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Abstract

Aim Peroxisome proliferator-activated receptor-c
(PPAR-c) agonists have immunomodulatory and anti-

inflammatory effects. The study investigated the autoim-

mune injuries of diabetic cardiomyopathy (DCM) and

tested the hypothesis that PPAR-c agonists suppress dis-

ordered immune responses in diabetic heart, thereby pre-

venting evolution of DCM.

Methods STZ-induced diabetic rats were assigned to five

groups: DM group, given no treatment; INS group, given

insulin (4U kg-1 d-1); PIL group, given low dose piog-

litazone (4 mg kg-1 d-1); PIL/INS group, given both low

dose pioglitazone and insulin; PIH group, given high dose

pioglitazone (20 mg kg-1 d-1). Normal rats (CON group)

were also monitored as control. The pathologic abnor-

malities of hearts were observed. The immunoglobulin

deposition was examined by immunohistochemistry and

immunofluorescence.

Results At 16 weeks, interstitial fibrosis was shown in

diabetic heart which was accompanied by plenty of

inflammatory cells infiltrated. Pioglitazone therapy could

ameliorate the cardiac injuries. Shown by immunohisto-

chemistry, the difference of integrated optical density

(IOD) of immunoglobulin deposition among each group

had statistic significance. No obvious immunoglobulins

were deposited in the intercellular substance of heart in

CON group (IgA 290.8 ± 88.1, IgG 960.4 ± 316.0 and

IgM 341.3 ± 67.9). But the deposition of immunoglobu-

lins increased significantly in DM group (IgA

7,047.5 ± 1,328.3, P \ 0.05; IgG 28,945.9 ± 5,160.7,

P \ 0.05 and IgM 8,580.8 ± 1,336.8, P \ 0.05). Admin-

istration of pioglitazone greatly reduced the increased

deposition in a dose-dependent fashion. Moreover, the

statistical significance was the same with immunofluores-

cence analysis as with immunohistochemical examination.

Conclusions The data suggest that disordered immune

responses play an important role in the pathogenesis of

DCM. Pioglitazone showed protective effects by inhibiting

the immunoglobulin deposition on diabetic myocardium.
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Introduction

Diabetic cardiomyopathy (DCM), a distinct cardiomyopa-

thy specific to diabetes, is not uncommon and is associated

with increased morbidity and mortality in diabetic patients.

The pathogenesis of DCM is complex and remains unclear

up till now. By biopsy, we have found deposition of

immunoglobulin complexes on the skin, kidney and skel-

etal muscle in many patients with type 1 or type 2 diabetes

[1, 2]. Using the streptozotocin (STZ)-induced diabetic rat

model, our previous studies demonstrated that immuno-

globulin deposition was remarkably increased on the heart,

aorta, retina and kidney in diabetic rats [3, 4], and car-

diovascular complications of diabetes could be prevented

by the administration of cyclosporine A (CsA) [5, 6]. The

data above imply that multi-organ immune injuries may

exist in diabetes and besides some specific antibodies, e.g.,
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ICA and GAD, a number of non-specific antibodies may be

involved in the disease process. Moreover, immunosup-

pressive therapy may be effective. Nevertheless, immuno-

suppressive drugs have shown major side effects that

preclude their clinical use in the long-term range.

To date, more and more studies indicate that the insulin-

sensitizing thiazolidinediones (TZDs), which are currently

believed to be the selective activators of the peroxisome

proliferators activated receptor c (PPAR-c), have immu-

nomodulatory and anti-inflammatory properties [7–10]. In

monocytes and macrophages, PPARc activation inhibits

the expression of a number of proinflammatory mediators

[11, 12] and attenuates the oxidative burst in macrophages

[13]. In T-lymphocytes, PPARc activation inhibits both

Ag-specific and non-specific T-cell activation, T-cell pro-

liferation, and the production of several proinflammatory

cytokines [14–17]. Numerous studies have documented

that oral administration of PPARc agonists ameliorates the

clinical course and histopathological features in several

autoimmune and inflammatory diseases such as multiple

sclerosis [18, 19], myocarditis [20, 21], psoriasis [22, 23]

and ulcerative colitis [24, 25]. At the same time, the dis-

covery that TZDs have immunomodulatory and anti-

inflammatory effects has also led to the evaluation of their

potential use in the treatment of diabetic complications [7].

