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Angiotensin II Plays a Critical Role in
Alcohol-Induced Cardiac Nitrative Damage,
Cell Death, Remodeling, and Cardiomyopathy in a
Protein Kinase C/Nicotinamide Adenine Dinucleotide
Phosphate Oxidase–Dependent Manner

Yi Tan, PHD,*† Xiaokun Li, MD, PHD,* Sumanth D. Prabhu, MD,‡
Kenneth R. Brittian, BS,§ Qiang Chen, MD,† Xia Yin, MD,† Craig J. McClain, MD,�
Zhanxiang Zhou, PHD,§¶ Lu Cai, MD, PHD*†�

Wenzhou, China; Louisville, Kentucky; Birmingham, Alabama; and Greensboro, North Carolina

Objectives The purpose of this study was to examine the cellular and molecular mechanisms underlying alcoholic
cardiomyopathy.

Background The mechanism for alcoholic cardiomyopathy remains largely unknown.

Methods The chronic cardiac effects of alcohol were examined in mice feeding with alcohol or isocaloric control diet for
2 months. Signaling pathways of alcohol-induced cardiac cell death were examined in H9c2 cells.

Results Compared with controls, hearts from alcohol-fed mice exhibited increased apoptosis, along with significant nitrative
damage, demonstrated by 3-nitrotyrosine abundance. Alcohol exposure to H9c2 cells induced apoptosis, accompa-
nied by 3-nitrotyrosine accumulation and nicotinamide adenine dinucleotide phosphate oxidase (NOX) activation. Pre-
incubation of H9c2 cells with urate (peroxynitrite scavenger), NG-nitro-L-arginine methyl ester (a nitric oxide synthase
inhibitor), manganese(III) tetrakis(1-methyl-4-pyridyl)porphyrin (a superoxide dismutase mimetic), and apocynin (NOX
inhibitor) abrogated alcohol-induced apoptosis. Furthermore, alcohol exposure significantly increased the expression
of angiotensin II and its type 1 receptor (AT1). A protein kinase C (PKC)-�/�1 inhibitor or PKC-�1 small interfering
RNA and an AT1 blocker prevented alcohol-induced activation of NOX, and the AT1 blocker losartan significantly in-
hibited the expression of PKC-�1, indicating that alcohol-induced activation of NOX is mediated by PKC-�1 via AT1. To
define the role of AT1-mediated PKC/NOX-derived superoxide generation in alcohol-induced cardiotoxicity, mice with
knockout of the AT1 gene and wild-type mice were simultaneously treated with alcohol for 2 months. The knockout
AT1 gene completely prevented cardiac nitrative damage, cell death, remodeling, and dysfunction. More importantly, phar-
macological treatment of alcoholic mice with superoxide dismutase mimetic also significantly prevented cardiac nitrative
damage, cell death, and remodeling.

Conclusions Alcohol-induced nitrative stress and apoptosis, which are mediated by angiotensin II interaction with AT1 and subse-
quent activation of a PKC-�1–dependent NOX pathway, are a causal factor in the development of alcoholic
cardiomyopathy. (J Am Coll Cardiol 2012;59:1477–86) © 2012 by the American College of Cardiology Foundation

ublished by Elsevier Inc. doi:10.1016/j.jacc.2011.12.034
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Regular heavy consumption of alcohol is associated with a
nonischemic cardiomyopathy, termed alcoholic cardiomy-
opathy, that contributes to approximately one-fifth of all
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sudden cardiac death (1). Oxidative stress is considered
responsible for alcoholic cardiomyopathy (2). However, how
alcohol generates oxidative stress and how oxidative stress
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triggers the development of alco-
holic cardiomyopathy has not
been well defined.

Cell death, resulting from ei-
ther necrosis or apoptosis, is an
important component of the car-
diomyopathic phenotype (3).
Capasso et al. (4) found signifi-
cant myocyte loss in the left ven-
tricle of rats fed ethanol in drink-
ing water for 8 months. Hearts
from alcoholic patients with
structural heart disease exhibited
apoptotic indices similar to those
from hypertensive donors (5),
with greater Bax and Bcl-2 ex-
pression compared with hearts
from control subjects. Moreover,
alcoholic patients without struc-
tural heart damage only dis-

layed higher Bax and Bcl-2 without apoptosis (5). There-
ore, myocardial apoptosis occurs to a similar extent in heavy
rinkers and long-standing hypertensive patients and is
elated to structural damage. However, how alcohol induces
ardiac cell death requires further investigation.

