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Abstract

Background—Clinical manifestations of alcohol abuse on the cardiac muscle include defective 

contractility with the development of heart failure. Interestingly, low alcohol consumption has 

been associated with reduced risk of cardiovascular disease. Although several hypotheses have 

been postulated for alcoholic cardiomyopathy and for the low-dose beneficial cardiovascular 

effects, the precise mechanisms and mediators remain largely undefined. We hypothesize that 

modulation of oxidative stress by PI3K/Akt plays a key role in the cardiac functional outcome to 

acute alcohol exposure.

Methods—Thus, acutely exposed rat cardiac tissue and cardiocytes to low (LA: 5 mM), 

moderate (MA: 25 mM), and high (HA: 100 mM) alcohol were assessed for markers of oxidative 

stress in the presence and absence of PI3K/Akt activators (IGF-1 0.1 μM or constitutively active 

PI3K: Ad.BD110 transfection) or inhibitor (LY294002 1 μMor Akt-negative construct 

Ad.Akt(K179M) transfection).

Results—Acute LA reduced Akt, superoxide dismutase (SOD-3) and NFκB, ERK1, and p38 

MAPK gene expression. Acute HA only increased that of SOD-3 and NFκB. These effects were 

generally inhibited by Ad.Akt(K179M) and enhanced with Ad.BD110 transfection. In parallel, LA 

reduced but HA enhanced Akt activity, which was reversed by IGF-1 and inhibited by 

Ad.Akt(K179M), respectively. Also, LA reduced caspase 3/7 activity and oxidative stress, while 

HA increased both. The former was blocked, while the latter effect was enhanced by 

Ad.Akt(K179M). The reverse was true with PI3K/Akt activation. This translated into reduced 

viability with HA, with no effect with LA. On the functional level, acute LA improved cardiac 

output and ejection fraction, mainly through increased stroke volume. This was accompanied with 

enhanced end-systolic pressure–volume relationship and preload recruitable stroke work. Opposite 

effect was recorded for HA. LA and HA in vivo functional effects were alleviated by LY and 

enhanced by IGF-1 treatment.
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Conclusions—Acute LA and HA seem to oppositely affect cardiac function through modulation 

of oxidative stress where PI3K/Akt plays a pivotal role.

Keywords

Alcohol; PI3K; Akt; Oxidative Stress; Contractility; Cardiac

Heavy acute alcohol exposure has been shown to negatively affect the function of many 

organs in the body and alter oxidative stress responses in the cardiovascular system (El-Mas 

and Abdel-Rahman, 2014). In particular, binge drinking is a common social form of acute 

alcoholic intoxication that has been shown to exert detrimental cardiovascular effects 

(Tonelo et al., 2013; Waszkiewicz et al., 2013). Nonetheless, reports have also demonstrated 

beneficial effects of low alcohol (LA) exposure (Djousse et al., 2004; Providencia, 2006; 

Reims et al., 2004). It has been shown that acute high alcohol (HA) exposure increases 

cellular oxidative stress through alterations in the AMPK and the mTOR signaling activity 

(Kandadi et al., 2013; Zhang et al., 2010). However, the proper mechanism(s) through which 

low and high levels of acute alcohol alters the cardiac function is not well deciphered.

Clinically, acute heavy alcohol consumption depresses cardiac function and modifies local 

blood flow (Kandadi et al., 2013; Reims et al., 2004). There are many reports, which 

demonstrate that alcohol-induced cardiomyopathy is facilitated through the generation of 

oxidative stress (Kannan et al., 2004; Preedy et al., 1999). Other clinical parameters affected 

by acute and chronic alcohol intake include left ventricular malfunction, thinning of 

ventricular wall, and myocardial dysfunction (Fogle et al., 2011).

LA consumption has been shown to have beneficial effects on cardiovascular function and 

lower risk of heart disease. Adversely, chronic HA consumption has various detrimental 

effects leading to alcoholic cardiomyopathy (Krenz and Korthuis, 2012). Our laboratory and 

others have linked the Akt pathway as a mediator of alcohol-induced translational 

diminishment of anti-apoptotic signals (Chen et al., 2000; Haddad et al., 2008). Akt pathway 

has been heavily studied with its association with induced oxidative stress (Ma and Wang, 

2012), which may be linked to cardiomyopathy. The phase II antioxidant enzymes are up-

regulated defending against oxidative stress (Akhtar et al., 2012). Alcohol effects on the 

anti-apoptotic and cell survival pathways have yet to be elucidated.

The contractile cardiomyocytes are greatly affected by high doses of ethanol (EtOH) (100 to 

200 mM) leading to apoptosis and later necrosis (>24 hours) (Altura et al., 1996; Doser et 

al., 2009; Guan et al., 2004; Kandadi et al., 2013). Apoptotic changes are mainly 

orchestrated through caspase 3 (Porter and Janicke, 1999). The anti-apoptotic pathway is up-

regulated through PI3K/Akt via a series of phosphorylation steps when stress signals are 

perceived from external or internal stimuli. During acute HA exposure, there is a remarkable 

increase in protein phosphatase (PP2A), which leads to decreases in Akt (Chen et al., 

2010;Ma et al., 2010). The sarcomere also becomes damaged interfering with its inotropic 

activity, which leads to cardiac muscle dysfunction (Chen et al., 2010). Thus, we 

hypothesize that Akt signaling pathway plays a pivotal role in mediating the detrimental 

versus the beneficial effects of HA versus LA exposure on the heart function, respectively.
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MATERIALS AND METHODS

Conformity Statement

All the procedures conform to the Guide for the Care and Use of Laboratory Animals 

published by the U.S. National Institutes of Health (NIH) publication No. 85-23, revised 

1996; and approved by the IACUC of Howard University (Supporting Information).

