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Atorvastatin alleviates experimental diabetic cardiomyopathy
by suppressing apoptosis and oxidative stress
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Abstract Diabetic hazard on the myocardium is a com-
plication of diabetes that intensifies its morbidity and
increases its mortality. Therefore, alleviation of diabetic
cardiomyopathy (DCM) by a reliable drug remains a matter
of interest in experimental research. The aim of this study
was to explore the structural alterations in the myocardium
induced by atorvastatin (ATOR) in DCM, induced by
streptozotocin (STZ), along with the associated changes
occurring in apoptosis and oxidative stress markers. Thirty-
two rats were divided into four groups; group A (control),
group B (non-diabetic, received ATOR, orally, 50 mg/kg
daily), group C (DCM, received STZ 70 mg/kg, single i.p.
injection) and group D (DCM + ATOR). After 6 weeks,
left ventricle (LV) specimens were prepared for histologi-
cal and immunohistochemical study by hematoxlyin and
eosin, Masson‘s trichrome, anti-cleaved caspase-3 stains as
well as for assays of oxidative stress markers. All data were
measured morphometrically and statistically analyzed. The
DCM group showed disorganization of the cardiomy-
ocytes, interstitial edema, numerous fibroblasts, significant
increases in the collagen volume fraction (p < 0.001),
cleaved caspase-3 expression % area (p < 0.001) and,
malondialdehyde in blood (p < 0.001), in LV (p < 0.05)
compared with DCM + ATOR group. The latter has LV
wall thickness, relative heart weight and antioxidant
activities nearly similar to the control, independent from
ATOR lipid-lowering effect. Therefore, ATOR can pre-
serve myocardial structure in DCM nearly similar to
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normal. This may be achieved by suppressing apoptosis
that parallels the correction of the antioxidant markers,
which can be considered as non-lipid lowering benefit of
statins.
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Introduction

Diabetic cardiomyopathy (DCM) is characterized by ven-
tricular dysfunction (VD) that occurs in diabetes mellitus
(DM) independent of coronary artery disease (CAD),
hypertension (HTN), or other cardiovascular diseases
(Duncan 2011; Falcao-Pires and Leite-Moreira 2012;
Palomer et al. 2013; Ouyang et al. 2014). Its prevalence
ranges roughly from 14.5 to 30 % in longstanding type 1
DM (Konduracka et al. 2013; Shida et al. 2014). Moreover,
75 % of unexplained dilated CM cases were found to be
diabetic (Tarquini et al. 2011).

As DCM is a major contributor to DM-related morbidity
and mortality, the need to clarify mechanisms of its
pathogenesis is increasing (Schilling and Mann 2012;
Guleria et al. 2013; Pappachan et al. 2013; Ouyang et al.
2014).

Cardiomyocyte steatosis, apoptosis and fibrosis, are key
processes in DCM. However, their underlying mechanisms
are still elusive, (Picatoste et al. 2013; Ramirez et al. 2013).
Cardiomyocyte apoptosis is enhanced by hyperglycemia-
induced oxidative stress that activates caspase-3 activation
pathways (Cai et al. 2006; Zou and Xie 2013; Ouyang et al.
2014). Caspase-3 exists as inactive precursor, procaspase-3,
which is converted to active key effector, cleaved caspase-3,
in apoptotic cells (Xue et al. 1996; Zidar et al. 2006).
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Studies have revealed that the lipid-lowering medica-
tion, statin, has beneficial effects beyond those predicted by
its cholesterol-lowering actions (Van Linthout et al. 2007).
Statin is considered as a first choice drug in reducing
mortality and major cardio-and cerebro-vascular events,
among diabetics without CAD (Chen et al. 2012; Taylor
et al. 2013). Although its beneficial effect in treatment of
dyslipidemia is well-established, there is controversy
regarding statin role in DCM (Chen et al. 2012; Pappachan
et al. 2013).

In this study, we investigated whether ATOR can hinder
the progression of DCM by a mechanism other than its
lipid-lowering action and its effects on the associated
apoptosis and oxidative stress which accompany the
hyperglycemia-induced metabolic disturbance.

