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Abstract:

Diabetes causes changes in the myocardium, which are often called diabetic cardiomyopathy. This condition has been extensively

investigated in animal models with high glucose levels. Nevertheless, it has not been investigated whether moderate hyperglycemia,

in the absence of other features of metabolic syndrome, may also cause similar changes in the heart. The aim of the study was to as-

sess changes in the myocardium in an animal model of mild type 1 diabetes. Moderate hyperglycemia was induced in 8- to 10-week-

old male C57BL6J mice by 5 intraperitoneal injections of streptozotocin (40 mg/kg). After 16 weeks, they were sacrificed, and left

ventricle (LV) dimensions and extent of cardiac fibrosis were assessed by morphometry. The abundance of CCN proteins in LV sam-

ples was assessed using western blotting, while activity of metalloproteinase 2 was established in zymography. Real time PCR was

used to investigate the expression of transforming growth factor �1 (TGF�1) and atrial natriuretic peptide. Mice with moderate hy-

perglycemia presented comparable cardiac dimensions with fibrosis and hypertrophy parameters as the non-diabetic controls. How-

ever, the abundance of profibrotic CCN2 protein was significantly increased in hyperglycemic animals (1.67 ± 0.28 vs. 1 ± 0.47,

p < 0.05). Interestingly, this change was independent from the TGF�1 expression, as its RNA abundance was similar in both groups.

Moderate hyperglycemia also caused an increase in the activity of the metalloproteinase 2 (1.21 ± 0.17 vs. 1 ± 0.07, p < 0.05).

Despite diabetes, no profound changes in cardiac morphology were found. In our animal model, moderate hyperglycemia caused ac-

tivation of a profibrotic gene expression program, which was counterbalanced by the increase of metalloproteinase activity.
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Abbreviations: ANP – atrial natriuretic peptide, CCN – family

of proteins including Cyr61 (CCN1), CTGF (CCN2) and Nov

(CCN3), CSA – cross sectional area, CTGF – connective tissue

growth factor, DAPI – 4’,6-diamidino-2-phenylindole, DM –

diabetes mellitus, GPDH – glycerol-3-phosphate dehydroge-

nase, LV – left ventricle, MMP – matrix metalloproteinase,

MRI – magnetic resonance imaging, PAGE – poliacrylamide

gel electrophoresis, PAI-1 – plasminogen activator inhibitor 1,

PBS – phosphate buffered saline, PKC – protein kinase C,

RIPA – radioimmunoprecipitation assay, RNA – ribonucleic

acid, RT-PCR – real time polymerase chain reaction, SDS – so-

dium dodecyl sulfate, STZ – streptozotocin, TGF�1 – trans-

forming growth factor �1, TUNEL – terminal deoxynucleo-

tidyltransferase-mediated dUTP nick end labeling

Introduction

Diabetic cardiomyopathy is a commonly used de-

scription of the complex changes in the myocardium

characterized by myocyte loss and myocardial fibro-

sis in patients with diabetes in the absence of signifi-

cant coronary atherosclerosis and hypertension [20].

The pathophysiology of diabetic cardiomyopathy is

multifactorial, and an important role has been attrib-

uted to persistent hyperglycemia [3]. This phenome-

non has been extensively studied in the animal models

of type 1 and type 2 diabetes [1, 6, 13, 19]. There are

some differences between those two models, but

which findings can be attributed to the high concen-

tration of glucose and beta cell dysfunction and which

are the consequence of insulin resistance have not

been sufficiently studied [3]. In humans, type 2 diabe-

tes is associated with other metabolic abnormalities

referred to as “metabolic syndrome” [15]. The com-

ponents of metabolic syndrome, in addition to diabe-

tes, include central obesity, hypertension and hyper-

lipidemia – all resulting in accelerated development

of atherosclerosis. Moreover, these factors may also

contribute to the changes in myocardium [3]. There-

fore, in clinical studies, it is extremely difficult to de-

termine which of these factors cause the observed

changes. Separation of the effects of hyperglycemia

from those of insulin resistance, hypertriglyceridemia

and obesity is possible in an experimental model.

