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Abstract 

 

THE ROLE OF CYTOCHROME P450 2A5 DURING ENDOPLASMIC RETICULUM 
STRESS 

 

Larry Morgan                                                                                                 Advisor 

University of Guelph, 2013                                                                            Dr. G.M Kirby 

 

Cytochrome P450 2A5 (CYP2A5) is a murine orthologue of human CYP2A6 and is 

predominantly found within the endoplasmic reticulum (ER) of the liver. CYP2A5 differs 

from its P450 counterparts in that it is induced during liver injury caused by hepatitis, 

liver cancer, and hepatotoxicity. All of these events induce ER stress and protein 

malfolding, eventually resulting in apoptosis if not rectified. Previous studies have shown 

that the oxidized form of dithiothreitol (DTTox) induces CYP2A5 in primary mouse 

hepatocytes while other ER stressors do not, suggesting a reductive ER environment may 

be associated with its induction. Recently, bilirubin (BR) has been identified as the first 

endogenous substrate for CYP2A5. Furthermore, BR and its predecessor heme have also 

been shown to transcriptionally regulate Cyp2a5 and metabolism of BR by CYP2A5 has 

been shown to provide partial cytoprotection during BR hepatotoxicity. The purpose of 

this study was to investigate the mechanism of Cyp2a5 gene regulation by reductive 

stress and to assess the cytoprotective role of CYP2A5 during reductive ER stress. Our 

results show that the reducing agent 2-mercaptoethanol induces CYP2A5 in a similar 

manner to DTTox. We also found that DTTox transcriptionally regulates Cyp2a5 via a 
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mechanism that requires the transcription factor Nrf2. Expression of the BR-conjugating 

enzyme UGT1A1 is also increased after DTTox treatment. Furthermore, hemin induces 

mRNA splicing of the ER stress-associated transcription factor XBP-1. These data 

suggest that heme/BR may be playing a role in ER stress-mediated CYP2A5 expression. 

Finally, our results indicate that CYP2A5 plays a cytoprotective role during DTTox -

induced ER stress by reducing XBP-1 mRNA splicing and blocking caspase-3 cleavage.  
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Introduction 
 
 Cytochrome P450 (CYP) enzymes are a super family of heme-containing 

monooxygenases. Substrates for CYPs include xenobiotic compounds such as drugs and 

toxins, as well as metabolic intermediates including lipids and hormones. While CYPs 

have been located in many organs, the highest concentration is found in the liver, which 

consequently functions as the center for xenobiotic metabolism (Ioannides and Lewis 

2004). On a cellular level, CYPs are predominantly found in the ER (Nishimura et al. 

2003).  During drug metabolism, CYPs primarily metabolize their substrates via Phase I 

reactions, whereby a reactive site is either exposed or introduced on the target molecule 

by insertion of molecular oxygen. Xenobiotics can then be metabolized by Phase II 

enzyme systems and excreted from the cell/organism (Guengerich 2008). While CYPs 

play an important role in the detoxification of many xenobiotics, many have been shown 

to bioactivate relatively harmless compounds into highly toxic or carcinogenic products 

(Ioannides and Lewis 2004).  

The present study focused on a specific P450 isozyme, CYP2A5. CYP2A5 is the 

murine orthologue of the human CYP2A6 enzyme, both of which are known mainly for 

their unique regulation during liver disease and their involvement in nicotine metabolism 

(Messina, Tyndale, and Sellers 1997). Typically, global P450 expression is repressed 

during liver disease. Yet curiously, CYP2A5 appears to be up-regulated during 

chemically induced liver injury, and various liver diseases including cancer, hepatitis, and 

malaria (De-Oliveira et al. 2010; Kirby, Nichols, and Antenos 2011; Camus-Randon et al. 

1996). While current studies are beginning to delineate the mechanisms involved with the 
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regulation and function of CYP2A5, an explanation for its unique induction during liver 

disease remains elusive. 

Until recently, no known endogenous substrates/inducers were known for 

CYP2A5. However, recent studies have revealed that heme and its catabolic end product, 

bilirubin (BR) positively regulate CYP2A5 expression via nuclear factor-(erythroid-

derived 2)-like 2 (Nrf2) (Lamsa et al. 2012; Abu-Bakar et al. 2011). Furthermore, 

CYP2A5 has been shown to oxidize BR in mouse hepatocytes and Hepa 1-6 cells (Kim et 

al. 2013). Heme is essential for all cellular metabolism involving oxygen transfer, yet it 

can be toxic at high levels due to its ability to generate reactive oxygen species (ROS). 

Furthermore, the heme end product, BR, has been shown to be very toxic at high levels 

and be capable of inducing apoptosis in primary hepatocytes (Abu-Bakar, Moore, and 

Lang 2005; Kim et al. 2013). Therefore, both compounds must be tightly regulated to 

prevent the detrimental effects associated with heme/BR toxicity. CYP2A5 is believed to 

play a functional, cytoprotective role in BR toxicity, oxidizing BR into a less toxic 

intermediate: biliverdin. Typically, BR is metabolized by uridine diphosphoglucuronate 

glucuronosyltransferase 1A1 (UGT1A1) and excreted from the cell soon after. Abu-

Bakar et al. (2011) put forth a compelling hypothesis that CYP2A5 might be induced to 

provide an alternative mechanism for BR metabolism. When activated, this proposed 

pathway would shunt BR stores into its less toxic predecessor until UGT1A1 activity 

could return luminal BR levels to normal.  

This study investigates the involvement of CYP2A5 in ER stress. Stress in the ER 

causes malfolding of nascent peptides, global protein attenuation, and eventually 

apoptosis if not rectified by the cellular response to ER stress, the unfolded protein 
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response (UPR) (Lai, Teodoro, and Volchuk 2007). Interestingly, ER stress and increased 

CYP2A5 expression occur in many of the liver diseases mentioned previously 

(Kaplowitz et al. 2007; Yoshida 2007). Thus far, very little is known regarding regulation 

of CYP2A5 during ER stress. Gilmore and colleagues (2003) showed that ER stress due 

to altered redox status in the ER positively regulated CYP2A5 in primary hepatocytes. 

This study will expand on Gilmore et al.’s findings and explore the role of CYP2A5 

during chemically induced redox ER stress and how heme may be involved. A better 

understanding of the involvement of CYP2A5 during ER stress may significantly impact 

clinical treatment of liver disease associated with CYP2A5 expression and ER stress.  
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Review of Literature 
 

  
 
General aspects of CYPs 
 
 Cytochrome P450 enzymes (CYPs) are a superfamily of heme-containing 

monooxygenases found in nearly all animals.  These enzymes are involved in the 

biosynthetic pathways of important molecules including steroids, fatty acids, bile acids, 

and some vitamins (Guengerich 2008). CYPs are best known for their involvement in the 

metabolism of xenobiotics such as carcinogens, environmental pollutants, and 

pharmaceutical compounds (Nelson 1999). The monooxygenation reactions CYPs 

perform, called Phase I reactions, involve exposing or introducing an unreactive or 

normally unreactive site on the substrate via insertion of one atom of molecular oxygen. 

