densitometrically using ImageJ software 
(version 1.48; http://imagej.en.softonic.com).

Liver and pancreatic histopathology and immunohisto‑
chemistry. Rats were anesthetized with diethyl ether and the 
liver was incised. Following removal of the liver from the 
rats, the liver was fixed overnight in 10% buffered neutral 
formalin solution. Fixed tissues were processed routinely by 
washing, dehydration, clearing, paraffin embedding, casting 
and sectioning into 5‑µm slices for hematoxylin and eosin 
staining (20). With regard to immunohistochemistry, pancre‑
atic tissue sections were deparaffinized and treated with 3% 
H2O2 for 10 min to inactivate the peroxidases. Subsequently, 
the tissue samples were heated in 10 mM citrate buffer at 
121˚C for 30 min for antigen retrieval, blocked in 5% normal 
serum for 20 min, and incubated with a rabbit polyclonal 
anti‑insulin primary antibody (1:100; sc‑9168; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) in phosphate‑buffered 
saline (PBS) overnight at 4˚C. After three extensive washes 
with PBS, the sections were incubated with a goat anti‑rabbit 
IgG biotin‑conjugated secondary antibody (1:2,000; sc‑2040; 
Santa Cruz Biotechnology, Inc.) for 20 min at 32˚C. After 
further incubation with horseradish peroxidase‑labeled 
streptavidin, antibody binding was visualized using diami‑
nobenzidine, and the sections were counterstained with 
hematoxylin. Tissue slides were visualized using a Wolfe 
S9‑0982 microscope (Carolina Biological Supply Co., 
Burlington, NC, USA). Images were captured using a Canon 
powershot SX500 IS digital camera (Canon, Inc., Tokyo, 
Japan).

Statistical analysis. Results are expressed as the mean ± stan‑
dard error for five independent rats per group. The statistical 
significance of the differences between groups was assessed 
using analysis of variance and post hoc descriptive analysis 
with SPSS software for Windows, version 11.5 (SPSS, Inc., 
Chicago, IL, USA). P<0.05 was considered to indicate a statis‑
tically significant difference.

Results

Changes in the serum levels of insulin, glucose and various 
lipid parameters. As shown in Table II, the induction of T2DM 
and IR increased the serum levels of glucose, TC, TG, LDL 
and VLDL, while decreasing the levels of HDL and insulin. 
By contrast, metformin administration for 4 weeks mitigated 
these elevations in all the parameters measured and increased 
the HDL levels and insulin secretion, supporting the beneficial 
effects of metformin in the treatment of IR and T2DM.

Metformin normalizes the T2DM‑induced alterations in the 
expression levels of genes associated with lipid metabolism. 
Semi‑quantitative RT‑PCR analysis was performed for hepatic 
acyl‑CoA oxidase (ACO), carnitine palmitoyl transferase‑1 
(CPT‑1), apolipoprotein C‑III (apo C‑III) and fetuin‑A in the 
normal control, T2DM and T2DM + metformin rats. During 
T2DM and IR, a disturbance in lipid profiles typically occurs 
and alterations in the expression of genes associated with 
lipid metabolism may be observed  (6). Therefore, altera‑
tions in the expression levels of ACO, CPT‑1, apo C‑III and 
fetuin‑A were analyzed in the rat livers. Fatty acid oxidation 
was reduced during IR, as indicated by the expression levels 
of ACO and CPT‑1 (Fig. 1A and B). However, metformin 

Table I. Polymerase chain reaction conditions for the genes analyzed.

