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Objective. It is not yet clear how oxidative stress, free radicals, inflammatory cytokines and chemoat-
tractants produced in the heart induce chronic heart failure. The myocardial damage caused by chron-
ic diabetes results either from the persistence of inflammatory signaling directly in the heart or from
the dysregulation of anti-inflammatory signaling systems. In the rat model of streptozotocin-induced
diabetes (STZD) we investigated 1/ the concentration of free radicals (FR), 2/ reduced glutathione
(GSH), 3/ lysozomal enzymes, 4/ inflammatory cytokines (tumor necrosis factor-α (TNF-α) and
interleukin-6 (IL-6)), and monocyte chemoattractant protein-1 (mcp-1) in the myocardium.

Methods. Diabetes was induced in 12 male Wistar rats by injection of streptozotocin (STZ). The
free radical scavenger and cardiac protectant SMe1EC2 (10 mg/kg/d.) was given orally for 5 days
and 5 weeks and these animals were compared with the diabetic and non-diabetic controls.

Results. We found reduced heart rate and rate dependent functions of the rat heart, early release
of free radicals triggering the release of cytotoxic inflammatory cytokines (like TNF-α and IL-6)
and chemoattractants (mcp-1) as an example of this type of pathogens, resulting in the initiation
and progression of cardiac pathology. The reduced myocardial contractility after STZD was ac-
companied with the increased reactive responsiveness of isolated aorta and mesenteric artery to
phenylephrine, with increased production of chemoattractive proteins directly in the myocardium,
with increased activity of peripheral ß-N-acetyl-glucosaminidase (NAGA), as representative of
lysosomal activation processes. The pretreatment of SME1EC2 reduced increase in vascular reac-
tivity, reduced myocardial depression and protected against myocardial toxicity.

Conclusion. The newly identified and specific cardiac protectant SMe1EC2 could serve as
a prospective target in the treatment of increased myocardial cytokine and chemoattractive pro-
teins in diabetic cardiomyopathy.
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Important role of diabetes in congestive heart fail-
ure was originally established in the Framingham study
(TROST and LEWINTER 2001).Since then diabetes melli-
tus has been documented as increasing the risk of heart
failure (BOUDIN et al 2007). Moreover, at present many

authors believe that independently of underlying two
diseases, the hypertension and/or coronary artery dis-
ease, diabetes leads directly to cardiomyopathy (WANG

et al. 2006, AMOUR et al. 2007). In 1956 KISCH described
a special myocardial cell with dense inclusions, JAMIE-
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SON and PALADE (1964) and later FORSSMANN (1986)
characterized cardiac endocrine hormones. Conse-
quently on the basis of these results FISMAN et al. (2003)
proposed a novel interleukin classification in the “car-
diovascular diabetes”. For more than 50 years, investi-
gators have unsuccessfully tried to recreate in experi-
mental animals the cardiovascular complications of
diabetes seen in humans. In particular, accelerated ath-
erosclerosis and dilated cardiomyopathy, the major
causes of mortality in patients with diabetes, have been
absent in the majority of animal models of the disease.
The NIH-Consortium on Animal Models of Diabetic
Complications has worked to address this issue focus-
ing on the development of mouse models (KANNEL et al.
1974). Since the recent identification of immune/inflam-
matory mechanisms in “human diabetic cardiomyopa-
thy”, the important involvement of oxidative stress, im-
pairment of cardiac-specific transcription factors, pro-
duction of inflammatory cytokines and chemokines has
become increasingly evident (ARAGNO et al. 2005; POORN-
IMA et al. 2006). In the present study a rodent model of
streptozotocin-induced diabetes (STZD) was used to
describe the early release of free radicals (FR), lysoso-
mal enzymes ß-N-acetyl glucosaminidase (NAGA), in-
flammatory cytokines (tumor necrosis factor-α (TNF-α)
and interleukin-6 (IL-6)), and chemoattractant mono-
cyte-chemoattractive protein-1(mcp-1), resulting in the
initiation and progression of heart failure. The most im-
portant fact is, and our results show it clearly, that in-
flammatory molecules were induced under stress con-
ditions directly in the rat myocardium. Another impor-
tant fact is that this type of adaptive response in animal
cardiac tissues involved the release of growth factors and
proteins, and activation of apoptotic or necrotic path-
ways, leading to further progression of myocardial pa-
thology. In this view, we describe the adaptive immune
response triggering the release of cytotoxic factors, in-
flammatory cytokines and chemoattractants, resulting
in the initiation and progression of heart failure, as well
as the cardiac protection after chronic SMe1EC2 therapy.

