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Absitract

AIM: To investigate if the effect of statins improving
cardiovascular (CV) status of diabetics is drug-specific
or class-dependent, and the underlying mechanisms
involved.

METHODS: We compared the results of daily
administration over a four-week period of a low dose
(10 mg/kg per day) of atorvastatin (AV), simvastatin
(SV), and pravastatin (PV) on cardiac performance in
diabetic rats. Echocardiographic variables were tested,
as well as systolic blood pressure (SBP), acetylcholine
(ACh)-induced relaxation, plasma cholesterol levels,
and perivascular fibrosis. Malondialdehyde (MDA) and
4-hydroxyalkenal (4-HAE), and endothelial nitric oxide
synthase (eNOS) and inducible nitric oxide synthase
(iNOS) protein levels were also measured in cardiac and
aortic homogenates.

RESULTS: In untreated diabetic rats, cholesterol levels
were higher than in control rats (CT; n = 8, P < 0.05),
and the low dose of statins used did not modify these
levels. In diabetic rats, SBP was higher than in CT, and
was significantly reduced by all three statins (7 = 10,
P < 0.05). Echocardiographic parameters (EF, SV, and
COI) were all lower in untreated diabetic rats than in CT
(7 = 10, P < 0.05). These CV parameters were equally
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improved by all three statins. The maximal relaxation
(Emax) induced by ACh in aortic ring from diabetic rats was
also improved. Moreover, this relaxation was abolished
by 1 mmol/L NG-nitro-L-arginine methyl ester, suggesting
the involvement of a NO-dependent mechanism.

CONCLUSION: AV, SV, and PV are equally effective
in improving CV performance in diabetic rats. All tree
statins decreased media thickness, perivascular fibrosis,
and both MDA and 4-HAE in the aortas of diabetic
rats, without affecting eNOS and iNOS protein levels.
The observed hemodynamic benefits are cholesterol-
independent. These benefits appear to be secondary to
the improved endothelial function, and to the reduced
vascular tone and remodeling that result from decreased
oxidative stress.

Key words: Statins; Diabetes; Oxidative stress; Cardiac
function; Perivascular fibrosis

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Despite evidence that statins are useful
therapeutic tools in treating diabetes, questions remain
as to whether their effects are drug-specific or class-
dependent, what mechanisms underlie these effects,
and which statin is the most appropriate. We found that
atorvastatin, simvastatin, and pravastatin are equally
effective in improving cardiovascular performance in
Type 1 diabetic rats, and that the observed benefits
are likely to be secondary to the reduction of oxidative
stress by these drugs.

Crespo MJ, Quidgley J. Simvastatin, atorvastatin, and pravastatin
equally improve the hemodynamic status of diabetic rats. World
J Diabetes 2015; 6(10): 1168-1178 Available from: URL: http://
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INTRODUCTION

Diabetes is a group of metabolic diseases primarily
characterized by hyperglycemia resulting from defects
in insulin production, action, or both. This condition has
been associated with an increased risk of cardiovascular
(CV) deterioration, which is the major cause of death
in diabetic patients™ ™. CV complications include
hypertension, ischemic heart disease, heart failure,
and diabetic nephropathy. The etiology of cardiac
abnormalities in diabetes has been linked to increased
oxidative stress and endothelial dysfunction, although
the precise mechanism for these complications remains
elusive™®,

The addition of statins, which inhibit 3-hydroxy-
3-methylglutaryl-coenzyme A (HMG-CoA) reductase,
to standard antiglycemic therapies decreases CV
complications in diabetic patients. The American
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Diabetes Association’s “Standards of Medical Care
in Diabetes-2015""!, recommends the use of statins
for all diabetics under 40 years of age with additional
CV risk factors, or with overt CV disease. It further
recommends that diabetics over the age of 40 take
statins, regardless of the absence of CV risk factors.
Indeed, in Type 2 diabetics without elevated cholesterol,
the risk of suffering the first CV event is reduced by
atorvastatin (AV)®. The statin-induced improvement
of cardiac function in normo-cholesterolemic patients
suggests that these drugs have pleiotropic benefits that
may be independent of their ability to lower cholesterol
levels®'®). The mechanisms underlying these beneficial
effects may include improvement of endothelial function
through increased systemic NO bioavailability™ and
endothelial nitric oxide synthase (eNOS) expression?,
or through reduced oxidative stresst***4,

