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Abstract Receptor for advanced glycation end products

(RAGE) and connective tissue growth factor (CTGF) play a

key role in diabetic myocardial fibrosis, and peroxisome

proliferator-activated receptor-c (PPAR-c) activation has

been reported to reduce RAGE and CTGF expression. This

study investigated the effects of the PPAR-c agonist, rosi-

glitazone, on myocardial expression of RAGE and CTGF,

extent of cardiac fibrosis, and left ventricular (LV) diastolic

function in type 2 diabetic (T2D) rats. Twenty-week-old

T2D rats were randomized to treatment with either

20 weeks of rosiglitazone (20 mg/kg) or saline (n = 10 in

each group). Serial echocardiographic examinations were

performed just before randomization (20 weeks) and at

study completion (40 weeks). Fibrosis extent and RAGE

and CTGF expression were assessed in previously imaged

hearts by picrosirius red staining, and by real-time reverse

transcriptase-coupled polymerase chain reaction (RT-PCR)

and immunoblotting, respectively. Results of the latter

assessments were further validated by immunohistochemi-

cal staining. Rosiglitazone treatment significantly improved

E/A ratio in serial echocardiography assessment, and

reduced LV collagen volume fraction as demonstrated by

picrosirius red staining. Real-time RT-PCR and immuno-

blots of myocardial tissue from rosiglitazone-treated rats

revealed reduced RAGE and CTGF mRNA and protein

signals compared to those of saline-treated T2D rats, which

were consistent with reduced proportions of myocardial

RAGE and CTGF staining in the hearts of T2D rats.

PPAR-c agonist therapy reduces cardiac fibrosis and

improves LV diastolic dysfunction as assessed by serial

echocardiographic imaging. Suppression of RAGE and

CTGF expression in the diabetic myocardium appears to

contribute to the antifibrotic effect of rosiglitazone. These

results support the potential of PPAR-c agonists as anti-

fibrotic agents in diabetic cardiomyopathy.
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Introduction

Myocardial fibrosis, involving interstitial fibrosis and peri-

vascular fibrosis, is a major component of pathological

changes in diabetic cardiomyopathy [1, 3, 22, 23, 25]; it

initially contributes to left ventricular (LV) diastolic dys-

function, subsequently to systolic dysfunction, and finally

to congestive heart failure [2, 10, 22, 32]. A short period of

hyperglycemia induces definitive remodeling, mainly

involving the cellular compartment, of the LV myocardium

[26], and sustained hyperglycemia inhibits Sonic hedge-

hog-induced monocyte chemotaxis [9], may reduce

metalloproteinase activity (collagen degradation) and

increase accumulation of collagen, which results in myo-

cardial stiffness and impaired contractility in the diabetic

heart [1, 30].

Connective tissue growth factor (CTGF) and the

receptor for advanced glycation end products (RAGE) are

expressed at significantly higher levels in association with

the fibrotic process in the diabetic heart [6]. CTGF is a

profibrotic cytokine of the CCN family of immediate early

genes, and it is one of the earliest growth factors
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transcriptionally induced in cardiac myocytes by hyper-

trophic stimuli [4, 13]. A recent study demonstrated that

CTGF secreted by cardiomyocytes induced collagen pro-

duction in cardiac fibroblasts in vitro, and cardiomyocyte

CTGF expression correlated with excessive interstitial

fibrosis and diastolic heart failure in vivo, which suggests

that CTGF plays a key role in the process of cardiac

fibrosis [16]. RAGE upregulates CTGF through interaction

with AGE in cultured human dermal fibroblasts and mes-

angial cells [28, 29], and recent studies have shown that

RAGE is involved through its activity on CTGF expression

in myocardial remodeling and fibrosis [6, 8, 24].