Gene	 Product size (bp)	 Annealing temp (˚C)	 Direction	 Sequence

Fetuin‑A	 260	 55.5	 Sense	 CCAGTGTCATTCCACCAGA
			   Antisense	 CGCAGCTATCACAAACTCCA
FAS	 345	 61	 Sense	 CCAGAGCCCAGACAGAGAAG
			   Antisense	 GACGCCAGTGTTCGTTCC
IRS‑1	 337	 53.5	 Sense	 GCCAATCTTCATCCAGTTGC
			   Antisense	 CATCGTGAAGAAGGCATAGG
IRS‑2	 151	 55	 Sense	 CTACCCACTGAGCCCAAGAG
			   Antisense	 CCAGGGATGAAGCAGGACTA
ACO	 633	 53	 Sense	 GCCCTCAGCTATGGTATTAC
			   Antisense	 AGGAACTGCTCTCACAATGC
CPT‑1	 628	 52	 Sense	 TATGTGAGGATGCTGCTTCC
			   Antisense	 CTCGGAGAGCTAAGCTTGTC
Perilipin	 260	 53.5	 Sense	 ACACTCTTTCTCGACACACC
			   Antisense	 CTGGTCTTCATGGTTCTCAT
PPAR‑α	 680	 59	 Sense	 GAGGTCCGATTCTTCCACTG
			   Antisense	 ATCCCTGCTCTCCTGTATGG
G3PDH	 309	 52	 Sense	 AGATCCACAACGGATACATT
			   Antisense	 TCCCTCAAGATTGTCAGCAA

FAS, fatty acid synthetase; IRS, insulin receptor substrate; ACO, acyl‑CoA oxidase; CPT‑1, carnitine palmitoyl transferase‑1; PPAR, peroxi‑
some proliferator activated receptor; G3PDH, glyceraldehyde‑3‑phosphate dehydrogenase.
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administration for 4 weeks increased the expression levels of 
ACO and CPT‑1 (Fig. 1A and B), which appeared to improve 
the dyslipidemia observed in the T2DM rats. In contrast 
to ACO and CPT‑1, the expression levels of apo C‑III and 
fetuin‑A increased in the T2DM rats, and metformin admin‑
istration decreased their expression to approximately normal 
levels (Fig. 1C and D).

Metformin normalizes the T2DM‑induced alterations 
in the expression levels of insulin signaling molecules. 
Semi‑quantitative RT‑PCR analysis was performed for 
hepatic insulin receptor substrate (IRS)‑1 and IRS‑2, 
fatty acid synthetase (FAS) and peroxisome proliferator 
activated receptor (PPAR)‑α in the normal control, T2DM 
and T2DM + metformin rats. As shown in Fig. 2A and B, 

Figure 1. Semi‑quantitative reverse transcription‑polymerase chain reaction (RT‑PCR) analysis of (A) ACO, (B) CPT‑1, (C) apo C‑III and (D) fetuin‑A expres‑
sion in the liver tissue of the control, IR and metformin‑administered rats. RNA (1 mg) was extracted, reverse transcribed and RT‑PCR analysis was conducted 
to assess ACO, CPT‑1, apo C‑III and fetuin‑A expression, as described in the materials and methods. Densitometric analysis was conducted for three indepen‑
dent experiments, and data are presented as the mean ± standard error for the three independent experiments. *P<0.05, vs. control; #P<0.05, vs. IR group. ACO, 
acyl‑CoA oxidase; IR, insulin resistance; CPT‑1, carnitine palmitoyl transferase‑1; Apo C‑III, apolipoprotein C‑III; G3PDH, glyceraldehyde‑3‑phosphate 
dehydrogenase.

  A   B

  C   D

Table II. Serum changes in insulin, glucose and lipid profiles during insulin resistance and following metformin administration.

