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ABSTRACT 

 

Alcohol abuse is known to induce liver diseases and neurodegeneration. Chronic alcohol use 

during medication is known to decrease drug efficacy and increase toxicity. In addition, alcohol is 

known to interact with other substances of abuse, such as tobacco. Cytochrome P450 2E1 

(CYP2E1), which is induced by alcohol, is mainly involved in alcohol metabolism in the liver and 

extra-hepatic cells in chronic users. As a result of alcohol metabolism, CYP2E1 produces reactive 

oxygen species (ROS), which in turn inhibits acetaldehyde dehydrogenase leading to accumulation 

of acetaldehyde, both of which are known to damage DNA, protein, and lipids. In addition, 

nicotine-metabolizing enzyme CYP2A6 and a major drug-metabolizing enzyme CYP3A4 are 

induced by alcohol, suggesting their role in unexpected alcohol-drug-tobacco interactions.  

 Our central hypothesis is that CYP2A6, CYP2E1, and CYP3A4 play important role in 

alcohol, nicotine, and antiretroviral therapeutic (ART) drug metabolism, respectively, in 

monocytes/macrophages and astrocytes, leading to oxidative stress-mediated toxicity and alcohol-

ART interactions. Monocytes/macrophages and astrocytes are important cell types in studying 

HIV-1 pathogenesis and AIDS/neuroAIDS development. Our results showed that 1) CYP2A6, 

CYP2E1 and CYP3A4 are induced by alcohol in U937 monocytes/macrophages, while only 

CYP2E1 is induced by alcohol at both mRNA and protein levels in SVGA astrocytes, 2) CYP2A6 



iii 
 

metabolizes nicotine in U937 macrophages and SVGA astrocytes, leading to increased production 

of ROS, 3) CYP3A4 binds nelfinavir and other protease inhibitors (PI) and is inhibited by these 

PIs, 4) In both U937 monocytes and SVGA astrocytes, CYP2A6 is regulated by alcohol through 

oxidative stress-induced PKC/MEK/Nrf2 pathway, while CYP2E1 is regulated by oxidative 

stress-induced PKC/JNK/SP1 pathway, 5) In human monocytes/macrophages,  CYP2E1 is 

induced in alcoholic as well as HIV-infected individuals. 

 In conclusions, our findings suggested that alcohol-mediated induction of CYP2A6, 

CYP2E1, and CYP3A4 is responsible for increased oxidative stress, increased cytotoxicity, and 

decreased efficacy of ART in monocytes/macrophages and astrocytes. Since alcohol abuse and co-

abuse of alcohol and tobacco are 3 times higher among HIV+ patients than that of the general 

population, our findings have implications in HIV-1 pathogenesis, AIDS and neuroAIDS. Our 

subsequent findings would help optimize ART medication and help develop alternative 

interventions in alcohol and tobacco-consuming HIV-infected individuals.  
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CHAPTER 1 

GENERAL INTRODUCTION 

 

Overview: Alcohol, Immune Suppression and Neurodegeneration 

Alcohol consumption is ranked as the biggest problem of drug abuse in clinical practice (CDC, 

2010). It interferes with medications of various diseases, leading to decreased drug efficacy and 

increased toxicity. Alcohol itself is known to be responsible for liver damage, such as fatty liver 

or liver cirrhosis (Altamirano and Bataller, 2011). As a result, the metabolic function of the liver 

is reduced, mainly resulting from altered expression level of metabolic enzymes, lipid circulation 

and hormonal disorders (increased insulin resistance, etc.).  

Alcohol-mediated immune suppression is increasingly considered as one of the major 

issues among chronic or heavy alcohol users (Happel and Nelson, 2005). Increased gastrointestinal 

(GI) bacterial infection has been found in ethanol-treated gastrointestinal epithelial cells in animals 

taking ethanol or in alcoholic individuals (Rajendram and Preedy, 2005). Altered levels of cytokine 

release, such as tumor necrosis factor (TNF)-α and monocyte chemoattractant protein-1 (MCP-1), 

are considered as one of the causes of alcohol-enhanced GI infection and they contribute to further 

damage to other organs, especially lipid-rich organs like the brain. In addition to pro-inflammatory 

cytokines, increased production of reactive oxygen species (ROS) is also involved in mediating 

alcohol-induced immune suppression (Potula et al., 2006). The increase of oxidative stress 

enhances DNA lesions, protein modification and lipid peroxidation, leading to mitochondrial 

dysfunction and impaired cellular interaction. As a result, cellular apoptosis is induced in immune 

cells, contributing to further damage to systemic immune defense. 
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 Alcohol consumption is known to increase dependence, induce cognitive dysfunction, and 

increase risky behaviors, most of which results from interfering with neurotransmitters 

(Vengeliene et al., 2008; Heinz et al., 2009). In addition, alcohol-mediated neurodegeneration has 

been shown to be associated with increased permeability of the blood-brain barrier (BBB), 

enhanced damage to tight junction protein, increased activation of astrocytes, and loss of neuron-

astrocytic trafficking (Butterworth, 1995; Haorah et al., 2005). Furthermore, alcohol-related 

neurological disorders also indirectly result from alcohol-induced vitamin deficiency and liver 

diseases, especially among alcoholics (Butterworth, 1995; Ke et al., 2009). Brain-liver interaction 

is found to be an additional cause of enhanced toxicity by chronic or heavy consumption of alcohol 

(Wang et al., 2010a). 

Compared to the general population, alcohol abuse is known to be highly prevalent among 

people infected by human immunodeficiency virus (HIV)-1. Both immune suppression and 

neuronal damage caused by alcohol have been found to further exacerbate HIV pathogenesis, 

including increased viral replication and development of HIV-associated neurocognitive diseases 

(HAND) (Hahn and Samet, 2010; Persidsky et al., 2011). Decreased amount of CD8+T 

lymphocytes, increased brain infiltration of HIV-1 infected monocyte-derived macrophages 

(MDM), increased viremia, and further increased oxidative stress have all been found to be 

consequences of alcohol consumption along with increased HIV-1 infection. Furthermore, alcohol 

abuse among HIV-1 infected individuals is associated with increased risk of other substances of 

abuse, such as tobacco, which can accelerate HIV-1 progression and AIDS/neuroAIDS 

development (Howe et al., 2011).  

Alcohol abuse is also known to interact with antiretroviral therapeutic (ART) drugs, 

resulting in decreased therapeutic efficacy and increased organ damage (Neuman et al., 2012). 
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However, the underlying mechanism involving ART-alcohol interaction remains unclear. Since 

both alcohol and most ART drugs (non-nucleoside reverse transcriptase inhibitors (NNRTI) and 

protease inhibitors (PI)), are metabolized by cytochrome P450 (CYP) enzymes (Hamitouche et al., 

2006; Walubo, 2007), it is possible that CYP enzymes are responsible for the interaction between 

alcohol and ART drugs. Altered expression of CYPs by alcohol can affect pro-drug activation and 

drug metabolism, leading to increased drug toxicity as a result of accumulation of drugs or drug 

metabolites, as well as altered drug efficacy. In addition, CYP can metabolize other substances, 

including tobacco, leading to increased potential of toxicity (Rossini et al., 2008). Moreover, CYP-

mediated metabolism is responsible for increased oxidative stress, which is associated with both 

enzymatic protein expression and activation of stress-dependent signaling pathways (Nanji et al., 

2001; Nakayama et al., 2011). The effect of CYP-mediated metabolism is further amplified by the 

induction of CYP enzymes by alcohol, ART and other substances. Thus, examination of the role 

of CYPs in alcohol-mediated immune dysfunction and neuronal damage provides a novel approach 

to improve therapeutic effects and attenuate toxicities induced by interactions between alcohol, 

ART drugs and other substances of abuse.  

The central hypothesis in this study is that alcohol-CYP interaction induces oxidative stress 

and other toxicities, as well as alters CYP-mediated metabolism of ART drugs and other 

substances of abuse in extrahepatic cells, especially monocytes and astrocytes. Therefore, in this 

study, U937 monocytic and SVGA astrocytic cell lines were used as cell models to test our 

hypothesis. In addition, primary monocytes from alcoholic and HIV-infected human blood 

samples were used to confirm our findings from the cell lines. Monocytes/macrophages, which are 

important cell types in the blood, are known to be the secondary target of HIV-1 infection and are 

the major reservoirs of HIV-1 infection and play important roles in neuroAIDS development. 
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Furthermore, these cells infiltrate the brain and differentiate into microglia and perivascular 

macrophages, which are an integral part of neuron foundations (Aquaro et al., 2005). Astrocytes 

are one of the major cell types in the brain that are responsible for the protection of neuronal 

integrity and nutritional supply to the neurons (Bélanger et al., 2011; Ben and Pascual, 2012). 

Recently, astrocytes have also been shown to be infected by HIV-1 (Tornatore et al., 1994). 

Measurements of transcriptional and translational expressions of CYPs, as well as ROS production, 

were used to investigate the effect of alcohol on CYP expression and its potential role in alcohol-

induced oxidative stress and toxicity. The experiments were performed to: 

(1) Examine the expression of multiple CYPs, including CYP2A6, CYP2E1 and CYP3A4, in 

cell lines (Chapter 3), in U937 monocytes, U937 monocyte-derived macrophages (MDM), 

and SVGA astrocytes. 

(2) Investigate the role of CYP2A6 in nicotine metabolism in U937 MDM and SVGA 

astrocytes (Chapter 4). 

(3) Determine the interaction of CYP3A4 and protease inhibitors, such as nelfinavir (Chapter 

4). 

(4) Investigate the underlying mechanism of alcohol-mediated regulation of CYP2A6 

expression (Chapter 5).  

(5) Investigate the underlying mechanism of alcohol-mediated regulation of CYP2E1 

expression (Chapter 6). 

(6) Examine the expressions of CYP2E1, ALDH and antioxidant enzymes in healthy, 

alcoholic, HIV+, and HIV+ alcoholic individuals (Chapter 7). 

Results obtained from these experiments will help us to define the involvement of CYP 

enzymes in alcohol-induced toxicity in monocytic and astrocytic cells, especially in HIV+ 
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individuals. The findings from this study provide strong evidence of alcohol-induced CYP-

mediated toxicity in monocytes and astrocytes. This study will provide a novel target in improving 

therapeutic efficacy of HIV medications in alcohol users and reducing damage caused by alcohol.  

 

Cytochrome P450 Enzymes in Xenobiotic  

Metabolism and Interactions 

Cytochrome P450 (CYP) is a superfamily of heme proteins that contribute to a variety of phase I 

xenobiotic metabolism (Anzenbacher and Anzenbacherová, 2001; Schneider and Clark, 2013). It 

is activated by cytochrome P450 reductase, which provides electrons from the oxidation of 

NADPH to NADP+ (Danielson, 2002) (Figure 1). Although it is most abundant in the liver, it also 

shows expressions in extra hepatic organs, such as intestine, lungs, kidney, and brain (Lieber, 

2004). In humans, some CYP enzymes show increased clinical variation due to polymorphism 

between different races (esp. Caucasians), as well as ages and genders, resulting in unexpected 

consequences during medication (Glue and Clement, 1999). In addition to substrate binding and 

metabolism, CYP enzymes are also affected by substrates at transcriptional, translational, and post-

translational levels, which increase the complexity of metabolic interactions in the presence of 

multiple substances and drugs (Lieber, 2004; Uppugunduri et al., 2012). 

Among all isozymes of CYP, human CYP2C9, CYP2D6 and CYP3A4 are known for 

metabolizing therapeutic drugs, of which CYP3A4 shows the highest hepatic abundance and 

importance in drug metabolism (Liu et al., 2012). CYP2C9 and CYP2C19 are known for their role 

in metabolizing warfarin and cyclophosphamide, while CYP2D6 is known for metabolizing 

antidepressant drugs. The most abundant hepatic CYP, CYP3A4, is known to metabolize 

numerous drugs, including antiretroviral drugs like NNRTIs and protease inhibitors (PIs) 

(Jayakanthan et al., 2010). Some PIs, such as ritonavir (Busse and Penzak, 2007; Kharasch et al., 
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2008), are also known to inhibit the activity of CYP3A4, resulting in decreased metabolism and 

increased blood concentration of other drugs that are metabolized by CYP3A4. Since CYP3A4 

shows the highest abundance and importance, it is critical to define the role of CYP3A4 in drug-

drug interaction, especially among drugs that are commonly used in combination therapies for 

treating HIV-1 infection and neuroAIDS.  

In addition to drug metabolism, CYPs are also known to metabolize substances of abuse. 

CYP2E1 is widely known to metabolize alcohol, catalyzing formation of toxic metabolite 

acetaldehyde, and generating ROS in the liver (Lu and Cederbaum, 2008). CYP-induced formation 

of ROS and acetaldehyde is further increased because chronic use of alcohol further increases the 

expression of CYP2E1 by several-fold. CYP2E1-induced ROS, especially hydroxyl radicals, 

causes enhanced oxidative damage and formation of other ROS and reactive nitrogen species 

(RNS), contributing to the reduced activity of aldehyde dehydrogenase (ALDH). As a result, it 

inhibits the conversion of acetaldehyde to acetic acid, leading to increased toxicity of acetaldehyde, 

including enhanced glutathione depletion and inhibition of DNA repair (Lieber, 1997). In addition 

to its hepatic expression, CYP2E1 is also expressed in extra-hepatic organs (Roberts et al., 1994), 

including the brain, where it shows greater involvement in alcohol metabolism compared to ADH 

(Zimatkin et al., 2006). Furthermore, acetaminophen and benzene are all known to be metabolized 

by CYP2E1 and alter CYP2E1 expression, suggesting its role in liver toxicity by these chemicals 

(Knockaert et al., 2011). Thus, the induction of CYP2E1 by alcohol may cause serious damage to 

extra hepatic organs, in addition to liver damage and cancer.  

In addition to CYP2E1, CYP2A6 is known for its involvement in metabolism of tobacco-

associated compounds, as well as activation of some procarcinogens (Benowitz et al., 2009). 

CYP2A6 mainly mediates 80% of nicotine metabolism, as well as formation and further 
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metabolism of cotinine. CYP2A6-mediated activation and metabolism of procarcinogens, such as 

nicotine-derived nitrosoamine ketone (NNK), leads to increased incidence of cancer (Sellers et al., 

2003a). Furthermore, CYP2A6 and CYP3A4 are also known to participate in alcohol metabolism. 

It is known that CYP2A5 (analog of human CYP2A6 in rodents) expression in rat is induced 

through nicotine-induced CYP2E1 expression (Lu et al., 2011), indicating the important role of 

CYP-mediated metabolism in alcohol-nicotine interaction. Since alcohol drinking leads to 

increased risk of tobacco use (King et al., 2009), examination of the mechanism of CYP-mediated 

interaction between alcohol and nicotine may provide additional targets, other than 

neurotransmitters, in attenuating toxicity of alcohol and tobacco use.  

CYP enzymes are regulated by four major nuclear receptors (Sonoda et al., 2003; 

Tompkins and Wallace, 2007; Lim and Huang, 2008). These are: 1) Aryl hydrocarbon receptor 

(AhR), which is associated with the regulation of CYP1A1, CYP1A2, and CYP1B1; 2) 

Constitutive androstane receptor (CAR), which mediates the regulation of CYP2B enzymes; 3) 

Pregnane X-receptor (PXR), which is important in regulating CYP2B and CYP3A enzymes; and 

4) Peroxisome proliferator-activated receptor (PPAR), which is mainly associated with the 

regulation of CYP2C enzymes. The co-presence of the heterodimer PXR/retinoic X receptor and 

PPARγis also involved in the regulation of CYP2A6 in hepatocytes (Itoh et al., 2006), indicating 

that CYP-mediated interactions can also exist between individual CYPs via shared nuclear 

receptor. 
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Figure 1. CYP structure and activation. A. Structure of CYP2E1. This research was originally published in Journal 

of Biological Chemistry. Patrick R. Porubsky, Kathleen M. Meneely and Emily E. Scott. Structures of Human 

Cytochrome P-450 2E1: INSIGHTS INTO THE BINDING OF INHIBITORS AND BOTH SMALL MOLECULAR 

WEIGHT AND FATTY ACID SUBSTRATES. Journal of Biological Chemistry. 2008; 283:33698-33707. © the 

American Society for Biochemistry and Molecular Biology.B. Activation of CYP from reductase for xenobiotic 

metabolism (Made by the author of this dissertation).  

A 

B 
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  Multiple factors have been found to be associated with regulation of CYP enzymes in the 

liver and in extra hepatic organs, and some of them are related to nuclear receptor expressions 

(Jover et al., 2009). It has been found that cytokine release in the brain, especially IL-6, is involved 

in regulation of multiple CYPs (Wójcikowski and Daniel, 2008), while IL-4 leads to CYP2E1 

induction in hepatocytes (Abdel-Razzak et al., 1993). These findings suggest a potential 

correlation between inflammatory response and CYP expression, which may play an important 

role in immune dysfunction and neurodegeneration caused by substance abuse. Earlier studies have 

shown that the interaction between transcriptional factors, Nrf2 and AhR, is associated with 

induction of CYP1A (Köhle and Bock, 2007), while Nrf2 was also suggested to participate in 

CYP2A6 regulation (Yokota et al., 2011). Although the exact mechanism involved in alcohol-

induced CYP2E1 expression is unknown, it has been suggested that protein kinase C (PKC), which 

is considered as a stress sensor, may be involved (Lu and Cederbaum, 2008; Cederbaum et al., 

2009). Since these signaling cascades have mainly been examined in studies on cytokine release 

and other inflammatory disorders, it’s appropriate to define the role of CYPs in alcohol/nicotine 

abuse-mediated immune damage, especially among HIV-1 infected individuals.  

 

Alcohol Metabolism and Oxidative Stress 

Alcohol is metabolized into acetaldehyde and produces ROS. Acetaldehyde is finally converted 

into acetic acid, which enters the blood stream for its metabolic functions (Figure 2). In addition 

to alcohol itself, ROS and its metabolite, acetaldehyde, are known to be even more toxic than 

alcohol. Thus, the toxicity of chronic alcohol consumption or heavy drinking is enhanced by  
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Figure 2. Pathways involved in alcohol metabolism. The major pathway of formation of acetaldehyde is catalyzed by 

alcohol dehydrogenase (ADH), along with formation of NADH in the cytosol. The minor pathway is via CYP2E1, 

along with the conversion of NADPH to NADP+ and formation of ROS in the microsomes. Catalase is also involved 

in alcohol metabolism in peroxisomes.   
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abnormal accumulation of acetaldehyde, most of which is due to oxidative stress-associated 

enzyme dysfunction (Hink et al., 2007). 

 In the liver, the conversion from alcohol to acetaldehyde is mainly catalyzed by alcohol 

dehydrogenase (ADH), and CYP2E1 makes a minor contribution (about 10%) in this conversion, 

as well as catalase (Zakhari, 2006; Crabb and Liangpunsakul, 2007) (Figure 2). Although mild to 

moderate alcohol consumption is mainly metabolized by ADH, CYP2E1, especially in 

mitochondria, is more important in alcohol-induced toxicity among chronic and heavy drinkers. 

Previous observations have shown that mitochondrial CYP2E1 is the major enzyme responsible 

for long-term alcohol metabolism (Jing et al., 2012), and the induction of CYP2E1 by alcohol is 

greater than that of ADH. Moreover, CYP2E1 is known to contribute to generation of free radicals, 

mainly hydroxyl radicals, leading to increased oxidative damage and cell death. The increased 

production of ROS leads to mitochondrial dysfunction, increased DNA lesions, modification of 

functioning proteins and increased lipid peroxidation (Lu and Cederbaum, 2008). Additionally, 

the accumulation of free radicals inhibits the enzymatic activity of ALDH that further enhances 

the accumulation of acetaldehyde, which can also exacerbate the impaired redox status. Since the 

induction of CYP2E1 by alcohol is greater than that of ADH (up to 20-fold), chronic or heavy 

drinking of alcohol persistently increases the generation of toxic metabolites and ROS, resulting 

in enhanced organ damage and cancer development.  

CYP2E1 is also expressed in various extra hepatic cells, such as monocytes and 

macrophages (Hutson and Wickramasinghe, 1999; Upadhya et al., 2000).  The involvement of 

CYP2E1 in alcohol metabolism in extra hepatic cells is much greater than that of ADH. In the 

brain, catalase is responsible for about 60% alcohol metabolism and over 20% is catalyzed by 

CYP2E1, while ADH expression level is very low and is not involved in alcohol metabolism and 
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alcohol-induced damage (Zimatkin et al., 2006). Catalase does not mediate ROS production in 

alcohol metabolism, and therefore, results in relatively less toxicity. Although the contribution of 

CYP2E1 is lower than catalase in alcohol metabolism in the brain, it is the major enzyme 

responsible for acetaldehyde accumulation (Vasiliou et al., 2006). In addition, CYP2E1 is 

responsible for increased lipid peroxidation, which could be associated with increased 

permeability of blood-brain barrier (BBB) in long-term alcohol consumption. Furthermore, 

alcohol-induced liver damage and cirrhosis are associated with brain shrinkage and neuronal 

damage through liver-brain interaction (de la Monte et al., 2009; Chen et al., 2012). In conclusion, 

CYP2E1 is the major enzyme responsible for alcohol-induced brain damage, including 

neurodegeneration and damage to BBB. Its transcriptional and translational induction by alcohol 

thus shows greater implication in neurodegeneration among alcoholics.  

 

Nicotine Metabolism and Oxidative Stress 

Tobacco use is also highly prevalent (3-fold higher) among HIV-1 infected individuals (Marshall 

et al., 2011). The most abundant constituent found in tobacco is nicotine (~95%). Nicotine has a 

very short half-life. The diffusion of nicotine to the brain through pulmonary-venous circulation 

avoids first-pass metabolism by the liver, leading to its fast action in the central nervous system 

(CNS) (Benowitz et al., 2009). Similar to alcohol, nicotine can also induce dependence and 

addiction, mainly through binding to nicotinic-acetylcholine receptor (nAchR) (Benowitz et al., 

2009). Binding and activation of nAchR results in increased release of catecholamine in the brain 

and other organs, leading to multiple consequences, including increased heart rate and insulin 

resistance. Chronic tobacco use, especially via smoking, leads to persistent activation of nAchR, 

decreasing its sensitivity and increasing the tolerance (Benowitz et al., 2009). 
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Nicotine is mainly metabolized by CYP2A6 in the liver, forming cotinine (70%), which is 

further metabolized by CYP2A6 into 3-trans-hydroxycotinine. To a less extent, CYP2A6 also 

contributes to the conversion from nicotine to 4-(methylnitrosamino) - 1-(3-pyridyl)-1-butanone 

(NNK) (Benowitz et al., 2009).  NNK is known as a procarcinogen that is activated by CYP2A6 

and CYP2A13 and involved in development of multiple respiratory cancers (Nishikawa et al., 

2004). Nicotine is also metabolized by CYP2B6, especially when CYP2A6 expression is 

decreased. Thus, CYP2B6-CYP2A6 interaction is associated with increased dependence and 

nicotine-drug interactions (Ring et al., 2007). Polymorphisms of CYP2A6 and CYP2B6 are known 

to cause variation in individual response to nicotine, which shows implication in optimization of 

treatments for smoking abstinence (Yamanaka et al., 2005). In addition, studies have found that 

nicotine was an inducer of CYP2A6 expression, and chronic nicotine treatment led to CYP2B6 

induction in specific regions of the brain (Miksys and Tyndale, 2006). Increased synthesis of 

CYP2A6, as well as CYP2B6, results in not only the increased production of toxic metabolites 

through nicotine metabolism, but also enhanced interaction between nicotine and drugs that are 

metabolized by either CYP2A6 or CYP2B6. Development of selective inhibitors for CYP2A6 are 

considered to be important in effectively reducing smoking behavior and nicotine-drug interactions, 

which also provides an alternative pathway for preventing and attenuating nicotine dependence 

(Rahnasto et al., 2008). These findings suggest that CYP2A6 plays a critical role in nicotine 

metabolism and tobacco-induced cancers.  

In addition to nicotine metabolism into cotinine, NNK and other metabolites, CYP2A6-

mediated nicotine metabolism also leads to increased oxidative stress. Both in vitro and in vivo 

studies have found that applications of antioxidants effectively attenuated nicotine-induced 

oxidative stress and cell apoptosis (Taysi et al., 2010; Zhou et al., 2010). Since nicotine metabolism 
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can further induce CYP2A6, CYP2B6 and CYP2E1 expressions, it will increase risk of oxidative 

damage in long-term use.  

 

HIV-1 Infection, Antiretroviral Drugs and CYP Enzymes 

Human immunodeficiency virus (HIV) is known to cause acquired immunodeficiency syndrome 

(AIDS), marked as progressive failure of immune system and increasing risk of opportunistic 

infection, as well as cancer. The total population having HIV-1 infection around the world today 

is approximately 34 million, 4% of which is found in United States (UNAIDS 2011). Lymphocytes, 

monocytes/macrophages, dendritic cells and astrocytes are all found to be infected by HIV-1 and 

contribute to development of neuroAIDS. HIV infection leads to decreased CD4+ T cells, mainly 

through direct or indirect killing, including induction of apoptosis (Gougeon, 2004). As a result, 

the immune defense is damaged, allowing further viral replication and increased risk of 

opportunistic infection. In addition, increased oxidative stress and decreased blood concentration 

of antioxidants are found among HIV-1 infected individuals, indicating that viral infection and 

progression may contribute to increased oxidative damage (Porter and Sutliff, 2012). Furthermore, 

HIV infection in the brain causes development of neuroAIDS and other HIV-associated 

neurocognitive diseases (HAND), which remains to be a major problem among HIV-1 infected 

individuals who are on ART medications (Mothobi and Brew, 2012). 

Highly active antiretroviral therapy (HAART), combination of protease inhibitors (PIs) 

non-nucleoside reverse transcriptase inhibitors (NNRTIs) and/or nucleoside reverse transcriptase 

inhibitors (NRTIs), is highly effective on treating AIDS and inhibiting HIV progression (Peters 

and Conway, 2011). However, it is increasingly found that the use of HAART also contributes to 

development of neuroAIDS and HAND, especially among old people living with HIV (Mothobi 
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and Brew, 2012). One of the causes of increased toxicity of HAART appears to be due to drug-

drug interaction. In addition, increased prevalence of substance abuse may lead to increased 

toxicity between drugs and abused substances, such as alcohol and tobacco (Carrico, 2011). Since 

all PIs and most NNRTIs are metabolized by CYP3A4, CYP3A4 can play the central role in drug-

drug interactions, leading to increased oxidative stress. Nelfinavir, indinavir, and the most widely 

used HAART regimen, lopinavir and darunavir, are all inhibitors of CYP3A4 (Ernest et al., 2005). 

Another widely used PI, ritonavir, is a strong inhibitor of CYP3A4 with weaker effect on induction 

of CYP3A4 expression. Furthermore, some PIs are not only metabolized by the same enzyme but 

also share the same binding characteristics to CYP3A4 (Jayakanthan et al., 2010). In addition to 

ART metabolism, CYP3A4 also contributes to alcohol metabolism. As a result, altered CYP3A4 

expression and activity can lead to either decreased drug efficacy or enhanced accumulation, both 

of which can increase toxicity. Furthermore, oxidative stress induced by CYP3A4-mediated drug 

metabolism is crucial in HIV-1 infection, which could exacerbate immune status and enhance viral 

replication (Yoshikawa et al., 2009). In conclusion, examination of the effect of widely used PIs 

and most prevalent substances, like alcohol, on binding, expression and activity of CYP3A4 will 

help optimize HAART regimen and reduce/abolish toxicity among HIV-1 infected individuals.  
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CHAPTER 2 

GENERAL MATERIALS AND METHODS 

 

Cell Culture 

All experiments were performed on U937 human monocytic and SVGA human astrocytic cell 

lines. U937 cell line was obtained from ATCC (Manassas, VA), and maintained in Roswell Park 

Memorial Institute (RPMI) 1640 media containing 10% fetal bovine serum (FBS) and 1% 

gentamicin. Cells were cultured at an initial concentration of 2 × 105 cells per ml and media was 

refreshed every two days.  SVGA cell line was provided by Dr. Avindra Nath and maintained in 

Eagle's minimal essential medium (DMEM) containing 10% FBS and 1% gentamicin. SVGA cells 

were cultured in 20 ml media in a 75 mm2 flask with an initial amount of 1.6 × 106 cells. SVGA 

cells were passaged every other day and the initial concentration of cells in the newly prepared 

flask was 1.6 × 106 cells per 20 ml.  Both U937 and SVGA cells were incubated at 37°C in the 

incubator containing 5% CO2, and passaged 2 to 3 times before using them for experiments. Over-

night incubation was required for SVGA astrocytes to make them confluent in the flask or on 6- 

or 12-well plates. 

