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ABSTRACT: Along with thrombolytic therapy, which has a number of limitations, stroke outcome may be 

improved with neuroprotective therapies that disrupt ischemic cell death.  Recent research has shown a 

neuroprotective role of ethanol administration during ischemic stroke, such as its ability to reduce infarct 

volume and neurologic deficit. In order to investigate this further, we assessed the hypothesis that ethanol’s 

neuroprotective effect is through reduction of apoptosis and the modulation of the important apoptotic PKC-

δ and Akt signaling pathway. Ethanol (1.5 g/kg) was given by intraperitoneal injections to 54 Sprague-Dawley 

rats after 2 hours of middle cerebral artery (MCA) occlusion, followed by 3 or 24 hours of reperfusion. We 

measured apoptotic cell death, PKC-δ, and Akt mRNA and protein expressions in each of ischemic groups 

with or without ethanol treatment using ELISA, real-time PCR and Western blot analysis. Our results 

showed that cell death was significantly increased in rats following 2 hour MCA occlusion and 24 hour 

reperfusion. Subsequently, cell death was significantly reduced by an administration of ethanol. We further 

found that ethanol administration, prior to either 3 or 24 hours of reperfusion, significantly decreased the 

expression of PKC-δ while simultaneously increasing the expression Akt at both mRNA and protein levels at 

the two points.  In conclusion, our study suggests that ethanol administration following ischemic stroke 

modulates the gene and protein profile in such a way that it increased expression of anti-apoptotic Akt and 

decreased the pro-apoptotic PKC-δ. This ultimately results in a decrease in neuronal apoptosis, thus 

conferring neuroprotection. 
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Ischemic stroke, the most prevalent type of stroke, causes 

a rapid disruption of blood flow and thus deprives the 

brain of vital nutrients due to a thrombosis or embolism 

all within minutes. This ischemic crisis initiates a cascade 

of intracellular events within affected cells, eventually 

leading to neuronal death and loss of functional brain 

tissue. Thrombolytics, the only FDA approved treatment, 

are limited because there is a short time window for 

administration and late treatment increases risks [1]. The 

main goal of thrombolytic therapy is to remove the 

occlusion; however, full treatment of the acute ischemic 
stroke will necessitate inhibiting the cellular dysfunction 

that is a result of vascular occlusion. Therefore a 

neuroprotective agent is needed that will confer effective 

protection and inhibit the deleterious ischemic cell-death 

cascade thus normalizing metabolic function.   

The molecular basis of ischemia-induced apoptotic 

cell degradation, one of the major factors that contribute 

to the spread of neuronal cell loss, has been elucidated in 

previous studies [2].  Although advances have uncovered 

the cascade of molecular events underlying apoptosis, 

there is a scarcity of knowledge of how the apoptotic 

cascade can be modulated by various treatments. 

Amongst the limited treatments for ischemic stroke, 
ethanol remains to be one of the most promising due to its 

neuroprotective effect following stroke [3]. In our recent 
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study we showed that ethanol can serve as a 

neuroprotective agent by reducing apoptotic cell death in 

rats subjected to middle cerebral artery (MCA) occlusion 

[4]. Another study showed that ethanol down regulated 

pro-apoptotic proteins [5]. Despite the many advances, 

however, the complete biochemical mechanism behind 

ethanol’s neuroprotective effect still needs to be 

explained.  

Currently, there are two main pathways of apoptosis: 

the extrinsic (death receptor) pathway and the intrinsic 

(mitochondrial pathway). Although they differ in how 

they are initiative, both pathways converge upon a 

common-point: the cleavage, and thus activation, of 

caspase-3, known as the executioner caspase [6]. Unlike 

the extrinsic pathway, the intrinsic pathway is a non-

receptor mediated pathway governed by the Bcl-2 family 

of proteins which causes crucial changes to the 

mitochondria, such as opening of the mitochondrial 

permeability transition (MPT) and releasing sequestered 

pro-apoptotic proteins into the cytosol, such as the deadly 

cytochrome c – an activator of caspase-3 [7].  Certain 

factors, however, can modulate this process and, in 

particular, affect the release of cytochrome c. A previous 

study has concluded that protein kinase C delta (PKC-δ), 

a key signaler of the apoptotic pathway, causes the release 

of cytochrome c [8]. On the other hand, studies have 

shown that Akt phosphorylates a group of molecules 

thereby blocking the release of mitochondrial cytochrome 

c [9].  Therefore, both PKC-δ and Akt serve as strategic 

regulators of apoptosis.  