However, little is known about whether TZDs can suppress

disordered immune responses in the diabetic heart, thereby

preventing evolution of DCM.

Therefore, the aim of the study was to analyze the effect

of pioglitazone on cardiac immunoglobulin deposition in

STZ-induced diabetic rats and to evaluate its protective

efficacy against the development of DCM. As a secondary

gain, we wished to compare the effects of pioglitazone at

different doses.

Materials and methods

Animals

Seventy-two male Sprague–Dawley rats (mean body

weight 250 g, 8 weeks of age at the beginning of experi-

ments) were kept in a barrier system with regulated tem-

perature and humidity and on a 12/12-h light–dark cycle.

During the whole experimental process, rats were fed with

certified standard rat diet. All animal treatments were

strictly in accordance with the National Institutes of Health

Guide for the Care and Use of Laboratory Animals.

Experimental design and sample collection

Sixty rats were randomly selected and administered a single

intravenous injection of 50 mg/kg STZ (Sigma, NY) freshly

resolved in citrate buffer (0.10 mol L-1, pH 4.5), whereas

the remaining animals were taken as a control group (CON

group) and injected with the same volume of vehicle (sal-

ine). Three days after STZ injection, hyperglycemia was

documented by measuring the glucose content of tail vein

blood with glucometer (One Touch Ultra, Lifescan). Rats

with random blood glucose concentrations C16.7

mmol L-1 were considered to be diabetic. Then, diabetic

rats were randomly allotted to five groups of 12 animals:

DM group, given no treatment; INS group, given insulin

glargine (Sanofi-Aventis Pharma) by subcutaneous injec-

tion at the dosage of 4 U kg-1 d-1; PIL group, given

pioglitazone (Takeda Pharma, Japan) in aqueous solution

by gavage at the low dosage of 4 mg kg-1 d-1; PIL/INS

group, given simultaneous pioglitazone and insulin glargine

treatments, receiving the same dosage and schedule as the

PIL and INS groups; PIH group, given pioglitazone at the

high dosage of 20 mg kg-1 d-1. Body weight and blood

glucose were measured at regular intervals. Maintenance of

a diabetic state was confirmed by weekly tail vein blood

glucose measurements. Samples for blood glucose were

usually taken at 8:00 a.m. during light period. At the end of

16-week treatment, 24 h urine samples were collected in

metabolic cages to determine urine albumin. Then, the rats

were sacrificed and blood was collected to determine serum

glutamic-pyruvic transaminase (SGPT), total bilirubin

(TBIL) and creatinine. Some sections of heart were fixed in

10 % formalin for pathological examination and immuno-

histological staining. Other sections of heart were embed-

ded in optimal cutting temperature compound (OCT) and

stored at -80 �C for immunofluorescence staining. Clinical

chemistry analysis of serum and urine samples was carried

out using appropriate commercial kits (Biosino Biotech-

nology & Science Inc, China).

Cardiac histological examination

Paraffin tissue slices (5-lm-thick) were used for hema-

toxylin-eosin (HE) and Masson trichrome staining. Rep-

resentative regions were photographed under bright field

optics using a Leica DMRB light microscope (Leica,

Wetzlar, Germany) equipped with digital image acquisi-

tion. Immunohistochemical detection for IgA, IgG and IgM

was performed by standard procedures. For the negative

control, the primary antibody was replaced by PB evalua-

tion. The deposition of IgG, IgA, or IgM was determined

by the brown-colored area and was analyzed by integrated

optical density (IOD) using the Image-Pro Plus 6.0 soft-

ware (Media Cybernetics, United States). Briefly, five

images were taken randomly from every slice and the

average values of IOD were analyzed in a blinded manner.