 

Reagents and Treatments 

RPMI 1640, DMEM, gentamicin and FBS were all purchased from Mediatech Inc. (Manassas, 

VA). Qiagen RNeasy kit for RNA extraction was brought from Qiagen (Valencia, CA). Nuclear 

protein extraction kit and bicinchoninic Acid (BCA) were from Thermo Scientific (Rockford, IL). 

Protease inhibitor cocktail, tryptamine, ritonavir, nicotine, ascorbic acid (vitamin C), coumarin, 

butylated hydroxyanisole (BHA), dioleylphosphatidylcholine (DOPC), polymyxin B sulfate, 
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nicotine, ketoconazole phorbol myristate acetate (PMA) staurosporine, U0126, and SP600125 

were bought from Sigma-Aldrich (St. Louis, MO). Diallyl sulfide (DAS) was bought from Alfa 

Aesar, Heysham (Lancs, UK). Gene expression kits and primer probes (CYP1A1, 

Hs01054794_m1; CYP1A2, Hs01070369_m1; CYP2A6, Hs0071162_m1; CYP2A13, 

Hs00426372_m1; CYP2B6, Hs03044636_m1; CYP2C9, Hs00426397_m1; CYP2C19, 

Hs00426387_m1; CYP2D6, Hs_00164385_m1; CYP2E1, Hs00559367_m1; CYP3A4, 

Hs00430021_m1; CYP3A5, Hs0024417_m1) were obtained from Life Technologies (Foster City, 

CA). Radioimmunoprecipitation assay (RIPA) buffer was obtained from Boston BioProducts, 

(Ashland, MA). All primary and secondary antibodies were from Santa Cruz Biotechnology Inc. 

(Santa Cruz, CA). Luminata™ Crescendo western HRP substrate was obtained from EMD 

Millipore Corporation (Billerica, MA). NE-PER Nuclear and Cytoplasmic Extraction Reagents 

were purchased from Thermo Scientific (Rockford, IL). Dichlorofluoroscein diacetate (DCFDA) 

was purchased from Life Technologies (Grand Island, NY). 7–Benzyloxy–4-

trifluoromethylcoumarin (7–BFC) and 7–hydroxyl–4 -trifluoromethylcoumarin (7-HFC) were 

purchased from Molecular Probes, Inc. (Eugene, OR). Nelfinavir, cotinine and NNK were bought 

from Toronto Research Chemicals (North York, On, Canada). NADPH was from Sigma Chemical 

Co. (St. Louis, MO). Bradford protein assay kit was from Bio-Rad (Hercules, CA). Annexin V PE 

apoptosis detection kit was purchased from BD Bioscience (San Jose, CA), TUNEL apoptosis kit 

for adherence cells was from Genscript (Piscataway, NJ).  

 All treatments were performed in 6-well or 12-well plates. For U937 monocytes, the 

concentration of cells in each well was 1 × 106 cells per ml and 80 nM phorbol 12-myristate 13-

acetate (PMA) was applied to each well for differentiation of U937 monocytes into macrophages. 

Ethanol treatment was optimized using 10-100 mM concentration range and eventually 100 mM 
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and 50 mM were used in U937 monocytes and SVGA astrocytes, respectively, for further 

experiments. For treatment in U937 monocytes, plates containing 100 mM ethanol in the media of 

each well were kept in sealed plastic boxes and incubated in the humidified incubator. Each box 

was added with 150 ml ethanol solution at the concentration of 100 mM and kept in the incubator 

1 hour before plates were put, to allow the container to saturate with ethanol. The surface of the 

ethanol solution around plates in the box was no higher than the bottom of all plates. Media was 

refreshed every 12 h. For SVGA astrocytes, the maximal amounts of cells per well were 8 × 105 

and 4 × 105 for 6-well and 12-well plates, respectively. Ethanol treatment of astrocytes was 

performed 12 h after seeding cells in 6-well plates. Desiccator-like containers containing 150 ml 

of 100 mM ethanol were preincubated for 1 h for ethanol saturation. Then, 50 mM ethanol was 

added to each well and the plates within the ethanol-saturated containers were incubated in the 

incubator. The media was refreshed every 24 h. Diallyl sulfide (DAS) treatment was performed 15 

min before ethanol treatment, as previously suggested because of its relatively short half-life 

(Morris et al., 2004). All other inhibitors were pre-incubated with cells 1 h before ethanol treatment.   

 

RNA Extraction and  

Quantitative Reverse Transcriptase-Polymerase Chain Reaction (qRT-PCR) 

Total RNA was isolated using Qiagen RNeasy kit according to manufacturer's protocols. RNA 

(100 ng) from each sample was reverse-transcribed into cDNA using the High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, Foster City, CA) according to the manufacturer's 

protocol. qRTPCR was performed using cDNA that was generated from the reverse transcription 

of RNA in a 96-well plate as according to supplier's instructions (TaqMan® Gene Expression Kit, 

Applied Biosystems) using the iCycler iQ system (BioRad Laboratories, Hercules, CA). Relative 

gene expression was calculated for each gene by the 2−ΔCt method using glyceraldehyde 3-
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phosphate dehydrogenase (GAPDH) as an endogenous control. Alcohol did not alter GAPDH gene 

expression significantly under our experimental conditions in both U937 and SVGA cells.  

 

Whole Cell Protein Lysate Preparation and Western Blot 

Total cell lysate was prepared using RIPA buffer, containing 4% of 1X protease inhibitor cocktail. 

The protein concentrations were measured using the BCA protein assay kit. 20 µg of total proteins 

were run on a SDS-PAGE and then transferred to polyvinylidene fluoride membranes. Transferred 

blots were blocked in 5% nonfat dry milk followed by overnight incubation with primary antibody 

(1:1000 dilution) and 2 h incubation with an appropriate secondary antibody (1:1500 dilution). 

Proteins were detected using Luminata™ Crescendo western HRP substrate, and quantified using 

the Alpha Innotech FluorChem HD2 gel documentation system (Proteinsimple, Santa Clara, CA). 

The densitometry data were analyzed using AlphaEase FC StandAlone software (version 6.0.0.14; 

Alpha Innotech). β-tubulin or β-actin served as internal loading control to normalize the expression 

of CYP2A6 from whole cell extract, while lamin B was used as an internal control for the nuclear 

extract. 

 

Nuclear Protein Lysate Preparation 

Nuclear and cytosolic fractions were separated using NE-PER Nuclear and Cytoplasmic Extraction 

Reagents (CER), according to the manufacturer's protocol. Briefly, the cell pellet was resuspended 

in CER I buffer and incubated on ice for 10 min, followed by centrifugation at 16,000×g at 4°C 

for 5 min. The supernatant (cytosolic fraction) was collected and stored at −80°C for future 

experiments. The pellets were resuspended in NER buffer, followed by 20 min incubation on ice. 
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Cell debris was removed by centrifuging at 16,000×g for 10 min and the nuclear fraction in the 

supernatant was stored at −80°C. Nuclear fractions were used to measure Nrf2 protein levels. 

 

Enzyme Preparation 

CYP3A4 was expressed as His-tagged proteins in E. coli TOPP3 containing CYP3A4 plasmid, 

and purified using a Ni-affinity column (Domanski et al., 2001). Recombinant cytochrome P450 

reductase (CPR) and cytochrome b5 (b5) from rat liver were prepared at Protein production core 

laboratory, KU Higuchi Bioscience center, The University of Kansas, Lawrence, KS. Protein 

concentrations were determined using the Bradford protein assay kit. The specific content of 

CYP3A4 was 12 nmol of P450 per mg protein. 

 

Spectral Binding and Inhibition of CYP3A4 

For binding studies, difference spectra were recorded on a 6800 UV/VIS JENWAY 

spectrophotometer at 25°C. Briefly, buffer (Hepes 0.1 M, pH 7.4) containing 0.5 μM CYP3A4 

was pre-incubated for 3 min in cuvettes in the spectrophotometer. The difference in absorbance 

between the maxima and minima (δA) was recorded 2 min after the addition of nelfinavir to the 

sample cuvette. The same amount of methanol was added to the reference cuvette. The final 

methanol concentrations in the case of nelfinavir titration were kept at 1%. The spectral 

dissociation constants (KD) were obtained by fitting the data (δA vs. ligand concentration) using 

non-linear regression analysis to the equation for ligand binding using Sigma plot 11 (Jandel 

Scientific, San Rafael, CA). 

 Inhibition of CYP3A4 by nelfinavir was determined using 7-benzyloxy-4-(trifluoromethyl) 

coumarin (7-BFC) debenzylation reaction (Kumar et al., 2006). Generally, 100 μl reaction mixture 
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included 75 μM 7-BFC (1% methanol) and varying concentrations of nelfinavir (0.5-50 μM)  in 

50 mM Hepes, pH 7.4, 15 mM MgCl2, and 10 μg DOPC in the standard reconstitution system 

(P450:CPR:b5, 1:4:2) at 5 pmol P450. The reaction was performed with 1 mM NADPH at 37 °C 

for 5 min. The activity in the absence and presence of nelfinavir was determined by measuring 7-

HFC at λex = 410 nm and λem = 535 nm. Nonlinear regression analysis was performed to fit the 

data to ligand binding equation to derive the IC50 values via Sigma plot 11. Experiments at all the 

nelfinavir concentrations were done simultaneously to minimize experimental errors. 

 

CYP Enzyme Activity 

CYP3A4 activity was determined in cell extracts using 7-BFC (Invitrogen, Carlsbad, CA) and 

cumene-hydroperoxide (CuOOH) in the presence of cytochrome b5 as described previously 

(Kumar et al., 2006). Similarly, CYP2A6 activity was determined using coumarin (Sigma-Aldrich) 

and CuOOH as described for CYP3A4. The cells were resuspended in 500 μl HEPES buffer (0.1 

M, pH 7.4) and homogenized for 20 seconds. Then, 90 μl of reaction mixture in a 96-well 

microplate was prepared that contained 50 μl cell extracts (5 μg protein), 10 U of polymyxin B 

sulfate, 20 pmoles cytochrome b5, and substrates (50 μM 7-BFC or 100 μM coumarin). 

Cytochrome b5 from rat liver was prepared as described previously (Harlow and Halpert, 1997). 

In a parallel experiment, 50 μM nicotine, a CYP2A6 inhibitor, and 25 μM ketoconazole, a 

CYP3A4 inhibitor, were included in the respective reaction mixtures. Upon incubation for 10 

minutes at room temperature, the background fluorescence intensity was measured at λex = 410 nm 

and λem = 535 nm using LB70 fluorescence plate reader (Titertek, Huntsville, AL). Finally, 10 μl 

of 25 mM CuOOH (2.5 mM final concentration) was added to initiate the reaction, and the 

fluorescence was measured every 2.5 minutes for up to 10 minutes. The concentration of the 
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products, 7-hydroxy-coumarin and 7-hydroxyl-4-(trifluoromethyl) coumarin, was measured using 

a standard curve generated for these compounds. The specific activity was defined as pmoles of 

product formed ⁄min⁄mg of total protein. 

 

Activity Assay for CYP3A4 Enzyme in Nelfinavir Metabolism 

The standard NADPH-dependent assay for nelfinavir metabolism by CYP3A4 was essentially 

carried out and the reaction was performed at varying concentrations of nelfinavir (0.25–12.5 μM) 

in 100 μl reaction volume. After terminating the reaction using 5% trichloroacetic acid (TCA), 850 

μl of Tris–HCl (0.1 M, pH 9) was added to the reaction mixture prior to isolating and measuring 

nelfinavir and its metabolites using a liquid chromatography mass spectroscopy (LCMS). The kcat 

and Km values were calculated using Michaelis–Menten non-linear regression parameters using 

Sigma Plot 11. To accurately determine the relative kinetic parameters and minimize experimental 

errors, experiments with and without 20 mM ethanol were done simultaneously.  

 

HPLC and Mass Spectrometry Conditions 

Method optimization and operation of HPLC and Mass spectrometry were performed by Dr. 

Ravinder Earla. Chromatographic separation was carried out on UFLC Shimadzu prominence 

system consisting of LC-20 AD liquid chromatography low pressure gradient pump, SPD-M20A 

diode array detector, SIL-20AST auto sampler and DGU-20As degasser (Shimadzu USA 

manufacturing Inc., Torrance, CA) using a reverse phase Xterra MS C18 column (50× 4.6 mm, i.d, 

0.5 μm particle size) (Waters Corporation, Milford, MA). Isocratic mobile phase composed of 75% 

acetonitrile and 0.05% formic acid was run at a flow rate of 0.3 ml/min. Sample injection volume 

used was 15 μl and the total analytical run time was 4 min. LC-MS/MS (API 3200 Q TRAP 
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instrument, Applied Biosystems/MDS Sciex, Faster City, CA), is interfaced with electrospray 

turbo ionization source. LC-MS/MS optimization was carried out by optimized multiple reactions 

monitoring (MRM) positive ion mode based on mass to charge (m/z) ratio with a protonated 

molecular ion [M+H]+. Mass spectrometry was tuned/optimized using 200 ng/ml solution of 

nicotine, cotinine, NNK, and ritonavir for its ionization. Precursor ions were optimized in 

quadrupole 1 (Q1) based on m/z by modifying parameters such as declustering potential, ion spray 

voltage, and source gas 1. One of the most stable abundant product ions of each precursor ions of 

nicotine, cotinine, NNK, and ritonavir, generated in Q2 as collision cell, were optimized. Precursor 

and product ions obtained by direct infusion mode were injected at a flow rate of 5 μl/min with a 

built-in Harvard infusion syringe pump.  

 

Extraction of Nicotine, Cotinine, and NNK from U937 Macrophages 

Nicotine, cotinine, and NNK stock solutions were prepared in 100% methanol. Ritonavir was used 

as an internal standard to ensure reproducibility and reliability of the method. All the solutions 

were stored at 4°C for further analysis. Nicotine-treated U937 macrophages were lysed in 1 ml of 

0.1 M Hepes buffer (pH 7.4), containing 5% trichloroacetic acid. The crude lysate samples (0.2 

ml) were supplemented with 25 μl of 10 μg/ml freshly prepared ritonavir and vortex-mixed for 30 

s followed by addition of 30 μl of 30% v/v ammonia solution and again vortex-mixed for 1 min. 

Nicotine, cotinine, and NNK were extracted by adding 1 ml of ethyl acetate, vortex-mixing for 2 

min, and finally centrifuging at 12,000 rpm for 45 min at 4°C. 850 μl of the upper layer of 

supernatant was then transferred to fresh tubes and evaporated in the genevac DD-4X evaporator 

(Genevac Inc., Gardiner, NY) at 37°C for 90 min. The residue was reconstituted with 200 μl of 

mobile phase, and the reconstituted samples were transferred into a HPLC autosampler vial with 
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silanized inserts. The resulting solutions were injected into LC-MS/MS and data were collected, 

analyzed, and validated. Calibration curve and quality control dilutions were spiked in U937 

macrophage samples in PRMI 1640 media to obtain calibration curve and quality control standards 

for nicotine, cotinine, and NNK, as described (Earla et al., 2010). 

 

Analysis of Nelfinavir and Metabolites 

A selective and sensitive LC-MS/MS method was developed for the quantitative analysis of 

nelfinavir in MRM electrospray positive ionization mode using saquinavir as an internal standard. 

Nelfinavir and metabolites were extracted with liquid–liquid extraction using acidified ethyl 

acetate. The extracted samples were chromatographed with isocratic mobile phase (70:30, 

acetonitirle: water, 0.05% acidified with formic acid) followed by separation on Xterra MS RP C-

18 column (50 × 4.6 mm, 5 μm). The lower limit of quantization was found to be 1 ng/ml, and 

therefore, the method was developed over a linear range of 1–1000 ng/ml. Nelfinavir and 

saquinavir parent and daughter ions, obtained by direct infusion mode at a m/z [M + H]+ value of 

568.4, 330.5 and 671.3, 570.6, respectively, were optimized. 25 μl of 30% trifluroacetic acid (v/v) 

was added to 200 μl extracted samples along with 25 μl nelfinavir and saquinavir (10 μg/ml) and 

vortexed vigorously for 2 min. Then 950 μl of ethyl acetate was added to the samples followed by 

centrifugation at 14,000 rpm for 25 min at 4 °C. The supernatant (850 μl) was then separated and 

evaporated to dryness. The dry residues were reconstituted in a 200 μl of HPLC mobile phase and 

then 10 μl was injected onto LCMS/MS for quantitative analysis. 
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ROS Measurement 

The production of ROS was measured by flow cytometry using DCFDA. Briefly, the monocytes 

were treated with alcohol, either with or without inhibitors, using serum-free medium at different 

times in a 6-well plate followed by addition of 10 µM DCFDA. Cells were then harvested and 

resuspended in 1 ml PBS to measure the DCF emission at 525±20 nm using a flow cytometer (BD 

Biosciences, San Jose, CA). Mean fluorescence intensity (MFI) was measured and analyzed. 

 

MTT Assay 

Cell viability test was performed on 6-well plates, using MTT assay (3-(4, 5-Dimethylthiazol-2-

yl)-2, 5-diphenyltetrazolium bromide) in SVGA astrocytes. Media was removed from cells of each 

well to terminate treatments. After washing twice with PBS, cells of each well were incubated for 

4 h with a mixture of 200 μl 0.5 mg/ml MTT solution in PBS and 300 μl fresh media, which was 

then replaced by 500 μl of a mixture of 400 μl DMSO and 100 μl S solution after incubation. 

Absorbance was obtained at an emission wavelength of 570 nm in microplate reader. The amount 

of cells remaining alive in each well was calculated via the standard curve. 

 

TUNEL Apoptosis Test 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) apoptosis Test was 

applied for SVGA astrocytes, which were adherent, to measure cellular apoptosis induced by 

ethanol treatment. Cells were seeded on a cover slip for preparing slides. After termination of 

treatments, cells were fixed in fresh 4% formaldehyde for 30 min and then incubated with 70% 

ethanol for 30 min to increase membrane permeability. After incubation with permeabilization 

solution on ice for 2 min, cells were labeled through incubation with label solution (containing 2% 



 26 

FITC-12-dUTP) for 1 h in the dark. After washing, cells were mounted on a slide and fluorescence 

was detected using confocal microscope with an emission wavelength of 515 nm.   

 

Annexin V Apoptosis Test 

Annexin V apoptosis detection was performed for U937 monocytes to measure the effect of 

ethanol and inhibitors on apoptosis. Briefly, media was removed and cells of each well were 

suspended in binding solution at a final concentration of 1 × 106 cells per ml, 100 µl of which was 

transferred into a 5 ml tube. Then, 5 µl PE and 5 µl 7-AAD were added to the 100 µl cell solution, 

followed by 15 min incubation at room temperature in darkness. After incubation, 400 µl binding 

solution was added to each tube and fluorescence was detected using a flow cytometer (BD 

Biosciences, San Jose, CA). Mean fluorescence intensity (MFI) was measured and analyzed. 

 

Statistic Analysis 

Statistical analysis for qRT-PCR, western blotting, activity determination, ROS measurement, as 

well as for MTT and annexin V data was performed to determine mean ± SD and p values using 

one-way ANOVA. A p value of ≤0.05 was considered significant. 
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CHAPTER 3 

EVALUATION OF THE ROLE OF ETHANOL ON CYTOCHROME P450 EXPRESSION 

 

Introduction 

Cytochrome P450 enzymes, including CYP2A6, CYP2E1 and CYP3A4, are known to be involved 

in alcohol metabolism in the liver. Hepatic microsomes extracted from alcohol consuming 

animals/humans or alcohol-treated cells showed higher level of activity of these CYPs (Lieber, 

2004). Chemical inhibition of CYP2E1 activities, as well as CYP2E1 knockout animals, showed 

reduced alcohol metabolism and alcohol-induced toxicity (Zimatkin et al., 2006; Lu et al., 2010). 

In addition, alcohol also affected transcriptional, translational, and post-translational expressions 

of CYPs, especially CYP2E1. Studies have shown that CYP2E1 activity is induced up to 20-fold 

by chronic alcohol consumption (Stickel and Osterreicher, 2006). As the major drug-metabolizing 

CYP enzyme, CYP3A4 induction was also found in alcoholics, compared to non-alcoholics 

(Liangpunsakul et al., 2005). Since ADH is not inducible, induction of CYP enzymes by alcohol 

is the only pathway exacerbating consequences of excessive alcohol consumption, resulting in 

further liver damage and metabolic dysfunctions. 

 In addition to the liver, CYP enzymes, especially CYP2A6, CYP2E1 and CYP3A4, were 

also found to be expressed in many extra-hepatic organs, including the brain (Miksys and Tyndale, 

2002) Previous studies have shown that CYP2E1 activity is induced by alcohol in many regions 

in the human brain, and a couple of studies have reported that CYP2E1 is induced in human 

astrocytes (Montoliu et al., 1995; Howard et al., 2003). As important target and reservoir of HIV-

1 infection, macrophages also show CYP2E1 expression that is inducible by alcohol, where ADH 

is not detectable in U937 cells and, therefore, not responsible for alcohol metabolism in these cells 
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(Hutson and Wickramasinghe, 1999). However, additional studies are needed to further identify 

the effect of alcohol on CYP2E1 expression. Furthermore, examination of the effect of alcohol on 

expressions of all CYPs in monocytes/macrophages and astrocytes will help to further investigate 

the role of CYPs in interactions of alcohol and drugs, as well as alcohol and other substances of 

abuse. 

 

Experimental Procedure 

Expressions of all CYPs were examined from mRNA samples of U937 monocytes, monocyte-

derived macrophages and SVGA astrocytes, using qRT-PCR. mRNA expression level of CYPs 

was calculated compared to GAPDH, the expression level of which was considered to be 100%. 

Based on the results, examination of mRNA expressions of each detectable CYP between cells 

untreated and treated with 100 mM ethanol were then performed and analyzed. In order to further 

confirm the effect of ethanol on CYPs’ expressions, western blot was performed to measure the 

protein expression of individual CYPs between untreated and treated samples. In addition to 

CYP2E1, which is widely known to be induced by ethanol, activities of ethanol-inducible CYP2A6 

and CYP3A4 were additionally examined to confirm the effect of 100 mM ethanol in U937 

macrophages.  

 

Results 

Expression of CYP enzymes in U937 monocytes, monocyte-derived  
macrophages and SVGA astrocytes 

 

The basal levels of mRNA of ART drug-metabolizing CYP enzymes (1A2, 2B6, 2C9, 2C19, 2D6, 

3A4, and 3A5), and oxidative stress-related CYP enzymes (1A1, 2A6, 2A13, and 2E1) were 
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determined in U937 monocytes, monocyte-derived macrophages (MDM) (Figure 3) and SVGA 

astrocytes (Figure 4). The order of mRNA expression in both U937 monocytes and MDM was 

CYP2A6 > CYP3A4 ~ CYP2E1 ~ CYP1A1 > CYP2D6 > CYP2B6, which is similar to the order 

of expression of these mRNAs in the liver, except for CYP2A6 (Anzenbacher and 

Anzenbacherová, 2001). Especially, the expression level of CYP2A6 in U937 monocytes and 

macrophages was over 1% (Figure 3B) of the housekeeping gene GAPDH, while both CYP2E1 

and CYP3A4 showed relatively less abundance in monocytes and macrophages. Clearly, the 

realtively abundance of CYP2A6 in monocyets and macrophages are much higher than the 

relaltive abundance of CYP2A6 in the liver. 

 Except CYP2A13, all other examined CYPs showed detectable mRNA expressions in 

SVGA astrocytes. The order of mRNA expression was CYP1A1 ~ CYP2A6 > CYP2B6 ~ 

CYP2D6 ~ CYP2E1 > CYP2C9 ~ CYP2C19 ~ CYP3A4 > CYP3A5. The total abundance of 

CYP1A1 and CYP2A6 in SVGA astrocytes was over 99% of all detectable CYPs, indicating 

important role of CYP2A6 and CYP1A1 in the metabolisms of tobacco/nicotine and therapeutic 

drugs in SVGA astrocytes. In addition, CYP2B6 also shows higher expression level in astrocytes 

compared to monocyte and MDM, suggesting that the CYP2B6 is more important in astrocytes 

than in monocytes/macrophages. Since astrocytes are responsible for nutritional support and 

protection of neurons, these data suggested CYP-mediated interaction between drugs and abused 

substances in astrocytes that could be critical in neurodegenerative diseases.   
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Figure 3. CYP mRNA expressions in U937 monocytes (A) and monocyte-derived macrophages (B). The mRNA 

expression levels using q-RTPCR are presented in percent, with 100% expression normalized using glyceraldehyde 

3-phosphate dehydrogenase (GAPDH). GAPDH and each individual CYP are presented in X-axis, while % expression 

is presented in Y-axis. Data represent a mean ±SD of 3 experiments.  
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Figure  4. CYP mRNA expressions in SVGA astrocytes. The mRNA expression levels using quantitative reverse 

transcriptase polymerase chain reaction are presented in percent, with 100% expression normalized using 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). GAPDH and each individual CYP are presented in X-axis, 

while % expression is presented in Y-axis. Data represent a mean ±SD of 3 experiments. 
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Effect of ethanol on the expression of oxidative stress-related  

CYP enzymes in U937 macrophages  

 

Ethanol concentration was optimized using 10-100 mM ethanol and 100 mM showed optimal 

induction of CYP enzymes. Although 100 mM is not a physiological concentration, this 

concentration is generally used in in vitro experiments for acute treatments to dissect the 

mechanistic pathways. Therefore, we determined the effect of 100 mM alcohol on the mRNA 

expressions of oxidative stress-related genes CYP1A1, CYP2A6, and CYP2E1 at 3, 6, 12, and 24 

h in U937 macrophages. Alcohol resulted in upregulation of mRNA of CYP1A1 (40 ± 5% at 12 

h), CYP2A6 (175 ± 10% at 6 h and 225 ± 60% at 12 h), and CYP2E1 (400 ± 20% at 12 h) (Figure 

5). In contrast to the early time points, alcohol caused a significant decrease in mRNA levels of 

CYP1A1 (5-fold) and CYP2A6 (2.5-fold) at 24 h, compared to the control.  

  



 33 

  

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Time course study of effect of alcohol (100 mM ethanol) on expressions of CYP1A1, CYP2A6 and CYP2E1 

in U937 macrophages. (A) CYP1A1 mRNA expression. (B) CYP2A6 mRNA expression. (C) CYP2E1 mRNA 

expression. The mRNA expression levels were presented in percent, with 100% expression normalized for the 

untreated cells at every time point. Expression of each gene was normalized using GAPDH. Ethanol treatment times 

(hours) are presented in X-axis, while % expression is presented in Y-axis. * Represents p ≤ 0.05 compared to 

respective controls. 
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Effect of ethanol on the expression of ART-metabolizing  

CYP enzymes in U937 cells 

 

We also determined the effect of ethanol on mRNA expressions of major ART-metabolizing 

enzyme CYP3A4, and minor ART-metabolizing enzymes CYP2B6 and CYP2D6 in U937 

macrophages. All the experiments were performed using 100 mM alcohol for 3-24 h. 

 Alcohol resulted in a significant upregulation of mRNA of CYP2B6 (100 ± 5% at 6 h and 

175 ± 50% at 12 h) and CYP3A4 (150 ± 50% at 12 h) (Figure 6). In contrast, there was a significant 

decrease in CYP2D6 mRNA in U937 macrophages treated with ethanol for 12 h (Figure 6).  
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Figure 6. Effect of alcohol (100 mM ethanol) on CYP2B6, CYP2D6 and CYP3A4 expressions in U937 macrophages. 

(A) CYP2B6 mRNA expression. (B) CYP2D6 mRNA expression. (C) CYP3A4 mRNA expression. The mRNA 

expression levels were presented in percent, with 100% expression normalized for the untreated cells at every time 

point. Expression of each gene was normalized using GAPDH. Ethanol treatment times (hours) are presented in X-

axis, while % expression is presented in Y-axis. * Represents p ≤ 0.05 compared to respective controls. 
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Effect of ethanol on CYP2A6 and CYP3A4 activity  

in U937 macrophages 

In order to determine whether alcohol-induced mRNA expression of CYPs is consistent with the 

increase in enzyme activity, we developed a simple and sensitive activity method for two 

representative CYP enzymes (2A6 and 3A4) that are expressed at higher levels than other CYP 

enzymes in U937 macrophages. CYP2A6 and CYP3A4 showed detectable activity in U937 

macrophages (Figure 7). Further, ethanol-treated cells showed approximately 50 ± 20% increased 

CYP2A6 and CYP3A4 activity at 12 h compared to untreated cells, which is consistent with their 

increased mRNA expression (Figure 7). As expected, the specific inhibitors of CYP2A6 (nicotine) 

and CYP3A4 (ketoconazole) significantly decreased their activity in control and ethanol-treated 

samples (Figure 7). 
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Figure 7. Effect of 100 mM ethanol on CYP2A6 and CYP3A4 activities. The activities of CYP2A6 (top panel) and 

CYP3A4 (bottom panel) were determined for control (C) and ethanol-treated(A) cells at 12 hours in the absence or 

presence of their respective inhibitors nicotine (NIC) or ketoconazole (KTZ) as described in the Materials and Methods 

section. The activities, presented in Y-axis, are in percent, with 100% activity normalized for the untreated cells. 