 To understand the biochemical pathway associated 

with ethanol-induced neuroprotection, we first 

investigated ethanol’s effect on apoptotic cell death. This 

assured us of ethanol’s ability to counter apoptotic cell 

death.  To further elucidate ethanol’s neuroprotective 

effect on the apoptotic pathway, we then focused on these 

two important proteins involved in apoptosis, protein 

kinase C delta (PKC-δ) and Akt, also known as Protein 

Kinase B (PKB).  

 

MATERIALS AND METHODS 

 

Subjects 

 

All experimental procedures were approved by the 

Institutional Animal Investigation Committee of Wayne 

State University and were in accordance with the 

National Institutes of Health guidelines for care and use 

of laboratory animals. A total of 54 adult male Sprague-

Dawley rats (Charles River Laboratories, Wilmington, 

MA) were used.  Rats were randomly divided into: (1) 
sham-operated group (n=6x2) in which no middle 

cerebral artery (MCA) occlusion; (2) stroke with 

reperfusion group for 3 hours (h) (n=6x2); (3) stroke with 

reperfusion for 24h (n=6x2) group. The stroke groups 

were randomly assigned to receive either saline (no 

treatment) or an intraperitoneal injection of ethanol (1.5 

g/kg) immediately prior to reperfusion (n=6 per group). 

The apoptotic cell-death was determined at 24 h post-

reperfusion and the PKC-δ and Akt mRNA and protein 

were analyzed at both 3 and 24 h post-reperfusion. 

Investigators were blinded during the selection and 

surgical portion of this experiment.   

 

Transient MCA Occlusion 

 
Middle cerebral artery occlusion (MCAO) was induced 

for 2 hours using the intraluminal filament model [10]. 

This was followed by reperfusion for 3 or 24 hours. A 

circulating heating pad and hearting lamp was used to 

maintain rectal temperature at 36.5-37.5 °C. The Animals 

were anesthetized with 1.5-2% enflurane in a mixture of 

70% air and 30% O2.  Blood pCO2 and pO2, mean arterial 

pressure (MAP), as well as rectal and brain temperature 

were monitored throughout the procedure. At 3 or 24 

hours after reperfusion, brains were harvested for further 

analysis.  

 

Cell death detection 

 

A cell death ELISA kit (Roche Diagnostics, Indianapolis, 

IN, USA) was used to quantify the degree of apoptosis in 

each group by measuring the amount of cytoplasmic 

histone-associated DNA fragments generated by 

apoptosis using a photometric enzyme immunoassay as 

described previously by us [4, 11].  According to protocol, 

10 mg of brain sample was transferred to a 0.1 M citric 

acid solution mixed with 0.5% Tween-20 and was then 

centrifuged for 15 min at 2,000 rpm.  The supernatant was 

diluted by incubation buffer and was used for assay. 

Absorbance at the 405 nm wavelength was detected for 

cell death using a DTX-880 multimode detector 

(Beckman). We then presented the relative mean values 

for cell death. 

