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Abstract: Objective: This study was designed to investigate the effects of metformin on bile acid in type 2 diabetes 
mellitus (T2DM). Methods: In this study, we constructed a model of T2DM by a combination of high-fat diet (HFD) 
and low dose of streptozotocin (STZ) intraperitoneal injection. Blood samples by tail vein and eye angular vein were 
withdrawn before (time 0) and 30, 60, and 120 minutes after administration of glucose before STZ injection and 
once a week after diabetes induction, and were analyzed to evaluate the level of the fasting blood glucose and fast-
ing insulin using glucometer. Triglyceride, low density lipoprotein cholesterin, high density lipoprotein cholesterin 
were detected by automatic biochemical analyzers. Total cholesterol and total bile acid (TBA) were analyzed using 
ELISA kits. Results: Before STZ injection, the TBA level in HFD group was significantly higher relative to that in stan-
dard diet (SD) group and there was a moderate reduction of the TBA level in early intervention (EI) group 6 week af-
ter metformin administration comparing with that in HFD group but was still higher than that of SD group. However, 
after STZ injection, the TBA level was significantly higher in DM rats relative to that in normal control (NC) rats and 
the TBA level in late intervention (LI) (19.92 μmol/L) and EI rats (42.97 μmol/L) with metformin administration was 
significantly higher comparing with that in DM rats. Conclusion: The effects of metformin in plasma glucose and lipid 
metabolism might be associated with bile acid metabolism.
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Introduction

Type 2 diabetes mellitus (T2DM) is a heteroge-
neous disease characterized by varying de- 
grees of impaired insulin secretion and insulin 
resistance, and both features are progressive 
[1]. The incidence of T2DM and the cost to the 
care continue to rise [2]. In addition, poor man-
agement can cause some systemic complica-
tions, such as diabetic neuropathy, diabetic 
retinopathy, and diabetic nephropathy [3, 4]. 
The diagnosis is often delayed till complica-
tions are exhibited [5]. Despite more extensive 
effort in T2DM, the mechanisms are not com-
pletely illuminated. Thus, it is particularly rele-
vant to the clinical and research communities 
today.

To study T2DM, animal models are very impor-
tant. Despite there are many animal models 
(spontaneous and induced) for the study of 
T2DM, in most of them, the pattern of disease 
initiation and progression do not appear to be 
highly analogous to the clinical manifestation in 
humans. Moreover, the animals require relative-
ly high dose of streptozotocin (STZ; > 50 mg/
kg) to induce diabetic models, but the develop-
ment of hyperglycemia following STZ injection is 
primarily due to the direct pancreatic B cell 
destruction, and resulting in insulin deficiency 
rather than insulin resistance [6]. Thus, we 
developed a suitable T2DM model that would 
closely mimic the history of the disease (from 
insulin resistance to B cell dysfunction) as well 
as metabolic characteristics of human T2DM. 
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The model of T2DM was established by a com-
bination of high-fat diet (HFD) which induced 
insulin resistance and low dose of STZ intra-
peritoneal injection which caused the initial B 
cell dysfunction as well as subsequently the 
hyperglycemia in Wistar rats.

DM is a multifactorial disease and thus various 
strategies have been applied to affect its pro-
gression. Multiple pathways are targeted by 
therapeutic interventions currently [7]. One 
pathway is associated with bile acid metabo-
lism [8]. Several studies exhibits that manipu-
lating the bile acid metabolism with bile acid 
sequestrants (BSA) might improve glucose con-
trol in patients with T2DM [9, 10]. Recent years, 
metformin is regarded as an ideal first medica-
tion for management of T2DM [11, 12] by 
enhancing tissue sensitivity to insulin but sup-
pressing hepatic glucose production, reducing 
insulin levels, and improving peripheral glucose 
uptake [13, 14]. Additionally, it has been dem-
onstrated to prevent or delay the onset of T2DM 
in patients with pre-diabetes [15, 16]. Moreover, 
the UK prospective Diabetes Study has demon-
strated that metformin monotherapy results in 
the reduction in DM-related mortality rate and 
the overall mortality rate relative to insulin ther-
apy, sulfonylurea treatment, or diet control 
alone [17]. However, small studies have demon-
strated whether hypoglycemic effect of metfor-
min is associated with bile acid metabolism.

