
Acta Pharmacologica Sinica  (2011) 32: 999–1008 
© 2011 CPS and SIMM    All rights reserved 1671-4083/11  $32.00
www.nature.com/aps

npg

Introduction
Diabetes mellitus (DM) has emerged as a major threat to the 
health of humans throughout the world.  Long-term DM 
results in the development of diabetic cardiomyopathy, which 
is characterized histologically by myocardial fibrosis.  DM-
induced cardiac remodeling may participate in diastolic and 
systolic dysfunction, leading to congestive heart failure.  More-
over, it can occur during the early stages of DM[1, 2],  and is 
closely related to a high prevalence of mortality from cardio-
vascular events in DM.  However, specific drugs for the pre-
vention or treatment of diabetic cardiomyopathy are not avail-
able.  Treatment of heart failure is empirical because a class of 
agent that favorably affects outcomes has not been discovered.  
Thus, a more thorough understanding of the pathogenesis of 
diabetic cardiomyopathy and the development of new phar-

macologic treatments are needed.  
RhoA is a member of the Ras superfamily of GTP-binding 

proteins.  Its downstream effector, Rho-kinases (ROCK), regu-
lates various biological functions in cells, including the adher-
ence, migration, proliferation, apoptosis and gene expression 
of cells[3, 4].  Also, the RhoA/ROCK pathway plays an impor-
tant pathophysiological part in hypertension[5] and stroke[6].  
There is growing evidence that RhoA/ROCK signaling medi-
ates the glomerular matrix accumulation of proteins in dia-
betic nephropathy.  The ROCK inhibitor fasudil can suppress 
renal fibrosis and can reduce proteinuria[7, 8].  The inhibition 
of ROCK attenuates cardiac fibrosis in angiotensin II-induced 
cardiac hypertrophy in vivo[9, 10].  Mitogen-activated protein 
kinases (MAPKs) are important mediators of signal transduc-
tion from the cell surface to the nucleus.  c-Jun NH2-terminal 
kinase (JNK) is one of the major members of MAPKs, and JNK 
activation is also implicated in cardiac fibrosis[11, 12].  Recent 
studies show that there is signal crosstalk between RhoA/
ROCK and JNK pathways[13].  The pro-sclerotic growth factor, 
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transforming growth factor β (TGFβ), plays a major part in the 
fibrosis and dysfunction of organs[14, 15].  Hence, the blockade 
of its expression and action represents an important therapeu-
tic target.  

A high-fat diet with injection of low-dose streptozotocin 
(STZ) for the induction of type 2 DM in rats has been found 
to be a good model for DM research[16, 17].  This type of model 
replicates the natural history and metabolic characteristics of 
type 2 DM in humans.  

The purpose of the present study was to understand the 
roles of RhoA/ROCK, JNK, and TGFβ/Smad pathways in 
DM-induced cardiac remodeling.  We also wished to ascertain 
the effects of fasudil on myocardial fibrosis in rats with type 
2 DM, with the objective of providing a novel target for the 
treatment of diabetic cardiomyopathy.

Materials and methods
The experimental protocol was approved by the Ethics Review 
Committee for Animal Experimentation of Hebei Medical Uni-
versity (Shijiazhuang, China).  

Experimental animals 
Female Sprague–Dawley (SD) rats (initially weighing 180–200 
g) were procured from the Laboratory Animal Centre of Hebei 
Medical University.  Rats were housed in standard cages (4 
rats/cage) and maintained under a controlled room tem-
perature (22±2 °C) and humidity (55%±5%) with a 12-h:12-h 
light–dark cycle.  After acclimatization, rats were randomly 
assigned to receive a standardized diet (18% fat, 25% pro-
tein, and 57% carbohydrate) as the normal control group or 
a high-fat diet (HFD, 40% fat, 13% protein, and 47% carbo-
hydrate) for 6 weeks.  At the end of 6 weeks, as previously 
described[16, 17], control rats were injected (ip) with vehicle [0.1 
mol/L citric acid buffer (pH 4.5)] once and given a standard 
diet sequentially.  HFD rats were injected (ip) with low-dose 
(30 mg/kg) of STZ (Sigma-Aldrich, St Louis, MO, USA) and 
given a high-fat diet sequentially.  Blood glucose (BG) was 
measured in whole blood collected from the tail vein by a por-
table glucometer (Accu-Chek Active, Roche Diagnostics Lim-
ited, Mannheim, Germany).  Body weight (BW) and BG levels 
were recorded every week.  Rats with BG levels above 16.7 
mmol/L and that were stable for 4 weeks were considered to 
be diabetic.  At week 10, hyperinsulinemic-euglycemic clamp 
techniques were performed, and fasting insulin (FINS), fasting 
blood glucose (FBG), total cholesterol (TC) and triglyceride 
(TG) were measured.

