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Abstract. Post‑transplantation diabetes mellitus  (PTDM) 
is a known side effect in transplant recipients administered 
with immunosuppressant drugs, such as tacrolimus  (Tac). 
Although injury of islet cells is considered a major reason for 
Tac‑induced PTDM, the involvement of insulin resistance in 
PTDM remains unknown. In the present study, expression 
levels of adipocytokines, glucose metabolism associated genes 
and peroxisome proliferator‑activated receptor (PPAR)‑γ in 
adipose, muscular and liver tissues from a rat model induced 
with Tac (1  mg/kg/day) were examined. Rats developed 
hyperglycemia and glucose intolerance after 10 days of Tac 
administration. A subgroup of diabetic rats was further treated 
with rosiglitazone (4 mg/kg), a PPAR‑γ activator. Adipose, 
muscle and liver tissues were obtained on day 15 after induc-
tion and the results demonstrated that expression levels of 
adipocytokines, PPAR‑γ and proteins in the insulin associated 

signaling pathway varied in the different groups. Rosiglitazone 
administration significantly improved hyperglycemia, glucose 
intolerance and expression levels of proteins associated with 
insulin signaling, as well as adipocytokines expression. The 
results of this study demonstrated that adipocytokines and 
PPAR‑γ signaling may serve important roles in the pathogen-
esis of Tac‑induced PTDM, which may provide a promising 
application in the treatment of PTDM in the future.

Introduction

Tacrolimus (Tac), as an important calcineurin inhibitor, 
is a commonly used immunosuppressive agent inhibiting 
immunological rejection after organ transplantation  (1). 
However, its clinical recommended dose is associated with 
numerous metabolic complications, including dyslipidemia 
and post‑transplantation diabetes mellitus (PTDM) (2). These 
complications are considered risk factors for cardiovascular 
diseases and severe diabetes‑associated disorders, and are 
further associated with graft dysfunction and decreased 
quality of life in patients after organ transplantation (3). The 
reported cumulative incidence of these conditions varies, 
with ≤50% reported for PTDM, depending on population, 
diagnostic criteria, follow‑up time and administration type of 
immunosuppressive agents (4).

Tac administration in organ transplant recipients is an 
independent risk factor for PTDM according to clinical 
statistical analysis (5‑7). A previous study demonstrated that 
Tac inhibits insulin secretion from islet cells and promotes 
apoptosis through the calcineurin/nuclear factor of activated 
T‑cells (NFAT) signaling pathway  (8). Other studies have 
demonstrated that Tac causes reversible inhibition of insulin 
expression and islet cell proliferation to induce hyperglycemia 
in a rat model  (9,10). However, associated mechanisms of 
Tac‑induced PTDM remain unclear. Most pancreas or islet cell 
transplant recipients are prescribed an immunosuppression 
regiment with Tac (11). Due to the potential side effects of Tac 
on islets, certain contradictions are also observed in clinical 
results and basic studies (12). A decreased level of insulin was 
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not evident in certain early stage patients with PTDM (12). 
Thus, other underlying mechanisms may be involved in this 
process.

The serum adiponectin concentration of pretransplant 
patients has been considered as an independent predictive factor 
for PTDM developed in clinical kidney transplantation (13). 
Although Tac and cyclosporine A (CSA) are similar in terms 
of their mechanisms of action, the level of post‑transplant 
serum adiponectin in patients administrated with Tac is lower 
than in patients treated with CSA (14). Adiponectin as a major 
adipocyte‑secreted protein has been studied in human and 
animal models for its improved insulin‑sensitizing effects (15). 
The peroxisome proliferator‑activated receptor (PPAR)‑γ 
agonist rosiglitazone has been deemed as an effective and safe 
treatment for patients with PTDM (16). However, to the best 
of our knowledge there is no evidence that the occurrence of 
PTDM is associated with PPAR‑γ downregulation or insulin 
resistance. Therefore, the current study hypothesized that Tac 
may modify the expression of adipocytokines and molecules 
in the PPAR‑γ signaling pathway, which causes insulin resis-
tance and ultimately results in PTDM.