Many cytokines including CTGF and RAGE contribute

to myocardial fibrosis in various animal models, and

although many researchers have tried to find a way to

reduce myocardial fibrosis by direct antagonism and inhi-

bition of cytokines [5, 11, 19, 25], findings could not be

translated into clinical applications and did not provide

further insight into the mechanisms for myocardial fibrosis

suppression. Peroxisome proliferator-activated receptor

(PPAR)-c agonists inhibit CTGF expression in cardiac

fibroblast [17] and attenuate angiotensin II-induced cardiac

fibrosis by inhibiting myocardial macrophage infiltration

[5]. PPAR-c agonists have also been shown to inhibit

RAGE expression in vascular endothelial cells and vascu-

lar smooth muscle cells [18]. Moreover, PPAR-c agonists

have been tested as potential therapeutic agents in the

suppression of collagen synthesis in the lung and liver, both

in vitro and in vivo [12, 20]. However, the effects of

PPAR-c agonists on myocardial CTGF and RAGE

expression have not been defined, and few studies have

investigated whether PPAR-c activation can attenuate

cardiac fibrosis in overt diabetes in vivo. We posited that

PPAR-c agonists may inhibit the expression of RAGE and

CTGF in association with attenuation of myocardial

fibrosis in the diabetic heart, and utilized serial echocar-

diography to examine LV diastolic function alterations

induced by rosiglitazone, as a pure PPAR-c agonist, while

analyzing myocardial RAGE and CTGF expression to

address the effects of PPAR-c activation in the hearts of

T2D rats.

Methods and materials

Experimental animals

Twenty male Otsuka Long–Evans Tokushima Fatty

(OLETF) rats were used for the T2D rat model, while ten

male Long–Evans Tokushima Otsuka (LETO) rats were

used for the matched nondiabetic controls. The starting age

was 5 weeks. The Tokushima Research Institute, Otsuka

Pharmaceuticals (Tokushima, Japan), kindly provided all

of the OLETF and LETO rats. The rats were caged indi-

vidually and received normal rat chow and tap water in a

temperature-controlled environment under a 12-h artificial

light and dark cycle. The animals were cared for in

accordance with our institution’s animal facility guidelines,

and all the protocols were approved by the Animal Care

and Use Committee of the College of Medicine, the

Catholic University of Korea.

Experimental protocol

At the age of 20 weeks, the 20 OLETF rats were equally

divided into the treatment group (RT-OLETF, n = 10) and

the non-treatment group (UT-OLETF, n = 10), and LETO

rats (LETO, n = 10) were used only as nondiabetic con-

trols. The OLETF rats in the treatment group received

rosiglitazone (20 mg/kg per day, GlaxoSmithKline, Wor-

thing, West Sussex, UK) through a gavage tube for

20 weeks from the age of 20 to 40 weeks. The same vol-

ume of saline was administered, using a gavage tube, to the

OLETF rats in the non-treatment group and to the LETO

rats. Every week, the dose of rosiglitazone was recalculated

based on weights measured after 8 h of fasting.

Weight, hemodynamic data and intraperitoneal glucose

tolerance test (IP-GTT)

In all 20-week-old rats, at rest immediately prior to drug

administration, weight, blood pressure and heart rate were

measured using a tail-cuff plethysmography (BP-2000,

Visitech system, Apex, NC, USA) method after 12 h of

fasting. At the age of 40 weeks, weight, blood pressure and

heart rate were measured using the same method. IP-GTT

was performed around 8 o’clock in the morning after a

12-h fast. Twenty-five percent glucose solution, at a dose

of 2 g/kg, was administered by intraperitoneal injection.

During fasting states, and at 30, 60, 90, and 120 min after

glucose loading, blood was drawn from the tail vein, and

serum glucose level was measured using the Beckman

Glucose Analyzer (Beckman instrument Co., Palo Alto,

CA, USA).

Echocardiogram

At 20 and 40 weeks of age, transthoracic Doppler echo-

cardiography was performed with the Sequoia 256 equip-

ment and a 15 MHz phased-array transducer (Acuson,

Sequoia 256, Mountain View, CA, USA). After the rats

were anesthetized, the left side of the chest was shaved to

gain a clear image. All rats had their serial echocardio-

graphy done in the left lateral decubitus position, including

measurements for LV end-systolic dimension (LVESD),

LV end-diastolic dimension (LVEDD) and LV Fractional
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Shortening [FS (%)]. Using a pulsed wave Doppler, early

diastolic peak velocity (E velocity) of the LV inflow, late

diastolic peak velocity (A velocity), deceleration time (DT)

and LV isovolumic relaxation time (IVRT) were measured

as indices of LV diastolic function. Mean values of three

measurements were used in analyses.

Histopathology

After killing at 40 weeks of age, rats were perfused with

saline via the left ventricle, after which the LV was isolated

and cut into three pieces perpendicular to the long axis of

the heart. The middle part of heart including the papillary

muscle was fixed with 10% formalin for 24 h, embedded in

paraffin and cut into 5-lm sections for collagen-specific

picrosirius red staining and immunohistochemical staining.

