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Abstract

Aims/hypothesis Emerging evidence suggests that statins exert
beneficial effects beyond those predicted by their cholesterol-
lowering actions. We investigated whether atorvastatin influ-
ences the development of left ventricular (LV) dysfunction,
independently of cholesterol-lowering, in an experimental
model of type 1 diabetes mellitus cardiomyopathy.

Methods Streptozotocin-induced diabetic rats were treated
with atorvastatin (50 mg/kg daily, orally) or with vehicle for
6 weeks. LV function was analysed using tip-catheter
measurements. Cardiac stainings of TNF-«, IL-1(3, intercel-
lular adhesion molecule-1, vascular cellular adhesion mole-
cule-1, CDlla/lymphocyte-associated antigen-1, CDI11b/
macrophage antigen alpha, CD18/(32-integrin, ED1/CD68,
collagen 1 and III, and Sirius Red were assessed by digital
image analysis. Ras-related C3 botulinum toxin substrate
(RAC1) and ras homologue gene family, member A (RHOA)
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activities were determined by RAC1 glutathione-S-transferase—
p21-activated kinase and rhotekin pull-down assays, respec-
tively. Cardiac lipid peroxides were measured by a colorimetric
assay. The phosphorylation state of p38 mitogen-activated
protein kinase (MAPK) and endothelial nitric oxide synthase
(eNOS) protein production were analysed by western blot.
Results Diabetes was associated with induced cardiac
stainings of TNF-«, IL-1f3, cellular adhesion molecules,
increased leucocyte infiltration, macrophage residence and
cardiac collagen content. In contrast, atorvastatin reduced
both intramyocardial inflammation and myocardial fibrosis,
resulting in improved LV function. This effect was
paralleled with a normalisation of diabetes-induced RACI
and RHOA activity, in the absence of LDL-cholesterol
lowering. In addition, atorvastatin decreased diabetes-
induced cardiac lipid peroxide levels and p38 MAPK phos-
phorylation by 1.3-fold (»p<0.05) and 3.2-fold (»p<0.0005),
respectively, and normalised the reduced eNOS production
caused by diabetes.

Conclusions/interpretation These data indicate that atorvas-
tatin, independently of its LDL-cholesterol-lowering capacity,
reduces intramyocardial inflammation and myocardial fibro-
sis, resulting in improved LV function in an experimental
model of diabetic cardiomyopathy.

Keywords Atorvastatin - Diabetes mellitus -

Diabetic cardiomyopathy - Fibrosis - Inflammation -
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Abbreviations

CAM cellular adhesion molecules
dP/dtax. maximal rate of left ventricular pressure rise
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dP/dt i, minimal rate of left ventricular pressure fall
eNOS endothelial nitric oxide synthase

HMG CoA  3-hydroxy-3-methylglutaryl coenzyme A
ICAM-1 intercellular adhesion molecule-1

LFA-1 lymphocyte function associated antigen 1

LV left ventricular

MACI macrophage antigen alpha

MAPK mitogen-activated protein kinase

RACI1 ras-related C3 botulinum toxin substrate
RHOA ras homologue gene family, member A

SD Sprague—Dawley
VCAM-1 vascular cellular adhesion molecule-1

Introduction

Diabetes mellitus is an independent risk factor for left
ventricular (LV) dysfunction [1] in type 1 and 2 diabetes
mellitus and is associated with a specific diabetic cardio-
myopathy [2]. Several mechanisms, of which the relative
significance is still not known, are involved in the patho-
genesis of diabetic cardiomyopathy, including myocardial
fibrosis, interstitial inflammation and endothelial dysfunction
[2-4].

Diabetes-associated hyperglycaemia and dyslipidaemia
[5] are associated with pro-inflammatory effects, thereby
affecting the endothelium. Hyperglycaemia induces the
appearance of cellular adhesion molecules (CAMs), leading
to increased adherence of monocytes [3]; it also alters the
permeability of the endothelial basement membrane,
leading to accelerated lipid deposition and macrophage
recruitment [6]. In addition, hyperglycaemia-associated
oxidative stress enhances the oxidative modification of
LDLs [7], which themselves induce production of CAMs
and increase monocyte adhesion [§].