Parameter	 Control	 Type 2 diabetes	 Metformin

Insulin (IU/l)	 4.5±0.5	 3.4±2.5a	 5.6±1.4b

Glucose (mg/dl)	 85.2±10.6	 165.5±15.6a	 75.5±9.4b

Trigylcerides (mg/dl)	 98.3±6.0	 195.7±10.5a	 80.6±5.2b

Cholesterol (mg/dl)	 118.6±2.9	 190.6±4.4a	 103.6±3.5b

LDL (mg/dl)	 57.6±4.4	 208.6±9.6a	 58.6±1.8b

VLDL (mg/dl)	 19.6±2.1	 38.0±2.1a	 17.3±1.8b

HDL (mg/dl)	 34.0±1.0	 23.6±2.1a	 32.6±1.2b

Values are expressed as the mean ± standard error for three independent experiments per treatment. aP<0.05, vs. control; bP<0.05, vs. insulin 
resistance group. LDL, low‑density lipoprotein; VLDL, very low‑density lipoprotein ; HDL, high‑density lipoprotein.
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insulin signaling was reduced as a result of IR and T2DM, as 
indicated by the reduction in the expression levels of IRS‑1 
and IRS‑2. By contrast, the expression of FAS was increased 
during IR due to the increase in fatty acids synthesis and 
lipogenesis, while metformin administration normalized 
the FAS expression levels (Fig.  2C). PPAR‑α expression 
was increased following the administration of metformin 
(Fig. 2D), which indicated that the effects of metformin were 
gene specific.

Metformin normalizes the expression levels of perilipin 
and retinol binding protein‑4 (RBP‑4) in adipose tissue. 
Semi‑quantitative RT‑PCR analysis was performed for peril‑
ipin and RBP‑4 in the adipose tissue of the normal control, 
T2DM and T2DM + metformin rats. As shown in Fig.  3, 
perilipin expression levels decreased significantly following 
the induction of T2DM and IR, while RBP‑4 expression 
levels increased. Administration of metformin to the T2DM 
rats normalized the perilipin expression levels, as compared 
with the normal control and T2DM rats, and reduced RBP‑4 
expression after 4 weeks of administration.

Hepatic histopathological and pancreatic immunohisto‑
chemical changes in normal, T2DM and T2DM + metformin 
rats. Liver tissue from the healthy control rats exhibited a 
normal hepatic architecture, represented by normal hepatic 
lobules with a thin walled central vein and hepatic cords radi‑
ating towards the periphery, alternating with hepatic sinusoids 
(Fig. 4A). The liver tissue of the T2DM/IR rats presented 
with signet‑ring hepatocyte morphology due to the exten‑
sive accumulation of fat replacing the hepatic cytoplasm or 
appearing as numerous small fat droplets (Fig. 4B). However, 
the liver tissue collected from the T2DM + metformin rats 
exhibited restoration of the normal hepatic architecture, with 
a reduction in the degree of fat droplet accumulation from 
the hepatocyte cytoplasm and regeneration of the hepatic 
parenchyma (Fig. 1C). The pancreas of the healthy control 
rats presented a normal architecture with normal insulin 
expression in the pancreatic β cells (Fig. 4D). However, the 
pancreatic tissue samples from the T2DM rats exhibited 
a reduction in the expression of insulin, with mild atrophy 
of the pancreatic β cells (Fig. 4E). Finally, the pancreas of 
the T2DM + metformin rats exhibited regenerative restora‑

Figure 2. Semi‑quantitative reverse transcription‑polymerase chain reaction (RT‑PCR) analysis of (A) IRS‑1, (B) IRS‑2, (C) FAS and (D) PPAR‑α expression 
in the liver tissue of the control, IR and metformin‑administered rats. RNA (1 mg) was extracted, reverse transcribed and RT‑PCR analysis was conducted to 
assess IRS‑1, IRS‑2, FAS and PPAR‑α expression, as described in the materials and methods. Densitometric analysis was conducted for three independent 
experiments, and data are presented as the mean ± standard error for the three independent experiments. *P<0.05, vs. control; #P<0.05, vs. IR group. IR, insulin 
resistance; IRS, insulin receptor substrate; FAS, fatty acid synthetase; PPAR‑ , peroxisome proliferator activated receptor; G3PDH, glyceraldehyde‑3‑phosphate 
dehydrogenase.