Generally, lipophilic compounds are oxidized by CYPs through the following reaction: 

 

 
 

where RH is the lipophilic substance and ROH is the substance after addition of 

molecular oxygen (Guengerich 2008). Once bioactivated, the substrate can be subjected 

to Phase II or conjugation reactions, whereby enzymes add functional groups to the 

molecule to assist in excretion from the body (Ingelman-Sundberg 2004). While the 

initial view of CYPs was that they solely deactivated and detoxified xenobiotics, many 

studies have shown that the P450 enzyme system is capable of converting relatively 

harmless compounds into toxic or sometimes carcinogenic intermediates (Ioannides and 

Lewis 2004; Guengerich 2008). Many xenobiotic-activated P450s can contribute to 
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cellular/tissue damage by generating reactive oxygen species (ROS) (Sangar, Bansal, and 

Avadhani 2010).  

 

Tissue and cellular distribution in mammals 

CYPs have been found in multiple mammalian tissues including the kidneys, 

brain, small intestine, and lungs. However, due to their xeno-metabolic properties, the 

highest concentrations of CYPs are found in the liver (Sangar, Bansal, and Avadhani 

2010; Nishimura et al. 2003). Intracellularly, CYPs are membrane-bound and  

predominantly located in the ER. However, some are found in mitochondria, and bound 

to the inner plasma membrane (Sangar, Bansal, and Avadhani 2010).  

 

Background and nomenclature of CYPs 

The origin of CYP related research dates back to the 1940s when Mueller and 

Miller demonstrated that 4-dimethylaminoazobenzene could be metabolized by rat liver 

homogenates. Garfinkel and Klingenberg then described a carbon monoxide binding 

pigment present in pig liver microsomes that showed a distinct absorption band at 450 nm 

(Garfinkel 1958). In 1962, Omura and Sato purified rabbit liver microsomes that were 

free from contamination yet contained protoheme. This suggested the presence of a b-

class hemoprotein enzyme. The name cytochrome P450 was chosen for the established 

absorption peak of 450 nm (Omura and Sato 1962). CYPs derive their full names from 

their location within the P450 superfamily. The abbreviation CYP is followed by an 

Arabic number indicating family, a letter indicating subfamily, and finally a number 

indicating the specific gene within the subfamily. CYPs within the same family share at 
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least 40% amino sequence homology and must share at least 50% homology to be in the 

same subfamily. Genes within the same subfamily are numbered based on their order of 

discovery. Currently, more than 900 families, 2500 subfamilies and more than 11,200 

distinct CYP sequences are known in plants, animals and microorganisms (Cytochrome 

P450 Homepage; http://drnelson.uthsc.edu/CytochromeP450.html, July 2013).  

 

CYP2A enzymes 

  Many cytochromes in the 2A subfamily play important roles in xenobiotic 

metabolism and the bioactivation of some procarcinogens (Koskela et al. 1999; Su and 

Ding 2004). Currently, 23 separate CYP2A genes and pseudo genes have been identified; 

and while CYP2A enzymes indeed share sequence homology, they are diverse in 

function and tissue distribution (Wang et al. 2003; Su and Ding 2004). CYP2A enzymes 

have received fairly little attention compared to other P450s since human CYP2As have 

relatively low expression in the liver and have restricted substrate specificities (Arpiainen 

et al. 2005; Koskela et al. 1999; Nishimura et al. 2003). However, interest in the 2A 

subfamily has increased after some human 2As (CYP2A6, CYP2A13) were found to be 

high-affinity metabolizers of nicotine (Messina, Tyndale, and Sellers 1997; von 

Weymarn, Brown, and Murphy 2006; Su et al. 2000).  

Likely the most studied CYP2A enzyme is CYP2A6, a human cytochrome 

responsible for the metabolism of various xenobiotics and tobacco metabolites (Raunio et 

al. 2001). CYP2A6 began to receive attention when it was shown to metabolize 

xenobiotics including nicotine, coumarin, and aflatoxin as well as some procarcinogens 

such as hexamethylphosphoramide, nitrosodimethylamine and 4 (methylnitrosamino)-1-
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(3-pyridyl)-1 butanone (NNK) (Ding and Coon 1988; Yamano, Tatsuno, and Gonzalez 

1990; Crespi et al. 1991; Messina, Tyndale, and Sellers 1997). A fairly polymorphic 

enzyme, CYP2A6 is the major nicotine C-oxidase, and individuals with mutated or low 

enzymatic expression have a lower susceptibility for nicotine addiction and therefore 

smoking-related cancers (Pianezza, Sellers, and Tyndale 1998; Tyndale and Sellers 2002; 

Messina, Tyndale, and Sellers 1997). In addition to smoking-related cancers, CYP2A6 

has been implicated in dietary linked carcinogenesis due to its role in activating food-

based nitrosamines (Sweeney et al. 2002).  

 

Introduction to CYP2A5 

CYP2A5 is the murine orthologue of human variant, CYP2A6, and is found 

predominantly in ER of liver hepatocytes and the nasal mucosa of mice (Kirby, Nichols, 

and Antenos 2011; Juvonen, Kaipainen, and Lang 1985; Su et al. 1998). CYP2A5/2A6 

was originally dubbed coumarin-7-hydroxylase as it was first identified as the catalyst in 

coumarin metabolism (Miles et al. 1990; Juvonen, Kaipainen, and Lang 1985). More 

recently, CYP2A5 and its human counterpart have gained popularity due to their unique 

regulation during chemically induced liver in injury, microbial hepatitis, liver cancer and 

hepatotoxicity; all pathophysiological states typically associated with down-regulated 

global P450s levels (Camus-Randon et al. 1996; Kirby, Nichols, and Antenos 2011).  
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Pathophysiological states and CYP2A5 

Unique CYP2A5 up-regulation is observed in several forms of liver disease. In 

1994, Jounaïdi et al.  discovered that CYP2A5 was overexpressed in female mice that had 

chemically induced hepatocellular carcinoma. An increase in CYP2A5 has also been 

observed in mice exposed to both the hepatitis B virus and antigen (Kirby, Chemin, et al. 

1994; Chemin et al. 1996). Other pathophysiological states associated with increased 

CYP2A5 include bacterial hepatitis, non-alcoholic fatty liver and malaria (Sipowicz et al. 

1997; De-Oliveira et al. 2010; Fisher et al. 2009; George et al. 1995). Additionally, up-

regulation of CYP2A5 has been observed in male hamsters infected with liver flukes 

(Kirby, Pelkonen, et al. 1994). While seemingly similar only in organ location, oxidative 

stress is common to these liver diseases and therefore has been suggested to play a role in 

CYP2A5 regulation (Gilmore and Kirby 2004; Kim et al. 2013).  