Materials and methods
Experimental animals

Adult male Sprague-Dawley rats (250 £ 20 g) were
obtained from Nile Centre for Experimental Researches
(NCER, Mansoura, Egypt), where the experiment was
performed in its experimental animal house. Animals
(n = 32) were divided equally into four groups (n = 8
each) and were maintained on 12/12 h light/dark cycle at
23 £ 2 °C room temperature. All animals received stan-
dard laboratory animal’s chow and water ad labitum during
the period of the experiment. The experimental procedures
were approved by the Institutional Laboratory Animal Care
and Use Committee of Mansoura Faculty of Medicine and
were conducted in accordance with their guidelines.

Experimental design

While eight non-diabetic rats were considered as the con-
trol group, other eight non-diabetic rats received atorvas-
tatin (control + ATOR group). Rats having blood glucose
levels >300 mg/dl, 1 week after streptozotocin (STZ)
injection, were selected to be the DCM group. In parallel,
other eight diabetic rats that received atorvastatin starting
1 week after STZ injection, was considered as the
DCM + ATOR group. STZ-induced DCM is an estab-
lished model for DCM (Huynh et al. 2014), therefore DM
was induced by a single injection of STZ (70 mg/kg; i.p.;
Sigma Chemical Co., St. Louis, MO, USA). Atorvastatin
(ATOR 20 mg tablets, Eipico, Egypt) was given in a dose
of 50 mg/kg daily orally by gavage for 6 weeks. Van
Linthout et al. 2007 have reported that the selected dose of
ATOR has not altered the LDL-cholesterol in diabetic rats.
As there was no significant difference between control and
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control + ATOR rats in all their data (biochemical and
histological), therefore these two groups were pooled in
one group (control).

Histological procedure

After 6 weeks from the start the experiment, blood was
withdrawn from the animals for the biochemical analysis.
Then they were sacrificed and their hearts were dissected
out and weighed. Specimens from the left ventricle (LV)
were transversely cut for histological, immunohistochem-
ical, and biochemical studies. Portions from LV were fixed
in 10 % buffered formalin, embedded in paraffin, and cut
(34 pm thickness). Paraffin sections were prepared for
H&E and Masson‘s trichrome staining.

Immunohistochemical study

Paraffin sections of the LV were immunohistochemically
stained for detection of cleaved caspase-3 expression as
previously reported (Lim and Lee 2012; Lim et al. 2014).
Rabbit polyclonal anti-cleaved caspase-3 (1:50 dilution,
Cell Signaling, Beverly, MA) was applied as a primary
antibody. Sections were stained using a Vectastain Elite
ABC kit (Vector Laboratories, Burlington, ON). Visual-
ization of the immunoreaction was carried out by 3,3’-di-
aminobenzidine  tetrahydrochloride =~ (DAB;  Roche,
Mannheim, Germany). From each section, 10 fields were
randomly selected and evaluated (x200 magnification).
The percentage area caspase-3 per section was semi-
quantitatively measured using Image-Pro Plus 6.0 software
(Media Cybernetics, Bethesda, MD).

Ocxidative stress assessment

Serum was separated from the collected blood for mea-
surement of malondialdehyde (MDA) level as a marker of
lipid peroxidation. In addition, portions of LV were used to
determine the levels of MDA and glutathione (GSH)
according to the previous guidelines (Beutler et al. 1963),
the cytosolic enzyme activities of glutathione peroxidase
(GPx; Paglia and Valentine 1967), glutathione reductase
(GR; Long and Carson 1961) and glutathione-S-transferase
(GST; Gawai and Pawar 1984) were also assessed.

Lipid profile assessment

Serum total cholesterol (TC), high-density lipoprotein
cholesterol (HDL), low density lipoprotein cholesterol
(LDL), and triglycerides (TG) were determined in the
collected blood samples by RA-50 Chemistry Analyzer
spectrophotometer (Bayer; Tietz et al. 2006).
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Morphometric analysis

The thickness of LV wall (in um) as well as the average
diameter of the cardiomyocytes (in pm) in each H&E-
stained section were determined in 20 fields (x 100 mag-
nification), by Image-J software version 1.43 (NIH,
Bethesda, Maryland).