However, the majority of previous experimental stud-

ies have focused on the effects of extremely high glu-

cose levels (ca. 25–35 mmol/l) and described the late

changes with dramatically impaired heart and endo-

thelial function [6, 21]. This, however, is not what we

usually encounter in clinical practice. Typical patients

frequently have only moderately increased serum glu-

cose concentration because they are already on hypo-

glycemic medication or they are referred due to mod-

erately increased glycemia and its symptoms. The

changes in myocardium in those patients may be the

effect of the long-term moderate hyperglycemia.

Therefore we have undertaken a study to assess

changes in the myocardium that may arise in mice

with chronic moderate hyperglycemia.

One of the hallmarks of diabetic cardiomyopathy is

the extracellular matrix remodeling leading to the in-

creased fibrosis of myocardium. In recent animal

studies, high glucose levels have been shown to affect

this process and lead to ventricular hypertrophy [9].

The TGF�1 cascade is most probably involved in this

process. Recently, it has been shown that hyperglyce-

mia increases cardiac expression of CCN2 (previ-

ously named CTGF), one of the most prominent TGF

dependent profibrotic agents. On the other hand, CCN

proteins may be involved in the expression of MMPs

and probably in cytoprotection [4, 10]. CCN1 is an-

other cytoprotective protein expressed in the heart in

response to stressful stimuli and the activation of PKC,

which is particularly interesting because diabetes may

deregulate PKC-dependent transduction pathways.

The aim of the study was to investigate changes in

the myocardium in the setting of moderate hypergly-

cemia and to find an early molecular marker of dia-

betic cardiomyopathy.

Materials and Methods

Animals

Male, 8- to 10-week-old C57BL/6J mice were used in

the study. They were kept in constant temperature of

22°C ± 1°C in 12:12 dark-light cycle with constant

access to chow and water. The animals received

intraperitoneally 0.9% sterile saline or 5 ip injections

of streptozotocin (STZ) (Sigma USA) as described

previously [11]. STZ was diluted in cold citric acid

buffer to the concentration of 0.4% and injected

intraperitoneally within minutes after reconstitution.

STZ was given at the dose of 40 mg/kg for 5 consecu-

tive days in order to achieve glucose levels in the

range of 11–20 mmol/l. Animals with blood glucose

outside this range were excluded from the study. The
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measurements of non-fasting glucose (NFG) concen-

tration in tail blood were performed every 7–14 days

using a glucose meter and test strips from Accu-

Check. After 10 weeks, if an animal had a glucose

concentration lower than 11 mmol/l, it received an ad-

ditional dose of streptozotocin (40 mg/kg). Average

glucose concentration throughout the study is pre-

sented in Fig. 1. Insulin concentration in serum was

measured 2 weeks after the last streptozotocin injec-

tion, using enzyme-linked immunosorbent assay

(ELISA Linko) according to the provided protocol.

Values are given in Table 1.

Animals were housed for 16 weeks from the first

STZ injection and then sacrificed. Hearts were fixed

in situ using 3.5% isotonic phosphate buffered forma-

lin as described previously [8. 12]. In brief, mice were

anesthetized, intubated and ventilated. A 30G tube

was introduced into the abdominal aorta, and the heart

was retrograde perfused, first (3 minutes) with phos-

phate buffered saline with 0.1 M KCl, and then for-

malin was used. In addition, formalin was delivered

also to the left ventricle by the needle puncturing the

apex. Fluids were applied to the aorta at a pressure of

100 cm H2O and to the LV at a pressure of 10 cm

H2O. This assures approximately physiological pres-

sures and heart dimensions very close to the ones ob-

tained in the in vivo measurements [14]. Animals used

for molecular analysis were sacrificed by cervical dis-

location, and their hearts were dissected, flushed in

cold PBS, snap frozen in liquid nitrogen and kept in

–70°C until further analysis.