Materials and Methods

Experiments with animals and procedures were ap-
proved by the Animal Care and Use Committee at the
Institute of Experimental Pharmacology and are con-
form to the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health, publication no.
85-23, revised 1996 and State Veterinary and Food
Product Inspection (SR).

Animals and induction of diabetes. Male Wistar
rats (n = 24) weighing 230 to 250 g were anesthetized
by intraperitoneal injection of sodium pentobarbital (30
mg/kg). Experimental diabetes was induced by intra-
venous administration of a single dose of streptozoto-
cin (STZ, 3 x 20 mg/kg i.v., every second day). From
five to ten days after STZ administration, plasma glu-
cose levels were determined and animals with glucose
>20 mmol/l were considered diabetic. Experimental
groups of animals were created by a random choice
from diabetic and control healthy Wistar rats. In accor-
dance with the given protocol, drug dosage started. In
regular time intervals (5 days and 5 weeks) the follow-
ing parameters were monitored: mortality rate, body
weight, food and water consumption, arterial blood
pressure, blood biochemistry, cholesterol, creatinine.
For in vitro functional measurements the heart, aorta
and first order mesenteric artery were isolated from
control and STZ-induced anesthetized rats, anticoagu-
lated with heparin (1000 IU/kg). The heart was per-
fused with Krebs bicarbonate buffer (in mmol/l): 120
NaCl; 4.2 KCl; 1.75 CaCl2; 1.25 MgSO4 .4H2O; 12.5
glucose; NaHCO3 25.0) and temperature 37°C. The
coronary flow, left ventricular pressure, ECG and heart
rate (Cardiovascular Analyzer) were recorded on a six-
channel NEK-6T Physiograph. Rings of the mesenteric
artery (approximately 2 mm) were mounted in tissue
chambers containing Krebs solution (122 NaCl, 5.9 KCl,
15 NaHCO3, 11 glucose, 1.25 MgCl2 and 1.25 CaCl2,
gassed by mixture of O2 and CO2), maintained at 37°C.
After stabilization, the rings were precontracted with
phenylephrine and relaxant responses to acetylcholine
were tested at the plateau of isometric contraction.

Experiments in animals and procedures were ap-
proved by the Animal Care and Use Committee at the
Institute of Experimental Pharmacology and are con-
form to the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health, publication no.
85-23, revised 1996 and State Veterinary and Food
Product Inspection (SR).

Estimations of inflammatory cytokines. Plasmat-
ic concentrations of tumor necrosis factor-α.(TNF-α),
interleukin-6(IL-6) and the chemotactic protein mono-
cyte-chemoattractant protein-1 (mcp-1) were measured
by RIA and ELISA on using commercially available
kits (Amersham Biosciences, UK) and Microplate
Multiscan Reader (Finnland). Ventricular tissue was
homogenized in 10 volumes of phosphate-buffered sa-
line (PBS) along with 1 % Triton-100 and with
a protease inhibitor cocktail. The homogenate was cen-
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trifuged at 4.500 x g for 20 min at 4°C. The superna-
tant was collected and the myocardial concentrations
of proteins were measured using sandwich ELISA kits.
Assays were performed according to the manufacturer
instruction. Absorbance of standards and samples was
determined at 450 and 550 nm with the aid of Multi-
scan Reader (Labsystem).