Blue-stained collagen fibers were quantified in Masson‘s
trichrome-stained sections. The volume fraction (CVF) of
the interstitial (matrix) collagen was analyzed semi-quan-
titatively by Image-Pro Plus 6.0 software (Media Cyber-
netics, Bethesda, MD) according to previously described
(Sun et al. 2004; Liu et al. 2015). It was calculated as the
area occupied by connective tissue divided by the sum of
areas occupied by connective tissue and cardiomyocytes,
with exclusion of the intramural vessels, perivascular col-
lagen, endocardium and trabeculae.

All histological evaluations were performed by a light
microscope (Olympus CX31) mounted to digital camera
connected to a computer.

Statistical analysis

Values were presented as mean == SEM. One-way
ANOVA test was employed for comparisons between
groups followed by Tukey test by using SPSS 16 software
(Chicago, IL, USA). A value of p < 0.05 was considered as
statistically significant (Table 1).

Results
Histological results

By H&E stain, there was marked diffuse disruption of the
cardiomyocytes which became fragmented and acquired a
feathery appearance in the DCM group (Fig. lc, d) com-
pared with the control group (Fig. 1a, b). In contrast, on
accompanying ATOR with DCM (Fig. le), a nearly normal
architecture of the cardiomyocytes was observed.

Moreover, numerous coronary capillaries were detected
between cardiomyocytes in the DCM + ATOR group
(Fig. 11).

Contrary to its appearance in the control (Fig. 1b) and
DCM + ATOR (Fig. le, f) groups, the sarcoplasm of
cardiomycoytes in the DCM group appeared abnormally
heterogeneous with many pale areas and fewer acidophilic
ones (Fig. 2b, c¢). In addition, leakage of edema fluid from
the nearby blood vessels (Fig. 2a) along with extravasation
of occasional RBCs (Fig. 2d) were noticed in the intersti-
tium of the DCM group. The latter also displayed numer-
ous active fibroblasts in the interstitium between
cardiomyocytes (Fig. 2b) compared with control group
which showed only few interstitial fibroblasts (Fig. 1b).

By Masson‘s trichrome stain, marked increase in the
interstitial collagen deposition between cardiomyocytes
was obviously seen in the DCM group (Fig. 3b) unlike the
DCM + ATOR (Fig. 3c) group which displayed minimal
interstitial collagen nearly similar to that of the control
group (Fig. 3a).

Immunohistochemical results

By anti-cleaved caspase-3 immunostain, evident increase
in the caspase-3 expression was observed in the sarcoplasm
of cardiomyocytes of the DCM group (Fig. 4b) compared
with the minimal expression detected in the control
(Fig. 4a) and DCM + ATOR (Fig. 4c) groups.

Biochemical assays results

Significant increases in BG (p < 0.001), TC, LDL, TG
(p < 0.05) were detected in the DCM and DCM + ATOR
groups compared with the control group without significant
change in HDL (Table 2).

In addition, there was a significant increase in the
oxidative stress marker, MDA, in both serum (p < 0.001)
and heart (p <0.05) of DCM group compared with
control and DCM + ATOR groups. However, significant

Table 1 Body (BW), heart

(HW), relative heart weights Control DCM DCM + ATOR
(RHW = HW/BW), LV wall BW (g) 250 + 20 140 + 35%* 152 4 42%%
thickness (pm), and u N
cardiomyocytes diameter (pm) HW (mg) 577 £ 0.43 448 + 0.62* 366 + 0.84
in various groups RHW (mg/g) 230 £ 0.14 3.20 £ 0.17+* 241 £ 0.12
LV wall thickness (pum) 3986 £+ 172.43 4724 + 196.82%+# 4112 4+ 124.37
Cardiomyocyte diameter (pm) 12.82 + 0.41 12.67 + 0.36 13.24 + 0.34