Despite evidence that statins are useful therapeutic
tools in diabetes, questions remain as to whether their
effect is drug-specific or class-dependent, which statin
is most appropriate, and what mechanisms underlie this
effect. In the present study, we compared the effects of
three different statins (AV, SV, and PV) on the CV profile
of streptozotocin (STZ)-induced diabetic rats that did
not receive insulin supplementation. This animal model
of Type 1 diabetes is a validated model for the study
of diabetic effects on the CV system. At four weeks
following diabetic induction, the rats are hypertensive
and have decreased cardiac output, stroke volume,
and ejection fraction, when compared to age-matched
controls (CT)"***, To evaluate and compare the effects
of these statins on cardiac function, we measured
stroke volume, ejection fraction, and cardiac output with
echocardiography. The effects of statins on endothelial
function, cholesterol level, and vascular remodeling
were also evaluated. The results from this study may
help to identify the most effective statin for improving
the CV profile in diabetics.

MATERIALS AND METHODS

Experimental animal model

Four-week-old male Sprague-Dawley rats (120-125
g average weight) were acquired from Hilltop Lab
Animals, Inc. (Scottsdale, PA). A total of 160 rats were
divided into two groups, diabetic and CT, with each
group containing 80 animals. Diabetes was induced
by injecting intraperitoneally (IP) streptozotocin (STZ,
65 mg/kg) dissolved in 0.1 mol/L citrate buffer (pH
4.5) after an overnight fast. Diabetic induction was
confirmed with positive blood glucose tests twenty-four
hours after STZ injection, (Accu-Chek Simplicity, Roche,
Indianapolis, IN). Glucose was weekly monitored. The
rats did not receive insulin and the experiments were
performed at 4 wk after induction of diabetes.

Drug administration
After diabetic induction, each rat was treated daily
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with the selected drug (AV or SV or PV) over a four-
week period. The statins were suspended in corn oil
and administered by gavage at a dose of 10 mg/kg
per day. The volumes of all administered drugs were
adjusted weekly according to each animal’s weight in
order to ensure a constant dose. Untreated diabetic
and CT groups received by gavage only corn oil, as a
placebo. Statin doses were selected based on previous
studies on diabetic rats, and from our laboratory"®*”.,
In order to obtain cholesterol level reductions similar to
those attained in humans, a 50 mg/kg per day statin
administration is needed in rats!*®!. Thus, a low dose
of 10 mg/kg per day allowed us to assess the effect of
statins on the CV system independently of the benefits
derived from cholesterol reduction.

Echocardiographic evaluation

Serial transthoracic echocardiographic evaluations were
performed using an ultrasound system with a 7.5 to 9.0
MHz transducer (Sonosite Inc. WA), after anesthesia
(30 mg/kg BW, IP), following a previously described
protocol!”*®l, Image analysis was performed using
Sitelink Image Manager (Sonosite Inc., Bothell, WA).

Noninvasive measurement of systolic blood pressure
Noninvasive systolic blood pressure (SBP) was eva-
luated using a RTBP-2000 system (Kent Scientific,
Litchfield, CT), and analyzed with Lab View Program
(National Instruments Co. Austin, TX) as previously
described?,

Evaluation of acetylcholine-induced relaxation

To evaluate endothelium-dependent relaxation, aortic
rings (5 mm) from the descending thoracic aorta were
placed in Krebs’ bicarbonate solution (composition in
mmol/L: 118 NaCl, 2.5 CaClz, 5 KCI, 1.1 MgS0s4, 25
NaHCOs, 1.2 KHz2PO4 and 10 glucose, pH = 7.4). The
rings were suspended horizontally with a resting tension
of 2.0 g, and connected to a FTO3C Grass transducer,
following the protocol previously described by our
laboratory!*®), The effect of statins on acetylcholine
(ACh)-induced relaxation was evaluated in rings pre-
contracted with norepinephrine (NE, 1.0 umol/L).
Cumulative concentration-response curves (from 0.1
nmol/L to 10 umol/L) for ACh were generated after
equilibration. An additional dose response curve was
then performed after a 45-min incubation period with
L-NAME (1 mmol/L). For a particular ACh concentration,
the relaxation was expressed as a percentage of the
maximal contraction induced by 1.0 umol/L of NE.

