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Abstract

Backgound: Animal studies suggest that reactive oxygen species (ROS) play an important role in the development of diabetic cardiomyopathy.

Hypothesis: Matrix metalloproteinase-2 (MMP-2) is activated by ROS and contributes to the acute loss of myocardial contractile function by targeting and cleaving
susceptible proteins including troponin I (Tnl) and o-actinin.

Methods: Using the streptozotocin-induced diabetic rat model, we evaluated the effect of daily in vivo administration of sodium selenate (0.3 mg/kg; DMS group),
or a pure omega-3 fish oil with antioxidant vitamin E (omega-3E; 50 mg/kg; DMFA group), which has antioxidant-like effects, for 4 weeks on heart function and
on several biochemical parameters related to oxidant stress and MMP-2.

Results: Although both treatments prevented the diabetes-induced depression in left ventricular developed pressure (LVDP) as well as the rates of changes in
developed pressure (£dP/dt) (P<001), the improvement in LVDP of the DMS group was greater compared to that of the DMFA group (P<.001). Moreover, these
treatments reduced the diabetes-induced increase in myocardial oxidized protein sulfhydryl and nitrite concentrations (P<.001). Gelatin zymography and
Western blot data indicated that the diabetes-induced changes in myocardial levels of MMP-2 and tissue inhibitor of matrix metalloproteinase-4 (TIMP-4) and
the reduction in Tnl and a-actinin protein levels were improved in both the DMS and DMFA groups (P<.001).

Conclusions: These results suggest that diabetes-induced alterations in MMP-2 and TIMP-4 contribute to myocardial contractile dysfunction by targeting Tnl and

a-actinin and that sodium selenate or omega-3E could have therapeutic benefits in diabetic cardiomyopathy.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Cardiac dysfunction is an important component of diabetes.
Chronic, severe diabetes in animal models produces a series of stable
alterations in heart function [1]. Abnormalities in contractile function
and prolongation of the action potential duration have been reported,
in addition to impaired insulin signalling that occurs during electrical
remodelling of the heart in diabetes [1,2]. It is a well known fact that
hyperglycemia in diabetes causes changes in membrane function
within days and changes in contractile function within weeks due to
increased production of reactive oxygen species (ROS) and an altered
cellular redox state [3-5].

Significant increases in oxidants trigger a cascade of pathological
events, including activation of matrix metalloproteinases (MMPs)
[6-9]. MMPs play an important role by cleaving many proteins
comprising the extracellular matrix, thus leading to remodelling
under pathological conditions [10,11]. Recent studies have demon-
strated that MMP-2 is colocalized with sarcomeric and cytoskeletal
proteins in cardiomyocytes and its activation in ischemia-reperfusion
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or peroxynitrite-induced myocardial injury preceded the loss in
mechanical function, which was prevented by inhibition of MMP-2
activity [6-8,12]. In addition, recent studies show that MMP-9 may
also contribute to the pathogenesis of chronic heart failure and
tachycardia-induced cardiomyopathy [13]. In a recent article, McCaw-
ley and Matrisian [14] discussed the concept of the role of MMP just
for not the matrix. Although the physiological consequences of MMP
activation/degradation in mitochondria are well understood, it has
been shown the presence of MMPs in the cardiac mitochondria and it
is well recognized that ROS generated by mitochondria can drive both
activation and expression [15,16].

To date, few investigations have examined the role of MMPs in
diabetes-induced cell damage and organ dysfunction [17]. In animal
myocardium [10,18] there is a predominant expression of MMP-2,
which is also found directly in cardiomyocytes. It was also
demonstrated that inhibiting MMP activity improves the cardiovas-
cular dysfunction in response to oxidative stress injury [6-8,18,19].
Recently, we showed the beneficial role of the MMP inhibitor
doxycycline in the streptozotocin (STZ) diabetic rat in preventing the
development of diabetic cardiomyopathy and the accompanying
degradation of Tnl caused by increased MMP-2 activity [20].

Although results from a Cochrane review suggest no beneficial
effects of antioxidant treatment for prevention of mortality in healthy
participants and patients with various diseases [21], several studies


mailto:belma.turan@medicine.ankara.edu.tr
http://dx.doi.org/10.1016/j.jnutbio.2009.06.006

828 A. Aydemir-Koksoy et al. / Journal of Nutritional Biochemistry 21 (2010) 827-833

have reported beneficial effects of antioxidant therapy against the
cardiovascular consequences of diabetes [22-25]. It has been shown
that trace elements such as selenium have beneficial effects on
parameters of glucose metabolism [24,25] as well as mechanical and
electrical dysfunctions of the diabetic rat heart [4].

Supplementation with long-chain (n-3) polyunsaturated fatty
acids has also been of potential interest as a therapy for cardiovascular
diseases. Studies showed that (n-3) polyunsaturated fatty acid
supplementation results in a reduction in relative risk of 10-20% in
fatal and nonfatal cardiovascular events [26]. Our previous data
demonstrated that treatment of diabetic rats with a dietary supple-
ment consisting of (n-3) polyunsaturated fatty acid enriched with
vitamin E [omega-3 fish oil with antioxidant vitamin E (omega-3E)]
induced marked protective effects including improved left ventricular
contractile function and preservation of the diabetes-induced altered
activities of antioxidant enzymes such as glutathione reductase,
glutathione peroxidase, glutathione-S-transferase, glucose-6-phos-
phate dehydrogenase and thioredoxin reductase [27].