To verify this, a Tac‑induced hyperglycemia rat model was 
assessed by fasting blood glucose (FBG) measurement and 
intraperitoneal glucose tolerance tests (IPGTTs). Expression 
levels of genes associated with insulin resistance, such as adipo-
cytokines, insulin receptor (IR) substrate (S)‑1/IRS‑2, glucose 
transporter type‑4 (GLUT4) and PPAR‑γ were measured and 
an intervention with the PPAR‑γ agonist rosiglitazone (Rosi) 
was initiated to investigate the role of PPAR‑γ/Akt in the 
pathogenesis of PTDM. Expression levels were assessed in 
adipose, muscular and liver tissues. In this study, it was found 
Tac induced insulin resistance was closely associated with the 
inhibition of PPAR‑γ and altered adipocytokine expression 
involved in the occurrence and development of PTDM. The 
findings of the current study may provide a promising thera-
peutic target for treating PTDM in the future.

Materials and methods

Materials. Tac was purchased from Astellas Pharma, Inc. 
(cat.  no.  J20090142), chloral hydrate was purchased from 
Beijing Biosynthesis Biotechnology Co., Ltd. and the blood 
glucose meter and blood glucose test strips were from SanNuo 
Bio‑sensing. The reverse transcription kit (cat. no. SCQ‑401) 
and the SYBR-Green f luorescence quantization kit 
(SYBR‑Green Realtime PCR Master mix; cat. no. QPK‑201) 
were purchased from Toyobo Life Science, the qPCR primers 
were from Shanghai Haohai Biological Technology Co. 
Ltd.; primary antibodies for GAPDH (cat.  no.  ab181602), 
GLUT4 (cat.  no.  ab33780), PPAR‑γ (cat.  no.  ab209350), 
Akt (cat.  no.  ab179463) and anti‑phosphorylated Akt 
(cat. no. ab81283) antibodies were from Abcam.

Preliminary study. Preliminary experiments were performed 
to establish the dose of Tac required to induce hyperglycemia 
in rats. All animals were housed at 22˚C with 12 h light/dark 
cycles, 40‑70% relative humidity and gradient pressure differ-
ence 19.8‑31.6 Pa. The airflow was ≤0.18 m/sec and ammonia 
was ≤15  mg/m3. Animals were provided with food and 
water ad libitum. All experimental protocols were approved 

by the Management Committee for Medical Laboratory 
Animal Sciences at Wenzhou Medical University (approval 
no. wydw2014‑0066). A total of 18 male Sprague‑Dawley 
rats (8 weeks; 200‑220 g) were obtained from Charles River 
Laboratories, Inc. and treated with Tac intraperitoneally at 
0.1, 1 or 10 mg/kg/day (n=6/group) for 7 days and FBG levels 
were measured daily. To determine the optimal dose of Rosi 
for preventing Tac‑induced (1 mg/kg/day) hyperglycemia, in 
a preliminary study rats were treated with varying doses of 
Rosi (2, 4, 8, 10 mg/kg/day; n=6/group; Sigma Aldrich; Merck 
KGaA) for 15 days. After the study, all animals were sacrificed 
by cervical dislocation and death was verified by assessing 
corneal and pain reflex, as well as respiration.

Animal model. A total of 18 male Sprague‑Dawley rats (age, 
8 weeks; weight, 150‑200 g) were obtained from Charles 
River Laboratories, Inc. and as indicated and provided with 
food and water ad  libitum. Rats were divides into three 
groups: i) Control group, rats were injected with saline once 
a day; ii) Tac group, rats were treated with Tac in saline at 
1 mg/kg/day; and iii) Tac+Rosi group, rats were treated with 
Tac at 1 mg/kg/day and Rosi at 4 mg/kg/day. FBG levels were 
measured every other day using tail blood (~10‑20 µl) for 
15 days. The bodyweight of rats were measured daily during 
the experimental process. Animals were anaesthetized with 
10% chloral hydrate (350 mg/kg of body weight), anesthesia 
was verified by corneal and pain reflex, as well as respiration. 
Visceral adipose tissue, skeletal muscle and liver tissue were 
collected. A final blood collection was performed via vena 
cava puncture (5‑10 ml). Following sampling, the anaesthe-
tized rats were sacrificed using CO2 for >15 min, with a flow 
of 20% volume/min, followed by cervical dislocation.

IPGTT. After treatment for 14 days, an IPGTT was performed 
after 8 h fasting: Glucose (2 g/kg body weight) was administered 
via intraperitoneal injection using 40% (w/v) glucose. Blood 
glucose levels were measured at various time points (0, 30, 60, 90 
and 120 min after injection). The homeostasis model of assess-
ment (HOMA‑IR) was used for evaluating insulin resistance 
index using the following formula: FBG (mmol/l) x fasting 
insulin concentration (mIU/l)/22.5 (17).