Therefore, we initiated to establish a model of 
T2DM by a combination of HFD and low dose of 
STZ intraperitoneal injection. Metformin was 
applied at the beginning and after model suc-
cessfully established to explore the role and 
the mechanism of metformin and the parame-
ters such as bile acid and lipid metabolism.

Materials and methods

Materials and reagents

STZ was purchased from Sigma-Aldrich (Art. 
No. SO-130). ELISA kit was purchased from 
Mercodia (Art. No. 10-1250-01). Hitachi 7180 
automatic biochemical analyzers (Hitachi, 
Tokyo, Japan), glucometer and test strips 
(Roche, Switzerland), metformin (Bristol-Myers 
Squibb, Shanghai).

Animals

A total of 100 adult male Wistar rats, weighing 
200-250 g, were provided by Experiment 
Animal Center of Shandong University. They 
were housed in a room with a 12/12-hour light/

dark cycle, an ambient temperature of 22 ± 
2°C and relative humidity of 55 ± 5%. All proce-
dures in this study were carried out under the 
guide for the care and use of laboratory ani-
mals. Animal ethical license for this study was 
granted by the Ethical Committee of the School 
of Medicine, Shandong University. Moreover, all 
efforts were made to minimize the rats’ suffer-
ing in the experiments.

Animal model induction

One hundred Wistar rats were randomly divided 
into three groups: standard diet (SD) group (n = 
20), high-fat diet (HFD) group (n = 20) and early 
intervention (EI) group (n = 60). For SD group, 
rats were fed with a standard diet (6% fat, 23% 
protein and 64% carbohydrate). For HFD group, 
rats were fed with a HFD (25% fat, 20% protein 
and 48% carbohydrate). For EI group, rats were 
fed with a HFD and received 500 mg/kg body 
weight metformin by gavage once a day. Two 
rats died in HFD group and EI group, respec-
tively. After 6 weeks on either diet, 20 rats in 
SD group and 20 rats in HFD group were intra-
peritoneally injected with sodium citrate buffer 
(0.1 mmol/L) to be as insulin resistance (IR) 
group and normal control (NC), respectively. 
Simultaneously, the remaining 18 rats in EI 
group and 38 rats in HFD group were fasted 
overnight and streptozotocin (STZ) dissolved in 
0.1 mmol/L sodium citrate buffer was injected 
(35 mg/kg) intraperitoneally to induce DM. 
Three days after sodium citrate buffer or STZ 
injection, the fasting blood glucose (FBG) level 
was measured by a glucometer, and mental 
condition, fur color, food intake and water 
intake were measured. The FBG ≥ 11.1 mmol/L 
was regarded as successful induction of diabe-
tes and selected for further pharmacological 
studies.

Then, the rats in EI group after STZ injection 
received 500 mg/kg body weight metformin by 
gavage once a day. Sixteen rats selected ran-
domly from HFD group after STZ injection 
received 500 mg/kg body weight metformin by 
gavage once a day as late intervention (LI) 
group. The rest 16 rats in HFD group after STZ 
injection received no treatment as DM control 
group.

Sample processing

To assess glucose tolerance, animals were 
fasted 12 h and their serum glucose response 
to the administration (by gavage) a solution of 
50% glucose (2.5 g/kg) was determined 6 
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weeks after the early intervention of metformin 
and 4 weeks after the late intervention of met-
formin, respectively. Blood samples by tail vein 
and eye angular vein were withdrawn before 
(time 0) and 30, 60, and 120 minutes after 
administration of glucose before STZ injection 
and once a week after the induction of diabe-
tes. Animals were anesthetized with diethyl 
ether for this procedure.