Cholesterol level determination

Blood samples from both untreated and treated
diabetic rats and from CT were centrifuged (5000 rpm;
5 min; 4 C to measure cholesterol concentration.
Total cholesterol levels were quantified a cholesterol
quantitation kit (Sigma-Aldrich, MAK043). A SpectraMax
Microplate Reader (Molecular Devises, CA) was used to
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measure sample absorbance at 570 nm. A calibration
curve using cholesterol standards was used to quantify
cholesterol levels.

Measurement of malondialdehyde and 4-hydroxyalkenals
levels

The effect of statins on lipid peroxidation, a marker of
oxidative stress, was evaluated following the previously
described protocol™®®. Malondialdehyde (MDA) and
4-hydroxyalkenals (4-HAE) levels were determined in
cardiac and vascular homogenates at an absorbance of
586 nm.

Measurement of media thickness and perivascular
fibrosis

Perivascular fibrosis and media thickness from the
thoracic aorta from untreated and treated animals were
determined to assess the effect of statin treatment.
Tissues were stained with Azan-Mallory and Hematoxylin
and Eosin (H and E) following the methodology pre-
viously described by our laboratory™®. Results (in um)
were normalized to body weight.

Western Blot for eNOS and inducible nitric oxide
synthase

Western Blot studies were performed using a modified
protocol described previously®®!, Protein samples were
separated by electrophoresis in a 6% SDS-PAGE gel.
Proteins were transferred to a nitrocellulose membrane.
Membranes were blocked with 5% Blotto for 1 h.
Mouse monoclonal antibodies for eNOS (1:2000 for
cardiac tissue, 1:3000 for aortic tissue; BD Biosciences,
San Jose, CA), inducible nitric oxide synthase (iNOS)
(1:500 for cardiac tissue, 1:750 for aortic tissue;
BD Biosciences, San Jose, CA), were added to the
membrane after dilution in Blotto, and incubated
overnight at 4 ‘C. The nitrocellulose membranes were
incubated with the secondary anti-mouse antibody
coupled to Horseradish Peroxidase (HRP) (1:4000;
Santa Cruz Biotechnology, Santa Cruz, CA). Before
exposure and development, the membranes were
incubated with Super Signal West Femto Maximum
Sensitivity Substrate (Thermoscientific, Waltham, MA)
to enhance the HRP signal derived from the secondary
antibody. The Versadoc™ Imaging System and Quantity
One Software (Bio-Rad Laboratories, CA) were used to
develop and analyze the membranes. eNOS and iNOS
levels were standardized by comparison with the B-actin
housekeeping gene detected (1:4000; Sigma-Aldrich,
St. Louis, MO).

Statistical analysis

All data are expressed as the mean = SEM (GraphPad
Software, Inc., San Diego, CA). Differences between
experimental groups were analyzed using Student’s t
and ANOVA, followed by Student-Newman-Keuls test
for posthoc analysis. Values were considered statistically
significant at a P value less than 0.05.
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Table 1 Blood glucose (mg/dL) in diabetic and control rats treated with statins

Condition Day O Day 1 Day 7 Day 14 Day 28
CT none 131.25+3.14 130.50 + 1.51 126.78 + 4.86 112.42 +4.55 133.88 + 13.66
CT + AV 137.0 £ 5.86 123.33 +2.85 126.8 +2.2 128.40 +7.02 180.67 + 52.21
CT +SV 14313 +1.75 128.50 + 3.10 126.80 + 2.22 128.40 +7.02 152.88 + 18.46
CT + PV 142.63 +5.79 127.13 +3.36 122.20 +4.79 120.80 + 4.47 130.63 + 4.06
Diabetic none 133.65 + 3.51 44541 +24.11° 490.45 + 34.34" 530.09 + 26.65" 517.76 +18.11"
Diabetic + AV 133.00 + 3.30 473.82 +40.23" 497.38 + 47.68" 485.38 + 48.73% 500.73 + 32.65"
Diabetic + SV 133.75+2.70 413.19 +21.22° 473.69 + 27.39" 483.23 +39.90° 498.94 + 30.62"
Diabetic + PV 126.88 +2.08 430.44 +27.31° 524.38 +19.92° 564.85 +13.57° 557.25 +12.92*

°P < 0.05 vs age-matched C. Values are means + SEM. Rats were injected with STZ on day 0. Blood glucose for diabetic rats: n = average of 10 rats per group.
AV: Atorvastatin; SV: Simvastatin; PV: Pravastatin; CT: Control; STZ: Streptozotocin.