RESULTS

Effects of Acute Alcohol on Gene Expression of the Apoptotic and Anti-Apoptotic 
Signaling Pathways

We first assessed the importance of the PI3K/Akt and the MAPK (ERK1/2 and p38) 

pathways in mediating the alcohol-induced acute effects on apoptotic signaling by exposing 

the hearts to different levels of alcohol. In Fig. 1A, we show that LA decreased Akt gene 

expression by 3.5 ± 1.0-fold (p < 0.001), whereas HA did not alter Akt expression as 

compared to control. As alcohol can affect the level of reactive oxygen species (ROS) 

antioxidant, we monitored the phase II antioxidant enzyme, superoxide dismutase (SOD-3) 

gene expression (Fig. 1B). The data show that high levels of alcohol result in 1.7 ± 0.6-fold 

increase in SOD-3 gene expression (p < 0.001), while LA greatly diminishes SOD-3 by 2.5 

± 1.0-fold (p < 0.002). NFκB, a universal transcription regulator, may act with the PI3K/Akt 

pathway to transduce oxidative stress signals. Therefore, we monitored NFκB gene 

expression (Fig. 1C) to show the alcohol effects on transcription rate. We found that LA 

diminishes the gene expression of NFκB by 5.1 ± 3.2-fold (p < 0.002), while moderate 

alcohol (MA) and HA have a trend to increase NFκB gene expression by 5.9 ± 2.5- and 2.1 

± 1.5- folds as compared to control samples, respectively.

In parallel, we further investigated the modulation of MAPK by alcohol, such as the p38 

MAPK and the ERK1/2, which are responsive to stress stimuli (Reinking et al., 2009; Zhao 

et al., 2010a). We observed that LA reduces ERK1 gene expression by 5.6 ± 1.8-fold (p < 

0.01), whereas MA and HA had no effect (Fig. 1D). Similar effects of acute LA exposure 

were seen with p38 MAPK gene expression (Fig. 1E), which diminished by 6.7 ± 4.2-fold as 

compared to control samples (p < 0.05).

Modulation of the Alcoholic Effects on Apoptotic and Anti-Apoptotic Signaling by PI3K/Akt

We then utilized adenovirus constructs to administer cassettes containing coding to 

overexpress or underexpress Akt levels inside cardiomyocytes. As depicted in Fig. 2A, 

transfection of the heart with dominant-negative Akt alleviated the LA-induced reduction in 

ROS with a SOD-3 gene expression level of 1.0 ± 0.6-fold of control; however, compared 

with acute LA only, this elevation in SOD-3 gene expression generated 1.5-fold change (p < 

0.03). On the other hand, MA and HA exposures of Ad.Akt(K179M)-transfected hearts 

decreased SOD-3 gene expression to 1.6 ± 0.6-fold (p < 0.02) and 1.2 ± 0.7-fold (p < 0.03) 

of control, respectively. Similarly, as shown in Fig. 2B, knocking down Akt alleviated the 

negative effect of LA on NFκB gene expression, whereas MA and HA exposure reduced 

NFκB expression (1.8 ± 0.52-fold, p < 0.007; 1.2 ± 0.7- fold, p < 0.049, respectively). The 

parallel pathway, ERK1, demonstrated similar responses as SOD and NFκB expression in 
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response to different alcohol levels. Thus, knocking down Akt alleviated the reduction in 

ERK1 expression induced by acute LA (0.4 ± 1.2-fold vs. control), whereas MA maintained 

that reduction (1.4 ± 1.0-fold; p < 0.04) (Fig. 2C). Furthermore, p38 MAPK reduction by 

acute LA exposure was prevented by Ad.Akt(K179M) transfection. Interestingly, p38 

MAPK shows a dramatic increase (10.7 ± 5.7-fold; p < 0.03) with exposure to HA when Akt 

is underexpressed (Fig. 2D).

On the other hand, we examined the effects of the constitutive activation of PI3K in 

cardiomyocytes, with Ad.BD110 transfection, on the Akt, ERK1/2, and p38 MAPK gene 

expressions. As expected, we observed (Fig. 3A) elevated levels of Akt expression by 11.6 ± 

0.9-, 9.2 ± 5.3-, and 9.9 ± 0.1-folds irrespective of alcohol treatment (all samples were not 

significantly different from the nonalcoholic Ad.BD110-transfected control, but 

significantly higher than nontransfected control [p < 0.05]). We then tested for SOD-3 

expression with Ad.BD110-transfected samples. There was a general trend to decrease 

SOD-3 gene expression with PI3K activation irrespective of the alcohol level (Fig. 3B). 