  A   B

  C   D
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tion of normal expression of insulin in the pancreatic β cells 
(Fig. 4F).

Discussion

In the present study, metformin was observed to ameliorate 
a number of the alterations in the serum and gene expres‑

sion levels that occurred as a result of T2DM/IR. Metformin 
ameliorated the alterations associated with IR, including lipid 
profiles, insulin expression and glucose levels. Furthermore, 
the T2DM‑induced alterations in the expression levels of 
genes associated with lipid metabolism were normalized 
following metformin administration. The metabolic action of 
insulin in liver tissue occurs in response to the activation of 

Figure 4. Photomicrographs of various tissue samples stained with hematoxylin and eosin. (A) Liver tissue from a healthy control rat showing a normal 
hepatic architecture, represented as hepatic lobules with a thin walled central vein and hepatic cords (arrows) radiating towards the periphery that alternate 
with hepatic sinusoids (magnification, x300). (B) Liver tissue from a rat with insulin resistance (IR) showing a signet‑ring appearance of hepatocytes due to 
the accumulation of fat extensively replacing the hepatic cytoplasm (arrow), or appearing as multiple small fat droplets (indicated by *; magnification, x300). 
(C) Liver tissue from an IR rat administered metformin showing the restoration of a normal hepatic architecture with reduced fat droplets from the hepatocyte 
cytoplasm (arrows) and the regeneration of hepatic parenchyma (magnification, x150). (D) Pancreatic tissue of a healthy control rat showing a normal architec‑
ture with normal expression of insulin in the β cells (arrow; magnification, x300). (E) Pancreatic tissue of an IR rat showing a reduction in the expression of 
insulin in the β cells (arrows), with mild atrophy of the β cells (indicated by *;magnification, x300). (F) Pancreatic tissue of an IR rat administered metformin 
showing the restoration of normal expression of insulin in the pancreatic β cells (arrow; magnification, x300).

Figure 3. Semi‑quantitative reverse transcription‑polymerase chain reaction (RT‑PCR) analysis of (A) perilipin and (B) RBP‑4 expression in adipose tissue of 
the control, IR and metformin‑administered rats. RNA was extracted, reverse transcribed (1 mg) and RT‑PCR analysis was conducted to assess perilipin and 
RBP‑4 expression, as described in the materials and methods. Densitometric analysis was conducted for three independent experiments, and data are presented 
as the mean ± standard error for the three independent experiments. *P<0.05, vs. control; #P<0.05, vs. IR group. IR, insulin resistance; RBP‑4, retinol binding 
protein‑4; G3PDH, glyceraldehyde‑3‑phosphate dehydrogenase.

  A   B

E F
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the phosphatidyl inositol 3 kinase (PI3K) pathway, in which 
the insulin receptor is activated by autophosphorylation after 
binding to insulin (21). The activated insulin receptor subse‑
quently phosphorylates selective tyrosine residues on IRS 
and induces the binding of IRS‑1 and IRS‑2 to PI3K, phos‑
phorylating serine and activating protein kinase B (PKB). The 
activation of PKB is crucial for various processes, including 
glucose transport in the liver, muscle and adipose tissue, 
glycogen synthesis in the liver and muscle tissue and lipogen‑
esis in the adipose tissue (22). The phosphorylation of IRS‑1 
by serine kinases disrupts the interaction between the insulin 
receptor and IRS, thus preventing the tyrosine phosphoryla‑
tion of IRS  (21). These previously observed mechanisms 
are consistent with the results of the present study, since IR 
was observed to downregulate insulin receptor signaling, 
while metformin upregulated insulin receptor signaling and 
mitigated the dyslipidemia associated with IR. In accordance, 
Elmadhun et al  (22) demonstrated that metformin supple‑
mentation in a T2DM rat model significantly altered the 
insulin signaling pathway. The insulin signaling cascade is 
initiated by insulin binding to the insulin receptor, resulting 
in tyrosine phosphorylation of IRS, which activates IRS and 
allows binding to PI3K. Subsequently, PI3K activates PKB, 
which initiates the translocation of intracellular glucose trans‑
porter‑4 (GLUT‑4) vesicles to the plasma membrane (23).

