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Figure 12. Role of PKG1a on sildenafil-induced preservation of mitochondrial
membrane potential (A¥Ym) following ethanol exposure of cardiomyocytes. Isolated
rat cardiomyocytes were loaded with cationic lipophilic probe JC-1. Note the green
fluorescence indicating the monomeric form of JC-1 and a disruption of A¥m in the
ethanol (EtOH) and sildenafil plus ethanol treatment in cardiomyocytes with adenoviral
knockdown of PKG la (shPKG+Sil+EtOH) as compared with the predominant aggregate
(nonapoptotic) mitochondria (in red/orange color) in control, control adenovirus infected
cells (shControl), PKGla silencing (knockdown) adenovirus (shPKG), control adenovirus
with sildenafil (shContol+Sil), control adenovirus with sildenafil and ethanol
(shContol+Sil+EtOH) treated groups. B. Quantification of JC-1 aggregate/monomer ratio,
which shows the same trend of A¥m as in stated in A.
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Figure 13. Direct effect of PKG1a in sildenafil-induced preservation of mitochondrial
membrane potential (AWYm) in cardiomyocytes following exposure to ethanol.
Adenoviral overexpression of PKG la preserved AYm cardiomyocytes following treatment
with ethanol (adPKG1a+EtOH) as compared to the ethanol (EtOH) and overexpression of
corresponding catalytically inactive PKGIaK390A (adMut+EtOH) groups. There was no
significant difference in the A¥Ym between the control, adPKG1a and adMut groups.
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Figure 14. Role of MitoKrp channels in Sildenafil-induced protection against
Cardiomyocyte toxicity. Note that the number of trypan blue positive cells are
significantly with 5-hydroxydecanoate (5-HD) following treatment with ethanol +
sildenafil (EtOH+Sil+5-HD) as compared with ethanol+sildenafil-treated myocytes. It is
also noteworthy that trypan blue positive cells were significantly higher following

treatment with ethanol + as compared to ethanol alone suggesting pro-necrotic effect of 5-
HD.
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Figure 15. Effect of S-hydroxydecanoate (5-HD) on loss of mitochondrial membrane
potential (AWm) following treatment with sildenafil and ethanol in cardiomyocytes.
on preservation of in cardiomyocytes. Note that co-treatment of ethanol (Et-OH),
sildenafil (Sil) and 5-HD caused loss of A¥m as compared to the untreated control,
ethanol+sildenafil (EtOH+Sil) and sildenafil (Sil) treated groups. 5-HD alone also caused
significant loss of AYm. The A¥Ym between ethanol (EtOH), ethanol+5-HD (EtOH+5-HD)
and ethanol+sildenafil+5SHD (EtOH+Sil+5-HD) treated groups was not significantly
different.
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Figure 16. Sildenafil inhibits reactive oxygen species (ROS) generation following
ethanol treatment in cardiomyocytes. Note that ethanol treatment causes an increase in
cardiomyocyte ROS production as indicated by increase in DCF fluorescence. Treatment
with sildenafil blunted ethanol-induced increase in ROS (EtOH+SIil).
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Figure 17. Sildenafil preserves cardiac function via opening of mitoK,rp channels in
ethanol treated mice. A. Rate force product. Note that treatment with ethanol (3.0
g.kg/day) decreased the rate-force product as compared to the control mice. Co-treatment
with sildenafil (0.7 mg/kg) preserved cardiac function (EtOH+Sil). 5-HD blocked the
sildenafil-induced preservation of function. B. Heart rate. There was no significant
difference between the groups. C. Coronary Flow. No significant difference in the
coronary flow rate was observed between the groups.
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Figure 18. Effect of sildenafil on inhibition of apoptosis in the heart following
following treatment with ethanol. A. TUNEL assay images. White arrows indicate
apoptotic nuclei indicative of fragmented nuclei associated with apoptosis. A significant
number of cardiomyocytes underwent apoptosis (i.e. TUNEL-positive) with EtOH
treatment whereas sildenafil pretreatment reduced TUNEL-positive nuclei (EtOH+sil). B.
Bar diagram showing quantitative data on apoptosis.  Ethanol increased the rate of
myocardial apoptosis.  Co-treatment with sildenafil attenuated the ethanol-induced
increased in myocardial apoptosis.
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Figure 19. PKG activity in heart. Treatment with sildenafil increased PKG activity.
Ethanol administration did not significantly affect PKG activation.
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Discussion

