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leiotropic Effects of Atorvastatin in Heart Failure: Role in
xidative Stress, Inflammation, Endothelial Function, and
xercise Capacity

ablo F. Castro, MD,a Rodrigo Miranda, MD,a Hugo E. Verdejo, MD,a Douglas Greig, MD,a

uigi A. Gabrielli, MD,a Hernán Alcaino, MSc,b,c Mario Chiong, MSc,b,c Carlos Bustos, MSc,b

orena Garcia, PhD,b,c Rosemarie Mellado, PhD,b,c José Luis Vukasovic, MD,d Ivan Godoy, MD,a and
ergio Lavandero, PhDb,c

ackground: Increased oxidative stress, a common feature in chronic heart failure, has been associated with
inflammation, endothelial dysfunction, and extracellular matrix degradation. Statins have known
anti-inflammatory and anti-oxidant effects; however, their role in chronic heart failure is still
controversial.

ethods: This was a prospective study of 38 patients with stable systolic chronic heart failure. Patients
received a 4-week placebo course, followed by atorvastatin 20 mg/day for 8 weeks. Oxidative stress,
inflammation and remodeling markers, brachial artery flow-mediated vasodilation, and 6-minute
walk test were evaluated at baseline, 4, and 8 weeks.

esults: Mean age was 58 � 12. Mean left ventricular ejection fraction was 27% � 12%. No significant
differences were observed between measurements at baseline and after placebo. Atorvastatin
induced a significant decrease of matrix metalloproteinase-9 activity, high-sensitivity C-reactive
protein, tumor necrosis factor-�, interleukin-6, and malondialdehyde, and a significant increase of
endothelial superoxide dismutase activity when compared with placebo. No differences in tissue
inhibitor of matrix metalloproteinase and matrix metalloproteinase-2 activities were observed.
Atorvastatin use was associated with an improved flow-dependent brachial vasodilation and exercise
capacity in the 6-minute walk test.

onclusions: In chronic heart failure patients, atorvastatin therapy is associated with a decrease of inflammation
and extracellular matrix remodeling, improving both endothelial function and exercise capacity.
J Heart Lung Transplant 2008;27:435–41. Copyright © 2008 by the International Society for Heart
and Lung Transplantation.
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hronic heart failure (CHF) results from different inju-
ies associated with inflammatory processes, increased
ytokine release, neurohumoral activation, and oxida-
ive stress.1–3 In previous reports, our group has de-
cribed increased plasma levels of lipid peroxidation
roducts and decreased activity of anti-oxidant enzymes
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línico, Pontificia Universidad Católica de Chile, bFacultad de Cien-
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ares de la Célula, Instituto Ciencias Biomédicas, Facultad de Medi-
ina, Universidad de Chile, and dEl Salvador Hospital, Santiago, Chile.
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antiago, Chile. Telephone: �562-354-3624. E-mail: pcastro@med.
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t

n compensated CHF patients, showing a correlation
etween oxidative stress and the severity of CHF.3,4

his increase in oxidative stress is often associated with
levated inflammation markers,5 suggesting a biologic
elation between both phenomena, which participate
imultaneously in the genesis and progression of CHF.

Statins are widely prescribed in patients with hyper-
ipidemia and coronary artery disease. Pleiotropic ef-
ects of statins have been associated with inhibition of
nflammatory cytokine synthesis and reactive oxygen
pecies production,5–7 inhibition of ventricular remod-
ling,8 and increased endothelial nitric oxide produc-
ion with a decrease in endothelin-1 synthesis, leading
o improved endothelial function.7,9 However despite a
avorable safety profile,10 statins are not currently part
f standard therapy for CHF due to the lack of support-

ng clinical evidence. Our aim is to evaluate the impact
f atorvastatin on oxidative stress, inflammation, endo-
helial function, and clinical functional parameters in
ompensated CHF patients managed with standard

herapy.
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ETHODS
tudy Population and Intervention

e prospectively included CHF patients with New
ork Heart Association (NYHA) functional class II to IV,

ollowed-up in our Clinical University Center. Inclusion
riteria were:

1. left ventricular ejection fraction (LVEF) of less
than 40% as measured by radionuclide-gated scan
or echocardiogram;

2. standard pharmacologic treatment, including di-
uretics, �-blockers, digoxin, and angiotensin-con-
verting enzyme inhibitors or angiotensin II recep-
tor antagonists (Table 1);

3. stable clinical situation during the last 4 weeks;
4. plasma total cholesterol levels of 200 mg/dl or

less;
5. presence of endothelial dysfunction as assessed

by flow-dependent vasodilation.