By blocking the conversion of 3-hydroxy-3-methylglu-
taryl coenzyme A (HMG CoA) to mevalonate, HMG CoA
reductase inhibitors (statins) are potent inhibitors of
cholesterol and isoprenoid biosynthesis. Recent experimen-
tal and clinical evidence indicates that the effects of statins
may extend beyond their ability to reduce serum cholesterol
level [9, 10]. Cholesterol-independent or pleiotropic effects
of statins include improved endothelial function, and
reduction of oxidative stress and vascular inflammation.
Many of these pleiotropic effects are mediated by antago-
nism of isoprenoid-mediated activation of small GTP-
binding proteins, such as RHO family members, including
ras-related C3 botulinum toxin substrate (RAC1) and ras
homologue gene family, member A (RHOA) [11], activa-
tion of the latter being associated with decreased endothe-
lial nitric oxide synthase (eNOS) expression and activity
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[12, 13]. The cardioprotective effects of statins, independent
of their hypolipidaemic effects, have already been
demonstrated in normocholesterolaemic animal models
of hypertrophy [14] and myocardial infarction [15].
However, their pleiotropic effects have not been investi-
gated before in an animal model associated with increased
LDL-cholesterol.

The aim of this study was to investigate whether
atorvastatin reduces intramyocardial inflammation and myo-
cardial fibrosis, independently of LDL-cholesterol-lowering,
thereby inhibiting the development of LV dysfunction in an
experimental model of diabetic cardiomyopathy that is
associated with increased LDL-cholesterol.

Methods

Animals and study design Male Sprague—Dawley (SD) rats
(8 weeks old; 300-330 g; Charles River WIGA, Sulzfeld,
Germany) were maintained on a 12 h light-dark cycle, with
free access to standard chow. Diabetes mellitus was induced
by a single injection of streptozotocin (STZ; 70 mg/kg; i.p.)
prepared in 0.1 mol/l sodium citrate buffer, pH 4.5 (Sigma,
Munich, Germany), as described in detail elsewhere [16].
Only rats with blood glucose levels >16.7 mmol/l 5 days
after STZ injection were used in the study. One diabetic
group was treated with atorvastatin (STZ + atorvastatin)
(50 mg/kg daily, orally) for 6 weeks, starting 5 days after
STZ injection. In parallel, a non-diabetic group (SD +
atorvastatin) was treated with atorvastatin to analyse basal
parameters, verifying potential side effects of atorvastatin.
Non-diabetic (SD) and diabetic (STZ) control rats were
treated with vehicle. The dose of atorvastatin, chosen to not
affect LDL-cholesterol in STZ rats, was determined in a
preliminary experiment where 50 or 100 mg/kg per day of
atorvastatin were administered orally. The experiment
revealed that in contrast to 100 mg/kg daily, which reduced
LDL-cholesterol by 34%, the lower dose did not signifi-
cantly decrease LDL-cholesterol levels in STZ-induced
diabetic rats.

At the end of the experimental protocol, after haemody-
namic characterisation, the hearts were excised and trans-
verse sections (about 0.2 cm thick) of the hearts were
rapidly frozen in liquid nitrogen and stored at —80°C for
immunohistology, western blot, real-time PCR, pull-down
and lipid peroxide assays. A further section was paraffin
embedded for Sirius Red staining. In addition, blood from
the non-fasting animals was withdrawn from the aorta for
determination of serum triacylglycerol, total cholesterol,
and LDL- and HDL-cholesterol.

All experimental procedures were performed according
to the Guide for the Care and Use of Laboratory Animals
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published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996).

Haemodynamic characterisation Heart rate (beats per min),
the maximal rate of LV pressure rise (dP/dt..; mmHg/s)
and the minimal rate of LV pressure fall (dP/d#,;, ; mmHg/s)
were recorded via a Millar-tip catheter (2F) system (Millar
Instruments Inc., Houston, TX, USA) in anaesthetised
(ketamine [50 mg/kg; i.p.], 2% xylasine [5 mg/kg; i.p.]),
ventilated (n=8 per group), open-chest animals as described
in detail elsewhere [17].