 

mRNA Expression of PKC-δ and Akt 

 

A real-time polymerase chain reaction (PCR) technique 

was used to determine gene expressions in each group 

after stroke as described previously by [4]. Total RNA 

was isolated from the cortex and striatum of the sham-

operated, no-treatment, and treatment groups (n=6) by 

using STAT-60 Reagent (Tel-Test Co.) according to the 

manufacturer’s protocol. The samples were purified using 

TRIzol® (Invitrogen, Grand Island, NY). Random 
primers were used to create first-strand DNA synthesis 

using the iScript cDNA synthesis kit (Bio-Rad, Hercules, 

CA). Then, the cDNA was amplified using an ABI Prism 
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7900HT sequencing detection system for real-time PCR 

with Brilliant II SYBR® Green Master Mixes (Agilent 

Technologies, Santa Clara, CA). PKC-δ (forward 5′- 

GAG GCA CTC ACC ACA GAC -3′ and reverse primer 

5′- AGG TCC AGC CAG AAC TCA -3′) and Akt specific 

primers ( forward 5′-TCC TGC ACC TGG AGC TCT 

GTT A- 3′ and reverse primer 5′-CTC AGG GCA GCA 

GGA CAT GTA G -3′) were used. As an internal PCR 

control, the rat ribosomal protein L32 (rpL32) was used 

for each sample (forward: 5′-TGT CCT CTA AGA ACC 

GAA AAG CC-3′ and reverse: 5′-CGT TGG GAT TGG 

TGA CTCTGA-3′). There relative quantification of target 

gene expression was determined by using the comparative 

CT (threshold cycle) method with the arithmetic formula 

[12]. Subtracting the CT of the housekeeping gene from 

the CT of the target gene yielded the ∆CT in each group 

(control and experimental groups). By entering this value 

into the equation 2-∆CT, we were able to calculate the 

exponential amplification of PCR. The mean amount of 

gene expression from the control group was arbitrarily 

assigned as 1 to serve as reference. The expression of the 

target gene from experimental groups, therefore, 

represents the fold-difference expression relative to the 

reference gene. 

 

Protein Expression 

 

Western Blot analysis was used to detect protein levels in 

the ischemic tissue as described previously [4]. Briefly, 

brain isolates from rats in the control group and one 

variable group (Stroke or Stroke + 1.5 g/kg) were loaded 

onto a single 10% sodium dodecyl sulfate-polyacrylamide 

gel for electrophoresis. Upon conclusion of 

electrophoresis, proteins were transferred to a 

polyvinylidene fluoride (PVDF) membrane (Bio-Rad). 

Membranes were incubated with a primary antibody 

(rabbit polyclonal anti- PKC-δ, 1:5000, Santa Cruz; rabbit 

polyclonal anti-Akt 1:1000, Cell Signaling) for 24 hours 

at 4 °C. Next, membranes were washed 3 times with PBS 

for 6 minutes each, and re-incubated with a secondary 

antibody (goat anti-rabbit IgG, Santa Cruz; goat anti-

rabbit IgG, Santa Cruz) for one hour at room temperature. 

An ECL system was used to detect immunoreactive bands 

by luminescence. Western blot images for each antibody, 

including β-actin, were analyzed using an image analysis 

program (ImageJ 1.42, National Institutes of Health, 

USA), to quantify protein expression in terms of relative 

image density.  The mean amount of protein expression 

from the control group was assigned a value of 1 to serve 

as reference. The expressions of the target genes were 

represented as fold-differences compared to the control.  

 

 

 

Statistical Analysis 

 
Statistical analysis was performed with SPSS for 

Windows, version 17.0 (SPSS, Inc.). The differences 

among multiple groups were assessed using both one-way 

and two-way analysis of variance (ANOVA) with a 

significance level at p<0.05. Post-hoc comparison 

between groups was also performed with the least 

significant difference (LSD) method. All data was 

expressed as mean +/- standard errors (SE).  

 

RESULTS 

 

Apoptotic Cell-death 

 

Cell death was quantified by the amount of cytoplasmic 

histone-associated DNA fragments generated by 

apoptosis.  Rats in the untreated stroke group showed, as 

expected, a significant increase in apoptosis when 

compared to the sham-operated animals [F (2, 15) =17.840, 

p=0.000] (Fig 1). Treatment of the stroke group with 1.5 

g/kg of ethanol provided a significant decrease in cell 

death as compared to stroke without treatment [LSD: p = 

0.001]. There was no significant difference in apoptosis 

between sham animals and treated stroke animals [LSD: 

p = 0.126]. 