Table 2 Body weight (g) of diabetic and control rats treated with statins

Condition Day O Day 1 Day 7 Day 14 Day 28

CT none 179.74 + 4.02 182.28 +4.15 24278 +£6.18 304.06 £ 13.26 391.34 £ 9.80
CT + AV 167.17 + 4.38 172.97 + 4.53 234.77 £5.27 287.67 £ 4.67 404.10 £ 12.46
CT +SV 181.89 £ 8.26 184.19 £8.12 248.40 +£7.99 291.69 + 6.93 394.14 +15.92
CT +PV 193.81 £ 8.25 198.85 + 7.66 262.99 £9.03 301.19 £ 8.02 389.64 +11.48
Diabetic none 180.22 +5.99 172.53 +5.24 198.19 +7.41 211.94 +11.11° 267.10 + 27.98"
Diabetic + AV 176.30 £ 3.10 159.86 £ 9.93 202.32 £5.13 235.45 + 8.56" 255.40 +17.09°
Diabetic + SV 183.14 +4.68 178.24 +4.29 207.69 + 6.81 230.13 +7.23" 241.65 +12.73"
Diabetic + PV 187.88 +5.62 182.58 +4.60 204.85+7.18 243.69 + 5.60" 253.99 +11.82°

P < 0.05 vs age-matched C. Values are means + SEM. Rats were injected with STZ on day 0. Blood glucose for diabetic rats: n = average of 10 rats per group.
STZ: Streptozotocin; AV: Atorvastatin; SV: Simvastatin; PV: Pravastatin; CT: Control.

Table 3 Total cholesterol levels in plasma from diabetic and
control rats after four weeks of statin treatment (10 mg/kg

per day)

Condition Cholesterol (mg/dL)
CT none 156.01 +7.32

CT + AV 143.69 + 14.21
CT +SV 169.86 +12.78
CT + PV 155.53 +7.08
Diabetic none 248.68 +15.78"
Diabetic + AV 233.35 +18.44"
Diabetic + SV 234.40 +12.11°
Diabetic + PV 235.57 +18.20°

Values shown are the means * SEM of an average of 8 animals per group.
P < 0.05 vs age-matched treated and untreated CT. AV: Atorvastatin; SV:
Simvastatin; PV: Pravastatin; CT: Control.

RESULTS

Blood glucose, body weight, and cholesterol levels
are shown in Tables 1, 2 and 3. Twenty four-hours
after diabetic induction, blood glucose levels were
significantly higher in diabetic rats than in CT rats
(445.41 £ 24.11 mg/dL vs 130.50 £ 1.51 mg/dL,
respectively; n = 10, P < 0.05; Table 1). This difference
was maintained throughout the course of the study and
was not affected by the administration of any statin.
Body weight increased in both diabetic and CT rats over
the course of this study, although it was significantly
lower in aged-matched diabetic rats (Table 2). This
parameter also was not modified by any statin. Total
cholesterol levels were significantly increased in diabetic
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rats when compared to aged-matched CT (248.68 +
15.78 mg/dL vs 156.01 £ 7.3 mg/dL; n = 8, P < 0.05;
Table 3). At 10 mg/kg per day, once again, statins did
not modify plasma cholesterol levels in either diabetic or
CT rats (n = 8, P > 0.05).

In diabetic rats, stroke volume (Figure 1A) increased
significantly after statin treatment (from 0.20 + 0.02
mL in untreated, to 0.51 £ 0.06 mL with AV, to 0.47
£ 0.05 mL with SV, and to 0.43 £ 0.05 mL with PV;
n = 10, P < 0.05). In diabetic rats ejection fraction
was lower than in CT (Figure 1B; 44.93% % 3.03%
vs 70.67% £ 2.11%; n = 10, P < 0.05), but also
improved after statin treatment (to 59.92% % 2.98 %
with AV, to 60.13% =+ 3.55% with SV, and to 56.85%
+ 4.45% with PV; n = 10, P < 0.05). Similarly, cardiac
output index (mL/min per 100 g BW) improved after
statins treatment in diabetic rats (from 24.74 + 3.52
in untreated to 57.65 £ 6.59 with AV, to 60.13 £+ 4.10
with SV and to 53.25 + 6.19 with PV; n = 10, P < 0.05)
(Figure 1C).