The remaining heart tissue segments were snap-frozen for

subsequent RT-PCR and Western blot analyses.

Immunohistochemistry was performed for CTGF (rabbit

polyclonal antibody to CTGF; Abcam Inc., Cambridge,

MA, USA) and RAGE (rabbit polyclonal antibody to

RAGE; Santa Cruz Biotechnology, Santa Cruz, CA, USA),

using the avidin–biotin peroxidase method. Briefly, tissue

slides treated with 0.3% hydrogen peroxide were incubated

for 60 min with a primary antibody, followed by the

respective biotinylated secondary antibody. The reaction

was visualized with a 3-amino-9-ethyl-carbazol substrate

(AEC, Sigma), and counterstained with hematoxylin solu-

tion. Adjacent sections treated with non-immune IgG

provided controls for antibody specificity.

Quantitative histological measurement of stained

myocardium

Stained tissue sections were viewed with a microscope

(Olympus AX70 TR62A02, Tokyo, Japan), and images

were digitally captured with an Olympus DP70 digital

camera (Olympus, Tokyo, Japan). All slides were examined

under 9100 and 9200 magnification, and measurements

were obtained using the Image pro plus imaging software

(version 4.5; Media Cybernetics, Silver Spring, MD, USA).

The collagen volume fraction (CVF) [7] was determined as

the percentage of positive staining area per total myocar-

dium stained with collagen-specific picrosirius red. CTGF

and RAGE stained areas were measured as the percentage

of positive staining area per total myocardium in five dif-

ferent randomly selected positions of each section.

Real-time reverse transcriptase-coupled polymerase

chain reaction (RT-PCR)

Total RNA was extracted from each LV using the TRIZOL

reagent (Invitrogen, Carlsbad, CA, USA) according to the

manufacturer’s instructions. Total RNA was subjected to

reverse transcription using the Onestep RT kit (Invitrogen).

Expression of CTGF, RAGE and glyceraldehyde 3-phos-

phate dehydrogenase (GAPDH) was evaluated by real-time

PCR using the SYBR Green dye. The primers used were as

follows: rat CTGF (sense, 50-GGCTGGAGAAGCAGAGT

CGT-30 and antisense, 50-GATGCACTTTTTGCCCTTCT

TAA-30), rat RAGE (sense, 50-GAATCCTCCCCAATGGT

TCA-30 and antisense 50-GCCCGACACCGGAAAGT-30),
and rat GAPDH (sense, 50-GTATGACTCTACCCACGGC

AAGT and antisense, 50-TTCCCGTTGATGACCAGCTT-

30). Results were expressed as an mRNA relative value,

which was corrected for GAPDH and obtained by real-time

PCR.

Western blot analysis

Cardiac tissue was lysed in RIPA buffer [0.1% SDS, 1%

deoxycholate, 1% Triton X-100, 150 mM NaCl, 5 mM

EDTA, 10 mM Tris pH7.4, 10% protease inhibitor cock-

tails (Sigma–Aldrich)] for 30 min at 4�C and then centri-

fuged at 13,000 rpm at 4�C for 30 min. The supernatant

fluid was collected and protein content was quantified

using the Bio-Rad Protein assay reagent (Bio-Rad, Regents

Park, NSW, Australia). Equal amounts of protein for each

sample were separated on 8% sodium dodecylsulfate-

polyacrylamide gels and transferred to Immobilon-PVDF

membranes (Millipore, Billerica, MA, USA) for 2 h at 4�C,

blocked in 5% skim milk (Difco, Sparks, MD, USA) for

30 min at room temperature. Membranes were incubated

with mouse anti-RAGE monoclonal antibody (Santa Cruz

Biotechnology, CA, USA) overnight at 4�C and washed in

Tris-buffered saline with 0.1% Tween-20 (TBST) and

incubated for 1 h with the appropriate HRP-conjugated

secondary anti-mouse IgG (Santa Cruz Biotechnology, CA,

USA). After washing with TBST, antibody binding was

detected using an enhanced chemiluminescence (ECL)

reagent (Amersham Biosciences/GE Healthcare, Rydal-

mere, NSW, Australia). Western blotting against b-actin

(Santa Cruz Biotechnology) was used as a control to assess

for equal protein loading.