Hundred percent activity of CYP2A6 and CYP3A4 correspond to the specific activity of 93 and 46 pmoles ⁄min ⁄mg, 

respectively. * Represents p ≤ 0.05 compared to controls. 
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Effect of ethanol on the expression of  

CYP enzymes in SVGA astrocytes 

As another important cell type in HIV-1 infection, we also examined the effect of ethanol at 

optimized concentration of 50 mM on the mRNA and protein expressions of CYPs at 3, 6, 12, and 

24 h in SVGA astrocytes. Alcohol resulted in upregulation of mRNA of CYP1A1 (over 50% at 3 

h) (Figure 8) and CYP2E1 (about 60% at 3 h and 40% at 6 h) (Figure 9A). Nicotine-metabolizing 

CYP2A6 showed maximal 30% increase of mRNA expression in SVGA astrocytes, which, 

however, was not significantly different from the control group (Figure 8). Further, western 

analysis was performed with samples prepared after ethanol treatment at 3, 6, 9, 12 and 24 h for 

CYP2E1, which showed a kinetic profile of protein expression by ethanol similar to the one with 

mRNA profile (Figure 9B). CYP2E1 showed approximately 58% and 47% enhanced protein 

expression at 6 h and 9h, respectively, upon ethanol treatment. All other CYP enzymes, including 

CYP3A4, didn’t show any effect in the mRNA level by ethanol treatment in SVGA astrocytes. 
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Figure 8. Effect of 50mM ethanol on CYP1A1 and CYP2A6 mRNA expressions in SVGA astrocytes. (A) CYP1A1 

mRNA expression. (B) CYP2A6 mRNA expression. The mRNA expression level was presented in percent, with 100% 

expression normalized for the untreated cells at every time point. Expression of mRNA was normalized using GAPDH. 

Alcohol treatment times (hours) are presented in X-axis, while % expression is presented in Y-axis. * Represents p ≤ 

0.05 compared to respective controls. Experiments were repeated twice. 
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Figure 9. Effect of 50 mM ethanol on CYP2E1 expression in SVGA astrocytes. (A) mRNA expression of CYP2E1. 

(B) Protein expression of CYP2E1. The mRNA and protein expression levels were presented in percent, with 100% 

expression normalized for the untreated cells at every time point. Expression of each gene was normalized using 

GAPDH, while β-actin was used as an internal control for protein expression. Alcohol treatment times (hours) are 

presented in X-axis, while % expression is presented in Y-axis. * Represents p ≤ 0.05 compared to respective controls. 

Experiments were repeated three times. 
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Discussion 

Alcohol use is highly prevalent among HIV-1 individuals (Kalichman et al., 2009) and is known 

to increase oxidative stress in these individuals (Haorah et al., 2009). In addition, there are some 

indications that alcohol decreases efficacy of ART drugs (Flexner et al., 2001). However, the 

mechanism by which alcohol decreases ART efficacy and increases oxidative stress is not known. 

In this study, we tested the hypothesis that alcohol-mediated inductions of CYP enzymes play an 

important role in these processes. 

 Although the mRNA expression of many CYPs has been demonstrated in several human 

myeloblastic and lymphoid cell lines, the relative quantification as well as implication of CYPs’ 

expression in these cell lines is lacking (Nagai et al., 2002). In our study, CYP3A4, which 

metabolizes the majority of NNRTIs and PIs, is expressed over 10 times higher than the CYP2B6 

and CYP2D6. High expression of CYP3A4 in U937 macrophages is consistent with the fact that 

the EC50 for the PIs is significantly higher in chronically infected macrophages than in chronically 

infected lymphocytes (Aquaro et al., 2006). As shown with U937 macrophages in this study, 

CYP2E1 has also been reported in human monocyte-derived macrophages, which suggests the 

potential importance of these cells in CYP2E1-mediated alcohol-induced cytotoxicity (Hutson and 

Wickramasinghe, 1999). 

 Alcohol is known to induce CYP3A4 and accelerate the metabolism of several drugs, 

including NNRTIs and PIs in the liver (Gómez-Lechón et al., 2008). However, no information is 

available about the role of alcohol on CYP3A4 induction in human macrophages. Based on the 

results presented here, it is plausible that the decreased efficacy of NNRTIs and PIs that is reported 

in individuals who use alcohol may be the result of a decrease in the bioavailability of PIs caused 

by induction of CYP3A4 (increased metabolism). A synergism between enhanced ART drug 
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efflux and metabolism is expected to further decrease ART bioavailability. This would ultimately 

cause an increased viral load and suppressed immune system in HIV-1 individuals who consume 

alcohol.  

 A significant induction of CYP2E1, a major source of alcohol-mediated oxidative stress in 

the liver, is expected to cause similar event in macrophages. A significant induction of CYP2A6 

and CYP3A4 is expected to increase the metabolism of alcohol, in addition to the metabolism of 

nicotine and polycyclic aromatic hydrocarbons (CYP2A6 substrates) (Nakajima et al., 1996) as 

well as metabolism of NNRTIs and PIs (CYP3A4 substrates) (Walubo, 2007). The enhanced 

metabolism of these substrates would ultimately lead to increased oxidative stress in macrophages. 

Thus, CYP-mediated alcohol metabolism is also likely to enhance oxidative stress in macrophages.  

 In conclusion, the present study in macrophages and astrocytes showed the upregulation of 

CYP1A1, CYP2A6, CYP2B6, CYP2E1, and CYP3A4 by alcohol. This is the first report that 

demonstrates the effects of alcohol on the expression of multiple CYP enzymes in 

monocytes/macrophages and astrocytes. The data presented strongly suggest that alcohol exposure 

may have a deleterious effect on bioavailability of NNRTIs and PIs, as well as alcohol-induced 

oxidative stress in alcoholic HIV-1 individuals. 
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CHAPTER 4 

EVALUATION OF THE ROLE OF CYP2A6, CYP2E1 AND CYP3A4 IN 

MONOCYTES/MACROPHAGES AND ASTROCYTES 

 

Introduction 

CYP2A6 and CYP2E1 are known to be the major CYPs in hepatic tobacco and alcohol 

metabolisms, respectively. CYP2A6-mediated metabolism of therapeutic drugs, such as 

anesthetics, is also associated with interactions between drugs and nicotine (Raunio and Rahnasto-

Rilla, 2012). In addition, CYP2A6 has been found to activate multiple tobacco-associated 

procarcinogens, including NNK, leading to development of lung cancer (Nishikawa et al., 2004). 

Furthermore, the polymorphism of CYP2A6 has been found to be associated with nicotine 

addiction and increased smoking behavior, suggesting its importance in optimization of treatments 

for smoking cessation and prevention of the relapse (Wassenaar et al., 2011).  

 CYP2E1, which is inducible by alcohol, has been found to play a major role in alcohol 

metabolism in extrahepatic cells, such as macrophages and neurons, where ADH is not involved 

in alcohol metabolism (Wickramasinghe, 1987a; 1987b). In the liver, it is found that in Kupffer 

cells CYP2E1 contributes more in the oxidation of ethanol than hepatocytes (Wickramasinghe et 

al., 1987; Koivisto et al., 1996). In addition, CYP2E1, especially in mitochondria, has been found 

to be responsible for production of ROS and acetaldehyde, resulting in increased lipid peroxidation 

and DNA adducts (Bansal et al., 2010). Furthermore, CYP2E1 is known to mediate metabolism 

of toxins like benzene, leading to further increased toxicity (Powley and Carlson, 2001) Its 

function in acetaminophen metabolism has also been noticed as the major cause of acetaminophen-

induced liver toxicity, especially in children (Knockaert et al., 2011). Since CYP2A6 and CYP2E1 
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were previously found to interact with each other in the liver, their induction by ethanol in U937 

cells and SVGA cells could lead to enhanced metabolisms and increased toxicity. Thus, further 

examination of their functional roles in both monocytes/macrophages and astrocytes would help 

to confirm their importance in interactions between substances of abuse, as well as that between 

substances of abuse and drugs. 

 CYP3A4 is the most abundant CYP enzyme in the liver. It metabolizes approximately 50% 

of the drugs, including ART drugs, such as NNRTIs and PIs (Anzenbacher and Anzenbacherová, 

2001). NNRTIs and PIs are not only substrates, but also the inducers and inhibitors of CYP3A4 

(Granfors et al., 2006; Walubo, 2007). Several reports have shown drug–drug interactions as a 

result of CYP3A4 induction or inhibition in ART regimens (Pal and Mitra, 2006; Walubo, 2007). 

While most drug-drug interactions are toxic, some of these interactions are beneficial. For example, 

ritonavir increases the bioavailability of most NNRTIs/PIs by inhibiting CYP3A4, and therefore, 

it is included in NNRTIs/PIs regimens (Xu and Desai, 2009). To test the role of CYP3A4 in drug 

metabolism, we studied the spectral binding, inhibition, and activity of CYP3A4 with an ART 

drug, nelfinavir. Nelfinavir is one of the PIs used for HIV-1 treatment (de Clercq, 2009). Since 

CYP3A4 was also found to be induced by ethanol in U937 macrophages, the examination of its 

role in ART metabolism will help us in future investigation with regard to interaction between 

alcohol and ART drugs in extra hepatic cells, such as macrophages and astrocytes. 

 

Experimental Procedure 

To examine the role of CYP2A6 in nicotine metabolism, U937 monocyte-derived macrophages 

were treated with or without 1 μM nicotine upon optimizing its concentrations from 0.1-10 μM. 

LC-MS/MS technique was optimized to measure the formation of cotinine and NNK in nicotine 



 45 

treated macrophages. In the absence or presence of tryptamine, the CYP2A6 inhibitor, the 

formation of cotinine and NNK was also measured in nicotine-treated macrophages at 30 min and 

1 h, using LC-MS/MS， to determine the effect of CYP2A6 inhibition in nicotine metabolism. 

Formation of ROS was measured for untreated and treated cells by 1 μM nicotine from 30 min to 

2 h, using flow cytometry. 

 To examine the role of CYP2E1 in alcohol metabolism-mediated oxidative stress, ROS 

formation was also measured in both U937 monocytes and SVGA astrocytes, in the presence and 

absence of CYP2E1 inhibitors. The use of CYP2E1 non-selective inhibitor disulfiram was 

performed 1 h before ethanol treatment, while treatment of CYP2E1 selective inhibitor diallyl 

sulfide (DAS) was performed 15 min before ethanol treatment (Morris et al., 2004). To examine 

the effect of CYP2E1 and increased oxidative stress on cytotoxicity, Annexin V apoptosis 

detection kit and TUNEL apoptosis kit were used in U937 monocytes and SVGA astrocytes, 

respectively. MTT assay was additionally used to measure the effect of ethanol on cytotoxicity in 

astrocytes.  

 To investigate the role of CYP3A4, spectral binding and enzyme activity of CYP3A4 were 

measured in the presence of different concentrations of nelfinavir, using recombinant CYP3A4 

protein. In addition, U937 macrophages were treated with 10 μM nelfinavir at 3, 6, 12, 24 h and 

mRNA expression of CYP3A4 was examined using qRT-PCR to test the effect of nelfinavir in 

transcriptional regulation of CYP3A4. Finally, nelfinavir kinetics by CYP3A4 was measured and 

the values of kcat and Km were calculated to define the catalytic efficiency of CYP3A4 in nelfinavir 

metabolism.  
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Results 

Metabolism of nicotine in U937 macrophages 

We analyzed the metabolism of nicotine in U937 macrophages by measuring its major metabolite, 

cotinine, and an important procarcinogenic metabolite, NNK, using highly sensitive LC-MS/MS 

technique. Figure 10A shows representative LC-MS/MS and MRM chromatogram profiles of 

nicotine, cotinine, and NNK. Cotinine and NNK were initially formed at 30 min, followed by a 

peak at 3 h and 2–3 h, respectively (Figure 10B). The levels of cotinine and NNK declined after 3 

h, however, minimal concentrations were present throughout the treatment. On the other hand, 

nicotine could not be detected in the cells after 30 min (data not shown). The profiles of nicotine 

and cotinine are consistent with the report that nicotine has very short half-life (30 min) compared 

to that of cotinine (2–3 h) (Benowitz et al. 2009). 

 The concentrations of cotinine (0.03–0.1 μM) and NNK (0.016–0.038 μM) at different time 

points were ≤10% of total concentration of nicotine used for the treatment (1 μM). The remaining 

nicotine may be accounted for as other metabolites. The decline in cotinine and NNK 

concentrations after 3 h can be attributed to the fact that both cotinine and NNK have been shown 

to undergo further metabolism in to other procarcinogenic and carcinogenic compounds (Hecht et 

al. 2000; Benowitz et al. 2009). 
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Figure 10. Nicotine metabolism and formation of cotinine and NNK in U937 macrophages. (A) Representative MRM 

profiles of nicotine and its metabolites cotinine and NNK. (B) Kinetic profiles of the formation of cotinine and NNK. 

The nicotine treatment times (h) are presented in X-axis, while concentration of cotinine and NNK are presented in 

Y-axis. The graphs were plotted as mean ± SD from three replicates. The experiment was repeated twice. 
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Role of CYP2A6 in nicotine metabolism in  

U937 macrophages 

Although the metabolism of nicotine and subsequent formation of cotinine and NNK in U937 

macrophages are likely to be through CYP2A6 pathway, in part, these can also occur through other 

minor CYP enzymes, such as CYP2A13, CYP2B6, CYP2D6, CYP2C9, and/or CYP2E1 

(Flammang et al. 1992). We have earlier shown that CYP2A13 is not expressed in U937 

macrophages and CYP2B6, CYP2C9, CYP2D6, and CYP2E1 are expressed at much lower level 

than CYP2A6 in these cells, which strongly suggests that CYP2A6 is predominantly responsible 

for nicotine metabolism in U937 macrophages. To ensure that CYP2A6 is involved in nicotine-

metabolism, we measured cotinine and NNK in the presence of CYP2A6-selective inhibitor, 

tryptamine in nicotine-treated cells (Zhang et al. 2001).  

 Tryptamine is known to inhibit CYP2A6 (Ki=1.7 μM) with 6.5- to 213-fold greater potency 

than other CYPs, except for CYP1A2 (Ki=1.7 μM) (Zhang et al. 2001), which is not expressed in 

U937 macrophages. Tryptamine at optimized concentrations (50 μM) decreased the formation of 

cotinine by 70% and 35% at 30 min and 1 h, respectively (Figure 11). On the other hand, 

tryptamine completely blocked the formation of NNK at 30 min and 1 h. A relatively less 

inhibitory effect by tryptamine at 1 h compared to 30 min could be due to decreased concentration 

of tryptamine at 1 h (Tryptamine1/2 =1 h; Lemberger et al. 1971). A complete inhibition of NNK 

formation by tryptamine is in line with the fact that NNK is one of the terminal metabolites of 

nicotine/cotinine pathway, in which CYP2A6 is involved at multiple steps (Benowitz et al. 2009). 
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Figure 11. Effect of CYP2A6-selective inhibitor tryptamine on the formation of cotinine and NNK in nicotine-treated 

U937 macrophages. The percent of cotinine and NNK formations are presented in Y-axis. The X-axis represents the 

time points of nicotine treatment. The graphs were plotted as mean ± SD from four replicates. The experiment was 

repeated two times. The significant differences (p≤0.05) between control and tryptamine-treated cells are represented 

(*). The significance was determined using a t-test   
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Formation of oxidant contents in nicotine-treated  

U937 macrophages 

Tobacco/nicotine is known to cause oxidative stress in the liver and lungs (Benowitz 2009), as 

well as in microglia (Ghosh et al. 2009), neurons (Bhagwat et al. 1998), and white blood cells 

(Chuang and Hu 2006). Therefore, we sought to measure the formation of oxidant contents as a 

direct indicator of oxidative stress in nicotine-treated U937 macrophages. Figure 12 shows a 

representative flow cytometry profile of control and nicotine-treated cells at 1 h. The results 

showed an increase in fluorescence intensity indicating the formation of oxidant contents in U937 

cells. The data analysis showed significant increase in mean fluorescence intensity (MFI) upon 

nicotine treatment at 30 min (15%) and 60 min (25%) (Figure 12B).  

 Furthermore, the formation of oxidant contents was consistent with the initial formation of 

cotinine and NNK (Figure 10B vs. Figure 12B). To rule out the possibility that nicotine, cotinine, 

and NNK do not oxidize DCFDA, we incubated nicotine, cotinine, and NNK, with DCFDA, which 

did not increase MFI. The results suggest that oxidant contents are formed as a result of nicotine 

metabolism in U937 macrophages.  
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Figure 12. Effect of nicotine on CYP2A6-mediated formation of oxidant contents in U937 macrophages. a. 

Representative figures of the formation of oxidant contents at 1 μM nicotine treatment. The events (cell population) 

are presented in Y-axis and relative fluorescence intensity is presented in X-axis. b. Bar graphs of mean fluorescence 

intensity (MFI). The percent of MFI is presented in Y-axis. The formation of oxidant contents was measured using 

flow cytometer from control and nicotine-treated cells from 15 min—2 h. * Represents p≤0.05 compared to controls. 

The mean ± SD was calculated from four replicates and significance was determined using a t-test. The experiment 

was repeated three times   
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CYP2E1 was responsible for ethanol-induced oxidative stress in  

both U937 monocytes and SVGA astrocytes 

CYP2E1 is known to be responsible for ROS production, especially hydroxyl radicals (Lu and 

Cederbaum, 2008). ROS production was measured in both U937 monocytes and SVGA astrocytes 

to examine the effect of ethanol. In addition, treatment using CYP2E1 selective inhibitor, DAS, 

was performed in both control group and ethanol-treated group to identify the involvement of 

CYP2E1 in ethanol-induced oxidative stress. As shown in Figure 13, ROS production was 

increased over 30% by 100 mM ethanol treatment for 12 h in U937 monocytes compared to the 

control. Similarly, 50 mM ethanol treatment also induced oxidative stress in SVGA astrocytes, 

which was up to 35% at 2 h. The presence of 100 μM DAS in either U937 monocytes or SVGA 

astrocytes significantly reduced ethanol-induced ROS generation. Additionally, disulfiram, which 

inhibits both CYP2E1 and ALDH, almost completely blocked ethanol-induced oxidative stress in 

SVGA astrocytes. In conclusion, the results indicated that CYP2E1 was responsible for increased 

ROS production by ethanol in both U937 monocytes and SVGA astrocytes.    
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Figure 13. Role of CYP2E1 in ethanol-induced oxidant formation in U937 monocytes and SVGA astrocytes. (A) 

Representative figures of the formation of oxidant contents at 12 h 100 mM ethanol treatment in the absence and 

presence of DAS. (B) Bar graphs of mean fluorescence intensity (MFI) of 100 mM ethanol treatment in the absence 

and presence of DAS in U937 monocytes. (C) Representative figures of the formation of oxidant contents at 1-4 h at 

50 mM ethanol treatment in SVGA astrocytes. (D) Bar graphs of MFI of 50 mM ethanol treatment in SVGA astrocytes. 

(E) Bar graphs of MFI of 50 mM ethanol treatment in the absence and presence of disulfiram in SVGA astrocytes. (F) 

Bar graphs of MFI of 50 mM ethanol treatment in the absence and presence of DAS in SVGA astrocytes. The events 

(cell population) are presented in Y-axis and relative fluorescence intensity is presented in X-axis. The percent of MFI 

is presented in Y-axis. * Represents p≤0.05 compared to controls. The mean±SD was calculated from three 

replicates and significance was determined using a t-test. The experiment was repeated three times 
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CYP2E1-induced oxidative stress was responsible for ethanol-induced  

apoptosis and cell death in U937 monocytes 

Oxidative stress is known to increase DNA lesions and CYP2E1 was reported to be involved in 

ethanol-induced apoptosis (Albano, 2006). Thus, we measured apoptosis and cell deaths between 

untreated and ethanol-treated monocytes and astrocytes to test the toxicity of ethanol in cell 

viability. In addition, DAS and antioxidant, vitamin C, helped to confirm the role of CYP2E1 and 

oxidative stress in ethanol-induced apoptosis and cell death. As shown in Figure 14, 100 mM 

ethanol treatment in U937 monocytes for 48 h led to about 20% increase of apoptotic cells and 31% 

increase in cell death, compared to the control. 100 μM vitamin C alone significantly reduced cell 

apoptosis and it also reduced ethanol-induced apoptosis to basal level. Twenty-four hour ethanol 

treatment didn’t significantly induce cell apoptosis and cell death. Although 48 h vitamin C 

treatment led to about 10% increase in cell death, its presence in ethanol treatment effectively 

reduced ethanol-induced cell death back to basal level. These data suggested that increased 

oxidative stress was responsible for ethanol-induced apoptosis and cell death, both of which were 

rescued by vitamin C.  

 With regard to the role of CYP2E1, DAS alone at 100 μM didn’t significantly increase 

apoptosis, rather it showed around 20% increase in cell death after 48 h. Previous report indicated 

the single treatment of DAS, the concentration of which was greater than 25 μM, could also induce 

apoptosis and cell cycle arrest, which could be the reason for the significant increase in cell death 

in these experiments (Wu et al., 2011). However, the DAS significantly reduced ethanol-induced 

cell apoptosis and cell death. These data indicated that increased CYP2E1 activity and oxidative 

stress by ethanol led to the increase of apoptosis and cell death, and thus, application of its selective 

inhibitor may provided an alternative approach in attenuating alcohol-induced cell death.   
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Figure 14. Role of CYP2E1-mediated oxidative stress on ethanol-induced apoptosis and cell death in U937 

monocytes. (A) Representative figures of apoptotic cells (Q4) and dead cells (Q2) at 48 h 100 mM ethanol treatment 

in the absence and presence of DAS or vitamin C in U937 monocytes. (B) Bar graphs of apoptotic cells and dead 

cells. Percentage of apoptotic cells and dead cells in each treatment was marked in related area in each figure 

obtained from flow cytometry. * Represents p≤0.05 compared to controls. The mean ± SD was calculated from 

triplicates and significance was determined using a t-test. The experiment was repeated three times 
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Ethanol-induced apoptosis and cell death were mediated  

by CYP2E1-induced oxidative stress in SVGA astrocytes 

 

Similar to U937 monocytes, apoptosis and cell death were also examined in SVGA astrocytes. 

Both the concentration of ethanol and the treatment time were optimized for apoptotic cell death 

and the results presented here were obtained from untreated and 100 mM ethanol-treated SVGA 

astrocytes for 24 h. MTT test showed that 100 mM ethanol resulted in up to 30% decrease in cell 

viability, compared to the control. 100 μM DAS effectively attenuated ethanol-induced cell death 

back to around 110% of the control. Presence of 100 μM vitamin C reduced cell death in the 

absence and presence of 100 mM ethanol. These data suggests that both inhibitor of CYP2E1 and 

antioxidant helped to increase cell viability in ethanol treatment. 

 In order to examine the involvement of apoptosis in ethanol-induced cell death in astrocytes, 

TUNEL was performed after 24 h treatment of 100 mM ethanol upon optimization at different 

concentrations (50, 100 mM) and at different time points (24, 48 h). The results showed increased 

DNA fragments in ethanol-treated cells compared to the control (Figure 15). The presence of both 

DAS and vitamin C effectively inhibited ethanol-induced apoptosis in astrocytes, indicating that 

both CYP2E1 and ROS are involved in ethanol-induced cell death through the induction of 

apoptosis.  
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Figure 15. Role of CYP2E1-mediated oxidative stress on cell apoptosis and cell death in SVGA astrocytes. (A) Cell 

death caused by 24 h incubation with 100 mM ethanol in the absence and presence of DAS. (B) Cell death caused by 

24 h incubation with 100 mM ethanol in the absence and presence of vitamin C. (C) Cell apoptosis induced by 24h 

incubation with 100 mM ethanol in the absence and presence of DAS or vitamin C. Green spots detected in panel C 

through fluorescent labeling indicate DNA fragments. Cell death was measures using MTT assay and calculated in 

percent in which result of control group was considered as 0%. Cell apoptosis was tested using TUNEL apoptosis 

detection kit for adherent cells. * Represents p≤0.05 compared to controls. The mean ± SD was calculated from 

triplicates of 2 experiments and significance was determined using a t-test.  
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Spectral binding of nelfinavir to CYP3A4 

To examine ART–CYP3A4 affinity, we performed CYP3A4 spectral binding with a representative 

ART drug, nelfinavir. Results were obtained by determining the difference in absorbance between 

386 nm and 420 nm, which indicated that the binding of nelfinavir to CYP3A4 belonged to type I 

binding. In type I binding, there is a decrease in absorbance at approximately 417 nm (low spin of 

Fe of the heme) and an increase at approximately 390 nm (high spin of Fe of the heme). Nelfinavir, 

up to the concentration of 0.3 μM showed a dose-dependent linear increase of its binding affinity 

to CYP3A4, which was reduced and reached its maximal level at a concentration of 2.1 μM of 

nelfinavir (Figure 16). The KD of nelfinavir was 0.227 ± 0.038 μM which suggest a strong binding 

between nelfinavir and CYP3A4.   

 

 
 
Figure 16. Type I binding of CYP3A4 to nelfinavir The spectral binding was performed at varying concentrations of 

nelfinavir. The data were fit to a single site ligand binding equation using Sigma plot 11.  
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Inhibitory effect of nelfinavir on CYP3A4 

CYP3A4 inhibition by nelfinavir was tested using 7-BFC debenzylation reaction using different 

concentrations (0-50 µM) of nelfinavir. The results are presented in Figure 17. As shown before 

(Lillibridge et al., 1998; Granfors et al., 2006), the IC50 of nelfinavir was low (2.8 ± 0.5 μM) and 

showed complete inhibition at saturating nelfinavir concentration. 

          
 

Figure 17. Effect of nelfinavir on CYP3A4 mRNA expression and activity. The inhibition was performed at varying 

nelfinavir concentrations using 7-BFC substrate in the standard NADPH reaction. The IC50 was determined by fitting 

the data to a single site ligand binding equation using Sigma plot 11. Standard errors for fit to the equation are shown 

as ±. Results are the representative of at least two independent determinations. The variation between the experiments 

is <20%. * Represents p ≤ 0.05 compared to respective controls. Results are the representative of two independent 

determinations. 

  



 60 

Measurement of nelfinavir kinetics by CYP3A4 

We performed nelfinavir metabolism using different concentratiosn of nelfinavir (0-12 µM) and 

determined its kinetic parameters. The kcat and Km of nelfinavir for CYP3A4 was found to be 1.4 

± 0.16 nmol/min/nmol P450 and 1.3 ± 0.06 μM, respectively (Figure 18).  

         

 

           
 
Figure 18. Nelfinavir kinetics by CYP3A4. The activity was performed using the standard NADPH method at varying 

concentrations of nelfinavir. The kcat and Km were determined by fitting the data to Michaelis–Menten equation using 

Sigma plot 11. Standard errors for fit to the equation are shown as ±. Results are the representative of three independent 

determinations. The variation between the experiments is <25%. 

 

  



 61 

Discussion 

Both alcohol and tobacco use are highly prevalent among HIV-1-infected individuals, compared 

to the general population, and co-abuse of alcohol and tobacco is even more prevalent among HIV-

1 infected individuals (Rahmanian et al., 2011). In addition, chronic use of both alcohol and 

tobacco are known to increase viral replication, reduce drug efficacy and increase toxicity (Miguez 

et al., 2003; Feldman et al., 2006).  

 Tobacco/nicotine has been shown to enhance HIV-1 replication in alveolar macrophages 

(Abbud et al. 1995) and microglia (Rock et al. 2008). In the U.S., the prevalence of cigarette 

smoking in the HIV-1-infected population is three times higher than the general population 

(Burkhalter et al. 2005; CDC 2005), which further increases the risk of HIV-1 infection, 

progression, and AIDS development and decreases the effects of ARTs. In vitro HIV infection has 

been shown to be associated with iron-mediated oxidative stress, which is likely to contribute to 

viral cytopathogenicity (Boelaert et al. 1996b; Savarino et al. 1999). In addition, previous studies 

have shown that nicotine increases blood-brain barrier permeability, leading to increased brain 

accumulation of saquinavir, as well as increased toxicity of the drug (Manda et al., 2010). Our 

findings strongly suggest that CYP2A6-mediated nicotine metabolic pathway induces oxidative 

stress in U937 macrophages, which may be responsible for increased HIV-1 replication in smokers. 