Values are mean + SEM

* p < 0.05; ** p < 0.001 versus control group
# p < 0.05 versus DCM + ATOR group
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Fig. 1 Representative photomicrographs of LV in all groups stained
with H&E. Disruption of the cardiomyocytes is evident in the DCM
group (¢, d) compared with the control (a, b) and DCM + ATOR (e,
f) groups. The latter shows an increase in the capillary number (arrow

decreases in the values of antioxidant markers, including
the non-enzymatic, GSH (p < 0.05) and the enzymatic
ones; GPx, GR, GST were noticed in the DCM group
compared with the control and DCM + ATOR groups
(Table 3).

@ Springer

heads) between the cardiomyocytes. Only few fibrocytes (arrow) are
seen between cardiomyocytes of the control group (H&E a, c,
e x400, Scale bar = 20 um; b, d, f <1000, Scale bar = 10 um)

Morphometric, body and heart weights results

There was a significant decrease in the BW (p < 0.001) and
the HW (p < 0.05) of both the DCM and DCM + ATOR
groups compared with the control group. On the other hand,
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Fig. 2 Representative photomicrographs of LV in DCM group
stained with H&E. It shows abnormal appearing cardiomyocytes
having heterogeneous cytoplasm (H) (c) along with leakage of edema
fluid (arrow heads) (a) and RBCs (R) (d) from the nearby blood

the RHW and the LV wall thickness increased significantly
(p < 0.05) in the DCM group compared with the control and
DCM + ATOR groups without any significant change in
the cardiomyocytes diameter (Table 1).

In addition, significant increases (p < 0.001) in the CVF
and the cleaved caspase-3 percentage area were noticed in
DCM group compared with control and DCM + ATOR
groups (Fig. 5).

Discussion

In the current study, there was significant increases in the
CVF and collagen fibers deposition by the numerous active
fibroblasts in the DCM group. This is in concurrence with
previous studies (Zhong et al. 2006; Miao et al. 2007; Van
Linthout et al. 2007; Wang et al. 2009; Liu et al. 2015).
Fibrosis, which characterizes DCM, occurs independent of
HTN or CAD and may be associated with myocardial
hypertrophy (Huang et al. 2010; Tarquini et al. 2011).

vessels. Numerous fibroblasts (arrows) are seen in the interstitium
between cardiomyocytes (b) (H&E a x400, Scale bar = 20 pm; b—
d %1000, Scale bar = 10 pm)

Previous studies have demonstrated that the extensive
collagen deposition in DCM is associated with increased
expression of connective tissue growth factor (CTGF) and
transforming growth factor (TGF)-B (Wang et al. 2009;
Mano et al. 2011). In addition, increased formation of
advanced glycation end products (AGEs) in hyper-
glycemia, hastens fibrosis and stiffness in DCM (Falcao-
Pires and Leite-Moreira 2012).

Statins can reduce myocardial fibrosis and dysfunction
in experimental DCM by inhibition of the overexpressed
CTGF and TGF-f resulting in reduction in the interstitial
collagen (Wang et al. 2009; Dai et al. 2011). This may
explain the restoration of RHW and LV wall thickness to
normal values in the DCM + ATOR group, compared with
the DCM group in our experiment.

Advanced glycation end products bind covalently to
various intra and extracellular proteins. The crosslink in
collagen and elastin increases myocardial stiffness, and
impairs its relaxation (Petrova et al. 2002; Gawlowski et al.
2009). This results in activation of transcription factors,
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Fig. 3 Representative photomicrographs of LV in all groups stained
with Masson‘s trichrome. Marked increase in the deposited collagen
fibers in the interstitium between cardiomyocytes is observed in the
DCM group (b) compared with minimal ones both in the control
(a) and DCM + ATOR (c) groups (Masson‘s trichrome x400, Scale
bar = 20 pm)

such as nuclear factor-kB (NF-kB) which up-regulates
genes that increase the local inflammatory cytokines
causing myocardial damage (Burgess et al. 2001; Chen
et al. 2008; Guleria et al. 2013; Palomer et al. 2013).