 

Xenobiotic inducers of CYP2A5 

In addition to unique regulation during liver injury, CYP2A5 differs from other 

CYP enzymes in its regulation by chemical inducers. Induction of CYP2A5 results from 

structurally diverse, unrelated compounds including heavy metals, hormones, 

xenobiotics, porphyrin compounds, cAMP modifiers, and hepatotoxins (Lamsa et al. 

2010; Lamsa et al. 2012; Abu-Bakar et al. 2011; Arpiainen et al. 2005; Gilmore and 

Kirby 2004; Viitala et al. 2001).  

Heavy metal inducers of CYP2A5 include indium, tin, and cerium. Another 

inducer, cadmium, is commonly used to investigate CYP2A5’s involvement in oxidative 

stress (Mangoura et al. 1989; Arvela et al. 1991; Emde et al. 1996; Abu-Bakar et al. 
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2004). Porphyrin compounds are aromatic heterocyclic molecules that can cause diseases 

like porphyria if allowed to accumulate in the body (Dowman et al. 2012). 

Porphyrinogenic agents cause porphyrin accumulation. Porphyrinogenic inducers of 

CYP2A5 include thioacetamine, griseofulvin, acifluorfen aminotriazole, and pyrazole 

(Salonpää et al. 1996; Su et al. 1998).  

Hepatotoxins are liver-damaging chemicals generally associated with low CYP 

levels. However, some hepatotoxic compounds activate CYP2A5 as well. These include 

cocaine, ethanol, carbon tetrachloride, pyrazol, chloroform, hexachlorobutadiene, and 

phenobarbital (Pellinen et al. 1993; Salonpää et al. 1996; Lu, Zhang, and Cederbaum 

2012; Camus-Randon et al. 1996; Nichols and Kirby 2008).  

Recently, heme and its degradation product, BR, have been identified as the first 

two endogenous inducers of CYP2A5, suggesting that CYP2A5 plays a functional role in 

maintaining a heme/BR homeostasis in the ER (Lamsa et al. 2012; Abu-Bakar et al. 

2011; Abu-Bakar et al. 2012; Kim et al. 2013; Gilmore and Kirby 2004).  

 

Inducers vs. pathology 

The majority of studies to date on CYP2A5 induction have found that CYP2A5 

can be induced by a variety of structurally diverse compounds and during liver injury. 

However, is it becoming clear that up-regulation is not directly related to the specific 

properties of the inducing agents per se but may be a pathophysiological consequence of 

liver disease-mediated oxidative stress (Gilmore and Kirby 2004; Lamsa et al. 2010; 

Lamsa et al. 2012; Abu-Bakar et al. 2011).  

 



 10 

Heme and CYP2A5 regulation  

Heme is a porphyritic molecule essential in oxygen transport and P450 

structure/function. In the spleen (heme from blood) or ER (heme from CYPs), heme is 

oxidized first into biliverdin (BV) by heme oxygenase 1 (HO-1), which is subsequently 

reduced into BR by biliverdin reductase (Figure A1) (Bonkowsky, Sinclair, and Sinclair 

1979; El Azhary and Mannering 1979; Tenhunen et al. 1970). BR is then glucuronidated 

by uridine diphosphoglucuronate glucuronosyltransferase isoform 1A1 (UGT1A1) (Lathe 

and Walker 1958). Additionally, studies have shown that BR regulates both CYP2A5 and 

UGT1A1, suggesting a regulatory link between induction of both CYP2A5 and UGT1A1 

(Sugatani et al. 2001; Ritter et al. 1999; Li et al. 2000; Kim et al. 2013). CYP2A5 

functions in the heme metabolic pathway as a BR oxidase, converting BR back into BV 

to assist in microsomal BV/BR homeostasis (Abu-Bakar et al. 2011; Kim et al. 2013).  
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Figure A1: Metabolism of heme into BR and associated enzymes 

(http://www.urmc.rochester.edu/labs/Maines-Lab/history/index.cfm) 

 

Interestingly, many liver disorders associated with increased CYP2A5 also 

elevate free heme in the ER due to hemoprotein degradation; implicating heme as a factor 

in CYP2A5 induction (Jover et al. 2000; Camus-Randon et al. 1996). Recently, Lamsa et 

al. (2012) found that high heme (>5μM) initiated the transactivation of Cyp2a5. 

Furthermore, Lamsa and colleagues found that low heme levels (<5μM) induced HO but 

inhibited Cyp2a5 transactivation. This suggests CYP2A5 plays an adaptive role in heme 

metabolism, whereby its induction occurs during high, possibly toxic heme 

concentrations.    
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Transcriptional and post-transcriptional regulation of CYP2A5  

The regulation of Cyp2a5 has been widely investigated. Thus far, structurally 

diverse xenobiotic inducers have been shown to regulate Cyp2a5 at both a transcriptional 

and post-transcriptional level (Glisovic et al. 2003). For example, BR up-regulates 

transactivation of Cyp2a5 (Abu-Bakar et al. 2011; Kim et al. 2013), whereas pyrazole 

stabilizes Cyp2a5 mRNA and increases its half-life (Aida and Negishi 1991; Hahnemann 

et al. 1992).  Hence, Cyp2a5 is a useful target gene for investigating the interplay 

between trans and post-transactivation of xenobiotic-mediated P450 induction (Glisovic 

et al. 2003).  

Numerous transcription factors and cofactors have been identified as responsible 

for basal and up-regulated levels of the Cyp2a5 gene. The location of functional response 

elements within the Cyp2a5 promoter have been identified and various related 

transcription factors have been elucidated that regulate gene expression (Kim et al. 2013; 

Abu-Bakar et al. 2011; Abu-Bakar et al. 2013; Kirby, Nichols, and Antenos 2011) To 

date, transcription factors for Cyp2a5 include nuclear factor I (NF-I), hepatic nuclear 

factor 4 alpha (HNF- 4α), constitutive androstane receptor (CAR), peroxisome 

proliferator-activated receptor ɣ coactivator (PGC-1α), pregnane X receptor (PXR), aryl 

hydrocarbon receptor (Ahr), aryl hydrocarbon receptor nuclear translocator (ARNT), 

upstream stimulatory factors 1 and 2 (USF-1, USF-2),  and nuclear factor-(erythroid-

derived 2)-like 2 (Nrf2) (Hahnemann et al. 1992; Abu-Bakar et al. 2004; Arpiainen et al. 

2005; Cai et al. 2002; Kirby, Nichols, and Antenos 2011; Ulvila et al. 2004).  

Nrf2 is a basic leucine zipper transcription factor with a cap “n” collar structure 

that binds to the antioxidant response element (ARE) on oxidative stress response genes 
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(Ishii et al. 2000). Under non-stressed conditions, Nrf2 is localized in the cytoplasm 

bound to kelch like-ECH-associated protein 1 (Keap1) and degraded by cullin 3 via 

ubiquitination (Itoh et al. 1999). Under stress conditions, Keap1 undergoes a 

conformational change and Nrf2 is free to travel to the nucleus. Nuclear Nrf2 binds to 

musculo-aponeurotic fibrosarcoma proteins (Mafs). This activated Nrf2/Maf complex 

binds to stress response elements and up-regulates cytoprotective proteins (Itoh et al. 