Control rats remained on a standard diet and were treated 
with ip injection of sterile vehicle every day.  Diabetic rats 
were randomly divided into two groups: (i) treated diabetic 
rats maintained on a high-fat diet and received fasudil hydro-
chloride hydrate (hereafter termed “fasudil”; 10 mg·kg-1·d-1; 
ip) (Tianjin Hongri Company, Tianjin, China) every day for 14 
weeks; and (ii) untreated diabetic rats treated with injection 
(ip) of sterile vehicle every day for 14 weeks.  Systolic arterial 
blood pressure (SABP) was measured monthly by tail-cuff 
micro-photoelectric plethysmography.  At week 24, cardiac 

contractile function was evaluated.  Fasting plasma was col-
lected for further measurement of FINS, FBG, TG, TC, and 
glycosylated hemoglobin (HbA1c).  The homeostasis model 
assessment for insulin resistance (HOMA-IR) was calculated as 
FBG×FINS/22.5 and was used assessing insulin resistance[18].  

The rats were killed, the hearts were harvested and dried 
weights were recorded.  A piece of tissue from the left ven-
tricle was fixed in 4% paraformaldehyde and embedded in 
paraffin for histological examination.  The remaining tissues 
were snap-frozen in liquid nitrogen and stored at -80 °C until 
processing for extraction of mRNA and protein.  

Hyperinsulinemic-euglycemic clamp techniques 
As previously described[19], rats were fasted for 12–14 h over-
night before the clamp study began.  Rats were anesthetized 
by an injection of pentobarbital sodium (48 mg/kg; ip).  The 
right jugular vein was cannulated for the infusion of glucose 
(using separate catheters) and insulin; the left carotid artery 
was cannulated for blood sampling.  The glucose solution and 
insulin solution were stored respectively in two digital syringe 
pumps, and jointed by a “Y” connector to the jugular catheter.  
Insulin (Novolin R, Novo Nordisk Pharmaceuticals, Bags-
vaerd, Denmark) was infused at 11 mU·kg-1·min-1 (insulin con-
centration 100 mU/mL) through the jugular vein catheter and 
BG levels serially monitored using a glucometer.  The insulin 
infusion rate was permanent.  When BG levels were within 
euglycemic levels (5.0±0.5 mmol/L), infusion of 5% glucose 
was started.  The glucose infusion rate (GIR) was adjusted 
every 5–10 min (as needed) to maintain the BG level at a eug-
lycemic level.  Steady state was achieved by 60 min and main-
tained for 30 min.  The mean GIR was calculated based on GIR 
readings corresponding to the last six samplings.

Measurement of cardiac contractile function
The cardiac contractile function in vivo was measured at week 
24.  Rats were anesthetized with pentobarbital sodium (48 
mg/kg; ip).  A miniaturized combined catheter-micromanome-
ter was inserted in the right common carotid artery to measure 
the aortic blood pressure.  It was then advanced in the left ven-
tricle to measure left ventricular (LV) pressure-volume loops.  
Heart rate (HR), left ventricular systolic pressure (LVSP), left 
ventricular end-diastolic pressure (LVEDP) and maximum 
change velocity of left ventricular pressure in the isovolumic 
contraction or relaxation period (±dp/dtmax) were measured by 
a BL-420E Data Acquisition & Analysis System (TME Technol-
ogy Company Limited, Chengdu, China).

Studies using transmission electron microscopy (TEM) and 
immunohistochemistry 
Specimens were fixed in 4% paraformaldehyde containing 
0.25% glutaraldehyde and 4.5% sucrose.  Ultra-thin sections 
obtained from the embedded blocks were examined using a 
TEM (H-7500; Hitachi, Tokyo, Japan).  Masson staining for 
collagen and streptavidin-biotin-peroxidase complex (SABC) 
immunohistochemistry staining for type-I collagen and type-
III collagen (rabbit antibodies from Santa Cruz Biotechnol-
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ogy, Santa Cruz, CA, USA) were undertaken after 4-μm thick 
sections were obtained from the paraffin-embedded cardiac 
samples using previously described methods[20].  Results were 
expressed as the mean percentage area of 10 random fields for 
each section.  