Since MMP-2 contributes to the development of cardiac dysfunc-
tion in several cardiac injury models where there is an increased
production of ROS, including diabetic cardiomyopathy [20], we aimed
to investigate alterations in MMP-2 and its target contractile proteins
and the possible protective actions of an antioxidant such as sodium
selenate, or pure omega-3E, which has antioxidant-like effects.

2. Methods
2.1. Animals and experimental design

Unless otherwise stated, all chemicals used were purchased from Sigma (Sigma-
Aldrich Chemie, Steinheim, Germany). All antibodies were purchased from Santa
Cruz (Santa Cruz, CA, USA). Omega-3E contains 70% pure omega-3, and natural
vitamin E was purchased from FreeFlow, Vesteralens Naturprodukter, Sortland,
Norway, and its dosage for rats, as used in here, was calculated to the suggestion of
the company as two capsules each day for adult humans. Ingredients per capsule
(692 mg) contain 477 mg total fish oil (nutrients include 15 mg natural vitamin E,
and minimal 160 mg eikosapentaenacid, 105 mg dokosaheksaenacid and 215 mg
other omega-3 fatty acids) and 192 mg antioxidant (p-alpha tocopherol), gelatin
and glycerol.

Male Wistar rats (200-250 g) were used. Diabetes was induced as described
previously [4]. A week after injection of STZ (50 mg/kg body weight), blood (whole
blood) glucose concentration was measured and rats with threefold higher (at least)
levels of blood glucose than preinjection levels were used in the experiments. Rats were
divided into four groups. Two control groups consist of nondiabetic (C group) and
diabetic rats (DM group) which received daily saline in an identical fashion to the
treatment groups for 4 weeks. The third and fourth groups were DM groups, which
received (intragastrically) either sodium selenate (0.3 mg/kg of body weight, daily;
DMS group) or omega-3E (50 mg/kg of body weight, daily; DMFA group) for 4 weeks.
All rats had free access to water and food (dietary composition of rat diet contained (as
percentage): torula yeast 30.0, corn oil 2.0, sucrose 59.0, pL-methionine 0.3 and AIN-76
TM mineral mixture 5.0 and AIN-76 TM vitamin mixture 1.0 with digestible energy
12.59 M]J/kg from Horland Tekland, Madison, WI, USA) during the experimental
protocol. Rat care and experimental procedures were in accordance with Ankara
University Animal Ethics Guidelines (No: 94-2461).

2.2. Isolated Langendorff-perfused hearts

At the end of the 4 week treatment period hearts were isolated and perfused as
described previously [27]. The left ventricular developed pressure (LVDP), left
ventricular end-diastolic pressure (LVEDP) and the rates of changes in developed
pressure (£dP/dt) of isolated hearts were measured. For comparison, time to peak
developed pressure (TP) and time to half-relaxation of the developed pressure (DTso)
were also measured, as described previously, without any modifications [27].

2.3. Preparation of heart homogenates

Frozen hearts were pulverized at liquid nitrogen temperature and then
homogenized [6]. Protein content in homogenates was analyzed using the Bradford
method (Bio-Rad). Bovine serum albumin was used as a protein standard.

2.4. Gelatin zymography

Gelatin zymography for MMP-2 and MMP-9 activities was performed as described
previously [28]. To quantify the activities, zymograms were imaged by a Raytest camera

attached to a computer with AIDA software (Straubenhardt, Germany). The intensities
of the bands were analyzed using SigmaGel (Jandel) and reported as normalized to
control group. Conditioned medium from untreated HT1080 cells was used as a MMP-2
reference standard.

2.5. Western blotting

MMP-2, tissue inhibitor of matrix metalloproteinase-4 (TIMP-4), Tnl and o-
actinin protein levels were determined by Western blot analysis. Briefly, equal amount
of proteins from samples were loaded and separated on polyacrylamide sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (0.08-0.15) gels under reducing
conditions. After electrophoresis (150 V, 20°C), samples were electroblotted onto a
polyvinylidene fluoride membrane. Immunoreactive protein bands were visualized
using a using the ECL plus detection system (Santa Cruz).

2.6. Determination of protein sulfhydryl concentration

Protein sulfhydryl (SH) concentration was measured spectrophotometrically in
the heart homogenates as described previously [4]. Absorbance of the supernatants
was read at 412 nm. To determine the free SH concentration, 0.7 ml aliquots of
lysates were mixed with 0.35 ml of containing 20% trichloroacetic acid (TCA) and
then centrifuged at 13 000 g for 10 min. The precipitates were then washed with
0.2 ml of TCA in a similar manner. Later, the supernatants were adjusted to pH 8.0
with NaOH. Free SH content of the supernatants was measured as described for
total SH measurements.