Radioimmunoassay. Insulin, adiponectin, leptin, resistin, 
visfatin, RBP4, C reactive protein (CRP) and apelin concen-
trations in blood samples were measured by using the 
radioimmunoassay as described previously (18).

Immunohistochemistry. Immunohistochemical staining 
was performed using the streptavidin biotin peroxidase 
method (19). Tissues were dehydrated using gradient ethanol 
(75, 85, 95 and 100%) and xylene at room temperature, and 
embedded in paraffin at 55˚C. Then, paraffin‑embedded 
adipose tissues were cut into 4‑µm sections. After deparaf-
finization with xylene (30 min) and gradient ethyl alcohol 
(100, 95, 85 and 75%; 5 min each) at room temperature, slides 
were boiled in the citrate buffer (pH 6.0) for 10 min. The 
activity of endogenous peroxidases was blocked by incubation 
with 3% H2O2 in methanol for 10 min at room temperature. 
Then, sections were washed in 0.1 M PBS and blocked with 
5% goat serum (Beyotime Institute of Biotechnology) in PBS 
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for 60 min at 37˚C. Primary antibodies (rabbit anti‑PPAR‑γ 
and GLUT4) were applied and incubated overnight at 4˚C. 
Control sections were incubated with normal rabbit IgG serum 
(cat. no. C0265; Beyotime Institute of Biotechnology). After 
the incubation, slides were washed with PBS after warming 
for 30 min at 37˚C and incubated with HRP‑conjugated goat 
anti‑rabbit secondary antibody (1:1,000; cat.  no.  A0208; 
Beyotime Institute of Biotechnology) for 30 min at 37˚C. 
Diaminobenzidine reagent (1:50; OriGene Technologies, Inc.) 
was applied at room temperature for 1 min and hematoxylin 
solution was used to stain nucleus for 5 min at room tempera-
ture. Finally, sections were dehydrated and covered with 
resinous mounting agent (neutral resin; Beyotime Institute 
of Biotechnology) at room temperature and immediately 
analyzed. For each section, >6 fields were evaluated by light 
microscopy and all measurements were performed on blinded 
slides (magnification, x400). The intensity of positive staining 
was measured using the IOD/area (Image‑Pro Plus  6.0; 
Media Cybernetics, Inc.).

Western blot. Total protein was extracted from he tissues using 
RIPA lysis buffer and the concentration was determined by 
BCA protein assay (Beyotime Institute of Biotechnology). A 
total of 50 µg protein was separated using 10% SDS‑PAGE 
gels and transferred to polyvinylidene fluoride membranes. 
Membranes were blocked with 5% nonfat milk in TBS for 2 h at 
room temperature and incubated overnight at 4˚C with primary 
antibodies (anti‑PPAR‑γ, anti‑p‑Akt, anti‑Akt, anti‑GLUT4 
and anti‑GAPDH) at 1:1,000 dilution. Membranes were 
washed with TBST and incubated with HRP‑conjugated IgG 
goat anti‑rabbit secondary antibody (cat. no. ab7090; Abcam) 
at 1:5,000 dilution for 2 h at room temperature. The immune 
complex was visualized using an ECL Western Blotting 
Detection system (Amersham; GE Healthcare) and intensities 
were quantified using Quantity One software (V4.6.6; Bio‑Rad 
Laboratories, Inc.).