Isolation of RNA and reverse transcription-polymerase chain 
reaction (RT-PCR)
Total mRNA from heart tissues was extracted using TRIzol 
reagent according to the manufacturer’s protocol.  The purity 
of isolated RNA was identified by ultraviolet spectrometry.  
Single-strand cDNA was synthesized by reverse transcrip-
tion using oligo (dT) primer and M-MLV reverse transcriptase 
(Promega, Fitchburg, WI, USA), which was used as a template 
in the subsequent PCR analysis.  Forward and reverse primers 
were synthesized and purified by Shanghai Sangon Biotech-
nology, Incorporated (Shanghai, China).  The primers were 
JNK: forward 5’-TCAGAATCCGAACGAGACAAAAT-3’ and 
reverse 5’-AAGCCAGAGTCCTTCACAGACAA-3’; 469 bp.  
TGFβ1: forward 5’-CCAAGGAGACGGAATACAGG-3’ and 
reverse 5’-GTGTTGGTTGTAGAGGGC AAG-3’; 411 bp.  For 
type-I procollagen: forward 5’-TTCACCTACAGCACGCTT-
GT-3’ and reverse 5’-TTGGGATGGAGGGAGTTTAC-3’; 196 
bp.  For type-III procollagen: forward 5’-TTGAATATCAAA-
CACGCAAGGC-3’ and reverse 5’-GGTCACTTTCACTGGTT-
GACGA-3’; 201 bp.  For GAPDH: forward 5’-GATGGGTGT-
GAACCACGAGAAA-3’ and reverse 5’-ACGGATACATTG-
GGGGTAGGAA-3’; 330 bp.  The JNK amplification condition 
was pre-denaturation at 94 °C for 5 min, denaturation at 94 
°C for 30 s, annealing at 61 °C for 30 s, and extension at 72 °C 
for 30 s, a total of 30 cycles.  The amplification condition for 
TGFβ1, type-I procollagen, type-III procollagen and GAPDH 
was pre-denaturation at 94 °C for 5 min, denaturation at 94 °C 
for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 
30 s, a total of 28 cycles.  The PCR products underwent electro-
phoresis and were scanned with a gel image analysis system 
(UVP, Upland, CA, USA).  The intensity of TGFβ1, JNK, type-I 
and type-III procollagen was standardized to that of GAPDH 
mRNA.  

Western blot analyses
The heart tissues of rats were lysed.  Protein was extracted and 
measured using a bicinchoninic acid (BCA) Protein Assay Kit 
(Pierce, Rockford, IL, USA).  Approximately 50 μg of protein 
was separated by 10% sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) and transferred to polyvi-
nylidene fluoride (PVDF) membranes.  The membranes were 
blocked with 5% fat-free milk in TBST buffer (20 mmol/L Tris-
HCl, pH 7.5, 150 mmol/L NaCl and 0.05% Tween 20), and 
subsequently incubated with the following primary antibod-
ies: anti-MYPT1, anti-JNK, and anti-TGFβ1 (Bioworld Tech-
nology, Minnesota, MN, USA); anti-phospho-MYPT1 (Thr853) 
and anti-phospho-JNK (T183/Y185) (Cell Signaling Technol-
ogy, Danvers, MA, USA); anti-phospho-Smad2/3 (Ser423/425), 
anti-c-Jun and anti-β-actin (Santa Cruz Biotechnology) at 4 °C 
overnight.  The mixture was washed and then incubated for 
1 h with horseradish peroxidase (HRP)-conjugated secondary 
antibodies (KPL, Incorporated, Gaithersburg, MA, USA).  The 
membranes were developed using ECL kit (Pierce).  Quan-
tification of bands was done by gel densitometry with a gel 
image analysis system (UVP).  The phosphorylation level was 
normalized by total protein-band densitometry individually.  

Statistical analysis
The SPSS 13.0 statistical software pack (SPSS, Chicago, IL, 
USA) was used for analysis.  Data are mean±SD.  All groups 
were tested for normal distribution and equal variance.  Dif-
ferences between two groups (at week 10) were assessed by 
the Student’s t-test.  Differences among three groups (at week 
24) were assessed using one-way analysis of variance followed 
by the Student-Newman-Keuls’ test if the F value was signifi-
cant.  P<0.05 was considered statistically significant.  