Enzyme assays. The quantification of free radical
concentration (FR) in plasma and in the myocardium
was accomplished with Chlorophyllin-Kit (VOTRUBA et
al. 1999). The total glutathione (GSx) in myocardium
was determined by enzymatic method (BAKER et al.
1990). The concentration of c-AMP was assessed in
myocardial muscle. Microsamples of control (45° Lin-
ea anterior-obliqua, LAO) and ischemic zone of myo-
cardium (135 °LO posterior wall (PW) of the left ven-
tricle) were obtained with the use of Wollenberger
Clamps and cooled in liquid nitrogen. cAMP content
was determined by (125I) RIA (IRAPRA Prague).

Chemicals. Aprotinin, BSA ,leupeptin, pepstatin A,
PMSF, p-nitrobluetetrazolium (Sigma), SMe1EC2(4a,9b)-
cis-2-ethoxycarbonyl-8-methoxy-2,3,4,4a,5,9b-hexahy-
dro-1H-pyrido-[4,3b]indolin-chloride (STOLC et al. 2003),
1/ Sep-Pack C(18), (Amprep), (h)tumor necrosis factor-
α, (Bachem).

Statistical evaluation. All data are expressed as
mean ± SEM, where n = number of animals or experi-
ments. Data were compared statistically by ANOVA
A probability value of less than 0.05 was considered
significant.

Results

In chronic streptozotocin-induced diabetic rats
(STZD) blood glucose levels showed a significant in-
crease (Fig.1). The heart rate, the rate dependent cardi-
ac functions and left ventricular systolic pressure were
reduced (-18 ± 3 %, p<0.05). The 12-lead ECG record-
ing was routinely used to support the diagnosis. ST-
segment elevation with Q-waves in standard leads or
in anterior precordial leads was frequently present (Fig.
2). The QTc duration increased significantly (+47%).
Chronic therapy with SMe1EC2 significantly reduced
ST-segment elevation with unchanged or increased
QTc. In vitro, on isolated heart, STZD was accompa-
nied with reduced cardiac function (-13.8 %) and in-
creased left ventricular enddiastolic pressure. The vas-
cular reactivity of isolated aorta and isolated mesen-
teric artery of STZD rats showed significantly increased
response to micromolar concentrations of prenyleph-

rine. The in vivo enzyme activities showed significant
alterations both in plasma and in cardiac tissue homo-
genate. Aortic and myocardial concentrations of GSH
and NAGA showed significant decline. The quantifi-
cation of free radical concentrations in plasma and in
myocardium early (5 days) and late (5 weeks after in-
duction of STZD), (Fig.3), showed a significant in-

Fig. 1 Blood glucose in control (A) and (B) in streptozotocin
(STZD) pretreated diabetic Wistar rats . Significant change
(p < 0.05), (n = 36). Results are mean ± SEM.

Fig. 2 ECG Diagnosis in four groups of Wistar rats (A) in
Control (placebo-controls), (B) in streptozotocine (STZD)
pretreated diabetes (D), in STZD + SMe 1EC pretreated
animals (5 weeks of therapy). Parameters (diagonal) : Heart
rate (HR), ECG Analysis : PQ, QRS and QT interval ( in
ms), and ST segment elevation ( in mm). Values are mean
±SEM.
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crease both in plasma (+39 ± 5 %) and in the left ven-
tricular myocardium (+ 84 ± 19 %, p< 0.05). Signifi-
cant reduction in free radical concentration was seen
after SMe1EC2 therapy. When compared to control,
the myocardium after STZD was associated with a state
of increased immunomodulation. The total glutathione
system in the heart (GSx) increased, and so did GSSG/
GSH equivalents in STZD rats, and a further rise in
the SMe1EC2 group indicated increased cell glu-
tathione. The increase was more intensive early after
STZD. With the presumably more severe mitochon-
drial damage in the left ventricular myocardium 5 weeks
after STZD, the myocardial GSx concentration showed
a significant reduction in cellular glutathione content.
The glutathione concentrations were significantly in-
creased early after induction of STZD (n = 11), (Fig.4).
In all experiments specific activities of GSx were sig-
nificantly reduced 5 weeks after STZD and further re-
duction was seen after SMe1EC2 therapy. Fig. 5 shows
biochemical findings in lysosomal enzymes in total tis-
sue homogenate early (5 days) and late (5 weeks) after
induction of STZD, and after SMe1EC2 therapy. In
vitro, in the isolated retrogradely perfused heart, the

