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Abstract: Although islet transplantation has been identified as a promising endocrine replacement treatment for 
patient with diabetes mellitus (DM), it still remains unclear whether islet transplantation can inhibit the diabetic-
induced myocardial injury and subsequent adverse ventricular remodeling. Here, we sought to explore the mo-
lecular mechanism underlying the cardioprotective effect of islet transplantation. We established the diabetic rat 
model by intraperitoneal injection of STZ, which was followed by either islet transplantation or conventional insulin 
treatment. Compared with insulin treatment, islet transplantation further reduced the elevated blood glucose which 
was nearly restored to normoglycaemia. In addition, islet transplantation attenuated the increased levels of cTn-I 
and CK-MB, cleaved-caspase-3 in response to DM, and ameliorated diabetic-induced cardiac hypertrophy and in-
terstitial fibrosis, along with improved extracellular matrix (ECM) deposition. Moreover, diabetic rats that underwent 
islet transplantation had lower expression of TGF-β1 and lower phosphorylation levels of Smad3. Therefore, islet 
transplantation exerted protective effect against diabetic-induced myocardial injury and fibrotic remodeling through 
deactivation of TGF-β1/Smad3 signaling pathway.
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Introduction

Diabetes mellitus (DM), a chronic metabolic 
disease, is characterized by either impaired 
insulin secretion or the loss of insulin producing 
pancreatic β cells, which results in hyperglycae-
mia and is closely related with cardiovascular 
events, stroke, kidney failure or peripheral neu-
ropathy [1]. Myocardial dysfunction secondary 
to direct cardiomyocytes loss or atherosclero- 
tic complications is the leading cause of mor-
bidity and mortality in DM patients, indicating 
the heart as a primary target of DM pathologi-
cal process [2]. Previous studies have dem- 
onstrated that oxidative stress, inflammation, 
apoptosis, cardiac hypertrophy and interstitial 
fibrosis are the major determinants of diabetic-
induced myocardial injury [3-5]. Notably, ex- 
cessive reactive interstitial fibrosis and dys- 
regulated extracellular matrix (ECM) cross-link 

initially decrease the compliance of mycardium, 
subsequent perivascular fibrosis hinders the 
diffusion of oxygen and disrupts the supply-
consumption balance, contributing to both dia-
stolic and systolic dysfunction [6]. Therefore, 
fibrotic response may have a pivotal role in the 
diabetic remodeling of myocardium and heart 
failure, thus providing a rational for targeting 
the diabetic-induced cardiac fibrosis.

Although the insulin is seen as the well-accept-
ed therapeutic intervention in clinical practice, 
it is limited by unstable glucose control, severe 
hypoglycaemia and insulin resistance, thus fail-
ing to reduce the long-term complication rate. 
Currently, pancreatic transplantation or islet 
transplantation is recognized as the most ef- 
fective endocrine replacement treatment for 
type 1 or type 2 diabetes, with restored endog-
enous insulin secretion by the provision of suf-
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ficient β cells [7-9]. In contrast to pancreatic 
transplantation, islet transplantation has been 
developed as a minimal invasive approach, 
which was eligible for patients (older than 50 
years) that were at higher risk of postopera- 
tive complications [10]. Evidence from previous 
studies has demonstrated that islet trans- 
plantation or pancreatic transplantation could 
retarded the progression of hyperglycemia-
induced nephropathy, neuropathy and retinop-
athy, and even reversed it in terms of excellent 
metabolic control [11, 12]. Additionally, pan-
creas transplantation has been associated 
with improved histological changes of left  
ventricular and cardiac function in diabetic 
patients [13]. However, thus far the beneficial 
effect of islet transplantation on diabetic-
induced myocardial injury have not yet been 
reported and the underlying molecular mecha-
nism remained unclear.

The present study was designed to explore the 
potential cardioprotective roles of islet trans-
plantation in diabetic hearts. Our results con-
firmed that islet transplantation protected ag- 
ainst diabetic-induced myocardial dysfunction 
by reducing diabetic-induced interstitial fibro- 
sis through inhibition of transforming grow- 
th factor-β1 (TGF-β1)/Smad3 signaling pathway.