Exclusion criteria were:

1. acute coronary syndrome in the last 6 months;
2. coronary artery bypass graft surgery or coronary

angioplasty in the last 6 months;
3. uncontrolled arterial hypertension (systolic blood

pressure � 160 mm Hg or diastolic blood pres-
sure � 90 mm Hg);

4. hypertrophic cardiomyopathy and congenital car-
diopathy;

able 1. Baseline Characteristics of Heart Failure Patients (n � 38)

Characteristic Value

Age (years, mean � SD) 58 � 12
Male, No. (%) 31 (82)
Etiology, No. (%)

Ischemic 12 (32)
Nonischemic 26 (68)

NYHA functional class, No. (%)
II 12 (35)
III 20 (59)
IV 2 (6)

Risk factors, No. (%)
Hypertension 24 (50)
Diabetes mellitus 6 (13)
Smoking 10 (21)

Treatment, No. (%)
ACEI or ARA II 34 (71)
Beta-blockers 30 (63)
Diuretics 29 (60)
Spironolactone 29 (60)

LVEF (%, mean � SD) 27 � 12

CEI, angiotensin-converting enzyme inhibitor; ARA II, angiotensin II receptor
ntagonist; LVEF, left ventricular ejection fraction; NYHA, New York Heart
tssociation; SD, standard deviation.
5. the use of anti-oxidants or statins in the previous
2 months, and

6. the presence of other conditions that affect de-
termination of oxidative stress status, such as
renal failure (plasma creatinine � 2.0 mg/dl),
autoimmune diseases, neoplasia, advanced liver
or pulmonary disease, and acute or chronic
inflammation.

Patients received a 4-week placebo course, followed
y 8 weeks of atorvastatin (20 mg/day). Oxidative
tress, ventricular remodeling, inflammation markers,
ndothelial function, and exercise capacity were deter-
ined at baseline and after placebo and atorvastatin

reatment. Clinical evaluation, and measurement of
lasma creatine kinase (CK), and aspartate aminotrans-

erase (AST) levels were performed at 4 and 8 weeks to
dentify adverse reactions attributable to the treatment.

For baseline evaluation, the Study Group was com-
ared with the results from a cohort of 40 age-matched
ealthy volunteers. This Control Group did not receive
ny kind of treatment. All baseline evaluations were
erformed exactly as described for the Study Group. All
atients signed an informed consent approved by our
nstitutional Review Board and Ethics Committee.

ssessment of Oxidative Stress, Inflammation,
ndothelial Function, and Exercise Capacity

lasma malondialdehyde (MDA) levels, erythrocyte
uperoxide dismutase, and catalase activities were
etermined using standard techniques.3,11 For endo-
helial (extracellular) superoxide dismutase (ecSOD)
easurement, a venous blood sample from the ante-

ubital vein of the non-dominant arm was obtained at
aseline. A heparin bolus (5,000 UI) was then in-

ected into the brachial artery of the same arm, and
lood samples were drawn from the antecubital vein
t fixed intervals of 1, 3, 5, 7, and 10 minutes after the
eparin injection.
Extracellular SOD activity was calculated as de-

cribed by Landmesser et al.12 Plasma SOD activity was
easured as described by Misra and Fridovich.13 Activ-

ties of matrix metalloproteinase (MMP) 2 and 9 were
etermined by gelatin zymography.14 Tissue inhibitor
f metalloproteinase 1 (TIMP-1) activity was deter-
ined by reverse zymography.15 Inflammation was

valuated measuring plasma levels of high-sensitivity
-reactive protein (hsCRP), interleukin-6 (IL-6), and

umor necrosis factor-� (TNF-�) using commercially
vailable enzyme-linked immunosorbent assay kits.