Sirius Red staining Total collagen content of the Sirius Red
(Polyscience, Warrington, PA, USA) stained sections was
measured under circularly polarised light according to
previously published methods [18] and quantified by digital
image analysis as described in detail elsewhere [19].
Perivascular fibrosis was not measured. All available fields
(>30 fields) were measured, including the septum, the right
and the left ventricle. Data, represented as area fraction, are
depicted as medians and interquartile ranges (25th—75th
percentile in parentheses).

Immunohistology Immunohistological stainings were car-
ried out with mouse anti-rat (intercellular adhesion mole-
cule-1 [ICAM-1], CD1la/lymphocyte function associated
antigen 1| [LFA-1], CD1lb/macrophage antigen alpha
[MACI1], CDI18/f32-integrin and ED1/CD68; Serotec,
Munich, Germany; and vascular cellular adhesion mole-
cule-1 [VCAM-1], Hiss Diagnostics, Freiburg, Germany),
goat anti-rat (TNF-oc and IL-13; R and D Systems,
Wiesbaden, Germany) or rabbit anti-collagen subtype I
and III antibodies, and quantified by digital image analysis
as described previously [3, 19]. All available fields (>30
fields) were measured, including the septum, and the right
and the left ventriclee CAM data, represented as area
fraction, and other immunohistological data, represented
as infiltrate/mm?, are depicted as medians and interquartile
ranges (25th—75th percentile in parentheses).

Real-time RT-PCR Quantitative real-time RT-PCR (ABI
PRISM 7900 HT Sequence Detection System software
version 2.2.2; Applied Biosystems, Foster City, CA, USA)
was performed to quantify rat LV Jlcam-1 and Vcam-1
cDNA levels. The levels of Icam-1 and Vcam-1 cDNA were
normalised to the levels of the ribosomal protein L32 (L32;
also known as Rpri32) housekeeping gene cDNA. As DNA
standards, the conventional PCR products of rat ICAM-1,
VCAM-1 and L32 with the use of the primers designed for
the real-time PCR, were cloned into pGEM-T Easy vector
(Promega Corporation, Madison, WI, USA). The sequences
of the primer sets used in this study were as follows: for Icam-1
5'-GTCTCATGCCCGTGAAATTATG-3" and 5-CATTTTCT

CCCAGGCATTCTCT-3', for Veam-1 5'-GGAGGTCTACT
CATTCCCTGAAGA-3" and 5-ACCGTGCAGTTGACAG
TGACA-3" and for L32 5'-AACCGAAAAGCCATCGT
AGAAA-3" and REV: 5-CCTGGCGTTGGGATTGG-3'.

RACI1 glutathione-S-transferase-p21-activated kinase and
rhotekin pull-down assays RAC1 and RHOA activities
were determined by pull down assays. A glutathione-S-
transferase (GST)—p21-activated kinase (PAK)-CD (PAK-
CRIB domain) fusion protein, containing the RAC! binding
region from human p21 (CDKNIA)-activated kinase 1
(PAK1B) was used to determine RACI1 activity as
described [20]. GST-C21 containing the RHO binding
region from the RHO effector protein rhotekin was used
to measure RHOA activity [21]. The constructs were a kind
gift of R. C. Roovers and J. G. Collard (The Netherlands
Cancer Institute, Amsterdam, The Netherlands).

Western blot LV samples were homogenised in lysis buffer
containing proteinase inhibitors. An equal amount of
protein was loaded into a 10% SDS-polyacrylamide gel.
Total p38 mitogen-activated protein kinase (MAPK) (Cell
Signaling Technology, Danvers, MA, USA), phosporylated
p38 MAPK (Cell Signaling Technology) and total eNOS
(BD Biosciences, San Diego, CA, USA) were detected with
each specific antibody. The blots were visualised with
electrochemiluminescence (Amersham Bioscience, Bucks,
UK). Quantitative analysis of the intensity of the bands was
performed with NIH Image 1.63 Software (http://rsb.info.
nih.gov/nih-image/download.html). Equal protein loading
was confirmed by gel staining with SimplyBlue Safestain
(Invitrogen, Carlsbad, CA, USA) after SDS-PAGE.