Material and methods

Animal

A total of 42 male Wistar rats weighing 200-
220 g were provided by the Experimental 
Animal Center of Wenzhou Medical University. 
All the animals were housed in an environment 
with temperature of 24 ± 1°C, relative humidity 
of 50 ± 1% and a light/dark cycle of 12/12 hr. 
In addition, all animal studies (including the 
mice euthanasia procedure) were done in 
compliance with the regulations and guidelines 
of Wenzhou Medical University institutional 
animal care and conducted according to the 
AAALAC and the IACUC guidelines. 

Establishment of diabetic models

Diabetes mellitus was induced over a period of 
8 weeks using a single intraperitoneal (I.P.) 
injection of streptozotocin (STZ) (50 mg/kg) in 
0.1 ml of citrate buffer (pH 4.5). Subsequently, 
glucose levels in tail vein blood were measured 
using an Accu-Check Active glucometer (Roche, 
Basel, Switzerland); rats with nonfasted glu-

cose concentrations > 16.67 mmol/l that was 
maintained for 3 days were used as experi- 
mental diabetic model. Twelve weeks later, rats 
were randomly divided into three different 
groups and were treated with saline, insulin  
(3U at 9 a.m. and 9 p.m./day, I.P.) or islet trans-
plantation. After 4 weeks, rats were anaesthe-
tized and sacrificed for further study. Normal 
rats were used as control.

Islet transplantation and assessment

Islets transplantations were performed accord-
ing to our protocols as previously described 
[14]. Briefly, rats were anesthetized with chloral 
hydrate; pancreas was then exposed, separat-
ed from the surrounding tissues, and digested 
at 37°C. After washing, the islets were cen- 
trifuged, purified and cultured in RPMI-1640 
(Gibco, Carlsbad, CA, USA) containing 10% FBS, 
2 mM L-glutamate, 100 U/ml penicillin and 
streptomycin. The activity of purified islets  
was determined by FDA-PI staining with a  
fluorescence microscope. Subsequently, the 
kidney of recipient rat was exposed, the islet 
was gently transferred into the capsule after 
capsulotomy, and the incision was sutured  
layer-by-layer. 4 weeks after transplantation, 
hematoxylin-eosin (HE) staining and immuno-
fluorescence were applied for assessing the 
function of insulin secretion.

Histopathology

The hearts were rapidly excised, fixed in 4% for-
malin, dehydrated, and embedded in paraffin. 
To determine the cross-sectional area or the 
extent of fibrosis, 5 μm sections were deparaf-
finized and stained with HE and Masson’s  
trichrome according to the manufacturers’ 
instruction, respectively. Interstitial fbrosis was 
quantified as the percentage of fibrotic area 
over the total LV area. Images was obtained 
using a Leica DMI3000B microscope and ana-
lyzed by Image-Pro Plus software.

Immunohistochemistry

Tissue sections were deparaffinized and rehy-
drated. Subsequently, the sections were incu-
bated with 3% hydrogen peroxide and follow- 
ed by 5% goat serum. Immunohistochemical 
α-SMA, collagen Ia1 and collagen IIIa1 staining 
of LV sections were performed using anti-α-
SMA (Abcam), anti-collagen Ia1 (Abcam), anti-
collagen IIIa1 (Abcam) and cleaved-caspase-3 
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(Abcam) antibodies with a dilution factor of 
1:200. The sectioned tissue was then incubat-
ed with goat anti-rabbit secondary antibody 
and visualized with DAB. The extent of immu-
nostaining was assessed using Image-Pro Plus 
software.