Frozen tissue slices (5-lm-thick) were fixed in cold

acetone for 5 min. The antibodies labeled with
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fluorochrome were goat anti-rat antibodies against IgG

(1:200 working solution), IgA (1:80 working solution), and

IgM (1:80 working solution). Samples are observed by

fluorescence microscope. The deposition of IgG, IgA, or

IgM was determined by the green fluorescence area and

was analyzed by IOD in the same way.

Statistical analysis

Data were presented as mean ± standard deviation (SD)

and analyzed by one-way ANOVA followed by Bonfer-

roni’s post hoc test using SPSS 11.5 software. P values

\0.05 were considered statistically significant.

Results

Animal biochemical data

At the end of 16 weeks of treatment, body weight of CON

rats significantly exceeded that of diabetic rats (Table 1).

The treated groups showed a significant decrease in levels

of mean blood glucose as compared to untreated diabetic

rats (Table 1). Serum creatinine was higher in diabetic rats

than in CON rats, and both insulin and pioglitazone treat-

ment similarly reduced serum creatinine in diabetic rats

(Table 2). Compared with the CON group, 24-h urinary

albumin excretion was significantly higher in the DM

group, and pioglitazone treatment significantly reduced

albuminuria (Table 2). There was no significant difference

with respect to liver function among the six groups at the

time of the terminal study (P [ 0.05; Table 3).

Cardiac pathological alterations in the diabetic rats

As shown by HE stain, heart from group DM revealed

varied degree of changes from degeneration to necrosis of

myocytes. Meanwhile, the interstitial and perivascular

infiltration of inflammatory cells and the thickening of

vessel wall were evident in diabetic heart. In Masson

staining, collagen fibers take on green color. The DM

group presented the interstitial and perivascular fibrosis,

and the formation of microaneurysms in small capillary

vessels (Fig. 1). Pioglitazone therapy could ameliorate, to

some extent, the cardiac injuries mentioned above.

Immunohistological evaluation after treatment

As shown by immunohistochemistry, the difference of IOD

of immunoglobulins deposition among each group had

statistic significance (Table 4; Figs. 2, 3, 4). Compared

with CON group, DM group had significantly increased

deposition of IgA, IgG and IgM in the intercellular

substance of heart. Administration of insulin or pioglitaz-

one greatly reduced the increased deposition. Pioglitazone

treatment was more effective than insulin treatment.

Combination of pioglitazone and insulin reduced the

increased deposition more than pioglitazone or insulin

alone. Furthermore, high dose pioglitazone had a greater

effect compared with low dose pioglitazone.

The outcome of immunofluorescence also demonstrated

that there were statistic differences in the immunoglobulins

deposition among each group (Table 5; Fig. 5). In control

rats, no obvious cardiac immunofluorescence was detected.

In DM group, there was more intense cardiac

Table 1 Impact of pioglitazone and/or insulin on body weight and

blood glucose in STZ-induced diabetic rats

Groups Body weight (g) Blood glucose (mmol/L)

Week 0 Week 16 Week 0 Week 16

CON 260 ± 6s 426 ± 37s 5.3 ± 0.3s 5.3 ± 0.6s

DM 214 ± 17w 168 ± 15w 29.1 ± 2.0w 29.3 ± 1.5w

INS 209 ± 20w 193 ± 18ws 29.5 ± 1.1w 16.1 ± 1.8ws

PIL 209 ± 20w 177 ± 19w 29.5 ± 1.6w 22.2 ± 3.3ws

PIL/INS 213 ± 11w 199 ± 13ws 28.7 ± 1.4w 17.0 ± 1.8ws

PIH 208 ± 11w 188 ± 9ws 29.7 ± 1.3w 21.8 ± 2.6ws

Values are expressed as (mean ± SD)
w P \ 0.05 vs. CON group; s P \ 0.05 vs. DM group