The administration of metformin has been previously 
demonstrated to improve hepatic insulin sensitivity by 
modulating the insulin signaling pathway in high fat‑fructose 
diet (HFFD)‑fed IR rats  (24). Consumption of a HFFD 
resulted in hyperglycemia, hyperinsulinemia, increased 
gluconeogenesis and the reduced tyrosine phosphorylation 
of insulin receptor‑β and IRS‑1 (24). The authors observed 
that the administration of metformin reversed all the param‑
eters altered by consumption of the HFFD. The present 
study demonstrated that the improved insulin sensitivity 
induced as a result of metformin treatment is mediated by 
enhanced tyrosine phosphorylation of IRS‑1 and IRS‑2. 
Grisouard et al (25) and unpublished data from the current 
research group indicated that metformin increases the 
mRNA expression levels of GLUT‑4, and subsequently 
increases GLUT‑4 protein levels in storage vesicles and the 
plasma membrane. Notably, GLUT‑4 levels are lower in the 
adipocytes of obese patients and individuals with diminished 
glucose tolerance or T2DM (26).

Numerous approaches have been investigated with the 
aim to mitigate the damaging effects of IR by reducing the 
accumulation of detrimental lipids in muscle and liver tissue. 
Certain approaches have attempted to decrease the avail‑
ability of TG and non‑esterified fatty acids in circulation, 
in which the administration of PPAR‑α agonists has been 
demonstrated to be successful (27). PPAR‑α is a transcrip‑
tion factor that exerts notable effects on lipid homeostasis 
by regulating the expression of genes involved in lipid 
metabolism  (27). The transcription factor is primarily 
expressed in the liver, where it regulates the transcription 
of genes involved in lipid uptake and oxidation, such as 
acyl‑CoA synthetase (ACS), ACO, CPT‑1 and lipoprotein 
lipase (LPL) (28). The activation of these factors is hypoth‑
esized to result in the sequestration of lipid into the liver 
for oxidation, which is demonstrated by the results of the 

present study (Fig. 2D). This activity putatively reduces the 
quantity of lipid available to the skeletal muscle, which is the 
most prevalent insulin‑sensitive tissue type in humans (28). 
Following activation, PPAR‑α is able to heterodimerize with 
the retinoid X receptor and bind with peroxisome proliferator 
response elements, which are located in the promoter regions 
of various genes, such as LPL  (29), ACO  (30), ACS  (31) 
and CPT‑1  (32), the transcription of which is activated 
by the complex. However, the expression of apo C‑III is 
suppressed by PPAR‑α activation due to the competition for 
a response element between the PPAR‑α‑retinoid X receptor 
heterodimer and hepatocyte nuclear factor‑4, a liver enriched 
transcriptional activator (33).

The results of the present study indicate that metformin 
administration reduces the hepatic mRNA expression of 
apo C‑III. Apo C‑III inhibits the hydrolysing function of LPL, 
which is consistent with the observed reduction in the hepatic 
expression levels of apo C‑III in the T2DM + metformin rats. 
The metformin‑induced elevation in the mRNA expression 
levels of CPT‑1 in the hepatic tissue may account for the 
increased level of β‑oxidation in the liver tissue. Although 
metformin was not shown to directly enhance the expression 
of PPAR‑α, the drug was observed to increase the mRNA 
expression levels of hepatic ACO, which is a well‑known 
marker of PPAR‑α activation. In addition, similar to typical 
PPAR‑α activators, metformin reduced the mass of visceral 
fat. These results indicate that metformin may function as a 
PPAR‑α agonist.