Western blot analysis

Western blotting was performed as described 
previously [15]. Briefly, hearts were extracted, 
homogenized in lysis buffer and centrifuged. 
50 μg proteins were fractionated by SDS-PAGE 
and transferred to PVDF membranes. After 
blocking with 5% non-fat milk, the membranes 
were incubated with following primary antibod-
ies at 4°C overnight: TGF-β1 (CST, 1:1000), 
α-SMA (Abcam, 1:1000), cleaved-caspase-3 
(Abcam, 1:500), p-Smad3 (Abcam, 1:500) and 
CTGF (CST, 1:1000), Bcl-2 (Abcam, 1:1000), 
Bax (Abcam, 1:500), cleaved-caspase-3 (Ab- 
cam, 1:500). After washing, the membranes 

TCTTGATGAAC-3’; GAPDH F: 5’-ACAAGGCTGCC- 
CCGACTAC-3’ and R: 5’-CTCCTGGTATGAAATGG- 
CAAATC-3’. For each sample, the transcript  
levels was normalized to that of GAPDH.

Measurement of blood glucose, cTn-I, and 
CK-MB

Blood samples were collected and centrifuged. 
Plasma was than isolated and the extent of 
myocardial injury was assessed by measuring 
cTn-I, and CK-MB levels according to the manu-
facturers’ instruction.

Statistical analysis

Statistical analysis was performed utilizing 
SPSS 20.0. Data were presented as the means 
± SD. Statistical significance among the four 
groups (control group, DM group, DM + insulin 
group and DM + islet transplantation group) 
was initially determined by one-way ANOVA 

Figure 1. The morphology and activity of isolated islets before transplan-
tation. A. Representative images of isolated islets from rat pancreas. The 
morphology of islets were observed and assessed under microscope. B. Im-
munofluorescence staining for FDA-PI to determine the activity of isolated 
islets. The contrast in relative fluorescence intensity reflected a high level 
activity (> 99%) of isolated islets. Bar = 25 μm. C. Representative HE stain-
ing of transplanted islets under kidney capsule. Islets were injected and sub-
sequent located under the kidney capsule revealed by HE staining. Bar = 25 
μm. D. Immunohistochemistry staining of insulin after islets transplantation. 
Bar = 25 μm.

were incubated with second-
ary antibodies, and the ba- 
nds were visualized with ECL 
and quantified using Image-
Pro Plus software.

Quantitative real-time PCR

Total RNAs were prepared us- 
ing Trizol reagent (Invitrogen, 
USA) as described previously. 
Quantitative real-time RT-PCR 
was then performed in an  
ABI 7500 Fast (Applied Bio- 
systems) with the following 
primers: ANP F: 5’-CTGCTAG- 
ACCACCTGGAGGAGAAG and  
R: 5’-TCATCGGTCTGCTCGCTC- 
AGG-3’; β-MHC F: 5’-GTGCC- 
AATGACGACCTGAAGGAG-3’ 
and R: CTGGTTGATGAGGCT- 
GGTGTTCTG-3’; collagen-IA1  
F: 5’-TGTTGGTCCTGCTGGCAA- 
GAATG-3’ and R: 5’-GTCACCT- 
TGTTCGCCTGTCTCAC-3’; coll- 
agen-IIIA1 F: 5’-GACACGCT- 
GGTGCTCAAGGAC-3’ and R:  
5’-GTTCGCCTGAAGGACCTC- 
GTTG-3’; α-SMA F: 5’-GCGT- 
GGCTATTCCTTCGTGACTAC-3’ 
and R: 5’-CCATCAGGCAGTT- 
CGTAGCTCTTC-3’; CTGF F: 5’- 
CACCGCACAGAACCACCACAC- 
3’ and R: 5’-GGCAGGCACAGG- 
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test, and further evaluated with Turkey post 
hoc analysis for data homogeneous variance. 
When the data were heterogeneous variance, 
Dunnett’s T3 test was performed for post hoc 
analysis. And P < 0.05 was considered statisti-
cally significant.