RT‑qPCR. Total RNA was extracted from adipose, muscle 
and liver tissues using TRIzol® reagent. cDNA was prepared 
using the PrimeScript TMRT Master mix (Takara Bio, Inc.). 
qPCR was performed in three reduplicative samples using 
SYBR-Green reagent (Takara Bio, Inc.). The primer sequences 
were as follows: PPAR‑γ, forward, 5'‑GGA​CCT​CTC​TGT​
GAT​GGA​TGA​‑3' and reverse, 5'‑GCT​CTT​GTG​AAC​GGG​A 
TG​T‑3', fragment length, 114 bp; adiponectin, forward, 5'‑CCT​
CCA​CCC​AAG​GAA​ACT​T‑3' and reverse, 5'‑ACC​AAG​AAC​
ACC​TGC​GTC​TC‑3', fragment length, 13 bp; leptin, forward, 
5'‑CCT​GTG​GCT​TTG​GTC​CTA​TC‑3' and reverse, 5'‑ATA​
CCG​ACT​GCG​TGT​GTG​AA‑3', fragment length, 128  bp; 
resistin, forward, 5'‑GCC​AGT​GCG​GAA​GCA​TAG​ACT‑3' 
and reverse, 5'‑GTA​TTT​CCA​GAC​CCT​CAT​CTC​GTT​T‑3', 
fragment length, 189 bp; visfatin, forward, 5'‑AGC​GGC​AGA​
GCA​CAG​TAA​CCT​AT‑3' and reverse, 5'‑CCA​CAG​ACA​CAG​
GCA​CTG​ATG​A‑3', fragment length, 186 bp; retinal binding 
protein  4 (RBP4), forward, 5'‑TGG​TAT​GCC​ATC​GCC​
AAA‑3' and reverse, 5'‑TCC​CAG​TTG​CTC​AGA​AGA​CG‑3', 
fragment length, 134 bp; GLUT4, forward, 5'‑CCT​GCT​TGG​
CTT​CTT​CAT​CT‑3' and reverse, 5'‑GGG​TTT​CAC​CTC​CTG​
CTC​TA‑3', fragment length, 121 bp; IR, forward, 5'‑GCT​CCT​
ATG​CTC​TGG​TGT​CA‑3' and reverse, 5'‑TCG​TGA​GGT​TGT​

GCT​TGT​TC‑3', fragment length, 147 bp; IRS‑1 for adipocyte 
and muscle, forward, 5'‑CAG​GCA​CCA​TCT​CAA​CAA​TC‑3' 
and reverse, 5'‑GTT​TCC​CAC​CCA​CCA​TAC​TG‑3', fragment 
length, 107 bp; IRS‑2 for liver, forward, 5'‑GTT​TCC​CAC​CCA​
CCA​TAC​TG‑3' and reverse, 5'‑TAC​TTG​CGG​TGG​TGG​A 
GA​C‑3', fragment length, 150 bp; IL‑6, forward, 5'‑TCC​TTA​
GCC​ACT​CCT​TCT​GT‑3' and reverse, 5'‑CTC​ATT​CTG​TCT​
CGA​GCC​CAC​CA‑3'; TNF‑α, forward, 5'‑CAT​GGA​TCT​CAA​
AGA​CAA​CCA​A‑3' and reverse, 5'‑CTC​CTG​GTA​TGA​AAT​
GGC​AAA​T‑3'. The reaction conditions were as follows: 95˚C 
for 3 min, followed by 40 cycles of 95˚C for 5 sec and 62˚C for 
35 sec. The data was analyzed using the 2‑ΔΔCq method (20).

Statistical analysis. Data are presented as the mean ± stan-
dard deviation. Unpaired Student's t‑test was used to compare 
the differences between two groups. Multiple comparisons 
were performed using a one‑way ANOVA with Bonferroni 
correction. P<0.05 was considered to indicate a statistically 
significant difference. All analyses were performed using 
SPSS (20.0; IBM Corp.).

Results

Preliminary study. Preliminary experiments were performed 
to establish the dose of Tac required to induce hyperglycemia in 
rats. After intraperitoneal administration with Tac at 0.1, 1 and 
10 mg/kg/day for 7 days, it was found that Tac at 1 mg/kg/day 
achieved the best results. To determine the optimal dose of 
Rosi for preventing Tac‑induced hyperglycemia, varying doses 
of Rosi (2, 4, 8 and 10 mg/kg/day) were trialed in this study. It 
was determined that 4 mg/kg Rosi combined with ad libitum 
fed did not result in hypoglycemia. This dose (4 mg/kg) was 
further effective in improving insulin resistance in the rats 
treated with Tac.