For endothelial function assessment, brachial artery
ow-mediated endothelial dependent vasodilatation
FDD) was evaluated as described by Celermajer et al.16

change below 8% was considered evidence of endo-

helial dysfunction.16
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Exercise capacity was determined by the 6-minute
alk test. At baseline, a practice test was performed for

raining issues, and then a second test was performed 1
our later. A trained technician used the standard
rotocol recommended by the American Thoracic So-
iety to perform all tests.

tatistical Analysis

esults were presented as means � SD for continuous
ariables and percentage of all patients for categoric
ata. Continuous variables were tested for normality
sing Kolmogorov-Smirnov test. Given the small sample
ize, non-parametric evaluations were performed
Kruskal-Wallis non-parametric analysis of variance and
unn’s multiple comparison test). The chi-square test
as used for categoric data. Significant correlations
etween continuous variables were evaluated using the
earson method. A 2-tailed p � 0.05 was considered
ignificant. Statistical analyses were performed with
PSS 13.0 software (SPSS Inc, Chicago, IL).

ESULTS
atient Characteristics

he study included 38 compensated CHF patients.
atient characteristics are detailed in Table 1. Mean age
as 58 � 12 years, 31 (82%) were men, and 7 were
omen. The CHF etiology was ischemic in 12 cases

able 2. Comparison Between Heart Failure Patients and
ge-Matched Healthy Individuals

ariable
Patients
(n � 38)

Controls
(n � 40) p-value*

sCRP (mg/dL) 3.15 � 2.65 0.58 � 2.02 �0.01
NF-� (mg/dL) 1.2 � 2.5 0.9 � 1.2 0.12

L-6 (mg/dL) 3.6 � 2.5 1.38 � 0.38 �0.01
DA (�M) 1.23 � 0.55 0.71 � 0.13 �0.01

rythrocyte SOD (U/mg Hb) 2.05 � 1.90 1.04 � 0.19 0.13
rythrocyte CAT (U/mg Hb) 108 � 36 140 � 12 0.01
cSOD (U/ml/min) 128 � 36 204 � 114 �0.01
MP-2 (fold over control) 0.95 � 0.31 1.00 � 0.51 0.94
MP-9 (fold over control) 1.41 � 0.80 1.00 � 0.38 �0.01

otal cholesterol (mg/dl) 184 � 36 184 � 12 0.71
DL-C (mg/dl) 106 � 30 107 � 12 0.99
DL-C (mg/dl) 44 � 12 41 � 6 0.12
riglycerides (mg/dl) 175 � 54 181 � 24 0.06
lasma AST (U/Liter) 25.1 � 8.6 24.6 � 5.1 0.78
reatine kinase (U/Liter) 101.2 � 14.8 101.4 � 17.1 0.85
reatinine (mg/dl) 1.08 � 0.37 0.95 � 0.13 0.31
ric acid (mg/dl) 7.3 � 2.46 6.1 � 1.3 0.06

ST, aspartate aminotransaminase; CAT, catalase; ecSOD, extracellular super-
xide dismutase; HDL-c, high-density lipoprotein cholesterol; HsCRP, high-
ensitive C-reactive protein; IL-6, interleukin 6; LDL-C, low-density lipoprotein
holesterol; MDA, malondialdehyde; MMP, matrix metalloproteinase; SOD,
uperoxide dismutase; TNF-�, tumor necrosis factor-�.

*Wilcoxon rank-sum test.
32%) and non-ischemic dilated cardiomyopathy in 26
68%). Six patients (13%) had a history of diabetes
ellitus, and 24 (50%) had a history of hypertension. All
atients were clinically stable, mostly in NYHA func-
ional class II and III (94%). The mean LVEF was 27% �
2%. At baseline, CHF patients have increased plasma

evels of inflammatory markers, except for TNF- �. Also
igher in the Study Group were levels of MMP-9, a
urrogate marker for ventricular remodeling, and oxida-
ive stress markers. Simultaneously, lower ecSOD activ-
ty was observed in CHF patients compared with a
ohort of age-matched healthy volunteers (Table 2).

ffects of Atorvastatin on Oxidative Stress Markers

torvastatin therapy decreased significantly both total
nd low-density lipoprotein (LDL) cholesterol levels,
ith a moderate effect on triglycerides levels. No

ignificant changes were observed in high-density li-
oprotein cholesterol levels (Table 3). The effects of
torvastatin on oxidative stress, remodeling, inflamma-
ion, endothelial function, and functional capacity are
eported in Table 4. Atorvastatin therapy was associated
ith a significant increase in ecSOD and erythrocyte