1999; Ishii et al. 2000). Activated by cellular defence pathways by ROS, ER stress, and 

xenobiotic stressors, Nrf2 also plays an important role in maintaining cellular redox 

homeostasis (Kirby, Nichols, and Antenos 2011; Cullinan et al. 2003; Motohashi and 

Yamamoto 2004). In response to ROS, Nrf2 induces a barrage of cytoprotective genes 

including (HO-1), and phase II enzymes like glutathione S-transferases (GST) and UGTs 

(Lamsa et al. 2010). Additionally, several stress agents increase Nrf2’s DNA binding 

activity within the nucleus without increasing mRNA levels, indicating that Nrf2 

regulates a wide-reaching metabolic response to oxidative stress (Ishii et al. 2000).  

Recently, Nrf2 has been shown to regulate CYP2A5 during oxidative stress, 

suggesting CYP2A5 transactivation may play a cytoprotective role during oxidative 

stress (Lamsa et al. 2010; Abu-Bakar et al. 2007). Furthermore, CYP2A5 was the first 

P450 found to be regulated by a stress response transcription factor (Abu-Bakar et al. 

2007), invoking a paradigm shift on how P450s may be involved in cellular damage. 

 

Post-transcriptional regulation  

While predominantly regulated at the transcriptional level, CYP2A5 levels can be 

increased post-transcriptionally via mRNA stabilization. Heterogeneous nuclear 
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ribonucleoproteins (hnRNPs) are proteins that typically bind RNA originating from the 

nucleus by forming complexes with the RNA polymerase (Krecic and Swanson 1999).  

An isozyme ribonuclear protein, hnRNPA1, has been shown to stabilize Cyp2a5 mRNA 

by binding the 3’-untranslated region (UTR) of the Cyp2a5 transcript (Raffalli-Mathieu 

et al. 2002; Glisovic et al. 2003; Aida and Negishi 1991). Raffalli-Mathieu and 

colleagues showed that hnRNPA1 stabilized Cyp2a5 mRNA by elongating the poly(A) 

tail, making CYP2A5 the first drug-induced P450 known to be regulated in this manner. 

Furthermore, post-transcriptional regulation via hnRNPA1 is critical for overexpression 

of CYP2A5 by pyrazole (Glisovic et al. 2003).  

The transcriptional and post-transcriptional regulation of Cyp2a5 requires 

multiple transcription factors and mRNA binding proteins. To date, many mechanisms 

contributing to the regulation of CYP2A5 are still relatively unknown due to the 

complex, simultaneous pathways involved in cellular governance of this gene.  

 

The endoplasmic reticulum 

The ER is a cellular compartment where nascent peptides are formed. The ER is 

the organelle responsible for maintaining a state of protein homeostasis, where primary 

peptides are synthesized, correctly folded, and post-translationally modified. The ER is 

also responsible for trafficking newly formed proteins to their required destination within 

the cell (Inagi 2011; Xu, Bailly-Maitre, and Reed 2005). The ER also serves as the main 

Ca2+ reserve for the cell, providing ions for chelating proteins and signal transduction 

pathways (Ashby and Tepikin 2001). 
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The luminal environment within the ER is substantially different from the cytosol. 

Newly forming peptides require elevated Ca2+ and a mild oxidizing environment to signal 

peptide cleavage, N-linked glycosylation, and to facilitate disulfide bond formation 

(Gilmore and Kirby 2004).  These modifications are performed and overseen by resident 

ER chaperone proteins, including protein disulfide isomerase (PDI), ER oxidoreductin 1 

(ERO1), calreticulin, calnexin, and 78-kDa glucose-regulated protein 78 (GRP78) 

(Pagani et al. 2000; Xu, Bailly-Maitre, and Reed 2005; Ma and Hendershot 2004).  

 

ER chaperones 

PDI and ERO1 are the enzymatic driving forces of disulfide bond formation in the 

ER. PDI catalyzes the thiol junctions on cysteine residues to form disulfide bonds, and is 

altered to its reduced, inactive state as a result (Wilkinson and Gilbert 2004). ERO1 then 

recharges PDI back to its functional state, using flavin adenine dinucleotide (FAD) as a 

cofactor. ERO1 utilizes molecular oxygen as the final electron acceptor, converting 

FADH2 back into FAD and water. This electron relay system provides the driving force 

for secondary structure formation for proteins in the ER (Rzymski and Harris 2007; Tu 

and Weissman 2004).  

Nascent polypeptides are often modified N-linked glycans as they enter the lumen 

of the ER. These glycans are composed of two N-acetylglucosamine, nine mannose, and 

three glucose molecules (Ma and Hendershot 2004). Two of the glucose residues are 

degraded by glucosidase I and II, thus exposing a binding site for the chaperones 

calreticulin and calnexin (Ma and Hendershot 2004; Hebert, Foellmer, and Helenius 

1995). Once bound, calreticulin and calnexin prevent proteins from leaving the ER and 
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travelling to the Golgi. If the proteins are folded correctly, the last glucose is removed, 

thereby destroying the chaperone binding site and allowing the polypeptide to continue 

down the secretory pathway. If not folded correctly, the malfolded peptide will be 

targeted for degradation. Therefore, calreticulin and calnexin are considered gatekeeper 

or quality control enzymes, whose function is preventing misfolded proteins from leaving 

the ER (Hebert, Foellmer, and Helenius 1995; Trombetta and Parodi 1992).    

Potentially the most studied ER chaperone is GRP78. The term “GRP” is 

technically a misnomer, due to the discovery that a 78 kDa protein was strongly induced 

in chick embryo fibroblasts cultured in glucose-free medium (Shiu, Pouyssegur, and 

Pastan 1977; Lee 2001).  Heavy-chain binding protein (BiP) was independently identified 

in plasma cells to be associated with free, or misfolded immunoglobulins (Tenhunen et 

al. 1970). When GRP78 cDNA was cloned by Munro and colleagues in 1986, they found 

that BiP and GRP78 were in fact the same protein. This study also found that GRP78/BiP 

shares 60% homology with heat shock protein 70 (HSP70), a cytosolic protein that assists 

in preventing peptide sequence aggregation (Li and Mivechi 1999; Munro and Pelham 

1986).  

In the ER, GRP78 stabilizes nascent proteins by binding to them during folding 

(Little et al. 1993). Additionally, GRP78 assists in protein folding during any 

perturbations in ER homeostasis (Li et al. 2008). Therefore, GRP78 is both a constitutive 

and inducible protein, playing a cytoprotective role in ER protein management. 