Measurements of body weight, FBG and insulin tolerance. Rats 
were treated with Tac by intraperitoneal injection for 14 days 
(1 mg/kg/day) in the presence or absence of Rosi (4 mg/kg/day). 
As shown in Fig. 1A, the body weight of the rats increased in 
all groups over the duration of the study and no significant 
differences were observed. Additionally, over the first 10 days, 
no significant differences in FBG levels were determined for 
rats of the different groups (Fig. 1B). After 10 days, rats treated 
with Tac presented hyperglycemia (FBG, >6.9 mmol/l) for the 
last 5 days of this study, while rats in the Tac+Rosi and the 
control group stayed within the normal range. After treatment 
for 14 days, the blood glucose concentration was significantly 
increased in the Tac group (7.73±0.73 mmol/l) when compared 
with the control (5.8±0.10 mmol/l; P<0.01) and the Tac+Rosi 
group (6.30±0.36 mmol/l; P<0.05). The blood glucose levels 
in the control and the Tac+Rosi group were not significantly 
different.

Rats were subjected to an IPGTT after fasting for 8 h at 
day 14 and the blood glucose concentration was measured 
using tail vein blood in 30 min intervals over 120 min. As 
shown in Fig. 1C, blood glucose levels in the Tac group were 
significantly higher than in the Tac+Rosi and control group 
for the duration of the experiment. No significant differ-
ences were observed between the Tac+Rosi and the control 
group (P>0.05). The HOMA‑IR was measured using the 
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aforementioned formula. The result showed that a significant 
insulin resistance was established in rats of the Tac group 
compared with the control (P<0.01) and the Tac+Rosi group 
(P<0.05; Fig. 1D).

Insulin and adipocytokines levels in plasma. Blood samples 
were obtained to measure plasma insulin and adipocytokine 
levels using radioimmunoassays (Table I). The concentration 
of insulin, adiponectin, leptin, resistin, visfatin, RBP4, CRP 
and apelin were measured. Compared with the Tac group, 
there were no significant differences in the plasma concen-
tration of insulin and adipocytokine in the Tac+Rosi group, 
except for apelin which was significantly increased in the 
Tac+Rosi group (P<0.05). No significant differences in insulin, 
adiponectin, leptin, resistin, visfatin, RBP4, CRP and apelin 
levels were observed between the Tac and the control group. 
However, apelin was significantly increased in the Tac+Rosi 
group when compared with the control group (P<0.05).

Expression of adipocytokine associated genes. Expression 
levels of adipocytokine‑associated genes were measured 
by RT‑qPCR in adipocytes. As shown in Fig. 2, compared 
with the control, mRNA levels of adiponectin and leptin 
were significantly decreased after treatment with Tac, and 
resistin, visfatin, IL‑6, TNF‑α and RBP4 were significantly 
increased in the Tac group. In the Tac+Rosi group, mRNA 
levels of adiponectin and leptin were increased, and resistin 
and visfatin were decreased compared with the Tac group. 
Furthermore, in the Tac+Rosi group expression of visfatin 

(P<0.05), IL‑6 (P<0.01), TNF‑α (P<0.01) and RBP4 (P<0.05) 
were significantly increased compared with the control group. 
Immunohistochemical staining with PPAR‑γ and GLUT4 of 
the adipose tissue suggested decreased expression of PPAR‑γ 
and GLUT4 in the Tac compared with the other two groups.

Expression of PPAR‑γ in adipocyte, muscle and liver tissues. 
PPAR‑γ is an important factor in the process of insulin resis-
tance (21). In addition to adipose tissue, it has been found in 
skeletal muscle and liver tissues of humans and rodents (21,22). 
In the current study, expression of PPAR‑γ was measured by 
RT‑qPCR and western blotting. As shown in Fig. 3, protein 
and gene expression of PPAR‑γ were significantly decreased 
in the three different tissues from the Tac group compared 
with the control group. Compared with the control group, 
PPAR‑γ mRNA was decreased by 60, 66 and 95%  in the 
adipose, muscle and liver tissues of the Tac group, respectively. 
In the same groups, protein levels were decreased by 42, 87 
and 70% in the adipose, muscle and liver tissues, respectively. 
After administration of Rosi, the PPAR‑γ mRNA level was 
significantly increased compared with the Tac group.