2.7. Determination of nitrite concentration

Nitric oxide degradation products (nitrite and nitrate) were as previously
described [5]. Spectrophotometric determination of nitrite using the Greiss reagent
is sensitive for nitrite but does not measure nitrate, causing a possible under-
estimation of nitric oxide. In order to eliminate this underestimation, powdered
cadmium metal was used for the chemical reduction of nitrate to nitrite. In acid
solution, nitrite is converted to nitrous acid which diazotizes sulfanilamide. This
sulfanilamide-diazonium salt is then reacted with N-(1-naphthyl)-ethylenediamine
to produce a chromophore which is measured at 540 nm.

2.8. Statistical analysis

The Kolmogorov-Smirnov test was used to assess the normality assumption within
groups and it was found that LVEDP and +dP/dt of the DM group were not normally
distributed except the other variances of the control group (P<05). Furthermore, the
Levene test was used to test for the homogeneity of variances amongst groups. If the
data were not normally distributed and/or in the situation where the variances were
non-homogenous, the Kruskal-Wallis one-way analysis of variance (ANOVA) test was
used. Otherwise, if the data were distributed normally or variances were homo-
geneneous, one-way ANOVA with the Bonferroni test for post hoc analysis was used
(Table 1). As a result, when a significant difference was found the Mann-Whitney U
test was used to determine which group differs from each others. To control for Type I
error rate, o, =0/6=.008 was taken as the corrected o value. To compare any changes
in data values over time (the values measured in the beginning (“initial”) and in the
end (“final”) of the experiments in each group, a two-way repeated-measures ANOVA
test was carried out for the body weight and blood glucose values. The change in the
variances for each group showed significant differences between the initial and final
values (P<001).

Pearson correlations were calculated for MMP-2, TIMP-4, Tnl and a-actinin in heart
samples with (i) LVEDP; (ii) LVDP; (iii) &dP/dt; (iv) TP; (v) DTso. P<05 was considered
to be an indication of a significant association.

3. Results
3.1. General characteristics of the rats

One week after initiation of control treatment or induction of
diabetes by STZ injection, there was no difference in body weight or
blood glucose concentration within this first week in the C (n=28),
DM (n=32), DMS (n=33) and DMFA (n=27) groups. Rats in these
four groups weighed 235.44+19.7 g, 241.34+20.8 g, 233.44+-17.2 g and
228.5+11.5 g, respectively, while their blood glucose concentrations
were 9.94-2.2 mmol/L, 10.04-3.3 mmol/L, 10.04-2.9 mmol/L and 10.0
+3.7 mmol/L, respectively.

At the end of the experimental treatment (4 weeks) period, the
final body weight of DM and DMS groups were smaller than their
initial values (P<001), while the final body weight of the C group was
higher than its initial value (P<001). The final body weight of the
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Table 1
Test of homogeneity of variances for variables

Variables Levene statistics Significance level
Free SH 0.590 .626
Total SH 1.065 380
Nitrite 0.779 516
LVEDP 3.301 .032
LVDP 4427 .010
+dP/dt 2.622 .069
—dP/dt 2.690 .063
TP 3.066 .045
DTso 4.305 .015

Abbreviations: LVEDP, left ventricular end diastolic pressure; LVDP, left ventricular
developed pressure; +dP/dt, rate of increase in the developed pressure; -dP/dt, rate of
decay in the developed pressure; TP, time to peak of the developed pressure; DT50,
time to half of decay of the developed pressure.

DMFA group was higher than those of DM (P<001) and DMS groups
(P<001), while this was also less than that of C group (P<.001). The
final blood glucose level of DM, DMS and DMFA groups were higher
than their initial (first week) values (P<001), while both DMS and
DMFA groups had lower blood glucose level than the DM group
(P<.001) (Table 2).

3.2. Rats from the DMS and the DMFA groups show improved cardiac
function compared to the DM group

Diabetes caused a significant depression in the LVDP measure-
ment in the isolated hearts which was abolished both in the DMS and
the DMFA groups (P<.001) (Fig. 1A, right). In addition, the mean
value of the LVDP of the DMS group was greater than that of the
DMFA group (P<001). Furthermore, the LVDP of the DMS group was
also greater than that of the C group (P<.001). The mean values of
both +dP/dt and -dP/dt were smaller in the DM group compared to
the C group (P<001), while these values in both the DMS and the
DMFA groups were greater than that of the DM group (P<001)
(Fig. 1B, left and right). No significant increase or decrease was
observed in the LVEDP of the DM group compared to the C group at
the end of experimental period (Fig. 1A, left). These values were also
similar between the C group and DM groups after the first week prior
to the initiation of the experimental treatments (data not shown).
Moreover, we did not observe any significant change in the LVEDP in
both the DMS and the DMFA groups compared to the C and the DM
groups (Fig. 1A, left).