Furthermore, Ad.BD110 transfection diminished the decrement in NFκB gene expression 

with LA compared with control (1.4 ± 0.2-fold) as shown in Fig. 3C. On the other hand, 

there was a general down-regulation of the ERK1 gene expression by 4.1 ± 1.8 and 4 ± 2.4-

folds (p > 0.05 vs. control) and significant decline 8.9 ± 2.4-fold (p < 0.003 vs. control) in 

the presence of Ad.BD110 with LA, MA, and HA, respectively (Fig. 3D). In addition, we 

observed a decrease in p38 MAPK gene expression (5.5 ± 1.0-fold [p < 0.006] and 2.5 ± 

1.0-fold) with MA and HA exposures when PI3K is up-regulated by co-treatment with 

Ad.BD110 (Fig. 3E).

Effects of Alcohol on Protein Levels and Activities of Apoptotic and Anti-Apoptotic 
Signaling Pathways

Protein expression and activities of apoptotic and anti-apoptotic signaling molecules were 

assessed to show the effects on transcription in the presence of the alcohol treatments (Fig. 

4). As shown in Fig. 4A, Akt activity was increased by 97.3 ± 0.81% (p < 0.02) and 175 ± 

0.87% (p < 0.004) with MA and HA, whereas LA reduced the Akt activity by 55.2 ± 7.47%

(p < 0.008).

Figure 4B shows that IGF-1, known PI3K/Akt agonist, increased Akt activity in the 

nonalcoholic heart by 101.6 ± 0.3% (p < 0.02). Furthermore, when hearts were acutely 

exposed to LA, IGF-1 significantly increased Akt activity by 157.7 ± 0.3% (p < 0.02). Thus, 

IGF-1 alleviated the negative effects of LA on Akt activity in the heart. On the other hand, 

knocking down of Akt with Ad.Akt(K179M) inhibited the effects of alcohol on the cardiac 

Akt activity (Fig. 4C). Thus, there was no significant difference between LA, MA, or HA in 

the presence of Ad.Akt(K179M) versus nonalcoholic control.

P38 and ERK1/2 are parallel MAPK pathways that respond to several stress stimuli. As 

shown in Fig. 5A, LA, MA, and HA significantly reduced p38 activity by 97.6 ± 0.33% (p < 

0.04), 69.0 ± 0.54% (p < 0.05), and 61.3 ± 0.05% (p < 0.03), respectively. In addition, we 

also observed that LA and MA exposure reduced ERK1 activity by 64.3 ± 0.47% (p < 0.04) 

and 74.8 ± 0.47% (p < 0.03), respectively, as compared to control samples. HA did not exert 

an effect (Fig. 5B). Similar effects of acute LA and MA exposure were seen with ERK2 
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activity (Fig. 5B), which diminished by 131.7 ± 0.35%(p < 0.02) and 145.0 ± 0.30% (p < 

0.01), respectively. Interestingly, HA also reduced ERK2 activity by 78.2 ± 0.46%(p < 

0.04).

In addition, we investigated the relevance of NFκB in the cardiac response to different levels 

of alcohol. As shown in Fig. 6A, MA and HA exposure significantly reduced NFκB activity 

by 41.4 ± 0.4% (p < 0.05) and 49.2 ± 0.3% (p < 0.02), respectively. Accordingly, Fig. 6B 

shows that LA reduced NFκB nuclear translocation (33.4 ± 5.3%; p < 0.05), while HA 

enhanced it (35.0 ± 6.1%; p < 0.05). The negative effects of HA on the NFκB activity were 

significantly reversed by co-treatment with IGF-1 (Fig. 6C). Actually, NFκB nuclear 

activities were normalized with IGF-1 treatment.

Effects of Alcohol on Cellular Apoptosis

We investigated the effects of alcohol on the initiation of cellular death by evaluating 

caspase 3/7 activity, which are known to play a critical role in the initiation of death in 

cardiomyocytes (Yue et al., 1998). Thus, we monitored the level of caspase 3/7 activity on 

cardiomyocytes that were treated with varying levels of alcohol alone, or in combination 

with Ad.EGFP, Ad.Akt(K179M), Ad.BD110, or IGF-1. As shown in Fig. 7A, acute LA 

exposure reduced caspase 3/7 activity by 15.4 ± 0.4% (p < 0.04) as compared to control. 

MA exposure did not have a significant effect on caspase 3/7 activity. However, acute 

exposure of the cardiomyocytes to HA significantly increased caspase 3/7 activity by 13.0 ± 

0.37% (p < 0.04).

On the other hand, knocking down the Akt gene (Fig. 7B) with Ad.Akt(K179M) blocked the 

reduction in caspase 3/7 activity induced by LA; however, it intensified the increase in 

caspase 3/7 activity induced by HA (22.8 ± 0.34%; p < 0.02, as compared to control).

Conversely, we investigated the effects of PI3K/Akt pathway activation by IGF-1 on the 

regulation of caspase 3/7 activity by varying levels of alcohol (Fig. 7C). IGF-1 alone 

decreased caspase 3/7 activity in nonalcoholic cardiomyocytes by 23.8 ± 0.3% (p < 0.04). 