Results
Insulin sensitivity and biochemical parameters
Insulin sensitivity and biochemical parameters at week 10 are 
presented in Table 1.  Diabetic rats had higher values of FBG, 
FINS, TG and BW compared with those in control rats, but 
there was no significant difference with respect to TC level.  
The GIR of diabetic rats was lower than that of control rats.  
These results suggested decreased insulin sensitivity and the 
development of insulin resistance in diabetic rats.  That is, 
establishment of a model of type 2 DM in rats was successful.
    At week 24, compared with control rats, the levels of FBG, 
FINS, HbA1c, and HOMA-IR were significantly increased 
in untreated diabetic rats and fasudil-treated diabetic rats.  
There were no significant differences in these indices between 
untreated diabetic rats and treated diabetic rats, suggesting 
that 10 mg·kg-1·d-1 fasudil administered had no effects on 
glucose metabolism and insulin resistance (Table 2).  Com-

Table 1.  Effects of HFD+STZ on BW and biochemical parameters in rats at week 10.  Mean±SD.  cP<0.01 compared with control group.

    
Group	               n	                      BW (g)

	                        FBG	                         FINS	                           GIR	                         TG	                       TC
		                          	                    (mmol/L)	                       (mU/L)	                     (mg·kg-1·min-1)	   (mmol/L)	                 (mmol/L) 
 
	 Control	 6	 276.65±33.18	   5.76±0.60	   51.88±11.40	 11.40±1.24	 0.26±0.07	 1.62±0.22
	 Diabetes	 6	   328.2±21.72c	 20.10±3.52c	 107.19±14.61c	   5.89±1.05c	 1.12±0.22c	 1.71±0.30

Differences between two groups were assessed by the Student’s t-test.  n, number of rats; BW, body weight; FBG, fasting blood glucose; FINS, fasting 
insulin; GIR, glucose infusion rate; TG, triglyceride; TC, total cholesterol.
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pared with control rats, TC and TG levels were significantly 
increased whereas BW was reduced in untreated diabetic rats 
and fasudil-treated diabetic rats.  There were no significant 
differences in these indices between untreated diabetic rats 
and treated diabetic rats, suggesting that 10 mg·kg-1·d-1 fasudil 
administered did not affect lipid metabolism and body weight.  
Heart weight (HW) and the ratio of HW to BW (HW/BW) was 
significantly increased in untreated diabetic rats compared 
with control rats, there were no significant differences in HW 
and HW/BW between control rats and treated diabetic rats.  
There were no significant differences in SABP among the three 
groups (Table 3).  These results suggested that diabetic rats 
incurred cardiac hypertrophy, and that fasudil treatment sig-
nificantly suppressed the development of cardiac hypertrophy 
independent of blood pressure, blood lipid and glycemic con-
trol.  

Parameters of cardiac contractile function 
At week 24, compared with control rats, untreated diabetic 
hearts showed significantly reduced LVSP and ±dp/dtmax 
whereas LVEDP was significantly increased.  Treatment with 
fasudil significantly enhanced LVSP, ±dp/dtmax, and decreased 
LVEDP.  There were no significant differences in HR among 
the three groups.  The results indicated that fasudil effectively 
improved the contractile function of hearts from diabetic rats 
(Table 4).

Immunohistochemistry and TEM study
Representative patterns of Masson staining demonstrating 
cardiac fibrosis are shown in Figure 1A.  The deposition of col-
lagen in the myocardial interstitium from untreated diabetic 
hearts was significantly increased compared with that seen 
in control rats.  However, treatment with fasudil significantly 

Table 2.  Effects of fasudil on glucose metabolism parameters in rats at week 24.  Mean±SD.  cP<0.01 compared with control group. 

     Group	                             n	                           FBG (mmol/L)	                         FINS (mU/L)	                     HbA1c (%) 	             HOMA-IR
 
	 Control	 9	   5.44±0.33	 54.83±11.74	 11.85±0.75	 13.70±3.91
	 Diabetes	 8	 20.48±3.12c	 85.44±18.10c	 19.38±3.30c	 92.72±17.42c

	 DM+fas	 8	 23.10±5.28	 83.10±13.14	 20.96±1.46	 81.43±12.81

Differences among three groups were assessed using one-way analysis of variance followed by the Student-Newman-Keuls’ test if the F value was 
significant.  DM+fas: diabetic rats treated with fasudil; n, number of rats; FBG, fasting blood glucose; FINS, fasting insulin; HbA1c, hemoglobin A1c; 
HOMA-IR, homeostasis model assessment for insulin resistance, is calculated as FBG (mmol/L)×FINS (mU/L)/22.5. 