This is consistent with another independent finding that nicotine has been shown to affect HIV-1 

interaction with macrophages (Sopori and Kozak, 1998). Thus, further examination of the role of 

CYP2A6 pathway in oxidative stress and HIV-1 replication in HIV-1-infected smokers is highly 

desirable. Furthermore, our results were consistent with earlier observations that nicotine increases 

oxidative stress in macrophages (Mahapatra et al. 2009). Nicotine metabolism-mediated oxidative 

stress can occur as a result of formation of reactive metabolites of nicotine metabolic pathway 
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and/or production of oxidants (e.g. peroxides) through CYP-mediated reaction (Yildiz et al. 1998; 

Benowitz et al., 2009). The development of selective CYP2A6 inhibitor also offers a possible 

therapeutic target that is expected to block nicotine-mediated oxidative stress, which may in-turn 

decrease HIV-1 replication and increase response to ARTs. This strategy is also being pursued in 

other scenario where CYP2A6 inhibitors are being explored as a means to treat nicotine 

dependence (Sellers et al., 2003b) and to prevent cancer among smokers (von Weymarn et al., 

2006). 

 Alcohol consumption has been found to reduce ART efficacy, increase viral replication 

and enhance immune damage among HIV-1-infected alcoholics compared to HIV-1-infected non-

alcoholics. Its involvement in HIV progression and ART efficacy has been suggested as a cause 

of enhanced immune suppression and drug resistance, in which oxidative stress was suggested to 

play a role (Haorah et al., 2004; Neuman et al., 2012). The role of CYP2E1 in alcohol metabolism 

and alcohol-induced toxicity in the liver has been widely explored, while in extra hepatic organs 

and tissues, CYP2E1 expression was also detected. In addition to formation of acetaldehyde, 

CYP2E1 has been found to induce oxidative stress, leading to enhanced lipid peroxidation (Lu and 

Cederbaum, 2008). However, the role of CYP2E1 in oxidative damage in extra hepatic organs and 

tissues is still under investigation. Consistent with studies on hepatic CYP2E1, our studies found 

that CYP2E1, as well as increased oxidative stress, was also responsible for ethanol-induced cell 

death through induction of apoptosis in monocytes and astrocytes. As we previously found that 

CYP2E1 enhanced ROS production in both monocytes and astrocytes, its increased activity by 

ethanol would exacerbate the situation of cell viability and contribute to increased damage by 

excessive consumption of alcohol.  
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 CYP3A4 is known to metabolize a variety of ART drugs, leading to increased clearance 

and decreased efficacy. Inhibitory effect of most PIs, including nelfinavir and ritonavir, on 

CYP3A4 has been previously studied (Granfors et al., 2006). Interactions between alcohol and 

ART drugs reported previously could be due to their effects on CYP3A4, since CYP3A4 was also 

involved in alcohol metabolism. Therefore, it was important to examine the exact binding between 

drug and CYP3A4, as well as the kinetic parameters of the drug. Our studies showed inhibitory 

effect of nelfinavir on CYP3A4 enzyme activity, indicating its effect on CYP3A4-mediated 

metabolism of other drugs. Besides, there is no report on kinetic parameters (kcat and Km) of 

nelfinavir in CYP3A4. A report of nelfinavir metabolism, by liver microsomes CYP2C19 for the 

formation of 3-hydroxynelfinavir (M8), shows very low kcat (25 pmol/min/nmol P450) (Hirani et 

al., 2004). However, the kcat was 40-fold higher with purified CYP2C19 (1 nmol/min/nmol P450), 

which is similar to the kcat obtained by recombinant purified CYP3A4 (1.4 nmol/min/nmol P450). 

The Km of nelfinavir for CYP2C19 is much higher (22 μM) (Hirani et al., 2004) than for CYP3A4 

(1.3 μM). However, this Km is in the similar range to the KD (0.23 μM) and IC50 (2.8 μM) of 

nelfinavir for CYP3A4. Furthermore, our results are similar to the kcat and Km of the recombinant 

and/or liver microsomes CYP3A4 for the metabolism of other PIs, such as ritonavir (Kumar et al., 

1996; Koudriakova et al., 1998) and saquinavir (Fitzsimmons and Collins; 1997) suggesting the 

shared pattern of CYP3A4-mediated metabolism among these PIs. In addition to nelfinavir, Dr. 

Santosh Kumar has shown that that atazanavir, lopinavir, saquinavir, and tipranavir demonstrate 

type I spectral binding in which compound doesn’t covalently bind with iron-heme protein, while 

indinavir and ritonavir showed covalent binding to iron-heme protein (type II binding). However, 

amprenavir and darunavir did not show spectral binding with CYP3A4.  
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 Furthermore, Dr. Santosh Kumar also examined the effect of 20 mM ethanol on spectral 

binding affinity and inhibitory effect of multiple PIs to CYP3A4. In addition, ethanol at 20 mM 

decreased the maximum spectral change (δAmax) with type I nelfinavir, lopinavir and saquinavir, 

but it did not alter δAmax with other PIs. Ethanol did not alter KD and IC50 of atazanavir, lopinavir, 

saquinavir and tipranavir. However, it was found that ethanol significantly reduced the IC50 of type 

II PIs, indinavir and ritonavir, as well as type I nelfinavir, while markedly increased the IC50 of 

amprenavir and darunavir. These results suggest that ethanol differentially alters the binding and 

inhibition of CYP3A4 with the PIs that have different physicochemical properties. This study has 

clinical relevance because alcohol has been shown to alter the response to antiretroviral drugs, 

including PIs, in HIV-1-infected individuals. 

 In conclusion, these findings suggested clinical implication for the optimization of ART 

regimen to maximize the efficacy of each drug included in the same regimen and minimize 

toxicities induced by alcohol-drug interaction. 
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CHAPTER 5 

MECHANISTIC STUDY OF ETHANOL-MEDIATED CYP2A6 EXPRESSION: PKC-MEK-

NRF2 PATHWAY 

 

Introduction 

The CYP2A6 isozyme is known to metabolize nicotine, the major constituent of tobacco, causing 

tobacco-associated toxicities in both the liver and lung (Nakajima, 2007). Besides, CYP2A6 is 

involved in approximately 3% of all CYP-mediated metabolisms of therapeutic drugs, such as 

pilocarpine, cyclophosphamide and tegafur (Di et al., 2009). Furthermore, polymorphism of 

CYP2A6 showed implication in drug-drug interaction, as well as interaction between drug and 

nicotine (Di et al., 2009; Kong et al., 2009). 

 A recent study has shown that mouse CYP2A5 (analogous to human CYP2A6) is induced 

through oxidative stress resulted from ethanol consumption and nicotine treatment (Gilmore et al., 

2003; Lu et al., 2011). Consistent with this, our previous study has shown that CYP2A6 is the most 

abundant CYP in U937 monocytes/macrophages and is induced by ethanol. However, the 

mechanism of CYP2A6 induction by ethanol in U937 cells is not known. The prevalence of 

smoking is three times higher in alcohol users compared to the normal population, and the 

prevalence of co-abuse is approximately 90% among HIV-1 infected individuals (Burkhalter et al., 

2005; Schlaepfer et al., 2008). Thus, it is important to determine the mechanism(s) responsible for 

alcohol-mediated induction of CYP2A6 in monocytes/macrophages. In the current study, we 

investigated the pathway by which ethanol induces CYP2A6 in the U937 monocytic cell line. 
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Experimental Procedure 

All treatments in U937 monocytes were performed in 6-well plates. 100 mM ethanol treatment for 

12 h, which showed highest induction of CYP2A6 expression in U937 cells, was selected for this 

study. As described before, DAS treatment at optimized concentration of 100 μM (ki =5-12 μM) 

was performed 15 min prior to ethanol treatment. Vitamin C treatment and all other inhibitor 

treatments, including staurosporine (PKC inhibitor), U0126 (MEK inhibitor), SP600125 (JNK 

inhibitor), were performed 1 h before ethanol treatment. RNA and protein samples of whole cell 

lysate and nuclear extracts were then obtained from each treatment. The mRNA and protein 

expressions of CYP2A6 were examined via qRT-PCR and western blot, respectively. The mRNA 

expression level of examined CYPs was calculated compared to GAPDH, the expression level of 

which was considered to be 100%. In addition, nuclear expression of Nrf2 was examined using 

nuclear extracts obtained from treatments of inhibitors of PKC and MEK to test its involvement in 

ethanol-induced CYP2A6 expression, as well as activation of PKC-MEK pathway. β-tubulin 

served as internal loading control to normalize the expression of CYP2A6 from whole cell extract, 

while lamin B was used as an internal control for the nuclear extract.  

 

Results 

CYP2A6 is induced by CYP2E1-mediated ethanol metabolism 

 

U937 monocytes were pretreated in the absence and presence of 100 µM DAS to selectively inhibit 

CYP2E1, followed by ethanol treatment for 12 h. Consistent with our previous study, 100 mM 

ethanol increased CYP2A6 mRNA and protein expression levels to 170% and 150% relative to 

control, respectively (Figure 19A and B). As expected, DAS significantly inhibited ethanol-

mediated CYP2A6 induction at both mRNA and protein levels. DAS alone did not alter CYP2A6 
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expression or ROS production. In order to confirm that CYP2E1 is mainly involved in ethanol 

metabolism in U937 monocytes, we measured ADH in monocytes. However, the level of ADH 

mRNA in U937 monocytes was undetectable. Taken together, these results suggest that ethanol-

induced CYP2A6 expression is mediated by oxidative stress resulting from CYP2E1-dependent 

ethanol metabolism. 
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Figure 19. Role of CYP2E1 in ethanol-induced CYP2A6 expression in U937 monocytes. (A) CYP2A6 mRNA. (B) 

CYP2A6 protein. Both mRNA and protein expression levels were determined at 12 h in the presence of 100 mM 

ethanol (−/+100 µM DAS, 15 min prior to ethanol treatment). For each experiment, the mRNA/protein levels of 

various treatments were normalized relative to the untreated control, which has been set to 100%. Blots are 

representative of at least three replicates. The mean ± SD was calculated from at least triplicates and significance 

(p≤0.05; *) was determined using t test. The experiment was repeated twice. 
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Ethanol-mediated CYP2A6 induction is attenuated by vitamin C 

To examine the role of ethanol metabolism-induced oxidative stress in CYP2A6 expression, we 

treated the cells with 100 µM antioxidant vitamin C. Vitamin C significantly inhibited ethanol-

induced CYP2A6 mRNA and protein expressions (Figure 20A and B). Since it was shown before 

that vitamin C effectively attenuated ethanol-induced oxidative stress, the results suggested that 

ethanol-induced CYP2A6 expression is mediated through oxidative stress. 

 

 

   

 

Figure 20. Role of oxidative stress on ethanol-induced CYP2A6 in U937 monocytes. (A) CYP2A6 mRNA. (B) 

CYP2A6 protein. Both mRNA and protein expression levels were determined at 12 h in the presence of 100 mM 

ethanol (−/+100 µM vitamin C, 1 h prior to ethanol treatment). For each experiment, the mRNA/protein levels of 

various treatments were normalized relative to the untreated control, which has been set to 100%. Blots are 

representative of at least three replicates. The mean ± SD was calculated from at least triplicates and significance 

(p≤0.05; *) was determined using t test. The experiment was repeated twice. 
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PKC is involved in CYP2E1 regulation by ethanol 

To further examine the role of PKC in CYP2A6 induction, U937 monocytes were pretreated with 

staurosporine, an inhibitor of PKC that also inhibits translocation of Nrf2 into the nucleus. 

Staurosporine abolished ethanol-mediated CYP2A6 mRNA and protein induction (Figure 21A and 

B). As expected, staurosporine also decreased ethanol-induced Nrf2 expression in the nucleus 

(Figure 21C). Overall, these results suggest that CYP2A6 induction is associated with increased 

translocation of Nrf2 into the nucleus. 

 
Figure 21. Role of Protein Kinase C in ethanol-induced CYP2A6 expression and Nrf2 nuclear expression. (A) 

CYP2A6 mRNA. (B) CYP2A6 protein. (C) Nrf2 protein from nuclear extracts. Both mRNA and protein expression 

levels were evaluated at 12 h in the presence of 100 mM ethanol (−/+10 nM staurosporine 1 h prior to ethanol 

treatment). Blots are representative of at least three replicates. For each experiment, the mRNA/protein levels of 

various treatments were normalized relative to the untreated control, which has been set to 100%. The mean ± SD was 

calculated from at least triplicates and significance (p≤0.05; *) was determined using t test. The experiment was 

repeated three times. 
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Ethanol induces CYP2A6 by the activation of the MEK pathway 

To further investigate the signaling pathway(s) involved in ethanol-mediated Nrf2 translocation 

into the nucleus and CYP2A6 induction, we pretreated U937 monocytes using multiple inhibitors 

of the oxidative stress-mediated PKC pathway. The inhibitor of mitogen-activated protein kinase 

kinase (MEK), U0126 (Andrieux et al., 2004), at 10 µM completely abolished ethanol-induced 

nuclear Nrf2 expression, which was accompanied by decreased expression of CYP2A6 at both 

mRNA and protein levels (Figure 22A, B and C). However, c-Jun N-terminal kinase (JNK) 

inhibitor, SP600125, showed no effect on ethanol-induced CYP2A6 expression (Figure 22D). 
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Figure 22. Role of MEK and JNK in ethanol-induced CYP2A6 expression and Nrf2 nuclear expression. (A) and (D) 

CYP2A6 mRNA. (B) CYP2A6 protein. (C) Nrf2 protein from nuclear extracts. Both mRNA and protein expression 

levels were evaluated at 12 h in the presence of 100 mM ethanol (−/+10 µM U0126 or SB600125 1 h prior to ethanol 

treatment). For each experiment, the mRNA/protein levels of various treatments were normalized relative to the 

untreated control, which has been set to 100%. Blots are representative of at least three replicates. The mean ± SD 

was calculated from at least triplicates and significance (p≤0.05; *) was determined using one-way ANOVA. The 

experiment was repeated twice. 
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Discussion 

Although CYP2A6 metabolizes several xenobiotics, including nicotine, its induction by 

xenobiotics is not well understood (Zhang et al., 2006; Nakajima, 2007; Di et al., 2009). In Chapter 

4 we have shown that CYP2A6 is induced by ethanol and it metabolizes nicotine into cotinine and 

NNK, which produces oxidative stress in U937 cells. In the current study, we showed that CYP2A6 

is induced by increased oxidative stress mediated through ethanol metabolism by CYP2E1 in U937 

monocytes. Furthermore, we have shown that the Nrf2 pathway, which is regulated by PKC and 

MEK, is involved in CYP2A6 induction mediated by oxidative stress. Although the involvement 

of Nrf2 in CYP2A6 induction in hepatic cells has recently been shown (Yokota et al., 2011), this 

is the first report to provide evidence that ethanol induces CYP2A6 through an oxidative stress-

mediated pathway that involves signaling through PKC/MEK/Nrf2. 

 Although the increase in CYP2A6 expression resulting from a single acute treatment of 

ethanol is 150–200%, it is significant and these levels are consistent with previous reports using 

hepatocytes (Kirby et al., 2011; Lu et al., 2011). In this study we used acute ethanol treatment to 

dissect the mechanism involved in ethanol-mediated regulation of CYP2A6 expression. It is 

anticipated that chronic ethanol exposure would increase CYP2E1 expression that would lead to 

higher levels of oxidative stress and CYP2A6 expression.  

 Recently it has been shown that rat CYP2A5 (homologous to human CYP2A6) is induced 

by increased ROS generated from ethanol metabolism, indicating the central role of oxidative 

stress in regulating CYP2A5 (Kirby et al., 2011). A similar mechanism for CYP2A5 induction 

was also proposed for alcohol-mediated induction of oxidative stress (Lu et al., 2011). In these 

studies, they demonstrated that mouse CYP2A5 induction by ethanol is dependent upon CYP2E1 

that metabolizes ethanol and produces ROS. In an independent study with African green monkeys, 
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pretreatment with ethanol elevated nicotine toxicity, presumably through enhanced CYP2A6 

expression and nicotine metabolism (Ferguson et al., 2011). These findings are consistent with our 

results that ethanol-induced oxidative stress by CYP2E1 is responsible for the induction of 

CYP2A6. The increased level of CYP2A6 could further increase ROS and generate pre-

carcinogens through CYP2A6-mediated nicotine metabolism and/or activation of other tobacco 

constituents as has been demonstrated in liver (Yamazaki et al., 1992). 

 BHA has been shown to induce nuclear transcription factor Nrf2, leading to the induction 

of antioxidants (Keum et al., 2006; Nguyen et al., 2009). Consistent with a recent report (Yokota 

et al., 2011), our results demonstrate that CYP2A6 is induced by ethanol-mediated oxidative stress 

that subsequently activates the Nrf2 pathway. An increase in ROS level in the cytoplasm releases 

Nrf2 from the Nrf2/Kelch-like ECH-associated protein 1(Keap1) complex and the free Nrf2 is 

phosphorylated by PKC resulting in translocation of Nrf2 from the cytoplasm to the nucleus 

(Correa et al., 2011; Lee et al., 2011). The translocated Nrf2 binds antioxidant response elements 

(ARE) and induces multiple antioxidant enzymes, such as phase II enzymes, NAD(P)H quinone 

oxidoreductase 1, and glutathione S-transferase (GST) (Villeneuve et al., 2010; Tkachev et al., 

2011). Earlier studies have shown that the nuclear translocation of Nrf2 and generation of 

antioxidants are increased by alcohol, and function to ameliorate alcohol-induced apoptotic death 

and liver toxicity (Lamlé et al., 2008; Narasimhan et al., 2011). Furthermore, the Keap1/Nrf2/ARE 

signaling pathway has been shown to be involved in suppression of nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) and its-mediated inflammatory effects (Carayol et al., 

2006). Thus, the protective effect of Keap1/Nrf2/ARE signaling contributes to the maintenance of 

cellular homeostasis and the prevention of cell and tissue damage. As ARE is a known ligand of 
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AhR (Prochaska and Talalay, 1988), Nrf2-mediated CYP2A6 expression may also be involved in 

AhR-mediated regulation of CYP enzymes, such as CYP1A1. 

 Staurosporine, which blocks the translocation of Nrf2 into the nucleus, is known to bind 

PKC leading to the inhibition of phosphorylation of MEK and JNK proteins (Gescher, 1998). Our 

results from experiments with staurosporine or U0126 (MEK inhibitor) clearly suggest that 

phosphorylation of MEK, but not JNK, regulates Nrf2-mediated transcription of CYP2A6. In an 

earlier study it was shown that, in addition to being a strong inhibitor of MEK, U0126 is also a 

weak trans-activator of AhR, which binds to the xenobiotic response element (XRE) and 

upregulates CYP1A enzymes (Andrieux et al., 2004). Since the XRE is common to the CYP1A 

and CYP2A6 enhancer/promoter regions, U0126 may also induce and/or stabilize CYP2A6 

mRNA in the absence of ethanol. However, in the presence of ethanol, U0126 only acts as an 

inhibitor of MEK because U0126 is a strong inhibitor of MEK, but a weak agonist of AhR. 

 The findings from our study suggest that ethanol-induced Nrf2 translocation into the 

nucleus that results into CYP2A6 induction is mediated through the activation of PKC/MEK 

pathway. PKC is known as a “stress sensor” and controls the functions of other proteins via 

phosphorylation of MEK or JNK. Its activation is involved in multiple signal transduction cascades 

and is associated with the regulation of different cellular processes; such as, cell growth, immune 

response, apoptosis, and necrosis (Huang, 1990). PKC is also known to be involved in alcohol-

induced toxicity and liver damage (Nitti et al., 2008). As the downstream signaling cascades of 

PKC, both MEK and JNK, have been found to be activated by alcohol leading to expression of 

antioxidant genes in HepG2 cells and primary hepatocytes (Venugopal et al., 2007; Hennig et al., 

2009). In contrast, other studies have shown that PKC can also directly affect Nrf2 nuclear 

translocation and regulate the expression of antioxidant genes in HepG2 cells (Bloom and Jaiswal, 
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2003; Kim et al., 2010; Niture et al., 2010). These contrasting findings suggest that the involvement 

of MEK in PKC-mediated Nrf2 translocation is cell type dependent. 

 The finding of oxidative stress-mediated CYP2A6 expression by ethanol in monocytes, 

which are known to secrete anti-inflammatory cytokines and chemokines (Solodova et al., 2011), 

is important because of the potential cross talk between CYP and cytokines. In fact, ethanol has 

been shown to induce several cytokines in monocytes, lymphocytes, and astrocytes (Achur et al., 

2010). Furthermore, emerging studies from simultaneous expressions of CYPs and cytokines 

(Williams, 1991), as well as the finding that IL-6 regulates CYP3A4, suggest a cross talk between 

CYPs and cytokines (Prandota, 2005). This could have important implications in the case of 

simultaneous exposure to various xenobiotics, as well as bacterial or viral pathogens. Therefore, it 

is imperative to further dissect the signaling pathway that is responsible for the simultaneous 

induction of both CYP2A6 and cytokines by ethanol in monocytes. 

 Previously, lipid peroxidation has been observed in studies of alcohol-induced oxidative 

damage (Haorah et al., 2009; Orlicky et al., 2011). In addition, nicotine has been reported to cause 

oxidative damage and increase the permeability of the blood-brain barrier (Manda et al., 2010). 

Chronic accumulation of ROS leads to over consumption of glutathione and antioxidants, leading 

to cellular toxicity (Maicas et al., 2011). The use of antioxidant supplements, such as vitamin C 

and E, has been shown to be effective in attenuating the oxidative stress-mediated damage in 

alcoholic liver disease (Guo et al., 2011). Our findings suggest the potential use of a CYP2E1 

selective inhibitor among alcohol and tobacco users to reduce alcohol-mediated oxidative stress 

and induction of CYP2A6 expression and activity, which can further increase oxidative stress 

through nicotine metabolism. Our argument is supported by the fact that a similar approach using 
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a selective CYP2A6 inhibitor is being considered to treat nicotine dependence (Sellers et al., 2003b) 

and to prevent tobacco/nicotine-mediated lung cancer (von Weymarn et al., 2006). 

 In conclusion, the current study provides the first report of the regulation of CYP2A6 

expression by ethanol through activation of the oxidative stress-mediated PKC/MEK/Nrf2 

pathway in monocytic cells. This is a significant finding because tobacco/nicotine has been shown 

to enhance HIV-1 replication in alveolar macrophages and microglia (Abbud et al., 1995; Rock et 

al., 2008), perhaps through oxidative stress (Boelaert et al., 1996a and 1996b; Peterhans, 1997). 

We speculate that ethanol-mediated induction of CYP2A6 will increase the metabolism of nicotine 

leading to an increase in oxidative stress and perhaps HIV-1 replication in HIV-infected 

individuals who consume both alcohol and tobacco. This line of investigation may have clinical 

relevance because HIV-1 infected monocytes may infiltrate the CNS and exacerbate neuroAIDS 

and damage neurons (Buckner et al., 2011). Further, since the prevalence of smoking is three times 

higher among alcoholics, especially among HIV-infected individuals, this finding has important 

implications for HIV+ alcohol/tobacco co-abusers. 
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CHAPTER 6 

MECHANISTIC STUDY OF ETHANOL-INDUCED CYP2E1 EXPRESSION:  

PKC/JNK/SP1 PATHWAY 

 

Introduction 

CYP2E1 contributes to metabolism of many substances and environmental toxins, such as benzene 

and alcohol (Guengerich et al., 1991). It is also inducible in the presence of acetone and involved 

in formation of glucose, as well as catalysis of fatty acid hydroxylations (Lieber, 2004). 

Furthermore, CYP2E1 is known to be responsible for production of ROS and initiation of lipid 

peroxidation, which was considered as the major cause of CYP2E1-associated diseases (Lu et al., 

2011). In addition to free radical production, CYP2E1 is well known to be responsible for oxidative 

damage and bio-activation of multiple procarcinogens in development of liver diseases and 

aerodigestive tract cancers (Bouchardy et al., 2000; Millonig et al., 2011). 

Alcohol-inducible CYP2E1 is the main enzyme involved in ethanol metabolism-mediated 

liver impairment in chronic mild-to-moderate, as well as in heavy and binge alcohol drinkers (Lu 

and Cederbaum, 2008). Although, the role of CYP2E1 in alcohol-mediated liver toxicity is well 

known, similar studies are lacking in extra-hepatic cells, especially cells from the central nervous 

system. Results from previous studies have led to the suggestion that in neurons and 

monocytes/macrophages the involvement of CYP2E1 in alcohol metabolism is greater than that of 

ADH, and ADH is present at very low levels in these cells (Wickramasinghe, 1987a and 1987b). 

This hypothesis is further strengthened by the fact that ADH is much less inducible than CYP2E1 

by alcohol in liver as well as in other organs (Lieber, 2004). The induction of CYP2E1 by alcohol 

is through translational, post-translational (protein stabilization) and transcriptional mechanisms 



 79 

(Novak and Woodcroft, 2000; Gonzalez, 2007). At low concentrations of alcohol, CYP2E1 

exhibits increased activity and increased protein stability. However, at high concentrations of 

alcohol, both mRNA and protein expression levels of CYP2E1 are induced. Although post-

translational stabilization of CYP2E1 protein and activity by alcohol has been described (Novak 

and Woodcroft, 2000), the mechanism by which the expression of CYP2E1 is regulated at the level 

of transcription is poorly understood. 

 In the brain, CYP2E1 is the only enzyme involved in the non-catalase oxidation of ethanol 

and ROS production (Zimatkin et al., 2006). Its induction leads to increased lipid peroxidation and 

apoptosis, resulting in increased permeability of the blood-brain barrier (BBB) and 

neurodegeneration (Haorah et al., 2005). Astrocytes are the predominant cell type in the brain and 

their primary function involves various aspects of the protection of neuronal integrity (Bélanger et 

al., 2011; Ben Achour and Pascual, 2012). Ethanol-induced CYP2E1 expression has been found 

in astrocytes, resulting in increased oxidative stress and neuronal damage (Montoliu et al., 1995).  

In addition, monocytes infiltrate the brain and differentiate into microglia and perivascular 

macrophages (Aquaro et al., 2005). Therefore, in this study, we use the human SVGA astrocytic 

and U937 monocytic cell lines to investigate the role of CYP2E1 in ethanol-mediated cell death, 

and the mechanism by which ethanol regulates CYP2E1 expression. 

 

Experimental Procedure 

All treatments in both SVGA astrocytes and U937 monocytes were performed in 6-well plates. 

100 mM ethanol treatment for 12 h, which showed highest induction of CYP2E1 expression in 

U937 cells, was selected for U937 monocytes in this study. Similarly, based on our previous 

findings, 3 h incubation with 50 mM ethanol, which showed highest induction of CYP2E1 
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expression in SVGA astrocytes, was selected for mechanistic study in SVGA astrocytes. 

Consistent with chapter 5, DAS treatment at 100 μM was performed 15 min prior to ethanol 

treatment. Vitamin C treatment and all other inhibitor treatments, including staurosporine (PKC 

inhibitor), U0126 (MEK inhibitor), SP600125 (JNK inhibitor), as well as mithramycin A (SP 1 

inhibitor), SC514 (NFκB inhibitor) and pomalidomide (C/EBP-β down-regulator), were 

performed 1 h before ethanol treatment. RNA and protein samples were then obtained from 

individual treatments. mRNA and protein expressions of CYP2E1 were examined via qRT-PCR 

and western blot, respectively. The mRNA expression level of CYP2E1 was normalized by 

GAPDH, which serves as the internal control for individual reaction. β-tubulin served as internal 

loading control to normalize the protein expression of CYP2E1 from whole cell extract.  

 

Results 

Ethanol-induced CYP2E1 expression in SVGA was attenuated by vitamin C 

In Chapter 4, we have found that induced CYP2E1 activity by ethanol was responsible for its 

mRNA and protein inductions, using CYP2E1 selective inhibitor DAS. Similar to CYP2A6 

mechanistic study, oxidative stress may also be involved in ethanol-induced CYP2E1 expression. 

To examine the role of ethanol metabolism-induced oxidative stress in CYP2E1 expression, we 

treated SVGA cells with 100 µM antioxidant vitamin C. Vitamin C significantly inhibited 

induction of CYP2E1 mRNA and protein by ethanol (Fig. 23A and B). These results suggested 

that ethanol-induced CYP2E1 expression is mediated through oxidative stress. 
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Figure 23. Role of oxidative stress in ethanol-induced CYP2E1 expression in SVGA astrocytes. (A) mRNA expression. 