Addition of IGF-1 prevented the negative alterations in caspase 3/7 activity previously seen 

with alcohol exposures. Thus, in the presence of IGF-1, there was a reduction in caspase 3/7 

activity by 34.0 ± 0.27% (p < 0.03), 21.7 ± 0.39% (p < 0.04), and 21.2 ± 0.3% (p < 0.02) 

with LA, MA, and HA, respectively.

Similarly, the constitutive activation of PI3K via Ad.BD110 transfection resulted in a 

significant decrease in apoptotic induction as assessed by caspase 3/7 activity. Figure 7D 

shows that cardiocytes co-treated with LA and Ad.BD110 exhibited a reduction in caspase 

3/7 activity by 15.0 ± 0.3% (p < 0.02). Co-treatment of MA and HA with Ad.BD110 

significantly reduced caspase 3/7 activity by 19.8 ± 0.45% (p < 0.05) and 16.9 ± 0.4% (p < 

0.04), respectively.

Effects of Alcohol on Cellular Viability

To assess the effects of apoptosis on cell survival, we have investigated the effects of 

alcohol on cellular viability of isolated cardiomyocytes that were treated with varying levels 

of alcohol alone, or in combination with Ad.EGFP, Ad.BD110, IGF-1, or LY294002. There 
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was no significant effect on cell viability (Fig. 8A) with LA. HA exposure significantly 

decreased cell viability by 14.9 ± 0.3% (p < 0.03) compared with control. Inhibiting PI3K, 

via LY294002 (Fig. 8B) resulted in an overall decrease in cellular viability. Accordingly, 

cardiomyocytes survival decreased by 26.1 ± 0.2% (p < 0.0002), 23.1 ± 0.2% (p < 0.002), 

and 25.5 ± 0.2% (p < 0.0002), with LA, MA, and HA, respectively, in the presence of PI3K 

inhibition.

As expected, IGF-1 by itself caused a significant increase in cell survival by 30.1 ± 0.4% (p 

< 0.004), indicating that IGF-1 enhances cardiomyocytes survival (Fig. 8C). This increase in 

IGF-1-induced cell viability was reduced (23.0 ± 0.5%; p < 0.05) by LA co-treatment. Thus, 

there was no significant difference with LA in the presence of IGF-1 compared with control. 

In addition, IGF-1 co-treatment with MA and HA exposure seems to significantly reduce 

cardiomyocytes survival by 10.6 ± 0.6% (p < 0.03) and 11.8 ± 0.4% (p < 0.04), respectively. 

Therefore, the negative effects seen with MA and HA were not removed by IGF-1.

Cardiomyocytes transfected with Ad.BD110, showed an increased Akt expression with LA 

exposure associated with a significant increase in cell viability by 16.1 ± 0.5% (p < 0.05), 

compared with control (Fig. 8D). Similar results were found with MA exposure and 

Ad.BD110 transfection (11.3 ± 0.4%; p < 0.05). There were no significant differences in cell 

survival with HA + Ad.BD110; that is, PI3K activation seems to counteract the effects of 

HA on cardiomyocytes viability.

Effects of Alcohol on Oxidative Stress

We evaluated oxidative stress levels on isolated cells that were treated with varying 

concentrations of alcohol. As shown in Fig. 9, H2O2 production was significantly decreased 

by LA 36.8 ± 0.4% (p < 0.04). In the presence of HA, H2O2 production was significantly 

increased by 150.4 ± 0.2% (p < 0.002). These results indicate that LA can decrease while 

HA can increase oxidative stress in cardiomyocytes.

Effects of Alcohol on Cardiac Function In Vivo

Figure 10 (left panels) shows representative LV pressure–volume (PV) loops of control, LA, 

MA, and HA treated hearts, while the right panels depict the generation of regressive PV 

loops via preload reduction. As shown in Fig. 11, acute treatment with EtOH slightly 

reduced the heart rate irrespective of its concentration by 4.9 ± 0.2% (LA), 5.4 ± 0.1% 

(MA), and 4.4 ± 0.2% (HA) (p < 0.05). Interestingly, the stroke volume (SV) was improved 

by LA (30.3 ± 0.1%; p < 0.01) but reduced by MA (11.7 ± 0.2%; p < 0.05) and HA (19.7 ± 

0.1%; p < 0.05). Activation of PI3K did not alter the negative effect of acute alcohol on the 

heart rate. However, IGF-1 alleviated the detrimental effects of MA and HA and enhanced 

that of LA on the SV (LA: 52.9 ± 0.1%, p < 0.05; MA: 15.0 ± 0.1, p < 0.05). Inhibition of 

PI3K by LY294002 alleviated the alcohol effects on these parameters. As shown in Fig. 12, 

this translated into an increase in the cardiac output (CO) by 21.2 ± 0.2% (p < 0.05) and 

ejection fraction (EF) by 15.8 ± 0.1% (p < 0.05) with LA, but reduction in CO (19.8 ± 0.1%; 

p < 0.05 and 27.3 ± 0.1%; p < 0.05) and EF (5.1 ± 0.2; p < 0.05 and 19.3 ± 0.1%; p < 0.05) 

with MA and HA, respectively. In the presence of IGF-1, the CO was further enhanced by 

LA (44.5 ± 0.1; p < 0.01), slightly improved by MA (5.8 ± 0.4; p < 0.05), but still reduced 
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by HA (6.2 ± 0.4%; p < 0.05). Nonetheless, there was general improvement of the EF 

parameter by IGF-1 with all acute alcohol exposures (LA: 11.7 ± 0.1%, MA: 10.3 ± 0.1, and 

HA: 8.7 ± 0.1%; p < 0.06). However, inhibition of PI3K alleviated the effects of acute 

alcohol on these parameters.