left ventricular systolic function and left ventricular end-
diastolic pressure were significantly impaired and cor-
onary blood flow slightly increased. In vitro experi-
ments with mesenteric arterial segments (isolated from
STZD rats 5 weeks after induction of diabetes), pre-
contracted with phenylephrine, showed significant re-
duction in acetylcholine relaxation thus indicating en-
dothelial dysfunction. In vivo, in control Wistar rats,
the basal plasmatic concentrations of cytotoxic TNFα
were slightly higher than limits for estimation of TNFα.
In control Wistar rats basal myocardial concentrations
of TNFα were also very low. Concentrations of TNFα
were increased markedly 5 days after induction of
STZD, and 5 weeks after STZD myocardial concen-
tration of TNFα  was increased 88 fold (Fig.6).
Chronic therapy with SMe1EC2 in STZD rats sig-
nificantly reduced TNFα in myocardium by - 48 %
(p<0.05). The myocardial concentration of IL-6 re-
mained unchanged after induction of diabetes.
Marked increase in circulating levels of IL-6 as seen in
STZD rats after SMe1EC2 therapy was a remarkably
consistent finding in our experiments (Fig.7). The con-
centration of IL-6 was significantly increased also in the
myocardium. The magnitude by which myocardial con-
centrations of IL-6 increased after SMe1EC2 therapy
(+ 43% P < 0.05) was related to improved myocardial
function.

Fig. 3 Quantitative determination of free radical (FR) con-
centration with chlorophylline method in venous plasma and
in the left ventricular myocardium. (A)-Control, (B)-STZD,
(C)-STZD after Sme1EC pretreatment. Chlorophylline meth-
od uses the advantage of acceptance of electrons by chloro-
phylline (n = 20). Values are mean ±SEM.* Significant in-
crease in FR concentration in STZD and o significant reduc-
tion of FR concentration SMe1EC2 therapy (10 mg /kg/ev-
ery second day for 5 weeks).

Fig. 4 Myocardial GSH in controls (A) columns), (B) early
(5 days) and late (5 weeks) after induction of STZD (filled
columns), and after chronic therapy with SMe1EC2 (C) col-
umns. Note significant increase in GSH after STZD.
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Discussion

Principal finding of this study is the strong induc-
tion of free radicals and pro-inflammatory cytokine
TNFα directly in the myocardium in the rodent animal
model of streptozotocin-induced diabetes (STZD). Re-
sults of this study are consistent with the following
conclusions: First, in STZD animals myocardial free
radical concentrations and production of cytotoxic cy-
tokine TNFα in myocardium were increased early af-
ter induction of diabetes. Second, elevated blood glu-
cose, increased free radicals and inflammatory TNF-α
production in myocardium were dominant features in
the development of STZD diabetes and in induction of
cardiac pathology. Third, the release of free radicals
and pro-inflammatory TNFα dominant in myocardial
tissue, contributed predominantly to the induction of
immune- and inflammatory responses resulting in gra-
dation of left ventricular dysfunction. Fourth, chronic
therapy with SMe1EC2 significantly reduced myocar-
dial free radicals and inflammatory cytokine produc-
tion in STZD animals. Fifth, the early increase and late
reduction in CSx concentration in myocardial tissues
correlated well with the initial reduction and late ex-
pression of IL-6 after SMe1EC2 therapy. Sixth, IL-6
seems to exert also anti-inflammatory effects. IL-6, as
an important signal for „healing processes“ in myocar-

dium, most probably reduced concentration of free rad-
icals brought on by significant reducion in TNFα after
SMe1EC2 chronic therapy. Myocardial glutathione
system is considered to be a major redox system, im-

Fig. 5 N-acetylglucosaminidase (NAGA) activity in myocar-
dial homogenates early and late after induction of
STZD.Alteration in acid hydrolase activity in serum and in
total cardiac tissue homogenate 5 days and 5 weeks after
STZD and SMe1EC2 therapy. Control (open symbols)
, STZD (squares), and therapy with SMe1EC2 (closed cir-
cles). Values are mean ± SEM, (n = 12) * Statistical signifi-
cance, p <0.05.