Results

Therapeutic effects of islet transplantation on 
diabetic-induced myocardial damage

The islets were separated from the rat pancre-
as, purified and cultured for transplantation. 
The morphology of islets was evaluated under 
microscope (Figure 1A). Immunofluorescence 
staining for FDA-PI identified a high-level activi-
ty (> 99%) of isolated islets (Figure 1B). After 

transplantation, HE staining revealed that the 
islets were located under the kidney capsule 
with normal function for insulin secretion 
(Figure 1C, 1D). After STZ injection, glucose 
level in the blood was markedly elevated, how-
ever rats treated with insulin or islet transplan-
tation significantly reduced the blood glucose 
(Figure 2A). Compared with normal control, the 
body weight in diabetic rats gradually decreased 
during the study, whereas rats partially gained 
weight after insulin treatment or islet trans- 
plantation (Figure 2B). Diabetic rats presented 
increased cTn-I and CK-MB release, however, 
insulin treatment markedly decreased all bio-
chemical markers of myocardial damage (Fi- 
gure 2C, 2D). Surprisingly, islet transplantation 
showed lower levels of cTn-I and CK-MB when 
compared with insulin treatment.

Figure 2. Effect of islets transplantation on blood glucose, body weight and biomarker of cardiac injury. A and B. The 
blood glucose levels and body weight in each group (n = 6-8) over the 16 weeks. The blood glucose of diabetic rats 
was significantly increased and maintained at the high level during the 16 weeks, which was significantly reduced 
by insulin treatment and nearly restored to normal level by islet transplantation. Meanwhile, diabetic rats treated 
with islet transplantation significantly gained weight in comparision with insulin treatment. C and D. Quantitative 
analysis of of cTn-I and CK-MB (n = 6 for each). Diabetic induced myocardial damage was associated with a higher 
levels of cTn-I and CK-MB, which was significanly alleviated by insulin treatment. However, islet transplantation fur-
ther decreased the release of cTn-I and CK-MB from the myocardium. DM, diabetes mellitus. I = insulin, IT = islets 
transplantation. *P < 0.05 vs. Control. #P < 0.05 vs. DM. #P < 0.05 vs. DM + I.
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Islet transplantation attenuated diabetic-
induced myocardium apoptosis

Apoptosis was deeply implicated in the patho-
genesis of diabetic-induced myocardial dam-
age; thus we determined the activity of cas-
pase-3 in the heart of diabetic rats. Immu- 
nohistochemistry staining presented an in- 
creased expression of cleaved-caspase-3, 
which had an important role in triggering the 
subsequent progression of apoptosis (Figure 
3A, 3B). Compared with insulin treatment,  
islet transplantation showed a more profound 
protection against myocardial apoptosis by 
decreasing the expression of cleaved-cas-
pase-3, which was further convinced by west-
ern blotting analysis (Figure 3C, 3D). In addi-
tion, the expression levels of Bcl-2 and Bax 
were respectively, decreased and increased, 

thus contributing to reduced Bcl-2/Bax ratio 
(Figure 3C, 3E). Insulin treatment restored the 
Bcl-2/Bax ratio; however, islet transplantation 
further reduced the dysregulation of both Bcl-2 
and Bax.

Islet transplantation improved myocardial 
remodeling in diabetic rats

Diabetic-induced myocardial damage was fol-
lowed by adverse myocardial remodeling; th- 
erefore, we investigated the cardiac hypertro-
phy and interstitial fibrosis in diabetic rats. As 
shown in Figure 4C, insulin treatment signifi-
cantly reduced the diabetic-induced cardiac 
hypertrophy as evidenced by the heart weight 
(HW)/body weight (BW) ratio, nonetheless, islet 
transplantation further decreased the HW/BW 
ratio. Subsequently, HE staining demonstrated 