Analysis of the end-systolic PV relationship (ESPVR) (Fig. 13) shows enhancement of the 

LV contractility with acute LA (134.0 ± 0.3%; p < 0.01); however, there was reduction in 

ESPVR with acute HA exposure (24.1 ± 0.4%; p < 0.05). Furthermore, the end-diastolic 

PVR (EDPVR) was significantly increased with acute alcohol exposure irrespective of its 

concentration to a similar extent (3.68 ± 0.60 mm Hg/μl for control vs. 5.42 ± 1.09 mm 

Hg/μl for LA, 5.22 ± 0.68 mm Hg/μl for MA, and 5.02 ± 0.87 mm Hg/μl for HA; p < 0.05). 

Interestingly, inhibition of PI3K blocked the alcohol-induced changes to ESPVR and 

EDPVR.

DISCUSSION

Through this work, we have demonstrated that (i) Akt acts as a mediator in cardiac function 

in the presence of alcohol as well as (ii) low levels of acute alcohol can be beneficial 

through reduction in oxidative stress and cell death; (iii) MAPK ERK1/2 acts as an auxiliary 

pathway when Akt pathway is obliterated; however, it is unable to completely compensate 

for the Akt role in cardiac function; (iv) activation of Akt can overcome most of the effects 

that acute MA and HA levels have on oxidative stress and survival key regulators in cardiac 

function; (v) acute HA has detrimental effects on oxidative stress levels, cell viability, and 

caspase activity; (vi) acute LA improves cardiac function in vivo through enhance 

contractility and SV, while acute HA has the opposite effect; (vii) PI3K/Akt plays a pivotal 

role in mediating the alcohol effects on cardiac function in vivo.

Accordingly, we have shown that different levels of alcohol exposure in the heart have 

significantly distinct effects on the cell survival signaling associated with the PI3K/Akt 

pathway. To that effect, we have determined that acute LA decreases Akt activity. Hence, 

LA may diminish the necessity for the PI3K/Akt pathway to be activated which also 

correlates with the Akt gene expression. Nevertheless, HA activation of Akt may inhibit 

AMPK leading to contractile dysfunction (Cai et al., 2008). Similarly, Ren (2007) has 

demonstrated that acute EtOH treatment in a murine diet also induces a decrement in Akt 

expression while up-regulating the phase II antioxidant protein, FOXO-3 in cardiomyocytes. 

We also have observed that Akt down-regulation reveals a compensatory enhancement of 

the ERK1/2 protein levels. As this proliferative pathway is parallel to PI3K/Akt, it may act 

in an auxiliary capacity. This is in agreement with our previous work indicating a similar 

cross-talk between Akt and ERK activity; in particular, inhibition of the PI3K/Akt pathway 

induced an up-regulation in ERK1/2 activity (Zhao et al., 2010a). Yet, the reduction in Akt 

gene expression and activity with LA does not seem to acutely affect cell viability, but did 

reduce oxidative stress. This may be due to the very limited natural ability of 

cardiomyocytes to proliferate, especially in a short period of time. In the same line, LA also 

decreases apoptotic events which is further diminished with IGF-1 co-treatment and 

overactivation of PI3K. Therefore, LA seems to exert a protective/preventative effect on 

cellular survival and function. On the other hand, acute HA enhanced the Akt activity as 
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seemingly an auto-regulatory mechanism against the detrimental effects of HA. In support 

of this, adding IGF-1 further increases Akt expression and activity enough to effectively 

alleviate the damaging effects of HA on cardiomyocytes survival and apoptotic events. This 

finding is consistent with other groups that were able to also identify IGF-1 as a protective 

molecule against cardiac apoptosis (Fazio et al., 1996; Frustaci et al., 1992). This evidence 

in combination with our findings suggests that IGF-1 can protect against alcohol- induced 

cardiomyopathy, even in the presence of higher doses of alcohol. Conversely, 1 group was 

able to show a protective measure of growth hormone in reducing apoptosis in neonatal rat 

cardiomyocytes; however, they were unable to identify IGF-1 as mediating this effect 

(Gonzalez-Juanatey et al., 2004). This may be due to the fact that the experiments were 

performed with neonatal cardiomyocytes which differ in signaling from adult 

cardiomyocytes.

It is well known that IGF-1/PI3K/Akt work together to induce multiple biological effects in 

the heart including cell survival and hypertrophy (Matsui and Davidoff, 2007). Accordingly, 

our data have demonstrated that the effects of alcohol on oxidative stress and cardiomyocyte 

survival can be alleviated by transfection with dominant-negative Akt. Conversely, similar 

observations were made with adenoviral transfection using Ad.BD110, a constitutively 

active form of PI3K, showing the alleviation of HA detrimental effects on cardiomyocytes 

survival and occurrence of apoptosis. Thus, it seems that the effects of alcohol (low and 

high) are mainly mediated via PI3K. We have shown that the biomarker for cellular 

apoptosis, caspase 3/7 activity, was significantly decreased in the presence of LA-treated 

cardiomyocytes, as well as those overexpressing Akt (Ad.BD110) and treated with IGF-1. 