Oxidative stress assay The presence of malondialdehyde, a
biomarker of lipid peroxidation, in septum was examined
by the use of a kit (Bioxytech LPO-586; OxisResearch,
Foster City, CA, USA), according to the manufacturer’s
protocol. In brief, proteins were extracted from septa in ice-
cold PBS (20 mmol/l, pH 7.4). To prevent sample oxidation
during homogenisation, 10 pl of 0.5 mol/l butylated
hydroxytoluene in acetonitrile was added per ml of tissue
homogenate. Next, the homogenate was centrifuged for
10 min at 3,000 g and at 4°C. The clear supernatant fraction
was used for the colorimetric assay.

Statistical analysis Statistical analysis was performed using
JMP Statistical Discovery Software, version 4.05 (SAS
Institute, Cary, NC, USA). Non-parametric tests were used
for haemodynamic and collagen data analysis, since normal
distribution was excluded for all parameters by conducting
the Shapiro—-Wilk W test (p<0.05). The statistically
significant difference for multiple comparisons of all pairs
of ordinal and continuous data was calculated by the
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Table 1 Metabolic parameters

SD SD + atorvastatin STZ STZ + atorvastatin
Body weight (g) 480+45* 452+5.5% 219+35 231+28
Blood glucose (mmol/l) 10.5+£0.42* 10+0.44* 44+1.8 44+2.8
Total cholesterol (mmol/l) 1.3+£0.092** 1.5+0.16** 3.1+0.49 2.84+0.36
HDL-cholesterol (mmol/l) 0.90+£0.067*** 0.72+0.16*** 1.2+0.11 1.3+0.097
LDL-cholesterol (mmol/l) 0.24+0.015%** 0.26+0.038** 0.82+0.11 0.74+0.12
Triacylglycerol (mmol/l) 1.0+£0.20** 0.84+0.16%* 6.9+1.3 5.6+1.1

Data are mean +SE

*p<0.0001 vs STZ and STZ + atorvastatin
*#p<0.01 vs STZ and STZ + atorvastatin
***p<0.05 vs STZ and STZ + atorvastatin

Tukey—Kramer post hoc analysis. Paired and unpaired
Student's ¢ tests and ANOVA for multiple comparisons
were employed for RAC1 and RHOA, real-time PCR,
western blot and oxidative stress data analysis. Differences
were considered significant at p<0.05 in all tests performed.

Results

Metabolic parameters Throughout the 6 week study period,
atorvastatin-treated and control diabetic rats displayed
severe hyperglycaemia, polydipsia, polyphagia and poly-
uria. This was associated with loss in body weight, resulting
in a significantly higher heart:body weight ratio (%)
compared with the non-diabetic groups (SD: 0.28+0.008;
SD + atorvastatin: 0.26+0.007; STZ: 0.38+0.007; STZ +
atorvastatin: 0.34+£0.004) (Table 1). Diabetic animals had
higher plasma levels of total cholesterol, LDL-cholesterol,
HDL-cholesterol and triacylglycerol compared with non-
diabetic animals. Atorvastatin treatment did not affect lipid
levels, either in diabetic or in non-diabetic rats (Table 1).

Haemodynamics STZ-induced diabetic animals showed a
significant reduction of dP/dt,,x and dP/dt,;, compared
with non-diabetic ones. Importantly, LV function in
atorvastatin-treated STZ rats was significantly improved
compared with STZ controls and showed no significant
difference compared with non-diabetic controls as assessed
by Tukey—Kramer post-hoc analysis (Table 2). Atorvastatin

Table 2 Haemodynamic parameters

treatment in non-diabetic animals did not affect LV
function, indicating no potential side effects of atorvastatin.
Due to the anaesthesia all animals had bradycardia.
However, no significant differences in heart rate were
found among the different animal groups.