Reactive oxygen and nitrogen species can be generated
ndogenously by specific enzymes (6). Nicotinamide ade-
ine dinucleotide phosphate oxidase (NOX) generates su-
eroxide through electron transfer from nicotinamide ade-
ine dinucleotide phosphate to molecular oxygen. Seven
OX family members (i.e., NOX1 through 5 and Duox1

nd 2) have been identified (7), of which NOX1, NOX2,
nd NOX4 are main isoforms expressed in cardiovascular
ells. To date, both NOX2 and NOX4 were defined in
ardiac myocytes (7). Each of these isoforms exists as a
eterodimer with a lower molecular weight p22phox subunit
nd is predicted to be membrane bound, but 2 isoforms are
lso distinct from each other. NOX2 is normally quiescent
nd acutely activated by stimuli such as G protein–coupled
eceptor agonists (e.g., angiotensin II [Ang II], endothelin-
), growth factors, and cytokines in a tightly regulated
rocess (7). NOX2 activation requires stimulus-induced
embrane translocation of p47phox (i.e., formation of the

ctive oxidase complex at the membrane) (8). We and
thers have demonstrated that activation of p47phox by
iabetes and Ang II lead to significant cardiac oxidative
amage and cell death and consequently results in cardio-
yopathy (9,10). Unlike NOX2, NOX4 does not require

dditional regulatory subunits with a constitutive low-level
ctivity and is regulated largely by changes in abundance (7).
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Abbreviations
and Acronyms

3-NT � 3-nitrotyrosine

Ang II � angiotensin II

AT1 � angiotensin II type 1
receptor

AT1-KO � mice with
knockout of angiotensin II
type 1 receptor gene

LV � left ventricular

MnTMPyP � manganese(III)
tetrakis(1-methyl-4-pyridyl)
porphyrin

NOX � nicotinamide
adenine dinucleotide
phosphate oxidase

PKC-�1 � protein kinase C-�1

WT � wild-type
w
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n addition to generating reactive oxygen species (11),
OX4 also protects the heart against oxidative damage

nder certain conditions (12).
A previous study implicated the possible involvement of

ng II in the development of alcoholic cardiomyopathy
ecause simultaneous application of the Ang II type 1 receptor
AT1) blocker irbesartan significantly attenuated alcoholic
nhibition of cardiac function (13); however, in this study,
lasma Ang II levels and cardiac AT1 expression were signif-
cantly increased only in alcohol-treated dogs, but not in
lcohol/irbesartan-treated dogs. Accordingly, this study re-
ulted in several critical questions. 1) Why did the dogs in the
lcohol group show significant increases in both plasma Ang II
evel and cardiac AT1 expression, but the dogs in the alcohol/
rbesartan group did not? 2) Is the alcoholic increase in the
lasma Ang II level and cardiac AT1 expression in the dogs in
he alcoholic group really causative of alcoholic cardiomyopa-
hy? 3) How did irbesartan prevent alcohol-induced cardiomy-
pathy if the dogs did not show increases in plasma Ang II
evel and cardiac AT1 expression? Therefore, this study actu-
lly did not support the involvement of Ang II/AT1 in the
evelopment of alcoholic cardiomyopathy.
Considering that NOX-mediated generation of superox-

de and associated oxidative and nitrative stress play impor-
ant roles in the development of various cardiomyopathies,
e first investigated whether NOX activation and peroxyni-

rite formation are involved in alcohol-mediated cardiac cell
eath. Then we further investigated whether the nitrative
tress and damage in the alcoholic heart is associated with
n increase in systemic and cardiac Ang II and AT1. To
hese ends, mechanistic studies were conducted using
ong-term alcohol-fed mice and in vitro cultured H9c2
ardiomyocytes. We found that alcohol-induced cardiac
ell death is triggered by nitrative stress generated from
n Ang II-activated protein kinase C (PKC)-�1 and
OX-dependent pathway in vitro and in vivo. To define

he causative role of Ang II in the alcoholic induction of
ardiac cell death, transgenic mice with knockout of the
T1 gene (AT1-KO) were used, and to define the

ausative role of NOX-derived superoxide in the induc-
ion of cardiac nitrative damage and cell death, long-term
lcohol-fed mice were simultaneously treated with super-
xide dismutase mimetic to scavenge superoxide. Both
nimal models were completely resistant to alcoholic induc-
ion of cardiac nitrative damage and cell death and the
evelopment of cardiomyopathy. Therefore, this study pro-
ides, for the first time, direct evidence that Ang II plays a
ivotal role in chronic alcohol consumption–induced cardiac
itrative damage, cell death, remodeling, and cardiomyopathy
ia a PKC/NOX-dependent pathway.