(B) Protein expression. mRNA expression and protein expression level was determined at 3 h and 6 h, respectively, 

in the presence of 50 mM ethanol treatment (−/+100 µM vitamin C 1h prior to ethanol treatment). Blots are 

representative of at least three replicates. For each experiment, the mRNA/protein levels of various treatments were 

normalized relative to the untreated control, which has been set to 100%. The mean ± SD was calculated from at least 

triplicates and significance (p≤0.05; *) was determined using t-test. The experiment was repeated three times. 
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Ethanol-induced CYP2E1 activity resulted in  

increased CYP2E1 expression in SVGA astrocytes 

In addition to investigating the role of CYP2E1 in ethanol-induced toxicity, ethanol-induced 

CYP2E1 activity could further induce CYP2E1. As shown in Figure 24, 100 μM DAS attenuated 

ethanol-induced CYP2E1 expressions at mRNA and protein levels by 50% in SVGA astrocytes. 

The result suggested that CYP2E1 activity was involved in ethanol-induced CYP2E1 

transcriptional and translational expressions, which could be through CYP2E1-mediated induction 

of ROS production.   
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Figure 24.Role of CYP2E1 on ethanol-induced CYP2E1 expression in SVGA astrocytes. (A) mRNA expression. (B) 

Protein expression. mRNA expression and protein expression level was determined at 3 h and 6 h, respectively, in the 

presence of 50 mM ethanol treatment (−/+100 µM DAS 15min prior to ethanol treatment). Blots are representative of 

at least three replicates. For each experiment, the mRNA/protein levels of various treatments were normalized relative 

to the untreated control, which has been set to 100%. The mean ± SD was calculated from at least triplicates and 

significance (p≤0.05; *) was determined using t-test. The experiment was repeated three times. 
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Ethanol induces CYP2E1 expression through  

PKC/JNK pathway SVGA astrocytes 

To examine the pathway of CYP2E1 induction by ethanol, SVGA astrocytes were pretreated with 

staurosporine, an inhibitor of PKC. Staurosporine abolished ethanol-mediated CYP2E1 mRNA 

and protein induction (Figure 25). Overall, these results suggest that CYP2E1 induction is 

associated with activation of PKC by ethanol in astrocytes. 

 To further investigate the signaling pathway(s) involved in ethanol-mediated CYP2E1 

induction, we pretreated SVGA astrocytes using multiple inhibitors of the oxidative stress-PKC 

mediated pathway. JNK inhibitor, SP600125, at 10 µM completely abolished ethanol-induced 

CYP2E1 expression at both mRNA and protein levels (Figure 26A and B). However, the inhibitor 

of MEK, U0126 showed no effect on ethanol-induced CYP2E1 induction (Figure 26C). These 

findings suggested that, unlike CYP2A6 regulation by ethanol, JNK, but not MEK, is involved in 

ethanol-mediated CYP2E1 induction. 
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Figure 25. Role of Protein Kinase C in ethanol-induced CYP2E1 expression in SVGA astrocytes. (A) CYP2E1 mRNA. 

(B) CYP2E1 protein. mRNA and protein expression levels were evaluated at 3 h and 6 h, respectively, in the presence 

of 50 mM ethanol (−/+10 nM staurosporine 1 h prior to ethanol treatment). Blots are representative of at least three 

replicates. For each experiment, the mRNA/protein levels of various treatments were normalized relative to the 

untreated control, which has been set to 100%. The mean ± SD was calculated from at least triplicates and significance 

(p≤0.05; *) was determined using t test. The experiment was repeated three times. 
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Figure 26. Role of MEK and JNK in ethanol-induced CYP2E1 expression in SVGA astrocytes. (A) Effect on JNK 

inhibitor (SP600125) on CYP2E1 mRNA expression. (B) Effect of JNK inhibitor on CYP2E1 protein expression. (C) 

Effect on MEK inhibitor (U0126) on CYP2E1 mRNA expression. mRNA and protein expression levels were 

evaluated at 3 h and 6 h, respectively, in the presence of 100 mM ethanol (−/+10 µM U0126 or SP600125 1 h prior to 

ethanol treatment). For each experiment, the mRNA/protein levels of various treatments were normalized relative to 

the untreated control, which has been set to 100%. Blots are representative of at least three replicates. The mean ± SD 

was calculated from at least triplicates and significance (p≤0.05; *) was determined using t test. The experiment was 

repeated twice. 
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SP1 transcriptionally activates ethanol-induced  

CYP2E1 expression in astrocytes 

To examine the transcriptional factor involved in ethanol-mediated CYP2E1 induction, 10 μM 

SC514, 10 μM pomalidomide and 200 nM mithramycin A (MTM A) were applied along with 50 

mM ethanol treatment to examine the role of NFκB, C/EBP β and SP1, respectively.  SC514 alone 

didn’t alter CYP2E1 expression in SVGA astrocytes, while its presence with 50 mM ethanol 

significantly reduced ethanol-induced CYP2E1 mRNA expression, indicating the involvement of 

NFκB in ethanol-induced CYP2E1 expression in astrocytes (Figure 27A). Pomalidomide alone 

down-regulated CYP2E1 expression to 80% of the control, but its presence didn’t alter the 

induction of CYP2E1 by ethanol (Figure 27B). Mithramycin A (MTM A) is known to block the 

binding of SP1 to the gene promoter, resulting in inhibition of SP1-activated transcription (Ray et 

al., 1989). 200 nM MTM A alone significantly reduced CYP2E1 expression by 20%, and its 

presence with ethanol also blocked ethanol-mediated CYP2E1 induction back to basal level, 

suggesting that SP1 is also involved in ethanol-mediated CYP2E1 regulation (Figure 27C). 

Consistent with previous studies, the results suggest that both NFκB and SP1 are involved in 

ethanol-regulated CYP2E1 expression in SVGA astrocytes, while C/EBP β is not involved in 

CYP2E1 regulation.   
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Figure 27. Evaluation of transcriptional factors involved in 50 mM ethanol-induced CYP2E1 mRNA expression at 3 

h in SVGA astrocytes. (A) Effect of NFκB inhibitor SC514. (B) Effect of C/EBP β down-regulator pomalidomide. (C) 

Effect of SP1 inhibitor mithrimycin A (MTM A). For each experiment, the mRNA level of various treatments were 

normalized relative to the untreated control, which has been set to 100%. Blots are representative of at least three 

replicates. The mean ± SD was calculated from at least triplicates and significance (p≤0.05; *) was determined using 

t test. The experiment was repeated twice. 
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Ethanol induced CYP2E1 through PKC/JNK  

pathway in U937 monocytes 

Since monocytes play the role of crucial viral reservoir in HIV-1 infection, we also examined 

possible pathway involved in ethanol-mediated CYP2E1 induction in U937 monocytes. As shown 

in Figure 28, both DAS and vitamin C inhibited ethanol-induced CYP2E1 expression in monocytes, 

suggesting that CYP2E1 induction in monocytes is also dependent on CYP2E1 and oxidative stress. 

In addition, it was shown that PKC/JNK, but not PKC/MEK, was involved in ethanol-mediated 

CYP2E1 induction in monocytes, which was consistent with results obtained from astrocytes. 

Similar to SVGA astrocytes, pomalidomide didn’t show any effect on ethanol-mediated CYP2E1 

induction in U937 monocytes (Figure 29A). Although single exposure to SC514, the inhibitor of 

NFκB translocation, showed over 30% increase in CYP2E1 expression, its co-exposure with 100 

mM ethanol still showed significant reduction in ethanol-induced CYP2E1 expression (Figure 

29B). We suggest that, compared to SVGA astrocytes, NFκB is relatively less involved in ethanol-

regulated CYP2E1 expression in U937 monocytes. Consistent with earlier findings in SVGA 

astrocytes, ethanol-induced CYP2E1 expression was almost completely inhibited by 200 nM 

mithramycin A, which suggests a direct role of SP1 in CYP2E1 induction (Figure 29C). 

Mithramycin A at 200 nM didn’t show any effect on reduction of CYP2E1 expression in U937 

monocytes, which may be due to the higher sensitivity of astrocytes under chemical exposure.  
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Figure 28. Role of PKC-JNK pathway in 100 mM ethanol-induced CYP2E1 mRNA expressions at 12 h in U937 

monocytes. (A) Effect of CYP2E1 inhibitor DAS. (B) Effect of antioxidant vitamin C. (C) Effect of PKC inhibitor 

staurosporine. (D) Effect of JNK inhibitor SP600125. (E) Effect of MEK inhibitor U0126. For each experiment, the 

mRNA/protein levels of various treatments were normalized relative to the untreated control, which has been set to 

100%. Blots are representative of at least three replicates. The mean ± SD was calculated from at least triplicates and 

significance (p≤0.05; *) was determined using t test. The experiment was repeated twice. 
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Figure 29. Evaluation of transcriptional factors involved in ethanol-induced CYP2E1 mRNA expression in U937 

monocytes. (A) Effect of NFκB inhibitor SC514. (B) Effect of C/EBP β down-regulator pomalidomide. (C) Effect of 

SP1 inhibitor mithrimycin A (MTM A). For each experiment, the mRNA level of various treatments were normalized 

relative to the untreated control, which has been set to 100%. Blots are representative of at least three replicates. The 

mean ± SD was calculated from at least triplicates and significance (p≤0.05; *) was determined using t test. The 

experiment was repeated twice. 
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Discussion 

A wealth of knowledge from in vitro and in vivo studies has shown that both acute and chronic 

alcohol consumption increase CYP2E1 expression leading to liver toxicity (Tsutsumi et al., 1993; 

Ingelman-Sundberg et al., 1994; Dupont et al., 1998; Dupont et al., 2000; Lieber, 2004; Lu and 

Cederbaum, 2008; Khan et al., 2011). Although ethanol-mediated CYP2E1 induction and 

CYP2E1-mediated oxidative damage through ethanol metabolism are well established in the liver 

(Lieber, 2004; Lu and Cederbaum, 2008; Cederbaum, 2009), the mechanistic pathways in ethanol-

associated CYP2E1 induction in hepatic as well as extra-hepatic cells remains unclear. This is the 

first report to provide strong evidence for the involvement of the PKC/JNK/SP1 pathway in 

ethanol-mediated regulation of CYP2E1 in astrocytes and monocytes. This is also the first report 

showing the role of CYP2E1 in oxidative stress-mediated apoptotic death in these cells.  

 In our previous studies presented in chapter 3, CYP2E1 showed over 200% induction by 

ethanol in U937 monocytes/macrophages, while ADH expression was undetectable. In addition, 

the induction of CYP2E1 by ethanol was accompanied by increased oxidative stress. Similarly, in 

the present study, we demonstrated upregulation of CYP2E1 by ethanol in SVGA astrocytes, 

which was also associated with an increase in ROS production. Our observation that acute ethanol 

treatment induces CYP2E1 by ~2-fold in SVGA astrocytes is significant and consistent with 

observations from other studies (Raucy et al., 1999; Wang and Cederbaum, 2007). Persistent 

induction of CYP2E1 by alcohol consumption in chronic users is known to enhance the 

accumulation of acetaldehyde. This occurs because acetaldehyde dehydrogenase, which 

metabolizes acetaldehyde into acetic acid, is also inhibited in chronic alcohol users (Lieber, 2004). 

The accumulation of acetaldehyde is associated with decreased DNA repair, impaired hepatic 

utilization of oxygen, and an increase in glutathione depletion (Lieber, 2004). Acetaldehyde is also 
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known to cause lipid peroxidation and protein modification, which plays a key role in ethanol-

induced brain damage (Deng and Deitrich, 2008). Since ADH is not involved in alcohol 

metabolism in the brain (Zimatkin et al., 2006), CYP2E1 appears to play the dominant role in 

alcohol-mediated brain damage. Our results from astrocytes, which are one of the major cell types 

required for brain function, lend further support to this hypothesis. 

 Increased oxidative stress and resultant toxicity are known to be a major consequence of 

ethanol-mediated CYP2E1 induction (Lu and Cederbaum, 2008). A single dose of ethanol is found 

to induce SOD, catalase, and GST, all of which function in a protective capacity (Cederbaum, 

2009). However, a persistent increase in oxidative stress caused by chronic alcohol exposure 

through CYP2E1 induction and ethanol metabolism leads to dysfunction of the cellular protective 

systems and increased production of ROS and acetaldehyde, especially in mitochondria (Bai and 

Cederbaum, 2006). 

Alcohol-mediated oxidative stress has been shown to induce antioxidant enzymes through 

PKC signaling pathway to negate the effects of oxidative stress (Gopalakrishna and Gundimeda, 

2002; Jaiswal, 2004). However, consistent use of alcohol is also known to cause alcohol-induced 

toxicity and liver damage through PKC pathway (Nitti et al., 2008). Our results are consistent with 

the observation that ethanol-mediated oxidative stress induces CYP2E1 through PKC pathway, 

which further metabolizes ethanol and produces oxidative stress. The results from our experiments 

with DAS, a selective inhibitor of CYP2E1 that abrogates ethanol-induced cell death through the 

apoptotic pathway, clearly suggest the role of CYP2E1 on cell death by ethanol through PKC 

pathway. The activation of PKC by increased oxidative stress leads to phosphorylation of 

downstream proteins and induction of downstream signaling cascades (Gopalakrishna and 

Gundimeda, 2002; Jaiswal, 2004; Pascual et al., 2011; Sarc et al., 2011). Previous studies have 
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shown that ethanol can induce multiple signaling cascades and transcription factors, such as 

MAPK and NFκB, which play an important role in cytokine release and the induction of 

inflammation (Szuster-Ciesielska et al., 2012). The induction of these cascades results in various 

cellular changes, including cell proliferation, apoptosis and necrosis (Li and Stark, 2002; Gould 

and Newton, 2008; Antico Arciuch et al., 2009). Other studies have shown that LPS-mediated 

CYP2E1 induction in astrocytes is associated with activation of MEK3 and C/EBP-β (Kelicen and 

Tindberg, 2004), while in hepatocytes both SP1 and NFκB are involved in regulation of CYP2E1 

(Peng and Coon, 2000). However, our study clearly demonstrated the role of the PKC/JNK/SP1 

pathway in ethanol-mediated regulation of CYP2E1 expression.  

Staurosporine is known to bind PKC, leading to inhibition of phosphorylation of MEK and 

JNK proteins (Prandota, 2005). Our results using staurosporine and SP600125 (JNK inhibitor) 

clearly showed that phosphorylation of JNK, but not MEK, regulates ethanol-mediated CYP2E1 

induction in U937 monocytes and SVGA astrocytes. With regard to the involvement of 

transcription factors in CYP2E1 induction, C/EBP-β is also known to be involved in both IL4-

mediated CYP2E1 regulation and cell apoptosis (Abdel-Razzak et al., 2004; Wang et al., 2011), 

and c-Jun has been previously reported to bind to C/EBP-β, acting as a transcriptional activator 

(Hong et al., 2011). Further, SP1 transactivation, which is also known to interact with c-Jun, has 

been shown to bind to CYP2E1 promoter and to be involved in ethanol-mediated induction of heat 

shock protein (HSP) 70 (Peng and Coon, 2000; Wilke et al., 2000). Consistent with these 

observations, our results clearly showed that SP1, but not C/EBP-β, is involved in PKC/JNK-

mediated regulation of CYP2E1 expression in astrocytes and monocytes. Additionally, it has also 

been shown that NFκB is involved in regulation of multiple CYP enzymes, including CYP2E1 

(Zordoky and El-Kadi, 2009). The function of NFκB can be both direct and indirect, the latter of 
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which includes the activation of C/EBP-β (O'Hara et al., 2010). According to our results, the 

inhibition of NFκB also resulted in inhibition of ethanol-mediated CYP2E1 induction, suggesting 

the involvement of NFκB in CYP2E1 regulation. These data suggested that PKC/JNK/SP1, as well 

as NFκB, are the pathways involved in ethanol-mediated CYP2E1 induction in astrocytes and 

monocytes. Our finding of the association of JNK with ethanol-mediated CYP2E1 induction has 

implications in targeting the JNK/SP1 and/or NFB pathway(s) for novel therapeutic intervention 

for the treatment of alcohol users. 

In addition to our study, pro-inflamatory cytokines, such as IL1-β and TNF-α, are also 

induced by alcohol (Vallés et al., 2004; Crews et al., 2006). Alcohol-mediated up-regulation of 

pro-inflamatory cytokines occurs through the MAP kinase pathway (ERK1/2, p-38 and JNK), 

which triggers the downstream activation of oxidant-sensitive transcription factors NFB and AP-

1 (Vallés et al., 2004). These pathways are associated with increased apoptosis in ethanol-fed rats 

(cerebral cortex) and in ethanol-treated astrocytes, suggesting that chronic ethanol treatment 

stimulates glial cells by up-regulating pro-inflammatory cytokines through the signaling pathways 

involved in cell death (Vallés et al., 2004; Crews et al., 2006). Previous study has shown that anti-

inflamatory cytokine IL-4 can induce CYP2E1 in hepatic cells through PKC pathway (Abdel-

Razzak et al., 2004). Tak together, our findings have important implications in inflammation in 

case of simultaneous exposure to alcohol and infection with bacterial or viral pathogens. 

 The present study suggests that elevated oxidative stress is not only the consequence, but 

also the mediator, of CYP2E1 induction in astrocytes and monocytes. Both of these cell types are 

involved in HIV-1 pathogenesis, especially neuroAIDS (Aquaro et al., 2005; Kramer-Hämmerle 

et al., 2005). Monocytes are one of the major sites of HIV-1 replication, crucial virus reservoirs, 

and resistant to the cytopathic effect of HIV-1 (Aquaro et al., 2005; Kramer-Hämmerle et al., 2005). 
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HIV-infected monocytes disrupt BBB and infiltrate the brain, leading to neuroAIDS and HIV-

associated neurodegenerative disease (HAND). Since alcohol is also known to disrupt BBB 

(Haorah et al., 2005), it may further increase infiltration of HIV-infected monocytes into the brain 

and exacerbate neuroAIDS and HAND. To a lesser extent, infection and replication of HIV-1 in 

astrocytes, in addition to alcohol-mediated inflammation in astrocytes, may also lead to HIV-1 

pathogenesis and neuroAIDS (Gorry et al., 2003). Our results suggest that CYP2E1 is one of the 

key players in alcohol-mediated HIV-1 pathogenesis and neuroAIDS. 

Previous findings with human studies suggested that HIV-infected individuals have lower 

levels of vitamins C and E in their plasma, accompanied by impaired glutathione-redox status 

(Baker and Wood, 1992; Trepanier et al., 2004). The levels of CYP2E1 and oxidative stress are 

expected to be further exacerbated in HIV-infected alcohol users. Thus, in addition to antioxidant 

supplements, our studies demonstrated the importance of CYP2E1 and PKC/JNK/SP1 as 

alternative therapeutic targets for attenuating oxidative damage in HIV+ patients. Furthermore, 

attenuation of CYP2E1-mediated apoptosis-dependent cell death of monocytes, lymphocytes, and 

neurons will also help to retard HIV-1 progression, as well as the improvement of host defense. 

Our studies have clinical relevance for HIV-infected individuals because alcohol consumption is 

2.5-fold higher in HIV-infected individuals than in uninfected populations (Galvan et al., 2002). 

In addition, alcohol consumption has been shown to alter HIV-1 pathogenesis and the development 

of neuroAIDS (Hahn and Samet, 2010). 

In conclusion, this is the first report demonstrating the role of PKC/JNK/SP1, as well as 

NFκB pathways, in ethanol-mediated regulation of CYP2E1 expression in astrocytes and 

monocytes. In addition, our results have clearly shown the role of CYP2E1 in ethanol metabolism 

and the resultant oxidative stress in apoptosis-mediated cell toxicity in both astrocytes and 
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monocytes. This finding has clinical implications because CYP2E1 has been shown to play the 

major role in extra-hepatic metabolism of alcohol, especially in neuronal cells, and this can lead 

to oxidative damage in the brain. Our study has clinical relevance with regard to HIV-infected 

individuals who are chronic alcohol users. Our study also supports the hypothesis that alcohol 

consumption leads to deleterious effects on HIV-1 model cells, including monocytes and 

astrocytes. Finally, this study suggests novel targets for the development of potential 

pharmaceuticals for treating various diseases associated with alcoholism and oxidative stress-

mediated toxicities, especially among HIV-1-infected individuals. 
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CHAPTER 7 

EFFECT OF ALCOHOL CONSUMPTION ON EXPRESSIONS OF CYP2E1 AND ALDH IN 

HUMANS 

 

Introduction 

The role of CYP enzymes, especially CYP2E1, has been increasingly found to be important in 

toxicities by the use of alcohol and increased resistance to medications of various diseases. In 

addition, although the level of oxidative stress is found to be higher among HIV-1 patients (Ibeh 

et al., 2011), the induction of CYP2E1 among alcoholic HIV-infected individuals may further 

enhance ROS production, as well as exacerbated immune damage. Furthermore, ROS may also 

affect ALDH, leading to increased accumulation of acetaldehyde and toxicity. 

 In this study, we first examined the effect of alcohol consumption on expressions of 

CYP2E1 and ALDH. Our hypothesis is that, similar to findings from cell lines, chronic alcohol 

consumption increases CYP2E1 expression, leading to increased oxidative stress and cytotoxicity. 

 

Experimental Procedure 

Forty individuals, including healthy HIV-1 negative non alcoholics (healthy), HIV-1 negative 

mild-to-moderate alcoholics (alcoholics), HIV-1-infected non alcoholics (HIV-1), and HIV-1-

infected mild-to-moderate alcoholics (alcoholics/HIV-1), were recruited by our co-investigator, 

Dr. Carole McArthur’s team in Cameroon, Africa using the following criteria. Our study is based 

on cross-sectional design to describe the effect of alcohol use and HIV-1 infection on CYP2E1 

expression and oxidative stress.   
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Study population: Forty individuals were recruited at our co-investigator’s clinic in Cameroon 

and from surrounding 12 villages, which are served by an NGO support network. Sufficient 

numbers of HIV-1 infected patients who are not on ARTs or other medications are available among 

village populations because medication is unavailable (WHO, Cameroon 2004-2005 report; 

http://www.who.int/hiv/HIVCP_CMR.pdf). In addition, the local recommendation is not to initiate 

therapy until the CD4 count is <200 cell/µl.  

Power analysis: We performed power analysis using “Power and Precision” software by 

considering the magnitude of the known effects of alcohol on CYP expressions, HIV-1 replication 

and oxidative stress. The results showed that 8-10 samples from each group (healthy, alcoholics, 

HIV-1-infected, and alcoholics/HIV-1-infected) provided a power of 0.80.  

Inclusion criteria: For all the categories, we recruited males and females between the ages of 21-

60 years. The individuals <21 years of age legally can’t purchase or drink alcohol in the USA, 

especially in Missouri and Kansas. The individuals >60 years of age would have reduced metabolic 

rate of alcohol. The recruitment of mild-to-moderate chronic alcoholism was done according to 

the WHO criteria (F10.2, ICD 10, 2002) or NIAAA guidelines. According to their criteria, mild-

to-moderate alcoholism is defined as 1-2 drinks daily for men and 0.5-1 drink daily for women for 

at least past six months. One drink is generally consisted of 12 ounce beer, 5 ounce wine, or 1.5 

ounce 80-proof distilled spirits. For HIV-1 category, we recruited individuals with CD4+ counts 

of 200-500 cells/µl (HIV-1 Stage II, CDC recommendation 2008) and who are not on ARTs or 

other medications. 

Exclusion criteria: The following exclusion criteria are based on the fact that they are either 

known or expected to interfere with our study. 1. Children: they usually have reduced expression 

of CYP enzymes, and alcohol consumption is rare among children. 2. Pregnant or lactating women: 
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they usually have altered emotion and alcohol consumption is rare among pregnant women. 3. 

Have active homicidal or suicidal ideation, or active symptoms of post-traumatic stress disorder. 

4. Liver damage (aspartate aminotransferase/alanine aminotransferase ratio greater than two): It 

alters the levels of CYPs leading to altered drug metabolism, as well as oxidative stress. 5. 

Individuals with other infectious diseases, such as TB and hepatitis A/B/C: Hepatitis and TB 

infections are prevalent in HIV-infected population (WHO, October 2005), and some of them are 

known to interact with HIV-1. 6. Individuals who are on other medications, especially, which are 

strong inducers of CYP2E1 (acetaminophen) and strong inducers (rifampicin) or inhibitors 

(ketoconazole) of CYP3A4. 7. Individuals who consume other substances of abuse, especially 

tobacco and methamphetamine.  

Dr. McArthur recruited the subjects upon screening them using the above inclusion and 

exclusion criteria. Her team members in Cameroon performed clinical tests, such as CD4+ counts 

and screened for malaria, hepatitis, and TB infections and chronic diseases. Table 1 shows the age, 

sex, CD4 counts of all the groups, as well as drinking habit of alcoholic group. Although variation 

of CD4 counts between individulas and between groups is high, HIV+ individuals generally had 

low CD4 (Table 1).  

 Peripheral blood mononuclear cells (PBMCs) were also isolated by Dr. McArthur’s team. 

Briefly, they were isolated on a Ficoll-Hypaque gradient and resuspended at a final concentration 

of 2.5 x 106 cells/ml in RPMI-20 (RPMI 1640 + 20% FBS) supplemented with 10% human AB 

serum. Two ml of this mixture was then plated in each well of a 12-well plate. The cells were 

incubated at 37°C, 5% CO2 for 6 days. The non-adherent cells were removed by gentle washing. 

The cells were res-suspended in RPMI+FBS (without human serum). RLT buffer was added to 

isolated PBMCs, and the lysate was shipped on dry ice to our laboratory in Kansas City. We then 
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perform RNA and protein extraction from the lysate, using AllPrep DNA/RNA/Protein Mini Kit. 

The remaining experiments were performed to determine the levels of CYP2E1 and ALDH 

(mRNA, protein).   

 

Results 

CD4+ counts among healthy, alcoholic and HIV+ individuals 

As shown in Table 1, CD4+ counts varied within each group. Both HIV-infected and HIV-infected 

alcoholics showed much lower CD4+ count, indicating the significant suppressive effect to 

immune system in HIV-infected patients (Figure 30). However, non-infected healthy and 

alcoholics showed higher CD4+ count. This suggested that in HIV-infected individuals, immune 

system is compromised.  

   

mRNA expressions of CYP2E1 and ALDH 

As shown in Figure 31, CYP2E1 mRNA expression was significantly increased among healthy 

alcoholics and HIV+ subjects, which was further enhanced among HIV-infected alcoholics. This 

result is consistent with the in vitro finding that alcohol induces CYP2E1 in U937 

monocytes/macrophage, as well as in SVGA astrocytes. According to in vitro findings, the 

increased oxidative stress by alcohol could play a major role in induction of CYP2E1. In addition, 

increased expression of CYP2E1 in alcoholic and alcoholic/HIV-infected may lead to further 

production of ROS.  

 mRNA expression of ALDH, the enzyme catalyzing consumption of acetaldehyde and 

production of acetic acid, was significantly reduced in HIV-incefed non-alcoholic and HIV-

infected alcoholic. Decreased level of ALDH could be as a result of increased ethanol-mediated 
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ROS, which is known to inhibit ALDH. Taken together, co-existence of HIV-1 and high 

concentration of alcohol is expected to lead to enhanced accumulation of acetaldehyde and free 

radicals, both of which would contribute to alcohol-induced oxidative damage and HIV 

pathogenesis. 
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Table 1. Information of donors in age, gender, status of HIV infection and drinking habit.  NA: Non-Alcoholic. 