SBP (Figure 2) was higher in diabetic rats than in CT
(116.52 £ 3.81 mmHg in STZ vs 82.72 + 2.36 mmHg
in CT; n = 10, P < 0.05. Administration of statins
significantly reduced this variable in diabetic rats (to
100.91 + 5.15 mmHg with AV, 93.17 £ 3.31 mmHg
with SV, and 106.44 + 4.21 mmHg with PV; n = 10, P
< 0.05).

The maximal relaxation (Evax) induced by ACh (Figure
3) was significantly reduced in the aortic rings from
diabetic rats compared to those from aged-matched
CT (53.70% = 4.07% vs 74.61% =% 3.27%; n = 10,
P < 0.05). This finding confirms that, at four weeks
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Table 4 Effect of chronic statin treatment on ECso and
Emax values following ach-induced relaxation in diabetic and

control rats

Condition Emax relaxation, % ECso, umol/L
CT none 74.61 £3.27 0.56 £0.11
CT+ AV 70.75 £+ 3.99 0.68 £ 0.22
CT +SV 70.76 £ 4.16 1.15+0.47
CT + PV 71.16 £4.30 0.72 £0.20
Diabetic none 53.70 + 4.07° 0.41+0.10
Diabetic + AV 8213 £7.01° 0.84 £0.32
Diabetic + SV 84.63 £ 6.51° 0.40+£0.21
Diabetic + PV 83.88 + 6.83° 0.66 £ 0.35

Values shown are the means = SEM of an average of 10 animals per
group. P < 0.05 when vs age-matched treated and untreated CT; P < 0.05
when vs age-matched untreated diabetic rats. No statistically significant
differences were found between treated diabetic rats and treated CT. AV:
Atorvastatin; SV: Simvastatin; PV: Pravastatin; CT: Control.

following diabetes induction, endothelial dysfunction
is present in the aorta of diabetic rats. The tested
statins significantly improved Ewvax values in diabetic rats
(82.13% %= 7.01% with AV, 84.63% % 6.51% with SV,
and 83.88% =+ 6.83% with PV; n = 10, P < 0.05), but
did not modified this value in CT. Moreover, a 45-min
incubation period with 1 mmol/L L-NAME completely
abolished the ACh-induced relaxation, indicating that
the effect of these statins on vascular relaxation is NO-
mediated. ECso values, by contrast, were not modified
by any statin in either diabetic rats or CT (Table 4).

MDA and 4-HAE (umol/g protein), which are
oxidative stress markers were higher in aortic hom-
ogenates (Figure 4A) from diabetic rats than in those
from CT (6.49 £ 1.24 vs 3.69 £+ 0.58; n = 8, P < 0.05).
In diabetic rats, but not in CT, all statins significantly
reduced MDA and 4-HAE levels (2.69 + 0.42 with AV,
3.59 £ 0.47 with SV, and 4.03 £ 0.40 with PV; n =
8, P < 0.05). In cardiac homogenates (Figure 4B),
by contrast, MDA and 4-HAE levels were similar in
untreated diabetic (1.42 + 0.12) and CT (1.10 £ 0.12;
n =8, P > 0.05), and statin treatment did not modify
these parameters.

Similar segments of the thoracic aorta from STZ-
diabetic rats and CT were investigated to assess the
effects of statins on vascular remodeling. In untreated
diabetic rats, perivascular fibrosis (Figure 5A) was
higher than in CT (10.59 + 0.40 um/100 g BW vs 4.21
+ 0.22 um/100 g BW; n = 5, P < 0.05). All statins
reduced perivascular fibrosis in diabetic rats (8.99 +
0.33 um/100 g BW with AV, 8.75 + 0.43 um/100 g BW
with SV, and 9.04 £ 0.39 um/100 g BW with PV; n = 5,
P < 0.05). Perivascular fibrosis in CT, by contrast, was
not modified by any of the statins. In addition, media
thickness, which was thicker in diabetic rats than in age-
matched CT (49.70 £ 1.10 um/100 g BW vs 46.03 +
0.67 um/100 g BW; n = 5, P < 0.05), was significantly
reduced by all the statins in diabetic rats (44.93 + 0.76
um/100 g BW with AV, 47.15 + 0.48 um/100 g BW
with SV, and 46.78 + 0.67 um/100 g BW with PV), but
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Figure 1 Effects of four weeks treatment with atorvastatin, simvastatin,
and pravastain (10 mg/kg per day) on diabetic rats and control. A: Stroke
volume (mL); B: Ejection fraction (%); C: Cardiac output index (mL/min x 100
g BW). The results represent the mean + SEM of 8 animals per group. All the
statins significantly improved these CV parameters in diabetic rats. *P < 0.05 for
diabetic rats vs CT; °P < 0.05 for untreated diabetic rats vs treated diabetic rats.
STZ: Streptozotocin; AV: Atorvastatin; SV: Simvastatin; PV: Pravastatin; CT:
Control.