These results suggest that LA can reduce apoptotic activity via the PI3K/Akt pathway. Our 

findings are consistent with those of other research, suggesting that low doses of EtOH 

activate the PI3K/Akt pathway in H9c2 cultured cardiomyocytes (Ma et al., 2010; Zhao et 

al., 2010b). In contrast, our data also show that caspase activity is increased in the presence 

of cardiomyocytes treated with HA, as well as cardiomyocytes transfected with Ad.Akt 

(K179M). These finding suggest that HA increases caspase activity via the PI3K/Akt 

pathway. This may also correspond with the decline in cardiomyocyte viability seen with 

HA and with PI3K inhibition. These results suggest that when the PI3K/Akt pathway is 

inhibited, LA is unable to exert a protective/preventative effect.

EtOH activation of NFκB has been linked to the modulation of downstream genes effects 

(Kojima et al., 2012) as well as pro-inflammatory cytokines during up-regulation of 

oxidative stress (Pedruzzi et al., 2012). Another group showed that physical stress to the 

heart could induce NFκB in cardiomyocytes (Leychenko et al. 2011). Here, we 

demonstrated that NFκB gene expression was decreased in the presence of LA in heart 

tissue along with reduced nuclear translocation. This reduction in expression was attenuated 

by PI3K activation and inhibited by dominant-negative Akt. Thus, NFκB may mediate the 

downstream Akt-dependent alcohol effects. Interestingly, constitutive activation of PI3K 

induced a consistent reduction in NFκB gene expression. Research shows that PI3K/Akt 

works as a negative feedback loop preventing excessive inflammatory responses that require 

NFκB to activate downstream immune-related factors such as iNOS and COX-2 (Yang et 

al., 2013). Importantly, HA did not alter NFκB gene expression, but enhanced its protein 

nuclear translocation from the cytoplasm. This demonstrates a positive regulatory effect of 
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NFκB during HA exposure. Furthermore, we also showed that the negative effect of HA on 

NFκB activity was reversed by co-treatment of IGF-1. This is consistent with our data 

indicating the transduction of the Akt-dependent alcoholic effects in the heart may be 

partially mediated via NFκB.

The PI3K/Akt pathway has been implicated in modulating oxidative stress levels (Ma and 

Wang, 2012). In this article, we showed that the antioxidant protein, SOD-3, had decreased 

gene expression in the presence of LA-treated heart tissue, which correlated with the 

observed reduction in the levels of ROS production in the cytoplasm of LA-treated 

cardiomyocytes. Conversely, in the presence of HA ROS production significantly increased 

in cardiomyocytes along with enhanced SOD-3 gene expression. Akt knockout experiments 

showed that the effects of LA and HA on SOD-3 could be mediated through the PI3K/Akt 

pathway. This is further consolidated as constitutive activation of PI3K averted the 

anticipated ROS response to alcohol. Other groups have shown that Akt inhibition may elicit 

an induction of SOD expression (Akca et al., 2013; Lijnen et al., 2010). However, we have 

shown a reduction in SOD-3 expression with MA and HA in Akt knockout hearts. This may 

indicate the strong dependence of SOD-3 response on Akt activation in these 

cardiomyocytes. As a correlate, it has been demonstrated that SOD activity can regulate the 

expression of the stress signaling molecule, p38 (Gutierrez-Uzquiza et al., 2012). In our 

experiments, p38 was down-regulated by LA, which was alleviated by Akt knockout and 

reversed by PI3K activation. This is in agreement with recent work showing that Akt 

negatively regulates p38 (Yang et al., 2013). Furthermore, other groups have implicated p38 

in the onset of heart failure (Sharov et al., 2003). In support to our findings, it has been 

recently shown that acute alcohol detrimental inotropic effects on the heart are associated 

with increased ROS and enhanced Akt and ERK activities, which were reversed by ERK 

inhibition in vivo (El-Mas and Abdel-Rahman, 2014). Thus, it seems that alcohol-induced 

oxidative stress on the heart elicits protective survival pathways against its detrimental 

effects. In parallel, other positive inotrope second messengers such as PKC and 

consequently AMPK have been reported to be inhibited by heavy EtOH (Liangpunsakul et 

al., 2008). The interplay between different pathways converges on a reduction in contractile 

function of the myocardial cells.

MAPK plays a heavy role in relaying stress signals in cardiomyocytes. ERK1/2 and p38 are 

among the MAPKs that modulate gene expression (Walker et al., 2013). Our data showed 

that ERK1 mRNA levels are diminished with LA treatment. However, the obliteration of 

Akt reverses this effect. Conversely, when Akt is overactivated, ERK1 is drastically 

diminished with all levels of alcohol. We and others have recently shown that there is a 

compensatory activation of ERK1/2 when PI3K/Akt pathway is down-regulated (Ham and 

Mahoney, 2013; Zhao et al., 2010a). Others have also demonstrated significant cross-talk 

between PI3K/Akt and its parallel ERK pathway (Dai et al., 2009). Akt also regulates 

p38/ERK in an inhibitory fashion (Yang et al., 2013). However, as PI3K independently can 

activate MAPKs, there may be auto-regulation occurring when Akt is overexpressed.