Figure 3. Islets transplantation reduces cardiomyocytes apoptosis in diabetic rats. A and B. Representative immuno-
histochemistry images and quantitative analysis of cleaved-caspase-3 in myocardium (n = 6 for each). Immunohis-
tochemistry staining showed a larger area of cleaved-caspase-3 in the myocardium of diabetic rats, however, insulin 
treatment was associated with a smaller area of cleaved-caspase-3 and further decreased by islet transplantation. 
Bar = 25 μm. C. Representative WB images of cleaved-caspase-3, Bcl-2 and Bax. D and E. Quantitative analysis of 
the expression of cleaved-caspase-3 and the ratio of Bcl-2/Bax (n = 6 for each). DM induced the protein expres-
sion of cleaved-caspase-3 and upregulated the ratio of Bcl-2/Bax, nonetheless, islet transplantation significantly 
inhibited the activation of caspase-3 and attenuated the dysregulation of Bcl-2 and Bax. DM, diabetes mellitus. I = 
insulin, IT = islets transplantation. *P < 0.05 vs. Control. #P < 0.05 vs. DM. #P < 0.05 vs. DM + I.
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Figure 4. Islet transplantation attentuates myocardial remodeling in diabetic rats. A. Representative HE staining of 
myocardium. Bar = 25 μm. B. Quantitative analysis of cross-sectional area of cardiomyocytes (n = 6 for each). The 
cross-sectional area of cardiomyocytes was significantly larger than that of control, and decreased by insulin treat-
ment. Intriguingly, islet transplantation further decreased the cross-sectional area of cardiomyocytes in comparision 
with insulin treatment. C. Measurement of H/W ratio (heart weight/body weight) in each group (n = 6-8 for each). 
The increased H/W ratio of diabetic rats was significantly reduced by insulin treatment and further reduced by islet 
transplantation. D and E. Representative Masson’s trichrome staining and quantitative analysis of fibrosis area in 
myocardium (n = 6-8 for each). Diabetic induced myocardial damage was associated with a severe cardiac fibrosis, 
islet transplantation showed a more significant protection against fibrotic remodeling than insulin treatment. Bar = 
25 μm. F. Transcription levels of ANP and β-MHC in the myocardium (n = 4-6 for each). DM induced the mRNA ex-
pression of ANP and β-MHC in the myocardium, islet transplantation significantly decreased the transcription levels 
of them when compared with insulin treatment. DM, diabetes mellitus. I = insulin, IT = islets transplantation. *P < 
0.05 vs. Control. #P < 0.05 vs. DM. #P < 0.05 vs. DM + I.
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that administration of insulin attenuated the 
increased cross-sectional area of cardiomyo-
cytes in diabetic rats (Figure 4A, 4B). In accor-
dance with the HW/BW ratio, islet transplanta-
tion presented smaller cardiomyocytes size 
than insulin treatment. Unsurprisingly, the tran-
script levels of ANP and β-MHC, two markers of 
cardiac hypertrophy were lower in islet trans-
plantation group than that in insulin treatment 
group (Figure 4F). Additionally, severe intersti-
tial fibrosis, a hallmark of cardiac remodeling, 
was detected in myocardium of diabetic-rats 
(Figure 4D, 4E). As expected, fibrosis was con-
sistently decreased by insulin treatment and 
was further alleviated in diabetic rats that 
underwent islet transplantation.

Islet transplantation inhibits diabetic-induced 
ECM accumulation

Cardiac fibrosis was characterized by myofibro-
blasts transformation and excess ECM deposi-
tion. Immunohistochemistry analysis showed 
that DM induced the expression of collagen-
Ia1, collagen-IIIa1 and CTGF in myocardium, 
indicating the deposition of ECM. Insulin treat-
ment significantly alleviated the increase in 
collagen-Ia1, collagen-IIIa1 and CTGF, while 
islet transplantation further reduced their 
expression (Figure 5A-D). Moreover, western 
blot analysis showed that islet transplantation 
was associated with a significantly lower levels 
of α-SMA compared with insulin treatment, 
suggesting lower cardiac fibroblasts differentia-
tion (Figure 5E).

Additionally, real-time PCR revealed that the 
transcript levels of collagen-Ia1, collagen-IIIa1, 
CTGF and α-SMA were increased in the heart of 
diabetic rats. Consistently, islet transplantation 
further blunted the diabetic-induced expres-
sion of all aforementioned gene except colla-
gen-IIIa1, when compared with insulin treat-
ment (Figure 5F).