We also tested the baseline cardiac contractile parameters in
hearts from all of the groups. Representative LVDP records are given in
Fig. 2A. The TP and the DTsq values of the DM group were greater than
that of the C group (Fig. 2B, right and left, respectively) (P<001). The
values of the DMS and the DMFA groups were not different from the
values of the C group while they were smaller than that of the DM
group (P<001) (Fig. 2B).
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Fig. 1. Effects of antioxidant treatments on the mechanical activity of the isolated hearts
from diabetic rats. Bars represent mean4S.E.M. The mean values of LVDP and LVEDP are
presented in (A). White, light grey, dark grey and black bars represent the C (n=10),
DM (n=12), DMS (n=12) and DMFA (n=10) groups, respectively. +dP/dt are given in
(B). Means on bars with superscripts without a common letter differ, P<001.

3.3. MMP activity and protein level of in heart homogenates

The activity and the protein level of MMP-2 of the DM group were
lower than that of the C group (P<.001) (Fig. 3A and B, respectively).
Values in both the DMS and the DMFA groups were higher than those
of the DM group, while the increase in the protein of MMP-2 of the
DMS group was higher than that of the DMFA group (P<001). No
MMP-9 activity was seen by gelatin zymography in any heart group
(data not shown). The protein level of myocardial TIMP-4 in the DM
group was lower than that of the C group. This value was normalized
in the DMS and the DMFA groups compared to the C group
(P<001) (Fig. 3C).

Table 2

Body weight, blood glucose concentration, protein SH and nitrite concentrations

Parameters C group DM group DMS group DMFA group

Body weight, g 251.6+23.9 (258.2) 192.1420.2° (194.9) 193.54£22.2°(192.3) 230.3+16.8" (230.6)
Blood glucose concentration, mmol/L 10.3+2.8°(10.2) 50.643.1* (51.0) 453+3.5° (45.7) 43.8+21° (44.1)
Free SH, pmol/mg protein 2.03+0.68" (2.02) 1.15+0.81° (1.14) 3.03+0.84% (3.03) 2.84-£0.13* (2.83)
Total SH, umol/mg protein 4.07+0.13" (4.09) 1.824+0.11° (1.82) 431+0.14% (4.28) 410+017° (4.11)

Nitrite, nmol/mg protein 11.56£0.31 ® (11.62)

14.3640.32° (14.43)

10.9740.48" (11.03) 10.8340.30° (10.84)

Abbreviations: C, control group; DM, diabetic group; DMS, the sodium selenate treated diabetic group; DMFA, pure omega-3 fish oil with antioxidant vitamin E (omega-3E) treated

diabetic group.

Values are expressed as mean + SEM and the median of each parameter is given in the bracket. Numbers of rats used in biochemical analysis are 5-7 for each measurement of each

group. Means in a row with superscripts without a common letter differ, P<001.
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Fig. 2. Effects of antioxidant treatments on the parameters of baseline mechanics of
LVDP measured in diabetic hearts. (A) Representative LVDP records and times related
with baseline mechanics. (B) Bars represent mean+S.E.M. TP (right) and time DTso
(left) of LVDP measured in the C (white), DM (light grey), DMS (dark grey) and
DMFA (black) groups. Means on bars with superscripts without a common letter
differ, P<001.

3.4. Protein levels of Tnl and «-actinin in the heart homogenates

The protein levels of both Tnl and a-actinin in the hearts of the DM
group were lower compared to that of the C group (P<.001). The values
of both the DMS and the DMFA groups were equivalent compared to
the C group (P<.001) (Fig. 4A and B). There was a significant inverse
correlation between a-actinin and +dP/dt (r=—0.6, P=.01) (data
not shown).

3.5. Beneficial effects of sodium selenate or omega-3E are accompanied
by a reduction in oxidized protein SH and nitrite concentrations of the
heart tissues

Total and free protein SH concentrations in the hearts of the DM
group were lower compared to those of the C, the DMS and the DMFA
groups (Table 2, P<.001). The values of total SH of the DMS group were
higher than that of the DMFA group (P<001) which were higher
compared to that of the C group (P<.001). Free SH levels were similar
in both DMS and DMFA groups which were higher than that of the C
group (Table 2). Nitrite concentration of the heart tissue obtained
from the DM group was higher compared to that of the C group

(P<.001). This increase was prevented both in the DMS and the DMFA
groups (P<001) (Table 2).

4. Discussion

Diabetes is well known for its cardiovascular complications. In this
study, we demonstrated that the myocardial levels of Tnl and -
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Fig. 3. Antioxidant treatments prevented the changes in MMP-2 activity and protein
level of as well as TIMP-4 protein level in heart tissue from diabetic rats. Bars represent
mean+S.E.M. Heart homogenates were assayed for MMP-2 activity (as fold of the C
group) by gelatin zymography (A) or MMP-2 (B) and TIMP-4 (C) protein levels by
Western blotting. Upper panels show representative gelatin zymogram (A) and
Western blots (B-C) and bottom panels show the summary of the densitometric
analysis. Means on bars with superscripts without a common letter differ, P<001.
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Fig. 4. Antioxidant treatments prevented diabetes-induced lost both in protein levels of
Tnl and a-actinin in the heart tissue. Bars represent mean4-S.E.M. Tnl protein level (A)
and o-actinin protein level (B) in the heart homogenates. Upper panels show
representative Western blots (A and B). Bottom panels show the summary of the
densitometric analysis. Numbers of rats are five to seven for each group. Means on bars
with superscripts without a common letter differ, P<001.

actinin were reduced in STZ-induced diabetic rats. Treatment of
diabetic rats with either an antioxidant sodium selenate or omega-3E
(basically pure omega-3 fish oil enriched with vitamin E) protected
hearts from mechanical dysfunction via reducing MMP-2 activation
and therefore reducing the degradation of two of its target proteins in
the cardiac myocyte, Tnl [18,20] and a-actinin [12].