 

 

 

 Patient # Age Sex CD4 counts Drinking habit 

Healthy 

9 23 M 870 NA 

14 25 M 867 NA 

22 53 F 631 NA 

23 51 F 1086 NA 

24 20 F 698 NA 

27 46 M Immeasurable NA 

28 20 M 797 NA 

32 45 F 895 NA 

43 25 M 953 NA 

45 33 F 1033 NA 

51 57 M 810 NA 

52 64 M 882 NA 

HIV+ 

non-

alcoholics 

5 (2011) 44 M 104 NA 

11 (2011) 37 M 551 NA 

17 (2010) 42 M 422 NA 

25 (2009) 32 M 342 NA 

33 (2011) 42 F 256 NA 

48 (2009) 24 F 435 NA 

50 (2006) 23 F 337 NA 

63 (2010) 42 F 321 NA 
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 Patient # Age Sex CD4 counts Drinking habit 

Alcoholics 

10 45 M 1095 7 bottles/week 

21 51 F 659 14 bottles/week 

29 37 F 708 5 bottles/week 

34 40 M 589 15 bottles/week 

35 33 M 720 8 bottles/week 

36 33 M 836 3 bottles/week 

57 32 F 576 8 bottles/week 

HIV+ 

alcoholics 

4 40 M 196 Unknown 

6 34 M 183 2 bottles/week 

7 30 M 952 2 bottles/week 

8 34 M 372 7 bottles/week 

12 43 M 1 3 bottles/week 

13 52 M 105 5 bottles/week 

15 45 M 101 4 bottles/week 

16 47 F 1467 >7 bottles/week 

18 28 M 171 <4 bottles/week 

19 30 M 507 <4 bottles/week 

20 39 M 426 Unkown 

30 37 F 460 7 bottles/week 

55 38 M 480 3 bottles/week 
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Figure 30. Mean CD4 count of healthy, alcoholic, HIV-infected non-alcoholic and HIV-infected alcoholic individuals. 

The mean ± SE was calculated and significance (p≤0.1; *) compared to healthy group was determined using one-way 

ANOVA.  
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Figure 31. Effect of alcohol consumption on CYP2E1 and ALDH mRNA expression. (A) CYP2E1 mRNA expression. 

(B) ALDH mRNA expression. For each experiment, the mRNA level of different groups were normalized relative to 

the healthy group, which has been set to 1 fold. The mean ± SE was calculated and significance (p≤0.1; *) was 

determined using one-way ANOVA compared to healthy group.  
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Discussion 

In this chapter, we examined the expressions of CYP2E1 and ALDH in human primary monocytes 

that were collected from recruited individuals. Although we only obtained 7 samples from non-

infected alcoholics while the minimal amount required in power analysis was 8, results showed 

that the difference between each group was still significant. It is obvious in our study that alcohol 

consumption induces CYP2E1 expression, while ALDH expression is inhibited among HIV-

infected alcoholic individuals. The result of CYP2E1 expression from human samples was 

consistent with the previous results obtained from U937 macrophages, and further confirmed the 

clinical implication of the effect of alcohol use on CYP2E1 expression. Besides, reduced mRNA 

expression of ALDH among HIV-infected individuals along with increased CYP2E1 expression 

indicated that acetaldehyde accumulation and its resulted damage could be enhanced among HIV-

infected alcoholics.   

As mentioned earlier in our study, CYP2E1 induction by alcohol was mediated by alcohol-

induced oxidative stress, and previous studies have found that level of oxidative stress is higher 

among HIV-infected individuals (Ibeh et al., 2011) Thus, further induction of CYP2E1 mRNA 

expression among HIV-infected alcoholics that were found in this study suggested additive or 

synergistic effect of alcohol and HIV infection on production of acetaldehyde and ROS. Since 

CYP2E1 was induced among smokers as well (Howard et al., 2003), the prevalent co-abuse of 

tobacco and alcohol among HIV-infected individuals is expected to further increase the induction 

of CYP2E1, resulting in production of toxic metabolites and reactive free radicals. Besides, 

CYP2E1 induction in alcohol metabolism has been shown to play a permissive role in alcohol-

induced CYP2A5 expression, which is associated with activation of tobacco-related 

procarcinogens and increased dependence of nicotine (Kubota et al., 2006). Furthermore, 
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CYP2E1-mediated damage is associated with increased apoptosis and cell death, which could 

contribute to alcohol-mediated immune suppression and HIV-mediated cell death, especially 

among lymphocytes (Thatte and Dahanukar, 1997).  

It was suggested that increased oxidative stress has inhibitory effect on ALDH. In our study, 

HIV-mediated reduction of ALDH mRNA expression may also be one of the consequences of 

HIV-mediated production of free radicals, leading to further accumulation of acetaldehyde. In 

addition to accelerating ROS generation, acetaldehyde has been found to directly bind to certain 

receptors and lead to a series of damage, including impairing DNA repair, lipid peroxidation and 

deficiency in mitochondrial redox signaling (Setshedi et al., 2010). These toxicities of enhanced 

acetaldehyde accumulation, as well as CYP2E1-mediated ROS production, may play a critical role 

in alcohol-induced immune suppression and viral replication. Further investigation is needed to 

better define the co-effect of alcohol consumption and HIV-1 infection on expression of 

antioxidant enzymes and oxidative damage. In general, consistent with previous findings 

(Chandrasekaran et al., 2011), alcohol use enhances HIV-1 infection-mediated induction of 

CYP2E1, leading to increased ROS production and cytotoxicity. 

In conclusion, this is the first report showing the effect of alcohol consumption and HIV-1 

infection on transcriptional regulation of CYP2E1, along with reduction of ALDH expression in 

human monocytes. The significant induction of CYP2E1 expression using human samples is 

consistent with our earlier observations in in vitro models, further confirms our in vitro analysis 

of the regulation of CYP2E1 by alcohol. The examinations of the role of CYPs in alcohol 

consumption and HIV-1 infection provide an alternate pathway to target in monocytes and 

lymphocytes to improve therapeutic effect of ART drugs and minimize toxicity of chronic alcohol 

use among alcoholic HIV-1 patients.   
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CHAPTER 8  

GENERAL DISCUSSION 

 

Summary and Significance 

The present study examined the effect of alcohol on CYP expressions in both monocytic and 

astrocytic cell lines and human samples, including the underlying mechanism of ethanol-induced 

transcriptional and translational expression of CYP2A6 and CYP2E1. Both U937 

monocytes/macrophages and SVGA astrocytes showed detectable expressions of multiple CYP 

enzymes, including CYP2A6, CYP2E1 and CYP3A4. Consistent with previous studies, CYP2A6 

was responsible for metabolisms of nicotine and CYP3A4 was also found to bind to multiple PIs 

in their metabolism and affected by these PIs. As ADH was not detectable in these extra hepatic 

cells, CYP2E1 was then the major enzyme responsible for ethanol metabolism. Increased oxidative 

stress was also found in CYP2A6-mediated nicotine metabolism and CYP2E1-catalized ethanol 

metabolism in these cells, leading to induction of apoptotic cell death. Ethanol treatment in both 

U937 and SVGA cells significantly induced CYP2E1 expression. Alcohol also induced CYP1A1 

and CYP2A6, which could also contribute to CYP-mediated interactions with alcohol. Similar to 

in vitro findings, CYP2E1 was induced among alcoholics, and HIV infection further increased 

alcohol-mediated CYP2E1 induction. As expected, ALDH expression was reduced in 

alcoholic/HIV-infected individuals, suggesting acetaldehyde-mediated toxicity.  

CYP2E1-mediated ROS production showed involvement in regulating expressions of 

CYP2A6 and CYP2E1 by ethanol through activation of PKC-associated signaling cascades and 

induction of apoptosis-dependent cell death. CYP2A6 was significantly induced by ethanol 

through activation of PKC/MEK pathway, along with enhanced nuclear expression of Nrf2 protein 
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in U937 monocytes (Figure 32). On the other hand, ethanol-induced CYP2E1 was found to be via 

activation of PKC/JNK pathway, and the transcriptional induction of CYP2E1 was affected by 

transactivation of both SP1 and NFκB in the presence of ethanol (Figure 32).  These data suggested 

that CYP enzymes play important roles in metabolisms of alcohol, nicotine and antiretroviral drugs, 

leading to increased oxidative stress and other damage. 

 CYP enzymes are well known phase I enzymes that metabolize a variety of substances and 

therapeutic drugs (Anzenbacher and Anzenbacherová, 2001).  They are highly abundant in the 

liver compared to other organs or cell types. Most in vitro studies on the effect of CYP activities 

and expressions are performed in either hepatic cells or microsomes extracted from the liver. 

Although the importance of extra hepatic CYPs in medications and increase of toxicities have been 

noticed, the metabolic function and transcriptional regulation of CYPs are still under investigation 

in extra hepatic cells, including monocytes and astrocytes. It has been known that monocytes and 

astrocytes are important reservoirs and targets in HIV-1 infection, contributing to viral replication 

and development of neuroAIDS (Bagasra et al., 1996; Aquaro et al., 2005). In addition, oxidative 

stress and other toxicities induced by substance abuse and drug-drug interaction in astrocyte is 

associated with neuronal damage and enhanced damage to BBB (Gebhart and Goldstein, 1988; 

Haorah et al., 2008).  
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Figure 32. Schematic representation of ethanol-induced oxidative stress-dependent regulations of CYP2A6 and 

CYP2E1 expressions through PKC cascades. DAS: Diallyl sulfide; ROS: Reactive oxygen species; PKC: Protein 

kinase C; MEK: Mitogen-activated kinase kinase, Nrf2: Nuclear factor-E2-related factor 2; SMAF: small Maf protein; 

JNK: c-Jun N-terminal kinase; XRE: xenobiotic response element; ARE: Anti-oxidant response element; SP1: 

Specificity protein 1; NFκB: nuclear factor κ-light-chain-enhancer of activated B cells.  
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Furthermore, liver damage by substance of abuse like alcohol is also involved in 

neurodegeneration and other brain tissue damage through brain-liver axis (de la Monte et al., 2012). 

Thus, examination of interactions between CYPs, abused substances and drugs in both monocytes 

and astrocytes show great implication in improvement of drug efficacy and attenuation of toxicities 

among HIV patients who are substance abusers. 

 It is known that prevalence of tobacco and alcohol is about 2 to 3 times higher among HIV+ 

patients, 90% of who are found to be co-users (Benowitz et al., 2009). The consequences of the 

abuse of tobacco and alcohol include not only their direct effects on neurotransmitters but also the 

production of toxic metabolites, such as acetaldehyde and NNK. CYP2A6-mediated metabolism 

of nicotine and CYP2E1-mediated alcohol metabolism, especially in long-term aspect, thus show 

great importance in induction of toxicities by tobacco and alcohol. Since CYP2A6 and CYP2E1 

are inducible by alcohol and nicotine, the examination of expressions of CYP2A6 and CYP2E1 in 

monocytes/macrophages and astrocytes provided alternative approach in attenuation of toxicities 

of tobacco and alcohol in HIV infection. Increased oxidative stress by tobacco and alcohol use has 

been considered as one of the major consequences of CYP-mediated metabolisms (Albano, 2006; 

Mesaros et al., 2012) and leads to further induction of both CYP2A6 and CYP2E1 in monocytes 

and astrocytes. Both CYP-mediated activation of procarcinogens and the increase of ROS 

production increase the incidence of multiple cancers, including liver and lung cancers (Chiang et 

al., 2011). There have been numerous studies focusing on development of selective inhibitors for 

CYP2A6 and CYP2E1 (Rahnasto et al., 2008; Siu and Tyndale, 2008; Wang et al., 2010; 

Khojasteh et al., 2011), in order to find alternative approaches in treating alcoholism and tobacco 

abuse. However, CYP2E1 has been found to play a permissive role in ethanol-induced CYP2A6 

expression, which was suggested to be through shared domain (Lu et al., 2011). Since CYP2E1 
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can be induced by alcohol and nicotine, the interaction between these two CYP enzymes further 

increases the complexity of CYP-mediated alcohol-nicotine interaction, as well as a need to 

examine underlying mechanisms of these CYPs. It has been shown that CYP3A4 is also involved 

in alcohol metabolism (Hamitouche et al., 2006). The examination of the interaction between 

CYP3A4 and ART drugs, such as nelfinavir in our study, also helps to dissect the interaction 

between alcohol and ART drugs, contributing to optimization of therapeutic regimens among 

alcoholic HIV+ patients.  

  Increasing findings suggested that there are correlations between CYP expressions and 

altered inflammatory response (Vet et al., 2011; Molanaei et al., 2012), indicating the importance 

of CYP enzymes, including CYP2E1, in inflammation and other related immune dysfunctions. It 

is known that alcohol metabolism, especially acetaldehyde production, greatly alters cytokine 

release, including TNF α and IL-1 β (Hsiang et al., 2005). The altered cytokine release leads to 

systematic changes, contributing to immune suppression and neuronal damage, in which various 

signaling cascades that include multiple kinases involved and oxidative stress plays a critical role. 

Previous findings confirmed that cytokines, including IL-4 and IL-6, were also involved in 

CYP2E1 regulation through signaling pathways in hepatocytes (Morgan et al., 1994; Abdel-

Razzak et al., 2004), while mechanism of CYP2E1 regulation by alcohol remains unclear. In our 

presented studies, both CYP2A6 and CYP2E1 were regulated by ethanol through PKC-associated 

signaling pathways in monocytes and astrocytes, in which oxidative stress was not only the 

consequence but also the mediator in CYP regulation by alcohol. Taken together, these findings 

suggest implication for future studies.  

 Protein kinase C (PKC) is known to be affected by stress and largely involved in cellular 

regulation in different types of cells, resulting in modulation of membrane proteins, cell 
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proliferation, cell apoptosis and receptor activation (Huang, 1990). The activation of PKC leads to 

activation of acetylcholine receptors in neurons (Courjaret et al., 2003), as well as gluconeogenesis 

in hepatocytes (He et al., 2009). In addition, it is associated with cytokine release in monocytes 

and macrophages, as well as the migration of these cells, showing great involvement in viral 

infection in the brain through migrated HIV+ monocytes (Fine et al., 2001). The downstream of 

PKC cascades includes various kinases, such as MAP Kinase. MAP Kinase pathway is a subfamily 

of many kinases, including p38, MEK/Erk and JNK (Hagemann and Blank, 2001). It can be 

stimulated by stress and is involved in either cell proliferation or cell apoptosis through different 

downstream pathways. Both MEK/Erk and JNK have widely shown induction by ethanol 

(Mandrekar and Szabo, 2009). Although it was found in our study that PKC was involved in 

regulations of CYP2A6 and CYP2E1 by ethanol, MEK was responsible for CYP2A6 regulation 

only while JNK was involved solely in CYP2E1 regulation. These results indicated the difference 

of regulating CYP2A6 and CYP2E1 by alcohol in cellular metabolism and damage. MEK, mainly 

MEK1 and MEK2 that were inhibited by U0126 in our study, is responsible for cell proliferation 

and differentiation (Roskoski, 2012). The activation of MEK in U937 monocytes results in 

activation of its downstream cascades and translocation of transcriptional factors, among which 

Nrf2 was found to be responsible for ethanol-induced CYP2A6 expression in U937 monocytes.  

Nrf2 is known to bind to Keap1 in the cytoplasm and released when oxidative stress is increased. 

Translocation of released Nrf2 into nucleus and the binding to antioxidant response element (ARE) 

result in production of antioxidants and regulation of other genes (Tkachev et al., 2011). Previous 

studies have shown that binding to CYP2A6 promoter is found with increased transactivation of 

Nrf2 (Yokota et al., 2011), and ARE has also been suggested to be able to bind to xenobiotic 

response element (XRE) via interacting with AhR in hepatocytes (Köhle and Bock, 2007). 
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Consistent with these findings, our data also showed the transcriptional role of Nrf2 in ethanol-

mediated CYP2A6 induction through activation of PKC/MEK pathway in U937 monocytes. Long-

term use of tobacco, along with alcohol consumption, may lead to persistent induction of CYP2A6, 

resulting in activation of tobacco-associated procarcinogens and increased rate of CYP2A6-

mediated metabolism of drugs. Although Nrf2-mediated antioxidants production helps to protect 

cells from oxidative damage, excessive ROS production by heavy smoking can result in repression 

of Nrf2 and depletion of glutathione (Fratta et al., 2012), in which CYP2A6 may play a critical 

role.  

 Different from CYP2A6 regulation, CYP2E1 in U937 monocytes and SVGA astrocytes 

was induced by ethanol through oxidative stress-mediated induction of PKC/JNK/SP1, as well as 

NFκB activation. JNK is known to be involved in cell apoptosis and neurodegeneration 

(Dhanasekaran and Reddy, 2008; Ghosh et al., 2011). Since cells overexpressing CYP2E1 has 

shown increased cell apoptosis by alcohol (Wu and Cederbaum, 2001), JNK-mediated CYP2E1 

induction by ethanol may further exacerbate apoptosis-dependent cell death. JNK is known to 

mediate the transcriptional effect of c-Jun, as well as interaction with other transcriptional factors, 

such as specificity protein 1 (SP1). In addition, c-Jun is found to bind to C/EBP to form 

heterodimer and activate C/EBP-mediated transcriptions, which can also induce apoptosis 

(Grondin et al., 2007; Hong et al., 2011). Among all transcriptional factors affected by JNK and 

involved in CYP2E1 regulation, SP1 was found to be responsible in ethanol-induced CYP2E1 

expression in both monocytes and astrocytes in our study. SP1 is a zinc finger protein that can 

directly bind to DNA, leading to induction of transcription (Kavurma and Khachigian, 2003).  In 

addition, SP1 is also involved in apoptosis and programmed cell death. Furthermore, as shown 

previously, ethanol induces SP1 in human monocytic cells (Norkina et al., 2007), which could 
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result in enhanced binding to repeated region, 32 base-pair element (BPE), in CYP2E1 promoter 

(Peng and Coon, 2000). Our results confirmed that PKC/JNK-mediated SP1 transactivation was 

responsible for CYP2E1 induction in monocytes and astrocytes, in which NFκB induction by 

ethanol was also involved. 

 In conclusion, our findings demonstrate that alcohol-induced CYP expressions, especially 

CYP2A6 and CYP2E1, were strongly related to alcohol-mediated inflammation and cell death in 

monocytes and astrocytes, in which oxidative stress plays the central role. The examination of 

roles of alcohol inducible CYPs, including CYP2A6, CYP2E1 and CYP3A4, in metabolisms of 

nicotine, alcohol and ART drugs, showed important implication in CYP-mediated interaction 

between alcohol, tobacco and ART drugs. Since chronic consumption of both alcohol and tobacco 

are highly prevalent among HIV+ patients, this study provided alternative targets and approaches 

to improve the efficacy of ART drugs and reduce toxicities of tobacco and alcohol abuse.  

 

Future Directions 

The effect of alcohol and ART regimens on CYP2A6, CYP2E1 and CYP3A4 expression and 

activity requires additional investigation to identify CYP-mediated alcohol-ART interaction and 

toxicity: 

1. To examine the effect of ethanol on CYP expressions, including underlying mechanisms of their 

regulations by ethanol, and ROS production in HIV negative and HIV-infected human primary 

monocytes and lymphocytes: Examination of production of toxic metabolites of alcohol, ROS and 

cytokine release under the condition of HIV infection would help to further identify the importance 

of CYP in alcohol-induced oxidative damage and immune suppression. 
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2. To determine cellular, biochemical, and molecular changes unique to monocytes/ macrophages 

derived from mild-to-moderate alcoholic HIV-infected patients: In this study, in vivo two-paired 

longitudinal study with alcoholic HIV-infected individuals with and without HAART medication 

can be designed. This design minimizes inter-individual variations. The measurements will include 

the levels of CYP expressions, oxidative stress, HIV-1 replication and extent of PIs’ metabolism. 

The hypothesis is that all measurements in monocytes/macrophages obtained from HIV-infected 

alcoholic human patients with and/or without ART treatment will be distinct from all non-

alcoholics and/or uninfected alcoholics. All observations from patients are expected to be similar 

to changes observed in results of in vitro studies, using human primary monocytes/macrophages.  

  



 118 

APPENDIX 

Copyright Permission Policy 

These guidelines apply to the reuse of articles, figures, charts and photos in the Journal of Biological 

Chemistry, Molecular & Cellular Proteomics and the Journal of Lipid Research.  

For authors reusing their own material: 

Authors need NOT contact the journal to obtain rights to reuse their own material. They are 

automatically granted permission to do the following:  

 Reuse the article in print collections of their own writing.  

 Present a work orally in its entirety.  

 Use an article in a thesis and/or dissertation.  

 Reproduce an article for use in the author's courses. (If the author is employed by an academic 

institution, that institution also may reproduce the article for teaching purposes.)  

 Reuse a figure, photo and/or table in future commercial and noncommercial works. 

 Post a copy of the paper in PDF that you submitted via BenchPress.  

 Only authors who published their papers under the "Author's Choice" option may post the 

final edited PDFs created by the publisher to their own/departmental/university Web 

sites.  

 All authors may link to the journal site containing the final edited PDFs created by the 

publisher. 

Please note that authors must include the following citation when using material that appeared in an 

ASBMB journal: 

"This research was originally published in Journal Name. Author(s). Title. Journal Name. Year; Vol:pp-

pp. ©  the American Society for Biochemistry and Molecular Biology."  

For other parties using material for noncommercial use: 

Other parties are welcome to copy, distribute, transmit and adapt the work — at no cost and without 

permission — for noncommercial use as long as they attribute the work to the original source using 

the citation above.  

Examples of noncommercial use include: 

 Reproducing a figure for educational purposes, such as schoolwork or lecture presentations, 

with attribution.  

 Appending a reprinted article to a Ph.D. dissertation, with attribution. 

For other parties using material for commercial use: 



 119 

 

Navigate to the article of interest and click the "Request Permissions" button on the middle 

navigation bar. (See diagram at right.) It will walk you through the steps for obtaining permission for 

reuse.  

Examples of commercial use by parties other than authors include: 

 Reproducing a figure in a book published by a commercial publisher. 

 Reproducing a figure in a journal article published by a commercial publisher. 

Updated Nov. 10, 2009 

http://www.jbc.org/site/misc/Copyright_Permission.xhtml 

 

http://www.jbc.org/site/misc/Copyright_Permission.xhtml


 120 

  



 121 

 



 122 

 



 123 

PLOS ONE 

 

Open-Access License 

No Permission Required 

 

PLOS applies the Creative Commons Attribution License (CCAL) to all works we publish (read the human-readable 

summary or the full license legal code). Under the CCAL, authors retain ownership of the copyright for their article, 

but authors allow anyone to download, reuse, reprint, modify, distribute, and/or copy articles in PLOS journals, so 

long as the original authors and source are cited. No permission is required from the authors or the publishers. 

In most cases, appropriate attribution can be provided by simply citing the original article (e.g., Kaltenbach LS et al. 

(2007) Huntingtin Interacting Proteins Are Genetic Modifiers of Neurodegeneration. PLOS Genet 3(5): e82. 

doi:10.1371/journal.pgen.0030082). If the item you plan to reuse is not part of a published article (e.g., a featured 

issue image), then please indicate the originator of the work, and the volume, issue, and date of the journal in which 

the item appeared. For any reuse or redistribution of a work, you must also make clear the license terms under which 

the work was published. 

This broad license was developed to facilitate open access to, and free use of, original works of all types. Applying 

this standard license to your own work will ensure your right to make your work freely and openly available. Learn 

more about open access. For queries about the license, please contact us. 

All site content, except where otherwise noted, is licensed under a Creative Commons Attribution License. 

 Privacy Statement 
 Terms of Use 
 Advertise 
 Media Inquiries 
 PLOS in Print 
 Site Map 
 PLOS.org 

 Ambra 2.4.6 
 Managed Colocation provided by Internet Systems Consortium. 

http://www.plosone.org/static/license.action 

  

http://www.plosone.org/home.action;jsessionid=816C88CC7CFB452D3F28FA444A454479
http://creativecommons.org/licenses/by/2.5/
http://creativecommons.org/licenses/by/2.5/
http://creativecommons.org/licenses/by/2.5/
http://creativecommons.org/licenses/by/2.5/legalcode
http://www.plos.org/oa/?__utma=261502610.872648870.1350180313.1350180313.1351466869.2&__utmb=261502610.1.10.1351466869&__utmc=261502610&__utmx=-&__utmz=261502610.1351466869.2.2.utmcsr=google%7Cutmccn=%28organic%29%7Cutmcmd=organic%7Cutmctr=%28not%20provided%29&__utmv=-&__utmk=100824834
http://www.plosone.org/static/contact.action
http://creativecommons.org/licenses/by/2.5/
http://www.plosone.org/static/privacy.action;jsessionid=816C88CC7CFB452D3F28FA444A454479
http://www.plosone.org/static/terms.action;jsessionid=816C88CC7CFB452D3F28FA444A454479
http://www.plos.org/advertise/?__utma=261502610.872648870.1350180313.1350180313.1351466869.2&__utmb=261502610.1.10.1351466869&__utmc=261502610&__utmx=-&__utmz=261502610.1351466869.2.2.utmcsr=google%7Cutmccn=%28organic%29%7Cutmcmd=organic%7Cutmctr=%28not%20provided%29&__utmv=-&__utmk=100824834
http://www.plos.org/about/media-inquiries/?__utma=261502610.872648870.1350180313.1350180313.1351466869.2&__utmb=261502610.1.10.1351466869&__utmc=261502610&__utmx=-&__utmz=261502610.1351466869.2.2.utmcsr=google%7Cutmccn=%28organic%29%7Cutmcmd=organic%7Cutmctr=%28not%20provided%29&__utmv=-&__utmk=100824834
http://www.plos.org/publish/order-reprints/?__utma=261502610.872648870.1350180313.1350180313.1351466869.2&__utmb=261502610.1.10.1351466869&__utmc=261502610&__utmx=-&__utmz=261502610.1351466869.2.2.utmcsr=google%7Cutmccn=%28organic%29%7Cutmcmd=organic%7Cutmctr=%28not%20provided%29&__utmv=-&__utmk=100824834
http://www.plosone.org/static/sitemap.action;jsessionid=816C88CC7CFB452D3F28FA444A454479
http://www.plosone.org/static/releaseNotes.action
http://www.isc.org/
http://creativecommons.org/licenses/by/2.5/


 124 

REFERENCES 

Abbud RA, Finegan CK, Guay LA, Rich EA. Enhanced production of human immunodeficiency 

virus type 1 by in vitro-infected alveolar macrophages from otherwise healthy cigarette 

smokers. J. Infect. Dis. 1995;172: 859–863.  

 

Abdel-Razzak Z, Garlatti M, Aggerbeck M, Barouki R. Determination of interleukin-4-responsive 

region in the human cytochrome P450 2E1 gene promoter. Biochem. Pharmacol. 2004;68: 

1371-1381. 

 

Abdel-Razzak Z, Loyer P, Fautrel A, Gautier JC, Corcos L, Turlin B, Beaune P, Guillouzo A. 

Cytokines down-regulate expression of major cytochrome P-450 enzymes in adult human 

hepatocytes in primary culture. Mol. Pharmacol. 1993;44: 707-715. 

 

Achur RN, Freeman WM, Vrana KE. Circulating cytokines as biomarkers of alcohol abuse and 

alcoholism. J. Neuroimmune Pharmacol. 2010;5: 83–91. 

 

Albano E. Alcohol, oxidative stress and free radical damage. Proc. Nutr. Soc. 2006;65: 278-290. 

 

Altamirano J, Bataller R. Alcoholic liver disease: pathogenesis and new targets for therapy. Nat. 

Rev. Gastroenterol. Hepatol. 2011;8: 491-501. 

 

Andrieux L, Langouët S, Fautrel A, Ezan F, Krauser JA, Savouret JF, Guengerich FP, Baffet G, 

Guillouzo A. Aryl hydrocarbon receptor activation and cytochrome P450 1A induction by 

the mitogen-activated protein kinase inhibitor U0126 in hepatocytes. Mol. Pharmacol. 

2004;65: 934–943.  

 

Antico Arciuch VG, Alippe Y, Carreras MC, Poderoso JJ. Mitochondrial kinases in cell signaling: 

Facts and perspectives. Adv. Drug Deliv. Rev. 2009;61: 1234-1249.  

 

Anzenbacher P, Anzenbacherová E. Cytochromes P450 and metabolism of xenobiotics. Cell Mol. 

Life Sci. 2001;58: 737-747. 

 

Aquaro S, Ronga L, Pollicita M, Antinori A, Ranazzi A, Perno CF. Human immunodeficiency 

virus infection and acquired immunodeficiency syndrome dementia complex: role of cells 

of monocyte-macrophage lineage. J. Neurovirol. 2005;11: 58-66. 

 

Aquaro S, Svicher V, Schols D, Pollicita M, Antinori A, Balzarini J, Perno CF. Mechanisms 

underlying activity of antiretroviral drugs in HIV-1-infected macrophages: new therapeutic 

strategies. J. Leukoc. Biol. 2006;80: 1103–1110. 

 

Bagasra O, Lavi E, Bobroski L, Khalili K, Pestaner JP, Tawadros R, Pomerantz RJ. Cellular 

reservoirs of HIV-1 in the central nervous system of infected individuals: identification by 

the combination of in situ polymerase chain reaction and immunohistochemistry. AIDS. 

1996;10: 573-585. 

 



 125 

Bai J, Cederbaum AI. Overexpression of CYP2E1 in mitochondria sensitizes HepG2 cells to the 

toxicity caused by depletion of glutathione. J. Biol. Chem. 2006;281: 5128-5136.  