Table 3.  Effects of fasudil on TG, TC, BW, HW, HW/BW, and SABP in rats at week 24.  Mean±SD.  bP<0.05, cP<0.01 compared with control group.  
fP<0.01 compared with diabetes group.

     Group	                    n	   TG (mmol/L)	   TC (mmol/L)	         BW (g)	           HW (g)	   HW/BW (×10-3)       SABP (mmHg)
 
	 Control	 9	 0.31±0.11	 1.69±0.35	 349.10±40.01	 0.91±0.06	 2.60±0.10	 119±4
	 Diabetes	 8	 2.07±0.28c	 3.06±0.27c	 297.06±35.1b	 1.03±0.09c	 3.48±0.17c	 123±7
	 DM+fas	 8	 2.02±0.56	 2.95±0.33	 301.77±37.39	 0.86±0.07f	 2.67±0.14f	 121±4

Differences among three groups were assessed using one-way analysis of variance followed by the Student-Newman-Keuls’ test if the F value was 
significant.  DM+fas, diabetic rats treated with fasudil; n, number of rats; TG, triglyceride; TC, total cholesterol; BW, body weight; HW, heart weight; HW/
BW, ratio of heart weight/body weight; SABP, systolic arterial blood pressure. 

Table 4.  Effects of fasudil on hemodynamics in rats at week 24.  Mean±SD.  bP<0.05, cP<0.01 compared with control group.  eP<0.05, fP<0.01 compa-
red with diabetes group.

     Group	                         n	             HR (beat/min)              LVSP (mmHg)                LVEDP (mmHg)	  +dp/dtmax (mmHg/s)      -dp/dtmax (mmHg/s)
 
	 Control	 7	 327±37	 139±21	   3.51±0.72	 6909±597	 6811±625
	 Diabetes	 7	 341±44	 101±17b	 10.99±2.21c	 3746±402c	 3417±409c

	 DM+fas	 6	 337±42	 131±24e	   4.88±1.17f	 6517±601f	 5937±513f

Differences among three groups were assessed using one-way analysis of variance followed by the Student-Newman-Keuls’ test if the F value was 
significant.  DM+fas, diabetic rats treated with fasudil; n, number of rats; HR, heart rate; LVSP, left ventricular systolic pressure; LVEDP, left ventricular 
end-diastolic pressure; ±dp/dtmax, maximum change velocity of left ventricular pressure in the isovolumic contraction or relaxation period.
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reduced the deposition of collagen.  To identify collagen fea-
tures in the cardiac fibrotic areas, SABC immunohistochemis-
try staining for type-I and type-III collagen was undertaken.  
An increase in deposition of type-I and type-III collagen was 
shown in untreated diabetic rats compared with that seen in 
control rats (38.4%±8.2% and 15.9%±4.6% vs 11.2%±2.9% and 
4.3%±1.5%, respectively, P<0.01).  This increase was com-
pletely inhibited by treatment with fasudil (13.7%±4.1% and 
5.1%±2.3%, respectively, P<0.01 vs DM) (Figure 2A and 2B).  

The results of TEM observations showed the ultrastruc-
ture of the myocardium (Figure 1B).  Untreated diabetic rats 
showed dense packages of collagen fibrils between cardio-
myocytes, and large areas of cytoplasm had lost their regular 
myofibrillar organization.  Control rats showed fibrils with Z 
lines regularly organized in the cardiomyocytes.  The cardiac 
morphology of fasudil-treated diabetic rats was similar to that 
of control rats: regularly organized cytoplasm with numerous 

myofibrils arranged in parallel.

Figure 1.  (A) Cardiac matrix deposition in Masson-stained sections of diabetic group (DM), control group (NC), and diabetic rats treated with fasudil 
group (DF).  Heart tissues from the DM group show focal regions of fibrosis (blue) in the interstitium (collagen area 10.15%±0.79%, P<0.01 vs NC: 
2.42%±0.33% and DF: 2.20%±0.31%).  Magnification, ×400.  The number of rats in each group was six.  (B) Representative electron micrograph 
obtained from the DM, NC, and DF.  In diabetic rat hearts, “packages” of collagen fibrils (arrow) can also be seen between myocardiocytes (magnification, 
×6000).  The control heart shows regular myofibrillar organization with evident Z lines (magnification, ×5000).  The ultrastructural appearance of 
diabetic rats treated with fasudil is similar to that of control rats (magnification, ×6000).