not in CT.

The effect of chronic statin treatment on iNOS and
eNOS protein levels (% relative to CT) was evaluated
in aortic (Figure 6) and cardiac (Figure 7) tissue from
diabetic rats and CT. Comparing the two groups, iINOS
levels were similar in aortic tissue (115.40% =+ 48.08%
in diabetic vs 100% in CT; n = 5, P > 0.05) and in
cardiac tissue (155.30% £ 54.47% in diabetic vs 100%
in CT; n =5, P> 0.05). Whereas eNOS levels in cardiac
tissue also did not differ (92.16% % 16.07% in diabetic
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Figure 4 Effect of four weeks treatment with atorvastatin, simvastatin,
and pravastatin (10 mg/kg per day) on malondialdehyde + 4-hydroxyalkenal
levels in aortic homogenates (A) and in cardiac homogenates (B) from
diabetic rats and control. For diabetic rats, all statins equally reduced lipid
peroxidation levels in aortic homogenates, but had no effect on these levels in
cardiac homogenates. For CT, no effect of statins was observed in either aortic
or cardiac homogenates. The values shown are the means + SEM of 8 animals
per group. *P < 0.05 for diabetic rats vs CT; °P < 0.05 for untreated diabetic rats
vs treated diabetic rats. AV: Atorvastatin; SV: Simvastatin; PV: Pravastatin; CT:
Control.
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vs 100% in CT; n = 5, P >0.05), the levels were
reduced in aortic tissue (54.37% % 7.29% in diabetic
vs 100% in CT; n = 5, P < 0.05). Nevertheless, statin
treatment had no effect on either aortic eNOS or iINOS
protein levels.

For all tested variables, no significant differences
were found between the effects of the three statins. AV,
SV, and PV equally improved cardiac function, vascular
function, and reduced perivascular fibrosis and oxidative
stress.

DISCUSSION

In this study, we compared the effects of AV, SV, and
PV on CV performance of Type 1 diabetic rats. For the
first time, we report that these three statins similarly
improve the CV function of this animal model at a low
dose of 10 mg/kg per day. Each statin improves ACh-
induced relaxation and CV function, and reduces aortic
oxidative stress and remodeling, without lowering
cholesterol levels.

In both, patients and animal models of diabetes
the beneficial effects of statins improved vascular
dysfunction. In diabetic rats, a 50 mg/kg per day
dose of AV improves ACh-dependent relaxation®?.
In spontaneously hypertensive rats, a lower dose
of 20 mg/kg also improves vascular functiont*?,
Improvements of vascular function are also observed
in Type 1 diabetic patients, where both AV (40
mg/d) and PV (40 mg/d per 1 mo) normalize flow-
mediated dilatation®***!. Moreover, SV (40 mg/d per
8 wk) improves endothelial-dependent relaxation in
hypercholesterolemic patients. In the current study,
we demonstrated that all three statins tested (AvV, SV,
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Figure 5 Representative histological sections of aortic segments from untreated and statin-treated diabetic rats, and untreated control. A: Quantified
thickness of perivascular fibrosis in comparable aortic segments from treated diabetic rats and untreated diabetic rats. Perivascular fibrosis was higher in untreated
diabetic rats than in CT. All statins decreased perivascular fibrosis in diabetic rats. The values shown are the means + SEM of 5 animals per group, with the mean
value for each animal based on five measurements of its aortic segment. °P < 0.05 for untreated diabetic rats vs untreated CT; °P < 0.05 for untreated diabetic rats
vs treated diabetic rats; B: Representative histological sections (x 40, Azan-Mallory stain) of aortic segments from untreated diabetic rats and treated diabetic rats,
demonstrating the typical reduction in perivascular fibrosis after treatment with each individual statin. AV: Atorvastatin; SV: Simvastatin; PV: Pravastatin; CT: Control.

and PV) improve endothelium-dependent relaxation
equally in the aortic rings of Type 1 diabetic rats, but at
a low dose of only 10 mg/kg per day.