The data from the present and previous studies suggest that
oxidative stress is involved in the etiology of diabetes-induced down-
regulation of heart function and that there is a close relationship
between impaired insulin signalling and alteration in heart function
via depressed endogenous antioxidant defence mechanisms
[18,29,32]. Previously published data have shown significant changes
in the expression and activity of the MMPs (especially MMP-2) and
their inhibitors in oxidative stress-related pathologies [33-35]. This
activation contributes not only to the degradation of extracellular
matrix but also to degradation of some intracellular proteins.

Supporting this hypothesis, a detrimental role of MMP-2 in diabetic
cardiomyopathy was demonstrated previously [20].

In our study, we used two dietary substances with unique
mechanisms of action in the cell defence system: sodium selenate
and omega-3E. While selenium gets incorporated into enzymes and
proteins, (n-3) fatty acid get incorporated into lipid membranes.
Therefore, the effectiveness of these agents may depend particularly
on their mode of action and the compartment being affected by the
disease state.

The mechanisms of antioxidant-mediated regulation of depressed
cardiac function in diabetic rats are not fully understood. However,
our hypothesis of glutathione (GSH) involvement, which was
mentioned in previous studies [5,36], is supported by the present
data. Although we did not measure GSH level in the present study, we
and others have already shown that selenium supplement to diabetic
rats prevented the diabetic cardiac dysfunction via a significant role in
cell redox state, in part, due to its role in the insulin-signalling cascade
[36,37]. Therefore, in here, our data present the possible essential role
of antioxidants in controlling the intracellular redox state and the
normal function of cardiomyocytes.

Our previous data also demonstrated that administration of the
MMP inhibitor doxycycline reduced diabetes-induced cardiac dys-
function as well as Tnl degradation [20]. Here, we demonstrated that
the levels of myocardial Tnl and a-actinin are reduced during 5 weeks
of diabetes. This loss in protein levels is reduced by administration of
either sodium selenate or omega-3E. According to the present data,
the activity and protein level of cardiac MMP-2 were reduced in STZ
rats compared to control. This can be explained by hypothesizing that
at the end of 5 wk-diabetes, most of the latent MMP-2 might have
been activated and released from the tissue. In fact, a reduction in
both MMP-2 and TIMP-4 level has been reported for the diabetic
cardiomyopathy in a similar experimental setting [20,38]. This is also
supported by the preservation of the MMP-2 level and activity in the
treatment with either sodium selenate or omega-3E.

Although both sodium selenate and omega-3E provide significant
protection against diabetes-induced depression in LVDP, the effect of
sodium selenate seems to be more prominent compared to that of
omega-3E. Our present study also demonstrated that both treat-
ments reduced the diabetes-induced increase in myocardial oxidized
protein SH concentration. Selenium is known to have an important
role in the cellular antioxidant system [4,5,21,23,38]. It is incorpo-
rated into several important enzymes known as selenocysteines.
Thioredoxin reductases, glutathione peroxidases and thyroid hor-
mone deiodinases are well characterized selenoenzymes involved in
redox regulation of intracellular signalling such as redox homeostasis
[39]. We have previously published that either selenium compound
or omega-3E treatment of diabetic rats has marked protection in the
depressed antioxidant defence system and redox homeostasis of the
heart [4,5,27]. Selenium's superior antioxidant capacity can be
attributed to its participation in antioxidant enzyme expression and
activity when compared with the omega-3E, whose effect is evident
only after incorporation into lipid membranes [40-42]. An efficient
antioxidant system, glutathione and o-tocopherol as well as the
(n-3) polyunsaturated fatty acids are critical for effective functioning
of the myocardium [29-32]. Consequently, it can be concluded that
both types of supplements can protect the heart against diabetes-
induced dysfunction, preserving not only antioxidant defence system
but also preserving contractile proteins. Indeed, in an early study, an
important role with altered level of free SH in diabetes-induced
alterations in the heart had been reported [43]. According to that
study, myofibrillar ATPase and SH activities were reduced in
cardiomyocytes isolated from diabetic rats. Furthermore, increased
ROS production caused significant reduction in free SH levels and
caused contractile dysfunction of the isolated skinned cardiomyo-
cytes due to an induced formation of disulfide bonds on the
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contractile proteins [44]. In addition, it is also known that the
generation of ROS may not only activate MMPs but also inhibit the
TIMP causing an imbalance between the two favouring enhanced
MMP activity [33,45,46] of which our data are in line with these
already known processes.