Excessive chronic alcohol ingestion causes both histopathologic and functional
changes in multiple organs, especially in the liver, heart, and pancreas, and can result in
serious or even fatal illness. Chronic, excessive alcohol consumption has been reported to
be the most frequent identifiable cause of heart muscle disease ® and has been shown to
decrease the contractility of heart muscle in both animals and humans ®*. Its classical
clinical cardiac consequence is a dilated cardiomyopathy, which can lead to congestive
heart failure and even to death. There exist no unique identifying features that set
alcoholic cardiomyopathy apart from other causes of heart failure. The diagnosis is further
complicated by the frequent presence of other risk factors for cardiomyopathy. History is
key, as is a definite lack of other inciting factors, such as certain prescribed or non-
prescribed drugs (e.g. doxorubicin, cocaine) or ischemic heart disease, to strengthening the
diagnosis, which remains one of exclusion. When clinically manifest, alcoholic
cardiomyopathy demonstrates 4-chamber dilation, low cardiac output, and normal or
decreased left ventricular wall thickness. Clinical stigmata of heart failure, such as a third
heart sound, elevated jugular venous pulse, and cardiomegaly with or without rales, may
be seen, especially in decompensated states. The coexistence of liver disease due to

cirrhosis may give rise to diagnostic confusion when the picture may be less
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straightforward. The association of supraventricular arrhythmias with heavy alcohol intake
(holiday heart syndrome) and an association with sudden cardiac death are further
complications of alcohol abuse in alcoholic cardiomyopathy patients *°°. Based on the
observations of Fauchier et al ®’, the causes of death in patients with alcoholic
cardiomyopathy are similar to those with idiopathic cardiomyopathy: progressive chronic
heart failure and sudden cardiac death. Moreover, alcoholics with simultaneous
cardiomyopathy and cirrhosis carry a worse prognosis®.

Many cellular and molecular mechanisms of injury have been proposed as the
basis for alcoholic cardiomyopathy, including apoptosis ', mitochondrial dysfunction ",

acetaldehyde protein adduct formation * and oxidant stress "’

Medical therapy available for alcoholic cardiomyopathy is no different from that
for other etiologies of heart failure, except it should include abstinence from alcohol as a
cornerstone ' %, Survival is poor in those who continue to drink heavily, with 4-year
mortality levels close to 50%. One should follow the heart failure guidelines, such as those
adopted by the European Society of Cardiology or the American College of
Cardiology/American Heart Association referred to earlier, that incorporate the use of
certain beta-blockers and ACE inhibitors or angiotensin receptor blockers (ARBs).
Diuretics and digitalis can be used in the management of symptomatic alcoholic
cardiomyopathy patients. Some of these patients may have coexisting nutritional
deficiencies (vitamins, minerals such as selenium or zinc), which may need correction as

well, because they can independently worsen outcomes or hamper attempts at treatment.
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Sildenafil is a selective potent inhibitor of PDES (a cGMP-specific isoform of
PDE), which promotes increase in cGMP in vascular smooth muscle cells by preventing its
breakdown with PDE5 7. In the present study, we investigated the potential role of
sildenafil in attenuating the alcohol-induced cardiotoxic effect in cardiomyocytes and
intact heart. This approach was based on strong rationale provided by several basic
science studies demonstrating the cardioprotective effect of sildenafil and other PDE-5
inhibitors in a number of clinical scenarios including ischemia/reperfusion injury,
myocardial infarction, heart transplantation, cardiac hypertrophy, heart failure,
doxorubicin-induced cardiotoxicity, Duchenne muscular dystrophy and stem cell

e L 29.30,43
preconditioning “"

. Our results show that treatment of adult cardiomyocytes with with
100 mM ethanol increased the rate of necrotic cell death compared to control (Figure 4).
Co-treatment with sildenafil attenuated ethanol-induced increased cell death.