ethods

etails of the methods are provided in the Online Appen-
ix. Briefly, 4-month-old male AT1-KO mice and the

ild-type (WT) C57BL/6 mice were used and treated
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according to experimental procedures approved by the
Institutional Animal Care and Use Committee. Mice were
pair-fed a modified Lieber-DeCarli alcohol or isocaloric
maltose dextrin control liquid diet for 2 months with a
stepwise feeding procedure. Some alcohol-fed mice were
simultaneously treated with superoxide dismutase mimetic
manganese(III) tetrakis(1-methyl-4-pyridyl)porphyrin
(MnTMPyP). At the end of experiments, blood pressure
was measured by a tail-cuff monitoring system and heart
function was evaluated by echocardiography. Then mice

Figure 1 Alcohol-Induced Cardiac Cell Death, Nitrative Damage

H9c2 cells exposed to alcohol (100 to 400 mM) for 24 h exhibited increased cas
mulation (C). Alcohol also activated p47phox at 2 h, shown by an increased ratio o
tion by immunofluorescent staining (E). Pretreatment of H9c2 cells with the nicoti
and during 24 h of alcohol (200 mM) exposure prevented alcohol-induced caspase
detected by dihydroethidium and dihydrorhodamine-123 staining, respectively (G).
*p � 0.05 vs. control. #p � 0.05 vs. alcohol treatment. DAPI � 4,6-diamino-2-ph
were killed to harvest the heart for protein, mRNA, and
histopathologic examination.

H9c2 rat cardiac cells were exposed to different doses of
alcohol (100 to 400 mmol/l) for 24 h. The effects of alcohol
on apoptotic cell, nitrative damage (3-nitrotyrosine [3-NT]
accumulation), and NOX expression and translocation (sub-
unit p47phox) were examined. Generation of superoxide
(O2

.�) and peroxynitrite (ONOO�) was measured using
fluorescent probes dihydroethidium and dihydrorhodamine-123,
respectively, according to a previous report (14). The role of

NOX Activation In Vitro

cleavage (c-Cas-3) (A), DNA fragmentation (B), and 3-nitrotyrosine (3-NT) accu-
brane (mp47phox) to cytosol (cp47phox) (i.e., m/c) (D), and membrane localiza-
adenine dinucleotide phosphate oxidase (NOX) inhibitor apocynin 30 min before

avage (F), and superoxide (O2
.�) and peroxynitrite (ONOO. �) accumulation,

vitro data for Figures 1, 2, and 3 were from at least 3 independent experiments.
ole.
, and

pase-3
f mem
namide
-3 cle
All in
enylind
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superoxide, nitric oxide, peroxynitrite, PKC-�1, and p47phox

activation in alcohol-induced caspase-3 cleavage was defined
with corresponding inhibitors, scavengers, or small interfering
RNA, respectively, as described previously (10).

Immunohistochemical staining was conducted, as described
previously (10,15). AT1 mRNA expression was measured by
real-time quantitative polymerase chain reaction. Western blot
assay was performed for protein quantification, as described
previously (10,15). Ang II levels in the plasma, cardiac tissue,
H9c2 culture medium, and cell lysate were analyzed with
enzyme immunoassay.
Statistical analysis. Data were collected from repeated
experiments and presented as mean � SD. For statistical
analysis, 1-way analysis of variance was used with overall F test
analysis for the significance of the analysis of variance. Then
multiple comparisons were performed by the Bonferroni test
with Origin 7.5 Lab data analysis and graphing software

Figure 2 Alcohol Activation of NOX Is Mediated by PKC-�1

H9c2 cells were treated with protein kinase C (PKC)-�/�1 inhibitor (Go 6976) 30
and superoxide and peroxynitrite accumulation at 2 h (C) after alcohol exposure w
(SiRNA) in H9c2 cells with and without alcohol (200 mM) was confirmed (D) and c
(F) at 24 h after alcohol exposure. �-Actin or calnexin was used as a loading cont
ations as in Figure 1.
(OriginLab Corporation, Northampton, Massachusetts). Sta-
tistical significance was considered at p � 0.05.