Furthermore, it has been demonstrated that pre-induction of GRP78 makes cells more 

resilient to oxidative stress-related damage, and inhibition of GRP78 renders cells 
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vulnerable against bombardment from chemical stressors (Lee 1992, 2001; Liu, Ou, and 

Lee 1992; Liu et al. 1998; van de Water et al. 1999) 

 

ER stress 

The luminal ER environment must be tightly regulated to ensure correct folding 

of newly forming polypeptides. If the ER luminal conditions are altered or the ER 

chaperone capacity is overwhelmed, the cell activates signalling pathways in an attempt 

to return the ER to more favourable conditions for protein formation (Lai, Teodoro, and 

Volchuk 2007). A distortion in this monitored environment is defined as ER stress. It has 

been postulated that approximately 30% of nascent polypeptides are degraded, 

conceivably from protein malfolding (Schubert et al. 2000). Therefore, even a small 

increase in protein translation could cause significant congestion in the secretory pathway 

(Lai, Teodoro, and Volchuk 2007). ER conditions can be further degraded by alterations 

in luminal Ca2+ levels, disruption of ER redox equilibrium, or by any interference with 

post-translational modifications (Lai, Teodoro, and Volchuk 2007). In response to stress, 

the cell responds by both increasing the folding capacity of the ER, and alleviating 

pressure on the ER by reducing protein construction (Boyce and Yuan 2006). The cell 

achieves this through two major pathways: proteasome dependent ER-associated 

degradation (ERAD), and the unfolded protein response (UPR) (Boyce and Yuan 2006; 

Shen, Zhang, and Kaufman 2004; Gardner and Walter 2011).  
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ER-associated degradation (ERAD)  

Accumulation of malfolded proteins can become extremely detrimental to the 

cell’s future. Therefore, the cell must be equipped with adaptive mechanisms to respond 

to such burdens (Lai, Teodoro, and Volchuk 2007). ERAD eliminates misfolded or 

unassembled proteins from the ER through a quality control system inside the lumen 

involving the ER chaperones mentioned previously. The targeted polypeptides and 

orphan subunits are ultimately translocated out of the ER and degraded by the 

cytoplasmic ubiquitin-proteasome system (UPS) (Shen, Zhang, and Kaufman 2004; 

Kostova and Wolf 2003; Meusser et al. 2005). Genetic alterations in genes associated 

with ERAD can have dire consequences for the organism. For instance, a mutation in the 

gene for the cystic fibrosis transmembrane conductance regulator (CFTR) protein targets 

the CFTR receptor for premature degradation, causing cystic fibrosis (Meusser et al. 

2005).  Furthermore, defective ERAD components can cause disease as a result of protein 

aggregation. A mutation in the PARK2 gene causes a defective parkin protein, which is 

normally involved in targeting proteins for degradation, to be synthesized (Lücking et al. 

2000). Hence, malfolded proteins overwhelm the cell and eventually cause a form of 

early onset Parkinson’s disease (Lücking et al. 2000; Nuytemans et al. 2010).  

 

The unfolded protein response 

The second pathway involved in cellular response to ER stress is the UPR, which 

acts through transcription factors and signalling cascades to increase folding capacity of 

the ER, induce ER chaperones, attenuate global protein synthesis, and initiate apoptosis if 

the stress is not mediated (Figure A2). While quite complex and not fully understood, the 
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UPR can be described as an interconnected, three-pronged signalling pathway acting in 

tandem to alleviate ER stress (Shen, Zhang, and Kaufman 2004; Schroder 2006). The 

UPR can best be explained by describing each of the three branches as separate 

pathways: the protein kinase double-stranded RNA-activated protein kinase-like ER 

kinase (PERK), activating transcription factor 6 (ATF6), and inositol requiring enzyme 1 

(IRE1) pathways (Lai, Teodoro, and Volchuk 2007).  

PERK is a type I transmembrane protein that has both a luminal and cytosolic 

domain (Yan et al. 2002). During unstressed conditions, GRP78 binds to the luminal 

domain of the PERK receptor, enforcing an inactive state (Liu, Schröder, and Kaufman 

2000; Bertolotti et al. 2000; Morris et al. 1997). As malfolded proteins accumulate in the 

ER, GRP78 dissociates from the receptor to perform its functional role as a malfolding 

peptide-stabilizing chaperone, thus activating the PERK receptor via auto-

phosphorylation (Shen, Zhang, and Kaufman 2004; Kozutsumi et al. 1988).  In 

mammalian cells, the immediate response to ER stress is temporary attenuation of global 

protein synthesis (Shen, Zhang, and Kaufman 2004). Once activated, the PERK receptor 

phosphorylates and inactivates eukaryotic initiation factor 2α (eIF2α), an essential co-

factor in transfer RNA and ribosomal binding (Kimball 1999; Hershey 1989). However, 

while this process does indeed cease global protein translation, eIF2α preferentially 

induces activating transcription factor 4 (ATF4) (Yan et al. 2002; Harding et al. 2000; 

Lu, Harding, and Ron 2004). ATF4 is a potent transcription factor for ER stress response 

genes (Harding et al. 2003). One transcriptional target of ATF4 is CCAAT/-enhancer-

binding protein homologous protein (CHOP), a pro-apoptotic protein uniquely responsive 

to ER stress (Welihinda, Tirasophon, and Kaufman 1999). Induction of CHOP promotes 
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mechanisms that cause mitochondrial damage, cytochrome c release, and eventual 

caspase-3 cleavage (Welihinda, Tirasophon, and Kaufman 1999; Zhao and Ackerman 

2006; Ma et al. 2002). Furthermore, Nrf2 has been identified as another substrate for 

PERK activation, whereby phosphorylation of the receptor initiates disassociation of 

Keap1/Nrf2 complexes and consequent translocation of Nrf2 and transactivation of stress 

response genes (Cullinan et al. 2003).  

The ATF6 pathway involves a process termed regulated intramembrane 

proteolysis, where the entire receptor protein is transported to the Golgi for proteolytic 

cleavage and processing (Lai, Teodoro, and Volchuk 2007). Again, GRP78 is bound to 

the luminal side of the receptor when the cell is in a non-stressed state. During ER stress, 

GRP78 dissociates and exposes two Golgi targeting signals on the luminal side of the 

receptor. This initiates translocation to the Golgi compartment via coat protein complex 

II (COPII) vesicles (Nadanaka et al. 2004; Chen, Shen, and Prywes 2002). ER luminal 

redox status may also play a role in ATF6 transport, as studies have shown that reduction 

of disulfide bonds within the ATF6 luminal domain increases the rate of Golgi shuttling 

(Nadanaka et al. 2007). In the Golgi, the full 90 kDa ATF6 is cleaved by proteases, 

releasing a 50 kDa basic leucine zipper (bZIP) transcription factor that induces stress 

response genes in the nucleus (Lai, Teodoro, and Volchuk 2007; Haze et al. 1999b). 

Transcriptional targets for ATF6 include GRP78 and PDI (Okada et al. 2002).  