 

 
 
Figure 1. Ethanol significantly decreases apoptotic cell 

death. Apoptotic cell death by groups at 24h after reperfusion is 

represented as a relative value compared to a reference value of 

1 based on the amount of cytoplasmic histone-associated DNA 

fragments formed by apoptosis. Stroke significantly increased 

cell death (*p<0.01) as compared to sham-operation. Ethanol 

treatment decreased apoptosis (#p<0.01) as compared to stroke 

without treatment. 

 

 

Pro-apoptotic PKC-δ mRNA and protein expression 

 

Compared to sham-operated rats, levels of PKC-δ mRNA 

were significantly increased in ischemic rats at 3 hours 
after reperfusion, but with ethanol treatment there was a 

significant decrease from ischemic rats and no significant 

difference between control and ethanol-treated rats [F(2,18) 
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= 17.046, p = 0.000. LSD: Control-Stroke p = 0.000, 

Control-Ethanol p = 0.118, Stroke-Ethanol p = 0.001] (Fig 

2A). Similarly, at 3 hours after reperfusion, PKC-δ protein 

expression was significantly increased as compared to 

sham-operated rats, but not significantly increased in 

ischemic rats that had been treated with ethanol [F(2,15) = 

79.347, p = 0.000. LSD: Control-Stroke p = 0.000, 

Control-Ethanol p = 0.573, Stroke-Ethanol p = 0.000] 

(Fig. 3A). The results at 24 hours post-reperfusion were 

similar for both mRNA [F(2,15) = 13.912, p = 0.000. LSD: 

Control-Stroke p = 0.000, Control-Ethanol p = 0.936, 

Stroke-Ethanol p = 0.000](Fig. 2A) and protein [F(2,15) = 

22.666, p = 0.000. LSD: Control-Stroke p = 0.000, 

Control-Ethanol p = 0.584, Stroke-Ethanol p = 0.000] 

(Fig. 3A).  Ischemia/reperfusion increased PKC-δ mRNA 

[F(1,22) = 19.065, p = 0.000] and protein [F (1, 20) = 59.143, 

p = 0.000] expression while ethanol significantly reduced 

them at 24 hours.   

 

 

 

Figure 2.  mRNA expressions of  PKC-δ and Akt. As compared to the stroke without treatment group, ethanol suppresses PKC-δ 

mRNA expression at 3h (#p<0.01) and 24h (#p<0.01) (A). As compared to stroke without treatment, ethanol increases Akt mRNA 

expression at 3h (*p<0.01) and 24h (*p<0.01) (B). All values are set as a percentage of the sham-operation group (standardized at 1.0), 

and represented as means ± SE 

 

Pro-Survival Akt mRNA and protein expression 

 

At 3 hours after reperfusion, animals in the stroke without 

treatment group had decreased levels of Akt mRNA (Fig. 

3B) as compared to sham-operated rats, while ethanol 

treatment elevated Akt mRNA in ischemic rats. There was 

a significant difference in mRNA expression between the 

stroke and ethanol groups [F(2,15) = 5.889, p = 0.013. LSD: 

Control-Stroke p = 0.106, Control-Ethanol p = 0.106, 

Stroke-Ethanol p = 0.004]. Similarly, at 3 hours after 

reperfusion, phosphorylated Akt protein expression had 
significantly decreased as compared to sham-operated 

rats, while ethanol restored Akt protein levels [F(2,15) = 

6.652, p = 0.009. LSD: Control-Stroke p = 0.003, Control-

Ethanol p = 0.363, Stroke-Ethanol p = 0.021] (Fig. 3B). 