Statistics

Statistical analysis was performed using the SPSS soft-

ware program (Version 11, SPSS, Inc., Chicago, IL,

USA), and all measured values were reported as a

mean ± SD. Differences in measured values among the

multiple groups were analyzed by the analysis of variance

with Bonferroni’s multiple comparison tests. For all sta-

tistical tests, a P value less than 0.05 was considered

statistically significant.
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Results

Weight, hemodynamic data and glucose tolerance test

Body weight was greater in both of the OLETF groups

compared to the LETO group. In addition, both OLETF

groups showed higher baseline and 2-h glucose levels on

the IP-GTT than did the LETO group at 20 weeks of age.

Body weight in both OLETF groups was significantly

increased compared to the LETO group from 20 to

40 weeks of age, regardless of rosiglitazone treatment

(p \ 0.05). After intraperitoneal glucose loading, 2-h glu-

cose levels were significantly higher in both OLETF groups

compared to the LETO group at the age of 40 weeks

(p \ 0.05), while 2-h glucose levels in rosiglitazone-trea-

ted OLETF rats (RT-OLETF) were significantly lower than

in the untreated OLETF rats (UT-OLETF) (p \ 0.05;

Table 1). As shown in Table 2, there were no significant

differences in systolic BP, diastolic BP, mean BP or heart

rate among the three groups at the age of 20 weeks.

However, at 40 weeks of age, systolic BP, in both OLETF

groups, was significantly higher than in the LETO group

(LETO) (p \ 0.05). However, systolic blood pressures in

the RT-OLETF and UT-OLETF groups showed no sig-

nificant differences.

Doppler echocardiography

At the age of 20 weeks, all echocardiographic parameters

compared among the three comparison groups (Table 3).

Echocardiography performed at the age of 40 weeks, after

the completion of treatments, revealed that while LVEDS,

LVEDD and LV FS (%), as indices of LV systolic function,

showed no significant differences among the three com-

parison groups, Doppler indices of mitral valve flow,

reflecting LV diastolic function, showed that the E and A

velocities of the UT-OLETF groups were significantly

lower than those of the LETO and RT-OLETF groups

(p \ 0.05). The E/A ratio was 1.7 ± 0.1, 1.5 ± 0.1 and

1.7 ± 0.1 in the LETO, UT-OLEFT and RT-OLETF

groups, respectively. The E/A ratio of the RT-OLETF

group was significantly higher than that of the UT-OLETF

(p \ 0.05). In addition, deceleration time (DT) and LV

isovolumic relaxation time (IVRT) were significantly

decreased in the RT-OLETF group compared to the UT-

OLETF group (Table 4; Fig. 1). Therefore, while

improvement in LV diastolic dysfunction was clearly

observed in rosiglitazone -treated T2D rats compared to

untreated T2D rats, there was no improvement in LV

systolic function.

Table 1 Body weight and glucose tolerance test

LETO

(n = 10)

OLETF

(n = 10)

Treated-OLETF

(n = 10)

20 weeks (before treatment)

Body weight (g) 491 ± 22 530 ± 59* 537 ± 46*

Fasting glucose (mg/dL) 93 ± 5 116 ± 18* 114 ± 33*

PP2hr glucose (mg/dL) 119 ± 12 218 ± 57* 223 ± 54*

40 weeks (after treatment)

Body weight (g) 539 ± 33 676 ± 72* 788 ± 119*�

Fasting glucose (mg/dL) 102 ± 5 193 ± 35* 137 ± 37*�

PP2hr glucose (mg/dL) 139 ± 11 325 ± 93 240 ± 47*�

Data are expressed as mean ± SD

Treated-OLETF OLETF rats with rosiglitazone, PP2hr 2 h blood

glucose level after glucose loading

* p \ 0.05 versus LETO rats,� p \ 0.05 versus OLETF

Table 2 Hemodynamic data

LETO

(n = 10)

OLETF

(n = 10)

Treated-OLETF

(n = 10)

20 weeks (before treatment)

Systolic BP (mmHg) 117 ± 11 120 ± 9 123 ± 15

Diastolic BP (mmHg) 84 ± 15 94 ± 7 92 ± 9

Mean BP (mmHg) 97 ± 14 102 ± 8 103 ± 11

Heart rate (beats/min) 417 ± 32 388 ± 19 401 ± 33

40 weeks (after treatment)