Effect of atorvastatin treatment on fibrosis in the diabetic
heart Since changes in the collagen composition, and
particularly in collagen type I and III, influence the passive
mechanical properties of the myocardium and thus are
important for cardiac haemodynamics [22], we analysed
total collagen content and collagen type I and III in the rat
hearts. In agreement with the improved contractility in
STZ-rats after atorvastatin treatment, atorvastatin blunted
diabetes-induced interstitial fibrosis (Fig. la—c,j). Collagen
types I and III content in the hearts of atorvastatin-treated STZ
rats were 9.6-fold and 2.9-fold lower, respectively, compared
with STZ rat hearts, leading to a twofold (p<0.05) decrease in
collagen type IL:type III ratio (SD: 0.21+0.03, STZ: 0.30+
0.038, STZ + atorvastatin: 0.15+0.026) (Fig. 1d—j).

Effect of atorvastatin treatment on inflammation in the
diabetic heart Given the importance of inflammation in the
induction of fibrosis, we analysed CAM levels, leucocyte
infiltration, macrophage residence and cytokine levels in
the rat hearts. Quantification by digital image analysis
demonstrated a significant increase in ICAM-1 and VCAM-1
stainings in STZ-diabetic rats compared with non-diabetic
controls (Fig. 2a,b,d,e). Atorvastatin treatment in STZ rats
resulted in a 16-fold (p<0.05) and 36-fold (p<0.05)

SD SD + atorvastatin STZ STZ + atorvastatin
Heart rate (bpm) 191432 184+26 180+36 182+31
LV dP/dty,.x (mmHg/s) 5,667+535% 5,650+£595% 2,697+282 5,063+£256*
LV dP/dt,,;, (mmHg/s) —4,667+419* —3,957+348* —2,218+209 —3,639+£226%*

Data are mean+SEM
bpm beats per min
*p<0.05 vs STZ
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Fig. 1 Effect of atorvastatin treatment on cardiac levels of total
collagen, collagen I and III in STZ-diabetic rat hearts. Sirius Red
staining (original magnification: x200) in (a) a non-diabetic SD rat
heart, (b) an STZ-diabetic rat heart and (c) an atorvastatin-treated
(Ator) STZ-diabetic rat heart. Immunohistochemistry of collagen type
I (original magnification: x100) (d—f) in a non-diabetic SD rat heart,
an STZ-diabetic rat heart and an atorvastatin-treated STZ-diabetic rat
heart respectively. g—i Immunohistochemistry of collagen type III
(original magnification: x100) in a non-diabetic SD rat heart (g) and
an STZ-diabetic rat heart (h), with (i) reduced collagen type III
expression in an atorvastatin-treated STZ-diabetic rat heart. Bar (a—c):
200 pm; (d—i): 100 wm. j Bar graph representing quantification of
Sirius Red, collagen type I (Col I) and collagen type III (Col III) by
(immuno)-histology. AF, area fraction. *p<0.05 vs SD and STZ +
atorvastatin

reduction in ICAM-1 and VCAM-1 stainings, respectively,
which was further confirmed by a significant reduction of
LV Icam-1 and Vcam-1 mRNA expression (Fig. 2g). In
agreement with the reduced CAM abundance, atorvastatin
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Fig. 2 Effect of atorvastatin treatment on cardiac CAMs expression in
STZ-diabetic rat hearts. Immunohistochemistry of ICAM-1 (original
magnification: x100) in (a) a non-diabetic SD rat heart, (b) an STZ-
diabetic rat heart and (c) an atorvastatin-treated (Ator) STZ-diabetic
rat heart. d—f Immunohistochemistry of VCAM-1 (original magnifi-
cation: x100) in a non-diabetic SD rat heart, an STZ-diabetic rat heart
and an atorvastatin-treated STZ-diabetic rat heart, respectively. Bar:
100 um. Bar graph representing (g) quantification of ICAM-1 and
VCAM-1 by immunohistochemistry (AF, area fraction; y-axis break
between 0.025 and 0.1) and (h) Ilcam-1 and Vecam-I mRNA
expression. mRNA of each gene was measured by real-time PCR
and normalised to ribosomal L32 mRNA expression. mRNA data are
expressed as fold change from the level in SD control. Single asterisks
p<0.05 and double asterisks p<0.01 vs SD, section marks p<0.05 vs
STZ + atorvastatin
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suppressed the diabetes-induced infiltration of CD11a/LFA1+,
CD11b/MACI1+ and CD18+ leucocytes to basal levels present
in non-diabetic control rats (Fig. 3a) and reduced macrophage
residence 2.8-fold (p<0.05) (Fig. 3a). In addition, atorvastatin
resulted in a 3.8-fold (p<0.05) and 1.6-fold (»p<0.05) reduc-
tion of cardiac TNF-«- and IL-1{3-positive stainings in STZ
rats, whereas in non-diabetic rats atorvastatin treatment did not
affect cardiac cytokine levels (Fig. 3b).