For mRNA (Fig. 3B), at 24 hours post-reperfusion, 

ethanol treatment has a significant effect on reduced 

expression by stroke [F(3,20) = 6.216, p = 0.004]. Acute 

ethanol administration before reperfusion significantly [F 

(1, 20) = 13.852, p = 0.004] increased the expression of Akt 

as compared to stroke without treatment. At 24 hours 

post-reperfusion, ischemia-injured animals demonstrated 

significantly decreased Akt protein levels as compared to 

sham-operated animals, while ethanol elevated Akt 

expression significantly [F(2,15) = 33.295, p = 0.000. LSD: 
Control-Stroke p = 0.001, Control-Ethanol p = 0.013, 

Stroke-Ethanol p = 0.000] (Fig. 3B).  
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Figure 3. Protein expressions of PKC-δ and Akt. Pro-apoptotic protein expression of PKC-δ was significantly reduced with 

ethanol treatment as compared to stroke without treatment at 3h (#p<0.01) and 24h (#p<0.01) (A). Pro-survival protein 

expression of Akt was significantly increased with ethanol treatment as compared to stroke without treatment at 3h (*p<0.01) 

and 24h (*p<0.01) (B). All values are set as a percentage of the control (standardized at 1.0), and represented as means ± SE. 

 

 

DISCUSSION 

In the present study, we demonstrated that ethanol 

treatment following ischemic stroke affected the apoptotic 

protein profile of PKC-δ and Akt in the brain. Following 

2 hours of MCA occlusion, the administration of 1.5 g/kg 

ethanol led to a significant increase in the anti-apoptotic 

Akt mRNA and protein expression in the ischemic brain. 

This increase was achieved when ethanol was 

administered at 3 and 24 hours after reperfusion. 

Moreover, ethanol decreased the levels of PKC-δ mRNA 

and protein expression significantly when administered 

following ischemic stroke at 3 and 24 hours after 

reperfusion. This was in line with our results of a 

significant decrease in cellular apoptosis and cell death 

seen in stroke at 24 hours when ethanol was given at the 

onset of reperfusion [13].  

Although multiple proteins are involved in apoptosis, 

Protein Kinase C- δ (PKC-δ) and Akt /PKB are strategic 

signalers of the pathway. As a class of proteins, protein 

kinases serve as tactical regulators of signal transduction 

pathways in cells by phosphorylating, and thus 

functionally modulating, other target proteins. Studies 

have shown that PKC-δ has been involved in many 

diseases, including reperfusion injury [14]. Furthermore, 

both PKC-δ and Akt are kinases that control major 

cellular functions and thus any disruption to their 

functions can lead to major downstream effects. PKC-δ is 

a pro-apoptotic protein while Akt is an anti-apoptotic 

kinase that has been the focus of major previous studies 

[8, 9, 14-18]. Previous research demonstrated that PKC-δ 

is up-regulated in ischemic stroke [8,14,19]. This is 

because in ischemic stroke there is a deprivation of 

oxygen and ATP in brain tissues. This causes the Na+/K+ 

pump to dysfunction, which causes K+ accumulation in 

the exracellular space leading to a depolarized space. 

Consequently, this depolarized state causes Ca+ release 

through voltage-dependent Ca+ channels. Increases Ca+ 

releases glutamate which in turn causes the activation of 

PKC-δ. In addition, the activation of PKC-δ is aided by 



 A. Hafeez et al                                                                                             Reversed apoptosis by Ethanol in stroke therapy 

Aging and Disease • Volume 5, Number 6, December 2014                                                                            371 
 

the accumulation of reactive oxygen species (ROS)[14]. 

Previous studies have theorized the mechanisms by which 

PKC-δ causes apoptosis in ischemic stroke. For example, 

a study showed that PKC-δ increases apoptosis by 

facilitation the release of cytochrome c from the 

mitochondria via the Bad pathway [8]. Other studies 

theorize that PKC phosphorylation alters gene expression 

so that protein synthesis is decreased. Nevertheless, 

PKC’s activation of the apoptotic pathway has been 

established; however, to our knowledge, no previous 

studies have shown a successful and efficient treatment to 

reverse PKC-δ’s effect on apoptosis. Thus we showed that 

ethanol down-regulates PKC-δ.  