Results

Alcohol induces cell death and nitrative damage in the
heart. Apoptotic cell death in the heart of alcohol-fed
mice, examined by transferase-mediated dUTP nick-end
labeling staining (Online Fig. S1A and S1B) and Western
blot of the cleaved caspase-3 (Online Fig. S1C), was
significantly increased along with a significant increase in
3-NT modification of multiple proteins (22 to 98 kDa)
(Online Fig. S1D) as nitrative damage.
Alcohol-induced cardiac cell death and nitrative damage
are mediated by NOX activation. To define whether the
cardiac cell death was a consequence of nitrative damage,
H9c2 cells were directly exposed to alcohol in vitro for
24 h. A dose-dependent apoptotic effect of alcohol was

fore and during alcohol exposure. c-Cas-3 at 24 h (A), p47phox activation (B),
tected. Knockdown of PKC-�1 expression with PKC-�1 small interfering RNA
tely attenuated alcohol induction of p47phox expression at 2 h (E) and c-Cas-3
Western blots. *p � 0.05 vs. control. #p � 0.05 vs. alcohol treatment. Abbrevi-
min be
ere de
omple
rol for
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found by examining caspase-3 cleavage (Fig. 1A) and
DNA fragmentation (Fig. 1B). Alcohol-exposed H9c2
cells also exhibited augmented 3-NT modification of
multiple proteins (Fig. 1C).

Next, we defined the role of NOX activation in these
effects. First, alcohol exposure of H9c2 cells increased
p47phox expression in a dose-dependent manner (Online

Figure 3 Activation of PKC and NOX Is Mediated by Alcohol-Inc

Extracellular (in the culture medium) and intracellular (in the cell lysates) angiotensin I
after H9c2 cells exposed to alcohol (200 mM) were examined with enzyme-linked imm
II contents in the plasma and cardiac tissues and cardiac AT1 mRNA expression were
treated with the AT1-specific blocker losartan at 30 min before and during alcohol exposur
trite accumulation (E) were examined at 2 h after alcohol exposure, whereas caspase-3 c
ing control for Western blots. *p � 0.05 vs. control. #p � 0.05 vs. alcohol treatment. Abb
Fig. S2). The ratio of p47phox expression in the cell
embrane fraction to cytosolic fraction was also signifi-

antly increased in a dose-dependent manner by Western
lot (Fig. 1D) and fluorescent staining for p47phox (Fig. 1E).
urthermore, H9c2 cells were treated with the NOX inhibitor
pocynin at 100 �mol/l started 30 min before alcohol exposure.

Apocynin significantly attenuated the caspase-3 activation

ed Ang II Contents and AT1 Expression

II) levels at 24 h and angiotensin II type 1 receptor (AT1) mRNA expression at 2 h
rbent assay and quantitative polymerase chain reaction assay, respectively (A). Ang
etected after mice (n � 5) were fed with alcohol for 2 months (B). H9c2 cells were
-�1 expression (C), p47phox membrane translocation (D), and superoxide and peroxyni-
(F) was examined at 24 h after alcohol exposure. �-actin or calnexin was used as load-

ons as in Figures 1 and 2.
reas

I (Ang
unoso
also d
e. PKC
leavage
reviati
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(Fig. 1F) and the increased accumulation of superoxide and
peroxynitrite in alcohol-treated cells (Fig. 1G), suggesting a
causative role of NOX activation and nitrative stress in alcohol-
mediated cell death.

We further defined the role of nitrative stress in alcohol-
induced apoptosis because the peroxynitrite scavenger urate
that was applied 30 min before 200 mmol/l alcohol exposure
could completely attenuate caspase-3 activation (Online
Fig. S3A). Alcohol-induced cell death was also abolished by
pre-treatment with the nitric oxide synthase inhibitor NG-

itro-L-arginine methyl ester (Online Fig. S3B) or super-
xide dismutase mimetic MnTMPyP (Online Fig. S3C).
lcohol-induced NOX activation is mediated by PKC-�1.