The experimental procedures were carried out ac-

cording to the European Council Directive of 24 No-

vember 1986 (6/609/EEC) and were approved by the

Local Ethics Committee in Bia³ystok.

Morphometry and microscopy

Formalin-fixed tissue was embedded in paraffin and

cut into slices perpendicular to the longitudinal axis of

the LV. Slides were stained with hematoxylin and eo-

sin (H + E) for morphometry and assessment of car-

diomyocyte cross sectional area (CSA) or with Azan

(trichrome) for identification of connective tissue.

Cross sections were photographed under a low magni-

fication microscope (Nikon SMZ 645 and Nikon

Coolpix 4500), and pictures were analyzed using the

ImageTools 3.0 software (UTHSCSA USA). Assum-

ing a perfect circular shape, LV diameter was esti-

mated from endocardial circumference divided by �

[8, 14]. Septal wall thickness was measured and aver-

aged from three equidistant points on an axis that cut

the endocardial surface at 90°. Mean myocyte cross

sectional area (CSA) was determined under the 400 ×

magnification in fields containing horizontal cross

sections of the cardiomyocytes [8]. At least 200 car-
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Fig. 1. The non-fasting glucose concentration in tail blood (mmol/l in
animals treated with streptozotocin (empty boxes) and in placebo
treated controls

Tab. 1. General characteristics of the experimental groups at the end
of the experiment

Controls Diabetes

Body weight
(g)

30.7 ± 1.4 28.6 ± 2.2*

Heart weight
(mg)

121.1 ± 7.3 109.1 ± 14.9*

Heart weight to body weight ratio
(mg/g)

3.9 ± 0.19 3.8 ± 0.36

Glycemia
(mmol/l)

8.5 ± 0.7 12.9 ± 4.3*

Insulin concentration
(ng/ml)

1.2 ± 0.67 0.6 ± 0.33*

Mean cardiomyocyte CSA
(µm�)

157.9 ± 11.1 157.6 ± 20

Left ventricle (LV) radius
(mm)

1.67 ± 0.16 1.68 ± 0.28

Interventricular septum thickness
(mm)

1.03 ± 0.19 1 ± 0.1

LV posterior wall thickness
(mm)

1.1 ± 0.2 1.02 ± 0.24

Data are presented as the mean ± standard deviation; * p < 0.05 vs.
control group



diomyocyte cross sections were measured in each

heart.

Fibrosis was assessed on the Azan (trichrome)-

stained slides by two independent investigators who

were not aware of the group allocation of particular

animals. They indicated the extent of fibrosis on the

scale from 0 (no visible fibrotic tissue) to 5 (more

than 50% of the field occupied by connective tissue).

TUNEL-fluorescein staining

The formalin-fixed slides were subjected to the fluo-

rescein terminal deoxynucleotidyltransferase-mediated

dUTP nick end labeling (TUNEL) (ApopTag, Chemi-

con), according to the protocol supplied by the manu-

facturer [12]. Counterstaining of cell nuclei was per-

formed using DAPI (Chemicon). All slides were ana-

lyzed and photographed by fluorescence microscopy

(Olympus). The number of TUNEL positive nuclei on

analyzed slides was related to the number of all DAPI

stained ones and was considered as the measure of

apoptosis.

Protein analysis

Zymography and western blotting procedure were

performed as described previously with minor modifi-

cations [22]. In brief: LV samples were homogenized

using an ultrasound dispenser in ice-cold 0.1 M Tris-

HCl buffer (pH 7.5). The homogenates were centri-

fuged at 1000 × g for 20 minutes in 4°C, then the su-

pernatant was collected, and protein content was

measured using Bradford reagent (Sigma). Samples

were frozen until further analysis.