Effect of atorvastatin treatment on RHOA-and RACI-
GTPase activity in the diabetic rat heart To investigate
the cholesterol-independent effects of atorvastatin, we
analysed the activation of the small GTP-binding proteins,
RACI1 and RHOA [11], which have both been suggested to
be mediators of inflammation [23]. RAC1 and RHOA-
GTPase activity was 1.7-fold (»<0.05) and 1.6-fold (p<0.05)
upregulated in diabetic compared with non-diabetic control
LVs, respectively. Atorvastatin treatment normalised RACI-
and RHOA-GTPase activities to levels not significantly
different from non-diabetic controls (Fig. 4a,b). Under non-
diabetic conditions, atorvastatin further reduced RAC1- and
RHOA-GTPase activity by 1.9-fold (p<0.05) and 1.6-fold
(»<0.05), respectively.

Effect of atorvastatin treatment on p38 MAPK phosphory-
lation and lipid peroxide levels in the diabetic heart We
further investigated the activation/phosphorylation state of
MAPK p38, which is known to be induced by high glucose
levels and to be involved in inflammation. We found that
atorvastatin treatment in STZ diabetic rats resulted in a 3.2-
fold (p<0.0005) decrease in diabetes-induced phosphory-
lation of p38 MAPK (Fig. 5a). Moreover, levels of the lipid
peroxide malondialdehyde, a marker of oxidative stress,

Fig. 3 Effect of atorvastatin
treatment (4tor) on f3,-leucocyte-

were reduced 1.2-fold (p<0.05) in the diabetic heart after
atorvastatin treatment (Fig. 5b).

Effect of atorvastatin treatment on eNOS protein production
in the diabetic rat heart Since RHOA activity is known to be
associated with decreased levels of eNOS [12, 13], which
partly due to its anti-inflammatory properties is an important
marker of endothelial function, we investigated eNOS levels.
In agreement with the reduction in RhoA activity found in
atorvastatin-treated STZ rats, eNOS production was 1.3-fold
(»<0.05) higher in atorvastatin-treated compared with
untreated STZ rats and was normalised to the expression
levels found in non-diabetic controls (Fig. 6).

Discussion

The key finding of this study is that treatment with
atorvastatin at a dose too low to decrease LDL-cholesterol
levels reduces intramyocardial inflammation and myocar-
dial fibrosis, resulting in a significantly improved LV
function in a model of experimental type 1 diabetic
cardiomyopathy.

Effect of atorvastatin on lipid profile The STZ-lipid profile
shows moderately increased LDL-cholesterol, increased
triacylglycerol and increased HDL-cholesterol [24, 25].
STZ-induced diabetes is characterised by a specific choles-
terol metabolism [26], namely low cholesterol synthesis and
high cholesterol absorption, mainly due to polyphagia and to
a lesser extent to increased fractional absorption. Whereas
statins are well known to reduce LDL-cholesterol and
triacylglycerol and also to increase HDL-cholesterol [27],
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Fig. 4 Effect of atorvastatin
treatment (Ator) on RACI-