Systolic BP (mmHg) 118 ± 9 135 ± 10* 137 ± 10*

Diastolic BP (mmHg) 85 ± 11 91 ± 6 93 ± 12

Mean BP (mmHg) 98 ± 11 106 ± 7 107 ± 11

Heart rate (beats/min) 425 ± 63 379 ± 61 390 ± 50

Data are expressed as mean ± SD

Treated-OLETF OLETF rats with rosiglitazone, BP blood pressure

*p \ 0.05 versus LETO rats

Table 3 Echocardiographic parameters before treatment

LETO

(n = 10)

OLETF

(n = 10)

Treated-OLETF

(n = 10)

LVEDD (mm) 8.0 ± 0.8 7.9 ± 0.6 8.1 ± 0.7

LVESD (mm) 4.1 ± 0.4 3.7 ± 0.6 3.7 ± 0.6

FS (%) 53 ± 2 53 ± 7 55 ± 4

E (cm/s) 78 ± 13 74 ± 9 74 ± 5

A (cm/s) 48 ± 10 51 ± 10 44 ± 6

E/A ratio 1.6 ± 0.2 1.5 ± 0.2 1.7 ± 0.2

DT (ms) 43 ± 11 46 ± 8 50 ± 10

IVRT (ms) 25 ± 3 23 ± 5 24 ± 2

Data are expressed as mean ± SD

Treated-OLETF OLETF rats with rosiglitazone, LVEDD LV end-

diastolic dimension, LVESD LV end-systolic dimension, FS fractional

shortening of LV diameter, E peak velocity of early transmitral

inflow, A peak velocity of late transmitral inflow, DT deceleration

time, IVRT isovolumic relaxation time

* p \ 0.05 versus LETO rats; � p \ 0.05 versus OLETF
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Myocardial fibrosis

The CVF (%) was calculated quantitatively to assess

myocardial fibrosis in each specimen using collagen-spe-

cific picrosirius red staining. The extent of myocardial

fibrosis in the RT-OLETF group was decreased compared

to that of the UT-OLETF group, and was almost the same

as that of the LETO group (Fig. 2a). CVF was 2.6 ± 0.8%

in the LETO group, 5.7 ± 2.0% in the UT-OLETF group,

and 3.2 ± 1.3% in the RT-OLETF group. CVF in the RT-

OLETF group was significantly lower than that in the UT-

OLETF group (p \ 0.001), whereas there was no signifi-

cant difference with that in the LETO group (Fig. 2b).

CTGF and RAGE expression

To compare RAGE and CTGF expression in the myocar-

dium among the three groups, expression at both the

mRNA and protein levels was examined. Compared with

the LETO group, mRNA levels of RAGE and CTGF were

significantly increased in the UT-OLETF group, while

rosiglitazone significantly reduced mRNA expression of

CTGF and RAGE in the myocardium of T2D rats. Con-

sistent with the latter mRNA findings, increased CTGF and

RAGE protein expression was detected in the LV of T2D

rats (OLETF) compared with controls. In the LV of

untreated T2D rats, CTGF immunostaining localized pre-

dominantly to interstitial spaces and endothelial cells,

while RAGE immunostaining localized predominantly to

the interstitial spaces of the LV, endothelial cells and

media areas of blood vessels. Therefore, treatment with

rosiglitazone in diabetic rats was associated with a signi-

ficant reduction in CTGF and RAGE expression assessed

by RT-PCR, Western blotting and immunohistochemical

staining (Figs. 3, 4, 5, 6).

Discussion

This study demonstrates that PPAR-c activation in the

myocardium of T2D rats reduces myocardial fibrosis in

association with lower RAGE and CTGF expression, and

that the PPAR-c agonist rosiglitazone improves LV dia-

stolic dysfunction in experimental diabetic cardiomyopa-

thy. Serial echocardiographic imaging clearly showed the

development of age-related diastolic dysfunction in dia-

betic rats and the improvement of such dysfunction after

PPAR-c agonist therapy.

Forty-week-old diabetic rats showed significantly

increased myocardial fibrosis and expression of RAGE

and CTGF in their hearts, which results in impaired LV

diastolic function. In contrast to the study by Mizushige

et al. [21], in which OLETF rats already showed signs of

myocardial fibrosis and LV diastolic dysfunction in the

prediabetic period, in our study, while diabetes and mild

obesity developed in most OLETF rats, diastolic function

was not significantly different among three groups at the

age of 20 weeks. However, at the age of 40 weeks, all

indices of LV diastolic function were different among

three groups, and rosiglitazone significantly improved LV

diastolic function in OLETF rats. These findings are

consistent with the results previously reported by Kim

et al. [14].