For zymography, protein extracts were mixed with

sample buffer without reducing agents and loaded to

the polyacrylamide gels with 1% gelatin. Following

electrophoresis, gels were incubated for 16 hours in

37°C and then stained with Coomassie blue (Sigma)

for 16 hours. Stained gels were scanned, and band in-

tensity was measured using Scion Image software

(Scion Corporation).

For western blotting, proteins extracts were sub-

jected to SDS-PAGE and blotted on nitrocellulose

membranes (BioRad) [12]. Equal loading was con-

firmed using Ponceau Red staining (Sigma). Primary

antibodies recognizing mouse CCN1 and CCN2 were

bought from Santa Cruz Biotechnology. Secondary

antibodies were conjugated with horseradish peroxi-

dase. Blots were visualized using enhanced chemilu-

minescence reaction (Pierce) exposed on x-ray film

(X-Omat Blue Kodak). Results were scanned and

quantified using Scion Image software (Scion Corpo-

ration). The results of particular experiments were re-

lated to the expression of proteins in the control

group, which was set as 100%.

RNA analysis

LV samples (ca. 30 mg in weight) were crushed in liq-

uid nitrogen, and RNA was extracted using commer-

cially available kits Nucleospin RNA II from

Macherey-Nagel (Germany), according to the sup-

plied protocol for fibrous tissues. Reverse transcrip-

tion was performed using the High-Capacity cDNA

Archive Kit from Applied Biosystem (USA). Real-

time PCR (RT-PCR) was carried out in TaqMan 7900

system (Applied Biosystem USA) using all primers

and reagents supplied by the manufacturer (ANP,

TGF�1 and GPDH). The expression of each analyzed

gene (the number of cycles necessary to obtain the

cut-off point – Ct value) was related to the expression

of GPDH. Then the 2-��C
T method with the GPDH

gene as an internal control and one of the control ani-

mals as an internal calibrator was used to present

changes in gene expression [16].

Statistical analysis

Results were presented as the mean ± standard devia-

tion. Student t-test was used for statistical analysis.

A p value lower than 0.05 was considered statistically

significant.

Results

Five doses of streptozotocin caused stable moderate

hyperglycemia (Fig. 1). The final body weight and

heart weight in STZ treated animals were signifi-

cantly lower than in the control group (Table 1). Heart

weight to body weight ratio, however, did not differ

significantly between the groups, suggesting no pro-

found differences in cardiac hypertrophy (Table 1).

Morphometric measurements of LV radius and its

walls as well as assessment of the mean cardiomyo-

cyte cross sectional area (CSA) did not present any

significant differences as well (Table 1). Similarly, the
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measurement of the expression of atrial natriuretic

peptide (ANP) RNA, a very sensitive molecular marker

of cardiac failure and hypertrophy, did not show sig-

nificant differences between diabetic and control mice

(Fig. 2A). Interestingly, we have also observed a very

similar level of expression of TGF�1 RNA both in dia-

betic and non-diabetic animals (Fig. 2B).

The semi-quantitative assessment of connective tis-

sue abundance in the hearts of diabetic animals pre-

sented a similar extent of fibrosis as in the hearts of

the control mice (Fig. 3A). Moreover there were no

differences in the frequency of apoptotic (TUNEL-

positive) nuclei (Fig. 3B).

CCN proteins

Moderate hyperglycemia was associated with signifi-

cantly increased CCN2 protein abundance (1.66 fold,

p < 0.05 Fig. 4A) in comparison to the control ani-

mals. There was also a modestly increased CCN1 pro-

tein abundance (1.27 fold), but this difference did not

reach statistical significance (Fig. 4B).