Effects of Islet transplantation depend on 
deactivation of the TGF-β1/Smad3 signaling 
pathway

TGF-β1/Smad signaling pathway was the well-
established molecular mechanism underlie the 
cardiac fibrosis, thus we determined the effects 
of islet transplantation on the expression of 
TGF-β1 and p-Smad3. DM increased the ex- 
pression of TGF-β1 and phosphorylated Smad3 

with no impact on total Smad3 (Figure 6A-D), 
yet, insulin treatment reduced the protein lev-
els of TGF-β1 and p-Smad3, while islet trans-
plantation further inhibited the activation of 
TGF-β1/Smad3 signaling pathway.

Discussion

The present study provided novel insights into 
the molecular mechanisms underlying the car-
dioprotective effect of islet transplantation in 
diabetic rats. Data from our study showed  
that STZ injection successfully induced hyper-
glycemia, and that insulin treatment partially 
reduced the blood glucose, whereas islet trans-
plantation almost restored the function of β 
cell, which was evidenced by normalization of 
the glucose levels in the blood. Additionally, we 
demonstrated that islet transplantation pro-
tected the rats from diabetic-induced myocar-
dial injury, inhibited myocardial hypertrophy 
and interstitial fibrosis, and decreased accu-
mulation of ECM thus attenuating adverse  
ventricular remodeling. Furthermore, these 
beneficial effects were associated with de- 
creased activation of TGF-β1/Smad2/3 signal-
ing pathway.

Islet transplantation has been developed as  
a promising endocrine replacement treatment 
for diabetic patients, and especially for those 
patients with type I diabetes mellitus. It pro-
vides an alternative to pancreatic transplanta-
tion due to minimal invasiveness, which makes 
it appropriate for patients with high risk of  
surgical complications [9, 16]. Compared with 
exogenous insulin treatment, the main advan-
tage of islet or pancreatic transplantation is 
that it restores the function of β cells and  
mimics the physiological adjustment of insulin 
secretion, therefore maintaining normal fluctu-
ations of blood glucose and ameliorating the 
cytotoxicity of hyperglycemia. Unexpectedly,  
in the present study, diabetic rats with islet 
transplantation almost got their normoglycae-
mia levels fully restored, whereas insulin treat-
ment only slightly reduced the blood glucose. 
Consequently, it may be responsible for the 
long-term efficacy of islet or pancreatic trans-
plantation in preventing diabetic-induced com-
plications, thus providing the rational for clini-
cal application. 

Cardiovascular disease is the most important 
complication in patients with diabetes mellitus, 
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since uncontrolled hyperglycemia irreversibly 
impairs diastolic and systolic function, which 
inevitably deteriorate into heart failure [17]. 
Epidemiological evidence has shown that dia-
betic population is associated with a twofold to 
fivefold increased risk of congestive heart fail-

ure compared with non-diabetic counterparts, 
and even with higher all-cause mortality [18, 
19]. Numerous studies have reported that 
inflammatory response, oxidative stress, apop-
tosis, and adverse ventricular remodeling are 
involved in the pathogenesis of diabetic-

Figure 5. Effect of islets transplantation on the expression of collagen-Ia1, collagen-IIIa1, CTGF and α-SMA. A. Rep-
resentative immunohistochemistry images of collagen-Ia1, collagen-IIIa1 and CTGF staining in the myocardium. Bar 
= 25 μm. B-D. Quantitative analysis of the expression of collagen-Ia1, collagen-IIIa1 and CTGF (n = 6-8 for each). 
Immunohistochemistry staining showed a larger area of collagen-Ia1, collagen-IIIa1 and CTGF in the myocardium 
of diabetic rats which was significantly reduced by insulin treatment. Surprisingly, islet transplantation was associ-
ated with a smaller area of collagen-Ia1, collagen-IIIa1 and CTGF than insulin treatment. E. Representative WB and 
quantitative analysis of α-SMA in the myocardium (n = 6-8 for each). The protein expression of α-SMA was remark-
edly increased in the myocardium of diabetic rats, insulin treatment signifiantly alleviated the increase of α-SMA, 
and further reduced by islet transplantation. F. Transcription levels of collagen-Ia1, collagen-IIIa1, CTGF and α-SMA 
in the myocardium (n = 4-6 for each). DM induced the mRNA expression of collagen-Ia1, collagen-IIIa1, CTGF and 
α-SMA in the myocardium, islet transplantation significantly decreased the transcription levels of collagen-Ia1, CTGF 
and α-SMA but collagen-IIIa1 when compared with insulin treatment. DM, diabetes mellitus. I = insulin, IT = islets 
transplantation. *P < 0.05 vs. Control. #P < 0.05 vs. DM. #P < 0.05 vs. DM + I.