and RHOA-GTPase activity in
STZ-diabetic rat hearts.
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a RACI- and b RHOA-GTPase 200 1 %
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atorvastatin in STZ rats at the dose used here (50 mg/kg
daily, orally) did not decrease LDL-cholesterol and triacyl-
glycerol or increase HDL-cholesterol. We hypothesise that
the specific cholesterol metabolism in STZ-induced diabe-
tes underlies this inhibited effect of atorvastatin treatment on
the lipid profile. A potential explanation for the unaltered
LDL-cholesterol levels after atorvastatin treatment is that an
excess of exogenous cholesterol due to polyphagia desensi-
tises the reaction to intracellular cholesterol depletion [28]
induced by HMG CoA reductase inhibitors, which normally
leads to increased LDL receptor production and increased
LDL catabolism.

Other animal models such as spontaneous hypertensive
rats [29] and young and only moderate diabetic rats [30]
differ in this regard and have to be carefully and
individually investigated. In our model of severe diabetes
mellitus the atorvastatin dosage used did not significantly
affect the lipid profile, allowing us to further investigate in
vivo the pleiotropic effects of atorvastatin and its impact on
the development of diabetic cardiomyopathy.

Effect of atorvastatin on LV function The STZ-model using
70 mg/kg i.p. is a well established model for the study of
diabetic cardiomyopathy [31]. Insulin supplementation in
animals injected with this dose of STZ leads to an
improvement of LV function, indicating the role of hyper-
glycaemia in cardiac dysfunction [32]. Diabetic rats in our
study already displayed severe LV dysfunction 47 days

Fig. 5 Effect of atorvastatin treatment (4for) on p38 MAPKp
phosphorylation and lipid peroxide levels in STZ-diabetic rat hearts.

a Representative western blots of phospho and total p38 MAPK, with
bar graph (b) depicting the ratio of the band intensity of phospho:total
p38 MAPK as % of SD set to 100%. n=4 per group; asterisks p<0.05
vs SD, sharp signs p<0.01 vs STZ + atorvastatin. ¢ Malondialdehyde
(MDA) concentration (conc.)/protein concentration represented as %
of SD. n=4-6 per group. Asterisks p<0.05 vs SD, section marks p<
0.05 vs STZ + atorvastatin
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Fig. 6 Effect of atorvastatin treatment (4for) on eNOS levels in STZ-
diabetic rat hearts. Representative western blots of total eNOS, with
bar graph depicting the band intensity of total eNOS as % of SD set to
100%. n=4 per group. Asterisks p<0.05 vs SD, section marks p<0.05
vs STZ + atorvastatin

after STZ-injection, as indicated by impaired systolic and
diastolic function [33], a finding which is in agreement
with others [34—37]. Atorvastatin treatment in diabetic rats
led to a significant improvement of systolic contraction
and relaxation compared with untreated diabetic animals
(dP/dtax+95%, dP/dt;,+64%; p<0.05), whereas atorvas-
tatin did not affect LV function in non-diabetic animals. The
latter indicates that atorvastatin at a dose of 50 mg/kg daily
in non-diabetic SD rats is not associated with any potential
side effects, such as (cardiac) myopathy.

Whereas the cardioprotective effects of statins, indepen-
dent of their hypolipidaemic effects, have already been
demonstrated in several normocholesterolaemic models
[14, 15, 38], this is the first animal study demonstrating
the pleiotropic effects of statins in a model characterised by
increased LDL-cholesterol levels.

Effect of atorvastatin on myocardial fibrosis Changes in the
extracellular matrix, and particularly in collagen composi-
tion, influence the passive mechanical properties of the
myocardium [22]. Collagen I and III, which constitute 90%
of cardiac collagen, are especially important for cardiac
haemodynamics. Consistent with previous reports [19, 39],
we found increased collagen I and III levels in the hearts of
STZ-induced diabetic rats, correlating with LV dysfunction.
In contrast, atorvastatin treatment blunted total cardiac
collagen content and the levels of collagen I and III, in line
with the improved LV function. Since myocardial fibrosis
in diabetic cardiomyopathy is partly mediated by the
upregulation of cytokines that have a pro-fibrotic action,
including TNF-« and IL-1{3 [3], the reduction of myocar-
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dial inflammation may be one of the mechanisms involved
in the anti-fibrotic effects of atorvastatin seen under STZ-
diabetic conditions.