Metalloproteinase activity

Gelatin gel zymography revealed that the activity of

MMP2 in animals with moderate diabetes was signifi-

cantly higher than in mice with normal glucose levels

(1.21 ± 0.17 vs. 1 ± 0.07 p < 0.05) (Fig. 5).
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Fig. 2. (A) Relative expression of atrial natriuretic peptide (ANP) RNA
measured in real time PCR. (B) Relative expression of transforming
growth factor beta 1 (TGF��) RNA measured in real time PCR. The
measurements were performed on samples from the hearts of ani-
mals treated with streptozotocin (DM) and normoglycemic controls
(Contr). Outcomes are compared to the results of one animal from the
control group that has been set as 1 (internal calibrator)

Fig. 3. (A) Semiquantitative assessment of fibrosis in the hearts of
animals treated with streptozotocin (DM) and normoglycemic con-
trols (Contr). Slides were stained with the Azan method (trichrome)
and evaluated by two independent viewers giving scores from 0 (no
visible fibrotic tissue) to 5 (more than 50% of the vision field occupied
by connective tissue). (B) The frequency of apoptotic nuclei in the
hearts of animals treated with streptozotocin (DM) and normoglyce-
mic controls (Contr). Slides were subjected to the fluorescein termi-
nal dUTP nick end labeling (TUNEL), and all nuclei are stained with
DAPI. The ratio between the number of TUNEL positive nuclei and to-
tal number of nuclei is presented on the figure



Discussion

There is support for the notion that prolonged diabetes

mellitus causes complex changes that form a phe-

nomenon called diabetic cardiomyopathy. This in-

cludes enhanced fibrosis due to increased expression

of TGF�1 and CCN2 (CTGF) along with the de-

creased activity of metalloproteinases. Another typi-

cal finding was augmented apoptosis with increased

markers of left ventricular remodeling and heart fail-

ure [2, 21]. These results, however, were obtained in

experiments on animals treated with high doses of

streptozotocin, causing extensive pancreatic injury,

hence very high glucose levels (usually between 25

and 35 mmol/l). In our study, we investigated a differ-

ent model – a mild streptozotocin-induced injury with

moderately increased glycemia. In this setting, we

have found no significant changes in LV size and

markers of cardiac hypertrophy, and there were no

differences in frequency of apoptosis of cardiac cells.

Our results suggest that previous observations

should be attributed to the high glucose concentration

in DM type 1 models or to the increased concentration

of insulin, impaired leptin signaling or endothelial

dysfunction in animals with type 2 diabetes. These

phenomena did not occur in our experiments, in the

setting of mild hyperglycemia without other compo-

nents of metabolic syndrome. In our study, the lack of

anabolic effects of insulin resulted in lower total body

mass and heart weight. Nevertheless, it is noteworthy

that the fundamental parameters of cardiac hypertro-

phy: heart-to-body weight ratio, LV dimensions, mean

cardiomyocyte CSA as well as expression of the ANP

gene were comparable in both groups. We observed

no differences in the apoptosis of cardiac cells be-

tween control animals and the ones with mild type 1

diabetes. There were no obvious signs of diabetic car-

diomyopathy on a morphological level in the hearts of

mice with moderate hyperglycemia.

Moreover, we have also analyzed the hearts on the

molecular level. In contrast to the morphological find-

ings, moderately increased glucose levels affected the

abundance of CCN2 protein in a similar manner as in

previously published studies [17, 23]. Increased ex-
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Fig. 4. Typical western blots and graphs summarizing relative abun-
dance of proteins in hearts of experimental animals. (A) Relative
abundance of CCN2 (CTGF) protein measured by western blot. (B)
Relative abundance of CCN1 protein measured by western blot. The
measurements were performed on samples from the hearts of ani-
mals treated with streptozotocin (DM) and normoglycemic controls
(Contr). The average result of the control group has been set as 1

Fig. 5. A typical zymographic result and a diagram summarizing
relative activity of MMP2 measured in gelatin gel zymography. The
measurements were performed on samples from the hearts of
animals treated with streptozotocin (DM) and normoglycemic
controls (Contr). The average result of the control group has been set as 1



pression of CCN2 is usually associated with prolifera-

tion of connective tissue (its previous name was Con-

nective Tissue Growth Factor) [18]. Interestingly, un-

like in previously published papers on models with

very high glycemia [23], the augmented abundance of

CCN2 was not associated with high expression of

TGF�1, its main up-stream regulatory factor. In our

study, there was no significant difference in the

TGF�1 RNA between diabetic and control animals.