Fig. 6 Myocardial concentrations of tumor necrosis factor
(TNF-?) in Wistar rats 5 weeks after streptozotocin-induc-
tion and 5 weeks after STZD+SMe1EC2 therapy (10 mg/kg/
day p.o.every second day, for 5 weeks). Basal control values
of cardiac concentration (Placebo-control) 3.2 ±0.5 fmol/mg
of protein. Significant reduction of TNF-? after SMe1EC2.

Fig. 7 Increased myocardial concentrations of interleukin-6
(IL-6) in streptozotocin diabetic rats (STZD) and after STZD
+ chronic treatment with SMe1EC2. Note further increase
in myocardial IL-6 concentration, possibly, in response to
systemically elevated IL-6.
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portant for the cellular redox and antioxidant defence,
redox restoration, signal transduction, cell growth and
apoptosis. In addition, GSH reductase in the heart reg-
ulates activities of various transport kinases and phos-
phatases and other processes in myocardium. Howev-
er, there is very little if any transport of intact GSH
from plasma to tissues. Human myocardial glutathione
GSx is translocated out of cells and enters blood plas-
ma. Only glutathione-monoesters can be effectively
transported into myocardial cell and increase cell glu-
tathione, presumably the important immune response
in reducing the oxidative stress in human heart (LEVY

et al. 1993). Whether this mechanism is effective also
in rat heart remains to be identified. Five weeks fol-
lowing induction of STZD in the animal model, there
was probably significant GSH deficiency. TNF is ulti-
matively involved in myocardial inflammation. The
results obtained in this study, however, suggest a new
regulatory role of the TNF system linked to high plas-
ma concentrations of TNFα and/or to a high transcrip-
tion rate of TNFα late (5 weeks) after induction of heart
failure in STZD Wistar rats. Thus the TNF system seems
to be designated for an active adaptational response in
the compromized heart. After chronic SMe1EC2 thera-
py, elevated IL-6 concentrations in myocardial muscle
will reduce cardiac depression, brought by decreased free
radical concentration. Increased GSH may further re-
duce TNFα and elevate IL-6 in myocardium. The strong
increase in IL-6 myocardial expression (+368 ± 42 %)
occurring at the end of SMe1EC2 therapy was surpris-

ing. The precise role of IL-6 in the production and re-
lease of myocardial TNFα cytotoxicity and protection,
is however still an open question. Increased levels of
cardiac lysosomal hydrolases (O-linked attachment of
N-acetylglucosaminidase) are probably involved in the
later stages of diabetic cardiomyopathy with impaired
relaxation of cardiomyocytes, blunted responses to phe-
nylephrine and vascular cell dysfunction in vascular
smooth muscle. In contrast to LEVY et al. (1993), others
have shown that O-Glc-N-acetylglucosamine increased
early in the response to acute stress and that it may be
associated also with increased cell survival (LIU et al.
2006 and FULOP et al. 2007). For the majority of myocar-
dial proteins, a gradient can be distinguished from min-
imal to large concentration in the diabetic heart. The
present evidence suggests that the “diabetic heart” may
be a source of inflammatory cytokines, lysosomal en-
zymes and chemoattractants both early and late after
induction of diabetes.

In conclusion. Chronic treatment with the SMe1EC2
normalized cardiac cytokine levels and facilitated the
repair of damaged myocardial tissue in diabetic cardi-
omyopathy.
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