Figure 6. Islets transplantation inhibits the activation of TGF-β1/Smad3 signaling pathway. A. Representative immu-
nohistochemistry images and quantitative analysis of TGF-β1 in myocardium (n = 6-8 for each). The TGF-β1 positive 
area was significantly larger in the myocardium of diabetic rats than that of control, insulin treatment showed a 
significantly smaller TGF-β1 positive. Intriguingly, islet transplantation further reduced the TGF-β1 positive area than 
insulin treatment. Bar = 25 μm. B. Representative WB images of TGF-β1, p-Smad3, Smad3. C and D. Quantitative 
analysis of the expression of TGF-β1, p-Smad3, Smad3 (n = 6 for each). DM induced the protein expression of TGF-β1 
and phosphorylated Smad3 with no impact on the expression of total Smad3, however, islet transplantation signifi-
cantly reduced the expression levels of TGF-β1 and phosphorylated Smad3 in comparision with insulin treatment. 
DM, diabetes mellitus. I = insulin, IT = islets transplantation. *P < 0.05 vs. Control. #P < 0.05 vs. DM. #P < 0.05 vs. 
DM + I.
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induced myocardial damage and progression 
toward heart failure; nevertheless, the patho-
physiological mechanism is far from being fully 
elucidated [3-5]. It is noteworthy that cardiac 
fibrosis has a critical role in structural remodel-
ing of diabetic hearts and the consequential 
development of diabetic cardiomyopathy [20, 
21]. Cardiac fibrosis has been detected and 
quantified in interstitial myocardium of diabetic 
patients by using MRI with diffusion weighted 
imaging and T1 mapping techniques, and fur-
ther confirmed by autopsy or biopsy [22]. 
Interstitial fibrosis was initially a reparative pro-
cess in response to cardiomyocytes loss or 
direct hyperglycemic insult, whereas subse-
quent excessive fibrosis resulted in diastolic 
dysfunction. Meanwhile, perivascular fibrosis 
reduced the blood flow and hindered the oxy-
gen diffusion which contributed to systolic dys-
function. Furthermore, fibrotic remodeling in 
diabetic heart was accompanied with cardiac 
hypertrophy, a structural change of myocytes 
exposed to long-standing biological or patho-
logical stimulation. Yet, hypertrophic hearts 
and cardiomyocytes were associated with an 
increased oxygen consumption, which aggra-
vated myocardial ischemia and cardiac dys-
function in the setting of diabetes mellitus. 
Prior animal experiments have suggested that 
genetic regulation or pharmacological interven-
tion targeting the molecular mechanism un- 
derlying adverse ventricular remodeling could 
retard or even reverse the progression of dia-
betic-induced heart failure [23, 24]. Consistent 
with these studies, diabetes induced myocar-
dial injury and apoptosis, followed by adverse 
ventricular remodeling with cardiac hypertro-
phy and interstitial fibrosis in present study, 
whereas islet transplantation or insulin treat-
ment significantly attenuated the diabetic-
induced structural changes. Myofibroblasts are 
a hallmark of fibrotic process, which mainly 
derive from the differentiation of resident car-
diac fibroblast, bone marrow-derived cells or 
epithelial-mesenchymal transformation [25]. It 
possessed contractile properties by expres- 
sion of α-SMA and was characterized by accel-
erated synthesis of ECM. Accordingly, both 
therapeutic approaches decreased the protein 
levels of α-SMA and deposition of collagen-
Ia1and-IIIa1. Furthermore, islet transplantation 
also alleviated the diabetic-induced expression 
of CTGF, an important mediator in fibroblasts 
activation such as proliferation, differentiation, 