Therefore, a higher expression of CCN2 should be at-

tributed to other factors, probably to increased activa-

tion of protein kinase C isoforms, which are a trans-

duction pathway augmented in the presence of high

glucose levels and known to activate transcription of

the CCN2 gene [23]. It has been previously shown

that in diabetic subjects’ CCN2 expression depends

on advanced glycation end products (AGE) [5]. Inter-

estingly, in our experiments, we did not observe sig-

nificant differences in fibrosis between the two as-

sessed groups. This discrepancy may be at least par-

tially explained by the increased activity of MMP2,

the main gelatinase in the heart, which is involved in

extracellular matrix turnover. In our study, we found

significantly increased activity of MMP2 in animals

with moderate hyperglycemia. This result is in con-

trast to some previously published observations that

were obtained from models with high glucose levels

[24], but it is supported by another study [17]. Moreo-

ver, the latter paper presents evidence that MMP2 is

regulated by CCN2 and that diabetes-driven CCN2 over-

expression may result in increased activity of MMP2.

A very similar sequence of events was found in our study.

It seems possible that increased activity of MMP-2 may

attenuate the profibrotic influence of CCN2.

CCN2 (CTGF) is an extracellular protein that is in-

volved in connective tissue growth and angiogenesis

[4]. Its expression often depends on the activation by

TGF�1, but it may also increase in response to estro-

gens, angiotensin II and mechanical stress [4, 18].

CCN2 expression has been described in atheromatic

lesions, and it is known to induce monocyte/macro-

phage as well as smooth muscle cell migration. Nev-

ertheless the role of CCN2 in atherosclerosis has still

not been unequivocally established [4, 18]. CCN2 is

known to take part in various processes associated

with tissue fibrosis, including diabetic nephropathy

[17]. Very recent studies with modern molecular

techniques and transgenic animals shed a new light on

the role of CCN2 in the heart. Animals with

cardiomyocyte specific CCN2 overexpression were

shown to be more resistant against ischemia-

reperfusion injury and to cope with pressure overload

better than their wild-type counterparts [Gravning,

personal communication]. These results suggest that

increased abundance of CCN2 protein in the heart

may have an important cytoprotective and perhaps

also an angiogenic effect.

CCN1 is another member of the CCN family that is

regulated by parallel mechanisms as CCN2 and may

counteract its profibrotic effects [4, 7, 10]. In our

study, CCN1 presented comparable protein expres-

sion in diabetic and in control animals. Maintenance

of expression of this important proangiogenic and cy-

toprotective factor in the setting of moderate hyper-

glycemia may contribute to cell survival and preser-

vation of proper myocardial structure.

Our study has presented evidence that mild hyper-

glycemia does not significantly change the morphol-

ogy of the left ventricle. Nevertheless, even moderate

STZ-induced diabetes affects cardiac gene expression

pattern and increases CCN2 protein abundance in par-

allel with increasing the activity of MMP2. The

abovementioned alterations observed on the molecu-

lar level did not translate into morphological changes

in the hearts of mice. Nevertheless, our observations

that even prolonged moderate hyperglycemia does not

lead to the apparent phenotype of diabetic cardiomyo-

pathy do not have to be true in humans with multiple

comorbidities. In our animal model, the deleterious

effects were counterbalanced by a compensatory

mechanism. These, however, may be absent in older

patients, especially in the presence of other harmful

factors, e.g., endothelial dysfunction or metabolic

syndrome. Increased expression of CCN2 seems to be

a sensitive indicator of hyperglycemia-induced changes

in the heart and a possible protective mechanism against

hyperglycemia-induced myocardial damage.
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