To define the role of PKC in alcohol-induced activation of
NOX and subsequent apoptosis, we examined the effect of
a specific PKC-�/�1 inhibitor (Go 6976) applied 30 min
before alcohol exposure in H9c2 cells. Go 6976 significantly
attenuated caspase-3 activation (Fig. 2A), NOX2 activation
(shown by increased p47phox expression in membrane frac-
tion [Fig. 2B] and scattering distribution of fluorescent
staining of p47phox [Online Fig. S4]), and the accumulation
f superoxide and peroxynitrite (Fig. 2C) in cells exposed
o 200 mmol/l alcohol. Furthermore, the fact that inhi-
ition of alcohol-induced PKC-�1 expression by its small
nterfering RNA (Fig. 2D) resulted in a complete abolishment of
lcohol-induced p47phox expression (Fig. 2E), and caspase-3

activation (Fig. 2F) established the direct role of PKC-�1 in
ctivation of NOX-mediated apoptosis.
lcohol activation of PKC and NOX is AT1 dependent. In

his study, whether alcohol exposure increases Ang II genera-
ion and AT1 receptor expression in cardiac cells was exam-
ned. Ang II levels in both cell lysate and the medium of H9c2
ells exposed to alcohol at 200 mmol/l for 24 h significantly

Biometric and EchocardiographicParameters of Mice Fed an Alcohol Diet for 2 MTable 1 Biometric and Echocardiographic
Parameters of Mice Fed an Alcohol

Parameter
Contro
(n � 5

Body weight, g 34.0 � 1

Heart weight, mg 124 � 4

Tibia length, cm 1.81 � 0

Heart weight/tibia length ratio, mg/cm 68.1 � 2

Diastolic blood pressure, mm Hg 68 � 6

Systolic blood pressure, mm Hg 95 � 7

Mean blood pressure, mm Hg 76 � 6

LV mass, mg 76 � 1

LV mass normalized by body weight, mg/g 2.4 � 0

LVLD, mm 6.3 � 0

LVALD, mm2 17.9 � 1

LVLS, mm 4.9 � 0

LVALS, mm2 8.0 � 0

Ejection fraction, % 75 � 3

Values are mean � SD. *p � 0.05 versus wild-type mice control. †p � 0
AT1-KO � mice with knockout of angiotensin II type 1 receptor gene;
LVALS � left ventricular area of long axis (end-systolic); LVLD � left ventricul
diameter (end-systolic); WT � wild-type.
ncreased relative to controls (Fig. 3A). Increased Ang II levels
ere accompanied by a significant increase in AT1 gene

xpression in alcohol-exposed cells (Fig. 3A). Furthermore,
ng II levels in the hearts and plasma and cardiac AT1 gene

xpression in mice fed alcohol for 2 months were also signif-
cantly increased (Fig. 3B).

Next, the study examined the effect of the AT1 blocker
osartan on alcohol-induced PKC expression, NOX activation,
nd cell death. Pre-treatment of H9c2 cells with losartan (100

�mol/l) completely prevented alcohol-induced PKC-�1 up-
egulation (Fig. 3C), p47phox membrane translocation (Fig.

3D, Online Fig. S4), superoxide and peroxynitrite accumula-
tion (Fig. 3E), and cell death (Fig. 3F). Hence, Ang II
interaction with AT1 was required for alcohol-induced nitra-
tive stress and subsequent cell death mediated by PKC-�1and
NOX activation.
Knockout AT1 gene prevents the cardiac nitrative stress,
cell death, remodeling, and dysfunction in mice fed with
chronic alcohol. To ensure that the in vitro finding de-
scribed is applied to in vivo disease, AT1-KO and WT mice
were pair-fed alcohol or control liquid diet for 2 months.
Analysis of blood pressure showed that AT1-KO mice
showed decreased blood pressure compared with WT mice
at baseline (Table 1). Long-term alcohol feeding signifi-
cantly increased plasma and cardiac Ang II levels in both
strains of mice (Figs. 4A and 4B), but only significantly
increased blood pressure in the WT mice and not in the
AT1-KO mice (Table 1).