Our data demonstrated that either sodium selenate or omega-3E
treatment caused a slight but significant decrease (12%) in the
elevated blood glucose level. This observation could be attributed to
the reduction in protein SH oxidation which may result in better
activity of glucose transporters [37,47-49]. Thus, when comparing the
published data with the present findings, it seems likely that sodium
selenate treatment affects the diabetes-induced inhibited heart
function through its effect on cellular thiols, which, in turn, is closely
related with the insulin-signalling cascade. However, other possible
explanations for the relationship between the beneficial effects of
sodium selenate and the (n-3) fatty acid metabolism in the diabetic
rat heart cannot be excluded at this time. Bogdanov et al. [50]
demonstrated the modulation of electrical activity of the heart with
polyunsaturated fatty acids. Therefore, these two dietary supplements
used in experimental diabetic animals may play an important role in
controlling oxidative status and altered lipid metabolism, thereby
maintaining favourable fatty acid distribution in cell membranes of
tissues affected by diabetic complications [51].

In summary, present data demonstrated that treatment of diabetic
rats with an antioxidant, sodium selenate or a pure omega-3 fish oil
with antioxidant vitamin E may protect the heart from diabetes-
induced dysfunction by preserving both contractile and cytoskeletal
target proteins from MMP-2 mediated degradation.

Acknowledgments

This work has been supported by grants from Ankara University
(2006-080-9233); TUBITAK-SBAG-107S427 and-SBAG-107S304 and
COST BMO0602 to Belma Turan; by grants of Ankara University
20030809120 and Programme on Rewarding Young Successful
Scientists (TUBA-GEBIP) Award to Aslihan Aydemir-Koksoy and by
the Canadian Institutes of Health Research (FRN 66953) to Richard
Schulz. Richard Schulz is an Alberta Heritage Foundation for Medical
Research Scientist. We would like to thank Dr. K. Kose (Department of
Biostatistics, Ankara University Faculty of Medicine) for his assistance
with statistical analysis.

The authors declare no conflict of interest.

References

[1] Fein FS, Kornstein LB, Strobeck JE, Capasso JM, Sonnenblick EH. Altered myocardial
mechanics in diabetic rats. Circ Res 1980;47:922-33.

[2] Jourdon P, Feuvray D. Calcium and potassium currents in ventricular myocytes
isolated from diabetic rats. ] Physiol 1993;470:411-29.

[3] Xu Z, Patel KP, Lou MF, Rozanski GJ. Up-regulation of K+ channels in diabetic
rat ventricular myocytes by insulin and glutathione. Cardiovasc Res 2002;53:
80-8.

[4] Ayaz M, Ozdemir S, Ugur M, Vassort G, Turan B. Effects of selenium on altered
mechanical and electrical cardiac activities of diabetic rat. Arch Biochem Biophys
2004;426:83-90.

[5] Ayaz M, Turan B. Selenium prevents diabetes-induced alterations in [Zn2+]i and
metallothionein level of rat heart via restoration of cell redox cycle. Am J Physiol
Heart Circ Physiol 2006;290:H1071-80.

[6] Cheung PY, Sawicki G, Wozniak M, Wang W, Radomski MW, Schulz R. Matrix
metalloproteinase-2 contributes to ischemia-reperfusion injury in the heart.
Circulation 2000;101:1833-9.

[7] Sawicki G, Leon H, Sawicka ], Sariahmetoglu M, Schulze CJ, Scott PG, Szczesna-
Cordary D, Schulz R. Degradation of myosin light chain in isolated rat hearts
subjected to ischemia-reperfusion injury: a new intracellular target for matrix
metalloproteinase-2. Circulation 2005;112:544-52.

[8] Wang W, Sawicki G, Schulz R. Peroxynitrite-induced myocardial injury is mediated
through matrix metalloproteinase-2. Cardiovasc Res 2002;53:165-74.

[9] Viappiani S, Nicolescu AC, Holt A, Sawicki G, Crawford BD, Leon H, van Mulligen T,
Schulz R. Activation and modulation of 72 kDa matrix metalloproteinase-2 by
peroxynitrite and glutathione. Biochem Pharmacol 2009;77(5):826-34.

[10] Siwik DA, Pagano PJ, Colucci WS. Oxidative stress regulates collagen synthesis and
matrix metalloproteinase activity in cardiac fibroblasts. Am ] Physiol Cell Physiol
2001;280:C53-C60.

[11] Somerville RP, Oblander SA, Apte SS. Matrix metalloproteinases: old dogs with
new tricks. Genome Biol 2003;4:216.

[12] Sung MM, Schulz CG, Wang W, Sawicki G, Bautista-Lopez NL, Schulz R. Matrix
metalloproteinase-2 degrades the cytoskeletal protein alpha-actinin in peroxyni-
trite mediated myocardial injury. ] Mol Cell Cardiol 2007;43:429-36.

[13] Ovechkin AV, Tyagi N, Rodriguez WE, Hayden MR, Moshal KS, Tyagi SC. Role of
matrix metalloproteinase-9 in endothelial apoptosis in chronic heart failure in
mice. ] Appl Physiol 2005;99:2398-405.