OD activity compared with both baseline and placebo,
ith a simultaneous decrease in MDA levels. No

hanges were detected in catalase activity isolated from
rythrocytes.

ffects of Atorvastatin on Inflammatory Markers

reatment with atorvastatin decreased MMP-9 activity,
ithout modifying MMP-2 or TIMP-1 activities. Like-
ise, atorvastatin treatment was associated with a

eduction in plasma inflammation markers hsCRP, IL-6,
nd TNF-� (Table 4).

ffects of Atorvastatin on Endothelial Function and
xercise Capacity

t baseline, CHF patients showed impaired FDD
4.50% � 1.85% change from baseline). Atorvastatin
ignificantly improved endothelial function, increasing
DD (Table 4). This improvement was correlated with
he fractional change in ecSOD activity (r2 � 0.27, p �
.01; Figure 1). Exercise capacity in the 6-minute walk
est was also increased after the atorvastatin course,
egardless of baseline functional class.

able 3. Changes in Lipid Profile using Atorvastatin in Heart Failure
atients

ariable
Baseline
(n � 38)

Placebo
(n � 38)

Atorvastatin
(n � 38) p-value*

otal cholesterol, mg/dl 184 � 37 178 � 18 138 � 30 �0.01
DL cholesterol, mg/dl 106 � 30 117 � 42 65 � 30 �0.01
DL cholesterol, mg/dl 44 � 12 41 � 12 43 � 6 0.5
riglycerides, mg/dl 175 � 54 185 � 18 139 � 18 �0.01

DL, Low-density lipoprotein; HDL, high-density lipoprotein.

*Kruskal-Wallis test.
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afety

o serious adverse effects were reported associated
ith placebo or atorvastatin therapy. After atorvastatin
se, a minor asymptomatic elevation in CK levels was
bserved. AST activity remained within normal limits
Table 5).

ISCUSSION

linical trials have demonstrated the role of statins in
he prevention of cardiovascular events in moderate-

able 4. Effect of Atorvastatin in Oxidative Stress Markers, Remodeli
ailure Patients

ariable
Baseline*
(n � 38)

cSOD (U/ml/min) 128 � 36
rythrocyte SOD, U/mg Hb 2.05 � 1.90
rythrocyte CAT, U/mg Hb 108 � 36
DA (�M) 1.23 � 0.55
MP-2 (fold over control) 0.95 � 0.31
MP-9 (fold over control) 1.41 � 0.80

IMP-1 (fold over control) 1.17 � 0.42
sCRP, mg/dl 3.15 � 2.59
NF-�, mg/dl 1.2 � 2.4

L-6, mg/dl 3.6 � 2.4
asodilation

Endothelium-dependent‡ 4.50 � 1.85
Endothelium-independent‡ 14.9 � 7.4

-min walk test, m 431 � 136

AT, catalase; ecSOD, extracellular superoxide dismutase; hsCRP, high-sensi
etalloproteinase; SOD, superoxide dismutase; TIMP-1, tissue inhibitor of MM
*Wilcoxon rank-sum test baseline vs placebo non-significant.
†Kruskal-Wallis test.
‡Percentage change from baseline.

igure 1. Correlation between fractional change in endothelial (extra-
ellular) superoxide dismutase (ecSOD) activity and endothelium-
ependent vasodilatation after atorvastatin therapy in heart failure
tatients.
nd high-risk patients, even in those with a normal LDL
holesterol level.17–19 However, CHF patients have
een systematically excluded from most statin clinical
rials, partly due to concerns regarding safety of lipid-
owering therapy in CHF.7 Earlier observational studies
uggested that low cholesterol was related to a higher
ortality rate in CHF.8 However, low cholesterol is a
arker for hepatic dysfunction and malnutrition, which

s often present in end-stage disease. In fact, patients in
hese studies with lower cholesterol tended to have
ower sodium, albumin, LVEF, and cardiac output at the
ime of referral.20,21 Thus, the observed excessive mor-
ality rate could be related to a more advanced disease
ather than a deleterious effect of low cholesterol itself.