Role of PPAR‑γ in the insulin signaling pathway. To investi-
gate the effect of PPAR‑γ on the insulin pathway, expression 
of IR, IRS‑1/2, activation of Akt and expression of its down-
stream substrate GLUT4 were detected. Akt is an important 
factor in the insulin signaling pathway and its phosphorylation 
had been considered to be associated with the biological func-
tion of insulin (23). As shown in Fig. 4, mRNA levels of IR and 

Figure 1. Body weight, FBG and IPGTT over the experimental period. Rats were treated with Tac or Tac+Rosi for 2 weeks; saline‑treated rats were used 
as controls. (A) Body weight of rats determined daily. (B) FBG levels measured every other day. (C) On day 15 after fasting for 8 h, IPGTT was performed 
and blood glucose levels were measured every 30 min for 120 min. (D) HOMA‑IR calculated as follows: Fasting insulin level (l µU/ml) x fasting glucose 
(mmol/l)/22.5. Data are presented as the mean ± standard deviation. *P<0.05 vs. control; #P<0.05 vs. Tac. IPGTT, intraperitoneal glucose tolerance test; Tac, 
tacrolimus; Rosi, rosiglitazone; HOMA‑IR, homeostasis model of assessment for insulin resistance.
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Figure 2. Effects of Tac and Tac+Rosi on the expression of adipocytokines in rat adipocytes. Rats were treated with Tac or Tac+Rosi for 2 weeks; saline‑treated 
rats were used as controls. Relative mRNA expression of (A) adiponectin, (B) leptin, (C) resistin, (D) visfatin, (E) IL‑6, (F) TNF‑α and (G) RBP4 determined 
by RT‑qPCR. (H) Immunohistochemical staining for PPAR‑γ and GLUT4 in adipocyte tissue (magnification, x400; scale bar, 50 µm). Data are presented as 
the mean ± standard deviation. *P<0.05 vs. control; #P<0.05 vs. Tac. PPAR‑γ, peroxisome proliferator‑activated receptor; Tac, tacrolimus; Rosi, rosiglitazone; 
GLUT4, glucose transporter type‑4; RBP4, retinol binding protein 4.

Table I. Plasma concentrations of insulin and adipocytokines in rats treated with saline, Tac or Tac+Rosi for 2 weeks.

Insulin and adipocytokines	 Tac	 Tac+Rosi	 Control

Insulin (µIU/ml)	 20.72±5.85	 25.02±6.55	 24.19±4.27
Adiponectin (ng/ml)	 13.13±2.32	 14.82±1.70	 14.07±1.58
Leptin (ng/ml)	 7.82±1.57	 8.35±1.10	 8.25±1.29
Resistin (ng/ml)	 19.92±1.30	 19.73±4.12	 19.46±2.78
Visfatin (ng/ml)	 56.10±6.64	 54.72±13.72	 56.91±16.52
RBP4 (ng/ml)	 40.35±6.24	 41.06±6.20	 39.24±4.80
CRP (ng/ml)	 0.95±0.02	 0.97±0.02	 0.96±0.02
Apelin (ng/ml)	 50.48±5.26	 55.70±5.84a	 45.53±5.79 

Data are presented as the mean ± standard deviation. aP<0.05 vs. Tac. Tac, tacrolimus; Rosi, rosiglitazone; RBP4, retinol binding protein 4; 
CRP, C reactive protein.



ZHANG et al:  EXPRESSION OF GLUCOSE METABOLISM ASSOCIATES GENES IN TACROLIMUS‑INDUCED PTDM1500

IRS‑1/2 were significantly decreased in all tissues after Tac 
treatment compared with the control. However, GLUT4 levels 
were significantly decreased compared with the control in the 
adipocyte and muscle tissues and significantly increased in the 
liver samples. Furthermore, GLUT4 expression in adipocytes 
(P<0.05) and muscle (P<0.05) was significantly increased in 
the Tac+Rosi group compared with the Tac group. RT‑qPCR 
results were consistent with the western blotting analysis 
(Fig. 5).

Akt activation was evaluated in this study (Fig. 5C and D). 
Compared with the control group, the level of phosphoryla-
tion was significantly decreased by 61, 73 and 86% in the 
adipose, muscle or liver tissues of the Tac group, respectively. 
Phosphorylation was significantly increased in all tissues after 
Rosi treatment compared with the Tac group. Interestingly, the 

increase in phosphorylation differed between tissues and in the 
adipocyte tissue a higher value was observed in the Tac+Rosi 
group compared with the control.