[14] McCawley L], Matrisian LM. Matrix metalloproteinases: they're not just for matrix
anymore! Curr Opin Cell Biol 2001;13:534-40.

[15] Moshal KS, Metreveli N, Tyagi SC. Mitochondrial matrix metalloproteinase
activation and dysfunction in hyperhomocysteinemia. Curr Vasc Pharmacol
2008;6:84-92.

[16] Nelson KK, Melendez JA. Mitochondrial redox control of matrix metalloprotei-
nases. Free Radic Biol Med 2004;37:532-7.

[17] Ryan ME, Usman A, Ramamurthy NS, Golub LM, Greenwald RA. Excessive matrix
metalloproteinase activity in diabetes: inhibition by tetracycline analogues with
zinc reactivity. Curr Med Chem 2001;8:305-16.

[18] Wang W, Schulze (], Suarez-Pinzon WL, Dyck JR, Sawicki G, Schulz R. Intracellular
action of matrix metalloproteinase-2 accounts for acute myocardial ischemia and
reperfusion injury. Circulation 2002;106:1543-9.

[19] Chow AK, Cena ], Schulz R. Acute actions and novel targets of matrix
metalloproteinases in the heart and vasculature. Br J Pharmacol 2007;152:
189-205.

[20] Yaras N, Sariahmetoglu M, Bilginoglu A, Aydemir-Koksoy A, Onay-Besikci A, Turan
B, Schulz R. Protective action of doxycycline against diabetic cardiomyopathy in
rats. Br ] Pharmacol 2008;155(8):1174-84 Epub 2008 Sep 22.

[21] Bjelakovic G, Nikolova D, Gluud LL, Simonetti RG, Gluud C. Antioxidant
supplements for prevention of mortality in healthy participants and patients
with various diseases. Cochrane Database Syst Rev 2008;16(2):CD007176.

[22] Morris CD, Carson S. Routine vitamin supplementation to prevent cardiovascular
disease: a summary of the evidence for the U.S. Preventive Services Task Force.
Ann Intern Med 2003;139:56-70.

[23] Flores-Mateo G, Navas-Acien A, Pastor-Barriuso R, Guallar E. Selenium and
coronary heart disease: a meta-analysis. Am ] Clin Nutr 2006;84:762-73.

[24] McNeill JH, Delgatty HL, Battell ML. Insulinlike effects of sodium selenate in
streptozotocin-induced diabetic rats. Diabetes 1991;40:1675-8.

[25] Berg EA, Wu JY, Campbell L, Kagey M, Stapleton SR. Insulin-like effects of vanadate
and selenate on the expression of glucose-6-phosphate dehydrogenase and fatty
acid synthase in diabetic rats. Biochimie 1995;77:919-24.

[26] Tavazzi L, Tognoni G, Franzosi MG, Latini R, Maggioni AP, Marchioli R, Nicolosi GL,
Porcu M. GISSI-HF Investigators. Rationale and design of the GISSI heart failure
trial: a large trial to assess the effects of n-3 polyunsaturated fatty acids and
rosuvastatin in symptomatic congestive heart failure. Eur J Heart Fail 2004;6(5):
635-41.

[27] Tuncay E, Seymen AA, Tanriverdi E, Yaras N, Tandogan B, Ulusu NN,
Turan B. Gender related differential effects of Omega-3E treatment on
diabetes-induced left ventricular dysfunction. Mol Cell Biochem 2007;304:
255-63.

[28] Gao CQ, Sawicki G, Suarez-Pinzon WL, Csont T, Wozniak M, Ferdinandy P, Schulz R.
Matrix metalloproteinase-2 mediates cytokine-induced myocardial contractile
dysfunction. Cardiovasc Res 2003;57:426-33.

[29] Bjelakovic G, Nikolova D, Gluud LL, Simonetti RG, Gluud C. Antioxidant
supplements for prevention of mortality in healthy participants and
patients with various diseases. Cochrane Database Syst Rev 2008;16(2):
CDO007176.

[30] Morris CD, Carson S. Routine vitamin supplementation to prevent cardiovascular
disease: a summary of the evidence for the U.S. Preventive Services Task Force.
Ann Intern Med 2003;139:56-70.

[31] Flores-Mateo G, Navas-Acien A, Pastor-Barriuso R, Guallar E. Selenium
and coronary heart disease: a meta-analysis. Am ] Clin Nutr 2006;84:
762-73.

[32] Alkhenizan AH, Al-Omran MA. The role of vitamin E in the prevention of coronary
events and stroke. Meta-analysis of randomized controlled trials. Saudi Med ]
2004;25:1808-14.

[33] Schulz R. Intracellular targets of matrix metalloproteinase-2 in cardiac disease:
rationale and therapeutic approaches. Annu Rev Pharmacol Toxicol 2007;47:
211-42.

[34] Rajagopalan S, Meng XP, Ramasamy S, Harrison DG, Galis ZS. Reactive oxygen
species produced by macrophage-derived foam cells regulate the activity of
vascular matrix metalloproteinases in vitro. Implications for atherosclerotic
plaque stability. J Clin Invest 1996;98:2572-9.