CTGF is a novel and potent profibrotic factor. CTGF

expression is increased in the hypertrophied and failing

heart, and CTGF production from cardiac myocytes

induces collagen production in cardiac fibroblasts [16].

CTGF has been shown to induce extracellular matrix

synthesis and accumulation of collagen by direct stimu-

lation of fibroblasts in response to TGF-b1 [23]. CTGF

also mediates cardiac fibrosis and dysfunction

Table 4 Echocardiographic parameters after treatment

LETO

(n = 10)

OLETF

(n = 10)

Treated-OLETF

(n = 10)

LVEDD (mm) 8.4 ± 0.7 7.9 ± 0.6 8.4 ± 0.7

LVESD (mm) 4.1 ± 0.8 4.2 ± 0.6 3.5 ± 1.2

FS (%) 52 ± 5 51 ± 4 55 ± 3

E (cm/s) 84 ± 2 63 ± 6* 82 ± 6�

A (cm/s) 48 ± 4 43 ± 5* 50 ± 1�

E/A ratio 1.7 ± 0.1 1.5 ± 0.1* 1.7 ± 0.1�

DT (ms) 49 ± 2 59 ± 9* 50 ± 3�

IVRT (ms) 27 ± 4 35 ± 3* 29 ± 3�

Data are expressed as mean ± SD

Treated-OLETF OLETF rats with rosiglitazone, LVEDD LV end-

diastolic dimension, LVESD LV end-systolic dimension, FS fractional

shortening of LV diameter, E peak velocity of early transmitral

inflow, A peak velocity of late transmitral inflow, DT deceleration

time, IVRT isovolumic relaxation time

* p \ 0.05 versus LETO rats; � p \ 0.05 versus OLETF

Fig. 1 Comparison of left ventricular mitral inflow patterns at the age

of 40 weeks. The early to late diastolic peak velocity (E/A) ratio was

reduced and the deceleration time (DT) of early diastolic inflow was

increased in the OLETF rats (middle). These parameters were

normalized in the rosiglitazone-treated OLETF rats (right). E early

diastolic peak velocity, A late diastolic peak velocity
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independently from TGF-b1 activation in transgenic mice

over-expressing protein kinase C-2 [31]. Diabetic hearts

have been shown to express significantly higher levels of

AGEs, RAGE and CTGF [6]. In addition, AGEs have

been reported to upregulate CTGF expression through

interaction with RAGE in cultured human dermal fibro-

blasts and mesangial cells [28, 29]. Our study also

showed that CTGF and RAGE were expressed at signi-

ficantly higher levels in the myocardial interstitium and

endothelial cells in association with significantly higher

extents of myocardial fibrosis in 40-week-old OLETF

rats. Taken together, the increased expression and robust

interactions of AGE, RAGE and CTGF are thought to

play an important role in the development of diabetes-

related cardiac fibrosis.

Our study revealed that PPAR-c activation in diabetic

rats could suppress both myocardial RAGE and CTGF

expression and fibrosis. In untreated OLETF rats, RAGE

and CTGF proteins were expressed at significantly higher

levels in the myocardial interstitium and endothelial cells.