Nevertheless, controversy still exists regarding
the beneficial effects of statins on vascular function.
For example, among Type 2 diabetic patients with
normal cholesterol levels, endothelial function is not
restored after the administration of AV (40 or 80 mg/d
per 30 wk)®®, or SV (40 mg/d per 6 wk)®". Similarly
PV (40 mg/d per 8 wk) was ineffective in improving
endothelial-induced relaxation in patients with coronary
heart disease™™. The lack of effect of statins in these
cases may be due, at least in part, to differences among
the experimental models, patient co-morbidities, statin
doses, and treatment duration.

The ECso for the ACh-induced relaxation curves is not
modified by any of the three statins tested, indicating
that the mechanisms by which these drugs improve
endothelial function do not include changes in ACh
affinity for the muscarinic receptor. The improvement,
however, is fully abolished by L-NAME, suggesting that
AV, SV, and PV improve vascular function by increasing
NO availability. Whereas all three statins reduce lipid
peroxidation markers in the aorta, none modify cardiac
or vascular eNOS or iNOS protein levels. Thus, the
observed CV improvements at this low dose are most
likely secondary to the antioxidant properties of the
statins, rather than due to their direct stimulation of
NO production. In addition, although the etiology of
hypertension is largely unknown, oxidative stress,
endothelial dysfunction, and structural alterations of the
vasculature have been associated with hypertensive
pathophysiology. Thus, the reduction of oxidative stress
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and vascular remodeling, together with the improved
endothelial dysfunction observed following statin
treatment, may underlie the reduced SBP found in
diabetic rats.

The results of some studies differ from ours,
however. Wenzel et a*® found that AV (20 mg/kg per
day per 7 wk) decreases eNOS uncoupling in Type 1
diabetic rats. In addition, Ito and colleagues™ reported
that in the kidney of spontaneously hypertensive rats,
AV (20 mg/kg per day per 8 wk) increases eNOS and
nNOS expression. Moreover, in endothelial cell cultures
from human saphenous vein SV (1 umol/L) increases
eNOS mRNA and function®™. It is possible that statins
modify NOS activity and/or expression in a dose-
dependent manner. If such is the case, the lack of effect
on eNOS and iNOS activity observed in the current
study may be due to dosage differences. Alternatively,
or in addition, experimental models (e.g., in vivo vs
in vitro) and treatment duration are likely to be major
factors underlying this discrepancy.

CV status is deteriorated in diabetic rats by four
weeks after induction of diabetes!*®*?, That AV, SV, and
PV equally increasing ejection fraction, stroke volume,
and cardiac output suggest that the cardioprotective
effect of statins is class-related rather that drug-
specific. In addition, this pleiotropic effect appears
to be independent of the ability of these drugs to
lower cholesterol levels. Improvement of systolic
function may result from reductions in peripheral
resistance secondary to increased endothelial function,
decreased blood pressure, and the vascular remodeling
regression observed with all three statins. In line
with our results, SV (10 mg/kg per day per 8 wk)
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Figure 6 Effect of four weeks treatment with atorvastatin, simvastatin, and pravastatin (10 mg/kg per day) on endothelial nitric oxide synthase (A) and
inducible nitric oxide synthase (B) protein levels in aortic homogenates from treated and untreated diabetic rats, and untreated control. Data represent
values normalized against p-actin and expressed as percent change relative to untreated CT. The values shown are the means + SEM of five animals per group;
°P < 0.05 for untreated diabetic rats vs untreated CT. Bottom: Representative Western blot for eNOS and iNOS of homogenized aortic tissue; AV: Atorvastatin; SV:
Simvastatin; PV: Pravastatin; CT: Control; eNOS: Endothelial nitric oxide synthase; iNOS: Inducible nitric oxide synthase.