Figure 2.  Immunostaining for type-I collagen (A) 
and type-III collagen (B) in the hearts of diabetic 
group (DM), control group (NC), and diabetic 
rats treated with fasudil group (DF).  A brown 
color denotes positive staining.  Diabetes is 
associated with increased immunostaining of 
type-I and type-III collagen in interstitial areas, 
whereas there is minimal immunostaining in 
control animals.  Treatment of diabetic rats 
with fasudil was associated with a reduction in 
immunostaining of type-I and type-III collagen. 
Magnification, ×400.  The number of rats in each 
group was six.  cP<0.01 vs NC; fP<0.01 vs DM.
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Gene expression in LV tissues
Compared with control rats, mRNA expression of type-I and 
type-III procollagen (Figure 3A and 3B) was significantly 
upregulated in hearts from untreated diabetic rats, but this 
expression was inhibited by treatment with fasudil.  mRNA 
expression of JNK and TGFβ1 (Figure 3C and 3D) was signifi-
cantly increased in the hearts of untreated diabetic rats; the 
upregulation of mRNA expression of JNK and TGFβ1 was 
blocked by treatment with fasudil.  These results suggested 
that fasudil had inhibitory effects on DM-induced gene upreg-
ulation of type-I and type-III procollagen, JNK and TGFβ1.

Protein expression in LV tissues
ROCK can inhibit myosin phosphatase by phosphorylating 
myosin phosphatase target subunit-1 (MYPT1)[21], so we mea-
sured MYPT1 phosphorylation as a maker of ROCK activity.  
The phosphorylation of MYPT1 was significantly increased 
in hearts from untreated diabetic rats, and this phosphoryla-
tion was inhibited by treatment with fasudil (Figure 4A).  The 
phosphorylation of JNK (Figure 4B) and Smad2/3 (Figure 
5A), as well as the protein levels of TGFβ1 (Figure 5B) and 
c-Jun (Figure 5C), were significantly enhanced in hearts from 
untreated diabetic rats, which were attenuated by treatment 
with fasudil.  These results suggested that fasudil inhibited 
activation of the JNK and TGFβ1/Smad2/3 pathways.

Discussion
Several studies have reported that rats fed a HFD develop 
insulin resistance[22, 23].  Low-dose STZ is known to induce a 
mild impairment of insulin secretion that is similar to a feature 
of late-stage type 2 DM[16, 24].  In the present study, at week 10, 
the rats fed a HFD combined with low-dose STZ exhibited 
hyperglycemia, hyperlipidemia and hyperinsulinemia.  The 
GIR of rats fed a HFD combined with low-dose STZ (as shown 

by the hyperinsulinemic-euglycemic clamp) was lower than 
that of control rats.  Results suggested development of insulin 
resistance in rats fed a HFD combined with low-dose STZ.  
Hence, we had successfully established type 2 DM in rats, and 
this model would closely mimic the natural history and meta-
bolic characteristics of type 2 DM in humans.

Long-term DM results in the development of diabetic car-
diomyopathy independently of hypertension and coronary 
heart disease.  Cardiac failure due to ventricular dysfunction 
is a characteristic of diabetic cardiomyopathy and occurs dur-
ing the early stages of DM[25].  The present study revealed that 
hearts from diabetic rats showed significantly reduced con-
tractility and prolonged diastole in vivo, which are hallmarks 
of diabetic cardiomyopathy.  These findings are in agreement 
with other studies[26–28].  Consistent with their impaired car-
diac function, diabetic rats developed myocardial fibrosis, the 
marked fibrotic regions (as observed by immunohistochemi-
cal staining), as well as deposition of collagen fibers in the 
interstitial spaces among cardiomyocytes (as observed by 
TEM), our observations are similar to those described in other 
reports[29, 30].  Increased myocardial fibrosis is a major factor 
responsible for myocardial stiffness and eventual systolic 

Figure 3.  The mRNA expression of type-I procollagen (A), type-III 
procollagen (B), JNK (C), and TGFβ1 (D) in diabetic rats (DM), control 
rats (NC) and diabetic rats treated with fasudil (DF) was evaluated by RT-
PCR.  Intensity of type-I and type-III procollagen, JNK, and TGFβ1 were 
standardized to that of GAPDH.  The number of rats in each group was six.  
The mRNA expression of type-I, type-III procollagen, JNK, and TGFβ1 were 
significantly increased in DM, P<0.01 vs NC.  The gene expression was 
decreased in DF, P<0.01 vs DM.