[35] Leon H, Baczko I, Sawicki G, Light PE, Schulz R. Inhibition of matrix
metalloproteinases prevents peroxynitrite-induced contractile dysfunction in
the isolated cardiac myocyte. Br ] Pharmacol 2008;153:676-83.

[36] Yaras N, Bilginoglu A, Vassort G, Turan B. Restoration of diabetes-induced
abnormal local Ca2+release in cardiomyocytes by angiotensin Il receptor
blockade. Am | Physiol Heart Circ Physiol 2007;292:H912-20.

[37] Li S, Li X, Rozanski GJ. Regulation of glutathione in cardiac myocytes. ] Mol Cell
Cardiol 2003;35:1145-52.

[38] Van Linthout S, Seeland U, Riad A, Eckhardt O, Hohl M, Dhayat N, Richter U,
Fischer JW, Bohm M, et al. Reduced MMP-2 activity contributes to cardiac



A. Aydemir-Koksoy et al. / Journal of Nutritional Biochemistry 21 (2010) 827-833 833

fibrosis in experimental diabetic cardiomyopathy. Basic Res Cardiol 2008;103:
319-27.

[39] Papp LV, Lu ], Holmgren A, Khanna KK. From selenium to selenoproteins:
synthesis, identity, and their role in human health. Antioxid Redox Signal 2007;9:
775-806.

[40] McLennan PL, Owen AJ, Slee EL, Theiss ML. Myocardial function, ischaemia and n-3
polyunsaturated fatty acids: a membrane basis. ] Cardiovasc Med (Hagerstown)
2007;8(Suppl 1):515-8.

[41] Pepe S, McLennan PL. (n-3) Long chain PUFA dose-dependently increase oxygen
utilization efficiency and inhibit arrhythmias after saturated fat feeding in rats.
J Nutr 2007;137:2377-83.

[42] Jude S, Roger S, Martel E, Besson P, Richard S, Bougnoux P, Champeroux P, Le
Guennec JY. Dietary long-chain omega-3 fatty acids of marine origin: a
comparison of their protective effects on coronary heart disease and breast
cancers. Prog Biophys Mol Biol 2006;90:299-325.

[43] Pierce GN, Dhalla NS. Mechanisms of the defect in cardiac myofibrillar function
during diabetes. Am ] Physiol Endocrinol Metab 1985;248:E170-5.

[44] Turan B, Desilets M, Acan LN, Hotomaroglu O, Vannier C, Vassort G. Oxidative
effects of selenite on rat ventricular contractility and Ca movements. Cardiovasc
Res 1996;32:351-61.

[45] Frears ER, Zhang Z, Blake DR, O'Connell JP, Winyard PG. Inactivation of tissue
inhibitor of metalloproteinase-1 by peroxynitrite. FEBS Lett 1996;381:21-4.

[46] Schulze CJ, Wang W, Suarez-Pinzon WL, Sawicka ], Sawicki G, Schulz R. Imbalance
between tissue inhibitor of metalloproteinase-4 and matrix metalloproteinases
during acute myocardial [correction of myocardial] ischemia-reperfusion injury.
Circulation 2003;107:2487-92.

[47] Bloch-Damti A, Bashan N. Proposed mechanisms for the induction of
insulin resistance by oxidative stress. Antioxid Redox Signal 2005;7:
1553-67.

[48] Ezaki O, Fukuda N, Itakura H. Role of two types of glucose transporters in enlarged
adipocytes from aged obese rats. Diabetes 1990;39:1543-9.

[49] Stapleton SR, Garlock GL, Foellmi-Adams L, Kletzien RF. Selenium: potent
stimulator of tyrosyl phosphorylation and activator of MAP kinase. Biochim
Biophys Acta 1997;1355:259-609.

[50] Bogdanov KY, Spurgeon HA, Vinogradova TM, Lakatta EG. Modulation of the
transient outward current in adult rat ventricular myocytes by polyunsaturated
fatty acids. Am ] Physiol 1998;274:H571-9.

[51] Rozanski GJ, Xu Z, Whitney RT, Murakami H, Zucker IH. Electrophysiology of rabbit
ventricular myocytes following sustained rapid ventricular pacing. ] Mol Cell
Cardiol 1997;29:721-32.



	Antioxidant treatment protects diabetic rats from cardiac dysfunction by preserving contractile.....
	Introduction
	Methods
	Animals and experimental design
	Isolated Langendorff-perfused hearts
	Preparation of heart homogenates
	Gelatin zymography
	Western blotting
	Determination of protein sulfhydryl concentration
	Determination of nitrite concentration
	Statistical analysis

	Results
	General characteristics of the rats
	Rats from the DMS and the DMFA groups show improved cardiac function compared to the DM group
	MMP activity and protein level of in heart homogenates
	Protein levels of TnI and α-actinin in the heart homogenates
	Beneficial effects of sodium selenate or omega-3E are accompanied �by a reduction in oxidized p.....

	Discussion
	Acknowledgments
	References