Table 2 Impact of pioglitazone and/or insulin on serum creatinine

and microalbuminuria in STZ-induced diabetic rats

Groups Serum creatinine (lmol/L) Urinary albumin (mg/d)

CON 93.6 ± 11.1sd 0.71 ± 0.19sd

DM 186.9 ± 5.9wd 3.73 ± 0.89wd

INS 142.5 ± 15.7ws 2.08 ± 0.16ws

PIL 137.5 ± 9.9ws 1.17 ± 0.27wsd

PIL/INS 121.4 ± 5.2wsd 1.28 ± 0.42wsd

PIH 112.0 ± 13.6wsd 1.03 ± 0.27wsd

Values are expressed as (mean ± SD)
w P \ 0.05 vs. CON group; s P \ 0.05 vs. DM group; d P \ 0.05

vs. INS group

Table 3 Impact of pioglitazone and/or insulin on liver function in

STZ-induced diabetic rats

Groups SGPT (U/L) TBIL (lmol/L)

CON 26.4 ± 5.6 4.58 ± 1.99

DM 28.2 ± 6.4 5.26 ± 1.93

INS 35.7 ± 14.1 4.87 ± 2.30

PIL 28.0 ± 11.3 4.23 ± 2.19

PIL/INS 31.1 ± 7.3 4.54 ± 2.21

PIH 38.2 ± 12.4 4.35 ± 2.32
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immunofluorescence of IgA, IgG or IgM than in the

treatment groups. Pioglitazone treatment was more effec-

tive than insulin treatment. The statistical significance was

the same with immunofluorescence analysis as with

immunohistochemical examination.

Discussion

The pathogenesis of DCM is incompletely understood and

several mechanisms have been implicated. Its pathological

substrate is characterized by the presence of myocardial

damage, reactive hypertrophy, interstitial and perivascular

fibrosis. In this study, the observations of cardiac myocyte

hypertrophy, degeneration and necrosis, as well as myo-

cardial interstitial fibrosis in rats of STZ diabetes, are in

accordance with the pathological characterizations of

DCM. Simultaneously, the study showed infiltration of

lymphocytes and deposition of immunoglobulin between

cardiac myofibers from group DM, whereas heart from

group CON did not reveal the above abnormalities. These

results confirmed that there was disordered immunity

(including both cellular and humoral immunity) which

could lead to pathological changes of DCM. The involve-

ment of disordered immune function in the causation of

type 1 diabetes is well known. There is accumulating

evidence that an ongoing cytokine-induced acute-phase

response (sometimes called low-grade inflammation, but

part of a widespread activation of the innate immune sys-

tem) is closely involved in the pathogenesis of type 2

diabetes and associated complications [26]. Immunologic

abnormality and inflammatory mediators seem to trigger a

common pathway leading to type 1 and 2 diabetes [27].

Recently, declassifying diabetes has been pointed out

owing to the more realistic possibility that both immune-

mediated and non-immune-mediated processes might act in

synergy, especially in later onset cases of diabetes [28]. To

date, data suggesting an immunoglobulin-mediated injury

in the heart of diabetic animal model are scarce, thus

requiring a better elucidation of mechanisms responsible

for DCM. Previous studies have confirmed that proteins

modified by oxidation or glycation could induce patho-

genic antibodies in a variety of diseases including diabetes

mellitus, systemic lupus erythematosus and rheumatoid

arthritis [29–33]. Accordingly, it is reasonable to assume

that diabetic cardiac injury is caused by some components

(like proteins) of cells modified by oxidation or glycation

under a long-term hyperglycemic state. Oxidized or gly-

cated proteins induce pathogenic antibodies. The binding

of antibodies to antigen activates the complement system,

forming the membrane attack complex (MAC) [34]. On

one hand, binding to the cell membrane, the MAC disrupts

the phospholipid bilayer of target cells and causes swelling

and death, leading to cardiac injury. On the other hand,

insertion of the MAC into endothelial cell membranes

causes the release of growth factors such as basic fibroblast

Fig. 1 Pathological findings in

the diabetic rats (masson

staining, original

magnification 9400). a CON

group. b DM group

Table 4 Impact of pioglitazone and/or insulin on IOD of IgA, IgG and IgM deposition in heart tissue by immunohistochemical analysis