 

Baker DH, Wood RJ. Cellular antioxidant status and human immunodeficiency virus replication. 

Nutr. Rev. 1992;50: 15-18. 

 

Bansal S, Liu CP, Sepuri NB, Anandatheerthavarada HK, Selvaraj V, Hoek J, Milne GL, 

Guengerich FP, Avadhani NG. Mitochondria-targeted cytochrome P450 2E1 induces 

oxidative damage and augments alcohol-mediated oxidative stress. J. Biol. Chem. 

2010;285: 24609-24619. 

 

Bélanger M, Allaman I, Magistretti PJ. Brain energy metabolism: focus on astrocyte-neuron 

metabolic cooperation. Cell Metab. 2011; 14:  724-738. 

 

Ben Achour S, Pascual O. Astrocyte-Neuron Communication: Functional Consequences. 

Neurochem. Res. 2012.    

 

Benowitz NL, Hukkanen J, Jacob P 3rd. Nicotine chemistry, metabolism, kinetics and biomarkers. 

Handb. Exp. Pharmacol. 2009;192: 29-60. 

 

Bhagwat SV, Vijayasarathy C, Raza H, Mullick J, Avadhani NG. Preferential effects of nicotine 

and 4-(N-methyl-N-nitrosamine)-1-(3-pyridyl)-1-butanone on mitochondrial glutathione 

Stransferase A4-4 induction and increased oxidative stress in the rat brain. Biochem. 

Pharmacol. 1998;56: 831–839 

 

Bloom DA, Jaiswal AK. Phosphorylation of Nrf2 at Ser40 by protein kinase C in response to 

antioxidants leads to the release of Nrf2 from INrf2, but is not required for Nrf2 

stabilization/accumulation in the nucleus and transcriptional activation of antioxidant 

response element-mediated NAD(P)H:quinone oxidoreductase-1 gene expression. J. Biol. 

Chem. 2003;278: 44675–44682.  

 

Boelaert JR, Piette J, Weinberg GA, Sappey C, Weinberg ED. Iron and oxidative stress as a 

mechanism for the enhanced production of human immunodeficiency virus by alveolar 

macrophages from otherwise healthy cigarette smokers. J. Infect. Dis. 1996a;73: 1045–

1047. 

 

Boelaert JR, Weinberg GA, Weinberg ED. Altered iron metabolism in HIV infection: mechanisms, 

possible consequences, and proposals for management. Infect. Agents Dis. 1996b;5: 36–46.  

 

Bouchardy C, Hirvonen A, Coutelle C, Ward PJ, Dayer P, Benhamou S. Role of alcohol 

dehydrogenase 3 and cytochrome P-4502E1 genotypes in susceptibility to cancers of the 

upper aerodigestive tract. Int. J. Cancer. 2000;87: 734-740. 

 

Buckner CM, Calderon TM, Willams DW, Belbin TJ, Berman JW. Characterization of monocyte 

maturation/differentiation that facilitates their transmigration across the blood-brain barrier 

and infection by HIV: implications for NeuroAIDS. Cell Immunol. 2011;267: 109–123.  



 126 

 

Burkhalter JE, Springer CM, Chhabra R, Ostroff JS, Rapkin BD. Tobacco use and readiness to 

quit smoking in low-income HIV-infected persons. Nicotine Tob. Res. 2005;7: 511–522.  

 

Busse KH, Penzak SR. Darunavir: a second-generation protease inhibitor. Am. J. Health Syst. 

Pharm. 2007;64: 1593-1602. 

 

Butterworth RF. Pathophysiology of alcoholic brain damage: synergistic effects of ethanol, 

thiamine deficiency and alcoholic liver disease. Metab. Brain Dis. 1995;10: 1-8. 

 

Carayol N, Chen J, Yang F, Jin T, Jin L, States D, Wang CY. A dominant function of IKK/NF-

kappaB signaling in global lipopolysaccharide-induced gene expression. J. Biol. Chem. 

2006;281: 31142–31151.  

 

Carrico AW. Substance use and HIV disease progression in the HAART era: implications for the 

primary prevention of HIV. Life Sci. 2011;88: 940-947.  

 

Cederbaum A. Nrf2 and antioxidant defense against CYP2E1 toxicity. Expert Opin. Drug Metab. 

Toxicol. 2009;5: 1223-1244.  

 

Cederbaum AI, Lu Y, Wu D. Role of oxidative stress in alcohol-induced liver injury. Arch. Toxicol. 

2009;83: 519-548.  

 

Chandrasekaran K, Swaminathan K, Kumar SM, Chatterjee S, Clemens DL, Dey A.  Elevated 

glutathione level does not protect against chronic alcohol mediated apoptosis in 

recombinant human hepatoma cell line VL-17A over-expressing alcohol metabolizing 

enzymes--alcohol dehydrogenase and Cytochrome P450 2E1. Toxicol. In Vitro. 2011;25: 

969-978.  

 

Chen CH, Walker J, Momenan R, Rawlings R, Heilig M, Hommer DW. Relationship between 

liver function and brain shrinkage in patients with alcohol dependence. Alcohol Clin. Exp. 

Res. 2012;36: 625-632.  

 

Chiang HC, Wang CY, Lee HL, Tsou TC. Metabolic effects of CYP2A6 and CYP2A13 on 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced gene mutation--a 

mammalian cell-based mutagenesis approach. Toxicol. Appl. Pharmacol. 2011;253: 145-

152.  

 

Chuang CH, Hu ML. Synergistic DNA damage and lipid peroxidation in cultured human white 

blood cells exposed to 4-(methyl-nitrosamino)-1-(3-pyridyl)-1-butanone and ultraviolet A. 

Environ. Mol. Mutagen. 2006;47: 73–81 

 

Correa F, Ljunggren E, Mallard C, Nilsson M, Weber SG, Sandberg M. The Nrf2-inducible 

antioxidant defense in astrocytes can be both up- and down-regulated by activated 

microglia: Involvement of p38 MAPK. Glia. 2011;59: 785–799.  

 



 127 

Courjaret R, Grolleau F, Lapied B.  Two distinct calcium-sensitive and -insensitive PKC up- and 

down-regulate an alpha-bungarotoxin-resistant nAChR1 in insect neurosecretory cells 

(DUM neurons). Eur. J. Neurosci. 2003;17: 2023-2034. 

 

Crabb DW, Liangpunsakul S. Acetaldehyde generating enzyme systems: roles of alcohol 

dehydrogenase, CYP2E1 and catalase, and speculations on the role of other enzymes and 

processes. Novartis Found Symp. 2007;285: 4-16. 

 

Crews FT, Bechara R, Brown LA, Guidot DM, Mandrekar P, Oak S, et al. Cytokines and alcohol. 

Alcohol Clin. Exp. Res. 2006;30: 720-730.  

 

Danielson PB. The cytochrome P450 superfamily: biochemistry, evolution and drug metabolism 

in humans. Curr. Drug Metab. 2002;3: 561–597. 

 

de Clercq E. Anti-HIV drugs: 25 compounds approved within 25 years after the discovery of HIV. 

Int. J. Antimicrob. Agents. 2009;33: 307–320. 

 

de la Monte S, Derdak Z, Wands JR. Alcohol, insulin resistance and the liver-brain axis. J. 

Gastroenterol. Hepatol. 2012;27 Suppl 2:33-41.  

 

de la Monte SM, Longato L, Tong M, DeNucci S, Wands JR. The liver-brain axis of alcohol-

mediated neurodegeneration: role of toxic lipids. Int. J. Environ. Res. Public Health. 

2009;6:2055-2075.  

 

Deng XS, Deitrich RA. Putative role of brain acetaldehyde in ethanol addiction. Curr. Drug Abuse 

Rev. 2008;1: 3-8.  

 

Dhanasekaran DN, Reddy EP. JNK signaling in apoptosis. Oncogene. 2008;27: 6245-6251. 

 

Di YM, Chow VDW, Yang LP, Zhou SF. Structure, function, regulation and polymorphism of 

human cytochrome P450 2A6. Curr. Drug Metab. 2009;10: 754–780 . 

 

Domanski TL, He YA, Khan KK, Roussel F, Wang Q, Halpert JR, Phenylalanine and tryptophan 

scanning mutagenesis of CYP3A4 substrate recognition site residues and effect on 

substrate oxidation and cooperativity. Biochemistry. 2001;40: 10150–10160. 

 

Dupont I, Bodénez P, Berthou F, Simon B, Bardou LG, Lucas D. Cytochrome P-450 2E1 activity 

and oxidative stress in alcoholic patients. Alcohol Alcohol. 2000;35: 98-103. 

 

Dupont I, Lucas D, Clot P, Ménez C, Albano E. Cytochrome P4502E1 inducibility and 

hydroxyethyl radical formation among alcoholics. J. Hepatol. 1998;28: 564-571.  

 

Ernest CS 2nd, Hall SD, Jones DR. Mechanism-based inactivation of CYP3A by HIV protease 

inhibitors. J. Pharmacol. Exp. Ther. 2005;312: 583-591.  

 



 128 

Feldman JG, Minkoff H, Schneider MF, Gange SJ, Cohen M, Watts DH, Gandhi M, Mocharnuk 

RS, Anastos K. Association of cigarette smoking with HIV prognosis among women in the 

HAART era: a report from the women’s interagency HIV study. Am. J. Public Health. 

2006;96:1060–1065. 

 

Ferguson C, Miksys S, Palmour R, Tyndale RF. Independent and Combined Effects of Ethanol 

Self-Administration and Nicotine Treatment on Hepatic CYP2E1 in African Green 

Monkeys. Drug Metab. Dispos. 2011;39: 2233–2241.  

 

Fine JS, Byrnes HD, Zavodny PJ, Hipkin RW. Evaluation of signal transduction pathways in 

chemoattractant-induced human monocyte chemotaxis. Inflammation. 2001;25: 61-67. 

 

Fitzsimmons ME, Collins JM. Selective biotransformation of the human immunodeficiency virus 

protease inhibitor saquinavir by human smallintestinal cytochrome P4503A4: potential 

contribution to high first-pass metabolism. Drug Metab. Dispos. 1997;25: 256–266. 

 

Flammang AM, Gelboin HV, Aoyama I, Gonzalez FJ, McCoy GD. Nicotine metabolism by 

cDNA-expressed human cytochrome P450. Biochem. Arch. 1992;8: 1–8 

 

Flexner CW, Cargill VA, Sinclair J, Kresina TF, Cheever L. Alcohol use can result in enhanced 

drug metabolism in HIV pharmacotherapy. AIDS Patient Care STDS. 2001;15: 57–58. 

 

Fratta Pasini A, Albiero A, Stranieri C, Cominacini M, Pasini A, Mozzini C, Vallerio P, 

Cominacini L, Garbin U.  Serum oxidative stress-induced repression of Nrf2 and GSH 

depletion: a mechanism potentially involved in endothelial dysfunction of young smokers. 

PLoS One. 2012;7: e30291.  

 

Galvan FH, Bing EG, Fleishman JA, London AS, Caetano R, Burnam MA, et al. The prevalence 

of alcohol consumption and heavy drinking among people with HIV in the United States: 

results from the HIV Cost and Services Utilization Study. J. Stud. Alcohol. 2002;63: 179-

186.  

 

Gebhart AM, Goldstein GW. Use of an in vitro system to study the effects of lead on astrocyte-

endothelial cell interactions: a model for studying toxic injury to the blood-brain barrier. 

Toxicol. Appl. Pharmacol. 1988;94: 191-206. 

 

Gescher A. Analogs of staurosporin: potential anticancer drug? Gen. Pharmacol. 1998;31: 721–

728.  

 

Ghosh D, Mishra MK, Das S, Kaushik DK, Basu A. Tobacco carcinogen induces microglial 

activation and subsequent neuronal damage. J. Neurochem. 2009;110: 1070–1081. 

 

Ghosh AS, Wang B, Pozniak CD, Chen M, Watts RJ, Lewcock JW. DLK induces developmental 

neuronal degeneration via selective regulation of proapoptotic JNK activity. J. Cell Biol. 

2011;194: 751-764. 

 



 129 

Gilmore WJ, Hartmann G, Piquette-Miller M, Marriott J, Kirby GM. Effects of 

lipopolysaccharide-stimulated inflammation and pyrazole-mediated hepatocellular injury 

on mouse hepatic Cyp2a5 expression. Toxicology. 2003;184: 211–226.  

 

Glue P, Clement RP. Cytochrome P450 enzymes and drug metabolism--basic concepts and 

methods of assessment. Cell Mol. Neurobiol. 1999;19: 309-323. 

 

Gopalakrishna R, Gundimeda U. Antioxidant regulation of protein kinase C in cancer prevention. 

J. Nutr. 2002;132: 3819S-3823S.  

 

Gómez-Lechón MJ, Castell JV, Donato MT. An update on metabolism studies using human 

hepatocytes in primary culture. Expert Opin. Drug Metab. Toxicol. 2008;4: 837–854. 

 

Gonzalez FJ. The 2006 Bernard B. Brodie Award Lecture. Cyp2e1. Drug Metab. Dispos. 2007;35: 

1-8.  

 

Gorry PR, Ong C, Thorpe J, Bannwarth S, Thompson KA, Gatignol A, et al. Astrocyte infection 

by HIV-1: mechanisms of restricted virus replication, and role in the pathogenesis of HIV-

1-associated dementia. Curr. HIV Res. 2003;1: 463-473. 

 

Gougeon ML. Apoptotic pathways triggered by HIV and consequences on T cell homeostasis and 

HIV-specific immunity. Prog. Mol. Subcell. Biol. 2004;36: 95-115. 

 

Gould CM, Newton AC. The life and death of protein kinase C. Curr. Drug Targets. 2008;9: 614-

625. 

 

Granfors MT, Wang JS, Kajosaari LI, Laitila J, Neuvonen PJ, Backman JT. Differential inhibition 

of cytochrome P450 3A4, 3A5 and 3A7 by five human immunodeficiency virus (HIV) 

protease inhibitors in vitro. Clin. Pharmacol. Toxicol. 2006;98: 79–85. 

 

Grondin B, Lefrancois M, Tremblay M, Saint-Denis M, Haman A, Waga K, Bédard A, Tenen DG, 

Hoang T. c-Jun homodimers can function as a context-specific coactivator. Mol. Cell Biol. 

2007;27: 2919-2933.  

 

Guengerich FP, Kim DH, Iwasaki M. Role of human cytochrome P-450 IIE1 in the oxidation of 

many low molecular weight cancer suspects. Chem. Res. Toxicol. 1991;4: 168-179. 

 

Guo X, Li W, Xin Q, Ding H, Zhang C, Chang Y, Duan X. Vitamin C protective role for alcoholic 

liver disease in mice through regulating iron metabolism. Toxicol. Ind. Health. 2011;27: 

341–348.  

 

Hagemann C, Blank JL. The ups and downs of MEK kinase interactions. Cell Signal. 2001;13: 

863-875. 

 

Hahn JA, Samet JH. Alcohol and HIV disease progression: weighing the evidence. Curr. 

HIV/AIDS Rep. 2010;7: 226-233. 



 130 

 

Hamitouche S, Poupon J, Dreano Y, Amet Y, Lucas D. Ethanol oxidation into acetaldehyde by 16 

recombinant human cytochrome P450 isoforms: role of CYP2C isoforms in human liver 

microsomes. Toxicol. Lett. 2006;167: 221-230.  

 

Haorah J, Heilman D, Diekmann C, Osna N, Donohue TM Jr, Ghorpade A, Persidsky Y. Alcohol 

and HIV decrease proteasome and immunoproteasome function in macrophages: 

implications for impaired immune function during disease. Cell Immunol. 2004;229: 139-

148. 

 

Haorah J, Heilman D, Knipe B, Chrastil J, Leibhart J, Ghorpade A, Miller DW, Persidsky Y. 

Ethanol-induced activation of myosin light chain kinase leads to dysfunction of tight 

junctions and blood-brain barrier compromise. Alcohol Clin. Exp. Res. 2005;29: 999-1009. 

 

Haorah J, Ramirez SH, Floreani N, Gorantla S, Morsey B, Persidsky Y. Mechanism of alcohol-

induced oxidative stress and neuronal injury. Free Radic. Biol. Med. 2009;45: 1542–1550. 

 

Haorah J, Schall K, Ramirez SH, Persidsky Y. Activation of protein tyrosine kinases and matrix 

metalloproteinases causes blood-brain barrier injury: Novel mechanism for 

neurodegeneration associated with alcohol abuse. Glia. 2008;56: 78-88. 

 

Happel KI, Nelson S. Alcohol, immunosuppression, and the lung. Proc. Am. Thorac. Soc. 2005;2: 

428-432. 

 

Harlow GR, Halpert JR. Alanine-scanning mutagenesis of a putative substrate recognition site in 

human cytochrome P450 3A4. Role of residues 210 and 211 in flavonoid activation and 

substrate specificity. J. Biol. Chem. 1997;272: 5396-5402. 

 

He L, Sabet A, Djedjos S, Miller R, Sun X, Hussain MA, Radovick S, Wondisford FE.  Metformin 

and insulin suppress hepatic gluconeogenesis through phosphorylation of CREB binding 

protein. Cell. 2009;137: 635-646. 

 

Hecht SS, Hochalter JB, Villalta PW, Murphy SE. 2’-Hydroxylation of nicotine by cytochrome 

P450 2A6 and human liver microsomes: formation of a lung carcinogen precursor. Proc. 

Natl. Acad. Sci. USA. 2000;97: 12493–12497. 

 

Heinz A, Beck A, Grüsser SM, Grace AA, Wrase J. Identifying the neural circuitry of alcohol 

craving and relapse vulnerability. Addict. Biol. 2009;14: 108-118.  

 

Hennig M, Yip-Schneider MT, Klein P, Wentz S, Matos JM, Doyle C, Choi J, Wu H, O'Mara A, 

Menze A, Noble S, McKillop IH, Schmidt CM. Ethanol-TGFalpha-MEK signaling 

promotes growth of human hepatocellular carcinoma. J. Surg. Res. 2009;154: 187–195.  

 

Hink U, Daiber A, Kayhan N, Trischler J, Kraatz C, Oelze M, Mollnau H, Wenzel P, Vahl CF, Ho 

KK, Weiner H, Munzel T. Oxidative inhibition of the mitochondrial aldehyde 



 131 

dehydrogenase promotes nitroglycerin tolerance in human blood vessels. J. Am. Coll. 

Cardiol. 2007;50: 2226-2232.  

 

Hirani VN, Raucy JL, Lasker JM. Conversion of the HIV protease inhibitor nelfinavir to a 

bioactive metabolite by human liver CYP2C19, Drug Metab. Dispos. 2004;32: 1462–1467. 

 

Hong S, Skaist AM, Wheelan SJ, Friedman AD. AP-1 protein induction during monopoiesis favors 

C/EBP: AP-1 heterodimers over C/EBP homodimerization and stimulates FosB 

transcription. J. Leukoc. Biol. 2011;90: 643-651.  

 

Howard LA, Miksys S, Hoffmann E, Mash D, Tyndale RF. Brain CYP2E1 is induced by nicotine 

and ethanol in rat and is higher in smokers and alcoholics. Br. J. Pharmacol. 2003;138: 

1376-1386. 

 

Howe CJ, Cole SR, Ostrow DG, Mehta SH, Kirk GD. A prospective study of alcohol consumption 

and HIV acquisition among injection drug users. AIDS. 2011;25: 221-228. 

 

Hsiang CY, Wu SL, Cheng SE, Ho TY. Acetaldehyde-induced interleukin-1beta and tumor 

necrosis factor-alpha production is inhibited by berberine through nuclear factor-kappaB 

signaling pathway in HepG2 cells. J. Biomed. Sci. 2005;12: 791-801.  

 

Huang KP. Role of protein kinase C in cellular regulation. Biofactors. 1990;2: 171–178.  

 

Hutson JL, Wickramasinghe SN. Expression of CYP2E1 by human monocyte-derived 

macrophages. J. Pathol. 1999;188: 197-200. 

 

Ingelman-Sundberg M, Ronis MJ, Lindros KO, Eliasson E, Zhukov A. Ethanolinducible 

cytochrome P4502E1: regulation, enzymology and molecular biology. Alcohol Alcohol 

Suppl. 1994; 2: 131-139  

 

Ibeh BO, Obidoa O, Nwuke C. Lipid Peroxidation Correlates with HIVmRNA in Serodiscordant 

Heterosexual HIV partners of Nigerian Origin. Indian J Clin Biochem. 2011;26: 249-256.  

 

Itoh M, Nakajima M, Higashi E, Yoshida R, Nagata K, Yamazoe Y, Yokoi T. Induction of human 

CYP2A6 is mediated by the pregnane X receptor with peroxisome proliferator-activated 

receptor-gamma coactivator 1alpha. J. Pharmacol. Exp. Ther. 2006;319: 693–702.  

 

Jaiswal AK. Nrf2 signaling in coordinated activation of antioxidant gene expression. Free Radic. 

Biol. Med. 2004;36: 1199-1207.  

 

Jayakanthan M, Chandrasekar S, Muthukumaran J, Mathur PP. Analysis of CYP3A4-HIV-1 

protease drugs interactions by computational methods for Highly Active Antiretroviral 

Therapy in HIV/AIDS. J. Mol. Graph. Model. 2010;28: 455-463. 

 



 132 

Jing L, Jin CM, Li SS, Zhang FM, Yuan L, Li WM, Sang Y, Li S, Zhou LJ. Chronic alcohol intake-

induced oxidative stress and apoptosis: role of CYP2E1 and calpain-1 in alcoholic 

cardiomyopathy. Mol. Cell Biochem. 2012;359: 283-292.  

 

Jover R, Moya M, Gómez-Lechón MJ. Transcriptional regulation of cytochrome p450 genes by 

the nuclear receptor hepatocyte nuclear factor 4-alpha. Curr. Drug Metab. 2009;10: 508-

519. 

 

Kalichman SC, Amaral CM, White D, Swetsze C, Pope H, Kalichman MO, Cherry C, Eaton L . 

Prevalence and clinical implications of interactive toxicity beliefs regarding mixing alcohol 

and antiretroviral therapies among people living with HIV⁄AIDS. AIDS Patient Care STDS. 

2009;23: 449–454. 

 

Kavurma MM, Khachigian LM. Sp1 inhibits proliferation and induces apoptosis in vascular 

smooth muscle cells by repressing p21WAF1/Cip1 transcription and cyclin D1-Cdk4-

p21WAF1/Cip1 complex formation. J. Biol. Chem. 2003;278: 32537-32543.  

 

Ke ZJ, Wang X, Fan Z, Luo J. Ethanol promotes thiamine deficiency-induced neuronal death: 

involvement of double-stranded RNA-activated protein kinase. Alcohol Clin. Exp. Res. 

2009;33: 1097-1103.  

 

Kelicen P, Tindberg N. Lipopolysaccharide induces CYP2E1 in astrocytes through MAP kinase 

kinase-3 and C/EBPbeta and -delta. J. Biol. Chem. 2004;279: 15734-15742.  

 

Keum YS, Han YH, Liew C, Kim JH, Xu C, Yuan X, Shakarjian MP, Chong S, Kong AN. 

Induction of heme oxygenase-1 (HO-1) and NAD[P]H: quinone oxidoreductase 1 (NQO1) 

by a phenolic antioxidant, butylated hydroxyanisole (BHA) and its metabolite, tert-

butylhydroquinone (tBHQ) in primary-cultured human and rat hepatocytes. Pharm. Res. 

2006;23: 2586–2594.  

 

Khan AJ, Sharma A, Choudhuri G, Parmar D. Induction of blood lymphocyte cytochrome P450 

2E1 in early stage alcoholic liver cirrhosis. Alcohol. 2011;45: 81-87.  

 

Kharasch ED, Bedynek PS, Walker A, Whittington D, Hoffer C. Mechanism of ritonavir changes 

in methadone pharmacokinetics and pharmacodynamics: II. Ritonavir effects on CYP3A 

and P-glycoprotein activities. Clin. Pharmacol. Ther. 2008;84: 506-512. 

 

Khojasteh SC, Prabhu S, Kenny JR, Halladay JS, Lu AY. Chemical inhibitors of cytochrome P450 

isoforms in human liver microsomes: a re-evaluation of P450 isoform selectivity. Eur. J. 

Drug Metab. Pharmacokinet. 2011;36: 1-16.  

 

Kim KC, Kang KA, Zhang R, Piao MJ, Kim GY, Kang MY, Lee SJ, Lee NH, Surh YJ, Hyun JW. 

Up-regulation of Nrf2-mediated heme oxygenase-1 expression by eckol, a phlorotannin 

compound, through activation of Erk and PI3K/Akt. Int. J. Biochem. Cell Biol. 2010;42: 

297–305.  

 



 133 

King A, McNamara P, Conrad M, Cao D. Alcohol-induced increases in smoking behavior for 

nicotinized and denicotinized cigarettes in men and women. Psychopharmacology (Berl). 

2009;207: 107-117. 

 

Kirby GM, Nichols KD, Antenos M. CYP2A5 induction and hepatocellular stress: an adaptive 

response to perturbations of heme homeostasis. Curr. Drug Metab. 2011;12: 186–197.  

 

Knockaert L, Descatoire V, Vadrot N, Fromenty B, Robin MA. Mitochondrial CYP2E1 is 

sufficient to mediate oxidative stress and cytotoxicity induced by ethanol and 

acetaminophen. Toxicol. In Vitro. 2011;25: 475-484.  

 

Köhle C, Bock KW. Coordinate regulation of Phase I and II xenobiotic metabolisms by the Ah 

receptor and Nrf2. Biochem. Pharmacol. 2007;73: 1853-1862.  

 

Koivisto T, Mishin VM, Mak KM, Cohen PA, Lieber CS. Induction of cytochrome P-4502E1 by 

ethanol in rat Kupffer cells. Alcohol Clin. Exp. Res. 1996;20: 207-212. 

 

Kong SY, Lim HS, Nam BH, Kook MC, Kim YW, Ryu KW, Lee JH, Choi IJ, Lee JS, Park YI, 

Kim NK, Park SR. Association of CYP2A6 polymorphisms with S-1 plus docetaxel 

therapy outcomes in metastatic gastric cancer. Pharmacogenomics. 2009;10: 1147–1155.  

 

Koudriakova T, Iatsimirskaia E, Utkin I, Gangl E, VourosP, Storozhuk E, Orza D, Marinina J, 

Gerbe N. Metabolism of the human immunodeficiency virus protease inhibitors indinavir 

and ritonavir by human intestinal microsomes and expressed cytochrome P4503A4/3A5: 

mechanism-based inactivation of cytochrome P4503A by ritonavir. Drug Metab. Dispos. 

1998;26: 552–561. 

 

Kramer-Hämmerle S, Rothenaigner I, Wolff H, Bell JE, Brack-Werner R. Cells of the central 

nervous system as targets and reservoirs of the human immunodeficiency virus. Virus Res. 

2005;111: 194-213.  

 

Kubota T, Nakajima-Taniguchi C, Fukuda T, Funamoto M, Maeda M, Tange E, Ueki R, 

Kawashima K, Hara H, Fujio Y, Azuma J. CYP2A6 polymorphisms are associated with 

nicotine dependence and influence withdrawal symptoms in smoking cessation. 

Pharmacogenomics J. 2006;6: 115-119. 

 

Kumar GN, Rodrigues AD, Buko AM, Denissen JF. Cytochrome P450- mediated metabolism of 

the HIV-1 protease inhibitor ritonavir (ABT-538) in human liver  microsomes. J. 

Pharmacol. Exp. Ther. 1996;277:423–431. 

 

Kumar S, Liu H, Halpert JR, Engineering of cytochrome P450 3A4 for enhanced peroxide-

mediated substrate oxidation using directed evolution and site-directed mutagenesis. Drug 

Metab. Dispos. 2006;34: 1958–1965. 

 



 134 

Lamlé J, Marhenke S, Borlak J, von Wasielewski R, Eriksson CJ, Geffers R, Manns MP, 

Yamamoto M, Vogel A. Nuclear factor-eythroid 2-related factor 2 prevents alcohol-

induced fulminant liver injury. Gastroenterology. 2008;134: 1159–1168.  

 

Lee SE, Jeong SI, Yang H, Park CS, Jin YH, Park YS. Fisetin induces Nrf2-mediated HO-1 

expression through PKC-δ and p38 in human umbilical vein endothelial cells. J. Cell 

Biochem. 2011;112: 2352–2360.  

 

Lemberger L, Axelrod J, Kopin IJ. The disposition and metabolism of tryptamine and the in vivo 

formation of 6-hydroxytryptamine in the rabbit. J. Pharmacol. Exp. Ther. 1971;177: 169–

176. 