In a previous study, significant reductions were observed 
in the plasma levels of TG, TC and insulin, body weight, 
abdominal fat weight, hepatic lipid content and hepatic FAS 
expression in laying hens with non-alcoholic fatty livers 
administered metformin at 100 mg/kg body weight; however, 
a significant increase was observed in the expression levels 
of CPT‑1 (34). Collectively, these previous findings and the 
results of the present study confirm the efficacy of metformin 
for the treatment of IR. In addition to the induction of lipo‑
lytic enzymes, metformin may also function as an activator 
of adenosine monophosphate-activated protein kinase 
(AMPK)  (35). The activation of AMPK phosphorylates 
acyl‑CoA cyclase (ACC) and subsequently inhibits its activity, 
which leads to a reduction in malonyl‑CoA synthesis. This 
reduction may in turn stimulate the transportation of fatty 
acids into the mitochondria for β‑oxidation via the upregula‑
tion of CPT‑1, a transporter of fatty acids (36). Furthermore, 
metformin increases the phosphorylation of mitogen‑activated 
protein kinase (MAPK) and ACC, and the expression of 
CPT‑1, which suggests that metformin enhances fatty acid 
β‑oxidation.

In addition to enhancing the rate of lipolysis and fatty acid 
oxidation in mitochondria, metformin reduces the expression 
of FAS, a lipogenic protein. FAS catalyzes the final step in the 
fatty acid biosynthetic pathway and is crucial for determining 
the maximum capacity of a tissue for synthesizing fatty acids 
via the de novo pathway (37). The results of the present study 
indicate that metformin may exert this lipid‑reducing activity 
via the concerted modulation of lipolysis and lipogenesis, in 
which the expression levels of hepatic genes associated with 
lipid metabolism are altered. These findings are consistent 
with those of a previous clinical study, which indicated that 
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a combination of insulin and metformin reduced hepatic 
steatosis and TG levels in patients with T2DM (38). In addi‑
tion, Bhalla et al (39) observed that metformin reduced the 
mRNA and protein expression levels of a number of lipogenic 
enzymes, such as FAS, which is consistent with the results of 
the present study.

Fetuin‑A is a 60 kDa glycoprotein that is secreted by hepa‑
tocytes, and can be used as a biomarker of liver function and 
inflammation. Fetuin‑A modulates insulin signal transduction 
by inhibiting the insulin receptor tyrosine kinase in the liver 
and skeletal tissue, as well as inhibiting the autophosphoryla‑
tion of the insulin receptor in vitro and in vivo, which ultimately 
results in IR (10). Furthermore, increased fetuin‑A levels have 
been associated with obesity, IR, metabolic syndrome, liver 
fat accumulation and an increased risk of T2DM (10). In the 
present study, fetuin‑A expression was shown to increase in 
the T2DM rats, while treatment with metformin was able 
to restore fetuin‑A expression. Fetuin‑A has been demon‑
strated to suppress the generation of adiponectin in adipose 
tissue, and fetuin‑A treatment in wild‑type mice may result 
in hypoadiponectinemia (10). In addition, reduced levels of 
adiponectin may induce the accumulation of fat in the liver, 
resulting in increased fetuin‑A secretion  (40). Therefore, 
elevated fetuin‑A expression may lead to reduced levels of 
adiponectin in obese patients with T2DM, as indicated in a 
study by Mori et al (10).

An additional lipid metabolism regulating gene is perilipin, 
which has the function of coating the surface of intracellular 
lipid droplets in adipocytes. Perilipin modulates lipolysis (41) 
through limiting the interaction between lipase and the TG 
core stored within the lipid droplets (42). The results of the 
present study demonstrated that metformin normalized the 
IR‑induced reduction in the expression of perilipin in the 
adipose tissue of T2DM rats. In addition, the treatment of 
adipocytes with metformin has been shown to attenuate lipo‑
lytic activity, stimulated by tumor necrosis factor (TNF)‑α, 
isoproterenol or a high dose of glucose (43). The inhibitory 
effect of metformin on TNF‑α‑stimulated lipolysis is accom‑
panied by the suppressed phosphorylation of extracellular 
signal‑regulated kinases 1/2 and the reversed downregulation 
of perilipin. These two effects may primarily account for 
the molecular basis underlying the antilipolytic function of 
metformin in TNF‑α‑stimulated adipocytes.