Glucose tolerance test (OGTT)

FBG was detected with glucometer. Tail blood 
samples were analyzed to evaluate the level of 
the FBG and fasting insulin (FINS). The area 
under the curve (AUC) of glucose and insulin 
concentrations was determined respectively.

The detection of blood lipid and bile acid

Blood samples by eye angular vein (2 ml) were 
analyzed to evaluate the levels of parameters 
of blood lipid such as triglyceride (TG), total 
cholesterol (TC), low density lipoprotein choles-
terin (LDL-C), high density lipoprotein choles-
terin (HDL-C) and total bile acid (TBA). TG, LDL-C 
and HDL-C were detected using Hitachi 7180 
automatic biochemical analyzers. TC and TBA 
were detected with ELISA kits. Insulin resis-
tance index was calculated by the following 
formula:
The steady state model of insulin resistance

index (HOMA IR)
22.5

FINS FBG=
#

-

Table 1 shows that the feeding of HFD for 6 
weeks resulted in a significant increase in body 
weight, TC, LDL-C and FINS (P < 0.05) as well as 
in FBG, AUC of glucose (P < 0.01) but a reduc-
tion in the ratio of AUC of insulin and AUC of 
glucose along with a significant increase in TBA 
(P < 0.05) relative to SD group. In addition, the 
rats in EI group showed a significant increase in 
FBG (P < 0.05), AUC of glucose (P < 0.01) com-
pared to SD group. Moreover, comparing to 
HFD group, the rats in EI group exhibited a sig-
nificant decrease in body weight, AUC of insulin 
(P < 0.01) and AUC of glucose (P < 0.05) but a 
small but statistically significant increase in 
LDL-C (P < 0.05), a moderate increase the ratio 
of AUC of insulin and AUC of glucose along with 
a moderate reduction in TBA (higher than that 
of SD group) (Table 1). Figures 1 and 2 demon-
strated the AUC of the glucose and insulin 
respectively.

The stability of the DM model

Three days after the injection of STZ or sodium 
citrate buffer, The FBG level ≥ 11.1 mmol/L in 
each group was regarded as the standard of 
the blood glucose of diabetes. During the 
experiment, the FBG fluctuated in NC and IR 
groups in the level of 5 mmol/L. The FBG level 
in DM group remained a tendency of 11.1 
mmol/L. The FBG in EI and LI groups declined 
steadily. At the end of the experiment, the FBG 
in EI and NC groups were close, but the level 

Table 1. Effect of HFD and metformin on body weight and biochemical 
parameters in rats
Parameters SD group HFD group EI group
Body Weight (g) 367.13±20.41 430.92±31.49a 358.09±18.97b

FBG (mmol/L) 4.29±0.77 5.48±0.95aa 5.12±0.97a

TG (mmol/L) 0.63±0.10 0.97±0.51 0.75±0.24
TC (mmol/L) 1.52±0.13 2.08±0.16a 1.95±0.09
HDLC (mmol/L) 1.19±0.14 1.26±0.12 1.35±0.16
LDLC (mmol/L) 0.20±0.07 0.51±0.07a 0.37±0.05b

TBA (μmol/L) 8.31±1.24 11.78±1.36a 10.12±1.19
FINS (mIU/L) 9.38±1.86 13.84±3.20a 8.38±2.09
AUC (glucose) 24.18±3.45 47.92±6.93aa 33.85±2.02aa,bb

AUC (insulin) 54.32±6.06 58.39±9.10 45.16±12.75b

AUC (insulin)/AUC (glucose) 2.25±0.03 1.22±0.01 1.34±0.01
Values are means ± SD; the abbreviations denote FBG: fasting blood glucose, TG: triglyc-
eride; TC: total cholesterol; LDL-C: low density lipoprotein cholesterin; HDL-C: high den-
sity lipoprotein cholesterin; TBA: total bile acid; FINS: fasting insulin; AUC (glucose): the 
area under the curve of glucose; AUC (insulin): the area under the curve of insulin, and 
AUC(insulin)/AUC; (glucose): the ratio of AUC of insulin and AUC of glucose.aP < 0.05 vs. 
SD group, aaP < 0.01 vs. SD group, bP < 0.05 vs. HFD group, bbP < 0.01 vs. HFD group.