In WT mice, long-term alcohol feeding induced cardiac
PKC-�1 expression (Fig. 4C) and activation (Fig. 4D), NOX
up-regulation, including both p47phox (NOX2) (Fig. 4E) and

OX4 (Fig. 4F), and 3-NT accumulation (Fig. 4H). NOX1
xpression was not significantly changed among groups in

s
for 2 Months

WT AT1-KO

Alcohol
(n � 8)

Control
(n � 4)

Alcohol
(n � 4)

30.3 � 2.1* 31.1 � 0.8 31.7 � 1.8

148 � 11*† 114 � 3 121 � 8

1.82 � 0.01 1.84 � 0.05 1.83 � 0.04

81.4 � 6.0*† 65.5 � 4.2 62.6 � 1.8

79 � 5*† 53 � 4 48 � 2

111 � 9*† 76 � 4 69 � 3

89 � 6*† 60 � 3 55 � 2

103 � 16 91 � 25 80 � 12

3.4 � 0.5* 2.9 � 0.8 2.6 � 0.4

6.7 � 0.2* 6.1 � 0.5 6.1 � 0.2

20.2 � 1.7* 16.7 � 1.7 17.4 � 1.6

5.5 � 0.3* 4.8 � 0.5 4.8 � 0.5

10.5 � 1.4*† 8.0 � 1.6 7.9 � 1.5

67 � 4* 71 � 5 74 � 5

rsus mice with knockout of angiotensin II type 1 receptor gene control.
ft ventricular; LVALD � left ventricular area of long axis (end-diastolic);
onth
Diet

l
)

.3

.05

.1

5

.6

.4

.6

.3

.8

.05 ve
LV � le
ar long-axis diameter (end-diastolic); LVLS � left ventricular long-axis
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both strains (Fig. 4G). Long-term alcohol feeding also
significantly induced cardiac apoptosis (examined by
transferase-mediated dUTP nick-end labeling staining
[Fig. 5A, Online Fig. S5 for staining images] and caspase-3
activation [Fig. 5B]) and cardiac remodeling (shown by
increased fibrosis with connective tissue growth factor
expression [Fig. 5C] and Sirius red staining of collagen
[Fig. 5D]). However, all of these pathogenic changes
were not observed in alcohol-fed AT1-KO mice (Figs.
4C to 4H and 5A to 5D).

Echocardiographic and gravimetric evaluation (Table 1)
revealed that alcohol feeding in WT mice induced left ventric-
ular (LV) chamber enlargement (increased LV long-axis di-

Figure 4 Response of AT1-KO and WT Mice to Long-Term Alcoh

Mice with knockout of AT1 receptor gene (AT1-KO) and wild-type (WT) mice were fed a
with enzyme-linked immunosorbent assay. Cardiac PKC-�1 expression (C) and activat
(H) were examined with Western blots. *p � 0.05 vs. control. p-PKC-�1 � phospho-P
ameter and area at end-diastole and end-systole), mild LV
systolic dysfunction (reduced ejection fraction), and chamber
hypertrophy (increased heart weight/tibia length ratio and
increased LV mass as determined by echocardiography and
normalized for body weight). All these changes were observed
only in the WT mice and not in AT1-KO mice.
Superoxide dismutase mimetic prevents alcohol-induced
cardiac cell death and remodeling in mice. This study has
established the role of Ang II/AT1 in the development of
alcoholic cardiomyopathy. To further establish the role of
NOX activation–mediated nitrative stress and damage in
alcoholic cardiomyopathy, the pair-fed and alcohol-fed mice
were intraperitoneally treated with the superoxide dismutase
mimetic MnTMPyP at 5 mg/kg or vehicle daily for 2

eding

for 2 months (n � 4). Ang II levels in the plasma (A) and heart (B) were detected
, NOX2 (p47phox) (E), NOX4 (F), and NOX1 (G) expressions, and 3-NT accumulation
; other abbreviations as in Figures 1, 2, and 3.
ol Fe

lcohol
ion (D)
KC-�1
months. Treatment with MnTMPyP did not change
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alcohol-induced increases in systolic and diastolic blood
pressure (Online Figs. S6A and S6B), cardiac PKC expres-
sion (Online Fig. S6C) and activation (Fig. 6A), and
p47phox (Fig. 6B) and NOX4 (Fig. 6C) expressions. There

as no change in these parameters is because they are
pstream mediators of NOX-mediated superoxide genera-
ion. However, treatment with MnTMPyP significantly
revented alcohol-induced cardiac nitrative damage (Fig.
D), cell death (shown by transferase-mediated dUTP
ick-end labeling staining [Fig. 6E, Online Fig. S6E for
taining images] and caspase-3 cleavage [Fig. 6F]), and
emodeling (shown by increased Sirius red staining for
ollagen and immunohistochemical staining for fibronectin,
espectively [Fig. 6G]).