Figure 4.  The phosphorylation of MYPT1 (A) and JNK (B) in diabetic rats 
(DM), control rats (NC), and diabetic rats treated with fasudil (DF) was 
measured by Western blot analyses.  The activity of ROCK and JNK was 
expressed as p-MYPT1/MYPT1 and p-JNK/JNK, respectively.  The number 
of rats in each group was six.  cP<0.01 vs NC; fP<0.01 vs DM.
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dysfunction[31, 32].  Our most significant finding is that treat-
ment with fasudil attenuated interstitial myocardial fibrosis in 
diabetic rats and improved cardiac dysfunction.  These effects 
were independent of blood pressure, blood lipid and glycemic 
control.  The molecular mechanisms relating to the effects of 
fasudil on cardiac remodeling in diabetic hearts need to be 
elucidated.

RhoA/ROCK controls a wide variety of signal transduction 
pathways.  ROCK exists as two isoforms: ROCK1 and ROCK2.  

They share an overall homology of 92% in their kinase 
domains.  Two major families of ROCK inhibitors, fasudil and 
Y-27632, are extensively used.  They are non-isoform-selective 
ROCK inhibitors that target their ATP-dependent kinase 
domains and are therefore equipotent in terms of inhibiting 
both ROCK1 and ROCK2.  Furthermore, at higher concentra-
tions, these ROCK inhibitors could also inhibit other serine-
threonine kinases, such as PKA and PKC[33].  Nevertheless, 
compared with the other kinases, fasudil and its active metab-
olite, hydroxyfasudil, are relatively more selective for ROCKs, 
with hydroxyfasudil being slightly more selective than fasudil 
and Y-27632[33].  Fasudil is the only ROCK inhibitor practically 
available for long-term use in vivo.  ROCK regulates not only 
the actin cytoskeleton but also the expression of genes associ-
ated with tissue fibrosis[10, 34].  Data from some studies[35, 36] 
suggest diabetes impairs cardiac function through upregula-
tion of RhoA.  The increase in RhoA expression and activity 
in diabetic hearts resulted in increased phosphorylation of 
ROCK targets, LIM kinase and ezrin/radixin/moesin, leading 
to an increase in actin polymerization which might be associ-
ated with cardiac dysfunction.  The inhibition of the RhoA/
ROCK pathway improved the contractile function of the dia-
betic heart.  However, the precise mechanism is not fully clear 
behind upregulated RhoA/ROCK in diabetes.  It has been sug-
gested that RhoA activation regulates cardiac contractility and 
gene expression through the MAPK superfamily[28, 37].  Recent 
studies[12, 38, 39] demonstrated that JNK is an important mediator 
of the fibrotic process. As a downstream target of JNK, c-Jun 
acts as transcription factor for numerous genes, and over-
exression of these genes is often associated with organ fibrosis.  
The present study explored the roles of Rho/ROCK and JNK 
pathways in myocardial fibrosis of diabetic cardiomyopathy, 
and results showed that hyperglycemia not only activated 
ROCK, but also upregulated the expression/activity of JNK 
and subsequent c-Jun protein levels.  Fasudil not only inhib-
ited ROCK activity but also repressed JNK over-activation in 
diabetic hearts, leading to a reduction in collagen production 
in hearts and an improvement in cardiac function.  Moreover, 
the inhibitory effect of fasudil on collagen fibers was regulated 
at least as far upstream as the transcriptional level because 
treatment with fasudil suppressed the mRNA expression of 
type-I and type-III procollagen.  The study demonstrated that 
activation of RhoA/ROCK was essential for myocardial fibro-
sis in diabetic rats.  Fasudil could suppress myocardial fibrosis 
in diabetic rats, which might be associated with inhibition 
of JNK activation and subsequent expression of c-Jun.  It has 
been reported that ROCK can directly activate JNK to stimu-
late c-Jun expression, the activity of which is independent 
of the ability of ROCK to promote actin polymerization[40].  

Fasudil (10–30 mg·kg-1·d-1) can suppress renal interstitial fibro-
sis in insulin-resistant diabetic rats[7, 8].  ROCK inhibition also 
improves pressure overload-induced cardiac hypertrophy and 
dysfunction[41].  Our findings are in agreement with the results 
of those studies[7, 8, 40, 41].  