Furthermore, ethanol’s simultaneous effect on Akt 

protein is also studied in this paper.  Akt, also known as 

PKB, is a protein kinase that is involved in multiple 

pathways such as in the cell cycle and insulin signaling 

pathways. In detail, studies have elucidated that Akt 

carries out the downstream effects controlled by a class of 

kinases known as phosphoinositide 3-kinases (PI 3-

kinases). P1 3-kinases have been shown to be stimulated 

by, for example, growth factors. Recent data suggests that, 

in all, Akt modulates three important pathways of the cell: 

the cell cycle, apoptosis, and insulin signaling [20]. 

Relevant to metabolism, studies have demonstrated that 

the Akt gene is highly expressed in insulin-responsive 

tissues, such as adipose tissue, and serves as a downstream 

target for PI 3-kinase in the insulin signaling pathway. 

This is corroborated with another study that showed that 

the Akt gene is crucial for normal glucose homeostasis, 

and even for expression for the main glucose transporter 

in muscle tissue, Glut 4  [21]. Akt also has been shown to 

regulate the conversation of nutrients to macromolecules. 

Interestingly, 6-phosphofructo 2-kinase is phosphorylated 

and activated by Akt – a key glycolytic enzyme (Lawlor 

and Alessi 2001). Therefore, Akt has a very large role in 

cellular metabolism and will indirectly feed in substrates 

to the metabolic enzyme, PDH (pyruvate dehydrogenase). 

More importantly to our study, Akt has an anti-apoptotic 

function especially after stroke.  It prevents cell death 

through its effect on the Bad pathway and inhibiting the 

release of cytochrome c from the mitochondria. In detail, 

Akt phosphorylates BAD and subsequently prevents it 

from binding to Bcl-X L, preventing apoptosis. Akt has 

been shown to also modulate apoptosis in other ways, 

such as directly inhibiting caspase proteases, inhibition of 

apoptosis signal-regulating kinase 1 (Ask-1), or through 

the promotion of survival factors. Additionally, Akt’s 

involvement in insulin signaling could be another method 

by which Akt prevents apoptosis of neuronal cells 

following stroke because it promotes normal metabolic 
process and recovery [20]. Although the exact 

mechanisms of Akt’s inhibition of apoptosis is complex 

and needs to elucidated, our results show that Akt levels 

increase post-ischemia while ethanol administration 

increases levels significantly.  

  It has been shown previously that PKC-δ down-

regulates the Akt signaling pathway [22]. When ethanol 

was administered, a significant up-regulation of Akt was 

obtained. On the other hand, as we have demonstrated, 

ethanol down regulates PKC-δ. Thus, utilizing the 

negative regulation of PKC-δ on Akt found in previous 

studies [19], it is likely that ethanol increases Akt not only 

by acting on it directly, but also indirectly down-

regulating its inhibitor PKC-δ. 

Despite our vast knowledge of the hallmarks of brain 

injury and ischemic stroke, no significant protective 

treatments are applied clinically today. Ischemic injury 

produces a necrotic ischemic core and a penumbra that has 

a more apoptotic phenotype. Current reperfusion 

strategies, such as thrombolytic therapy, primarily aim at 

reducing the volume and injury severity of both the core 

and penumbra. These therapies have various limitations 

and side effects that render them ineffective in limiting 

brain injury after stroke. This necessitates further research 

to develop new clinically-promising treatments that are 

effective and safe, and can prevent brain damage from 

ischemic injury with or without reperfusion.  Therefore 

neuroprotective therapies, as opposed to reperfusion 

therapies, primarily focus on salvaging injured neurons 

found in the penumbra. Ethanol has been proven to have 

neuroprotective effects on brain cells after stoke by 

creating a pro-survival environment in the cell. The 

pathway that leads to neural cell loss, however, is very 

complex and ethanol’s actions on its players are not well 

understood.  Ethanol’s effects on two regulators of the 

apoptotic pathway are revealed in this paper. Its effects on 

other regulators and proteins of the pathway are the 

subject of future investigation in our lab.  
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