increases ejection fraction and prevents left ventricular
hypertrophy and fibrosis in rabbits with non-ischemic
heart failure®®. Improved vascular function, including
augmented ACh-induced relaxation and reduced
perivascular fibrosis, may increase cardiac function
by reducing total peripheral resistance and reducing
cardiac work. Alternatively, the beneficial effects of
these statins on cardiac performance may include
the preservation of myocardial contractility, which is
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deteriorated in diabetes. Indeed, in hearts from diabetic
hypercholesterolemic rats, SV (10 mg/kg per day per
5 d) improves cardiac contractility without reducing
cholesterol levels®”. Statins, however, do not appear to
be effective in improving particular aspects of cardiac
dysfunction associated with diabetes. The appearance
of diastolic dysfunction in Type 2 diabetic rats was not
prevented by 100 mg/kg AV®. Furthermore, although
AV improves cardiac function, it does not prevent the
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Figure 7 Effect of four weeks treatment with atorvastatin, simvastatin, and pravastatin (10 mg/kg per day) on endothelial nitric oxide synthase (A) and
inducible nitric oxide synthase (B) protein levels in cardiac homogenates from treated and untreated diabetic rats, and untreated control. Data represent
values normalized against p-actin and expressed as percent change relative to untreated CT. The values shown are the means + SEM of five animals per group.
No statistically significant differences were found. Bottom: Representative Western blot for eNOS and iNOS of homogenized cardiac tissue; AV: Atorvastatin; SV:
Simvastatin; PV: Pravastatin; CT: Control; eNOS: Endothelial nitric oxide synthase; iNOS: Inducible nitric oxide synthase.

onset of cardiomyopathy in Type 1 diabetic rats™®.
Although the STZ-induced diabetic rat has proven
to be an effective animal model for the study of Type 1
diabetes®, it has several limitations that must be taken
into consideration. Reductions in effective circulating
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volume due to glycosuria introduce an additional
variable because cardiac and vascular RAS become
activated. Autonomic dysfunction, which is present
in this model, also may cause a reduction in cardiac
vagal tone, without changing sympathetic tone”.
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Moreover, due to its chemical structure, STZ down-
regulates glucose and lipid metabolism genes before
hyperglycemia appears, suggesting that this compound
can affect gene expression in a hyperglycemia-
independent manner™®, Despite these limitations, the
STZ-diabetic rat is widely used in experimental studies
because it replicates both Type 1 diabetes and poorly
controlled Type 2 diabetic conditions, making it a useful
model in the study of diabetes-related pathophysiology.

The current study demonstrates that AV, SV, and
PV are equally effective in improving CV performance
in Type 1 diabetic rats. The observed hemodynamic
benefits are cholesterol-independent. These benefits
appear to be secondary to improved vascular function
which, in turn, results from reduced oxidative stress.
Although the etiology of Type 1 and Type 2 diabetes
is different, in both conditions oxidative stress is high.
Thus, it is plausible to postulate that Type 2 diabetics
also may benefit from statin treatment. If our findings
for diabetic rats are applicable to humans, the benefits
of statins to diabetics who are predisposed to develop
cardiac complications may extend beyond cholesterol
reduction. In addition, even at low doses, statins may
be useful for improving the CV profile of diabetics.

COMMENTS

Background

Although there is evidence that statins are useful in the treatment of diabetes,
whether cardiovascular (CV) improvement is class-related or drug-specific is
unknown. To address the issue, this study tests how low doses of the class-
related atorvastatin, simvastatin, and pravastatin improve CV performance in
Type 1 diabetic rats.

Research frontiers

Knowledge of the mechanisms underlying statin improvement of CV function,
whether these effects are drug-specific or class dependent, and which statin is
most effective should result in significant advancements in the current treatment
of diabetes.

Innovations and breakthroughs

The beneficial cardioprotective effect of statins is revealed to be class-related,
rather than drug-specific. Moreover, this beneficial effect is secondary to
reductions in oxidative stress and vascular remodeling, and appears to be
independent of the ability of these drugs to lower cholesterol levels.

Applications

If these findings for Type 1 diabetic rats prove to be applicable to humans,
the benefits of statins for diabetic patients who are prone to develop CV
complications may extend beyond cholesterol reduction.

Terminology
Statins are a class of drugs used to lower cholesterol levels by inhibiting the
enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reductase.

Peer-review

The authors concluded the benefits appear to be secondary to the improved
endothelial function, and to the reduced vascular tone and remodeling that
result from decreased oxidative stress. The findings are interesting.
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