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ABSTRACT 

 

THE CYTOPROTECTIVE ROLE OF CYTOCHROME P450 2A5 AGAINST  

OXIDATIVE STRESS IN MOUSE LIVER 

 

Frances Simbulan            Advisor: 

University of Guelph, 2017          Dr. Gordon M. Kirby 

 

 

Cytochrome P450 2A5 (CYP2A5) is involved in the oxidative metabolism of several endogenous 

substrates and xenobiotics such as nicotine, coumarin and several pro-carcinogens. CYP2A5 is 

up-regulated and induced by structurally unrelated hepatotoxins, whereas levels of most other 

CYPs remain unchanged or are down-regulated. CYP2A5 induction is mediated by the Nrf-2 

response pathway, a major mechanism facilitating cellular defence against oxidative stress and 

an increase in the detoxification of xenobiotics. We hypothesized that CYP2A5 has a 

cytoprotective role against hepatocellular oxidative stress by reducing levels of reactive oxygen 

species (ROS). This study assessed the influence of CYP2A5 on cell death and the level of 

oxidative stress in cultured mouse hepatocytes treated with various pro-oxidants. Further, we 

evaluated the effect of CYP2A5 levels on pyrazole-induced oxidative stress in mouse liver in vivo. 

Our results demonstrate that CYP2A5 plays a cytoprotective against oxidative stress by reducing 

ROS levels and apoptosis induced by pro-oxidants. Our study is the first to show a cytoprotective 

role of CYP2A5 against oxidative stress, which is a unique functional capability among CYP 

enzymes.   
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INTRODUCTION 

 

 The cytochrome P450 (CYP) enzymes, also known as the microsomal mixed function 

oxidase system, play a major role in the biotransformation and metabolism of various endogenous 

and exogenous compounds in nearly all species1,2. Xenobiotic metabolism is generally divided 

into two distinct metabolic processes. Phase I reactions, primarily by CYP enzymes, involves the 

catalytic conversion of lipophilic, often nonreactive compounds, into intermediate compounds1. 

Phase I reactions includes dehydrogenation/hydrogenation, oxidation/reduction, hydrolysis and 

monooxygenation of the substrates3,4. Intermediates produced by phase I reactions are then often 

conjugated by Phase II enzymes to hydrophilic compounds that can be readily and easily 

eliminated. The majority of CYP enzymes catalyze 75-80% of all phase I metabolism of 

xenobiotics including therapeutic drugs, environmental toxins and pro-carcinogens1,2. Although 

CYP enzymes are primarily involved in the detoxification of xenobiotic compounds, CYP enzymes 

can also form reactive intermediates that can be toxic and react with various cellular 

macromolecules. Therefore, CYP-mediated bioactivation is balanced by detoxification by Phase 

II enzymes to prevent toxicity of carcinogens and other toxic compounds. 

To date, more than 11,000 P450 gene sequences have been identified in animals, plants 

and microorganisms with 50 to 100 belonging to mammalian CYPs1. There are 57 active CYP 

genes in the human genome consisting of 18 families5. In mammals, CYP enzymes are distributed 

in many organs in the body including the olfactory mucosa, brain, kidney and liver1,2. The highest 

concentration of CYPs is in the liver as it is the main organ for xenobiotic detoxification and 

metabolism. Within the cell, CYPs are membrane-bound on the endoplasmic reticulum (ER), 

mitochondria and plasma membrane6,7. This study focuses on a specific murine CYP isozyme 

belonging to the 2A class, cytochrome P450 2A5 (CYP2A5).   

CYP2A5 is the murine orthologue of the human nicotine and coumarin-metabolizing 

enzyme, CYP2A6. Cyp2a5 and CYP2A6 share 84% amino acid sequence homology and are 
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involved in the oxidative metabolism of many of the same endogenous and exogenous substrates 

such as nicotine, coumarin, bilirubin and several pro-carcinogens. CYP2A5 and CYP2A6 are also 

upregulated by the same chemical inducers and associated with various pathophysiological 

conditions8. CYP2A5 is predominantly expressed in the ER and mitochondrial membranes of 

hepatocytes in the mouse liver as well as extra-hepatic tissues including the olfactory mucosa, 

kidneys, lungs, brain, and small intestines8,9.  

CYP2A5 was first identified as the catalyst for the 7-hydroxylation of coumarin and the O-

deethylation of 7-ethoxycoumarin in mouse liver microsomes4,10. Subsequent studies found that 

CYP2A5 also catalyzes the metabolism and bioactivation of several xenobiotics including 

nicotine, nitrosamines, aflatoxin B1, tobacco-specific carcinogen 4-(methylnitrosamino)-1-(3-

pyridyl)-1-butanone (NNK), 3-methylindole, methimazole, acetaminophen as well as endogenous 

compounds such as heme and several steroid hormones8,11–13. It has also been hypothesized that 

CYP2A5 may also have other vital cellular functions aside from its major role in drug metabolism. 

CYP2A5 is uniquely induced by a variety of structurally unrelated compounds whereas levels of 

most CYP enzymes are either unchanged or downregulated14. Induction of CYP2A5 occurs upon 

exposure to chemical hepatotoxins such as pyrazole, carbon tetrachloride, phenobarbital, 

chloroform and ethanol as well as heavy metals including cobalt, cadmium, lead chloride, 

methylmercury and indium15–18. As well, CYP2A5 is induced by porphyrinogenic compounds and 

agents that alter cellular cAMP levels19. In addition to exogenous compounds, CYP2A5 is induced 

and upregulated during various pathophysiological conditions marked by liver injury including 

bacterial, viral and parasitic hepatitis, malaria, Escherichia coli infection, hepatocellular neoplasia 

and prolonged fasting20–25.  It is therefore hypothesized that the induction of CYP2A5 is due to the 

type of injury that is common to these hepatotoxins such as lipid peroxidation, mitochondrial 

dysfunction or ER stress, which may be a consequence of oxidative stress14. 
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Transcription and post-transcriptional regulatory mechanisms of the murine Cyp2a5 and 

human CYP2A6 genes have been found to significantly differ from other xenobiotic metabolizing 

CYP enzymes which to date are not fully understood. Previous studies have demonstrated that 

CYP2A5 induction is mediated by the Nrf-2 response pathway, which is a major mechanism 

facilitating cellular defence against oxidative stress and an increase in the detoxification of 

xenobiotics26,27. Nrf2 is activated in response to exposure to exogenous compounds that undergo 

redox cycling or compounds that are bioactivated to reactive or electrophilic intermediates28,29. 

Nrf2 plays a role in regulating the gene expression of antioxidant response element (ARE)-

dependent genes including drug metabolizing enzymes and transporters, antioxidant enzymes 

and proteins and oxidant signaling proteins30,31. Structurally unrelated inducers of CYP2A5 have 

been known to increase production of reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) and deplete antioxidant systems resulting in ER stress, mitochondrial dysfunction, 

and disruption of cellular redox status that ultimately leads to oxidative stress32–35.  

Abu-Bakar et al. (2004) were the first to identify Nrf2 as a regulator of the Cyp2a5 promoter 

region36. These researchers showed that in vivo treatment of DBA/2J mice with cadmium chloride 

increased CYP2A5 mRNA and protein expression while other major CYP-metabolizing enzymes 

were downregulated36. The upregulation of CYP2A5 by cadmium was not evident in Nrf2-

knockout mice indicating the involvement of Nrf2 in the regulation of Cyp2a536. Abu-Bakar et al. 

(2007) then went on to identify a binding site for the Nrf2-Maf heterodimer complex in the Cyp2a5 

promoter region26. Induction of Cyp2a5 by the Nrf2 pathway has been shown upon exposure to 

common inducers of CYP2A5 such as bilirubin, pyrazole and other heavy metals33,37,38. In vitro 

studies using cultured primary hepatocytes showed that heavy metals, lead chloride, 

methylmercury chloride and phenethyl isothiocyanate, showed an increase in nuclear 

accumulation of Nrf238. Heavy metals upregulated CYP2A5 mRNA, protein expression and 

enzymatic activity marked by an increase in 7-hydroxycoumarin formation in wild-type mice but 
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this effect was not observed in Nrf2-knockout mice measured by the coumarin 7-hydroxylase 

activity assay38. This study showed that CYP2A5 gene expression is tightly regulated by Nrf2 

activation induced by heavy metals. However, no further studies have assessed the involvement 

of CYP2A5 in heavy metal-induced oxidative stress. Lu et al. (2008) showed that pyrazole induced 

severe oxidative damage in Nrf2-deficient mice in comparison to wild-type mice marked by 

increases in hepatic glutathione (GSH) levels and thiobarbituric acid reactive substances 

(TBARS), a by-product of lipid peroxidation, and 3-nitrotyrosine (3-NT) protein adduct formation33. 

In vivo studies using Nrf2-knockout mice found that chronic ethanol consumption caused oxidative 

stress via induction of CYP2E1 activating the Nrf2 pathway which in turn upregulated CYP2A516. 

Further, oxidative damage was significantly greater in ethanol-treated Cyp2a5-null mice 

compared to wild-type mice observed by increased GSH consumption, production of TBARS  and 

formation of 3-NT and 4-hydroxynonenal adducts (4-HNE)35. These findings suggest that CYP2A5 

may have a cytoprotective role against ethanol-induced oxidative liver injury. Abu-bakar et al. 

(2007, 2011, 2012, 2015) found that CYP2A5 is involved in bilirubin degradation and clearance, 

identifying bilirubin as an endogenous substrate39–42. They proposed that CYP2A5 is stabilized by 

bilirubin and is capable of oxidizing bilirubin to biliverdin establishing a reduction/oxidation loop, 

preventing its accumulation to cytotoxic levels and delaying its elimination41. Further, Kim et al. 

(2013) showed that bilirubin-induced upregulation of CYP2A5 mRNA and protein expression 

requires Nrf2 activation. Increased Cyp2a5 expression also led to decreased cellular bilirubin 

levels and caspase-3 activation as a marker of apoptosis37. We therefore proposed that CYP2A5 

is involved in a regulatory mechanism via the Nrf2 pathway to increase intracellular antioxidant 

capacity during oxidative stress by efficiently eliminating excess bilirubin while cellular ROS 

returns to physiological levels. Immunohistochemical analysis following exposure to inducers of 

CYP2A5 showed CYP2A5 is located near regions with high levels of ROS32,43. These correlations 

between oxidative stress and induction of CYP2A5 suggest that CYP2A5 may play a role during 

oxidative stress. 
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Therefore, to confirm the role of CYP2A5 in the upregulation by various inducers that are 

known pro-oxidants, we hypothesized that CYP2A5 has a cytoprotective role against 

hepatocellular oxidative stress by reducing levels of ROS. To explore this hypothesis, we 

evaluated the cytoprotective role of CYP2A5 against cell death in cultured mouse hepatocytes 

treated with various pro-oxidants. We further assessed the role of CYP2A5 by comparing 

oxidative damage and intracellular ROS levels in wild-type and Cyp2a5-null mice. Lastly, we 

examined if CYP2A5 protects against pyrazole-induced oxidative stress in the mouse liver in vivo. 

Our results reveal that CYP2A5 appears to play a cytoprotective role against oxidative stress by 

inhibiting apoptotic cell death by reducing levels of ROS and oxidative damage.  
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LITERATURE REVIEW 

 

1.1 Cytochrome P450 enzymes 

 

General aspects of CYP enzymes  

 

The cytochrome P450 (CYP) enzyme system, also known as the microsomal mixed 

function oxidase system, plays a major role in the biotransformation and metabolism of various 

endogenous and exogenous compounds in nearly all species1,2. Thus far, more than 11,000 P450 

gene sequences have been identified in animals, plants and microorganisms with 50 to 100 

belonging to mammalian CYPs1. There are 57 active CYP genes in the human genome consisting 

of 18 families5. Members belonging to the first four families of mammalian CYPs (1 to 4) generally 

catalyze the metabolism of a broad range of exogenous compounds with no catalytic specificity 

and exhibit a wide variation in their expression and activity among individuals5,44. CYP families 

with higher numbers primarily have strict regulation in their gene expression and have specific 

metabolic activities. These CYP enzymes are often involved in the metabolism of endogenous 

compounds including steroids, fatty acids, bile acids eicosanoids and lipid-soluble vitamins44,45. 

The regulation of the genetic expression of these CYP enzymes is therefore important in 

maintaining homeostatic processes in the body that are often associated with various 

pathophysiological conditions. In mammals, CYP enzymes are distributed in many organs in the 

body including the olfactory mucosa, brain, kidney and liver1,2. The highest concentration of CYPs 

is in the liver as it is the main organ for xenobiotic detoxification and metabolism. Within the cell, 

CYPs are membrane-bound on the endoplasmic reticulum (ER), mitochondria and plasma 

membrane6,7. Experimentally, CYPs are often isolated as part of the microsomal fraction through 

tissue homogenization and differential centrifugation46.  

Drug metabolism can be divided into two distinct metabolic processes that often act 

together to detoxify compounds. CYP enzymes catalyze 75-80% of all phase I metabolism of 
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xenobiotics including therapeutic drugs, environmental toxins and pro-carcinogens1,2. Phase I 

reactions involve the catalytic conversion of lipophilic, often nonreactive compounds, into 

intermediate compounds1. Intermediates produced by phase I reactions are then conjugated by 

Phase II enzymes to hydrophilic compounds that can be readily and easily eliminated. The main 

phase II drug-elimination enzymes are aryl sulfatase, UDP-glycuronyl transferase and glutathione 

S-transferase. CYP enzymes metabolize their substrates through reactions involving 

dehydrogenation/hydrogenation, oxidation/reduction, hydrolysis and monooxygenation3,4. 

Although CYP enzymes are primarily involved in the detoxification of xenobiotic compounds, CYP 

enzymes can also form reactive intermediates that can be toxic and react with various 

macromolecules in the cell such as proteins and lipids resulting in protein damage or lipid 

peroxidation3. CYP enzymes can also have the capability of bioactivating procarcinogens that can 

form DNA-adducts. It is therefore critical that CYP-mediated bioactivation is balanced by 

detoxification via Phase II enzymes to prevent toxicity of carcinogens and other toxic compounds.  

Origin and nomenclature  

   

 The early studies of CYPs originated from the interest in further establishing the paradigm 

of drug metabolism, an important aspect of molecular pharmacology. In 1955, Axelrod found that 

the metabolism of ephedrine was mediated by the microsomal fraction of the ER isolated from a 

rat liver in the presence of NADPH and oxygen47. In 1958, Garfinkle and Klingenberg identified a 

carbon monoxide binding pigment in microsomal fractions of the rat liver48. Omura and Sato later 

found that the carbon monoxide binding pigment was a heme-protein molecule that had a strong 

absorption peak at 450 nm46. Thus, the heme carbon monoxide binding pigment was referred to 

as “cytochrome P450”. The identification of CYPs in microsomal fractions of the ER in the rat liver 

led to the characterization of various CYP isoforms from different organisms. Later, enzyme 

purification led to the development of in vitro assays that allowed for the identification of the 

various substrate-specific catalytic activities of CYP enzymes48.  
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 The identification and characterization of a growing number of CYP isoforms led to the 

development of a systematic nomenclature that is based on the primary amino acid sequence 

homology, gene organization and chromosomal location with the root symbol “CYP”. Genes within 

the same family share approximately 40% amino acid sequence homology and this is indicated 

by the first number in the designation (e.g. CYP2)49,50. CYPs in the same subfamily share more 

than 55% amino acid sequence homology and this is signified by a letter (e.g. CYP2A)49,50. The 

last number in the designation refers to the different isoenzymes and various alleles within the 

subfamily (e.g. CYP2A6*4)49,50. CYP names are italicised when referring to the gene where 

human CYPs are indicated by uppercase letters and lowercase letters refer to murine CYPs (e.g. 

human CYP2A6 and murine Cyp2a5). CYP2A6 is the gene that encodes for the enzyme CYP2A6, 

which is the human orthologue of murine Cyp2a5 that encodes for the CYP2A5 enzyme8.  

CYP catalytic mechanism  

 

Cytochrome P450s are made up of 400 to 500 amino acids and contain an active site 

consisting of a heme-iron center that is tethered to the rest of the protein by a sulfur atom from a 

proximal cysteine ligand51. The transition metal, iron, allows for the transfer of single electrons 

converting reduced ferrous (Fe2+) to the oxidized ferric (Fe3+) state52. The N-terminal hydrophobic 

tail allows the CYP enzyme to anchor in the membrane of the ER, mitochondria and plasma 

membrane1,51. CYP enzymes form a complex with an electron generating system such as P450 

oxidoreductase (POR) containing flavin adenine dinucleotide (FAD) and flavin mononucleotide 

(FMN) proteins or another associated reductase with NADPH as a cofactor (NADPH-POR 

complex) allowing the CYP enzyme to undergo a chemical catalysis cycle46,53. Generally, the 

oxidation reaction by CYPs uses an oxygen molecule, one oxygen atom is inserted into the 

substrate and the second oxygen atom is used to form water46,52.  
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The oxidation/reduction reaction by CYP can be summarized by the following equation 

RH + O2 + 2H+ + 2e 
 ROH + H2O 

where RH is the substrate and ROH is the hydroxylated form of the substrate.  

In the absence of a substrate, the CYP enzyme rests in an open configuration until a 

change in protein confirmation occurs in the presence of a bound substrate in a cavity above the 

heme surface resulting in a closed position1,51. The catalytic cycle is triggered when a substrate 

binds to the cavity near the iron molecule of the heme surface displacing the axial water molecule, 

causing a conformational change in the active site52. The binding of a substrate to the CYP causes 

a decrease in redox potential allowing the transfer of electrons from its reducing partner such as 

NADPH52. This electron-transfer event initiates the catalytic cycle of CYP. A single flow of two 

electrons is transferred from a reductase enzyme, such as P450 oxidoreductase with NADPH as 

a cofactor, causing the reduction of the iron center to the ferrous state52. A triplet oxygen molecule 

reacts with ferrous CYP creating an iron(III)-oxygen bond producing a stable dioxygen adduct 

(Fe3+-O2
-)52. Although this iron-oxidant complex is relatively stable, it can dissociate to iron (III) 

and form a superoxide anion which can be protonated to form hydrogen peroxide1,54.  This 

dissociating event is also known as the decoupling reaction or uncoupling reaction that often 

occurs with microsomal CYPs, which can increase levels of harmful hydroxyl radicals. A second 

electron transfer occurs to the CYP forming a formal (FeO)3+ entity followed by  a bond cleavage 

of the O-O bond forming  water and an iron(III)-hydroperoxo complex52. This second reduction 

step is the rate-determining step that is critical for CYP450- catalyzed oxidations55,56. An oxygen 

atom from the iron (III)-hydroperoxo  complex is then transferred to the bound substrate producing 

an hydroxylated form of the substrate51,56. The oxidized substrate is then released from the active 

site of the CYP, which returns to its initial state1,52. Thus, microsomal P450 systems are often 

referred to as monooxygenases due to their oxidation/reduction capabilities. Other P450 systems 

including mitochondrial P450 enzymes, bacterial P450 enzymes, CYB5R P450 systems, FMN 
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and P450 systems undergo alternative mechanisms that involve different reductase enzymes and 

other sources for electrons1,56.  

1.2 Cytochrome P450 2A5  

 Isoform cytochrome P450 2A5 (CYP2A5) is the murine orthologue of human nicotine 

metabolizing enzyme CYP2A6 that is predominantly expressed in the ER and mitochondrial 

membranes of hepatocytes in the mouse liver as well as extra-hepatic tissues including the 

olfactory mucosa, kidneys, lungs brain and small intestines8,9. CYP2A5 was first identified as a 

coumarin-7-hydroxylase due to its effective biotransformation of coumarin to 7-hydroxycoumarin 

in the presence of NADPH12,57. The production of 7-hydroxycoumarin by CYP2A5 is often used 

as an in vitro assay to study CYP2A5 activity with various substrates. Mouse Cyp2a5 is 84% 

homologous with human CYP2A6 and both share similar substrate specificity8. CYP2A5 is also 

uniquely upregulated by similar chemical inducers and found to be associated with various 

pathophysiological conditions8. Constitutive activity of CYP2A5 has been shown to vary between 

mouse strain and gender. The DBA/2J mouse strain has the highest constitutive CYP2A5 activity 

in both males and females compared to other mouse strains such as C57BL/6, AKR/J, C3H/H3J 

and BALB/C15,58. Coumarin 7-hydroxylase activity by CYP2A5 is generally greater in females 

compared to males due to the sex differences in CYP2A5 mRNA levels15,58. In this study, the 

C57BL/6 strain was used to study CYP2A5 due to the similarity in the constitutive activities of 

CYP2A5 in this strain to human CYP2A659.  
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CYP2A5 substrates, inducers and pathophysiological states 

 CYP2A5 was first identified as the catalyst for the 7-hydroxylation of coumarin and the O-

deethylation of 7-ethoxycoumarin in mouse liver microsomes4,10. Subsequent studies found that 

CYP2A5 also catalyzes the metabolism and bioactivation of several xenobiotics including 

acetaminophen, aflatoxin B1, nicotine, nitrosamines including tobacco-specific carcinogen 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), 3-methylindole, methimazole as well as 

endogenous compounds such as heme and several steroid hormones8,11–13. More recently, Abu-

Bakar et al. (2004,2007), through in vitro studies using a recombinant yeast system 

overexpressing CYP2A5 and CYP2A6 and isolated microsomal CYP2A5 from mice, 

demonstrated a novel function for CYP2A5 as an inducible bilirubin oxidase26,36.  