A previous study revealed that RBP‑4 is the only specific 
transport protein for retinol (vitamin A) that is able to deliver 
retinol to tissues from the blood (44). RBP‑4 is highly expressed 
in adipose tissue, as compared with liver tissue, and is strongly 
associated with endothelial function (44). Fischer et al  (45) 
reported that a reduction in RBP‑4 secretion results in improved 
insulin levels (44). Previously, RBP‑4 serum levels appeared 
to be associated with insulin sensitivity, and were increased in 
obese non‑diabetic subjects (44) and patients with T2DM (46). 
Limited data is available with regard to the exact role of RBP‑4 
in human metabolism. However, a previous study reported a 
marked correlation between RBP‑4 and IR in non‑diabetic 
subjects without a medical or family history of diabetes (47).

Furthermore, a prior study demonstrated that high secretion 
of RBP‑4 by adipocytes reduced the expression of GLUT‑4 in 
adipose tissue, which is commonly observed in patients with 
T2DM (47). The results of the present study are consistent 

with those of Tajtáková et al (48), since obese patients with 
T2DM treated with metformin were shown to exhibit lower 
plasma RBP‑4 levels compared with obese patients, indicating 
that metformin may improve total insulin sensitivity through 
RBP‑4. Recently, the insulin sensitizer, rosiglitazone, has been 
reported to significantly decrease the RBP‑4 levels, and thus, 
mitigate IR (49). Therefore, RBP‑4 may be useful as a clinical 
marker for identifying individuals at risk of developing IR 
or T2DM. In addition, it is possible that metformin exerts its 
effects via the regulation of RBP‑4.

T2DM is characterized by progressive β cell destruction, as 
a result of chronic IR and the loss of β cell mass and function, as 
shown in Fig. 4E and demonstrated by previous studies (50,51). 
The primary mechanism underlying the reduction in β cell mass 
in patients with T2DM is the apoptosis of β cells in all diabetic 
patients. However, β cell mass is affected by numerous factors, 
including cell size, rate of cell renewal or neogenesis and the 
rate of apoptosis (51). In patients with T2DM, pancreatic β cells 
are unable to secrete sufficient quantities of insulin to compen‑
sate for the reduced insulin sensitivity, which is primarily a 
result of insulin secretion dysfunction and a marked reduction 
in the number of functional β cells (Fig. 4E) (50‑54). Consistent 
with these findings, the present study observed similar effects, 
as metformin administration participated in the regeneration 
of the capacity of pancreatic β cells to secrete insulin. In the 
T2DM + metformin group rats, restoration of normal β cell 
mass was observed. Thus, the antidiabetic effects of metformin 
may occur as a result of the reduction of hepatic gluconeogen‑
esis, the regeneration of hepatocytes (Fig. 4C), reduced glucose 
absorption and increased insulin sensitivity (Fig. 4F), through 
the increase in glucose uptake and utilization (55,56).

In conclusion, the results of the present study demonstrated 
the beneficial effects of metformin in the treatment of IR. 
Metformin was observed to normalize IR‑associated dyslipid‑
emia. Furthermore, metformin was demonstrated to regulate the 
expression of various genes associated with lipid metabolism. 
Notably, close associations were observed between metformin 
and a number of genes expressed in the liver and adipose tissue, 
including fetuin‑A, perilipin and RBP‑4. However, further 
studies are required to outline the molecular signaling pathways 
affected by metformin in the amelioration of IR.
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