Groups IgA IgG IgM

CON 290.8 ± 88.1sd 960.4 ± 316.0sd 341.3 ± 67.9sd

DM 7,047.5 ± 1,328.3wd 28,945.9 ± 5,160.7wd 8,580.8 ± 1,336.8wd

INS 5,569.9 ± 1,177.0ws 23,343.2 ± 4,290.1ws 6,698.5 ± 1,497.9ws

PIL 2,971.4 ± 683.9wsd 9,853.6 ± 1,815.0wsd 3,407.4 ± 814.7wsd

PIL/INS 1,919.6 ± 531.5wsd 7,085.2 ± 1,335.1wsd 1,898.7 ± 498.3wsd

PIH 1,333.1 ± 337.6wsd 4,378.4 ± 856.1wsd 845.4 ± 210.1wsd

Values are expressed as (mean ± SD)
w P \ 0.05 vs. CON group; sP \ 0.05 vs. DM group; d P \ 0.05 vs. INS group
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growth factor and platelet-derived growth factor that

stimulate proliferation of fibroblasts and smooth muscle,

mesangial, and other cells [34, 35]. Thus, the MAC pos-

sibly in part contributes to thickening of vascular wall and

myocardial fibrosis. In short, DCM may be the result of

disordered immune responses in vivo.

PPAR-c is a member of the nuclear hormone receptor

superfamily of ligand-activated transcription factors that

are related to retinoid and steroid hormone receptors. It has

been known to affect not only glucose homeostasis, but

also immune responses. It is expressed in different cell

types of the immune system, e.g., macrophages, microglia,

dendritic cells, and lymphocytes [36]. Recent studies have

documented that PPAR-c activators suppress the T-cell

proliferative response and inhibit inflammatory cytokine

production by cells of the monocyte-macrophage lineage

[9, 37]. They may exert anti-inflammatory effects via direct

transcription regulation, by inhibition of the activity of

transcription factors such as AP-1 and NF-kB [38–40]. It

has been proposed that this may occur through both PPARc
receptor–mediated [41] and receptor–independent mecha-

nisms [42, 43].

So far, more and more studies have demonstrated that

TZDs exhibit beneficial pleiotropic effects on the cardio-

vascular system. Extensive data from ex vivo experiments

and animal models suggest that TZDs inhibit or reverse

cardiac hypertrophy and improve parameters of systolic

and diastolic performance [44, 45]. Further evidence for

potentially beneficial effects of TZDs on myocardial

function comes from animal models of acute myocardial

ischemia. In both murine and canine models of ischemia

and reperfusion, PPARc agonism with TZDs resulted in

dose-dependent decreases in myocardial infarct size and

improved parameters of cardiac performance [46, 47]. In

accordance with these laboratory studies, an interesting

study on 5,000 patients receiving pioglitazone for a period

Fig. 2 Immunohistochemical examination for IgA deposition in diabetic rats treated with pioglitazone and/or insulin (original magnifica-

tion 9400). a CON group. b DM group. c INS group. d PIL group. e PIL/INS group. f PIH group. Arrows indicate the positive deposition
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of 2.5 years revealed a good safety profile of pioglitazone.

The results showed that patients treated with pioglitazone

had a lower death rate, nonfatal myocardial infarction,

stroke, leg amputation, and acute coronary syndrome [48].