 As previously mentioned, gene regulation of Cyp2a5 has been shown to differ from most 

other CYP enzymes transcriptionally and post-transcriptionally. It has also been hypothesized 

that CYP2A5 may have other vital cellular functions aside from its major role in drug metabolism. 

CYP2A5 is also uniquely induced by a variety of structurally unrelated compounds whereas levels 

of most CYP enzymes are either unchanged or downregulated14. Induction of CYP2A5 occurs 

upon exposure to chemical hepatotoxins such as pyrazole, carbon tetrachloride, phenobarbital, 

chloroform and ethanol as well as heavy metals including cobalt, cadmium, lead chloride, 

methylmercury and indium15–18. CYP2A5 is also induced by porphyrinogenic compounds and 

agents that alter cellular cAMP levels19. Immunohistochemical analyses show increased CYP2A5 

protein expression concentrated around the centrilobular zone surrounding the central vein, 

typically where hepatotoxins tend to cause hepatocellular injury32,60. It is therefore hypothesized 

that the induction of CYP2A5 is due to the type of injury that is caused by these hepatotoxins such 

as lipid peroxidation, mitochondrial dysfunction or ER stress, which may be a consequence of 

oxidative stress14. CYP2A5 is also induced and upregulated during various pathophysiological 
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conditions marked by liver injury including bacterial, viral and parasitic hepatitis, malaria, 

Escherichia coli infection, hepatocellular neoplasia and prolonged fasting20–25.  

Transcriptional regulation of Cyp2a5 

  

 Numerous studies have shown that transcriptional and post-transcriptional mechanisms 

are involved in the gene regulation of Cyp2a5 and vary depending on the inducer. In 2004, Ulvila 

et al. was first to clone the Cyp2a5 5’-upstream promoter region from -3033 to +10 base pairs into 

a luciferase construct that enabled the investigation of its promoter activity in mouse primary 

hepatocytes61. This study led to the identification of several functional response elements in the 

Cyp2a5 promoter region including the aryl hydrocarbon receptor (AhR), aryl hydrocarbon receptor 

nuclear translocator (ARNT), upstream stimulatory factors (USF-1 and USF-2a), hepatic nuclear 

factor 4 alpha (HNF-4α), nuclear factor 1 (NF-1) and nuclear factor-E2 p45-related factor 2 (Nrf2). 

The constitutive androstane receptor (CAR) and retinoid X receptor (RXRα) have also been 

shown using knockout mouse models to be important in the inducible and basal expression of 

Cyp2a5 14,36,39,61–64.  

The induction of cytoprotective and antioxidant genes in response to oxidative stress by 

reactive exogenous compounds is primarily regulated at the transcriptional level, mediated by a 

cis-acting element, antioxidant response element (ARE)65. Activation of gene transcription 

through ARE is primarily mediated by Nrf2 in response to exposure to exogenous compounds 

specifically those that undergo redox cycling or are bioactivated to reactive or electrophilic 

intermediates28,29. Nrf2 is a major transcription factor that regulates the expression of various 

cytoprotective and antioxidant genes in response to oxidative stress. Specifically, Nrf2 plays a 

role in managing cellular oxidant levels and cellular redox homeostasis by regulating the 

expression of ARE-dependent genes including drug metabolizing enzymes and transporters, 

antioxidant enzymes and proteins and oxidant signaling proteins30,31. Under normal homeostatic 

conditions, activity of the Nrf2 pathway is suppressed by its interaction with Kelch-like ECH 
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associating protein 1 (Keap 1) tethered in the cytoplasm which is sequentially degraded via the 

ubiquitin-proteasome pathway30,31,66–68.  In response to stress signals triggered by elevated 

electrophilic compounds or ROS, Nrf2 dissociates from the Keap1-Nrf2 complex, allowing Nrf2 to 

translocate to the nucleus to interact with one of the small musculo-aponeurotic fibrosarcoma 

proteins (MAFF, MAFG, MAFK) forming a heterodimer complex30. The complex then binds to the 

ARE in the upstream promoter region of various cytoprotective and antioxidant genes, initiating 

their transcription29,69,70. Nrf2-targeted cytoprotective genes include: NADPH:quinone 

oxidoreductase 1 (role in the detoxification of reactive quinones), glutamate-cysteine ligase 

(increase glutathione synthesis), sulfiredoxin 1 and thioredoxin reductase 1 (role in the 

detoxification of reactive peroxides), heme oxygenase-1 (upregulate genes involved in the 

metabolism of heme to biliverdin and defence against various pathophysiological conditions), 

glutathione S-transferase (increase the detoxification of xenobiotic electrophiles), UDP-

glucuronosyltransferase (UGT) family (increase the elimination of endogenous and exogenous 

compounds, and multidrug resistance-associated proteins (membrane transporters)) 30,71–78. 

Studies using Nrf2-knockout mouse models have shown that inhibition of the Nrf2-response 

pathway significantly increases susceptibility of mice to oxidative damage causing hepatotoxicity 

and progression of various diseases79–82. Abu-Bakar et al. (2007) was first to identify a binding 

site for the Nrf2-Maf heterodimer complex in the Cyp2a5 promoter region26. Detailed studies 

regarding the regulation of CYP2A5 by the Nrf2-response pathway induced by various 

compounds will be further discussed in the following section.  

The AhR is another ligand-activating transcription factor involved in the regulation of 

several xenobiotic metabolizing enzymes such as CYPs and phase II detoxifying enzymes83,84. 

The AhR is involved in various physiological responses including xenobiotic metabolism, oxidative 

stress, cell cycle regulation, immunosuppression and T-cell differentiation83–85. In its resting state, 

the AhR is bound to a chaperone protein complex that includes heat shock protein 90, AhR- 
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interacting protein and p23 in the cytoplasm86. Ligand binding to AhR promotes nuclear 

translocation from the cytosol which forms an activated heterodimeric complex with the AhR 

nuclear translocator (ARNT) and binds to the aryl hydrocarbon response element86. AhR primarily 

regulates the expression of CYP1 enzymes, CYP1A1, CYP1A2 and CYP1B1, which are 

responsible for the metabolism of environmental toxins such as polycyclic aromatic hydrocarbons 

and organochlorines as well as endogenous substrates including estrogens, arachidonic acid and 

bilirubin86–89. Xenobiotic AhR ligands have been shown to increase ROS levels, primarily 

superoxide and hydrogen peroxide and alter cellular redox balance ultimately causing oxidative 

stress83,90–92. Tetrachlorodibenzo-p-dioxin (TCCD) and 3-methylcholanthrene (3-MC) are well 

known ligands for AhR and inducers of CYP2A593. Arpiainen et al. (2005) showed in cultured 

primary mouse hepatocytes and Hepa-1 hepatoma cells that TCCD and 3-MC upregulate 

CYP2A5 mRNA and protein expression via activation of the AhR/ARNT pathway93. They found 

that the AhR/ARNT complex directly interacts with the xenobiotic response element that is 2.5 

kilobases upstream from the transcription start site of the Cyp2a5 promoter region93. A putative 

AhR response element was also identified at the proximal promoter region that is less than 300 

base pairs from the Cyp2a5 transcription start site93.  

 Although not extensively discussed in the preceding paragraphs, the transcriptional 

regulation of Cyp2a5 involves various cellular signaling pathways and transcription factors that 

are dependent on the chemical inducer and the physiological state. However, it appears that a 

reoccurring theme is that many of these regulatory pathways and transcription factors play an 

important role in oxidative stress.  
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1.3 Oxidative stress 

 

General aspects of oxidative stress 

 

Oxidative stress is defined as the imbalance between the production of ROS and reactive 

nitrogen species (RNS) and the biological system’s ability to detoxify highly reactive intermediates 

minimizing their harmful effects81,94. Oxidative stress has been implicated as a causative 

mechanism in many diseases and degenerative conditions such as aging, cardiovascular 

diseases, diabetes, liver diseases, HIV, infection and several forms of cancer95,96. Moderate levels 

of ROS and RNS are normally present in the cell and are generated through various cellular 

processes such as aerobic metabolism or during oxidative phosphorylation that occurs in the 

electron transport chain (ETC) in the mitochondria94. ROS and RNS are essential intermediate 

signalling molecules involved in various physiological processes such as cell adhesion, immune 

responses, respiration and cell death94,97. ROS are often reduced metabolites of the oxygen 

molecule forming free radical and non-free radical oxygenated molecules such as superoxide 

anion, hydroxyl radical, singlet oxygen and hydrogen peroxide94,97. Approximately 1-2% of oxygen 

molecules that pass through the mitochondrial ETC are converted to superoxide by 

ubisemiquinone98. Xanthine oxidase and several CYP enzymes also have the ability to generate 

superoxide, hydrogen peroxide and other downstream ROS during their catalytic cycle98. 

Chemical reaction of oxygen molecule with biomolecules such as adrenaline, dopamine and 

tetrahydrofolate can also produce superoxide and hydroxyl radicals94. RNS are initially generated 

from the reaction of nitric oxide with superoxide producing an unstable peroxynitrite99. 

Peroxynitrite significantly depletes nitric oxide bioactivity that is essential for vascular processes 

such as smooth muscle tone regulation, blood pressure, platelet activation and vascular cell 

signaling99. Peroxynitrite can also react with other reactive molecules to produce various types of 

RNS such as nitrogen dioxide, dinitrogen trioxide and nitrosoperoxycarbonate99. Exogenous 

sources of ROS include heavy metals, alkylating agents, quinones and nitrogen heterocycles via 
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redox cycling. Moderate concentrations of ROS and RNS that are essential in various cellular 

processes are balanced by the levels of antioxidants that neutralize these reactive molecules. 

These includes non-enzymatic molecules such as GSH, vitamins A, C and E and flavonoids and 

antioxidant enzymes such as superoxide dismutase (SOD), catalase and glutathione 

peroxidase94,97.  

High concentrations or constant exposure to exogenous compounds that produce 

abnormally high amounts of ROS and RNS can immediately exceed the antioxidant defences 

causing oxidative stress and severe damage to cellular macromolecules. ROS and RNS have a 

high oxidizing capabilities for lipids, proteins, DNA bases and low molecular weight antioxidants 

that can initiate cell proliferation, growth arrest and apoptotic and necrotic cell death100. 

Peroxynitrite can react with proteins that contain transition metal centers such as hemoglobin, 

myoglobin and cytochrome c via cysteine oxidation and tyrosine nitration 99. These reactions can 

alter protein structure and cytoskeletal organization, disturb catalytic activities of enzymes, and 

impair cell signal transduction101. Oxidative DNA damage occurs by hydroxylation of DNA bases 

producing gene mutations that can significantly alter gene transcription81,94. Free radicals such as 

hydroxyl, alkoxyl and peroxyl radicals can oxidize phospholipid membranes that can initiate an 

autocatalytic reaction and further produce ROS94,100. Lipid peroxidation leads to the loss of fluidity, 

a decrease in membrane potential and an increase in permeability that ultimately will rupture the 

cell102,103. Products of lipid peroxidation such as reactive aldehydes, malondialdehyde (MDA) and 

4-HNE can further interact with DNA and proteins to form harmful adducts94,104. ROS can also 

modify amino acid residues that damage protein structure and alters enzymatic activities94.  

Antioxidant mechanisms  

 

Various response pathways and transcription factors are activated during oxidative stress 

in order to upregulate cellular antioxidant capacity and neutralize the cellular damage that is 

caused by reactive intermediates. Antioxidants are present in various cell compartments and can 
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be enzymatic or non-enzymatic and exist in aqueous or membrane-bound forms. Non-enzymatic 

antioxidants can be classified into metabolic antioxidants and nutrient antioxidants. Non-

enzymatic metabolic antioxidants such as bilirubin, glucose and L-arginine can scavenge 

hydroxyl, alkoxyl and peroxyl radicals105,106. ROS generation can also be efficiently reduced by 

antioxidant proteins such as transferrin, lactoferrin, ferritin and metallothioneins through Fenton 

reactions via sequestration of catalytic metal ions107. Nutrient antioxidants such as alpha-

tocopherol (vitamin E) and ascorbic acid (vitamin C), can disrupt autoxidation chain reactions 

while β-carotene can neutralize singlet oxygen radicals108,109. Enzymatic antioxidants including 

SOD, glutathione peroxidase and catalase (CAT) are directly involved in the neutralization of ROS 

and RNS. SOD reduces the formation of superoxide via dismutation of superoxide into hydrogen 

peroxide, which is transformed into water and oxygen by CAT110. Glutathione peroxidase can also 

catalyze the oxidation of GSH to glutathione disulfide (GSSG) in order to convert hydrogen 

peroxide to water. Proteolytic systems and specialized enzymes such as phospholipases, 

peroxidase and acyl transferases can repair damaged nucleic acids and oxidized lipids and 

remove oxidized proteins to prevent accumulation of DNA, protein and lipid-adducts that can alter 

cell metabolism103. Secondary antioxidants that exhibit synergetic effects in combination with 

primary antioxidants can also be upregulated during oxidative stress. These enzymes can 

stabilize primary antioxidants by creating an acidic environment, regenerating primary 

antioxidants via hydrogen donation, chelating pro-oxidative transition metal cations and 

quenching oxygen molecules95. N-acetylcysteine (NAC), a precursor of GSH, is often used for 

various therapeutic treatments such as prevention of chronic diseases and alcoholic liver 

disease111. NAC has been shown to increase antioxidant capacity by decreasing ROS production 

and increasing intracellular antioxidant GSH. NAC promotes detoxification by activating 

glutathione-S-transferase activity and acts as a scavenger of free radicals. 
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1.4 Evidence linking CYP2A5 to oxidative stress 

 Various transcription factors that upregulate the expression of cytoprotective and 

antioxidant genes in response to oxidative stress have been also shown to regulate the 

expression of CYP2A526,38,61,93. Structurally unrelated inducers of CYP2A5 have been known to 

increase production of ROS and RNS and deplete antioxidant systems resulting in ER stress, 

mitochondrial dysfunction, and disruption of cellular redox status that ultimately leads to oxidative 

stress32–35. CYP2A5 is also induced subsequent to the upregulation of several CYP enzymes 

including CYP2E1, CYP1A1 and CYP1A216,88. Several CYP enzymes generate ROS through a 

mechanism referred to as “futile cycling” or “CYP uncoupling”102. CYP uncoupling occurs when 

electrons are not being transferred efficiently from the electron generating system to the CYP 

enzyme during its catalytic cycle for the oxidation of its substrate102,112. As a result, superoxide 

anion radical and hydrogen peroxide are generated rather than being transferred to the substrate. 

Superoxide radical can then undergo enzymatic or spontaneous dismutation producing hydrogen 

peroxide which can react with other superoxide radicals forming more reactive ROS such as 

hydroxyl radical and singlet oxygen113.  

 Abu-Bakar et al. (2004) showed that in vivo treatment of DBA/2J mice with cadmium 

chloride increased CYP2A5 mRNA and protein expression while other major CYP-metabolizing 

enzymes were downregulated36. CYP2A5 activity was also increased in treated mice illustrated 

by the increase in coumarin 7-hydroxylase activity36. The upregulation of CYP2A5 by cadmium 

was not evident in Nrf2-knockout mice indicating the involvement of Nrf2 in the regulation of 

Cyp2a536. Transfection experiments in mouse primary hepatocytes with Cyp2a5 promoter 

constructs showed activation of promoter-mediated transcription of Cyp2a5 mediated by Nrf226. 

In 2007, Abu-Bakar et al. performed computer-based analysis and identified two binding sites for 

the Nrf2-Maf heterodimer complex in the Cyp2a5 promoter region39. These studies showed the 

involvement of the Nrf2 pathway in the regulation of CYP2A5, the first Phase I xenobiotic-
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metabolizing gene known to be regulated in this way. Induction of CYP2A5 by the Nrf2 pathway 

occurs upon exposure to common inducers of CYP2A5 such as bilirubin, pyrazole and other 

heavy metals33,37,38. In vivo studies using Nrf2-knockout mice demonstrated that oxidative stress 

caused by chronic ethanol consumption via induction of CYP2E1 leads to the activation of the 

Nrf2 pathway which in turn upregulates CYP2A516. Ethanol also upregulates CYP2E1 which is 

known to bioactivate xenobiotics and generate ROS during its catalytic cycle114–116. Increased 

ROS production by ethanol triggers the activation of Nrf2 leading to an increase in CYP2A5 mRNA 

and protein expression16. The same group further investigated the role of CYP2A5 in alcohol-

induced liver injury35. They found that ethanol-induced liver injury was greater in Cyp2a5-null mice 

compared to wild-type mice marked by an increase in serum transaminases, steatosis and 

necroinflammation35. Oxidative damage observed by increased GSH consumption and TBARS 

and marked formation of 3-NTand 4-HNE adducts was significantly greater in Cyp2a5-null mice 

compared to wild-type mice treated with ethanol35. Although this study shows some evidence that 

CYP2A5 plays a role in alcohol-induced oxidative stress, the cytoprotective role of CYP2A5 during 

oxidative stress by various inducers of CYP2A5 has not been extensively studied.   

Heavy metals  

 

 Heavy metals such as lead, cadmium, mercury, cobalt and arsenic are often found in the 

environment in contaminated air, water, soil or food and can be toxic at high concentrations or 

with constant exposure117. However, metal ions are maintained through tightly regulated 

mechanisms of uptake, storage and elimination to keep concentrations at moderate levels. Metal 

ions are also involved in various biological processes. For example, iron plays an important role 

in cell growth, oxygen utilization, enzymatic activities and immune system responses104. However, 

high concentrations or constant exposure to redox-active metals including iron, copper and 

chromium can undergo redox cycling via Fenton reactions resulting in increased ROS production 

such as hydroxyl and superoxide radicals, hydrogen peroxide and nitric oxide118. ROS generated 
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by heavy metals primarily oxidize and damage phospholipid bilayers marked by accumulation of 

malondialdehyde and 4-HNE adducts that can further damage proteins and modify DNA bases. 

Redox inactive metals such as cadmium, arsenic and lead cause oxidative damage by depleting 

cellular antioxidants via interaction with sulphydryl groups of antioxidants such as GSH119. Various 

heavy metals induce the expression of CYP2A5 in a dose-dependent manner while activities of 

major CYP enzymes are down-regulated19,36,38. Lamsa et al. (2010) found that CYP2A5 is also 

regulated by transcription factor Nrf2 triggered by exposure to heavy metals38. Treatment of 

cultured primary mouse hepatocytes with lead chloride, methylmercury chloride and phenethyl 

isothiocyanate showed an increase in nuclear accumulation of Nrf2. This study confirmed that 

heavy metals induce CYP2A5 mRNA and protein expression and increase its activity indicated 

by an increase in 7-hydroxycoumarin formation. Primary mouse hepatocytes from Nrf2-knockout 

mice were treated with heavy metals the increase in Cyp2a5 expression was suppressed 

indicating that Nrf2 activation is required for Cyp2a5 transcription. This study also identified lead 

chloride as the most potent CYP2A5 inducer compared to other heavy metals. Lead chloride 

causes oxidative stress by directly interrupting enzymatic activities of GSH reductase and 

deltaaminoleculinic acid dehydrogenase, depleting GSH and inhibiting the absorption of trace 

metals120. Lead chloride also increases the generation of ROS such as singlet oxygen, hydrogen 

peroxides and hydroperoxides4. However, the role of CYP2A5 against heavy metal-induced 

oxidative stress has not been fully explored.  