iscussion

ardiac apoptosis is a pivotal cause of various cardiomyopa-
hies (3). Previous studies showed that apoptosis increases in
he heart of animals and patients with long-term alcohol
onsumption (4,5). In an analogous manner, in the present
tudy, we found that the induction of cardiac cell death in the
earts of alcohol-fed mice and cardiac cells exposed to alcohol

n vitro and the prevention of cardiac nitrative damage and cell
eath in AT1-KO mice (Figs. 4 and 5). The prevention of the
lcohol-induced cell death resulted in a significant prevention
f cardiac remodeling (Fig. 5) and dysfunction (Table 1),
urther confirming the critical role of alcoholic cell death in the
evelopment of cardiomyopathy (Fig. 6H).
Oxidative and/or nitrative stress has been thought to play

mportant roles in alcohol-induced cardiotoxicity. In animal
odels, both acute and chronic ingestion of alcohol in-

reases cardiac lipid peroxidation and protein oxidation and
educes mitochondrial glutathione content, suggesting
lcohol-induced oxidative stress (2,16). However, how al-
ohol induces intracellular oxidative stress that leads to
ardiac cell death remains largely unknown (17).

A novel finding of the present study is that NOX-

Figure 5 AT1-KO Mice Are Resistant to Alcoholic Induction of

Cardiac tissues were collected from mice described in Figure 4. Cardiac apoptotic cel
(representative images of transferase-mediated dUTP nick-end labeling staining are p
ined by Western blot of connective tissue growth factor (CTGF) (C) and Sirius red
ediated superoxide generation and associated peroxynitrite
ormation play critical roles in alcohol-induced cardiac cell
eath. Specifically, the alcoholic cell death was prevented by
uppression of NOX activation, inhibition of nitric oxide
ormation, and scavenging of either superoxide or peroxyni-
rite (Online Fig. S3). Although the role of NOX-
ssociated peroxynitrite accumulation has been implicated
n alcohol-induced hepatic cell damages (18), there was no
vidence that peroxynitrite formation contributes to alco-
olic cardiotoxicity. We directly measured the accumulation
f superoxide and peroxynitrite in the cardiac cells exposed
o alcohol (Fig. 1G). In vivo, MnTMPyP supplementation
n conjunction with long-term alcohol feeding for 2 months
n mice significantly attenuated alcohol-induced cardiac cell
eath and nitrative damage without altering blood pressure,
KC, and NOX expression and activation (Figs. 6A to 6C).
his study further confirms the pivotal role of NOX-
ediated superoxide in alcohol-induced cardiac nitrative

amage, cell death, and remodeling (Fig. 6H).
The second novel finding is that alcohol activation of
OX and apoptosis is PKC-�1 dependent. In the heart,

PKC activation is generally considered to be a protective
response (19,20); however, cardioprotection is mainly at-
tributed to the PKC-� (19,20), whereas other isoforms of
PKCs may have opposite effects (21). The prevention of
alcohol-induced NOX activation and apoptosis by inhibi-
tion of PKC-�/�1 with its inhibitor (Figs. 2A to 2C) is
onsistent with previously revealed detrimental effects of
KC-�/�1 (21). Furthermore, we applied PKC-�1–specific

small interfering RNA to clearly define the direct role of
PKC-�1 in mediating NOX activation associated nitrative
damage and cell death (Figs. 2E and 2F).