Statistical analysis

All data were obtained 
from at least three inde-
pendent experiments and 
were expressed as means 
± standard deviation (SD). 
The comparisons between 
two groups were analyzed 
by independent sample 
t-test. Multiple compari-
sons were analyzed by 
one-way ANOVA. P < 0.05 
was considered statisti-
cally significant. All statis-
tical analyses were per-
formed with SPSS18.0.

Results

Characteristic s of HFD-
fed insulin-resistant rats
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was slightly higher in LI group than that of EI 
group.

General features of rats in each group

The general features of rats in each group were 
shown in Figure 3. The rats in NC group were in 
good condition. The volume of drinking water 
and urine had no obvious change. Fur color and 

gloss were good. Moreover, dietary intake and 
body weight were increased steadily within a 
narrow range. In addition, dietary intake and 
weight of rats in IR group increased quickly and 
the fur color and gloss were slightly less. 
However, the rats in DM group were depressed 
and sluggish generally, and there appeared 
some symptoms such as polyphagia, polydip-
sia, urorrhagia loose stools, and weight loss 

Figure 1. Changes in glucose levels during oral 
glucose tolerance test. *P < 0.05 vs. SD group, **P 
< 0.01 vs. SD group, &&P < 0.01 vs. HFD group.

Figure 2. Changes in insulin levels during oral glu-
cose tolerance test. *P < 0.05 vs. SD group, **P < 
0.01 vs. SD group.

Figure 3. The general features of rats in each group. The mental condition, fur color and gloss of rats in normal con-
trol group (A) were good. The rats in diabetes mellitus group (B) were depressed and sluggish generally, and there 
appeared the mixed and disorderly fur. Mental condition and fur color of rats in metformin treated group (C) were 
improved to a certain extent. 
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coupled with the mixed and disorderly fur. 
Mental condition, fur color, food intake, drink-
ing water intake and body weight of rats in EI 
and LI groups were improved to a certain 
extent.

Changes in metabolic parameters of fat-fed/
STZ-diabetic rats treated with metformin

Table 2 exhibited the changes of biochemical 
parameters in different experimental groups. 
Comparing to NC group, the rats in DM group 
showed apparent metabolic disorders. There 
was a marked increase in FBG, TC, LDL-C, TBA 
and TG but a reduction of body weight (P < 
0.05). The symbols of metabolic disorders of 
rats in EI and LI groups were improved relative 
to that of DM group. There was a reduction in 
FBG (57.8%, 20.3%), TC (58.2%, 20.3%), LDL-C 
(71.4%, 20.5%), TG (27.4%, 17.9%), and weight 
loss was improved. It is noted that there was a 
significant difference of TBA in each group. The 
mean TBA values in NC, DM, EI and LI groups 
were 9.83, 14.81, 42.97, 19.92 μmol/L re- 
spectively (Table 2).

Discussion

DM is a chronic and progressive metabolic dis-
ease and its incidence is increasing around the 
world. This study was aimed to investigate the 
effects of metformin on bile acid and explore 
the mechanisms of metformin for the glucose-
lowering effect. We have demonstrated that 
metformin has effects on bile acid metabolism, 
FBG, TC, LDL-C, FINS and TAB in T2DM rats.

Compensatory hyperinsulinemia and insulin 
resistance are indicators to predict the devel-
opment of T2DM [18, 19]. Accumulating evi-
dence has demonstrated that the rats fed with 
HFD develop obesity, hyperinsulinemia, and 

insulin resistance [6, 20]. Our results were in 
accordance with previous studies. In the cur-
rent study, the levels of FINS, FBG, AUC (glu-
cose) in HFD-fed rats was significantly higher 
than that in SD-fed rats as shown in Table 1. In 
addition to the insulin resistance, a decline in 
the secretory ability of the pancreatic B cell 
plays a crucial role in the conversion of pre-
diabetes to diabetes [18, 19]. STZ injection can 
induce the pancreatic B cell destruction direct-
ly [21]. However, the dose of STZ is pivotal to 
the model of T2DM. Several researches have 
demonstrated that low dose of STZ (35 mg/kg) 
was considered to represent the pathophysio-
logical state of T2DM [22]. The results in Table 
2 showed that HFD-fed rats had an almost 3.5-
fold higher of hyperglycemic after STZ-injection 
(35 mg/kg) than that in NC animals in this 
study. Therefore, these results indicate that we 
are successful in the establishment of T2DM 
model.