Discussion

Tac is one of the most frequently used immunosuppressants 
in the treatment of transplantation recipients (24). PTDM is 
considered an important side effect of Tac treatment  (25). 
There are several studies where animal models have shown 
that different doses of Tac cause PTDM after organ or cell 
transplantation (26,27); however, most recent studies focused 
on islet cell injury (8,28). Peripheral tissue is a vital location 
of the glucose metabolism (29). Altered expression of glucose 
metabolism associated genes in the insulin signaling pathway 

Figure 3. Effects of Tac and Tac+Rosi on the expression of PPAR‑γ. Rats were treated with Tac or Tac+Rosi for 2 weeks; saline‑treated rats were used as 
controls. PPAR‑γ expression was determined in adipocyte, muscle and liver tissues. (A) PPAR‑γ western blot images and quantification for (B) adipocyte, 
(C) muscle and (D) liver tissues. PPAR‑γ mRNA levels (F) in (E) adipocyte muscle and (G) liver tissues. Data are presented as the mean ± standard deviation. 
*P<0.05 vs. control; #P<0.05 vs. Tac. PPAR‑γ, peroxisome proliferator‑activated receptor; Tac, tacrolimus; Rosi, rosiglitazone.
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may be associated with Tac induced PTDM. Therefore, in the 
present study, an in vivo model was used to mimic immunosup-
pressant therapy following organ transplantation. A diabetic 
state was found after prolonged treatment of the rats with Tac 
and hyperglycemia occurred after 10 days of Tac administra-
tion. However, rats treated with Tac+Rosi stayed euglycemic.

Clinical studies have reported that insulin resistance and 
β‑cell dysfunction serve significant roles during the process 
and pathogenesis of PTDM (30). The present study showed 
that glucose tolerance in rats treated with Tac was impaired 
and the HOMA‑IR was increased compared with the control 
rats. This demonstrated that insulin resistance may occur 
earlier than insulin deficiency. PPAR‑γ plays a significant 
role in type 2 diabetes mellitus by regulating the secretion 
of adipocytokines through PPAR‑γ‑mediated signaling 
pathways (31,32). Adipocytokines increase the sensitivity to 
glucose and reduce insulin resistance, which reverse glucose 
intolerance as reported in previous clinical studies (33,34). 
Some studies found that Rosi treatment is a safe option for 

patients with PTDM after kidney transplantations  (35). In 
this study, it was found that Rosi increased expression of 
proteins of the insulin signaling pathway and reduced insulin 
resistance. These observations were consistent with the altered 
expression of PPAR‑γ reported previously (36). The results 
of the current study demonstrated that the effect of Rosi was 
PPAR‑γ‑dependent and suggested that the PPAR‑γ agonist 
ameliorated the inhibition of Tac to PPAR‑γ. PPAR‑γ and Tac 
may be promising therapeutic targets for PTDM in the future.

Further experiments were performed to determine 
PPAR‑γ expression and the secretion levels of adipocytokines, 
including adiponectin, IL‑6, TNF‑α, leptin, resistin, visfatin 
and RBP4 in adipocyte. IL‑6 and TNF‑α are considered 
closely associated with adiposity and insulin resistance and 
are highly expressed in adipose tissues (37,38). In the present 
study, except for impaired glucose tolerance, it was observed 
that expression of adiponectin and leptin were significantly 
reduced in the Tac group accompanied by increased expres-
sion of resistin, visfatin and RBP4 compared with the control 

Figure 4. IR, IRS‑1/2 and GLUT4 mRNA levels in adipocyte, muscle and liver tissues. Rats were treated with Tac or Tac+Rosi for 2 weeks; saline‑treated 
rats were used as controls. mRNA levels were determined in adipocyte, muscle and liver tissues using RT‑qPCR. (A) Relative mRNA expression of IR. 
(B) Relative mRNA expression of IRS‑1 in adipocyte and muscle tissues and IRS‑2 expression in liver tissues. (C) Relative mRNA expression of GLUT4. Data 
are presented as the mean ± standard deviation. *P<0.05 vs. control; #P<0.05 vs. Tac. Tac, tacrolimus; Rosi, rosiglitazone; GLUT4, glucose transporter type‑4; 
IR, insulin receptor, IRS, IR substrate.
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Plasma concentrations of insulin and adipocytokines were 
also measured. The level of insulin was increased in the 
Tac+Rosi group compared with the Tac group, which may 
be caused by a stress response. It is well known that PPAR‑γ 
agonists like Rosi promote the secretion of adiponectin and 
leptin by stimulating the expression of PPAR‑γ in the patients 
with diabetes mellitus (39). It was concluded that PPAR‑γ and 
adipocytokines may serve an important role in the induction of 
diabetes after treatment with Tac.