Rosiglitazone treatment significantly suppressed myocar-

dial expression of RAGE and CTGF. RAGE stimulates the

release of profibrotic growth factors including CTGF in the

diabetic environment [26]. Recently, PPAR-c agonists have

been reported to down-regulate basal as well as TNF-a-

induced RAGE expression in endothelial cells and mes-

angial cells and to subsequently inhibit AGE-induced

MCP-1 expression [18, 19]. Since RAGE is upregulated by

NF-jB activation [27] and PPAR-c agonists reduce RAGE

expression by inhibiting NF-jB expression in endothelial

and mesangial cells, we speculated that rosiglitazone might

suppress RAGE expression by inhibiting NF-jB activation

in the myocardium, resulting in reduced CTGF expression

[18, 19]. Although PPAR-c agonists have been reported to

inhibit RAGE and CTGF expression in vitro and in the

glomeruli of rat kidneys, and to suppress CTGF in cardiac

fibroblasts, no prior studies have defined the effect of

PPAR-c agonists on RAGE and CTGF expression in the

myocardium of overt diabetic animals. Several studies have

shown an association between PPAR-c agonist treatment

and extent of myocardial fibrosis. Yao et al. [33] was the

first to report that a PPAR-c agonist could reduce myo-

cardial fibrosis in diabetic rats. In their T2D rat model

study, however, the PPAR-c agonist was administered from

the age of 5 weeks, prior to the development of overt

diabetes. This experimental design might confuse inter-

pretations of the effects of the PPAR-c agonist on the

antifibrotic mechanisms in the diabetic heart because the

PPAR-c agonist has been reported to effectively prevent or

delay diabetes development in diabetic rats [15]. In con-

trast with Yao’s report, we used a rat model with overt

diabetes. Recently, Caglayan et al. [5] reported that PPAR-

c ligands attenuate angiotensin II-induced cardiac fibrosis

by inhibiting myocardial macrophage infiltration. Our

study further confirmed PPAR-c agonist-mediated sup-

pression of cardiac fibrosis, especially in diabetes-related

fibrosis in vivo and also showed that PPAR-c agonist

treatment can lower myocardial expression of RAGE and

Fig. 2 a Representative

micrographs of myocardium

with picrosirius red stain at

40 weeks. Fibrosis was detected

by picrosirius red stain that

produces a red color.

Myocardial fibrosis was greater

in the OLETF rat (middle) than

in the LETO rat (left) and the

rosiglitazone-treated OLETF rat

(right). Magnification 9100. b
LV collagen volume fraction

(CVF) in LETO, untreated

OLETF and treated OLETF rats.

All values are expressed as

mean ± SD. *p \ 0.01 versus

LETO rats and �p \ 0.01 versus

OLETF rats
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CTGF, which may be involved in the process of diabetes-

related cardiac fibrosis.

This study has several limitations. First, the reduction

of myocardial fibrosis and RAGE expression in rosiglit-

azone-treated diabetic rats may result from better glyce-

mic control with associated decreased AGE production.

However, since RAGE has been reported to act inde-

pendently of AGEs in cardiac remodeling [6, 24], RAGE

expression status seems to be more relevant to myocardial

fibrosis. Studies using heart-specific PPAR-c knockout

mice are needed to address whether the improvements in

diastolic dysfunction are mediated through a direct action

of rosiglitazone on the myocardial tissue or through its

Fig. 3 a Immunohistochemical staining for CTGF in LV sections (1–

4) and perivascular structure (5–8) from the negative control (1, 5),

LETO (2, 6), OLETF (3, 7), and rosiglitazone-treated OLEFT (4, 8)

rats. Antibodies were detected by the diaminobenzidine method that

produces a brown color (arrow). Counterstaining of nuclei with

hematoxylin (blue). Magnification, 9200. b LV CTGF staining (%) in

LETO, untreated OLETF and treated OLETF rats. All values are

expressed as mean ± SD. *p \ 0.01 versus LETO rats and �p \ 0.01

versus OLETF rats

Fig. 4 a Immunohistochemical staining for RAGE in LV sections

(1–4) and perivascular structure (5–8) from the negative control

(1, 5), LETO (2, 6), OLETF (3, 7) and rosiglitazone-treated OLETF

(4, 8) rats. Antibodies were detected by the diaminobenzidine method

that produces a brown color (arrow). Counterstaining of nuclei with

hematoxylin (blue). Magnification, 9200. b. LV RAGE staining (%)

in LETO, untreated OLETF and treated OLETF rats. All values are

expressed as mean ± SD. *p \ 0.01 versus LETO rats and �p \ 0.01

versus OLETF rats
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improvement of the metabolic milieu. Second, we did not

investigate the causality between CTGF and RAGE

expression reduction and decreased cardiac fibrosis after

rosiglitazone treatment. Marx et al. [18] reported that the

strong anti-inflammatory effect of rosiglitazone is

achieved by inhibiting NF-jB activation and consequent

suppression of TNF-a-induced endothelial expression of

RAGE. Further studies are required to elucidate such

causality.

In this study, serial echocardiographic examinations

clearly showed that rosiglitazone improved LV diastolic

dysfunction, an early manifestation of diabetic cardiomy-

opathy, which was histologically correlated to reduced

cardiac fibrosis and suppression of myocardial CTGF and

RAGE expression in the diabetic hearts. These results may

be helpful to elucidate the mechanism of diabetic cardio-

myopathy or other cardiac structural changes caused by

diabetes, and support PPAR-c activation as a potential

approach to improve diastolic dysfunction caused by

diabetes.
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