Activation of the IRE1 pathway involves a combination of classic and unique 

mechanisms when compared to the other ER stress response pathways. Similar to PERK 

and ATF6, IRE1 is activated when GRP78 dissociates from the luminal side of the 

receptor during malfolded protein aggregation in the ER. This causes quintessential auto-
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phosphorylation and dimerization of the receptor (Lai, Teodoro, and Volchuk 2007; Zeng 

et al. 2010). Yet, once activated an uncommon transduction cascade occurs. The cytosolic 

domain functions as an endoribonuclease, removing a 26-nucleotide intron from X-box 

binding protein 1 (Xbp1) mRNA (Shen, Zhang, and Kaufman 2004; Lee et al. 2002).  

This frame shift excises a stop codon from the mRNA sequence and produces a spliced 

variant of the construct (Xbp1s) (Zeng et al. 2010). Once in its spliced format, Xbp1s can 

thus be translated into its subsequent full length transcription factor, XBP1 (Harding et al. 

2000). Furthermore, while the exact activation mechanism of this pathway is still not well 

understood, a recent study has shown that unfolded proteins act as ligands and can 

directly induce the UPR through a major histocompatibility complex I (MHC-I)-like 

receptor (Gardner and Walter 2011).  

The pathways of the UPR form an adaptive response and cellular defense against 

ER stress. As indicated above, GRP78 plays a central role in the activation of each 

pathway, and for this reason is typically referred to as the ‘master switch’ of ER stress 

(Hendershot 2004). Thus, GRP78 is a popular biomarker for ER stress in both in vitro 

and in vivo studies (Halleck et al. 1997; Lee 1992). Additionally, many studies have 

utilized either the up-regulation of some genes (chaperones/signalling molecules) or the 

change in cellular location (nuclear shuttling of transcription factors) to quantify ER 

stress (Samali et al. 2010; Hirota et al. 2006; Gilmore and Kirby 2004; Shen and Prywes 

2005). For example, Q-PCR analysis of the spliced form of Xbp1 mRNA is a popular 

technique to analyze the activity of the IRE1 pathway (Hirota et al. 2006; Yoshida et al. 

2001; Lee et al. 2002). With many options available, UPR-associated biomarkers provide 

useful tools of insight into the adaptive response pathways of the cell during ER stress.  
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The ER stress response’s purpose is to mediate/relieve folding load pressure on the ER, 

the ultimate goal being restoration of ER homeostasis. However, if the UPR fails to 

restore folding capacity, all three UPR pathways have the ability to initiate programed 

cell death, or apoptosis (Lai, Teodoro, and Volchuk 2007; Boyce and Yuan 2006).  

 

 

 

Figure A2: The unfolded protein response and its associated proteins (Adapted from 

(Kitamura 2008). 
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ER stress and disease 

ER stress activates the unfolded protein response, which significantly alters 

cellular metabolism (Zhao and Ackerman 2006). Prolonged ER stress leads to activation 

of apoptosis in the cell; and has been linked to numerous pathological conditions (Zhao 

and Ackerman 2006; Yoshida 2007). Some neurological diseases have been associated 

with malfolded protein aggregates and therefore called ‘folding diseases’ (Yoshida 2007). 

Examples of folding disorders include both Parkinson’s and Alzheimer’s disease 

(Lindholm, Wootz, and Korhonen 2006; Katayama et al. 2004; Yoshida 2007).  

Hepatocytes possess a well-developed ER system crucial for the high rate of 

protein synthesis associated with the liver (Yoshida 2007). Thus, many studies have 

investigated correlations between ER stress and liver-related disorders (Yoshida 2007; Ji 

and Kaplowitz 2006; Malhi and Kaufman 2011). ER stress has been associated with a 

number of liver diseases, including malaria, hepatocellular carcinoma, alcohol-induced 

liver injury, and viral hepatitis B and C (Guha et al. 2006; Kaplowitz and Ji 2006; Arai et 

al. 2006; Malhi and Kaufman 2011). Additionally, these hepatic maladies have been 

linked to steatosis, the abnormal stockpiling of triglyceride fats in the cell, exposing a 

potential mechanistic link between ER stress and liver disease (Malhi and Kaufman 2011; 

Özcan et al. 2004; Yoshida 2007).  

Interestingly, CYP2A5’s unique pathological induction appears to occur in 

tandem with the ER stress/liver disorders discussed above (Kirby, Nichols, and Antenos 

2011; Camus-Randon et al. 1996; Chomarat et al. 1997; De-Oliveira et al. 2010). As 

previously discussed, increase in free heme and heme-metabolites have been linked to 

hepatic disease (Jover et al. 2000; Camus-Randon et al. 1996) Therefore, CYP2A5 likely 
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plays an adaptive role in liver damage, helping to prevent toxicity associated with high 

BR in the ER (Kim et al. 2013). 

 

Experimental/chemical inducers of ER stress 

In order to study the effects of ER stress on a cell, a disrupted ER environment 

must be induced artificially. Currently, this can be achieved by a variety of chemical 

agents, including xenobiotics and endogenous molecules. Experimentally, ER stress can 

be induced by disruption of luminal Ca2+ supply, accumulation of proteins, inhibition of 

glycosylation, alteration in luminal redox, and inhibition of disulfide formation (Oslowski 

and Urano 2011).  

Depletion of luminal Ca2+ can be achieved by treatment with an ionphore, such as 

A23187, or inhibition of the intermembrane luminal Ca2+-ATPase pump via thapsigargin 

(Haze et al. 1999a; Nakagawa et al. 2000). All chemical ER stress inducers cause protein 

aggregation as a result of their stressing mechanism (Gilmore and Kirby 2004; Haze et al. 

1999a). However, chemicals such as brefeldin-A induce ER stress by inhibiting the 

retrograde transport of proteins from the Golgi to the ER, therefore indirectly inhibiting 

protein transport from the ER to the Golgi during the secretory process (Liu, Ou, and Lee 

1992). Another stress inducer, tunicamycin, is an antibiotic that inhibits N-linked 

glycosylation, effectively trapping nascent proteins in the ER (Satoh et al. 1993; Gilmore 

and Kirby 2004).  

Disruption of ER redox potential can cause improper disulfide formation, 

resulting in protein malfolding. Consequently, fully formed and resident proteins can be 

affected, and begin to unfold. Reducing agents such as 2-mercaptoethanol (2-ME) and 
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dithiothreitol (DTT) drive the ER to a more reducing environment, inducing GRP78 and 

ER stress (Du, Liu, and Huang 2010; Kim and Lee 1987). The oxidized form of DTT, 

trans-4,5-Dihydroxy-1,2-dithiane (DTTox) also induces ER stress and is particularly 

useful in studying mechanisms in cell culture models because of	  its lower toxicity when 

compared to stronger reducing agents (Halleck et al. 1997). Halleck and colleagues 

determined that after treatment, DTTox is reduced to DTT in the ER by oxidoreductases, a 

process that induced GRP78 but not a heat shock response in kidney epithelial cells. This 

mechanism bypasses many of the unrelated side effects DTT has on the cell, and 

implicated DTTox as an ER targeting agent (Halleck et al. 1997; Asmellash, Stevens, and 

Ichimura 2005). This study also concluded that the intermolecular disulfide was crucial 

for a stress response when compared to other DTTox analogues lacking the reducing 

functional group. In hepatocytes, DTTox has been demonstrated as a potent ER stress 

inducer, significantly inducing GRP78 mRNA and protein in vitro (Gilmore and Kirby 

2004).  