Bile acid is the end-product of the degradation 
of cholesterol and is the main way of choles-
terol clearance [23]. Moreover, Bile acids are 
able to activate specific receptors such as preg-
nane X receptor (PXR), farnesoid X receptor 
(FXR), Vitamin D, and Gαs-protein-coupled sur-
face receptor (TGR-5), and cell signaling path-
ways including JNK1/2, ERK1/2 and AKT to 
regulate the glucose metabolism, bile salt and 
lip id levels [24-26]. In addition, some studies 
have demonstrated the alteration of the bile 
acid in T2DM patients and animal models [27, 
28]. In the current study, before STZ injection, 
the TBA level in HFD group was significantly 
higher relative to that in SD group and there 
was a moderate reduction of the TBA level in EI 
group 6 week after metformin administration 
comparing with that in HFD group but was still 
higher than that of SD group. Our data are in 

Table 2. Effect of metformin on body weight and biochemical parameters in rats
parameters NC group IR group DM group EI group LI group
Body Weight (g) 482.53±35.74 565.12±42.31*,# 412.85±37.71* 489.1±42.35# 463.61±66.40
FBG (mmol/L) 3.66±1.10 4.57±2.01# 12.78±4.64* 5.41±1.82# 10.19±2.75*,#

TG (mmol/L) 0.75±0.44 0.81±0.35 2.12±1.07* 1.54±0.98*,# 1.74±1.09*

TC (mmol/L) 1.12±0.45 1.64±0.82 6.48±2.93* 2.71±0.93*,# 5.39±1.61*

HDL-C (mmol/L) 0.75±0.29 0.71±0.34 1.19±0.23* 0.99±0.17 1.05±0.41*

LDL-C (mmol/L) 0.31±0.17 0.64±0.23 3.96±1.18* 1.13±0.56*,# 3.15±0.63*

TBA (μmol/L) 9.83±1.96 10.46±2.35 14.81±3.51* 42.97±11.23*,# 19.92±5.18*,#

Values are means ± SD. *P < 0.05 vs. NC group, #P < 0.05 vs. DM group.



Effects of metformin on TBA metabolism in DM

5455 Int J Clin Exp Pathol 2015;8(5):5450-5456

accordance with the previous reports. Carter et 
al. [29] have exhibited that metformin may 
inhibit the reabsorption of bile acids through 
altering the function of bile acid transporter. 
However, after STZ injection, the TBA level was 
significantly higher in DM rats relative to that in 
NC rats and the TBA level in LI (19.92 μmol/L) 
and EI rats (42.97 μmol/L) with metformin 
administration was significantly higher compar-
ing with that in DM rats. These results suggest-
ed that long-time application of metformin 
might increase the level of bile acid. This was 
not in consistent with the results of the com-
parison between EI and HFD before STZ injec-
tion. This difference in the effect of metformin 
on bile acid before and after STZ injection might 
be associated with the initiation and duration 
of metformin application.

In sum, the model of T2DM, initiation and pro-
gression closely analogous to the clinical mani-
festation in humans, is established by a combi-
nation of HFD and low dose of STZ intraperito-
neal injection. Moreover, we exhibit the pleo-
tropic effects of metformin including alteration 
of bile acids, modulation of glucose and chang-
es in lipid level. These results suggest that reg-
ulatory role of metformin in plasma glucose 
and lipid metabolism might be associated with 
bile acid metabolism. However, further studies 
about the effects of metformin in FXR and sig-
naling pathways will be done in the future work.
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