Insulin resistance describes the need for increased insulin 
to achieve biological effects  (40). The insulin signaling 
pathway is composed of various molecules and proteins 
which initiate IR tyrosine kinase activation and substrate 
phosphorylation (41). However, it is not known whether this 
pathway is affected by the altered expression of proteins and 
molecules, and the activation of enzymes and transcription 
factors in peripheral tissue induced by Tac. IRS‑1 is primarily 
observed in adipocyte and muscle tissues and plays a critical 
role in process of glucose metabolism  (42,43). IRS‑2 is 
primarily observed in the liver and participates in the process 
of maintaining glucokinase activity (44). In this study, mRNA 
expression of IR, IRS‑1/2 and GLUT4 were inhibited by Tac 
in various peripheral tissues and the phosphorylation of Akt 
was altered compared with the control. Rosi treatment further 
affected the expression levels of these factors.

The effect of Tac in blocking immunoreaction is via 
inhibition of calcineurin through the calcineurin/NFAT 
signaling pathway. It was hypothesized that there may be 
an interaction between calcineurin/NFAT and PPAR‑γ in 
adipocytes, hepatocytes and myocytes (45). Consistent with 

this, the calcineurin inhibitor Tac was applied and PPAR‑γ 
expression was evaluated. It suggested that there may be 
an association between calcineurin/NFAT and PPAR‑γ in 
different peripheral tissues. Tac has been reported to inhibit 
calcineurin activity and downregulate the nuclear localiza-
tion potentially affected by PPAR‑γ gene activation and 
decreased expression levels of PPAR‑γ and adiponectin (46). 
Adiponectin is one of the most important adipocytokines 
to control the glucose metabolism and insulin sensitivity, 
exerting insulin‑sensitizing effects through binding to 
specific receptors, leading to AMPK and PPAR‑α activa-
tion (47). It suppresses gluconeogenic gene expression and 
its dysfunction has been implicated in insulin resistance, 
diabetes and cardiovascular diseases.

It was found that the degree of decreased expression of 
PPAR‑γ varied among the three different tissues. Thus, a 
future study may be designed using different types of cells, 
such as adipocytes, muscle and liver cells. The preliminary 
results obtained in this study provided a base for follow‑up 
experiments and the knockdown or inhibition of the PPAR‑γ 
signaling pathway may be studied to investigate whether the 
degree of insulin resistance is associated with varied expres-
sion of PPAR‑γ in multiple cell lines. There were various 
limitations associated with the current study. Since the 
occurrence of PTDM has been closely associated with many 
factors in clinical and experimental studies (48), the aim of the 
present study was to evaluate the effects of an immunosup-
pressant in the pathogenesis of PTDM and an animal model 
was established using Tac. However, PTDM animal models 
that follow kidney or other solid organ transplantation require 

Figure 5. Effects of Tac and Tac+Rosi on GLUT4 protein expression and activation of Akt. Rats were treated with Tac or Tac+Rosi for 2 weeks; saline‑treated 
rats were used as controls. Protein levels were determined in adipocyte, muscle and liver tissues by western blotting. (A) Membrane images and (B) quantifica-
tion of GLUT4 protein expression. (C) Membrane images and (D) quantification of Akt and p‑Akt levels. Data are presented as the mean ± standard deviation. 
*P<0.05 vs. control; #P<0.05 vs. Tac. Tac, tacrolimus; Rosi, rosiglitazone; GLUT4, glucose transporter type‑4; p‑, phosphorylated.
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to be evaluated in the future. Furthermore, the current study 
only measured a small selection of molecules from the insulin 
signaling pathway in the glucose metabolism, and the plasma 
adipocytokine and insulin‑derived index levels have not been 
fully validated in rodents and require to be further investi-
gated. The time point chosen to determine drug effect may 
have been too short in this study and future evaluation may 
include multiple response times.

In summary, the mechanisms responsible for the occur-
rence of glucose intolerance induced by Tac may be attributed 
to an increased insulin resistance in various peripheral tissues, 
in addition the previously reported islet cell injury and impair-
ment of islet cell secretion  (49). According to the results 
presented in the current study, Tac induced insulin resistance 
may be closely associated with the inhibition of PPAR‑γ and 
altered adipocytokine expression involved in the occurrence 
and development of PTDM. These findings may provide a 
promising therapeutic target to prevent PTDM caused by Tac 
in future.
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