Several small trials evaluated the role of statin in CHF
atients already receiving standard therapy, showing

ower mortality and morbidity and improved ventricular
unction, regardless of the etiology of the disease.22–24

ther non-randomized clinical trials, such as the Pro-
pective Amlodipin Survival Evaluation and the Antiar-
hythmics Versus Implantable Defibrillators trials have
emonstrated a mortality benefit in patients with either

schemic or non-ischemic CHF treated with statins.25,26

These findings have been reinforced by post hoc
nalysis of other large CHF trials. The Sudden Cardiac
eath in Heart Failure trial included 2,521 patients at
YHA functional class II to III with LVEF of 35% or less.
atients were followed up for a median of 45.5 months.
tatin use was reported in 965 (38%) at baseline and
,187 (41%) at the end of follow-up. Mortality risk was
ignificantly lower in patients taking statins as part of

Inflammation, Endothelial Function and Exercise Capacity in Heart

Placebo*
(n � 38)

Atorvastatin
(n � 38) p-value†

103 � 48 191 � 66 �0.01
2.32 � 2.22 3.30 � 2.89 0.03
106 � 12 111 � 42 NS

1.18 � 0.43 1.03 � 0.43 0.04
1.03 � 0.31 0.92 � 0.37 0.6
1.30 � 0.43 0.96 � 0.43 �0.01
1.16 � 0.21 1.22 � 0.31 0.4
3.44 � 3.08 2.08 � 1.97 0.05
1.4 � 2.4 0.9 � 1.8 �0.01
4.3 � 3.0 2.5 � 1.8 �0.01

5.03 � 1.97 6.73 � 2.77 �0.01
16.3 � 6.6 15.6 � 5.4 0.6
428 � 92 470 � 111 0.03

C-reactive protein; IL-6, interleukin 6; MDA, malondialdehyde; MMP, matrix
; TNF-�, tumor necrosis factor-�.
ng,

tive
P-1
heir regular medications (hazard ratio, 0.70; 95% con-
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dence interval, 0.58–0.83).27 Of interest was that
tatin benefit was similar in ischemic cardiac disease
nd non-ischemic cardiac disease patients, suggesting a
on-anti-arrhythmic benefit derived from statin use.
A large randomized trial designed to evaluate the

mpact of rosuvastatin on survival of ischemic CHF
atients has recently been published. The Controlled
osuvastatin in Multinational Trial in Heart Failure
CORONA Group) trial failed to show a significant
ffect on the primary outcome of death from cardiovas-
ular causes, non-fatal myocardial infarction, and non-
atal stroke in an older population at higher risk for
ompeting events.28 However, although these results
re negative, they are far from conclusive. In fact, this
tudy showed a significant reduction in hospitalizations
or cardiovascular causes in the statin-treated patients,
ith favorable trends for both non-fatal myocardial

nfarction and non-fatal stroke and without a significant
ncrease in any adverse effect. Thus, the question about
he role of statins in CHF therapy remains yet unan-
wered.

Our results emphasize the potential beneficial effects
f the addition of atorvastatin to standard CHF therapy
wing to its ability to decrease both inflammatory and
xidative stress markers and improve FDD and exercise
apacity. The underlying mechanisms associated with
he observed improvement and the potential impact in
ong-term evolution of the disease has not been fully
ssessed yet. However, a growing body of evidence
egarding these pleiotropic effects deserves careful
onsideration.
As other authors had shown, the clinically stable CHF

atients included in our study showed substantially
levated inflammatory markers at baseline compared
ith healthy subjects. Statin therapy decreased plasma

able 5. Evaluation of Adverse Effects Induced by Atorvastatin Treatm

ariable (

aboratory
Plasma AST (U/Liter) 25
Creatine kinase (U/Liter) 101

dverse effects n (%)
Any adverse effect
Adverse effect leading to Discontinuation of study drug

keletal muscle adverse effects, No. (%)
Myalgia
Rabdomyolysis

ther adverse effects with incidence �10%, No. (%)
Headache
Diarrhea

ST, aspartate aminotransferase.
*Kruskal-Wallis test.
†Chi-Square test.
nflammation markers such as hsCRP and TNF-�. This l
ffect could be related with the ability of statins to
nhibit isoprenylation and the activation of members of
he Rho family, blocking pro-inflammatory transduction
athways.8 In a study published by Node et al, 63
atients were randomly assigned to simvastatin or
lacebo for 14 weeks. They observed an improvement

n LVEF and FDD and a decrease of TNF-� and IL-6
lasma levels.10 This decrease in soluble levels of
everal inflammatory markers suggest a role of statins in
lunting the inflammatory response associated with
HF.9,22