BR in an interesting molecule from a toxicological standpoint, due to its toxicity 

at high levels (~50 μM) and antioxidant properties at low levels (~70 nM) (Kim et al. 

2013). Recently, it has been demonstrated that unconjugated BR (UBR) induces UPR 

genes including GRP78, CHOP, and ATF3 suggesting that build-up endogenous ER 

molecules can be involved in the activation of ER stress (Oakes and Bend 2010). 

Mechanistically, UBR causes ER stress by disrupting luminal Ca2+ levels and increasing 

ROS production. (Gao, Yang, and Zhang 2011; Kim et al. 2013). Furthermore, Oakes and 

colleagues have illustrated a link between toxic UBR levels and ER stress-mediated 
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caspase cleavage, implying that UCB could be activating apoptosis though an ER stress 

mechanism.   

 

ER stress and CYP2A5 

CYP2A5 induction may be specifically related to perturbed redox status in the ER 

lumen (Gilmore and Kirby 2004). For example, thapsigargin, tunicamycin, A23186, and 

DTTox all induce GRP78 in primary hepatocytes, yet only the reducing agent, DTTox, 

induces CYP2A5 protein and mRNA levels, and coumarin-7-hydroxylase activity 

(Gilmore and Kirby 2004). Moreover, DTTox has no effect on oxidative stress markers 

glutathione and NADPH, indicating that reductive stress specifically may play a role in 

CYP2A5 expression (Gilmore and Kirby 2004; Halleck et al. 1997). Conversely, ER 

stress inducers thapsigargin, tunicamycin, and A23186 did not elevate CYP2A5 mRNA 

levels, suggesting that ER stress per se is not a common factor in CYP2A5 regulation. 

Unique regulation by DTTox suggests altered redox potential, which often results in ER 

stress, is responsible for the activation of CYP2A5 (Gilmore and Kirby 2004).  

Reduction of the intermolecular disulfide in DTTox by NADPH-dependent 

oxidoreductase systems drives the redox potential of the ER towards a more reducing 

environment (Gilmore and Kirby 2004; Halleck et al. 1997; Asmellash, Stevens, and 

Ichimura 2005). A reductive ER environment promotes protein unfolding via disulfide 

bond destruction (Gilmore and Kirby 2004). Consequently, resident cytochromes in the 

ER may be damaged, thus releasing their bound heme. Therefore, increased CYP2A5 

during reductive stress may involve elevated BR levels from heme release by damaged 

cytochromes (Acharya, Chen, and Correia 2010; Gozzelino, Jeney, and Soares 2010; 
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Waheed et al. 2010; Lamsa et al. 2012). While some evidence exists to support this 

hypothesis, the functional role of CYP2A5 during reductive ER stress is only beginning 

to be delineated.  
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Rationale  
 
 

CYP2A5 is unique within the P450 superfamily due to its particular regulation 

during liver injury and inflammation, pathophysiological states typically associated with 

suppressed global P450 expression. Murine CYP2A5 is of particular interest in the P450 

family due to this unique regulation and similarity to the human orthologue, CYP2A6 

(Donato et al. 2000). Thus far, various inducers of CYP2A5 that are not structurally 

similar nor considered typical CYP inducers have been identified; suggesting that 

CYP2A5 induction may not be related to the inducing agent per se but is instead related 

to the associated toxicity of these compounds (Camus-Randon et al. 1996; Gilmore and 

Kirby 2004).  

Previously, the ER stressing agent, DTTox, has been shown to strongly induce 

CYP2A5 in primary hepatocytes (Gilmore and Kirby 2004). This study suggested that 

disruption of ER redox status might be involved in CYP2A5 induction. Furthermore, 

recent data from Lamsa et al. (2012) and Kim et al. (2013) showed that heme and BR 

transcriptionally regulate Cyp2a5 through Nrf2 signalling. Additionally, unconjugated 

BR has been shown to activate ER stress response pathways and over-expression of 

CYP2A5 has a cytoprotective effect during BR toxicity (Oakes and Bend 2010; Kim et 

al. 2013). Thus, it is becoming evident that the unique regulation of CYP2A5 likely 

involves heme/BR.  

Currently, the involvement of CYP2A5 in ER stress remains unclear. The purpose 

of this study was to investigate the regulation and possible cytoprotective effects of 

CYP2A5 during reductive stress in the ER. Based on previous knowledge of CYP2A5, 

two hypotheses were developed. First, that CYP2A5 plays a cytoprotective role in the ER 
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during reductive stress by preventing toxic accumulation of BR. Secondly, that DTTox 

induced reductive stress elevates heme pools in the ER, which then positively regulates 

CYP2A5 expression.  

Three main objectives were addressed in this study. The first objective was to 

determine if CYP2A5 induction during ER stress is restricted to a reductive environment. 

The second objective was to determine if DTTox transcriptionally regulates CYP2A5 and 

to ascertain if Nrf2 is required for this process. Finally, the third objective was to 

determine the cytoprotective role of CYP2A5 during DTTox induced ER stress.  
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Materials and Methods 
 
Animal model  
 

Male C57BL/6 mice were obtained from Charles River Canada Inc. (St. Constant, 

QC). Animals were kept at the Central Animal Facility (University of Guelph, Guelph, 

ON) and housed at 21-23°C under a 12 h light/dark cycle. Mice were given food and 

water ad libitum and allowed to acclimatize for at least one week prior to any 

experiments. All procedures were conducted in accordance with the guidelines of the 

Canadian Council of Animal Care.  

 
 
Liver perfusion procedure 
 
 Mice were injected intraperitoneally (ip) with sodium pentobarbital (0.075-0.1 

mL/mouse; Somitol, MTC Pharmaceuticals Ltd., Cambridge, ON) and left until 

sufficiently anesthetised (approx. 5 min). The ventral side of each mouse was sterilized 

with 70% ethanol. An incision was made in the lower abdomen, and the intestines were 

exteriorized to reveal the portal vein. The ribcage was removed and the inferior vena cava 

was located. A pre-cut ligature (3-0 silk) was loosely tied around the vena cava to 

eventually secure the catheter (23-guage, Fisher Scientific, Ottawa, ON) after insertion. 