 

Li X, Stark GR. NFkappaB-dependent signaling pathways. Exp. Hematol. 2002;30: 285-296. 

 

Liangpunsakul S, Kolwankar D, Pinto A, Gorski JC, Hall SD, Chalasani N. Activity of CYP2E1 

and CYP3A enzymes in adults with moderate alcohol consumption: a comparison with 

nonalcoholics. Hepatology. 2005;41: 1144-1150. 

 

Lieber CS. Cytochrome P-4502E1: its physiological and pathological role. Physiol. Rev. 1997;77: 

517-544. 

 

Lieber CS. The discovery of the microsomal ethanol oxidizing system and its physiologic and 

pathologic role. Drug Metab. Rev. 2004;36: 511-529. 

 

Lillibridge JH, Liang BH, Kerr BM, Webber S, Quart B, Shetty BV, Lee CA. Characterization of 

the selectivity and mechanism of human cytochrome P450 inhibition by the human 

immunodeficiency virus-protease inhibitor nelfinavir mesylate. Drug Metab. Dispos. 

1998;26: 609–616.  

 

Lim YP, Huang JD. Interplay of pregnane X receptor with other nuclear receptors on gene 

regulation. Drug Metab. Pharmacokinet. 2008;23: 14-21. 

 

Liu R, Liu J, Tawa G, Wallqvist A. 2D SMARTCyp Reactivity-Based Site of Metabolism 

Prediction for Major Drug-Metabolizing Cytochrome P450 Enzymes. J. Chem. Inf. Model. 

2012.  

 

Lu Y, Cederbaum AI. CYP2E1 and oxidative liver injury by alcohol. Free Radic. Biol. Med. 

2008;44: 723-738.  

 

Lu Y, Wu D, Wang X, Ward SC, Cederbaum AI. Chronic alcohol-induced liver injury and oxidant 

stress are decreased in cytochrome P4502E1 knockout mice and restored in humanized 

cytochrome P4502E1 knock-in mice. Free Radic. Biol. Med. 2010;49: 1406-1416.  

 

Lu Y, Zhuge J, Wu D, Cederbaum AI. Ethanol induction of CYP2A5: permissive role for CYP2E1. 

Drug Metab. Dispos. 2011;39: 330-336.  

 



 135 

Mahapatra SK, Das S, Bhattacharjee S, Gautam N, Majumdar S, Roy S. In vitro nicotine-induced 

oxidative stress in mice peritoneal macrophages: a dose-dependent approach. Toxicol. 

Mech. Methods. 2009;19: 100–108. 

 

Maicas N, Ferrándiz ML, Brines R, Ibáñez L, Cuadrado A, Koenders MI, van den Berg WB, 

Alcaraz MJ. Deficiency of Nrf2 accelerates the effector phase of arthritis and aggravates 

joint disease. Antioxid. Redox Signal. 2011;15: 889–901.  

 

Manda VK, Mittapalli RK, Bohn KA, Adkins CE, Lockman PR. Nicotine and cotinine increases 

the brain penetration of saquinavir in rat. J. Neurochem. 2010;115: 1495-1507. 

 

Mandrekar P, Szabo G.  Signalling pathways in alcohol-induced liver inflammation. J. Hepatol. 

2009;50: 1258-1266.  

 

Marshall MM, Kirk GD, Caporaso NE, McCormack MC, Merlo CA, Hague JC, Mehta SH, Engels 

EA. Tobacco use and nicotine dependence among HIV-infected and uninfected injection 

drug users. Addict. Behav. 2011;36: 61-67.  

 

Mesaros C, Arora JS, Wholer A, Vachani A, Blair IA.  8-Oxo-2'-deoxyguanosine as a biomarker 

of tobacco-smoking-induced oxidative stress. Free Radic. Biol. Med. 2012.  

 

Miguez MJ, Shor-Posner G, Morales G, Rodriguez A, Burbano X. HIV treatment in drug abusers: 

impact of alcohol use. Addict. Biol. 2003;8: 33-37. 

 

Miksys S, Tyndale RF. Drug-metabolizing cytochrome P450s in the brain. J Psychiatry Neurosci. 

2002; 27: 406–415. 

 

Miksys S, Tyndale RF. Nicotine induces brain CYP enzymes: relevance to Parkinson's disease. J. 

Neural Transm. Suppl. 2006;70: 177-180. 

 

Millonig G, Wang Y, Homann N, Bernhardt F, Qin H, Mueller S, Bartsch H, Seitz HK. Ethanol-

mediated carcinogenesis in the human esophagus implicates CYP2E1 induction and the 

generation of carcinogenic DNA-lesions. Int. J. Cancer. 2011;128: 533-540. 

 

Molanaei H, Stenvinkel P, Qureshi AR, Carrero JJ, Heimbürger O, Lindholm B, Diczfalusy U, 

Odar-Cederlöf I, Bertilsson L.  Metabolism of alprazolam (a marker of CYP3A4) in 

hemodialysis patients with persistent inflammation. Eur. J. Clin. Pharmacol. 2012;68: 571-

577.  

 

Montoliu C, Sancho-Tello M, Azorin I, Burgal M, Vallés S, Renau-Piqueras J, Guerri C. Ethanol 

increases cytochrome P4502E1 and induces oxidative stress in astrocytes. J. Neurochem. 

1995;65: 2561-2570. 

 

Morgan ET, Thomas KB, Swanson R, Vales T, Hwang J, Wright K. Selective suppression of 

cytochrome P-450 gene expression by interleukins 1 and 6 in rat liver. Biochim. Biophys 

Acta. 1994;1219: 475-483. 



 136 

 

Morris CR, Chen SC, Zhou L, Schopfer LM, Ding X, Mirvish SS. Inhibition by allyl sulfides and 

phenethyl isothiocyanate of methyl-n-pentylnitrosamine depentylation by rat esophageal 

microsomes, human and rat CYP2E1, and Rat CYP2A3. Nutr. Cancer. 2004;48: 54–63. 

 

Mothobi NZ, Brew BJ. Neurocognitive dysfunction in the highly active antiretroviral therapy era. 

Curr. Opin. Infect. Dis. 2012;25: 4-9. 

 

Nagai F, Hiyoshi Y, Sugimachi K, Tamura HO. Cytochrome P450 (CYP) expression in human 

myeloblastic and lymphoid cell lines. Biol. Pharm. Bull. 2002;25: 383–385. 

 

Nakajima M. Smoking behavior and related cancers: the role of CYP2A6 polymorphisms. Curr. 

Opin. Mol. Ther. 2007;9: 538–544.  

 

Nakajima M, Yamamoto T, Nunoya K, Yokoi T, Nagashima K, Inoue K, Funae Y, Shimada N, 

Kamataki T, Kuroiwa Y. Role of human cytochrome P4502A6 in C-oxidation of nicotine. 

Drug Metab. Dispos. 1996;24: 1212–1217. 

 

Nakayama Wong LS, Aung HH, Lamé MW, Wegesser TC, Wilson DW. Fine particulate matter 

from urban ambient and wildfire sources from California's San Joaquin Valley initiate 

differential inflammatory, oxidative stress, and xenobiotic responses in human bronchial 

epithelial cells. Toxicol. In Vitro. 2011;25: 1895-1905. 

 

Nanji AA, Jokelainen K, Fotouhinia M, Rahemtulla A, Thomas P, Tipoe GL, Su GL, Dannenberg 

AJ. Increased severity of alcoholic liver injury in female rats: role of oxidative stress, 

endotoxin, and chemokines. Am. J. Physiol. Gastrointest. Liver Physiol. 2001;281: G1348-

1356. 

 

Narasimhan M, Mahimainathan L, Rathinam ML, Riar AK, Henderson GI. Overexpression of nrf2 

protects cerebral cortical neurons from ethanol-induced apoptotic death. Mol. Pharmacol. 

2011;80: 988–999.  

 

Neuman MG, Schneider M, Nanau RM, Parry C. Alcohol Consumption, Progression of Disease 

and Other Comorbidities, and Responses to Antiretroviral Medication in People Living 

with HIV. AIDS Res. Treat. 2012;2012: 751827.  

 

Nguyen T, Nioi P, Pickett CB. The Nrf2-antioxidant response element signaling pathway and its 

activation by oxidative stress. J. Biol. Chem. 2009;284: 13291–13295.  

 

Nishikawa A, Mori Y, Lee IS, Tanaka T, Hirose M. Cigarette smoking, metabolic activation and 

carcinogenesis. Curr. Drug Metab. 2004;5: 363-373. 

 

Nitti M, Pronzato MA, Marinari UM, Domenicotti C. PKC signaling in oxidative hepatic damage. 

Mol. Aspects Med. 2008;29: 36–42.  

 



 137 

Niture SK, Kaspar JW, Shen J, Jaiswal AK. Nrf2 signaling and cell survival. Toxicol. Appl. 

Pharmacol. 2010;244: 37–42.  

 

Norkina O, Dolganiuc A, Shapiro T, Kodys K, Mandrekar P, Szabo G. Acute alcohol activates 

STAT3, AP-1, and Sp-1 transcription factors via the family of Src kinases to promote IL-

10 production in human monocytes. J. Leukoc. Biol. 2007;82: 752-762.  

 

Novak RF, Woodcroft KJ. The alcohol-inducible form of cytochrome P450 (CYP2E1): role in 

toxicology and regulation of expression. Arch. Pharm. Res. 2000;23: 267-282.  

 

O'Hara SP, Splinter PL, Gajdos GB, Trussoni CE, Fernandez-Zapico ME, Chen XM, LaRusso NF. 

NFkappaB p50-CCAAT/enhancer-binding protein beta (C/EBPbeta)-mediated 

transcriptional repression of microRNA let-7i following microbial infection. J. Biol. Chem. 

2010;285: 216-225.  

 

Orlicky DJ, Roede JR, Bales E, Greenwood C, Greenberg A, Petersen D, McManaman JL. Chronic 

ethanol consumption in mice alters hepatocyte lipid droplet properties. Alcohol Clin. Exp. 

Res. 2011;35: 1020–1033.  

 

Pal D, Mitra AK, MDR- and CYP3A4-mediated drug–drug interactions. J. Neuroimmune 

Pharmacol. 2006;1: 323–339. 

 

Pascual M, Fernández-Lizarbe S, Guerri C. Role of TLR4 in ethanol effects on innate and adaptive 

immune responses in peritoneal macrophages. Immunol. Cell Biol. 2011;89: 716-727.  

 

Peng HM, Coon MJ. Promoter function and the role of cytokines in the transcriptional regulation 

of rabbit CYP2E1 and CYP2E2. Arch. Biochem. Biophys. 2000;382: 129-137. 

 

Persidsky Y, Ho W, Ramirez SH, Potula R, Abood ME, Unterwald E, Tuma R. HIV-1 infection 

and alcohol abuse: neurocognitive impairment, mechanisms of neurodegeneration and 

therapeutic interventions. Brain Behav. Immun. 2011;25: S61-70.  

 

Peterhans E. Oxidants and antioxidants in viral diseases: disease mechanisms and metabolic 

regulation. J. Nutr. 1997;127: 962S–965S. 

 

Peters BS, Conway K. Therapy for HIV: past, present, and future. Adv. Dent. Res. 2011;23: 23-27. 

 

Porter KM, Sutliff RL. HIV-1, reactive oxygen species, and vascular complications. Free Radic. 

Biol. Med. 2012;53: 143-159. 

 

Potula R, Haorah J, Knipe B, Leibhart J, Chrastil J, Heilman D, Dou H, Reddy R, Ghorpade A, 

Persidsky Y. Alcohol abuse enhances neuroinflammation and impairs immune responses 

in an animal model of human immunodeficiency virus-1 encephalitis. Am. J. Pathol. 

2006;168: 1335-1344. 

 



 138 

Powley MW, Carlson GP. Hepatic and pulmonary microsomal benzene metabolism in CYP2E1 

knockout mice. Toxicology. 2001;169: 187-194. 

 

Prandota J. Important role of proinflammatory cytokines/other endogenous substances in drug-

induced hepatotoxicity: depression of drug metabolism during infections/inflammation 

states, and genetic polymorphisms of drug-metabolizing enzymes/cytokines may markedly 

contribute to this pathology. Am. J. Ther. 2005;12: 254–261.  

 

Prochaska HJ, Talalay P. Regulatory mechanisms of monofunctional and bifunctional 

anticarcinogenic enzyme inducers in murine liver. Cancer Res. 1988;48: 4776–4782.  

 

Rahmanian S, Wewers ME, Koletar S, Reynolds N, Ferketich A, Diaz P. Cigarette smoking in the 

HIV-infected population. Proc. Am. Thorac. Soc. 2011;8: 313-319. 

 

Rahnasto M, Wittekindt C, Juvonen RO, Turpeinen M, Petsalo A, Pelkonen O, Poso A, Stahl G, 

Höltje HD, Raunio H. Identification of inhibitors of the nicotine metabolising CYP2A6 

enzyme--an in silico approach. Pharmacogenomics J. 2008;8: 328-338. 

 

Rajendram R, Preedy VR. Effect of alcohol consumption on the gut. Dig. Dis. 2005;23: 214-221. 

 

Raucy JL, Schultz ED, Kearins MC, Arora S, Johnston DE, Omdahl JL, et al. CYP2E1 expression 

in human lymphocytes from various ethnic populations. Alcohol Clin. Exp. Res. 1999;23: 

1868-1874. 

 

Raunio H, Rahnasto-Rilla M. CYP2A6: genetics, structure, regulation, and function. Drug 

Metabol. Drug Interact. 2012;27: 73-88.  

 

Ray R, Snyder RC, Thomas S, Koller CA, Miller DM. Mithramycin blocks protein binding and 

function of the SV40 early promoter. J Clin Invest. 1989; 83: 2003–2007. 

 

Ring HZ, Valdes AM, Nishita DM, Prasad S, Jacob P 3rd, Tyndale RF, Swan GE, Benowitz NL. 

Gene-gene interactions between CYP2B6 and CYP2A6 in nicotine metabolism. 

Pharmacogenet. Genomics. 2007;17: 1007-1015. 

 

Roberts BJ, Shoaf SE, Jeong KS, Song BJ. Induction of CYP2E1 in liver, kidney, brain and 

intestine during chronic ethanol administration and withdrawal: evidence that CYP2E1 

possesses a rapid phase half-life of 6 hours or less. Biochem. Biophys. Res. Commun. 

1994;205: 1064-1071. 

 

Rock RB, Gekker G, Aravalli RN, Hu S, Sheng WS, Peterson PK. Potentiation of HIV-1 

expression in microglial cells by nicotine: involvement of transforming growth factor-beta 

1. J. Neuroimmune Pharmacol. 2008;3: 143–149.  

 

Roskoski R Jr. ERK1/2 MAP kinases: Structure, function, and regulation. Pharmacol. Res. 

2012;66: 105-143.  

 



 139 

Rossini A, de Almeida Simão T, Albano RM, Pinto LF. CYP2A6 polymorphisms and risk for 

tobacco-related cancers. Pharmacogenomics. 2008;9: 1737-1752. 

 

Sarc L, Wraber B, Lipnik-Stangelj M. Ethanol and acetaldehyde disturb TNF-alpha and IL-6 

production in cultured astrocytes. Hum. Exp. Toxicol. 2011;30: 1256-1265. 

 

Savarino A, Pescarmona GP, Boelaert JR. Iron metabolism and HIV infection: reciprocal 

interactions with potentially harmful consequences? Cell Biochem. Funct. 1999;17: 279-

287. 

 

Schlaepfer IR, Hoft NR, Ehringer MA. The genetic components of alcohol and nicotine co-

addiction: from genes to behavior. Curr. Drug Abuse Rev. 2008;1: 124–134.  

 

Schneider E, Clark DS. Cytochrome P450 (CYP) enzymes and the development of CYP biosensors. 

Biosens Bioelectron. 2013;39(1): 1-13.  

 

Sellers EM, Ramamoorthy Y, Zeman MV, Djordjevic MV, Tyndale RF. The effect of methoxsalen 

on nicotine and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) metabolism in 

vivo. Nicotine Tob. Res. 2003a;5: 891-899. 

 

Sellers EM, Tyndale RF, Fernandes LC. Decreasing smoking behavior and risk through CYP2A6 

inhibition. Drug Discov. Today. 2003b;8: 487–493.  

 

Setshedi M, Wands JR, Monte SM. Acetaldehyde adducts in alcoholic liver disease. Oxid Med 

Cell Longev. 2010;3: 178-85. 

 

Siu EC, Tyndale RF. Selegiline is a mechanism-based inactivator of CYP2A6 inhibiting nicotine 

metabolism in humans and mice. J Pharmacol Exp Ther. 2008;324: 992-999.  

 

Solodova E, Jablonska J, Weiss S, Lienenklaus S. Production of IFN-β during Listeria 

monocytogenes infection is restricted to monocyte/macrophage lineage. PLoS ONE. 

2011;6: e18543.  

 

Sopori ML, Kozak W. Immunomodulatory effects of cigarette smoke. J. Neuroimmunol. 1998;83: 

148-156. 

 

Sonoda J, Rosenfeld JM, Xu L, Evans RM, Xie W. A nuclear receptor-mediated xenobiotic 

response and its implication in drug metabolism and host protection. Curr. Drug Metab. 

2003;4: 59–72.  

 

Stickel F, Osterreicher CH. The role of genetic polymorphisms in alcoholic liver disease. Alcohol 

Alcohol. 2006;41: 209-224.  

 

Szuster-Ciesielska A, Mizerska-Dudka M, Daniluk J, Kandefer-Szerszeń M. Butein inhibits 

ethanol-induced activation of liver stellate cells through TGF-β, NFκB, p38, and JNK 

signaling pathways and inhibition of oxidative stress. J. Gastroenterol. 2012. 



 140 

 

Taysi S, Gumustekin K, Demircan B, Aktas O, Oztasan N, Akcay F, Suleyman H, Akar S, Dane 

S, Gul M. Hippophae rhamnoides attenuates nicotine-induced oxidative stress in rat liver. 

Pharm. Biol. 2010;48: 488-493. 

 

Thatte U, Dahanukar S. Apoptosis: clinical relevance and pharmacological manipulation. Drugs. 

1997;54: 511-532. 

 

Tkachev VO, Menshchikova EB, Zenkov NK. Mechanism of the Nrf2/Keap1/ARE signaling 

system. Biochemistry (Moscow). 2011;76: 407–422.  

 

Tompkins LM, Wallace AD. Mechanisms of cytochrome P450 induction. J. Biochem. Mol. 

Toxicol. 2007;21: 176-181. 

 

Tornatore C, Chandra R, Berger JR, Major EO. HIV-1 infection of subcortical astrocytes in the 

pediatric central nervous system. Neurology. 1994;44: 481-487. 

 

Trepanier LA, Yoder AR, Bajad S, Beckwith MD, Bellehumeur JL, Graziano FM. Plasma 

ascorbate deficiency is associated with impaired reduction of sulfamethoxazolenitroso in 

HIV infection. J. Acquir. Immune Defic. Syndr. 2004;36: 1041-1050. 

 

Tsutsumi M, Lasker JM, Takahashi T, Lieber CS. In vivo induction of hepatic P4502E1 by ethanol: 

role of increased enzyme synthesis. Arch. Biochem. Biophys. 1993;304: 209-218.  

 

Upadhya SC, Tirumalai PS, Boyd MR, Mori T, Ravindranath V. Cytochrome P4502E (CYP2E) 

in brain: constitutive expression, induction by ethanol and localization by fluorescence in 

situ hybridization. Arch. Biochem. Biophys. 2000;373: 23-34. 

 

Uppugunduri CR, Daali Y, Desmeules J, Dayer P, Krajinovic M, Ansari M. Transcriptional 

Regulation of CYP2C19 and its Role in Altered Enzyme Activity. Curr Drug Metab. 

2012;13: 1196-1204. 

 

Vallés SL, Blanco AM, Pascual M, Guerri C. Chronic ethanol treatment enhances inflammatory 

mediators and cell death in the brain and in astrocytes. Brain Pathol. 2004;14: 365-371.  

 

Vasiliou V, Ziegler TL, Bludeau P, Petersen DR, Gonzalez FJ, Deitrich RA. CYP2E1 and catalase 

influence ethanol sensitivity in the central nervous system. Pharmacogenet. Genomics. 

2006;16: 51-58. 

 

Vengeliene V, Bilbao A, Molander A, Spanagel R. Neuropharmacology of alcohol addiction. Br. 

J. Pharmacol. 2008;154: 299-315.  

 

Venugopal SK, Chen J, Zhang Y, Clemens D, Follenzi A, Zern MA. Role of MAPK phosphatase-

1 in sustained activation of JNK during ethanol-induced apoptosis in hepatocyte-like VL-

17A cells. J. Biol. Chem. 2007;282: 31900–31908.  

 



 141 

Vet NJ, de Hoog M, Tibboel D, de Wildt SN. The effect of inflammation on drug metabolism: a 

focus on pediatrics. Drug Discov. Today. 2011;16: 435-442.  

 

Villeneuve NF, Lau A, Zhang DD. Regulation of the Nrf2-Keap1 antioxidant response by the 

ubiquitin proteasome system: an insight into cullin-ring ubiquitin ligases. Antioxid. Redox 

Signal. 2010;13: 1699–1712.  

 

von Weymarn LB, Chun JA, Hollenberg PF. Effects of benzyl and phenethyl isothiocyanate on 

P450s 2A6 and 2A13: potential for chemoprevention in smokers. Carcinogenesis. 2006;27: 

782–790. 

 

Walubo A. The role of cytochrome P450 in anti-retroviral drug interactions. Expert Opin. Drug 

Toxicol. 2007;3: 583–598. 

 

Wang HJ, Zakhari S, Jung MK. Alcohol, inflammation, and gut-liver-brain interactions in tissue 

damage and disease development. World J. Gastroenterol. 2010a;16: 1304-1313. 

 

Wang K, Brems JJ, Gamelli RL, Holterman AX. C/EBPα and C/EBPβ binding proteins modulate 

hepatocyte apoptosis through iNOS signaling pathway. Biochim. Biophys. Acta. 2011;1813: 

1395-1403.  

 

Wang X, Cederbaum AI. Acute ethanol pretreatment increases FAS-mediated liver injury in mice: 

role of oxidative stress and CYP2E1-dependent and –independent pathways. Free Radic. 

Biol. Med. 2007;42: 971-984.  

 

Wang X, Cheung CM, Lee WY, Or PM, Yeung JH. Major tanshinones of Danshen (Salvia 

miltiorrhiza) exhibit different modes of inhibition on human CYP1A2, CYP2C9, CYP2E1 

and CYP3A4 activities in vitro. Phytomedicine. 2010b;17: 868-875.  

 

Wassenaar CA, Dong Q, Wei Q, Amos CI, Spitz MR, Tyndale RF. Relationship between CYP2A6 

and CHRNA5-CHRNA3-CHRNB4 variation and smoking behaviors and lung cancer risk. 

J. Natl. Cancer Inst. 2011;103: 1342-1346.  

 

Wickramasinghe SN. Role of macrophages in the pathogenesis of alcohol induced tissue damage. 

Br Med J (Clin Res Ed). 1987a;294: 1137-1139. 

 

Wickramasinghe SN. Neuroglial and neuroblastoma cell lines are capable of metabolizing ethanol 

via an alcohol-dehydrogenase-independent pathway. Alcohol Clin. Exp. Res. 1987b;11: 

234-237. 

 

Wickramasinghe SN, Gardner B, Barden G. Circulating cytotoxic protein generated after ethanol 

consumption: identification and mechanism of reaction with cells. Lancet. 1987;2: 122-

126. 

 



 142 

Wilke N, Sganga MW, Gayer GG, Hsieh KP, Miles MF. Characterization of promoter elements 

mediating ethanol regulation of hsc70 gene transcription. J. Pharmacol. Exp. Ther. 

2000;292: 173-180.  

 

Williams JF. Cytochrome P450 isoforms. Regulation during infection, inflammation and by 

cytokines. J. Fla. Med. Assoc. 1991;78: 517–519.  

 

Wójcikowski J, Daniel WA. Identification of factors mediating the effect of the brain 

dopaminergic system on the expression of cytochrome P450 in the liver. Pharmacol. Rep. 

2008;60: 966-971. 

 

Wójcikowski J, Daniel WA. The role of the nervous system in the regulation of liver cytochrome 

p450. Curr. Drug Metab. 2011;12: 124-138. 

 

Wu D, Cederbaum AI. Removal of glutathione produces apoptosis and necrosis in HepG2 cells 

overexpressing CYP2E1. Alcohol Clin. Exp. Res. 2001;25: 619-628. 

 

Wu PP, Chung HW, Liu KC, Wu RS, Yang JS, Tang NY, Lo C, Hsia TC, Yu CC, Chueh FS, Lin 

SS, Chung JG. Diallyl sulfide induces cell cycle arrest and apoptosis in HeLa human 

cervical cancer cells through the p53, caspase- and mitochondria-dependent pathways. Int 

J Oncol. 2011;38: 1605-1613.  

 

Xu L, Desai MC. Pharmacokinetic enhancers for HIV drugs. Curr. Opin. Investig. Drugs. 2009;10: 

775–786. 

 

Yamanaka H, Nakajima M, Fukami T, Sakai H, Nakamura A, Katoh M, Takamiya M, Aoki Y, 

Yokoi T. CYP2A6 AND CYP2B6 are involved in nornicotine formation from nicotine in 

humans: interindividual differences in these contributions. Drug Metab. Dispos. 2005;33: 

1811-1818.  

 

Yamazaki H, Inui Y, Yun CH, Guengerich FP, Shimada T. Cytochrome P450 2E1 and 2A6 

enzymes as major catalysts for metabolic activation of N-nitrosodialkylamines and 

tobacco-related nitrosamines in human liver microsomes. Carcinogenesis. 1992;13: 1789–

1794.  

 

Yildiz D, Ercal N, Armstrong DW. Nicotine enantiomers and oxidative stress. Toxicology. 

1998;130: 155–165. 

 

Yokota S, Higashi E, Fukami T, Yokoi T, Nakajima M. Human CYP2A6 is regulated by nuclear 

factor-erythroid 2 related factor 2. Biochem. Pharmacol. 2011;81: 289-294.  

 

Yoshikawa Y, Hosomi H, Fukami T, Nakajima M, Yokoi T. Establishment of knockdown of 

superoxide dismutase 2 and expression of CYP3A4 cell system to evaluate drug-induced 

cytotoxicity. Toxicol. In Vitro. 2009;23: 1179-1187.  

 



 143 

Zakhari S. Overview: how is alcohol metabolized by the body? Alcohol Res. Health. 2006;29: 245-

254. 

 

Zhang W, Kilicarslan T, Tyndale RF, Sellers EM. Evaluation of methoxsalen, tranylcypromine, 

and tryptamine as specific and selective CYP2A6 inhibitors in vitro. Drug Metab. Dispos. 

2001;29: 897–902. 

 

Zhang JY, Wang Y, Prakash C. Xenobiotic-metabolizing enzymes in human lung. Curr. Drug 

Metab. 2006;7: 939–948.  

 

Zhou X, Sheng Y, Yang R, Kong X. Nicotine promotes cardiomyocyte apoptosis via oxidative 

stress and altered apoptosis-related gene expression. Cardiology. 2010;115: 243-250.  

 

Zimatkin SM, Pronko SP, Vasiliou V, Gonzalez FJ, Deitrich RA. Enzymatic mechanisms of 

ethanol oxidation in the brain. Alcohol Clin. Exp. Res. 2006;30: 1500-1505. 

 

Zordoky BN, El-Kadi AO. Role of NF-kappaB in the regulation of cytochrome P450 enzymes. 

Curr. Drug Metab. 2009;10: 164-178. 

  



 144 

VITA 

Mengyao Jin was born in January, 1986, in Jiangsu, China. She was educated in public schools in 

China and graduated from Wuxi No. 1 High School in 2004. Ms. Jin attended Soochwo University 

in China and obtained her Bachelor’s degree of Science in Pharmacy in 2008.  

 After graduation from Soochow University, Ms. Jin came to the United States and joined 

the interdisciplinary Ph.D. program at University of Missouri-Kansas City (UMKC) in the fall of 

2008, with major in Pharmacology and Toxicology and Pharmaceutical Sciences as co-descipline. 

During her graduate study at UMKC, Ms. Jin was awarded several awards, including Dean’s travel 

award, Women Council Graduate Assistant Fund Award (2012) and Dean’s Award (2011).  

 Ms. Jin presented part of her research findings at the Society of Neuroimmune 

Pharmacology annual meetings in 2011 and 2012, upon receiving travel award for young 

investigators. With her outstanding work, Ms. Jin has 7 publications, among which 3 are as with 

first author and she expects to publish another paper as a first author. 