adhesion and ECM synthesis. Intriguingly, our 
study demonstrated that diabetic rats that 
underwent islet transplantation had signifi- 
cantly less interstitial and perivascular fibrosis 
and ECM accumulation, along with lower levels 
of α-SMA and CTGF expression compared to 
insulin treatment. The preferable effect of islet 
transplantation in retarding diabetic-induced 
ventricular remodeling could attribute to re- 
stored β cell function and more optimal blood 
glucose regulation. However, whether trans-
planted islet exerted cardioprotective effect 
other than improving hyperglycemia remained 
unknown and thus needs to be further in- 
vestigated.

TGF-β is the well-established cytokine/growth 
factor that regulates a wide variety of cell func-
tions [26]. Evolving evidence has suggested 
that TGF-β is deeply implicated in the patho- 
genesis of cardiac remodeling and fibrosis 
through activation of cardiac fibroblasts and 
accumulation of ECM [27, 28]. By using TGF-β1 
heterozygous mice, Brooks et al have demon-
strated that TGF-β1 promotes the deposition  
of collagen and extracellular matrix synthesis 
thus contributing to age-associated cardiac 
fibrosis [29]. Administration of a neutralized 
anti-TGF-β antibody markedly reduced collagen 
deposition following pressure overload or isch-
emia [30, 31]. By contrast, transgenic overex-
pression of TGF-β1 led to a significantly in- 
creased expression of hypertrophy-related pro-
teins and interstitial fibrosis [32]. TGF-β sig- 
naling activation is mainly dependent on the 
phosphorylation of downstream intracellular 
Smad proteins. Mechanistically, TGF-β1 binds  
to type II and type I receptor, and then activates 
type I receptor phosphorylated Smad2 and 
Smad3, which interact with Smad4 and tran- 
slocate into nucleus to induce transcription  
of fibrotic related gene, such as Fn, Ctgf,  
Col1a1 and Col3a1 [33, 34]. Genetic ablation 
of Smad3 protects against fibrotic remodeling 
in the kidney, eye and vasculature. Impor- 
tantly, global deletion of Smad3 has been  
associated with a reduced ventricular fibrosis 
in myocardium of mice subjected to pressure 
overload or myocardial infarction [35]. While 
Smad3-/- fibroblasts present decreased pro- 
liferation, migration and attenuated TGF-β1-
induce α-SMA expression when compared with 
wild-type cells, indicating a critical role of 
Smad3 underlying the phenotypic differentia-
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tion and functional enhancement [36]. Con- 
sistent with the results of recent experiments, 
hyperglycemia increased the expression of 
TGF-β1 and phosphorylated Smad2 and Sm- 
ad3, nonetheless, islet transplantation mark-
edly inhibited the activity of TGF-β1 and 
Smad2/3 in diabetic heart. Similarly, islet 
transplantation showed a more suppressed 
activation of this signaling pathway than insulin 
treatment, thus suggesting that the favorable 
effect of islet transplantation in attenuating 
diabetic-induced cardiac remodeling and fibro-
sis was mainly depended on TGF-β1/Smad2/3 
cascade.

Our study demonstrated that islet transplan- 
tation reduced diabetic-induced myocardial 
injury, subsequently inhibited cardiac hypertro-
phy, interstitial fibrosis and ECM deposition 
through deactivation of TGF-β1/Smad2/3 sig-
naling pathway, therefore protecting against 
DCM. These mechanistic findings supported 
the therapeutic potential of islet transplanta-
tion for the treatment of cardiac fibrosis in  
diabetic rats and highlighted its preferable role 
in clinical setting.
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