Furthermore, ethanol treated cardiomyocytes displayed an increased apoptotic rate
compared to the control (Figure 5) and co-treatment with sildenafil attenuated the ethanol-
induced cardiomyocyte apoptosis as well. Moreover, we demonstrated that the protective
effect of sildenafil against ethanol cardiotoxicity was attributed to the PKG-dependent
signaling, preservation of mitochondrial membrane potential, opening of mitochondrial
ATP-sensitive K channels and decreased generation of ROS. Furthermore, our results
showed that sildenafil co-treatment with ethanol preserved cardiac function in the isolated

perfused heart and inhibited apoptosis as compared to ethanol treated mice. Taken

together, these results provide strong evidence that sildenafil has protective effect against
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ethanol-induced toxicity in adult cardiomyocytes in vitro and preservation of cardiac
function in the intact heart. Moreover, these results on sildenafil-induced anti-apoptotic
effect may have potential therapeutic ramification in the treatment of alcohol-induced

cardiomyopathy.

Like many other cardiovascular diseases such as atherosclerosis, myocardial
ischemia and reperfusion injury, and diabetic cardiomyopathy, apoptosis plays a pivotal
role in the pathogenesis of alcoholic cardiomyopathy "*. The up-regulated expression of
caspase-3 and Bax, as well as increased TUNEL positive cells and caspase-3 activity
depicted the presence of a global myocardial apoptosis following chronic ethanol intake ”.
Moreover, ethanol intake was found to promote phosphorylation of JNK and ASK-1, two
pivotal pro-apoptotic signaling molecules. Over time, apoptosis leads to structural
changes that are maladaptive and will eventually lead to heart failure. The present study
demonstrated significant in increase in necrosis as well as apoptosis following acute
treatment with ethanol, which was significantly attenuated by co-treatment with sildenafil
and ethanol. Also, sildenafil decreased ethanol-induced apoptosis in the intact heart.
These data further support previous results showing inhibition of necrosis and apoptosis by
sildenafil in murine cardiomyocytes subjected to simulated ischemia and reoxygenation,
attenuation of apoptosis following doxorubicin and ischemic cardiomyopathy through
upregulation of Bcl2/Bax ratio and inhibition of caspase-3°®7®. Tt is notable that the

protective dose of sildenafil used in the present study was 10 uM (~6.9 pg/ml), which is in

the physiological range of its therapy in patients.
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PDE-5 is the major enzyme that is responsible for catalytic break-down of cGMP in
the vascular smooth muscle cells ’, its inhibition leads to increased cGMP accumulation
and subsequent activation of PKG. Therefore, we evaluated the role of PKG in sildenafil-
induced protection against alcohol toxicity. We used two complimentary approaches to
accomplish this goal: (a) siRNA directed against PKG la (shPKG) to knock down PKG
la, which is mainly found in lung, heart, platelets, and cerebellum; (b) adenoviral vectors
containing PKGla to overexpress this protein in cardiomyocytes. Cardiomyocytes were
infected with adenovirus containing either scrambled siRNA (shControl) or siRNA
directed against PKG Ia (shPKG). Knockdown of PKG blocked the cardioprotective effect
of sildenafil against ethanol toxicity. This was evident by an increase rate of necrosis and
apoptosis (Figure 7 & 8). Furthermore, PKGla overexpression (in the absence of
sildenafil) also resulted in significant decrease in necrosis and apoptosis in cardiomyocytes
treated with ethanol as compared to the cardiomyocytes infected with the catalytically
inactive mutant PKGIaK390A (Figures 9 & 10). These highly complementary approaches
conclusively demonstrate that PKG is mediator of the protective effect of sildenafil against

alcohol-induced toxicity in cardiomyocytes.

It is well known that apoptosis is a cellular process involving a genetically programmed
series of events leading to the death of a cell. During this process, several key events
occur in mitochondria including the release of caspase activators including cytochrome c,

changes in electron transport and loss of mitochondrial membrane potential (A¥Ym) which
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is coupled to the generation of ATP by the F1/F0 subunits of ATP synthase *. A