Collagen gene expression is also regulated by the Smad sig-
naling pathway, which is activated by TGFβ[14, 15].  ROCK plays 

Figure 5.  The phosphorylation of Smad2/3 (p-Smad2/3) (A), the protein 
levels of TGFβ1 (B) and c-jun (C) in diabetic rats (DM), control rats (NC) 
and diabetic rats treated with fasudil (DF) were evaluated by Western blot 
analyses.  p-Smad2/3, c-jun, and TGFβ1 protein levels were standardized 
respectively to that of β-actin as the internal control.  The number of rats 
in each group was six.  cP<0.01 vs NC; fP<0.01 vs DM.
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a part in mediating renal fibrosis through a TGFβ-dependent 
mechanism in vivo[9].  TGFβ activation in diabetic hearts led to 
increased production of collagen, indicating that the action of 
TGFβ also has an important role in cardiac fibrosis[15].  In the 
present study, in addition to examining TGFβ1 mRNA and 
protein expression, we also assessed its biological effects by 
evaluating one of its specific intracellular actions: phosphory-
lation of the TGFβ1 receptor-activated protein Smad2/3.  The 
phosphorylation of Smad2/3 was increased in diabetic rat 
hearts, in tandem with increased TGFβ1 mRNA and protein 
expression.  The results showed the increased production of 
TGFβ1 and activation of its signaling pathway in diabetic rats 
hearts.  Treatment with fasudil led to a decrease in the level of 
TGFβ1 expression and phosphorylated Smad2/3.  Our find-
ings are consistent with the results of renal injury studies[9, 42].  
The study indicated that fasudil attenuated the augmentation 
actions of TGFβ1 in diabetic rats.

Insulin signaling is essential for normal glucose homeosta-
sis.  ROCK1 have been demonstrated as a novel regulator of 
glucose homeostasis and insulin sensitivity in vivo[43].  How-
ever, studies of the effects of ROCK inhibitors on glucose 
metabolism in vivo have yielded conflicting results.  Kikuchi 
et al[7] found that a low-dose of fasudil (30 mg·kg-1·d-1) did not 
affect glucose and lipid metabolism, but high-dose fasudil (100 
mg·kg-1·d-1) could ameliorate the metabolic disorder.  Chronic 
treatment of obese db/db mice with fasudil (10 mg·kg-1·d-1) was 
reported to have no effect on blood glucose levels and blood 
pressure[8].  Differences that emerged among these studies may 
be correlated with the use of different inhibitors, doses, treat-
ment times and animal models.  In present study, a low-dose 
of fasudil (10 mg·kg-1·d-1) have no effects on BG, insulin resis-
tance and BW, as well as lipid metabolism and blood pressure 
in diabetic rats.  The cardiac protective effects of fasudil were 
independent of blood pressure and glycemic control.

The present study provides evidence that RhoA/ROCK, 
JNK, and TGFβ/Smad pathways are involved in myocardial 
fibrosis in rats with type 2 diabetes.  JNK and Smad2/3 may 
be the downstream signaling molecule of the RhoA/ROCK 
pathway.  It is plausible that the RhoA/ROCK signaling path-
way is associated with nuclear signal transduction at least 
in part through the JNK and TGFβ/Smad pathways, which 
regulates the expression of genes and proteins that are perti-
nent to myocardial fibrosis.  Our current findings should shed 
some light on a better understanding of the role of RhoA/
ROCK pathway in the pathogenesis of diabetic cardiomyopa-
thy.  However, there were some experimental limitations in 
our study.  First, to better understand the mechanism of action 
involved, cell culture study is needed to verify the cause-
effect relationship with regards to the role of these signaling 
molecules in diabetic cardiac fibrosis.  Second, it is known 
that diabetic cardiomyopathy is associated with significant 
increased oxidative stress which could lead to JNK activation 
and increased TGFβ[29, 44], so the contents of oxidative stress 
in the heart should be described.  Third, there are only small 
number of rats in the study, this maybe limits statistical power 
and their results.

Treatments used to prevent the development/progression 
of diabetic cardiomyopathy are not fully effective.  Fasudil is 
the only ROCK inhibitor approved for human use.  Impor-
tantly, several studies have documented the beneficial effects 
of ROCK inhibitors in patients with cardiovascular diseases 
and cerebral vasospasm[6, 45–47].  The present study suggests 
that Rho/ROCK is substantially involved in remodeling of the 
myocardial matrix in diabetic rats, which may be associated 
with activation of the JNK pathway and TGFβ/Smad path-
way.  Fasudil suppresses myocardial fibrosis in diabetic rats at 
least in part by inhibiting activation of JNK and TGFβ/Smad, 
and these beneficial structural effects of fasudil are indepen-
dent of blood pressure and glycemic control.  Inhibition of the 
Rho/ROCK pathway may be a novel therapeutic target for 
prevention of diabetic cardiomyopathy.  
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