Although increased expression of AT1 was observed in the
hearts of the dogs (13) and rats (22) with long-term alcohol
feeding, it remained unclear whether increased cardiac Ang II
and AT1 expression is the direct cause of alcoholic cardiomy-
opathy. In the present study, we demonstrate that direct
exposure of H9c2 cardiac cells to alcohol augmented

ac Cell Death and Remodeling

was detected with transferase-mediated dUTP nick-end labeling (TUNEL) staining (A)
d in Online Fig. S5) and caspase-3 cleavage (B). Fibrotic response was exam-
g of collagen (D). *p � 0.05 vs. control. Abbreviations as in Figure 4.
Cardi

l death
rovide

stainin
intracellular and extracellular Ang II levels and up-
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regulated Ang II AT1 receptor expression under an in
vitro condition (Fig. 3A) and clarified the direct role of
alcohol on the increases in cardiac Ang II levels and AT1

Figure 6 Prevention of Cardiac Nitrative Damage and Cell Deat

Pair-fed and alcohol-fed mice (n � 8) were treated with and without the superoxide
5 mg/kg body weight daily for 2 months. Cardiac PKC-�1 activation (A), NOX2 (p4
Western blots. Cell death was examined by transferase-mediated dUTP nick-end la
ing staining are provided in Online Fig. S6E) and Western blot of caspase-3 cleava
nohistochemical staining of fibronectin (G). *p � 0.05 vs. control. #p � 0.05 vs.
death mediated by the Ang II/AT1 axis in response to alcohol. The blue font indica
nitric oxide; NOS � nitric oxide synthase; other abbreviations as in Figures 1, 2, 3, an
gene expression. More importantly, the present study
provides direct evidence of the first time that AT1-KO
mice are completely resistant to alcoholic induction of
cardiac nitrative damage, cell death, and cardiomyopathy

Mice by Scavenging Superoxide With MnTMPyP

utase mimetic manganese(III) tetrakis(1-methyl-4-pyridyl)porphyrin (MnTMPyP) at
(B) and NOX4 (C) expression, and 3-NT accumulation (D) were detected by
staining (E) (representative images of transferase-mediated dUTP nick-end label-

. Cardiac remodeling was examined by Sirius red staining of collagen and immu-
l treatment. (H) A mechanistic illustration of cardiac nitrative damage and cell
e in vivo experimental models. L-NAME � NG-nitro-L-arginine methyl ester; NO �
h in

dism
7phox)
beling
ge (F)
alcoho
tes th
d 4.
development (Figs. 4 and 5).
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With regard to the mechanisms responsible for alcoholic
induction of cardiac Ang II generation and AT1 expression,
we do not have direct experimental evidence currently.
However, several studies demonstrated the capability of
cardiac cells to generate intracellular Ang II in response to
various stresses (23,24). Intracellular increases in Ang II and
AT1 expression in cardiac cells challenged by various stresses
were related to p53 transcriptional function (23,24). Exposure
to alcohol has been extensively documented to up-regulate
cardiac p53 expression (25). Therefore, whether alcohol in-
creases cardiac intracellular Ang II and AT1 expression via p53
activation needs further investigation. In addition, alcoholic
tissue damage may be evident in the liver of these mice;
therefore, whether an alcohol-induced increase in plasma Ang
II is due to increased production of angiotensinogen in the liver
is also an interesting topic for future studies.
Study limitation. There may be a limitation of the present
study since we used a model with continual alcohol feeding
that may not directly mimic human alcoholic situation.

Conclusions

In summary, we investigated the cellular and molecular
mechanisms underlying alcohol-mediated cardiac cell
apoptosis using a combination of in vivo and in vitro
approaches with the following key findings: 1) cardiac cell
death induced by alcohol is dependent on NOX activation
and subsequent nitrative damage; 2) alcoholic activation of
NOX is PKC-�1 dependent; 3) alcoholic exposure of cardiac
cells increases intra- and extracellular Ang II levels and AT1
expression, which is required for alcohol activation of PKC- �1
and NOX; 4) AT1-KO mice or superoxide dismutase
mimetic–treated mice are completely resistant to alcoholic
induction of cardiac nitrative stress, cell death, remodeling, and
dysfunction. These results indicate that alcohol-induced car-
diac cell death, which is mediated by the interaction of Ang II
with AT1 to activate PKC-�1–dependent activation of NOX
with subsequent superoxide generation and nitrative damage, is
a critical cause of alcoholic cardiomyopathy (Fig. 6H).

Reprint requests and correspondence: Dr. Lu Cai, Department
of Pediatrics, University of Louisville, 570 South Preston Street,
Baxter I, Suite 304F, Louisville, Kentucky 40202. E-mail:
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APPENDIX

For an expanded Methods section and supplemental figures with legends,

please see the online version of this article.
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