Bilirubin 

 

 Bilirubin is the primary end product of hemoglobin degradation through a series of 

oxidation-reduction reactions from damaged or senescent red blood cells (RBC)121. Heme is a 

porphyrin composed of four tetrapyrrole rings connected by methane bridges containing an iron 

molecule at the center122,123. Heme is found in hemoglobin and other hemoproteins such as 

cytochromes and the antioxidant catalase. Heme metabolism primarily occurs in the spleen or 
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liver and is initiated by a stereospecific electrophilic attack by NADPH at the α-methene bridge 

followed by an oxidation reaction catalyzed by the microsomal enzyme heme oxygenase (HO) 

causing the porphyrin ring to open121. The iron molecule is then released and biliverdin (BV) is 

formed as well as carbon monoxide and two water molecules as by-products. BV is then reduced 

by the cytoplasmic enzyme biliverdin reductase and NADPH as a cofactor producing 

unconjugated bilirubin (UCB)121. UCB formed in the spleen is transported to the liver via albumin 

binding where UCB is further modified in hepatocytes124. UCB is further converted to conjugated 

bilirubin by the Phase II metabolizing enzyme, UGT1A1, for excretion and elimination121. Low 

concentrations of bilirubin have been shown to have antioxidant properties at physiological levels 

by inhibiting lipid peroxidation and is involved in the protection against bile acid-induced apoptosis 

in rat hepatocytes125. Although bilirubin has been shown to be an efficient antioxidant at low 

concentrations, UCB accumulates in the serum due to saturation of albumin binding and can 

passively diffuse across membranes and impair cell viability124,126. High plasma concentrations of 

UCB, above 300 µM, or prolonged exposure to UCB has been shown to be pro-oxidant in nature 

leading to cytotoxicity, cell damage and even cell death in many cell types127. However, the 

mechanism by which UCB interacts with cellular macromolecules and causes cytotoxicity in 

different cell types or tissues is not fully understood. UCB cytotoxicity is dependent on the amount 

of membrane bound UCB, rather than its concentration in the medium which ultimately determines 

the magnitude of the toxic effect128. Various studies have used human erythrocytes as a model to 

study UCB cellular binding and as a sensitive indicator of cytotoxicity124. UCB has been shown to 

alter mitochondrial functions, inhibit membrane-bound enzymes such as ATPase or protein kinase 

affecting membrane ion permeability and the uptake of metabolic substrates. Electron 

paramagnetic resonance (EPR) spectroscopy has been used to show the effects of UCB 

cytotoxicity in human erythrocytes to different regions of the cell membrane specifically the lipid-

water interface, the carbonyl or methylene chain regions and the middle of the bilayer124,129. Brito 

et al. (2007) found that UCB alters phospholipid packing and the polarity of the membrane 
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microenvironment disturbing membrane dynamic properties124. In vitro studies of blood samples 

from moderately jaundiced neonates also presented similar structural alterations to the cell 

membrane with increased levels of membrane-bound hemoglobin showing evidence of oxidative 

damage124.  In primary cultured neurons from rats, UCB further disrupted redox homeostasis and 

protein mobility, and altered mitochondrial membrane permeability leading to oxidative stress and 

apoptotic-cell death129. UCB has also been shown to increase production of ROS and RNS in 

various cell types such as HeLa, mouse embryonic fibroblasts, Hepa 1c1c7, astrocytes and 

neurons130–132.  

 Numerous studies have investigated the role of CYP2A5 in bilirubin metabolism. De 

Matteis et al. (1991) was the first to establish an in vitro bilirubin disappearance activity assay in 

the microsomal fraction of liver homogenates using a potent CYP inducer, 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD)133. This assay lead to the identification of specific isoforms of 

CYPs that are involved in bilirubin metabolism. Several in vitro studies by Abu-Bakar et al. (2007, 

2011, 2012, 2015) found that CYP2A5 is involved in bilirubin degradation and clearance 

identifying bilirubin as an endogenous substrate for this enzyme 39–42. Their group proposed that 

CYP2A5 is stabilized by bilirubin and is capable of oxidizing bilirubin to BV establishing a 

reduction/oxidation loop, preventing its accumulation to cytotoxic levels and delaying its 

elimination41. Treatment of DBA/2J mice with cadmium chloride (CdCl2) induced CYP2A5 and 

HO-1 protein and activity levels indicated by increased microsomal bilirubin degradation activity36. 

Abu-Bakar et al. (2011) used high-performance liquid chromatography/electrospray ionization 

mass spectrometry to demonstrate that in bilirubin-treated recombinant yeast microsomes 

overexpressing CYP2A5, BV was the main metabolite with several dipyrrole metabolites41. 

Increased bilirubin oxidation was later shown in yeast microsomes overexpressing human 

CYP2A642. It was therefore suggested that CYP2A5 participates in the bilirubin-BV redox cycle in 

order to maintain bilirubin at antioxidant levels. Muhsain et al. (2015) showed that expression of 
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Cyp2a5 is regulated in the mitochondria in response to pyrazole-induced oxidative stress40. 

Further studies investigated Cyp2a5 gene regulation by bilirubin and its role in bilirubin toxicity. 

Kim et al. (2013) showed that bilirubin induces CYP2A5 mRNA and protein expression by 

increasing Cyp2a5 transcription via the Nrf2 activation pathway37. Increased CYP2A5 expression 

also led to a decrease in cellular bilirubin levels and caspase-3 activation as a marker of 

apoptosis37. We therefore propose that during oxidative stress, CYP2A5 is induced through a 

regulatory mechanism involving Nrf2 to increase the intracellular antioxidant capacity. Elevated 

CYP2A5 may then eliminate excess bilirubin as cellular ROS reach physiological levels.  

However, there has been no evidence to show CYP2A5 direct involvement during oxidative stress 

induced by bilirubin.  

Pyrazole 

 

Pyrazole is a nitrogen-heterocyclic compound that is a precursor to various therapeutic 

drugs notably a variety of nonsteroidal anti-inflammatory drugs (NSAIDS) and antihypertensive 

drugs134. Derivatives of pyrazole are used because of their wide-spread biological activities 

including  analgesic, anti-inflammatory, antibacterial and anticonvulsant effects134–136. Pyrazole 

was originally investigated as a treatment for alcohol abuse, however, its usefulness has been 

limited by its toxicity. Pyrazole and other various nitrogen-heterocycles such as pyrazine, pyridine, 

imidazole and pyrrole suppress total hepatic CYP content by 60-70% while selectively inducing 

CYP2A5137. Nichols and Kirby (2011) performed microarray analysis to examine the effects of 

pyrazole on hepatic gene expression and identify gene expression changes that explain the 

metabolic and histological changes that are observed with pyrazole treatment14. Further, they 

used these gene expression patterns to identify potential stimuli for the induction of CYP2A5. In 

vivo treatment of pyrazole for 24 hours affected the expression of over 3000 genes in diverse 

cellular pathways with predominant effects on genes associated with pathophysiological changes 

including hyperbilirubinemia, altered glucose and lipid homeostasis, ER stress and redox 
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imbalance14. Pyrazole have been shown to cause ultrastructural changes in mouse hepatocytes 

including enlarged dense mitochondria, increased smooth ER and irregularities in rough ER 

structure32. Lu et al. (2008) showed that pyrazole induced severe oxidative damage in Nrf2-

deficient mice in comparison to wild-type mice which was marked by an increase in hepatic GSH 

levels and TBARS, a by-product of lipid peroxidation, and 3-NT protein adduct formation33. 

Pyrazole is often used as an inducer to study CYP2E1-mediated oxidative stress and liver injury 

due to it being poorly coupled with NADPH-cytochrome P450 reductase resulting in an increased 

rate of production of ROS114–116. During its oxidation reactions, CYP2E1 can be poorly coupled 

with NADPH-cytochrome P450 reductase and enhance NADPH oxidase activity leading to 

production of superoxide anion radicals, hydroxyl radicals and hydrogen peroxide. Nitrogen 

heterocycles including pyrazole are also capable of producing ROS via redox cycling in cells138,139. 

Since there is evidence showing that pyrazole causes oxidative damage in Nrf2-deficient mice 

and evidence of Nrf2-mediated transcriptional regulation of Cyp2a5, it stands to reason that 

CYP2A5 may play a role in pyrazole-induced oxidative stress. Pre-treatment of mice or primary 

mouse hepatocytes with antioxidants vitamin E or NAC abolishes the induction of CYP2A5 by 

pyrazole33 suggesting that ROS may play a role in the induction of CYP2A5 by pyrazole.  CYP2A5 

has also been shown to be co-localized in hepatocytes marked by regions impacted by oxidative 

stress32,43. Immunohistochemical analysis following exposure to inducers of CYP2A5 including 

pyrazole showed CYP2A5 located near regions with high levels of ROS32,43. These correlations 

between oxidative stress and induction of CYP2A5 suggest that CYP2A5 may play a 

cytoprotectve role during oxidative stress.  

 

 

 

 



26 
 

RATIONALE 
 

Cytochrome P450 2A5 (CYP2A5) is involved in the oxidative metabolism of several 

endogenous and exogenous substrates such as bilirubin, nicotine, coumarin and several pro-

carcinogens8,13,22,41,140. Thus, CYP2A5 is commonly used as a mouse model to study human 

CYP2A6. The CYP2A6 gene is highly polymorphic with 22 allelic variants characterized thus 

far12,57. Variability in the levels of CYP2A6 among individuals from common and dissimilar 

ethnicities are important risk factors for predicting the probability and severity of acquired 

chemically-induced diseases, such as alcoholic liver diseases and tobacco-related lung cancer. 

CYP2A5 and CYP2A6 are also uniquely upregulated and induced by structurally unrelated 

hepatotoxins and during liver injury, whereas levels of most other CYPs remain unchanged or are 

down regulated14,32. It is therefore important to investigate and understand the conditions that 

regulate CYP2A5 expression and the mechanisms involved.  

It has been postulated that CYP2A5 is induced by the type of injury that is caused by the 

chemical inducers including ER stress, mitochondrial dysfunction and altered cellular redox state, 

conditions that are all involved in oxidative stress. Oxidative stress has been implicated as one of 

the causative mechanism in many diseases and degenerative conditions such as liver diseases, 

aging, cardiovascular diseases, diabetes, HIV, infection and several forms of cancer95,96. Several 

studies have shown that upregulation of CYP2A5 by its chemical inducers is primarily mediated 

by transcription factors Nrf2 and AhR which are major mechanisms facilitating the cellular defence 

against oxidative stress and an increase in the detoxification of xenobiotics. TCCD and 3-MC 

upregulate CYP2A5 mRNA and protein expression in mouse hepatocytes by increasing 

AhR/ARNT complex interaction with a xenobiotic response element in the Cyp2a5 promoter 

region93. In addition, Abu-Bakar et al. (2007) identified a binding site for the Nrf2-Maf heterodimer 

complex in the Cyp2a5 promoter region26 and treatment of DBA/2J mice with cadmium chloride 

increased Cyp2a5 expression while other major CYP-metabolizing enzymes were 
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downregulated36. The upregulation of CYP2A5 by cadmium was not evident in Nrf2-knockout 

mice indicating the involvement of Nrf2 in the gene regulation of Cyp2a536. Moreover, Kim et al 

(2013) showed that bilirubin induces CYP2A5 expression via Nrf2 activation providing a major 

cytoprotective role against bilirubin toxicity. Induction of CYP2A5 by pyrazole, heavy metals, 

ethanol and other chemical inducers has also been shown to be mediated by Nrf2. Despite 

numerous studies describing the upregulation of CYP2A5 by various chemical inducers that are 

known pro-oxidants involving Nrf2 and AhR pathways, there is no evidence supporting the direct 

involvement of CYP2A5 during oxidative stress. Further characterizing the role of CYP2A5 during 

oxidative stress would improve our understanding of its unique upregulation by various unrelated 

inducers and during pathophysiological conditions that could inform translational studies of human 

CYP2A6.  

We therefore hypothesize that CYP2A5 has a cytoprotective role against hepatocellular 

oxidative stress by reducing levels of ROS. To explore this hypothesis, we had the following 

objectives: 

 

Objective 1: Evaluate whether CYP2A5 influences cell death of cultured mouse hepatocytes 

treated with various pro-oxidants. 

 

Approach: Hepatocytes from wild-type and Cyp2a5-null mice in primary culture were treated with 

either lead chloride, pyrazole, bilirubin, menadione or 0.1% DMSO as a vehicle control. The 

amount of lactate dehydrogenase released from damaged membranes as an indicator of 

cytotoxicity was quantified using fluorescence spectroscopy and compared between hepatocytes 

from wild-type and Cyp2a5-null mice. Protein expression of apoptotic markers, cytosolic 

cytochrome c and cleaved caspase-9 in hepatocytes from wild-type and Cyp2a5-null mice was 

analyzed by western blot analysis.  
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Objective 2: Assess the influence of CYP2A5 on the level of oxidative stress in cultured mouse 

hepatocytes treated with various pro-oxidants. 

 

Approach: Hepatocytes from wild-type and Cyp2a5-null mice in primary culture were treated with 

either lead chloride, pyrazole, bilirubin, menadione or 0.1% DMSO as a vehicle control. The ratio 

of reduced glutathione and glutathione disulfide as an indicator of oxidative stress was analyzed 

using an enzymatic recycling method and compared in hepatocytes from wild-type and Cyp2a5-

null mice. Levels of ROS generated by pro-oxidants in the wild-type and Cyp2a5-null hepatocytes 

were also quantified using the 2’,7’-dichlorofluorescin diacetate (DCFDA) ROS detection assay.  

 

Objective 3: Determine the effect of CYP2A5 levels on pyrazole-induced oxidative stress in 

mouse liver in vivo 

 

Approach: Oxidative stress in the mouse liver from wild-type and Cyp2a5-null mice that were 

treated with either normal saline or pyrazole was analyzed by the glutathione and glutathione 

disulfide enzymatic recycling method. Oxidative stress markers, 4-hydroxynonenal and 3-

nitrotyrosine in the mouse liver from wild-type and Cyp2a5-null mice were analyzed by 

immunohistochemistry.  
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CHAPTER 2 

CYTOPROTECTIVE ROLE OF CYTOCHROME P450 2A5 AGAINST CELL DEATH 

AND OXIDATIVE STRESS IN CULTURED PRIMARY MOUSE HEPATOCYTES 

TREATED WITH PRO-OXIDANTS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 
 

2.1 Introduction  
 

Cytochrome P450 (CYP) enzymes are involved in catalyzing Phase I reactions of drug 

metabolism by modifying endogenous and exogenous substrates to water-soluble compounds 

that can be easily eliminated2. Although CYP enzymes are responsible for detoxification of toxic 

compounds, CYP enzymes are also involved in the bioactivation of neutral compounds to 

cytotoxic, mutagenic or carcinogenic metabolites2. CYP2A5 is the isoform responsible for 

catalyzing oxidation reactions of coumarin and nicotine and is involved in the bioactivation of pro-

carcinogens such as aflatoxin B114,140. CYP2A5 is uniquely upregulated and induced by a variety 

of structurally unrelated chemical inducers and during liver injury, whereas levels of most other 

CYPs remain unchanged or are down-regulated14. Therefore, it is hypothesized that CYP2A5 is 

induced by chemicals that cause injury via ER stress, mitochondrial dysfunction and altered 

cellular redox state, conditions that are all involved in oxidative stress.  

Previous studies have demonstrated that induction of Cyp2a5 by chemical inducers is 

mediated by the nuclear factor-E2 p45-related factor 2 response (Nrf2) signalling pathway27,37,38,26. 

Activation of the Nrf2 signalling pathway is the major mechanism in facilitating cellular defense 

against oxidative stress and an increase in the detoxification of xenobiotics. The Nrf2 signalling 

pathway is activated in response to oxidative stress characterized by an increase in reactive 

oxygen and nitrogen species (ROS, RNS) and from exposure to toxic compounds or pathologic 

states141. Nrf2 is also induced by chemical compounds that are bioactivated to reactive or 

electrophilic intermediates and react with cysteine thiols141. Increases in cellular ROS and RNS 

are counterbalanced by activation of Nrf2 that regulates the basal expression of various 

antioxidant response element-dependent genes including drug-metabolizing enzymes, 

antioxidant enzymes and oxidant signalling proteins.  

CYP enzymes are not typically regarded as antioxidant-targeted genes and have not been 

shown to be cytoprotective. Studies by Abu-Bakar et al. (2007) showed that CYP2A5 contains a 
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Nrf2 response element in the Cyp2a5 promoter region that directly activates CYP2A5 

transcription26. In vitro and in vivo studies using cultured mouse hepatocytes and knockout mouse 

models demonstrated that Cyp2a5 induction by chemical inducers requires activation of the Nrf2 

pathway. Chemical inducers such as pyrazole, bilirubin, ethanol and heavy metals such as lead 

and cadmium have been shown to cause ER stress, mitochondrial dysfunction and an altered 

cellular redox state that results in activation of the Nrf2 pathway regulating the expression of 

Cyp2a526,38,33. Kim et al. (2013) demonstrated that bilirubin treatment in cultured mouse 

hepatocytes resulted in nuclear translocation of Nrf2 and induced transcriptional activity of 

Cyp2a537. They showed that site-directed mutation of the Nrf2 ARE in the reporter construct 

blocked the bilirubin-mediated increase in Cyp2a5 reporter activity illustrating that induction of 

Cyp2a5 is mediated by the Nrf2 pathway. A study by Lu et al. (2008) using a Nrf2-knockout mouse 

model showed that pyrazole-induced oxidative stress increased CYP2A5 mRNA and protein 

expression and enzymatic activity in wild-type mice which was not observed in Nrf2-null mice33. 

Similar studies have shown Cyp2a5 induction through the Nrf2 pathway by inducers including 

ethanol and heavy metals such as lead chloride, cadmium chloride and methyl mercury38,16. 

Although numerous studies have demonstrated Cyp2a5 regulation by Nrf2 activation in response 

to oxidative stress, the role of CYP2A5 in cytotoxicity and oxidative stress has not been 

extensively studied.  

The focus of this study was to investigate the cytoprotective role of CYP2A5 against cell 

death and oxidative stress in cultured primary mouse hepatocytes treated with pyrazole, bilirubin, 

lead chloride and menadione. These treatments are characterized as pro-oxidants that markedly 

induce CYP2A5 mRNA and protein expression and increase CYP2A5 enzymatic activity. The 

cytoprotective role of CYP2A5 was investigated by comparing cytotoxicity, expression of the 

apoptotic markers cytosolic cytochrome c and cleaved caspase-9, glutathione (GSH) depletion 

and levels of ROS in primary mouse hepatocytes from wild-type and Cyp2a5-null mice. 
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2.2 Materials and methods 

 

Part I. Animal model and cell culture  

 

Animals 

 

Wild-type male C57BL/6 mice were purchased from Charles River Canada (St. Constant, 

Quebec City) and were housed in the Central Animal Facility at University of Guelph.  Two 

Cyp2a5-null mice breeding pairs were generously provided by Dr. Xin Xin Ding (Wadsworth 

Center, Albany, NY), whose research group generated the Cyp2a5-/- knockout mouse140. Briefly, 

these knockout mice were generated by removing exon 9 from the Cyp2a5 gene where it was 

replaced with foreign DNA via homologous recombination resulting in loss of CYP2A5 activity in 

the Cyp2a5-null mice. Exon 9 encodes the cysteine amino acid residue at the axial ligand that is 

required for CYP2A5 catalytic activity. A breeding colony of Cyp2a5-null mice was subsequently 

established at the University of Guelph. Adult wild-type and Cyp2a5-null mice were fed 14% 

protein diet (Purina rodent chow) and water ad libitum. Mice were housed at 22˚C to 25˚C with a 

12-hour light/12-hour dark cycle. All mouse procedures were performed in accordance with the 

Animal Utilization Protocol in accordance with the Canadian Council on Animal Care and 

approved by the Animal Care Committee of the University of Guelph. 

Mouse liver perfusion 

 

Mice were anesthetized by an intraperitoneal injection of 191 mg/kg pentobarbital (54.7 

mg/mL, Somnotol, MTC Pharmaceuticals). Once unresponsive to stimuli, mice were secured 

ventral side up on a surgical platform. The abdominal and thoracic regions were cleaned using 

70% ethanol. An incision was made in the lower abdomen and the abdominal organs were 

reflected to expose the liver and portal vein and the thoracic wall was removed to expose the 

inferior vena cava (IVC). A ligature was placed around the IVC using, 3-0 silk suture material, the 

right atrium was incised and a 23-gauge polyethylene catheter was placed into the inferior vena 
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cava and secured by the surgical suture. The catheter was connected to a Minipulse 3 peristaltic 

pump via Tygon R-3603 tubing, an incision was made in the portal vein and the liver was 

immediately perfused with a blanching media solution (Appendix I) for 2 minutes at a flow rate of 

3 mL/minute. Once the liver was sufficiently blanched, the liver was perfused with a collagenase 

media solution (Appendix I) for 5-6 minutes at a flow rate of 4 mL/minute to detach the extracellular 

matrix between hepatocytes to allow the hepatocyte cells to dissociate. The concentration of 

collagenase in the media solution is critical for hepatocyte viability, which should be calculated 

prior to the perfusion and optimized. The liver was then removed from the mouse, the gall bladder 

was excised and the liver was immediately placed in a sterile 100 mm × 15 mm petri dish with 

cold attachment media (Appendix I). 

Primary hepatocyte cell culture 

 

 The liver was rinsed twice with cold attachment media in a new 100 mm × 15 mm petri 

dish. The capsule was scored and the liver agitated with curved forceps to release hepatocytes 

into the attachment media. The cell suspension containing hepatocytes was filtered through a 70 

µm cell strainer into a 50 mL conical centrifuge tube. The conical tube was centrifuged at 50 × g 

for 2 minutes at 4˚C in a Sorvall Legend RT Plus Centrifuge with a swinging-bucket rotor. The 

supernatant was aspirated using a glass pipette leaving the pelleted hepatocytes untouched. The 

pellet was resuspended with 30 mL attachment media and centrifuged again at 50 × g for 2 

minutes at 4˚C. The supernatant was removed and the pellet was resuspended in 30 mL of 

attachment media and homogenously mixed for cell counting.  