@ Springer

Fig. 4 Representative photomicrographs of LV in all groups stained
with anti-cleaved-caspase-3 immunostain. Obvious increase in the
caspase-3 expression is detected in the cardiomyocytes of the DCM
group (b) compared with the minimal expression detected in both the
control (a) and DCM + ATOR (c) groups (Anti-cleaved caspase-3
immunostain x400, Scale bar = 20 pm)

Our data indicated that leakage of edema fluid from the
nearby blood vessels and extravasation of RBCs occurred
in the DCM group and disappeared in the DCM + ATOR
group. This may be attributed to the low-grade
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Table 2 Blood glucose (BG) and lipid profile determination in var-
ious groups, which includes, serum total cholesterol (TC), high-den-
sity lipoprotein cholesterol (HDL), low density lipoprotein cholesterol
(LDL), and triglycerides (TG)

Control DCM DCM + ATOR
BG (mg/dl) 112 + 14 426 + 31%#* 418 + 26%*
TC (mg/dl) 79 £ 8 119 + 24* 125 £ 21*
LDL (mg/dl) 51 + 13 80 £ 17* 83 £ 15*
HDL (mg/dl) 32+9 30 £ 16 37 + 14
TG (mg/dl) 46 + 7 79 £ 12%* 82 £ 17*

Values are mean = SEM
* p < 0.05; **p < 0.001 versus control group

inflammation in the myocardium which accompanies the
metabolic dysregulation in DCM (Palomer et al. 2013).

Van Linthout et al. (2007) have demonstrated that leu-
cocyte infiltration associates increased cardiac immuno-
staining of tumor necrosis factor (TNF)-a, interleukin (IL)-
lbeta, cellular adhesion molecules in DCM. Besides,
myocardial mRNA levels of IL-6, TNF-o, CTGF and TGF-
B are increased in DCM (Zhong et al. 2006; Mano et al.
2011; Ni et al. 2011). ATOR, independently of its lipid-
lowering effect, normalizes diabetes-induced GTP-binding
proteins, RAC1 and RHOA, activities which are involved
in the DCM-induced inflammation and oxidative stress by
increasing phosphorylation of p38 mitogen-activated pro-
tein kinase (MAPK; Van Linthout et al. 2007).

A significant increase in the cleaved caspase-3 expres-
sion was detected in cardiomyocytes of the DCM group in
the current experiment. Caspase-3 expression is increased
by hyperglycemia-induced myocardial injury (Cai et al.
2002), pressure overload-induced LVD (Philipp et al.
2004), and in failing hearts (Narula et al. 1999; Scheubel
et al. 2002) where it can induce myofibrillar ultrastructural
damage (Condorelli et al. 2001). A recent study conducted
by Liu et al. (2015) has demonstrated that DM upregulates
receptor-interacting protein-3 (RIP3), a signal molecule

involved in TNF-a-mediated apoptosis. On the other hand,
suppression of cardiac apoptosis is reported to improve the
cardiac structure and function (Xie et al. 2011; Zou and Xie
2013). Interestingly, Chatterjee et al. (2002) claimed that
the anti-apoptotic Bcl-2 gene transfer preserves LV func-
tion by suppressing cardiac apoptosis.

Moreover, significant increases in the oxidative stress
marker, MDA, both in blood and heart tissue were
observed in the DCM group and were restored to normal
levels in the DCM + ATOR group in our experiment. On
the other hand, the antioxidant markers; GSH, GPx, GR
and GST were significantly decreased in the DCM group
compared with the control and returned to normal values in
the DCM + ATOR group.

Hyperglycemia provokes oxidative stress by generation
of reactive oxygen species (ROS) or nitrogen species from
mitochondria (Cai et al. 2002; Pappachan et al. 2013).
NADPH is a co-factor essential for regeneration of reduced
glutathione, an important scavenger of ROS. Therefore,
increased NADPH utilization in the polyol pathway
impairs the cardiomyocyte redox homeostasis (Pappachan
et al. 2013). The resultant oxidative stress leads to DNA
damage and cardiomyocyte apoptosis (Galvez et al. 2003).