Concomitantly with increased inflammatory markers,
HF patients show higher levels of oxidative stress
arkers at baseline compared with healthy individu-

ls.3,4 In our group, however, MDA plasma levels at
aseline showed no differences with healthy subjects,
robably due to less advanced stage of disease in our
ohort. Baseline ecSOD levels were comparatively
ower in CHF patients than in healthy controls and
ncreased significantly after statin treatment. Of interest

as that the extracellular isoform of SOD is physically
ttached to the endothelium and seems to play a pivotal
ole in the physiologic response to hyperemia and other
elated stimuli.12 It has been suggested that the positive
ffect of statin use in FDD could be related with its a
bility to increase ecSOD activity.29

Both increased oxidative stress and increased inflam-
atory markers are associated with CHF progression
anifested by adverse ventricular remodeling. In ani-
al models of CHF, reactive oxygen species increase

nflammatory markers such as hsCRP and TNF-�. In
uman CHF studies, both markers have been associated
ith increased rates of mortality and morbidity due to
ajor cardiovascular events.30,31 In experimental mod-

ls of ischemic CHF, fluvastatin has shown to decrease

t

eline
38)

Placebo
(n � 38)

Atorvastatin
(n � 38) p-value

� 8.6 23.9 � 6.2 25.7 � 8.0 0.97*
� 14.8 115.5 � 11.1 117.1 � 18.5 0.01*

0.70
0) 1 (2.6) 2 (5.2)
0) 0 (0) 0 (0)

0.97†

0) 0 (0) 1 (0)
0 0 0

0.67†

5.2) 2 (5.2) 3 (7.9)
0) 0 (0) 2 (5.2)
en

Bas
n �

.1

.2

0 (
0 (

0 (

2 (
0 (
eft ventricular dilatation, myocyte hypertrophy, inter-
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titial fibrosis, and death.32 Similar findings have been
escribed in a mice model of non-ischemic CHF in Dahl
alt-sensitive rats, in which pravastatin use did not
ttenuate heart hypertrophy but avoided transition to
ecompensated heart failure, preventing the increase of
oth MMP-2 and MMP-9, and avoiding an increase in
xidative stress in the ventricular milieu induced by the
alt-rich diet.33 Moreover, Nakaya et al34 found that in
atients with myocardial infarction, treatment with
ravastatin improved left ventricular end-diastolic vol-
me index and decreased MMP-2 plasma levels.
In our group, baseline soluble markers of ventricular

emodeling were significantly higher than those of
ealthy subjects. Up-regulation of MMP-9 is common in
ailing myocardium, independent of the underlying
isease,35 as was seen in our group of patients. MMPs
ay alter myocardial extracellular matrix and contrib-

te to adverse ventricular remodeling in progressive
HF.36,37 Changes in MMP-2 are also described in
everal in vivo and in vitro studies of CHF38; however,
o such changes were observed in our cohort. Both
MPs are up-regulated in CHF, but the transcriptional

ontrol is different for each one. Whereas MMP-2 is
onstitutively active in tissues at substantial levels,39

MP-9 is mostly inactive in baseline conditions. In
ddition, the MMP-9 promoter has a nuclear factor-�B
inding site, which can up-regulate its synthesis in
esponse to several stimuli such as oxidative stress and
nflammation,40 explaining the selective elevation of

MP-9 seen in our patients.
In summary, short-term treatment with atorvastatin in

HF patients results in favorable biochemical changes
haracterized by a decrease in inflammatory and soluble
emodeling markers, improving both anti-oxidant activ-
ty and endothelial function. Even more important, these
hanges seem to be associated with increased exercise
apacity. Although design and sample size limits the
eneralization of these results, a considerable amount of
vidence suggests a beneficial effect of statins in CHF.
esults from ongoing large randomized trials such as the
ISSI-HF (Gruppo Italiano per lo Studio della Sopravvi-
enza nell’Infarto miocardico – Insufficienza cardiaca)
rial and the Rosuvastatin Impact on Ventricular Remod-
ling Cytokines and Neurohormones (UNIVERSE) trial
hould be awaited to conclusively establish their role in
tandard therapy for CHF.
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