 Hepatocyte cell count and viability were measured by staining cells with 0.4% trypan blue 

on a hemocytometer using a Nikon Labophoto Microscope. A viability of approximately 85% to 

90% hepatocytes were required for the following experiments. Hepatocytes were plated in 

attachment media in 6-well plates at a density of 500,000 cells/well, 96-well plates at a density of 

20,000 cells/well or in 60 mm × 15 mm dish at a density of 1.0×106 cells/dish. Plated hepatocytes 
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were incubated for 6 hours to allow cell attachment in a humidified Thermo Forma Series II Water 

Jacketed CO2 Incubator at 5% CO2 at 37˚C. After approximately 6 hours of incubation, attachment 

media was aspirated and replaced with pre-warmed serum-free media (Appendix I). The 

hepatocytes were serum-starved overnight (16-18 hours) prior to subsequent experiments.  

Treatment with pro-oxidants and antioxidants  

 

 Lead chloride was dissolved in 0.1% DMSO (0.02 M), pyrazole (2 M), menadione (200 

mM) and N-acetylcysteine (NAC; 1 M) were dissolved using a fixed amount of PBS, pH 7.4 and 

bilirubin was dissolved using a fixed amount of 0.1 N NaOH followed by the addition of an 

appropriate volume of PBS, pH 7.4 (5 mM). All experiments involving bilirubin treatment were 

protected from exposure to light. All treatments were diluted to their final concentration with 

serum-free media: 20 µM lead chloride, 20 mM pyrazole, 20 µM menadione, 50 µM bilirubin and 

0.5 mM N-acetylcysteine. Experimental results were compared between hepatocytes treated with 

PBS pH 7.4, 0.1 N NaOH in PBS pH 7.4 and 0.1% v/v DMSO. No differences were found in 

experimental results, thus 0.1% v/v DMSO was used as a vehicle control. Concentrations of these 

treatments were chosen based on previous studies that show the greatest upregulation of 

CYP2A5 in mRNA and protein expression14,19,37,38,43,137. 

Part II. Evaluation of cell death of cultured mouse hepatocytes treated with various pro-

oxidants  

 

Lactate dehydrogenase cytotoxicity assay  

Cytotoxicity in cultured hepatocytes from wild-type and Cyp2a5-null mice treated with 

various pro-oxidants was measured by the release of lactate dehydrogenase (LDH) from 

damaged cell membranes using the CytoTox-ONE™ Homogenous Membrane Integrity Assay. 

This fluorometric coupled enzymatic reaction assay assesses the conversion of resazurin into 

resorufin, which is proportional to LDH that is released into the culture medium. Background 
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fluorescence from serum-supplemented culture medium was corrected by measuring 

fluorescence from control samples that contained cell culture medium in the absence of cells.  

Cultured hepatocytes from wild-type and Cyp2a5-null mice were plated onto 96-well clear 

bottom black tissue culture-treated microtitre plates (25,000 cells/well). Hepatocytes were treated 

with 20 µM lead chloride, 20 mM pyrazole, 20µM menadione, 50 µM bilirubin or 0.1% v/v DMSO 

as a vehicle in serum-free media. Hepatocytes were also pre-treated with antioxidant, 0.05 mM 

NAC 1-hour prior to treatment. Hepatocytes were incubated in 5% CO2 at 37˚C for 24 hours. 

Subsequently, 96-well microtitre plates were equilibrated to 22˚C for approximately 20 minutes. 

To measure the cell culture medium background, 100 µL of serum-free media was added to the 

microtitre plate. To generate a maximum LDH release as a positive control, 2 µL of Lysis Solution 

were added to the positive control wells. To each experimental well, 100 µL of CytoTox-ONE™ 

Reagent was added and incubated at room temperature for 10 minutes. After incubation, 50 µL 

of Stop Solution was added to each well using the same order of addition that was used for adding 

the CytoTox-ONE™ Reagent. The plate was agitated for 10 seconds and fluorescence was 

immediately measured with an excitation wavelength of 560 nm and an emission wavelength of 

590 nm using a FluoStar OPTIMA fluorimeter.  

Percent cytotoxicity was calculated based on the difference between the fluorescence of 

experimental wells to the average fluorescence of the culture medium background divided by the 

difference between the fluorescence of max LDH positive control to the average fluorescence 

culture medium background. An average of three technical replicates was calculated and three 

biological replicates were completed.  

Percent Cytotoxicity (%) = 100 ×
(Experimental − Culture Medium Background)

(Max LDH Release − Culture Medium Background)
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Protein expression of apoptotic markers: cytosolic cytochrome c and cleaved caspase-9 

  

Isolation and protein quantification of cytosolic fraction and whole lysate  

Hepatocytes from wild-type and Cyp2a5-null mice (2.2 × 106 cells/well or 1.0 × 106 

cells/well) were plated in cell culture-treated 60 mm × 15 mm dishes or 6-well plates. Hepatocytes 

were treated with 20 µM lead chloride, 20 mM pyrazole, 20 µM menadione, 50 µM bilirubin or its 

vehicle (0.1% v/v DMSO) in serum-free media. Treated hepatocytes were incubated in 5% CO2 

at 37˚C for 24 hours. After incubation, the suspended medium containing floating cells was 

transferred into a pre-chilled 5 mL microcentrifuge tube and centrifuged at 700 × g for 20 minutes 

at 4˚C using a Sorvall Legend RT Plus Centrifuge with a swinging-bucket rotor. The supernatant 

was aspirated and the pellet was suspended in 500 µL sterile PBS and centrifuged at 2,000 × g 

for 30 seconds. For isolation of the cytosolic fraction, the pellet was suspended in 100 µL of 

cytosolic buffer (Appendix I) and incubated on ice for 1 hour.  

The adherent cells were scraped and suspended in 500 µL sterile PBS. The suspended 

solution was transferred to a pre-chilled 1.5 mL Eppendorf tube and centrifuged at 2,000 × g for 

30 seconds at 4˚C. The supernatant was removed and the pellet was resuspended in 150 µL 

cytosolic buffer (Appendix I) and incubated on ice for 1 hour. The cell suspension was vortex 

mixed for 15 seconds. The adherent and floating cells were combined and homogenized via 

pestling (10 strokes × 3) on ice to prevent protein degradation. After homogenization, the cell 

suspension was centrifuged at 11,000 × g for 10 minutes at 4˚C. The supernatant containing the 

cytosolic fraction was transferred to a new pre-chilled 1.5 microcentrifuge tube. 

For total cellular collection, the cell pellet was resuspended in 50 µL protein lysis buffer 

(Appendix I). The adherent cells were washed with 1 mL sterile PBS and incubated with 100 µL 

protein lysis buffer for 5 minutes. The cells were then scraped and transferred into pre-chilled 1.5 

mL microcentrifuge tubes and were incubated on ice for 30 minutes. The adherent and floating 
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cells were combined and centrifuged at 10,000 × g for 10 minutes at 4˚C. The supernatant was 

transferred to a new pre-chilled 1.5 microcentrifuge tube. 

Protein concentration in the cytosolic fraction and whole lysate suspension was quantified 

by the Bradford protein assay method using Bio-Rad Protein Assay Reagent.  

SDS-PAGE and Western Blot Analysis 

 

Cytosolic cytochrome c and cleaved caspase-9 

 Protein expression of cytosolic cytochrome c and cleaved caspase-9 was analyzed by 

western blot analysis. A total of 20 µg denatured cytosolic protein (cytosolic cytochrome c) or 50 

ug (cleaved caspase-9) of denatured whole lysate protein in 1X Laemmli loading buffer (Appendix 

I) was loaded onto a 4% acrylamide stacking gel. For cytosolic cytochrome c, proteins were 

separated on a 12% acrylamide separating gel for 1 hour and 50 minutes and 10% acrylamide 

separating gel for 2 hours and 30 minutes was used for cleaved caspase-9 in 1X SDS-PAGE 

running buffer (Appendix I). Proteins were transferred to a 0.45 µM (cytosolic cytochrome c) or 

0.2 µM (cleaved caspase-9) Amersham Hybond-ECL nitrocellulose membrane in cold 20% 

methanol transfer buffer (Appendix I) for 1 hour and 45 minutes or 2 hours at 85 V. Membranes 

were blocked in 5% (w/v) skim milk in tris-buffered saline containing 0.1% Tween-20 (TBS-T) 

(Appendix I) for 1 hour at room temperature. Membranes were incubated with rabbit anti-mouse 

cytochrome c or rabbit anti-mouse caspase-9 primary antibody (1:1000) in 2% bovine serum 

albumin (BSA) in TBS-T at 4˚C overnight. After overnight incubation, membranes were incubated 

with HRP-conjugated goat anti-rabbit IgG (1:1000) in 5% skim milk in TBS-T for 1 hour at room 

temperature. Protein bands were detected by adding Clarity Western ECL Substrate to each 

membrane and imaged on a ChemiDoc MP Imaging System. The Precision Plus Protein™ Ladder 

was loaded on the gel to verify the molecular weight of target proteins on the nitrocellulose 

membrane.  
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As a loading control, β-actin was subsequently detected on the same membranes. β-actin 

was used as a loading control since it is expressed constantly at high levels in all cell types and 

is not affected by any treatment. Following imaging, the membranes were stripped using 

Restore™ PLUS Western Blot stripping buffer for 15 minutes. Membranes were incubated with 

mouse anti-β-actin (1:5000) in 2% BSA TBS-T followed by HRP-conjugated goat anti-mouse IgG 

(1:10,000) for 1 hour at room temperature. Cytochrome c, cleaved caspase-9 and β-actin protein 

band densities were measured using Image Lab Software, Version 4.1 (Bio-rad). Cytochrome c 

and cleaved caspase-9 protein band densities were normalized to β-actin protein band density in 

order to compare cytochrome c and cleaved caspase-9 protein fold change between hepatocytes 

from wild-type and Cyp2a5-null mice.  

Part III. Assessment of oxidative stress in cultured mouse hepatocytes treated with 

various pro-oxidants 

 

Glutathione and glutathione disulfide levels 

 

GSH consumption in hepatocytes obtained from wild-type and Cyp2a5-null mice was 

compared using the GSH enzymatic recycling method previously established by Rahman et. al 

(2007)142. The concentration of GSH, the reduced form, and glutathione disulfide (GSSG), the 

oxidized form, was measured via an enzymatic recycling reaction assay using the sulfhydryl 

reagent, 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB), to form a derivative 5’-thio-2-nitrobenzoic acid 

(TNB) that is then quantitatively measured at 412 nm. A decrease in the ratio between the 

concentration of GSH and GSSG was used as an indicator of increasing oxidative stress.  

Isolation of cytosolic extracts 

Hepatocytes from wild-type and Cyp2a5-null mice were plated and treated as described 

above. Hepatocytes were incubated in 5% CO2 at 37˚C for 6 hours. After a 6-hour incubation, 

adherent cells were washed twice with 2 mL cold Ca2+-/Mg2+-free PBS. Adherent cells were 

harvested by adding 1 mL cold Dulbecco’s phosphate-buffered saline (DPBS) and the cells were 
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transferred to pre-chilled 1.5 mL microcentrifuge tubes. The cells were then centrifuged at 1000 

× g for 5 minutes at 4˚C. The supernatants were then removed and the pellets were resuspended 

in 1 mL of cold DPBS and centrifuged again. The cell pellets were resuspended in 1 mL of cold 

extraction buffer (Appendix I) and the cells homogenized with a Teflon pestle 10 strokes × 3 in 

ice and vortex mixed for 30 seconds. To ensure that cells were properly lysed, the cell suspension 

was frozen in dry ice and defrosted on ice. Following the second freeze-thaw cycle, the cells were 

centrifuged at 3000 × g for 4 minutes at 4˚C. The supernatant containing the cytosolic extract was 

transferred to a pre-chilled 1.5 microcentrifuge tube and stored at -80˚C until further use. The 

pellet was resuspended in 100 µL of extraction buffer and was stored in -80˚C.  

Measurement of reduced glutathione  

 In a 96-well microtiter plate, 20 µL of KPE buffer (Appendix I), as a blank standard, and a 

dilution series of known standard concentrations of GSH were added. In the same 96-well 

microtiter plate, 20 µL of each cytosolic extract sample was added to a well. To the cytosolic 

extract samples, 120 µL of freshly prepared DTNB:GSH reductase solution (Appendix I) was 

added. The cytosolic extract sample was incubated for 60 seconds and 60 µL of β-NADPH 

solution (Appendix I) was added to each sample. Absorbance at 412 nm was immediately 

measured using a Synergy™ HT Multi-Detection Microplate reader every 60 seconds for 5 

minutes. The rate of 2-nitro-5-thiobenzoic acid formation, which was the change in absorbance 

per minute, was calculated. The total GSH concentration in the cytosolic extract samples was 

calculated using a linear regression from the standard curve.  

Measurement of glutathione disulfide  

 GSH present in the cytosolic extract was derivatized with 2-vinylpyridine in order to 

measure the concentration of oxidized GSH. In a pre-chilled 1.5 mL Eppendorf microcentrifuge, 

100 µL of cytosolic extract sample was transferred and mixed with 2 µL of 2-vinylpyridine solution 
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(Appendix I) and incubated for 1 hour at room temperature in the fume hood. After incubation, 6 

µL of triethanolamine solution (Appendix I) was added to the side of the microcentrifuge tube, the 

sample mixed vigorously and incubated in the fume hood for 10 minutes to allow for the 

neutralization process. In a 96-well plate, 20 µL of the derivatized sample was added along with 

a dilution series of GSSG standards and KPE buffer as blank samples. To each sample, 120 µL 

of DTNB:GSH reductase solution was added, incubated for 60 seconds and 60 µL of β-NADPH 

solution was added. The absorbance at 412 nm was immediately measured using a Synergy™ 

HT Multi-Detection Microplate reader every 60 seconds for 5 minutes. The rate of 2-nitro-5-

thiobenzoic acid formation, which is the change in absorbance per minute, was calculated. The 

GSSG concentration in the derivatized samples was calculated using a linear regression from the 

standard curve.  

Cellular levels of reactive oxygen species 

 

Cellular levels of ROS in hepatocytes cultured from wild-type and Cyp2a5-null mice were 

determined using a 2’,7’-dichlorofluorescin diacetate (DCFDA) Cellular ROS Detection assay kit. 

This assay uses the cell permeant reagent DCFDA that diffuses into the cell and is deacetylated 

by cellular esterases to a non-fluorescent compound DCFD. ROS that is produced upon treatment 

of pro-oxidants such as superoxide radicals, peroxides and  hydrogen peroxides, will oxidize 

DCFD to a highly fluorescent compound DCF, which can be detected by fluorescence 

spectroscopy with maximum excitation and emission spectra of 495nm and 529nm, respectively.   

Hepatocytes from wild-type and Cyp2a5-null mice (25,000 cells/well) were plated in a 

black 96-well clear bottom tissue cultured-treated microplate (25,000 cells/well). Serum-free 

media was removed and adherent cells were washed with 1X assay buffer. The buffer was 

aspirated and the adherent cells were incubated with 100 µL DCFDA solution for 45 minutes at 

37˚C in the dark. The DCFDA solution was removed and adherent cells were treated with 20 µM 

lead chloride, 20 mM pyrazole, 20 µM menadione, 50 µM bilirubin or vehicle (0.1% v/v DMSO) in 
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1X assay buffer. Hepatocytes were also pre-treated with the antioxidant, 0.05 mM NAC, 1-hour 

prior to treatment. Fluorescence was measured every 2 hours for a total of 6 hours with an 

excitation wavelength of 485 nm and emission wavelength at 535 nm. Fluorescence of cell culture 

media background was subtracted from the fluorescence of experimental samples.  

Statistical analysis 

 

Values are expressed as mean ± SD. Statistical comparisons were performed using 

unpaired students t-test for two treatment groups or one-way or two-way analysis of variance 

(ANOVA) followed by Tukey test for multiple groups in Sigma Plot 12.0 (Systat Software Inc.). All 

values were plotted in GraphPad Prism 6 (GraphPad Software Inc.). 
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2.3 RESULTS  

 

Part I. Cytoprotective role of CYP2A5 against cell death in cultured primary mouse 

hepatocytes treated with various pro-oxidants 

 

Cytotoxicity in cultured hepatocytes treated with pro-oxidants 

 

To investigate the cytoprotective role of CYP2A5 against cell death, primary hepatocytes 

from wild-type and Cyp2a5-null mice were treated with either vehicle (0.1% v/v DMSO), lead 

chloride, pyrazole, bilirubin or menadione in serum-free media for 24 hours. Cytotoxicity in the 

wild-type and Cyp2a5-null mice was determined by measuring fluorescence of resorufin that is 

an indirect measurement of the released lactate dehydrogenase (LDH) from cells with damaged 

membrane.  

Treatment of cultured primary hepatocytes with pro-oxidants, lead chloride, pyrazole, 

bilirubin and menadione, significantly increased cytotoxicity and LDH release was significantly 

greater in Cyp2a5-null mice compared to wild-type mice (Figure 1). The greatest cytotoxicity was 

observed with menadione treatment that resulted in a 5-fold increase in cytotoxicity in hepatocytes 

from both the wild-type and Cyp2a5-null mice relative to vehicle (p=0.001). Lead chloride and 

pyrazole increased cytotoxicity by 3-fold (p=0.045, p=0.003) in hepatocytes from the wild-type 

mice and by 5-fold (p<0.001, p<0.001) in hepatocytes from Cyp2a5-null mice. Cytotoxicity was 

approximately 2-fold greater in hepatocytes from Cyp2a5-null mice compared to hepatocytes from 

wild-type mice treated with lead chloride (p=0.005), pyrazole (p<0.001) or menadione (p=0.029). 

Bilirubin treatment increased cytotoxicity by 2-fold (p=0.009) in hepatocytes from wild-type mice 

and by 3-fold (p=0.002) in Cyp2a5-null mice. Cytotoxicity was 2.5-fold greater in hepatocytes from 

Cyp2a5-null mice relative to hepatocytes from wild-type mice (p=0.002) treated with bilirubin.  
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Figure 1 - Cytotoxicity in cultured primary hepatocytes from wild-type and Cyp2a5-null mice treated 
with various pro-oxidants. Cultured primary hepatocytes from wild-type and Cyp2a5-null mice were 
treated with 20 µM lead chloride, 20 mM pyrazole, 20 µM menadione, 50 µM bilirubin or vehicle (0.1% v/v 
DMSO) in serum-free media for 24 hours. Percent cytotoxicity was determined by normalizing to control 
samples that contained culture medium without cells and dividing experimental samples to maximum LDH 

release obtained from positive control samples. All values represent the mean  SD of two independent 
experiments (wild-type and Cyp2a5-null mice) with three biological replicates and three technical replicates 
for each treatment. Bars with different letters are statistically different (p<0.05) (n=3). 

 

To determine the mechanism by which lead chloride, pyrazole, bilirubin and menadione 

induce cytotoxicity, cultured primary hepatocytes from wild-type and Cyp2a5-null mice were pre-

treated with antioxidant 0.05 mM NAC 1-hour prior to pro-oxidant treatment (Figure 2). Pre-

treatment with NAC significantly decreased cytotoxicity by 2-3 fold in all treatment groups in 

hepatocytes both from wild-type and Cyp2a5-null mice. Cytotoxicity in all treatment groups in wild-

type hepatocytes decreased to the cytotoxicity levels of the vehicle group. However, cytotoxicity 

in Cyp2a5-null hepatocytes was not reduced to the same degree and was at levels slightly greater 

than those observed in the vehicle-treated hepatocytes. Cytotoxicity in wild-type hepatocytes 

treated with lead chloride (p=0.042) and menadione (p=0.008) was reduced 3-fold by NAC 

whereas in hepatocytes treated with pyrazole (p=0.025) and bilirubin NAC-pre-treatment reduced 
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cytotoxicity by 2-fold. In Cyp2a5-null hepatocytes, NAC caused a 3-fold reduction in cytotoxicity 

in hepatocytes treated with pyrazole (p<0.001) and menadione (p<0.035) whereas a 2-fold 

reduction in lead chloride (p=0.001) and bilirubin (p=0.001) treatment groups was observed.  

 

Figure 2 – N-acetylcysteine blocks pro-oxidant-induced cytotoxicity in wild-type and Cyp2a5-null 
mice. Cultured mouse primary hepatocytes from wild-type and Cyp2a5-null mice were pre-treated with 
0.05mM N-acetylcysteine (NAC) 1 hour prior to treatment with 20 µM lead chloride, 20 mM pyrazole, 20 
µM menadione, 50 µM bilirubin or vehicle (0.1% v/v DMSO) in serum-free media for 24 hours. Percent 
cytotoxicity was determined by normalizing to control samples that contained culture medium without cells 
and dividing experimental samples to maximum LDH release from positive control samples. All values 

represent the mean  SD of four independent experiments (wild-type or Cyp2a5-null mice, presence of 
NAC indicated by “+ NAC” and absence of NAC indicated by “-NAC”) with three biological replicates and 
three technical replicates for each treatment. Bars with different letters are statistically different (p<0.05) 
(n=3). 