In vivo assessment of cardiac function reveals an enhancement of the inotropic activity of 

the heart with LA, while a detrimental one exists with HA. Alcohol-induced changes in the 

EF reflected changes in the SV, which was increased by LA and decreased by HA. Aistrup 
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and colleagues (2006) have previously reported a decline in the excitation–contraction 

coupling associated with acute HA. In addition, it was recently shown in dogs (Fenelon et 

al., 2007) that acute EtOH depresses LV function. Another group (Campbell et al., 2000) has 

shown a reduction in the chronotropic and inotropic activity of the rat heart with acute 

exposure to EtOH. These findings can be translated into a weaker force of contraction and 

therefore reduced SV. A general increase in EDPVR indicates an impaired diastolic function 

(increased stiffness) with acute alcohol exposure, which seems to be positively counter 

balanced by enhanced contractility with LA leading to greater EF. However, this increased 

stiffness with HA was not concomitant with enhancement of the ESPVR, which yielded a 

decrement in EF. Accordingly, it was reported that acute MA intake does not affect 

myocardial contractility in human (Kupari et al., 1983). It is important to mention the 

inhalatory/volatile anesthetic, isoflurane has been reported to decrease ventricular 

contractility and heart rate per se (Blaudszun and Morel, 2012). This can exacerbate the HA 

reported negative effects but underestimate the positive effects of LA on contractility. 

However, the same dose of isoflurane was used for the control nonalcohol treated as well as 

for the LA and HA group, comparing our alcoholic PV loop data (hemodynamics) of 

alcohol-treated groups to the nonalcoholic control ones could mitigate the anesthetic effect. 

On the other hand, in agreement with our molecular data, we have also shown that the 

PI3K/Akt pathway seems to play an important regulatory role in mediating the inotropic 

effects of alcohol. This is substantiated with the alleviation of the alcohol inotropic effects 

by PI3K inhibition as well as the alleviation of HA detrimental inotropic effect by PI3K 

activation. In support of that, a recent publication (Zeng et al., 2012) showed that PI3K 

activation may mediate the acute EtOH effect. It is important to differentiate between the 

reported beneficial effects of chronic low doses of alcohol consumption and the acute effects 

found in this study. Long-term exposure to alcohol has an inherent cumulative and 

“adaptational” response which is not part of the acute effects. This is especially true for 

infrastructural changes related to the extracellular environment and remodeling. The acute 

responses may reflect in part a transient cardiac response in the absence of recurrent 

exposure. In this study, the acute effect was restricted to 30 minutes to mimic the alcohol 

loading time in social drinkers, peaking at 30 minutes from a single alcohol dose (Childs et 

al., 2011), and to limit the HA cellular damage as longer experiments were not consistently 

feasible. This is also in agreement with studies on acute HA reporting their findings within 

similar time frame (Childs et al., 2011; El-Mas and Abdel-Rahman, 2014). Finally, as we 

have shown in this study the importance of oxidative stress in inducing myocardial 

dysfunction, other synchronic mechanisms of EtOH could be as important. It has been 

shown that chronic EtOH exposure reduces the myosin ATPase activity in cardiac muscle 

(Reddy and Beesley, 1990), induces transition from alpha- to beta-myosin heavy chain 

(Meehan et al., 1999), deregulates nuclear translocation of RACK-1 scaffolding protein 

(Vagts et al., 2003), and alters cardiac matrix metalloproteinase function leading to 

enhanced collagen deposit (El Hajj et al., 2014). This study reveals an appreciation for the 

pivotal role of the PI3K/Akt in mediating the beneficial as well as the detrimental effects of 

LA and HA on the cardiac function, respectively, through the management of the oxidative 

stress. Future studies differentiating the effects of alcohol in pathophysiological conditions 

will assist in producing specific targets for heart failure.
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Fig. 1. 
Acute alcohol levels can affect the Akt/PI3K pathway. (A–E) Akt, SOD-3, NFkB, ERK1, and 

p38 relative gene expression with low, moderate, and high levels of alcohol treatment. Fold 

change in expression shown as compared to control samples (*) and low alcohol (#) with p-

values < 0.05.
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Fig. 2. 
Adenovirus-mediated transfection with Akt knockout can modulate alcohol effects on the 

Akt/PI3k pathway. (A–D) SOD-3, NFkB, ERK1, and p38 relative gene expression with acute 

low, moderate, and high levels of alcohol treatment along with adenovirus Ad.Akt (K179M, 

Akt knockout). Fold change in expression shown as compared to control samples (*) with p-

values < 0.05. All Ad:EGFP control samples were equivalent to control nontransfected 

samples.
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Fig. 3. 
Overexpression of Akt can alleviate the effects of various alcohol levels on key proteins in 