Other studies also reported that pioglitazone reduced vas-

cular risk and inflammatory markers, and improved carotid

intima media thickness independent of its glycemic effect,

suggesting that this drug would be good for diabetic

patients with cardiovascular disease. When compared with

rosiglitazone, pioglitazone is associated with a reduction in

the risk of hospitalization for acute myocardial infarction

[49]. Despite the potential reduction in risk of cardiovas-

cular disease, the use of TZDs is associated with water

retention which can be harmful to patients with heart

failure. However, no specific human data suggest that drugs

in this class have a direct negative effect on cardiac

function. By restricting its indication for type 2 diabetic

patients without heart failure, until now no study has been

reported on the increase of cardiovascular events in

patients taking pioglitazone.

A particularly novel finding of this study was that the

increased deposition of IgA, IgG and IgM in DM group

could be reduced significantly by insulin or pioglitazone

treatment and the latter was more effective. This finding

indicates that pioglitazone, as a PPAR-c agonist, may pro-

tect against the development of DCM through its immuno-

modulatory action per se, independent of glycemic control.

Meanwhile, a dose–response was apparent, as results were

consistently better as doses of pioglitazone were increased

in the treatment. In addition, pioglitazone and insulin

combination therapy had a greater protective effect.

Elucidation of the mechanisms responsible for DCM

will further motivate the generation of novel therapies

tailored to decrease the cardiovascular morbidity and

mortality in diabetes. The data presented in this manuscript

support the involvement of disordered cellular immunity

Fig. 3 Immunohistochemical examination for IgG deposition in diabetic rats treated with pioglitazone and/or insulin (original magnifica-

tion 9400). a CON group. b DM group. c INS group. d PIL group. e PIL/INS group. f PIH group. Arrows indicate the positive deposition
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and humoral immunity in the causation of DCM and sug-

gest protective effects of pioglitazone against DCM as a

class of immunotherapeutic drugs. However, systolic and

diastolic function (e.g., obtained with echocardiography) in

diabetic rat hearts was not examined in this study due to

financial consideration. Immunoglobulin deposition

between cardiac myofibers only indicates the immune-

mediated injury of the heart, but cannot represent the

change of its function. In addition, it should be also men-

tioned that the results of the present study were obtained

with pioglitazone, thus cannot be extended to other mole-

cules of TZDs.

Fig. 4 Immunohistochemical examination for IgM deposition in diabetic rats treated with pioglitazone and/or insulin (original magnifica-

tion 9400). a CON group. b DM group. c INS group. d PIL group. e PIL/INS group. f PIH group. Arrows indicate the positive deposition

Table 5 Impact of pioglitazone and/or insulin on IgA, IgG and IgM deposition in heart tissue by immunofluorescence analysis

Groups IgA IgG IgM

CON 154.2 ± 52.6sd 131.0 ± 45.7sd 120.2 ± 46.1sd

DM 14,835.4 ± 4,547.0wd 13,258.6 ± 4,246.2wd 8,591.0 ± 2,027.5wd

INS 8,618.1 ± 1,578.7ws 9,360.1 ± 2,434.4ws 5,962.9 ± 1,368.2ws

PIL 4,224.1 ± 1,050.8wsd 5,230.7 ± 1,275.5wsd 3,454.1 ± 828.1wsd

PIL/INS 2,984.0 ± 625.7wsd 3,716.1 ± 1,031.0wsd 2,185.1 ± 591.6wsd

PIH 1,026.1 ± 285.9wsd 1,807.2 ± 695.5wsd 439.2 ± 101.4wsd

Values are expressed as (mean ± SD)
w P \ 0.05 vs. CON group; s P \ 0.05 vs. DM group; d P \ 0.05 vs. INS group
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In summary, the utility of TZDs in treating cardiovascu-

lar, autoimmune and inflammatory diseases is of immense

clinical potential. Much more research needs to be done to

seek for additional safe and effective drugs in this class.
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