 

Protein expression of apoptotic markers – cytosolic cytochrome c and cleaved caspase-9 

 

Apoptotic cell death markers, cytosolic cytochrome c and cleaved caspase-9, were 

analyzed in samples obtained from cultured primary hepatocytes from wild-type and Cyp2a5-null 

mice treated with lead chloride, pyrazole, bilirubin, menadione or vehicle (0.1% v/v DMSO) to 

determine if CYP2A5 has a role in activating apoptotic cell death. Protein expression of cytosolic 

cytochrome c and cleaved caspase-9 was analyzed using western blot analysis in cultured 
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primary hepatocytes from wild-type and Cyp2a5-null mice following treatment with various pro-

oxidants. Cytosolic cytochrome c is one of the major pro-apoptotic proteins that is released from 

the intermembrane of the mitochondria into the cytosol in response to the activation of the intrinsic 

apoptotic pathway. Caspase-9 is an initiator caspase that is primarily activated by cytochrome c 

and Apaf-1 and further activates executioner caspases initiating the downstream caspase 

activation cascade. 

Expression of cytosolic cytochrome c did not significantly increase with treatment of 

pyrazole, bilirubin, and lead chloride in hepatocytes from the wild-type mice. In contrast, treatment 

with pyrazole (p=0.041), bilirubin (p=0.002), menadione (p=0.013) and lead chloride (0.001), 

increased expression of cytosolic cytochrome c by 2-fold in hepatocytes from Cyp2a5-null mice 

relative to the vehicle group (Figure 3). Similar to the cytotoxicity observed with menadione 

treatment, the greatest increase in cytosolic cytochrome c expression was observed in 

hepatocytes treated with menadione both from the wild-type and Cyp2a5-null mice. Cytosolic 

cytochrome c expression was significantly greater in hepatocytes from the Cyp2a5-null mice 

compared to hepatocytes from the wild-type mice in all treatment groups (Figure 3). In comparison 

to wild-type mice, cytosolic cytochrome c expression was 2.5-fold greater in Cyp2a5-null 

hepatocytes treated with bilirubin (p<0.001) and lead chloride (p<0.001) and 2.0-fold greater in 

pyrazole (p=0.034) and menadione (p=0.028) treated groups.   
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Figure 3 - Effect of pro-oxidant treatment in the release of cytosolic cytochrome c in cultured 
primary hepatocytes from wild type and Cyp2a5-null mice. (A) Representative western blot images of 
cytosolic protein (20 µg total protein/lane) from cultured hepatocytes from wild type (WT) and Cyp2a5-null 
(KO) mice treated with 20 µM lead chloride, 20 mM pyrazole, 20 µM menadione, 50 µM bilirubin or vehicle 
(0.1% v/v DMSO) in serum-free media for 24 hours. The blot was probed with rabbit anti-mouse cytochrome 
c or mouse anti-β-actin antibody. Β-actin protein levels are shown as a control for protein loading. The 
western blot represents one of the biological replicates of three samples, which showed the same pattern 

of protein expression. (B) Densitometric quantification of western blots. All values represent the mean  SD 
of relative protein levels normalized against Β-actin as a loading control and against wild-type vehicle levels. 
Bars with different letters are statistically different (p<0.05). 

 

Treatment with pyrazole, bilirubin, and lead chloride did not significantly increase cleaved 

caspase-9 expression in hepatocytes from the wild-type and Cyp2a5-null mice in comparison to 

the vehicle group (Figure 4.A, C). However, menadione treatment of hepatocytes from Cyp2a5-

null mice significantly increased (p=0.032) cleaved caspase-9 expression relative to the vehicle 
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group.  Cleaved caspase-9 expression was significantly greater by 2-fold in hepatocytes from the 

Cyp2a5-null mice compared to wild-type hepatocytes treated with pyrazole (p=0.041), menadione 

(p=0.038) and lead chloride (p=0.014). However, cleaved caspase-9 was not significantly different 

in hepatocytes from wild-type and Cyp2a5-null mice treated with bilirubin. Procaspase-9 was did 

not differ between treatment groups and between wild-type and Cyp2a5-null mice (Figure.4. A, 

B) 
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Figure 4 - Effect of pro-oxidant treatment in pro and cleaved caspase-9 expression in cultured 
primary hepatocytes from wild-type and Cyp2a5-null mice. (A) Representative western blot images of 
whole lysate protein (50 µg total protein/lane) from cultured hepatocytes from wild-type (WT) and Cyp2a5-
null (KO) mice treated with 20 µM lead chloride, 20 mM pyrazole, 20 µM menadione, 50 µM bilirubin or 
vehicle (0.1% v/v DMSO) in serum-free media for 24 hours. Pro and cleaved caspase-9 was probed with 
rabbit anti-mouse cleaved caspase-9 or mouse anti-β-actin antibody. Β-actin protein levels are shown as a 
control for protein loading. The western blot represents one of the biological replicates of three samples, 
which showed the same pattern of protein expression. (B) and (C) Densitometric quantification of western 

blots for procaspase-9 and cleaved caspase-9. All values represent the mean  SD of relative protein levels 
normalized against Β-actin as a loading control and against wild-type vehicle levels. Bars with different 
letters are statistically different (p<0.05). 



49 
 

Part II. CYP2A5 cytoprotective role against oxidative stress in cultured mouse primary 
hepatocytes treated with various pro-oxidants  

 

Ratio of the concentration of reduced glutathione and glutathione disulfide 

 

To investigate whether CYP2A5 had a cytoprotective role against oxidative stress, 

consumption of GSH and increased production of GSSG were analyzed in hepatocytes from wild-

type and Cyp2a5-null mice treated with lead chloride, pyrazole, bilirubin, menadione or vehicle 

(0.1% v/v DMSO) in serum-free media. A decrease in the ratio of GSH and GSSG is indicative of 

oxidative stress.   

Treatment with lead chloride, pyrazole, bilirubin or menadione significantly reduced the 

GSH:GSSG ratio in the hepatocytes from the wild-type and Cyp2a5-null mice with treatment of 

pro-oxidants relative to the vehicle group (Figure 5). The greatest reduction in GSH:GSSG ratio 

was observed in hepatocytes treated with menadione and lead chloride, 2-fold (p=0.002) and 1.6-

fold (p=0.007) reduction respectively in the wild-type mice and 3-fold (p=0.023) and 3.5-fold 

(p=0.010) reduction respectively in the Cyp2a5-null mice. Treatment with pyrazole and bilirubin 

reduced the GSH:GSSG ratio by 1.3-fold (p=0.004) and 1.5-fold (p=0.002) respectively in 

hepatocytes from the wild-type mice and 2.7-fold (p=0.028) and 2-fold respectively in the Cyp2a5-

null mice.  

GSH:GSSH ratios were significantly reduced in the hepatocytes from Cyp2a5-null mice 

compared to wild-type mice in all of the treatment groups. The GSH:GSSG ratio was 4-fold lower 

in the Cyp2a5-null mice compared to wild-type mice with treatment of lead chloride (p=0.007) and 

pyrazole (p=0.003). Treatment of bilirubin (p=0.020) and menadione (p=0.049) reduced the 

GSH:GSSG ratio by 3-fold in the Cyp2a5-null mice in comparison to wild-type mice.  
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Figure 5 - Effect of glutathione depletion in cultured primary hepatocytes from wild-type and 
Cyp2a5-null mice with treatment of various pro-oxidants. Cultured primary hepatocytes from wild-type 
and Cyp2a5-null mice were treated with 20 µM lead chloride, 20 mM pyrazole, 20 µM menadione, 50 µM 
bilirubin or vehicle (0.1% v/v DMSO) in serum-free media for 6 hours. Concentration of reduced glutathione 
(GSH) and oxidized-glutathione disulfide (GSSG) was measured using an enzymatic recycling reaction 
assay with 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB), to form a derivative 5’-thio-2-nitrobenzoic acid (TNB) 

that was quantitatively measured at 412nm. All values represent the mean  SD of three biological 
replicates and three technical replicates for each treatment. Bars with different letters are statistically 
different (p<0.05). 

 

Measurement of cellular levels of reactive oxygen species  

 

To determine if CYP2A5 had a role in reducing ROS during oxidative stress, the DCFDA-

Cellular Reactive Oxygen Species Detection Assay was performed for quantitative measurement 

of cellular ROS in hepatocytes treated with pro-oxidants.  

Treatment with lead chloride, pyrazole, bilirubin and menadione significantly increased 

cellular ROS levels in hepatocytes obtained from wild-type and Cyp2a5-null mice in comparison 

to the vehicle treatment group (Figure 6). Treatment with menadione had the greatest increase in 

ROS levels compared to the vehicle group with a 7.7-fold (p=0.031) increase in hepatocytes from 

the wild-type mice and a 3-fold (p=0.010) increase in hepatocytes from Cyp2a5-null mice. In the 

hepatocytes from the wild-type mice, treatment with lead chloride, pyrazole and bilirubin increased 
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ROS levels by 3.6-fold (p=0.021), 3-fold (p=0.028) and 2-fold respectively, relative to the vehicle 

group. In the hepatocytes from Cyp2a5-null mice, ROS levels were increased by 2-fold with 

treatment of lead chloride (p=0.006), pyrazole (p=0.019) and bilirubin (p=0.030) in comparison to 

the vehicle group. 

Cellular ROS levels were significantly greater in hepatocytes from Cyp2a5-null mice 

compared to wild-type mice treated with lead chloride, pyrazole and bilirubin (Figure 6) with levels 

2-fold greater with bilirubin (p=0.011) and 1.5-fold-greater with lead chloride (p=0.029) or  

pyrazole (p=0.028) treatment in comparison to wild-type mice. Although, ROS levels were the 

highest in hepatocytes treated with menadione, there was no significant difference in the ROS 

levels between hepatocytes from the wild-type and Cyp2a5-null mice.  

 

Figure 6 – Cellular reactive oxygen species levels in cultured primary hepatocytes from wild-type 
and Cyp2a5-null mice treated with various pro-oxidants. Cultured primary hepatocytes from wild-type 
and Cyp2a5-null mice were treated with 20 µM lead chloride, 20 mM pyrazole, 20 µM menadione, 50 µM 
bilirubin or vehicle (0.1% v/v DMSO) in serum-free media for 24 hours. Cellular ROS levels were measured 
by the fluorescence of DCF produced by the oxidation of DCFD by ROS present in the cell following 
treatment with pro-oxidants. Fluorescence values were normalized to control samples that contained 

culture medium without cells. All values represent the mean  SD of two independent experiments (wild-
type and Cyp2a5-null mice) with three biological replicates and three technical replicates for each treatment. 

Bars with different letters are statistically different (p<0.05). 
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Cultured primary hepatocytes from the wild-type and Cyp2a5-null mice were pre-treated 

with NAC to determine the influence of NAC on pro-oxidant induced increase in cellular ROS 

levels (Figure 7). Pre-treatment with NAC prior to pro-oxidant exposure significantly reduced ROS 

levels in the wild-type mice and Cyp2a5-null mice in all treatment groups. In hepatocytes from 

wild-type mice, pre-treatment with NAC significantly reduced ROS levels by 3-fold in cells treated 

with lead chloride (p=0.010), pyrazole (p<0.001), bilirubin (p=0.034) and menadione (p<0.001) 

whereas, ROS levels were reduced by 2-fold (p=0.021) in NAC pre-treated hepatocytes from 

Cyp2a5-null mice. Although ROS levels were consistently greater in the hepatocytes from the 

Cyp2a5-null mice pre-treated with NAC, there was no significant difference in the reduction of 

ROS levels between the wild-type and Cyp2a5-null mice in all treatment groups.  

 

 

 



53 
 

 

Figure 7 - N-acetylcysteine blocks increases in cellular ROS levels in hepatocytes from wild-type 
and Cyp2a5-null mice treated with various pro-oxidant. Cultured mouse primary hepatocytes from wild-
type and Cyp2a5-null mice were pre-treated with 0.05mM N-acetylcysteine (+NAC) 1 hour prior to 24 hour 
treatment with 20 µM lead chloride, 20 mM pyrazole, 20 µM menadione, 50 µM bilirubin or vehicle (0.1% 
v/v DMSO) in serum-free media. Cellular ROS levels were measured by the fluorescence of DCF that was 
produced following the oxidation of DCFD by ROS present in the cells treated with pro-oxidants. 
Fluorescence values were normalized to control samples that contained culture medium without cells. All 

values represent the mean  SD of four independent experiments (wild-type and Cyp2a5-null mice) with 
three biological replicates and three technical replicates for each treatments. Bars with different letters are 
statistically different (p<0.05). 
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2.4 Discussion 

 

CYP2A5 is induced by various structurally unrelated compounds and during 

pathophysiological conditions whereas levels of other major xenobiotic metabolizing CYPs are 

either downregulated or unchanged14,16,19,21,36,38,40,93. This suggests that CYP2A5 may either 

contribute to liver injury or protect against it. Several lines of evidence indicate a cytoprotective 

role of CYP2A5 against liver injury due to oxidative stress. Regulation of the Cyp2a5 gene by 

various hepatotoxic inducers has been shown to be mediated by the transcription factor Nrf2, 

which is the main cellular sensor in response to oxidative stress27,38. Inducers of CYP2A5 are 

known to increase levels of ROS generated by reactive intermediates that are bioactivated by 

other CYPs or from the uncoupling of CYPs during their catalytic cycle. Kim et al. (2013) 

demonstrated that increased mRNA and protein expression of CYP2A5 induced by bilirubin is 

mediated by Nrf2 activation37. Overexpression of CYP2A5 in Hepa 1-6 cells also enhanced 

bilirubin degradation and inhibited bilirubin induced-apoptotic cell death37.  Induction of CYP2A5 

by polycyclic aromatic hydrocarbons such as TCCD and 3-MC have also been shown to be 

regulated via the AhR-ARNT pathway93. Activation of the AhR-ARNT pathway is known to 

upregulate the expression of several antioxidant and Phase II detoxifying enzymes in response 

to oxidative stress. Hong et al. (2015), using a Cyp2a5 knockout mouse model, demonstrated 

that CYP2A5 may have a cytoprotective role against alcohol-induced oxidative stress and liver 

injury16. CYP2A5 expression is induced in response to chronic alcohol feeding which is dependent 

on the induction of Cyp2e1, an active generator of ROS and activator of Nrf216. Moreover, chronic 

alcohol feeding caused greater liver injury and oxidative damage in ethanol-treated Cyp2a5-null 

mice compared to ethanol-treated wild-type mice. Despite several studies describing the 

upregulation of CYP2A5 involving the Nrf2 and AhR pathways by various chemical inducers that 

are known pro-oxidants, evidence is lacking regarding the role of CYP2A5 during oxidative stress. 

Therefore, the objective of this study was to investigate the cytoprotective role of CYP2A5 against 
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oxidative stress induced by various pro-oxidants using a Cyp2a5 knockout mouse model. To 

address this objective, we first compared the level of cell death in hepatocytes from wild-type and 

Cyp2a5-null mice treated with various pro-oxidants by measuring cytotoxicity and expression of 

apoptotic markers. Cytochrome c is a mitochondrial protein that is one of the key signalling 

molecules stimulated upon activation of apoptosis via the intrinsic mitochondrial pathway. In 

response to oxidative stress, cytochrome c is released from the mitochondria into the cytosol 

where it interacts with apoptotic protease activating factor-1 (Apaf-1) resulting in proteolytic 

activation of procaspase-9143,144. Activation of procaspase-9 initiates the activation cascade of 

downstream caspase-3/7. In this study, we found that treatment with lead chloride, pyrazole, 

bilirubin and menadione increased cytotoxicity and the expression of apoptotic markers in cultured 

primary mouse hepatocytes from both wild-type and Cyp2a5-null mice.  

Hepatocytes treated with menadione had the greatest increase in cytotoxicity and protein 

expression of cytochrome c and cleaved caspase-9 in both the wild-type and Cyp2a5-null mice 

confirming its pro-oxidant nature. Menadione is occasionally used as a nutritional supplement due 

to its vitamin K activity113,139. However, large doses or constant exposure to menadione has been 

shown to cause adverse effects including liver damage caused by severe oxidative damage113,139. 

Metabolism of menadione produces an abundant amount of highly reactive radicals that cause 

DNA strand breaks, enzyme inhibition, lipid peroxidation and oxidation of thiol groups in proteins. 

Oxidative damage by menadione causes opening of the mitochondrial permeability transition pore 

resulting in Ca2+-dependent apoptosis113. Thus, menadione is known to be a strong pro-oxidant 

but is not classified as a CYP2A5 inducer14. Our findings showed that cytotoxicity and protein 

expression of apoptotic markers were significantly greater in menadione-treated hepatocytes from 

Cyp2a5-null mice compared to menadione-treated wild-type mice. This suggests that CYP2A5 

may play a role in protecting hepatocytes from the cytotoxicity and apoptosis induced by 

menadione. 
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Upregulation of CYP2A5 via Nrf2 activation has also been observed in mouse hepatocytes 

treated with heavy metals, cadmium chloride, lead chloride, methylmercury chloride and 

phenethyl isothiocyanate. For example, Lamsa et al. (2010) showed that lead chloride was the 

most potent CYP2A5 inducer among the heavy metals that are Nrf2-dependent38. However, there 

are no studies to date examining the role of Nrf2 and CYP2A5 in heavy metal-induced 

hepatotoxicity. Our findings showed that lead chloride significantly increased cytotoxicity in 

hepatocytes from wild-type mice and Cyp2a5-null mice. Numerous studies have shown the 

detrimental effects of lead in the central nervous system, hematopoietic system, renal system and 

reproductive system. However, few studies have explored the extent of the cytotoxic effects of 

lead in liver tissue. Lead causes oxidative damage by generating reactive intermediates that can 

structurally alter the phospholipid bilayer and deplete GSH storage, which can result in 

cytotoxicity. Although cytotoxicity was increased by lead chloride, expression of apoptotic 

markers, cytosolic cytochrome c and cleaved caspase-9, was not significantly increased in 

hepatocytes from wild-type mice. In contrast, loss of CYP2A5 activity in knockout mice resulted 

in a significantly increased expression of cytosolic cytochrome c and cleaved caspase-9 following 

treatment with lead chloride. Our findings are the first to show that cytotoxicity and expression of 

apoptotic markers were significantly increased in lead chloride-treated mouse hepatocytes from 

Cyp2a5-null mice suggesting that the loss of CYP2A5 activity increases lead chloride-induced 

cytotoxicity and activation of the apoptotic intrinsic pathway in these cells.  

Previous studies has shown that pyrazole can be cytoprotective at low concentrations and 

toxic at high concentrations33. In vivo studies by Lu et al (2008) showed that Nrf2-knockout mice 

were susceptible to pyrazole-mediated necrotic hepatotoxicity with extensive apoptotic 

hepatocytes around the central veins observed using TUNEL and hematoxylin and eosin 

staining33. We found that treatment of hepatocytes with 20 mM pyrazole significantly increased 

cytotoxicity in hepatocytes both from wild-type and Cyp2a5-null mice.  While pyrazole treatment 
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did not significantly increase cytosolic cytochrome c and cleaved caspase-9 expression in 

hepatocytes from the wild-type mice, these parameters were significantly increased in Cyp2a5-

null mice. This suggests that pyrazole treatment causes cytotoxicity in mouse hepatocytes and 

the loss of Cyp2a5 results in apoptotic hepatocellular death.  

Although cytotoxicity was found to be lowest with treatment of bilirubin compared to other 

treatment groups, bilirubin increased cytotoxicity and activation of cytosolic cytochrome c in 

hepatocytes from the wild-type and Cyp2a5-null mice in comparison to vehicle. However, cleaved 

caspase-9 was not activated with bilirubin treatment in hepatocytes both from the wild-type and 

Cyp2a5-null mice. This suggests that although bilirubin causes cytotoxicity and release of 

mitochondrial cytochrome c, it does not activate apoptotic cell death via the intrinsic pathway. 

Further studies should determine if bilirubin-induced cytotoxicity activates programmed cell death 

through another mechanism such as the apoptotic extrinsic pathway or induces necrotic cell death 

in mouse hepatocytes. In addition, a bilirubin dose-dependent experiment could be conducted to 

examine whether there are concentrations of bilirubin that can induce apoptotic cell death in 

mouse hepatocytes. Previous in vitro studies using primary mouse hepatocytes have shown that 

bilirubin induces CYP2A5 mRNA and protein levels by increasing CYP2A5 transcription, which is 

dependent on Nrf2 activation37,41. Abu-Bakar et al. (2011,2012) proposed that CYP2A5 may be 

upregulated and be involved only in maintaining the bilirubin-biliverdin redox cycle to prevent 

accumulation of bilirubin41,42. Prolonged exposure to bilirubin causes damage to intracellular 

organelles such as disruption of the mitochondrial and ER membranes124,129. Cellular damage by 

bilirubin activates apoptotic cell death via both the intrinsic and extrinsic signaling pathways131,132. 

Our findings support previous observations demonstrating that bilirubin increases cytotoxicity and 

initiates apoptosis. We also found that cytotoxicity and cytosolic cytochrome c expression with 

treatment of bilirubin was significantly greater in hepatocytes from the Cyp2a5-null mice relative 

to wild-type mice. However, cleaved caspase-9 expression did not significantly differ between 
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hepatocytes from the two groups.  In contrast, Kim et al. (2013) showed that transient 

overexpression of CYP2A5 in Hepa 1-6 cells protected against bilirubin-induced apoptosis by 

decreasing caspase-3 cleavage in comparison to the vehicle37. Taken together, our findings 

demonstrate that CYP2A5 may protect against bilirubin-mediated hepatocellular toxicity, possibly 

by facilitating bilirubin metabolism.  