dissipated mitochondrial membrane potential causes activation of the mitochondrial
permeability transition pore (MPTP) with the subsequent release of cytochrome ¢ and the
initiation of apoptosis. For this reason, measurement of A¥Ym is an important parameter of
mitochondrial function (in terms of ATP production) and has been used as an indicator of
cell death. Exposure of adult rat cardiomyocytes to ethanol caused significant dissipation
AW¥m as illustrated by JC-1 immunofluorescence (Figure 11).  Sildenafil significantly
preserved the mitochondrial membrane potential (P < 0.001 vs. ethanol alone).
Interestingly, knockdown of PKG with siRNA blocked sildenafil-mediated preservation of
AW¥m (Figure 12), while overexpression of PKGla preserved A¥Ym (Figure 13). These
results provide first direct evidence on the role of PKG in preservation of A¥m following
ethanol treatment in cardiomyocytes. The signaling mechanism by which PKG leads to
preservation of AYm following ethanol treatment is not clear. Previous investigation form
the laboratory identified a novel PKG-dependent cytoprotective mechanism of sildenafil
against ischemia/reperfusion injury involving phosphorylation of ERK, and GSK3, and
induction of Bel-2 **. GSK3p is the phosphorylation target of phosphatidylinositol 3-
kinase/Akt ”°. Activation of GSK3p has been shown to induce myocardial apoptosis * by
Akt ¥ Hypoxic preconditioning, which also activates PKC, was shown to phosphorylate
and inhibit GSK3p and cause protection in adult cardiomyocytes, through its ability to
modulate mitochondrial permeability transition, a key component of mitochondria-
mediated cardiac cell death following ischemia-reperfusion *>. Moreover, PKGIo

overexpression in cardiomyocytes enhanced phosphorylation of Akt, ERK1/2, and JNK,
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increased Bcl-2, inducible nitric-oxide synthase, endothelial nitric-oxide synthase, and
decreased Bax expression. Interestingly, 5-HD and glibenclamide (the Karp channel
blockers) abolished PKGIa-mediated protection against necrosis and apoptosis ™.
Another interesting observation in the present study is the role of mitochondrial
Katp channels in protection against ethanol toxicity in cardiomyocytes and the intact heart.
When co-treated with ethanol, sildenafil and 5-HD, an increased rate of necrosis was
observed as compared to ethanol and sildenafil. 5-HD blocked sildenafil-mediated
preservation of AWm in the presence of ethanol as well (Figure 15). Moreover, sildenafil
induced preservation of cardiac function following treatment of mice with ethanol was
blunted by 5-HD (Figure 17). During an energy crisis, such as ischemia, mitoKrp
channels may open and in doing so, an inward rectifying current is created. This current
allows for the maintenance of the mitochondrial membrane potential and buffers the
mitochondria against accumulating calcium and prevents cellular swelling.
Pharmacological agents that open mitoK7p provide a strong preconditioning-like signal to
cardiac myocytes and enable them to survive ischemic insult. Garlid et al. first proposed
that mitoK a1p channels were involved in the cardioprotective effect **. By using
reconstituted mitochondrial vesicles or isolated mitochondria and measuring potassium
flux, these investigators demonstrated that heart and liver mitoK srp channels shared
pharmacological properties with the channels found in sarcolemma while possessing a
distinct profile. Furthermore, it was shown that opening of mitoKatp channels leads to the
generation of reactive oxygen species (ROS) by the mitochondria and represents an

important mechanism that is required for the cardioprotective effect of IPC . Opening
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of these channels allowed potassium to enter the mitochondrial inner matrix, which causes
generation and release of ROS from the respiratory chain *’. ROS then act as second
messengers to activate a downstream pathway of protective kinases, including protein
kinase C (PKC), that finally converge on the cardioprotective end effector. Studies from
our laboratory have shown that sildenafil induces a preconditioning-like stimulus and
promote cardiomyocytes survival via opening of mitoK arp channels **. Whether such a
pathway of ROS acting as second messengers to activate a downstream pathway of
protective kinases, such as PKC is operative in sildenafil-induced protection against
alcohol toxicity needs investigations in the future.