Effect of atorvastatin on intramyocardial inflammation Many
of the pleiotropic effects of statins are mediated by
antagonism of isoprenoid-mediated activation of small
GTP-binding proteins, including RAC1 and RHOA [11],
which have previously been suggested to be mediators of
inflammation [23, 40]. Both RAC1 [41] and RHOA
GTPase [42] are involved in the regulation of the
cytoskeleton network, which includes integrin-dependent
leucocyte adhesion. RAC1 GTPase activity is essential for
the activity of p38 MAPK [43], a crucial mediator of
oxidative stress, a fact underscored by the cardiobeneficial
effects of p38 inhibition under STZ-diabetic conditions
[44]. However, this study is the first study illustrating: (1)
increased activity of both RAC1 and RHOA in an
experimental model of diabetic cardiomyopathy and (2)
normalisation of RAC1 and RHOA activity, after atorvas-
tatin treatment, to levels similar to those in non-diabetic
controls. Interestingly, atorvastatin also reduced RAC1 and
RHOA activity under non-diabetic conditions and con-
firmed that the chosen dose of atorvastatin was effective.
However, LV function and cardiac cytokine levels were not
changed, suggesting that under physiological conditions, a
1.9-fold and 1.6-fold reduction of the RACI/RHOA
pathway, respectively, is not sufficient to affect the cardiac
phenotype or that this decrease is compensated by other
signalling pathways.

In agreement with the diabetes-induced RAC1 activity,
cardiac oxidative stress in diabetic rat hearts was increased
compared with non-diabetic hearts. This was indicated by
induced phosphorylation of p38 MAPK and increased
cardiac lipid peroxide and malondialdehyde levels. In line
with the increased activity of RHOA, which has been
reported to decrease levels of eNOS [13], eNOS levels were
reduced in diabetic rat hearts. In contrast, atorvastatin
treatment resulted in normalisation of diabetes-induced
RACI and RHOA levels in parallel with reduced p38
MAPK phosphorylation and lipid peroxide levels and
increased levels of eNOS. In addition, CAM levels,
leucocyte infiltrates and cytokine levels were reduced in
atorvastatin-treated diabetic rat hearts. This suggests that
atorvastatin, via reduction of RAC1 and RHOA activity
associated with a reduction in cardiac oxidative stress and
increased eNOS levels, reduces inflammation in diabetic
cardiomyopathy. This hypothesis is supported by the
finding that: (1) monocyte adhesion to vascular endotheli-
um is reduced via statin-mediated downregulation of
integrin adhesion molecules and inhibition of actin poly-
merisation via RHOA inactivation [40]; (2) atorvastatin
treatment inhibits glucose-mediated neutrophil-endothelial
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cell adhesion through decreasing surface expression of
endothelial adhesion molecules by stimulating the produc-
tion of endothelial nitric oxide [45]; and (3) RHOA kinase
inhibitors lead to increased eNOS levels and reduction of
oxidative stress [13].

In conclusion, this study provides evidence that atorvas-
tatin, independently of its LDL-cholesterol-lowering capac-
ity, improves LV function via down-regulation of RACI
and RHOA activity and reduction of inflammation and
fibrosis.

Study limitations Since investigation of the development of
LV dysfunction via human cardiac biopsies of type 1
diabetic patients is not possible, the well-established
experimental STZ-model is often used to study this
condition. However, it should be taken into account that
this insulinopenic model is associated with extremely high
blood glucose levels, which are not encountered in humans,
as well as with dehydration, which accounts in part for the
cardiac functional abnormalities. In addition, the differ-
ences between rodent and human lipoprotein metabolism
make a direct translation of our findings, with the dose of
atorvastatin used in this study, to humans impossible.
Therefore, further studies are necessary to prove whether
our results can be translated to humans with type 1 or type
2 diabetes mellitus.
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