Akt/PI3K pathway. (A–E) Akt, SOD-3, NFkB, ERK1, and p38 relative gene expression with 

low, moderate, and high levels of alcohol along with Ad:BD110 treatment. Fold change in 

expression shown as compared to control samples (*) with p-values < 0.05. All Ad:EGFP 

control samples were equivalent to control nontransfected samples.
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Fig. 4. 
Effects of acute alcohol on the Akt activity in the heart depicted as the ratio of 

phosphorylated Akt over total Akt protein expressions. (A) The differential Akt activity in 

control (C), low alcohol (LA),moderate alcohol (MA), and high alcohol (HA)-exposed 

hearts, with representative gels (representative figure in left panel). (B) The effects of 

exogenous PI3K activator, IGF-1, on cardiac Akt activity in the presence of alcohol 

(representative gels in right panel). (C) The effects of transfection of heart tissue with 

dominant-negative Akt, Ad.Akt(K179M) on the Akt activity in the presence of alcohol 

(representative figure in left panel). (D) The effects of Ad.Akt on cardiac Akt activity in the 
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presence of alcohol (representative gels in right panel). n = 3; *p < 0.05 compared with 

control.
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Fig. 5. 
Effects of acute alcohol exposure on MAPK (P38 and ERK1/2) protein expression in the 

heart. (A) The P38 protein expression in control C, low alcohol (LA), moderate alcohol 

(MA), and high alcohol (HA)-exposed hearts, with representative gels (in right panel). (B) 

The ERK1/2 protein expression in C, LA, MA, and HA-exposed hearts with representative 

gels (in right panel) (n = 3; *p < 0.05 compared with control).
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Fig. 6. 
Effects of acute alcohol exposure on the NFκB protein expression in the heart. (A) NFκB 

protein expression in control (C), low alcohol (LA), moderate alcohol (MA), and high 

alcohol (HA)-exposed hearts, with representative gels (in right panel). (B) The nuclear 

NFkB protein expression in C, LA, and HA-exposed hearts with representative gels (in right 

panel). (C) The effects of exogenous PI3K activator, IGF-1, on cardiac NFκB protein 

expression in the presence of alcohol (representative gels in right panel) (n = 3; *p < 0.05 

compared with control; #p < 0.05 compared with LA).
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Fig. 7. 
Caspase 3/7 activity from isolated cardiomyocytes that were treated with varying levels of 

alcohol (low [LA], moderate [MA], or high [HA]) alone (A) or in combination with 

Ad.Akt(K179M) (B), IGF-1 (C), or Ad.BD110 (D). n = 3, *p < 0.05 compared with control.
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Fig. 8. 
Cell viability from isolated cardiomyocytes that were treated with varying levels of alcohol 

(low [LA],moderate [MA], or high [HA]) alone (A) or in combination with LY294002 (B), 

IGF-1 (C) or Ad.BD110 (D). n = 3; *p < 0.05 compared with control. #p < 0.05 as 

compared to IGF-1.
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Fig. 9. 
Qualitative images of cardiomyocytes exhibiting reactive oxygen species (ROS) production. 

Fluorescent images were captured at the maximal signal with each alcohol exposure: (A) 

control, (B) low alcohol, and (C) high alcohol. The peak of fluorescence occurred within 1 

to 2 minutes after exposure to different amounts of alcohol. (D) Quantitative analysis of the 

maximal signal with each alcohol exposure. Bars represent mean values ± SEM (n = 6; *p < 

0.05 compared with control).
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Fig. 10. 
Effects of acute low alcohol (LA), moderate alcohol (MA), or high alcohol (HA) exposures 

on pressure–volume (PV) relationships of the left ventricle of adult male rats. Left panel: 

representative steady-state PV loop for control heart (first row), LA-exposed heart (second 

row),MA-exposed heart (third row), and HA-exposed heart (fourth row). Right panel: 

representative regression of PV loops following occlusion of the vena cava where the slope 

of the regression line depicts the end-systolic PV relationship (ESPVR) for each condition, 

respectively.
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Fig. 11. 
Effects of alcohol on heart rate (HR) and stroke volume (SV). Heart rate (left panel) and SV 

(right panel) modulation by low alcohol (LA), moderate alcohol (MA), and high alcohol 

(HA) alone (upper row), in combination with IGF-1 (middle row), or with LY294002 (lower 

row). n = 4; *p < 0.05 compared with control.
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Fig. 12. 
Effects of alcohol on cardiac output (CO) and ejection fraction (EF). Cardiac output (left 

panel) and EF (right panel) modulation by low alcohol (LA), moderate alcohol (MA), and 

high alcohol (HA) alone (upper row), in combination with IGF-1 (middle row), or with 

LY294002 (lower row). n = 4; *p < 0.05 compared with control.

Umoh et al. Page 27

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 February 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 13. 
Effects of alcohol on left ventricular end-systolic pressure–volume relationship (ESPVR) 

and end-diastolic PVR (EDPVR). ESPVR (left panel) and EDPVR (right panel) modulation 

by low alcohol (LA), moderate alcohol (MA), and high alcohol (HA) alone (upper row), in 

combination with IGF-1 (middle row), or with LY294002 (lower row). n = 4; *p < 0.05 

compared with control.
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