The cytotoxic effects and activation of the intrinsic apoptotic pathway by pyrazole, bilirubin, 

lead chloride and menadione that were observed in our study are likely due to oxidative damage 

from increased production of ROS leading to an imbalance in cellular redox equilibrium and 

disruption of the mitochondrial membranes. Previous studies have also shown that lead chloride, 

pyrazole and bilirubin induce CYP2A5 via activation of the Nrf2-pathway which is the main cellular 

sensor in response to oxidative stress14,37,38,41. Therefore, we assessed pro-oxidant-induced 

oxidative stress in cultured mouse hepatocytes from wild-type and Cyp2a5-null mice to determine 

if CYP2A5 reduces ROS levels and protects against oxidative stress.  

Our results showed that treatment with NAC prior to treatment with pro-oxidants 

significantly reduced cytotoxicity in hepatocytes from both the wild-type and Cyp2a5-null mice in 

all treatment groups. NAC is known to prevent oxidative stress by promoting detoxification of 

bioactivated intermediates, scavenging free radicals by increasing levels of the antioxidant, GSH. 

This suggests that lead chloride, pyrazole, bilirubin and menadione are likely increasing 

cytotoxicity via oxidative stress. Pre-treatment of NAC reduced cytotoxicity to levels similar to 

control hepatocytes in all treatment groups. While pre-treatment of NAC decreased pro-oxidant 

cytotoxicity in hepatocytes from the Cyp2a5-null mice, the reduction was less than that observed 

in wild-type mice. This suggests that CYP2A5 may not provide complete protection against pro-

oxidant cytotoxicity but may function in conjunction with other cellular antioxidants including GSH.  

Treatment with lead chloride, pyrazole, bilirubin and menadione significantly decreased 

the GSH:GSSG ratio and significantly increased ROS levels in hepatocytes from wild-type and 
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Cyp2a5-null mice. These changes were most profound in hepatocytes treated with lead chloride 

and menadione demonstrating their strong pro-oxidant nature and might explain the extensive 

oxidative damage caused by these pro-oxidants. Menadione is known to generate abundant 

amounts of free radicals during its metabolism. Menadione is metabolized by microsomal 

NADPH-cytochrome P450 reductase and mitochondrial NADH-ubiquinone oxidoreductase via 

one-electron reduction reactions113,139. However, an unstable semiquinone product can readily 

enter into a redox cycle when oxygen is present resulting in the reformation of a quinone 

compound with abundant generation of superoxide anion radical and subsequent dismutation to 

hydrogen peroxide and eventually production of hydroxyl radical and singlet oxygen113. Similarly, 

lead chloride can undergo redox cycling via Fenton reactions producing ROS such as hydroxyl 

and superoxide radicals, hydrogen peroxide and nitric oxide.  

To a lesser extent, pyrazole and bilirubin also decreased the GSH:GSSG ratio and 

increased ROS levels in mouse hepatocytes. Both pyrazole and bilirubin have been previously 

shown to have pro-oxidant effects at high concentrations33,123,124. Pyrazole induces CYP2E1, 

which is known to actively generate ROS33. Oxidative uncoupling of CYP2E1 leads to the 

production of superoxide anion radicals, hydroxyl radicals and hydrogen peroxide114–116. Nitrogen 

heterocycles including pyrazole are also capable of producing ROS via cellular redox 

cycling17,138,139. In addition, high concentrations of unconjugated bilirubin induce oxidative stress 

by depleting antioxidants especially GSH and cause cellular damage by binding to cell 

membranes as well as mitochondrial and ER membranes. Unconjugated bilirubin also increases 

production of ROS and RNS in various cell types130–132. Thus, our findings demonstrating 

increased pyrazole and bilirubin-mediated oxidative stress concur with previous studies. 

The ratio of GSH:GSSG was significantly reduced in hepatocytes from the Cyp2a5-null 

mice compared to wild-type mice in all treatment groups. Cellular levels of ROS were also 

significantly greater in hepatocytes treated with lead chloride, pyrazole and bilirubin from the 
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Cyp2a5-null mice in comparison to hepatocytes from wild-type mice. This indicates that oxidative 

stress was significantly greater in Cyp2a5-null mice that lack CYP2A5 activity. However, elevated 

ROS levels were not significantly different in menadione-treated hepatocytes from wild-type and 

Cyp2a5-null mice. This suggests that the potency of menadione overwhelms the ability of 

CYP2A5 to protect against oxidative stress and explains the marked cytotoxicity observed in 

hepatocytes treated with menadione. This may due to the constant amount of ROS generated by 

semiquinone redox cycling in hepatocytes that exceeds the cellular antioxidant capacity.  

GSH consumption and ROS levels were significantly greater, by 4-fold and 2-fold 

respectively, in lead chloride and pyrazole-treated hepatocytes from the Cyp2a5-null mice 

compared to hepatocytes from wild-type mice. Similar observations were seen in Nrf2-knockout 

mice treated with pyrazole33. Lu et al. (2008) found that that Nrf2-knockout mice had increased 

positive staining for oxidative markers 3-nitrotyrosine adducts and TBARS around the central 

veins and in pyrazole-treated Nrf2-knockout mice, which was not observed in wild-type mice33. 

Similarly, Lamsa et al. (2010) showed that lead chloride induced the expression of CYP2A5 via 

Nrf2 activation, an antioxidant mechanism in response to oxidative stress38. To date, no studies 

have shown the effects of lead chloride in oxidative stress or levels of ROS in Nrf2-knockout mice 

or the involvement of CYP2A5 in lead-induced oxidative stress. Our findings were the first to show 

that loss of CYP2A5 activity significantly increases ROS levels resulting in oxidative stress in 

hepatocytes treated with pyrazole and lead chloride.   

Previous studies have shown that recombinantly expressed CYP2A5 plays a role in 

oxidative metabolism when high concentrations of bilirubin are present during oxidative stress41. 

Bilirubin increases its own metabolism by upregulating CYP2A5 protein and activity thereby 

preventing accumulation of toxic bilirubin concentrations. Therefore, it was proposed that CYP2A5 

functions as a bilirubin oxidase that maintains bilirubin in a bilirubin-biliverin-bilirubin loop during 

oxidative stress until bilirubin concentrations are reduced to antioxidant levels42. We found that 
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CYP2A5 may play a role protecting against bilirubin-induced oxidative stress by reducing ROS 

levels as GSH consumption and ROS levels were significantly greater in bilirubin-treated 

hepatocytes from Cyp2a5-null mice. 

Our study was first to show a cytoprotective role of CYP2A5 against oxidative stress which 

is a unique functional capability among CYP enzymes. Our findings showed that the loss of 

CYP2A5 activity increases oxidative stress in hepatocytes from Cyp2a5-null mice and suggests 

that CYP2A5 may reduce ROS levels via scavenging or inducing the expression of antioxidant 

genes that are able to neutralize ROS. The nature of this knockout mouse lineage suggests that 

CYP2A5 may be an important factor in this antioxidant capability. Future studies could investigate 

the precise mechanisms underlying the ability of CYP2A5 to scavenge free radicals. For example, 

the ability of recombinantly expressed CYP2A5 to inactivate 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) could further assess its antioxidant capacity to neutralize ROS. In addition, future studies 

could evaluate the influence of CYP2A5 in upregulating antioxidant enzymes and proteins that 

reduce pro-oxidant damage. 
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CHAPTER 3 
CYTOPROTECTIVE ROLE OF CYTOCHROME P450 2A5 AGAINST  

PYRAZOLE-INDUCED OXIDATIVE STRESS IN MOUSE LIVER IN VIVO 
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3. 1 Introduction 

 

 Cytochrome P450 2A5 (CYP2A5) is the mouse orthologue of human CYP2A6 and is the 

major enzyme involved in the metabolism of various endogenous and exogenous compounds 

such as coumarin, aflatoxin B1 and nitrosamines including nicotine and tobacco-specific 

carcinogen NNK8,13,41,42,140. CYP2A5 was first discovered as a major catalyst of coumarin 

metabolism in the liver, which led to the identification of various substrates18,24. More recently, 

Abu-Bakar et al. (2011) showed that CYP2A5 may also play a role in the oxidative metabolism of 

bilirubin, classifying bilirubin as a CYP2A5 endogenous substrate41. Interestingly, CYP2A5 is also 

upregulated by various structurally unrelated compounds whereas levels of other CYPs are 

downregulated or unchanged14. For example, CYP2A5 is induced by hepatotoxins such as 

pyrazole, ethanol, heavy metals, porphorinogenic compounds and therapeutic drugs such as 

phenobarbital16,19,38,43. Some chemicals that induce CYP2A5 expression are also known to be 

pro-oxidants that cause oxidative stress16,32,117,131,134. However, the mechanism that is responsible 

for the unique induction of CYP2A5 by these diverse inducers is not well understood. It has been 

hypothesized that CYP2A5 is induced by the type of injury that is caused by these chemical 

compounds.  

 Pyrazole, a nitrogen heterocycle, is a potent inducer of CYP2A5 upregulating mRNA and 

protein expression  via mRNA stabilization, increasing CYP2A5 activity levels43,135. Pyrazole was 

previously used as a treatment for alcohol abuse due to its ability to inhibit alcohol 

dehydrogenase145. However, its usefulness has been limited due to its toxic effects. Although 

pyrazole is a potent inducer of CYP2A5, it also downregulates other drug metabolizing enzymes 

and inhibits catalase antioxidant activity146. Pyrazole also highly induces CYP2E1, which is an 

active ROS-generating enzyme via its uncoupling mechanism16,88. During its catalytic cycle, 

CYP2E1 can be poorly coupled to the NADPH-P450 oxidoreductase complex thereby generating 

ROS such as superoxide anion radical, hydrogen peroxide and hydroxyl radicals114–116. Moreover, 
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Lu et al. (2008) showed that pyrazole upregulation of CYP2E1 and CYP2A5 is mediated by Nrf2 

activation33. Nrf2 is a major transcription factor that facilitates cellular defence against oxidative 

stress and increases the detoxification of xenobiotics. Lu et al. (2008) also showed that pyrazole 

induced necrotic hepatocellular injury in Nrf2-knockout mice but not in wild-type mice33. 

Furthermore, pyrazole caused oxidative damage in the livers of Nrf2-knockout mice as well as, 

glutathione (GSH) depletion and evidence of 3-NT adducts. While pyrazole markedly induce 

CYP2A5 via Nrf2, the role of CYP2A5 in the development of oxidative liver injury has not been 

explored. Hong et al. (2015) was the first to show that CYP2A5 plays a role during oxidative stress 

by protecting the liver against ethanol-induced oxidative liver injury35. In Cyp2a5-knockout mice 

hepatocellular injury and extensive oxidative damage was evident with ethanol treatment. Ethanol 

also induces CYP2A5 via Nrf2 activation following CYP2E1 upregulation and ROS production35. 

Chemical inducers of CYP2A5 including heavy metals such as lead chloride and bilirubin also 

induce and upregulate CYP2A5 expression via the Nrf2 pathway37,38,41. However, to date, no 

studies have evaluated the role of CYP2A5 against oxidative stress induced by these 

hepatotoxins.  

 Mouse Cyp2a5 is 84% homologous with human CYP2A6 and both share similar substrate 

specificity8. However, the CYP2A6 gene has been found to be highly polymorphic with 22 allelic 

variants identified147. Genetic variability in CYP2A6 classifies certain individuals as poor 

metabolizers, fast metabolizers or extensive metabolizers. For example, individuals with the 

extensive metabolizer phenotype carry duplicated active alleles causing greater CYP2A6 

activity57. Increased CYP2A6 enzymatic activity enhances the metabolism of nicotine and 

clearance of the metabolite cotinine, which increases the number of cigarettes smoked in order 

to maintain physiologically dependent levels of nicotine148. Several cancers are also caused by 

carcinogens present in our environment, which are primarily bioactivated by CYP enzymes and 

cause genotoxicity23,25. Thus, variability in the levels of CYP2A6 among individuals from common 
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and dissimilar ethnicities are important risk factors for predicting the probability and severity of 

acquired chemically-induced diseases, such as alcoholic liver diseases and tobacco-related lung 

cancer.  

 In this study, we investigated the role of CYP2A5 against pyrazole-induced oxidative 

stress in vivo. Our previous study showed that CYP2A5 plays an important role in protecting 

cultured mouse hepatocytes against apoptotic cell death and oxidative stress by reducing ROS 

levels induced by pro-oxidants. We extended these in vitro studies by evaluating the 

cytoprotective role of CYP2A5 against oxidative stress by determining its influence on pyrazole-

induced oxidative stress in mice. Evidence of oxidative stress was determined in livers of Cyp2a5-

null and wild-type mice treated with pyrazole by assessing oxidative markers, GSH depletion and 

evidence for 3-NT and 4-HNE adducts and histopathologic damage. Our results show that loss of 

CYP2A5 activity increases oxidative damage and necrotic hepatocellular injury in livers of 

Cyp2a5-null mice.  
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3.2 Materials and methods  

 

Animals  

 

Wild-type male C57BL/6 mice purchased from Charles River Canada (St. Constant, 

Quebec City) were housed in the Central Animal Facility at the University of Guelph. As described 

in Chapter 2 Methods – Animals, a breeding colony of Cyp2a5-null mice was established at the 

University of Guelph. Adult wild-type and Cyp2a5-null mice were fed 14% protein diet and water 

ad libitum. Mice were housed at 22˚C to 25˚C with a 12-hour light/12-hour dark cycle. All mouse 

procedures were performed in accordance with the Animal Utilization Protocol approved by the 

Canadian Council on Animal Care and the Animal Care Committee of the University of Guelph. 

In vivo mouse pyrazole treatments  

Adult wild-type and Cyp2a5-null mice weighing approximately 25 g were treated with 

intraperitoneal (IP) injection of either 200 mg/kg pyrazole or normal saline (0.9% w/v sodium 

chloride) for three consecutive days as previously described by Gilmore and Kirby (2004). Twenty-

four hours after the final IP injection, mice were euthanized and the livers were collected and 

washed with cold normal saline.  

Glutathione and glutathione disulfide levels 

 

GSH and glutathione disulfide (GSSG) levels were assessed in mouse liver tissue from 

wild-type and Cyp2a5-null mice as previously described by Rahman, Kode and Biswas (2007). 

Briefly, a lobe of the mouse liver was washed with cold normal saline and approximately 0.5 g of 

live tissue was minced and homogenized in ice-cold 5% metaphosphoric acid solution (Appendix 

I). The liver homogenate was centrifuged at 3000 × g at 4˚C for 10 minutes. The aqueous layer 

was transferred into a pre-chilled 1.5 mL microcentrifuge tube and stored at -80˚C. The 

concentrations of GSH and GSSG were quantified using the protocol previously described in 

Chapter 2 – Methods – Measurement of reduced glutathione and glutathione disulfide levels. The 
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rate of 2-nitro-5-thiobenzoic acid formation was calculated based on the change in absorbance at 

412nm per minute. The total GSH concentration in the cytosolic extract samples was calculated 

using a linear regression from a standard curve. A decrease in the ratio between the concentration 

of GSH and GSSG was used as an indicator of oxidative stress.  

Histological liver tissue preparation  

 

 The left lateral lobes of mouse livers were collected, washed with cold normal saline and 

placed in a tissue container with 10% neutral buffered formalin. The tissues were then fixed in 

10% neutral buffered formalin for approximately 22 hours at 4˚C. After fixation, the tissues were 

stored in 70% ethanol before processing. Tissue processing involved dehydration with 100% 

isopropanol, clearing in xylene and embedding in paraffin wax using an automated processor 

(Fisher Scientific, Waltham, Massachusetts, USA). Tissues were then sectioned at 5 µm using a 

Shandon™ Finesse™ E+ and Me+ rotary microtome (ThermoFisher, Ottawa, Canada) and the 

sections mounted on charged glass microscope slides (Fisherbrand™ , Fisher Scientific, Whitby, 

Canada). Sectioned liver tissues were then incubated at 37˚C overnight.  

Hematoxylin and Eosin staining  

 

 To assess the mouse liver structure and morphological changes with treatment of 

pyrazole, representative sections of the mouse liver were stained with hematoxylin and eosin. 

Sections were deparaffinised in three changes of xylene, three changes of 100% isopropanol, 

and one change in 70% isopropanol, and transferred into deionized water for 2 minutes at each 

change. Sections were stained with modified Harris hematoxylin for 10 minutes and rinsed with 

deionized water. Sections were then dipped 6 to 10 times in acid alcohol (Appendix I), rinsed in 

deionized water, blued in ammonia water for approximately 10 seconds and again rinsed in 

deionized water. Sections were dipped 6 times in 70% isopropanol and stained with eosin for 1 

minute. Sections were then passed through four changes of 100% isopropanol and cleared in 
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three changes of xylene for 2 minutes each. The stained sections were then immediately 

coverslipped with Cytoseal.  

Immunohistochemistry   

 

 To assess oxidative stress, the markers 4-hydroxynonenal (4-HNE) and 3-nitrotyrosine (3-

NT) were detected using immunohistochemistry in the mouse liver tissue from wild-type and 

Cyp2a5-null mice. Paraffin wax was removed by passing sections through three changes of 

xylene for 2 minutes each and rehydrated in three changes of 100% isopropanol, 70% isopropanol 

and deionized water for 2 minutes each. Sections underwent antigen retrieval in either Tris-EDTA 

with 0.05% Tween, pH 9.0 (Appendix I) for 4-HNE analysis or sodium citrate buffer, pH 6.0 

(Appendix I) for 3-NT analysis for 30 minutes at 95˚C using a water bath. Sections were cooled 

to room temperature for approximately 30 minutes and washed with three changes of TBS-T 

(Appendix I) for 5 minutes each. To inactivate endogenous peroxidases, sections were incubated 

in 3% H2O2 for 10 minutes followed by three changes of TBS-T wash for 5 minutes each. Sections 

were then blocked with blocking buffer, 3% normal goat serum in TBS-T, for one hour at room 

temperature. After incubation, blocking buffer was removed and sections were incubated with 

primary antibody, rabbit anti-HNE-Michael adducts, reduced (1:100) or rabbit anti-nitrotyrosine 

(1:100), in blocking buffer at 4˚C overnight. One section on each slide was incubated with blocking 

buffer with no primary antibody as the omission control. After overnight incubation, sections were 

rinsed in three changes of TBS-T for 5 minutes each. Biotinylated goat anti-rabbit secondary 

antibody (1:100) in blocking buffer was applied to all sections for one hour at room temperature. 

Sections were then rinsed in three changes of TBS-T for 5 minutes each followed by incubation 

with horseradish peroxidase-streptavidin (1:100) in blocking buffer for one hour at room 

temperature. After incubation, sections were rinsed with three changes of TBS-T for 5 minutes 

each and stained with 3,3’-diaminobenzidine (DAB) and rinsed in deionized water. Sections were 

then counterstained in Mayer’s hematoxylin and coverslipped as described above. Sections were 
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viewed with a Leica DM LM light microscope (Leica Microsystems, Wetzlar, Germany) and 

imaged using a QICAM digital camera and QCapture v.2.99.5 software (QImagin, Surrey, 

Canada).  

Statistical analysis 

 

Values are expressed as mean ± SD. Statistical comparisons were performed using 

unpaired students t-test, in Sigma Plot 12.0 (Systat Software Inc.). All values were plotted in 

GraphPad Prism 6 (GraphPad Software Inc.). 
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3.3 Results 

 

Ratio of reduced glutathione to glutathione disulfide 

 

To investigate whether CYP2A5 has a cytoprotective role against pyrazole-induced 

oxidative stress, consumption of GSH and increased production of GSSG were analyzed in liver 

tissue from wild-type and Cyp2a5-null mice. A decrease in the ratio of GSH and GSSG is 

indicative of oxidative stress.   

The GSH:GSSG ratio in livers of untreated Cyp2a5-null mice was 1.5-fold (p=0.031) lower 

than untreated wild-type mice (Figure 8). Pyrazole significantly reduced the GSH:GSSG ratio in 

both the wild-type and Cyp2a5-null mice. The GSH:GSSG ratio in pyrazole-treated wild-type mice 

was 2.5-fold (p<0.001) lower than corresponding controls whereas the ratio for pyrazole-treated 

Cyp2a5-null mice was 5-fold (p<0.003) lower. In addition, the GSH:GSSG ratio was significantly 

lower, by 3-fold (p<0.001), in pyrazole-treated Cyp2a5-null mice compared to treated wild-type 

mice.  

 

Figure 8 - Effect of pyrazole on glutathione depletion in mouse liver tissue from wild-type and 
Cyp2a5-null mice. Cyp2a5-null and wild-type mice were treated IP with three doses of 200 mg/kg pyrazole 
or normal saline 24 hours apart. The concentration of reduced glutathione and oxidized-glutathione disulfide 
based on enzymatic conversion of 5,5’-dithiobis(2-nitrobenzoic acid) (DNTB), to 5’-thio-2-nitrobenzoic acid 
(TNB) was quantitatively measured at 412 nm from livers obtained 24 hours after the last dose of pyrazole. 