Substances with antioxidant activity such as vitamin E
or fluvastatin, reduce myocardial NADPH oxidase subunits
and oxidized glutathione which consequently improve LV
function in DCM (Hamblin et al. 2007; Shida et al. 2014).
Similarly, ATOR decreases DM-induced cardiac lipid
peroxide levels, which may be attributed to its pleotropic
inhibitory effect on GTP-binding proteins, RACI1 and
RHOA (Van Linthout et al. 2007).

In the current study, significant increases in the lipid
profile parameters; TC, LDL and TG were detected in both
DCM and DCM 4 ATOR groups. Myocardial steatosis
accompanies the increased mitochondrial oxidation and
apoptosis in DCM (Ramirez et al. 2013; Zhang and Wei
2013). Hyperglycemia increases the level of free fatty acids
(FFA; Falcao-Pires and Leite-Moreira 2012) particularly

Table 3 Determination of serum malondialdehyde (MDA) as well as measurement of LV tissue Levels of MDA, glutathione (GSH), glutathione
peroxidase (GPx), glutathione reductase (GR) and glutathione-S-transferase (GST) in various groups

Control DCM DCM + ATOR
Blood MDA (nmol/dl) 1.47 £ 0.03 3.28 4 0.4+ 1.52 £ 0.08
Heart MDA (nmol/g) 49.17 £ 3.46 68.24 + 4.72%*% 52.32 + 4.86
GSH (ng/g) 207.95 £ 8.63 162.74 + 9.68** 198.75 + 14.49
GPx (pmol NADPH/min/mg protein 0.156 £ 0.0072 0.092%* 0.153 £ 0.0047
GR (pumol NADPH/min/mg protein 16.25 £+ 1.31 11.37 £ 1.42%* 15.89 + 1.26
GST (umol CDNB conjugated/min/mg protein) 11.87 £ 0.82 7.24 £ 1.63** 10.73 £ 1.78

Values are mean = SEM; CDNB 1-chloro-2,4-dinitrobenzene
* p < 0.05; ** p < 0.001 versus control group
# p <0.05; " p < 0.001 versus DCM + ATOR group
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Fig. 5 Histograms of the collagen volume fraction (CVF) (a) and
cleaved caspase-3 percentage area (b) in various groups. **p < 0.001
versus control group. *p < 0.001 versus DCM + ATOR group

the saturated FA, palmitate, which causes accumulation of
the toxic intermediate, ceramide (Pappachan et al. 2013).

Cardiomyocyte accumulation of palmitate, ceramide
and TG enhances oxidative stress, apoptosis as well as
cardiac hypertrophy and dysfunction (Guleria et al. 2013;
Pappachan et al. 2013; Palomer et al. 2013; Ramirez et al.
2013). This also may account for the pale areas inside
cardiomyocytes observed in DCM group in the current
study.

In addition, an obvious increase in the capillary number
in the DCM + ATOR group was observed in the current
study. Similar finding was observed by Shida et al. (2014)
who mentioned that this beneficial effect of statins may be
attributed to the reduction in myocardial oxidative stress
and upregulation of angiogenic factors that can overcome
endothelial destruction in DCM (Danilova et al. 2015). In
parallel, statins increase myocardial endothelial nitric
oxide synthase, vascular endothelial growth factor, and
hypoxia-inducible factor-la mRNA expression (Van
Linthout et al. 2007; Shida et al. 2014) which may explain
the noticeable improvement in the coronary micro-
circulation.

@ Springer

Conclusion

It is concluded that administration of atorvastatin in
experimental diabetic cardiomyopathy can efficiently pre-
serve the myocardial structure nearly similar to normal
conditions. This effect can be considered as a non-lipid
lowering benefit of statins and may be attributed to the
suppression of both hyperglycemia-induced apoptosis as
well as the associated oxidative stress.
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