In the present study, ethanol treatment caused significant increase in ROS
production, which is clearly indicated by enhanced intensity of DCF fluorescence (Figure
16, P <0.001 vs. control). Co-treatment with sildenafil and ethanol attenuated ethanol-
induced ROS production while sildenafil alone had no effect on ROS production as
compared with control. Excessive ethanol intake is known to trigger oxidative stress and
apoptosis via activation of stress signaling ****. Zhang et al reported elevated superoxide
(O7") production and protein carbonyl formation in murine hearts following chronic
ethanol intake . Enhanced O™ and oxidative stress are well known to promote cardiac
contractile and intracellular Ca® " abnormalities as well as interstitial fibrosis **. It has been
demonstrated that ethanol may promote free radical generation through direct and indirect
mechanisms such as aldehyde oxidase and xanthine oxidase-mediated oxidation, leading to
accumulation of O2- and oxidative stress °°. The mechanism by which sildenafil

attenuates ROS generation following alcohol treatment is unclear. However, recent studies
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from our laboratory have shown that chronic treatment with the long-acting PDE-5
inhibitor, tadalafil protected against myocardial ischemia/reperfusion injury in a type 2
diabetic mouse via suppression of oxidative stress °'. In these studies, tadalafil treatment
attenuated NADPH oxidase activity and expression of NADPH oxidase subunits pRac-1
and gp91phox and reduced lipid peroxidation in type 2 diabetic hearts. Furthermore,
tadalafil treatment preserved the AWm after ischemia/reoxygenation injury in
cardiomyocytes isolated from diabetic mice, which is consistent with the effect of
sildenafil in preservation of A¥Ym following treatment with ethanol (Figure 11). In the
present study, we did not measure NADPH oxidase activity or the expression of the
enzyme subunits following treatment with ethanol in cardiomyocytes. There has been very
limited work done on elucidating the source of oxidative stress in the heart following
chronic treatment with alcohol. A recent preliminary report suggested that that chronic
alcohol intake led to upregulated p47phox (but not p67phox) in the heart, which could be
one of the potential sources of ROS generation. Future studies are required to thoroughly

address the source of radical generation following alcohol toxicity in the heart.

Conclusions and Future Directions

Our results convincingly show that sildenafil provided significant protective effect

against alcohol-induced toxicity in adult cardiomyocytes and preserved cardiac function



67

following treatment of mice with alcohol. There could be potential clinical utility of this
work for treatment of alcohol-induced cardiomyopathy. We recognize that abstinence
from alcohol represents the ultimate treatment to prevent alcohol-induced cardiomyopathy.
However, in cases where the immediate cessation of alcohol consumption is not possible,
sildenafil may provide protection against further loss of cardiomyocytes as a result of
apoptosis with continuing alcohol consumption. Thus, sildenafil treatment could preserve
cardiac function until such a time that stopping the cycle of alcohol abuse is possible.
Given the excellent safety profile of sildenafil in treating erectile dysfunction, we believe
that the use of sildenafil for the treatment/prevention of alcohol cardiomyopathy could be
promising. Today, close to 100 clinical trials with PDE-5 inhibitors have been completed
or ongoing which focus on the potential cardiovascular benefits (Clinical Trials.gov).
Clinically, Revatio (sildenafil) is used for treatment of pulmonary arterial hypertension to
improve exercise ability and slow down worsening changes in the physical condition of
patients. Revatio comes in a 20-mg pill that is taken 3 times a day. Moreover, studies of
sildenafil on heart failure patients have reported improved exercise capacity, coupled with
reduced pulmonary vascular resistance and better endothelial function °%. Three clinical
trials have been initiated to test the utility of PDES inhibitors for patients with muscular
dystrophy. The REVERSEDBMD focuses on the heart and test sildenafil for the treatment
of Duchenne and Becker dystrophy (Clinicaltrials.gov: NCT01168908). Several other
studies also indicated that PDE-5 inhibition with sildenafil has a therapeutic promise for
stroke, neurodegenerative diseases and potentially other circulatory disorders”. Our work

was mainly focused on demonstrating the protective effect of sildenafil against acute
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alcohol cardiotoxicity at the cellular level and in the intact heart. Future investigations are
needed to demonstrate similar efficacy of sildenafil in a chronic model of alcohol
cardiomyopathy in order to build more compelling case for initiation of clinical trials in

humans.
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Figure 20. Proposed Mechanism. PDE-5 Inhibitors enhance the accumulation of cGMP
and subsequent PKG activity. In the present study we utilized several strategies, to
elucidate the role of sildenafil in protection against ethanol, including pharmacologic
inhibition on PDE-5 with sildenafil, knockdown of PKG with siRNA, overexpression of
PKG, inhibition of mitoKatp with and 5-HD. The mechanism by which PKG activation
leads to mitoKatp opening and inhibition of MPTP is not currently known.
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