All values represent the mean  SD of three biological replicates and three technical replicates for each 
group. Bars with different letters are statistically different (p<0.05). 
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Histopathological analysis of pyrazole treated mouse liver    

 

 Representative sections of mouse liver tissue from wild-type and Cyp2a5-null mice were 

stained with hematoxylin and eosin to evaluate the morphological and organizational changes of 

the mouse liver following treatment of pyrazole. Liver sections from saline-treated wild-type and 

Cyp2a5-null mice had intact hepatic lobular morphology and well-organized hepatic acini with no 

visible abnormalities (Figures 9. A, B, E, F). Wild-type mice treated with pyrazole had evidence of 

hepatocellular injury characterized by intensely eosinophilic granular cytoplasm localized around 

the central vein (black arrows in Figure 9.C, D). Further, sections from wild-type mice treated with 

pyrazole had leukocyte infiltration (blue arrows in Figure 9.D) and large apoptotic bodies with 

pyknotic nuclear material (black arrows in Figure 9.D) suggesting advanced stage apoptosis. In 

pyrazole-treated Cyp2a5-null mice, liver sections had evidence of marked hepatocellular injury 

with centrilobular necrosis (black arrows in Figure 9.G) and loss of hepatocellular structural detail 

(black arrows Figure 9.H), cytoplasmic vacuolization and inflammatory cell infiltration in the central 

veins (asterisk in Figure 9.H).  
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Figure 9 – Histopathology of pyrazole-induced hepatocellular injury in wild-type and Cyp2a5-null 
mouse liver sections stained with hematoxylin and eosin. A) and B) liver sections from wild-type 
controls C) and D) wild-type liver section treated with 200 mg/kg pyrazole, E) and F) liver sections from 
Cyp2a5-null control mice G) and H) liver sections from Cyp2a5-null mice treated IP with 200 mg/kg 

pyrazole. Each image is representative of three biological replicates. 
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Immunohistochemical analysis of oxidative markers in pyrazole treated mouse liver 

 

To investigate whether CYP2A5 had a cytoprotective role against pyrazole-induced 

oxidative stress, representative sections of livers obtained from control or pyrazole-treated mice 

were analyzed for the expression of oxidative markers, 4-HNE and 3-NT. Liver sections from 

untreated wild-type and Cyp2a5-null mice showed no evidence of 4-HNE and 3-NT staining 

(Figure 10. A and B, Figure 11. A and B). Pyrazole treatment resulted in the presence of 4-HNE 

and 3-NT adducts around the hepatic central veins in livers from both wild-type and Cyp2a5-null 

mice (Figure 10. C and D and Figure 11. C and D). In order to quantify the amount of 4-HNE and 

3-NT adduct formation, five randomly selected central veins were identified at a magnification of 

50X. The radius of 4-HNE and 3-NT staining in the centrilobular area surrounding the central vein 

was measured using ImageJ: Image Processing and Analysis Java software (National Institute of 

Health, Maryland, USA) at a magnification of 200X. 4-HNE adducts were significantly greater in 

pyrazole-treated Cypa5-null mice (Figure 10.D.i) compared to pyrazole-treated wild-type mice 

(Figure 10.C.i) by 3-fold (Figure 10.E). Similarly, the area of 3-NT adducts staining was 

significantly greater, by 12-fold, in Cyp2a5-null mice (Figure 12.D.i) relative to wild-type mice 

(Figure 12.C.i) treated with pyrazole (Figure 11.E). Negative controls samples, sections incubated 

with no primary antibody are depicted in Appendix III showed no positive staining.  
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Figure 10 – Evidence of 4-hydroxynonenal (4-HNE) staining in wild-type and Cyp2a5-null mice 
treated with pyrazole. Representative sections of livers from wild-type and Cyp2a5-null mice treated with 
normal saline (0.9% sodium chloride (A and B) or 200 mg/kg pyrazole (C and D) for three consecutive days 
and immunostained with anti-HNE-Michael adducts. Images A, B, C and D are viewed at 50X magnification. 
Images A.i, B.i, C.i and D.i are individual central veins viewed at a magnification of 200X that are 
representative of five randomly selected central veins. E) Area of 4-HNE staining in the centrilobular area 

surrounding the central vein. All values represent the mean  SD of five central veins and three biological 
replicates for each treatment. Bars with different letters are statistically different (p<0.05). * 
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Figure 11 - Evidence of 3-nitrotyrosine (3-NT) staining in wild-type and Cyp2a5-null mice treated 
with pyrazole. Representative sections of livers from wild-type and Cyp2a5-null mice treated with normal 
saline (0.9% sodium chloride (A and B) or 200 mg/kg pyrazole (C and D) for three consecutive days and 
immunostained with anti-3-nitrotyrosine. Images A, B, C and D are viewed at 50X magnification. Images 
A.i, B.i, C.i and D,i are individual central veins viewed at a magnification of 200X that is representative of 
five randomly selected central veins. E) Area of 3-NT staining in the centrilobular area surrounding the 

central vein. All values represent the mean  SD of five central veins and three biological replicates for each 
treatment. Bars with different letters are statistically different (p<0.05). 
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3.4 Discussion 

 

 CYP2A5 is the murine orthologue of human CYP2A6 that plays an important role in 

catalyzing monooxygenation reactions of several substrates such as coumarin, nicotine, 

nitrosamines including the tobacco-specific carcinogen NNK, aflatoxin B1 and 

acetaminophen8,11,13,57. The CYP2A6 gene  has been found to be highly polymorphic with 22 allelic 

variants8,12. Thus, variability in the levels of CYP2A6 among individuals from common and 

dissimilar ethnicities are important risk factors for predicting the probability and severity of 

acquired chemically-induced diseases, such as alcoholic liver diseases, tobacco-related lung 

cancer and nicotine dependence in consumers of tobacco products140,148.  

CYP2A5 is uniquely induced and upregulated by various structurally unrelated 

hepatotoxins and during pathophysiological conditions whereas levels of other major drug 

metabolizing CYPs are either downregulated or unchanged13. Accumulating evidence suggests 

that Cyp2a5 is upregulated in response to oxidative stress since hepatotoxin inducers are either 

pro-oxidants or cause oxidative stress at high concentrations or constant exposure10,16,38,93. 

Moreover, induction of Cyp2a5 by these inducers occurs primarily through activation of the Nrf2 

pathway in response to oxidative stress16,32,38,93. However, the role of CYP2A5 during oxidative 

stress is unclear. In Chapter 1, results from our in vitro studies showed that the loss of CYP2A5 

activity in Cyp2a5-knockout mice significantly increased oxidative damage and apoptotic-cell 

death with treatment of various pro-oxidants in cultured mouse hepatocytes. Thus, the objective 

of this study was to investigate the cytoprotective role of CYP2A5 against pyrazole-induced 

oxidative stress in vivo.  

Hong et al. (2015) showed in Cyp2a5-knockout mouse models that CYP2A5 protects 

against ethanol-induced oxidative liver injury35. Chronic ethanol treatment caused liver injury in 

Cyp2a5-null mice characterized by increased hepatic steatosis, necroinflammation as well as 

increased oxidative stress as evidenced by increased GSH consumption, hepatic thiobarbituric 
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acid reactive substances and increased formation of 4-HNE and 3-NT adducts35. To our 

knowledge, no previous evidence demonstrates the cytoprotective role of CYP2A5 against 

oxidative stress generated by other CYP2A5 inducers. Our findings suggest that CYP2A5 also 

plays a cytoprotective role against pyrazole-induced oxidative liver injury. Pyrazole is a potent 

inducer of CYP2A5 as well as the ROS-generating enzyme CYP2E1. Induction of CYP2A5 by 

pyrazole occurs as a result of ER damage, dysfunction and stress which has been hypothesized 

to be related to oxidative stress43. Lu et al. (2008) showed that CYP2A5 induction by pyrazole 

also requires Nrf2 activation33. However, no studies to date have examined the cytoprotective role 

of CYP2A5 against pyrazole-induced oxidative stress. 

In this study, the level of oxidative stress was greater in livers obtained from pyrazole-

treated Cyp2a5-null mice as shown by marked reduction in GSH levels and increased evidence 

of 4-HNE and 3-NT adducts around central veins. This suggests that pyrazole induces oxidative 

stress to a greater extent when CYP2A5 activity is absent, thus substantiating the results obtained 

in our in vitro studies described in Chapter 2. The degree of oxidative stress caused by pyrazole 

in Cyp2a5-null mice was similar to the ethanol-mediated oxidative damage observed in Cyp2a5-

null mice by Hong et al. (2015). This suggests that CYP2A5 may also play a cytoprotective role 

against both pyrazole- and ethanol-induced oxidative stress in the liver.  

We also found the extent of hepatocellular injury was greater in Cyp2a5-null mice. While 

pyrazole-mediated liver damage in wild-type mice was characterized by apoptosis in hepatocytes 

in centrilobular areas, livers of Cyp2a5-null mice showed greater hepatocellular injury with 

evidence of extensive necrosis of centrilobular hepatocytes. Apoptosis represents a form of 

energy-dependent programmed cell death that occurs in individual hepatocytes whereas necrosis 

is an inflammatory, unregulated and irreversible form of cell death that occurs in an area of 

hepatocytes149. Following the initiation of oxidative-induced apoptosis, hepatocytes are able to 

maintain their membrane integrity, morphological and biochemical characteristics in which 
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damage is immediately repaired. However, extensive oxidative damage causes ATP depletion, 

inhibition of controlled apoptotic cell death with a loss of membrane integrity resulting in necrotic 

cell death149. Liver injury in Cyp2a5-null mice by pyrazole parallels the necrotic hepatocellular 

damage observed in Nrf2-knockout mice in the study by Lu et al. (2008)33. We have previously 

shown that CYP2A5 is expressed and induced in the centrilobular zone, a region where 

hepatotoxins typically cause hepatocellular injury, suggesting that this is an important location for 

cytoprotection43. Indeed, our current findings clearly show that CYP2A5 protects against oxidative 

liver injury in mice treated with pyrazole. However, the mechanism by which CYP2A5 reduces 

oxidative stress remains unclear. Further studies are needed to determine if CYP2A5 is capable 

of scavenging ROS thereby reducing oxidative damage or if it plays a role in upregulating 

antioxidant molecules or detoxifying enzymes that counteract oxidative damage. Cyp2a5 

knockout mice lack exon 9 that encodes the cysteine amino acid residue required for CYP2A5 

catalytic activity resulting in loss of enzymatic activity. Previously, we showed that pyrazole does 

not increase 7-hydroxycoumarin formation in Cyp2a5-null mice confirming that CYP2A5 

enzymatic activity is indeed knocked out (unpublished findings). Since CYP2A5 protein is not 

expressed in Cyp2a5-null mice, this suggests that enzymatic activity is important in the 

cytoprotection against pyrazole-induced oxidative liver injury. This contention could be confirmed 

by evaluating the levels of oxidative liver injury in pro-oxidant-treated wild-type mice in which 

CYP2A5 enzyme activity had been inhibited. Further studies could also investigate the 

cytoprotective role of CYP2A5 against other CYP2A5 pro-oxidant inducers such as heavy metals 

and bilirubin. Both pyrazole and ethanol induce CYP2E1, an active ROS generating enzyme, 

which in turn activates Nrf2 and upregulates CYP2A5. Whether the cytoprotective role of CYP2A5 

is primarily against CYP2E1-mediated oxidative stress or other CYPs that have poor coupling 

efficiency should also be examined. Finally, CYP2A6 polymorphisms that determine metabolizer 

phenotypes may also influence the probability, rate of progression and severity of viral and 

chemically-induced liver diseases associated with oxidative hepatic damage in humans.  
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SUMMARY OF FINDINGS, CONLUSIONS  
AND FUTURE DIRECTIONS 
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4.1 Summary of findings 

 

 Cytochrome P450 enzymes (CYP) play a major role in the metabolism, bioactivation and 

detoxification of various endogenous and exogenous compounds. CYPs primarily catalyze phase 

I reactions including dehydrogenation/hydrogenation, oxidation/reduction, hydrolysis and 

monooxygenation3,4. Although CYP enzymes are involved in the detoxification of xenobiotic 

compounds, CYP enzymes can also form reactive intermediates that can be cytotoxic and react 

with various macromolecules in the cell such as proteins, lipids and DNA resulting in protein 

damage,  lipid peroxidation or DNA adducts that if unrepaired cause genotoxicity3. In this study, 

we focused on a specific CYP isoform, cytochrome P450 2A5 (CYP2A5), which is the murine 

orthologue of the human nicotine metabolizing enzyme CYP2A6. CYP2A5 is involved in the 

metabolism of various endogenous substrates and xenobiotics such as coumarin, nicotine, 

bilirubin, nitrosamines including the tobacco-specific carcinogen NNK, aflatoxin B1 and 

acetaminophen8,11,13,18. CYP2A5 is also uniquely induced and upregulated by various structurally 

unrelated hepatotoxins and during pathophysiological conditions whereas levels of other major 

drug metabolizing CYPs are either downregulated or unchanged14,32,43. CYP2A5 inducers such 

as various heavy metals, polycyclic aromatic hydrocarbons, porphyrinogenic compounds, 

pyrazole, phenobarbital and ethanol are known pro-oxidants that cause oxidative 

damage16,32,43,83,104. Induction of CYP2A5 by many of these compounds requires Nrf2-

activation33,36–38,41. The Nrf2 pathway is activated in response to oxidative stress primarily due to 

increased ROS generation and disruption of cellular homeostasis. Upregulation of various 

antioxidant genes by Nrf2 reflects the critical involvement of this transcription factor in facilitating 

cellular defence against oxidative stress31,76. Thus, it is hypothesized that CYP2A5 is upregulated 

in response to oxidative stress to play a cytoprotective role by reducing levels of ROS and 

associated oxidative damage in mouse liver.  
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 In Chapter 2, we evaluated the cytotoxic effects of pyrazole, bilirubin, lead chloride and 

menadione in cultured hepatocytes from wild-type and Cyp2a5-null mice. These treatments 

significantly increased apoptosis (elevated cytosolic cytochrome c and cleaved caspase-9 levels) 

to a greater degree in cultured hepatocytes from Cyp2a5-null mice compared to wild-type mice. 

This indicates that the loss of CYP2A5 activity in knockout mice increases cytotoxicity in cultured 

hepatocytes caused by these pro-oxidants, indicating that CYP2A5 has a cytoprotective role 

against apoptotic cell death caused by these various pro-oxidant inducers of CYP2A5.  

 Further, we assessed whether the cytoprotective role of CYP2A5 is mediated by a 

reduction in oxidative stress in cultured hepatocytes. Indeed, loss of CYP2A5 activity in Cyp2a5-

null significantly increased glutathione (GSH) consumption in all treatment groups and cellular 

ROS levels in hepatocytes treated with pyrazole, bilirubin and lead chloride. This suggests that 

CYP2A5 either prevents the production of ROS or scavenges ROS in mouse hepatocytes 

exposed to pro-oxidants. ROS levels were the highest in menadione treatment groups and did 

not significantly differ in hepatocytes between wild-type and Cyp2a5-null mice. This confirms the 

strong pro-oxidant nature of menadione, a compound that generates large amounts of ROS and 

likely overwhelms the capacity of CYP2A5 to mitigate oxidative stress. In summary, the findings 

of the in vitro studies reflect the cytoprotective role of CYP2A5 against cytotoxicity and apoptotic 

cell death caused by pro-oxidants by reducing cellular ROS levels and oxidative stress. 

 In Chapter 3, we assessed the cytoprotective role of CYP2A5 against oxidative 

hepatocelluar damage in vivo. We found that GSH was markedly reduced in pyrazole-treated 

Cyp2a5-null mice. In addition, pyrazole caused more extensive, severe centrilobular 

hepatocellular necrosis in Cyp2a5-null mice compared to the more restricted apoptosis of 

centrilobular hepatocytes seen in wild-type mice. Moreover, oxidative injury manifested by 

increased 4-HNE and 3-NT levels, was significantly greater in pyrazole-treated Cyp2a5-null mice 

suggesting that CYP2A5 reduces ROS levels through either scavenging or reduced production. 
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In summary, our results show that induction of CYP2A5 upon exposure to pro-oxidants may have 

a cytoprotective role against oxidative stress by reducing levels of ROS and minimizing oxidative 

damage to hepatocytes. The precise mechanism by which CYP2A5 provides protection against 

oxidative stress in mouse liver remains unclear.  
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4.2 Conclusion and future directions 

 

This study was first to explore the cytoprotective role of CYP2A5 against oxidative stress 

induced by pro-oxidants in the mouse liver. CYP2A5 is induced by structurally unrelated 

compounds and during pathophysiological conditions that are known to disturb cellular 

homeostasis, and are characterized by ER stress and mitochondrial dysfunction, all in association 

with oxidative stress32,41,117. Upregulation of CYP2A5 expression by its inducers is mediated by 

Nrf2, the major cellular sensor in response to oxidative stress. Heavy metals, bilirubin, ethanol 

and pyrazole have been shown to cause oxidative stress and liver injury in cultured mouse 

hepatocytes and Nrf2-knockout mice16,35,38,41. Thus far, no studies have explored the role of 

CYP2A5 against the oxidative stress induced by these chemical inducers. We investigated if the 

unique upregulation of CYP2A5 may have a cytoprotective role against pro-oxidant chemical 

inducers in mouse liver. Our in vitro studies found that the loss of CYP2A5 activity in knockout 

mice increased cytotoxicity and apoptotic cell death in cultured mouse hepatocytes treated with 

pyrazole, bilirubin, lead chloride and menadione. Further studies should determine if these 

inducers primarily activate the apoptotic-intrinsic pathway or whether the apoptotic-extrinsic or 

necrotic pathways are also involved. Oxidative stress and ROS levels were also assessed in 

cultured hepatocytes from wild-type and Cyp2a5-null mice treated with pro-oxidants. Our findings 

showed that GSH consumption and ROS levels were significantly greater in treated hepatocytes 

from Cyp2a5-null mice relative to wild-type mice. This suggests that CYP2A5 may have a 

cytoprotective role in reducing oxidative stress by decreasing the levels of ROS in mouse 

hepatocytes. However, the mechanism by which CYP2A5 reduces oxidative stress and ROS 

levels still remains unclear. It is possible that CYP2A5 may have a scavenging capacity to 

neutralize ROS that is generated by pro-oxidants or other CYPs that undergo an uncoupling 

mechanism. This could possibly be assessed by purifying CYP2A5 from microsomes isolated 

from the mouse liver and incubating the enzyme in 2,2-diphenyl-1-picrylhydrazyl (DPPH). DPPH 
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is composed of stable free radicals and is often used to assess antioxidant capacity by monitoring 

chemical reactions involving radicals. This would improve our understanding if CYP2A5 has the 

capability of neutralizing ROS that is generated by its inducers thereby preventing oxidative 

stress. Further studies should also consider if induction of CYP2A5 plays a role in inducing 

antioxidants or detoxifying enzymes that can reduce oxidative damage that is caused by pro-

oxidants.  

Previously, Hong et al. (2015) found that CYP2A5 protects against ethanol-induced 

oxidative liver injury. These researchers determined that chronic ethanol treatment significantly 

increased oxidative markers, 4-HNE, 3-NT and TBARS, and glutathione depletion. To our 

knowledge, the role of CYP2A5 against oxidative stress has not been shown for other pro-

oxidants or other CYP2A5 chemical inducers. Lu et al. (2008) showed that pyrazole causes 

oxidative stress and liver injury in Nrf2-knockout mice. We therefore investigated the role of 

CYP2A5 against pyrazole-induced oxidative stress in mice in vivo. We found that pyrazole 

treatment caused hepatocellular injury characterized by centrilobular necrosis of hepatocytes that 

was greater in Cyp2a5-null mice. Oxidative markers, 4-HNE and 3-NT, were also significantly 

greater in pyrazole-treated Cyp2a5-null mice compared to wild-type mice. These observations 

are the first to show that CYP2A5 has a cytoprotective role against pyrazole-induced oxidative 

liver injury. Both ethanol and pyrazole induce CYP2A5 following upregulation of CYP2E1 which 

is an active generator of ROS. Further studies should explore if CYP2A5 has a role against 

oxidative stress induced by other chemical inducers such as heavy metals and bilirubin. While we 

have demonstrated that CYP2A5 activity is knocked out in Cyp2a5-null mice, the expression of 

the protein may still be present. Therefore, the question as to whether CYP2A5 protein expression 

or activity is important in cytoprotection against pyrazole-induced oxidative liver injury should be 

further investigated. This could be explored by pharmacologically inhibiting CYP2A5 activity in 

wild-type mice and evaluating oxidative stress following treatment with pro-oxidants. In 
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conclusion, the findings from our in vitro and in vivo studies have contributed to a greater 

understanding of the importance of CYP2A5 during oxidative stress induced by pro-oxidant 

inducers of CYP2A5. These findings may also explain the unique upregulation of CYP2A5 by Nrf2 

in response to structurally unrelated chemical inducers. This study advances the understanding 

of the cytoprotective role of CYP2A5 against oxidative stress in mouse liver, which through 

translational studies of CYP2A6 in humans could aid in predicting the probability, rate of 

progression and severity of acquired liver diseases. 
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APPENDIX I – Reagent and buffer recipes 
 

Mouse Liver Perfusion  

0.1 M EGTA, pH 7.4 

 Dissolve 0.95 g EGTA in 1 mL of 5N NaOH  

 Add 2.5 mL of 10X Hanks’ Buffered Salt Solution (HBSS)  

 17 mL of MilliQ H2O 

Adjust pH to 7.4 with 1N HCl and bring to final volume of 25 mL with MilliQ H2O 

The solution was sterilized by filtration through a 0.45 µm pore filter  

 

7.5% Bovine serum albumin (BSA) 

 Dissolve 0.75 g of BSA (fraction V) in 8 mL MilliQ H2O  

 Bring to final volume of 10 mL with MilliQ H2O 

 

Insulin-Transferrin-Selenium (ITS)  

 Lyophilized powder containing 25 mg insulin, 25 mg transferrin, 25 µg sodium selenite 

 Reconstituted in 5 mL MilliQ H2O (1000X stock solution) 

 

10mM Dexamethasone  

 Dissolve 3.925 mg dexamethasone in 1 mL ethanol  

 

William’s E media  

 Dissolve entire contents of William’s E powder in 900 mL MilliQ H2O  

 Add 2.2 g NaHO3  

Adjust pH to 7.37 – 7.39 with 1N HCl and bring to final volume of 1 L with MilliQ H2O 
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Blanching media solution  

 1.0 M HEPES, pH 7.4    1 mL 

 0.1 M EGTA, pH 7.4    1 mL 

 10X HBSS     10 mL 

 MilliQ H2O     88 mL 

 

Collagenase media solution  

 William’s E media     60 mL  

 1.0 M HEPES, pH 7.4    0.6 mL 

 7.5% BSA*     64 µL 

 Type I collagenase*    100 U/mL 

*BSA and collagenase are added on the day of the perfusion  

*Type I collagenase is variable depending on the lot. The amount of collagenase (mg) 

added to the solution for a final activity of 100 U/mL must be calculated for each lot  

 

Attachment media 

 Williams E media     444.5 mL 

 ITS      500 µL  

 FBS (heat-inactivated)   50 mL  

 10 mM dexamethasone    2.5 µL 

 1.0 M HEPES, pH 7.4    5 mL 

 Gentamicin      75 µL 

 

Serum-free media 

 William’s E media    494.5 mL 

 ITS      500 µL 

 1.0 M HEPES, pH 7.4    5 mL 

 Gentamicin      100 µL 
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Cytosolic fraction isolation buffer 

1.0 M HEPES-KOH, pH 7.9  

 Dissolve 2.38 g of HEPES in 80 mL MilliQ H2O  

Adjust pH to 7.9 with KOH pellets bring to final volume of 100 mL with MilliQ H2O 

The solution was sterilized by filtration through a 0.45 µm pore filter  

 

1.0 M KCl  

 Dissolve 37.275 mg KCl in 50 mL MilliQ H2O 

 The solution was sterilized by filtration through a 0.45 µm pore filter  

 

1.0 M MgCl2  

 Dissolve 10.165 mg MgCl2 in 50 mL MilliQ H2O  

 The solution was sterilized by filtration through a 0.45 µm pore filter  

 

0.1 M Dithiothreitol (DTT)  

 Dissolve 77.125 mg DDT in 5 mL MilliQ H2O 

DTT is light sensitive. Aliquot in amber microcentrifuge tube and store at -20˚C 

 

Cytosolic fraction buffer  

 1.0 M HEPES-KOH, pH 7.9   500 µL 

 1.0 M KCl     500 µL 

 1.0 M MgCl2     75 µL  

 NP-40 alternative    200 µL 

 MilliQ H2O     48.725 mL  

Aliquot in 10 mL stocks and stored in -20˚C  

Add 50 µL 0.1 M DTT and dissolve one cOmplete™ mini tablet before use 
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Cell lysis buffer  

1.0 M Tris-HCl, pH 7.5 

 Dissolve 12.114 g in 80 mL MilliQ H2O 

Adjust pH to 7.5 with 1N and 5N HCl and bring to final volume of 100 mL with MilliQ H2O 

The solution was sterilized by filtration through a 0.45 µm pore filter 

 

0.5 M EDTA, pH 8.0  

 Dissolve 18.61 g in 80 mL MilliQ H2O 

Adjust pH to 8.0 with NaOH pellets and bring to final volume of 100 mL with MilliQ H2O 

The solution was sterilized by filtration through a 0.45 µm pore filter 

 

2.5 M NaCl  

 Dissolve 7.305 mg NaCl in 50 mL MilliQ H2O 

 

Cell lysis buffer 

 1.0 M Tris-HCl, pH 7.5    5 mL 

 Glycerol      10 mL 

 0.5 M EDTA, pH 8.0    1 mL  

 2.5 M NaCl2     6 mL 

 NP-40 alternative     500 µL 

 MilliQ H2O     77.5 mL  

Aliquot in 10 mL stocks and stored in -20˚C 

Dissolve one cOmplete™ mini tablet before use 
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SDS-PAGE and Western Blots 

2.0 M Tris-HCl, pH 6.8 

 Dissolve 12.59 Tris base in 30 mL MilliQ H2O 

Adjust pH 6.8 with 12N HCl in ice and bring to final volume 50 mL  

 

1% Bromophenol blue  

 Dissolve 100 mg bromophenol blue in 10 mL MilliQ H2O 

 

5X Laemmli loading buffer  

 2.0 M Tris-HCl, pH 6.8    3.125 mL 

 β-mercaptoethanol    5 mL 

 SDS*      2 g 

 Glycerol*     10 mL  

 1% bromophenol blue    200 µL  

Bring to final volume 20 mL with MilliQ H2O 

β-mercaptoethanol is light sensitive. Aliquot in amber tubes and store in -20˚C 

Order of reagent addition is required  

*SDS – dissolve completely before proceeding to next steps  

*Glycerol – add slowly  

 

5X Running buffer, pH 8.3  

 Tris Base     15 g 

 Glycine      72 g 

 SDS      5 g 

 MilliQ H2O      800 mL  

Adjust pH to 8.3 with 1N HCl and bring to final volume of 1 L with MilliQ H2O 
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Transfer buffer, pH 8.3  

 Tris base      3.03 g 

 Glycine      14.4 g 

 Methanol      200 mL  

 MilliQ H2O     800 mL 

Do not adjust pH, pH should be approximately at 8.1-8.4. Bring to final volume of 1 L with 

MilliQ H2O and store in 4˚C – reuse 3 times  

 

Tris buffered saline (TBS), pH 7.6  

 Tris Base     2.4 g 

 NaCl       8 g 

 MilliQ H2O     800 mL 

Adjust pH to 7.6 with 6N HCl and adjust to final volume of 1 L with MillQ H2O 

 

Tris buffered saline – 0.1% Tween 20  

 TBS, pH 7.6      999 mL  

 Tween 20     1 mL  
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Glutathione and glutathione disulfide assay  

0.1 M Potassium phosphate buffer – 5 mM EDTA disodium salt, pH 7.5 (KPE) 

Solution A:  

 Dissolve 6.8 g KH2PO4 in 500 mL MilliQ H2O and store at 4˚C  

 

Solution B:  

 Dissolve 8.5 g K2HPO4 in 500 mL MilliQ H2O and store at 4˚C 

 

 Solution A     16 mL  

 Solution B     84 mL  

Adjust pH to 7.5 with 1N HCl and add 0.327 g EDTA sodium salt (prepare fresh) 

 

Extraction buffer – 0.1% Triton X-100, 0.6% sulfosalicylic acid  

 Sulfosalicylic acid     0.120 g 

 Triton X-100      20 µL 

 KPE buffer, pH 7.5    20 mL  

Make buffer immediately prior to use and keep on ice  

5% Metaphosphoric acid solution  

 Dissolve 25 g metaphosphoric acid in 500 mL KPE buffer, pH 7.5  

5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB) 

 Dissolve 2 mg of DTNB in 3 mL KPE buffer, pH 7.5 

 Volume of DNTB can be adjusted according to need  

 Light sensitive – prepare fresh prior to use and keep in dark or cover with aluminum foil  

 

Glutathione reductase (GR) 

 Add 40 µL of GR (250 units/mL) in 3 mL KPE buffer, pH 7.5  

 Volume of GR can be adjusted according to need and prepare fresh prior to use  
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β-NADPH  

 Dissolve 2 mg of β-NADPH in 3 mL KPE buffer, pH 7.5  

 Volume of β-NADPH can be adjusted according to need, prepare fresh prior to use and 

wrap in aluminum foil  

 

2-Vinylpyridine (1:10 in KPE buffer, pH 7.5) 

 Add 200 µL of 2-vinylpyridine in 1.8 mL of KPE buffer, pH 7.5  

 Prepare fresh in the fume hood and store on ice  

 

Triethanolamine (1:6 in KPE buffer, pH 7.5)  

 Add 333.33 µL of triethanolamine in 1.67 mL of KPE buffer, 7.5  

 Prepare in the fume hood and store on ice  

Glutathione (GSH) standards  

 Dissolve 1 mg GSH powder in 1 mL KPE buffer, pH 7.5  

 Aliquot and store at 20˚C for up two weeks  

 Dilute stock 1:100 with KPE buffer, pH 7.5 (working solution – 10 µg/mL)  

 Dilute 800 µL of working solution with 200 µL KPE buffer, pH 7.5 (max standard 

concentration – 26.4 nM/mL)  

 Make twofold serial dilutions for a series of standards with concentrations 26.4 nM/mL, 

13.2 nM/mL, 6.6 nM/mL, 3.3 nM/mL, 1.65 nM/mL, 0.825 nM/mL, 0.4125 nM/mL, 0.206 

nM/mL, 0.103 nM/mL and 0 nM/mL  

Glutathione disulfide (GSSG) standards 

 Dissolve 2.01 mg GSSG powder in 1 mL KPE buffer, pH 7.5  

 Dilute stock 1:200 with KPE buffer, pH 7.5 (working solution – 10 µg/mL)  

 Dilute 800 µL of working solution with 200 µL KPE buffer, pH 7.5 (max standard 

concentration – 26.4 nM/mL)  

 Make twofold serial dilutions for a series of standards with concentrations 26.4 nM/mL to 

0.103 nM/mL as described above for GSH standards. 
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Hematoxylin and Eosin staining 

Acid Alcohol  

 1% HCl     1 mL 

 70% Isopropanol    99 mL 

Eosin stock  

 Eosin Y     10 g 

 Phloxine B     1 g 

 80% ethanol     1 L 

Eosin working solution  

 Eosin stock     200 mL 

 Deionized water    200 mL 

 Absolute ethanol    600 mL 

 Glacial acetic acid    5 mL 

 

Immunohistochemistry 

Tris-EDTA buffer – 0.05% Tween, pH 9.0 

 Tris base      1.21 g 

 EDTA      0.37 g 

 MilliQ H2O     900 mL  

Adjust pH to 9.0 with 1N NaOH and bring up to final volume of 1L with MilliQ H2O. Add 0.5 

mL Tween 20 

10X Sodium Citrate  

 Dissolve 29.4 g sodium citrate in 800 mL MilliQ H2O 

 Adjust pH to 6.0 with 1N HCl and bring up to final volume of 1L with MilliQ H2O. Add  0.5 

mL Tween-20 and store in 4˚C  
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10X Tris buffered saline (TBS) 

 Tris base      24.2 g 

 NaCl      80 g 

 MilliQ H2O     800 mL  

Adjust pH to 7.6 with 1N HCl and bring to final volume of 1 L  

1X Tris buffered saline – Tween-20 (TBS-T) 

 10X TBS     100 mL 

 MilliQ H2O     899 mL  

 Tween-20     1 mL 
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APPENDIX II – Source of materials 

0.22 μM bottle top vacuum filter             Corning Inc, Corning, NY  

0.45 μM syrine filter       Fisher Scientific, Ottawa, ON 

70 μM cell strainer        Fisher Scientific, Ottawa, ON  

1.0 M HEPES          Gibco, Burlington, ON  

1.0 N NaOH           Sigma-Aldrich, Oakville, ON  

1.5, 2.0 (amber), 5.0 mL microcentrifuge tubes    Fisher Scientific, Ottawa, ON  

2-Vinylpyridine          Sigma-Aldrich, Oakville, ON  

6, 96-well and 60mm cell culture plate            Corning Inc, Corning, NY 

10X HBSS          Gibco, Burlington, ON  

15, 50 mL conical centrifuge tubes      Fisher Scientific, Ottawa, ON  

3% Hydrogen peroxide      Fisher Scientific, Ottawa, ON 

10% Neutral buffered formalin     Fisher Scientific, Ottawa, ON 

30% Acrylamide             Bio-Rad Laboratories, Mississauga, ON  

100 mm x 15 mm petri dish       Fisher Scientific, Ottawa, ON  

Agarose (UltraPure)             Invitrogen, Burlington, ON  

Amersham Hybond-ECL nitrocellulose membrane                GE Healthcare, Oakville, ON  

Ammonium persulfate       Fisher Scientific, Ottawa, ON  

β-mercaptoethanol          Sigma-Aldrich, Oakville, ON 

β-NADPH           Sigma-Aldrich, Oakville, ON 

Bilirubin          Sigma-Aldrich, Oakville, ON  
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Bio-Rad protein assay reagent           Bio-Rad Laboratories, Mississauga, ON  

Biotin-SP goat anti-rabbit antibody       Jackson Immunoresearch Labs, West Grove, PA 

Bromophenol blue          Sigma-Aldrich, Oakville, ON  

BSA (Fraction V)        Fisher Scientific, Ottawa, ON  

C57BL/6 male mice             Charles River Canada, St Constant, QC  

Chicken anti-mouse CYP2A5 primary antibody    Dr. Juvonen, Kuopio, Finland 

Charged slides        Fisher Scientific, Ottawa, ON 

Clarity Western ECL Substrate             Bio-Rad Laboratories, Mississauga, ON  

cOmplete, EDTA free protease inhibitor (mini)             Roche Diagnostics, Mississauga, ON 

Cyp2a5-null mice           Dr. Ding, Albany, NY  

Cytoseal™ 60               Fisher Scientific, Ottawa, ON 

CytoTox-ONE Homogeneous Membrane Integrity Assay    Promega, Whitby, ON  

3,3’-diaminobenzidine (DAB)                Vector Laboratories, Burlington, ON 

DCFDA Cellular ROS Detection assay       Abcam, Toronto, ON 

Dexamethasone          Sigma-Aldrich, Oakville, ON  

Dithiothreitol        Fisher Scientific, Ottawa, ON 

DMSO         Fisher Scientific, Ottawa, ON 

5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB)       Sigma-Aldrich, Oakville, ON 

EDTA            Sigma-Aldrich, Oakville, ON  

EGTA            Sigma-Aldrich, Oakville, ON  

Eosin Y        Fisher Scientific, Ottawa, ON  
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Ethanol        Commercial Alcohols, Brampton, ON  

EZ-Vision DNA Dye           Amresco, Solon, OH  

FBS            Sigma-Aldrich, Oakville, ON  

Gentamicin (50mg/mL)        Gibco, Burlington, ON  

Glacial acetic acid        Fisher Scientific, Ottawa, ON  

Glutathione           Sigma-Aldrich, Oakville, ON 

Glutathione disulfide          Sigma-Aldrich, Oakville, ON 

Glutathione reductase         Sigma-Aldrich, Oakville, ON 

Glycerol         Fisher Scientific, Ottawa, ON 

 
Harris Haematoxylin          Sigma-Aldrich, Oakville, ON 

 

Horseradish peroxidase-steptavidin       Jackson Immunoresearch Labs, West Grove, PA 

 

HRP-conjugated goat anti-chicken IgG              Sigma-Aldrich, Oakville, ON 

HRP-conjugated goat anti-mouse IgG       Sigma-Aldrich, Oakville, ON  

HRP-conjugated rabbit anti-goat IgG            Cell Signaling Technology Whitby, ON 

HyClone Molecular Biology grade water     Fisher Scientific, Ottawa, ON  

Isopropanol         Fisher Scientific, Ottawa, ON  

Insulin-Transferin-Selenium                Roche Diagnostics, Mississauga, ON 

Lead chloride          Sigma-Aldrich, Oakville, ON  

Low Mass DNA Ladder            Invitrogen, Burlington, ON 

Magnesium chloride        Fisher Scientific, Ottawa, ON 

Menadione           Sigma-Aldrich, Oakville, ON  
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Metaphosphoric acid                Sigma-Aldrich, Oakville, ON 

Mouse anti-β-actin          Sigma-Aldrich, Oakville, ON  

N-acetylcysteine         Sigma-Aldrich, Oakville, ON  

NADPH           Sigma-Aldrich, Oakville, ON  

Normal goat serum                          Cell Signaling Technology Whitby, ON 

NP-40 alternative          EMD Millipore, Billerica, MA 

Pentobarbital               MTC Pharmaceuticals, Cambridge, ON 

Phloxine B         Fisher Scientific, Ottawa, ON  

Potassium chloride        Fisher Scientific, Ottawa, ON  

Potassium hydroxide (Pellets)     Fisher Scientific, Ottawa, ON 

Potassium phosphate monobasic      Fisher Scientific, Ottawa, ON  

Potassium phosphate dibasic      Fisher Scientific, Ottawa, ON 

Precision Plus Protein Dual Colour Standard         Bio-Rad Laboratories, Mississauga, ON  

Proteinase K          Promega, Whitby, ON 

Pyrazole           Sigma-Aldrich, Oakville, ON 

Rabbit anti-HNE-Michael adducts antibody      EMD Millipore, Billerica, MA  

Rabbit anti-nitrotyrosine antibody        EMD Millipore, Billerica, MA 

RNAlater           Sigma-Aldrich, Oakville, ON 

SDS          Fisher Scientific, Ottawa, ON 

Sodium bicarbonate        Fisher Scientific, Ottawa, ON  

Sodium citrate        Fisher Scientific, Ottawa, ON  
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Sodium chloride        Fisher Scientific, Ottawa, ON  

Sodium phosphate dibasic heptahydrate     Fisher Scientific, Ottawa, ON  

Sucrose         Fisher Scientific, Ottawa, ON 

Sulfosalicylic acid          Sigma-Aldrich, Oakville, ON 

TEMED          GE Healthcare, Oakville, ON 

Trichloroacetic acid          MP Biomedicals, Solon, OH  

Triethanolamine                    Sigma-Aldrich, Oakville, ON  

Tris base          Fisher Scientific, Ottawa, ON 

Triton X-100          Sigma-Aldrich, Oakville, ON  

Trypan blue           Sigma-Aldrich, Oakville, ON  

Tween 20         Fisher Scientific, Ottawa, ON  

Tygon R-3603 tubing        Fisher Scientific, Ottawa, ON  

Type I Collagenase               Worthington Industries, Brampton, ON  

William’s Medium E          Sigma-Aldrich, Oakville, ON 

Xylene         Fisher Scientific, Ottawa, ON 
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APPENDIX III – Glutathione and glutathione disulfide standard curve 

 

 

Figure 12 – Standard curve for the determination of glutathione concentration. Standard 
concentrations of glutathione of a series of twofold serial dilutions, 6.6 nM/mL to 0.103 nM/mL and 0 nM/mL, 
measured at absorbance of 412 nm.  

 

 

Figure 13 – Standard curve for the determination of glutathione disulfide concentration. Standard 
concentrations of glutathione disulfide of a series of twofold serial dilutions, 6.6 nM/mL to 0.103 nM/mL 
and 0 nM/mL, measured at absorbance of 412 nm. 
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APPENDIX IV – Immunohistochemical analysis negative control samples 

 

 

Figure 14 – No evidence of 4-hydroxynonenal (4-HNE) staining in wild-type and Cyp2a5-null mice 
treated with pyrazole in negative (no primary antibody) control sections. Representative sections of 
livers from wild-type and Cyp2a5-null mice treated with normal saline (0.9% sodium chloride (A and B) or 
200 mg/kg pyrazole (C and D) for three consecutive days and incubated with 3% normal goat serum in 
TBS-T as a negative control (no primary antibody). Images A, B, C and D are viewed at 50X magnification. 
Images A.i, B.i, C.i and D.i are individual central veins viewed at a magnification of 200X that are 
representative of five randomly selected central veins.  
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Figure 15 - No evidence of 3-nitrotyrosine (3-NT) staining in wild-type and Cyp2a5-null mice treated 
with pyrazole in negative (no primary antibody) control sections. Representative sections of livers 
from wild-type and Cyp2a5-null mice treated with normal saline (0.9% sodium chloride (A and B) or 200 
mg/kg pyrazole (C and D) for three consecutive days and incubated with 3% normal goat serum in TBS-T 
as a negative control (no primary antibody). Images A, B, C and D are viewed at 50X magnification. Images 
A.i, B.i, C.i and D.i are individual central veins viewed at a magnification of 200X that are representative of 
five randomly selected central veins. 