The catheter was attached to Tygon tubing (23-guage, Fisher Scientific, Ottawa, ON), run 

through a peristaltic pump (Minipuls 3, Gilson Inc., Middletown, WI), and into solutions 

incubated in a 40°C water bath. A small incision was made in the right atrium of the heart 

and the catheter was inserted into the inferior vena cava via the right atrium and secured 

with the silk ligature.  The portal vein was then cut to allow blood to drain from the liver. 

Blanching solution (Appendix I) was pumped (retrograde) through the liver at a flow rate 



 31 

of 6.0 mL/min for 2.5 min. Once the liver was successfully blanched, collagenase 

solution (Appendix I) was perfused through the liver for 7-9 min at a flow rate of 8.0 

mL/min to ensure hepatocyte dissociation.   

 

Culture of primary hepatocytes  

After perfusion, the liver was excised from the mouse and the gallbladder was 

removed. The liver was placed in a 10 cm culture plate (Corning, NY) and rinsed with 

attachment medium (Appendix I). The liver was scored using forceps and scissors and 

cells were filtered through a 70 μm sterile falcon filter (Fisher Scientific, Ottawa, ON) 

into a new, sterile 10 cm plate. The cells were transferred into a 50 mL conical tube 

(FroggaBio, Toronto, ON) and centrifuged at 50 x g for 2 min at room temperature (RT). 

The hepatocyte pellet was washed by re-suspension in attachment medium and again 

centrifuged at 50 x g for 2 min at RT. This step was performed to remove any collagenase 

still present in the medium from the perfusion. The washed cell pellet was re-suspended 

in 20 mL of fresh attachment medium and the cells counted with a hemocytometer. 

Hepatocytes were plated in 10 cm plates at a density of 3.0 x 106 cells/well, in 6 well 

plates (Corning, NY) at a density of 1.0 x 106 cells/well, or in 24 well plates (Corning, 

NY) at a density of 0.3 x 106 cells/well. Cells were incubated at 37°C with 5% CO2 for 6 

h. After incubation, attachment medium was replaced with serum-free medium 

(Appendix I) and hepatocytes were incubated overnight.  
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Hepa 1-6 cells 
 
 The Hepatoma 1-6 cell line was obtained from ATCC (Manassas, VA). Hepa 1-6 

cells were derived from a BW7756 mouse hepatoma that arose in a C57/L mouse. Hepa 

1-6 cells were cultured and maintained with Dulbecco’s modified Eagle’s medium 

(DMEM, Sigma-Aldrich, Oakville, ON) with 10% fetal bovine serum (FBS, Sigma-

Aldrich, Oakville, ON) and 1% (v/v) penicillin/streptomycin (Complete media, 

Invitrogen, Burlington, ON) supplemented. Cells were maintained in vented capped 

flasks (75 cm2, Corning, NY) in a humidified incubator (37°C, 5% CO2).  

 

Culture and plating of Hepa 1-6 cells 

Complete medium was aspirated from storage flasks and cells were washed with 

phosphate buffered saline (PBS, Appendix I). After washing, cells were gently 

trypsinized with 2 mL of TryPLE Express (Invitrogen, Burlington, ON) and incubated for 

10 min. Cells were then suspended with 8 mL complete medium and transferred to a 15 

mL conical tube (Corning, NY) and centrifuged at 500 x g at RT for 5 min. Cells were re-

suspended in 1 mL of complete medium and counted using a hemocytometer. Cells were 

plated at various densities depending on the specific experiments (see below).  

 

CYP2A5 overexpression in Hepa 1-6 cells 
 
 Hepa 1-6 cells were cultured in 6-well plates (Corning, NY) at a density of 6 x 105 

cells/well in complete medium and incubated at 37°C with 5% CO2 for 24 h to attain a 

confluency of 80-90%. Once cells were sufficiently confluent, CYP2A5 was transiently 

overexpressed via transfection with pcDNA3.1/V5-His-TOPO (CYP2A5-V5) into which 
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the Cyp2a5 gene was cloned (generous gift from Dr. Masahiko Negishi, NEIHS, NC). 

Cells were co-transfected with an expression vector, pcDNA3.1/V5-His-TOPO 

containing DNA for porcine cytochrome P450 oxidoreductase (POR) to provide an 

electron energy source for CYP2A5 (generous gift from Dr. Jim Squires, Guelph, ON). In 

each well, cells were transfected with 2.0 μg of CYP2A5-V5 or pcDNA3.1 and co-

transfected with 0.4 μg of either POR or pcDNA3.1. Cells were transfected using 

Lipofectamine 2000 (Invitrogen, Burlington, ON) according to the manufacturer’s 

protocols. Cells were transfected in Opti-MEM Reduced Serum Medium (Invitrogen, 

Burlington, ON) for 24 h at 37°C with 5% CO2.  

 

Cell treatments  

Cells were treated with 10mM DTTox, 2-mercaptoethanol (1, 2.5, 5mM) or vehicle 

(EtOH) (Sigma-Aldrich, Oakville, ON) in serum-free media for time points according to 

the needs of the experiments performed.  

 

RNA extraction 

Cells were washed once with phosphate buffered saline (PBS). One mL of TRIzol 

reagent (Invitrogen, Burlington, ON) was added to each well and the cells were scraped 

and transferred into 1.5 mL Eppendorf tubes. Two hundred μL of chloroform was added 

to each tube and the tubes were gently vortexed until the clear, chloroform layer settled 

on top of the mixture. The tubes were then incubated for 30 min at 4°C and centrifuged at 

12,000 x g at 4°C for 15 min. The clear aqueous supernatant was transferred to a new 

Eppindorf tube and mixed with 500 μL of ice-cold isopropanol (Fisher Scientific, Ottawa, 
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ON). The samples were incubated at -20°C for at least 1 h to precipitate the RNA. The 

tubes were then centrifuged at 12,000 x g at 4°C for 15 min. The isopropanol was 

aspirated and the pellets were washed with 500 μL of 75% ethanol. The tubes were 

centrifuged again at 12,000 x g at 4°C for 10 min and the ethanol was aspirated with a 

drawn out pipette. RNA pellets were allowed to air dry for approximately 10 min and 

dissolved in 12 μL of nuclease-free water and incubated for 10 min at 55°C. The RNA 

was quantified using a NanoDrop ND-1000 spetrophotometer (Thermoscientific, Ottawa, 

ON) and the samples were diluted to approximately 500 ng/ μL in nuclease-free water.  

 

DNase treatment and reverse transcription 

After quantification and dilution, 1 μg of RNA from each sample was treated with 

1 unit (1 μL) of DNase (Promega, Madison, WI) in a water-bath for 30 min at 37°C. 

DNase was inactivated by adding 1 μL of DNase stop solution (Promega, Madison, WI) 

to each sample followed by a 65°C incubation for 10 min. Random primers (0.1 μg/μL) 

and 10 mM dNTPs (Invitrogen, Burlington, ON) were incubated with the samples at 

65°C for 10 min to allow for annealing. The RNA was then reverse transcribed into 

cDNA by adding 4 μL of 5X first strand synthesis buffer (Invitrogen, Burlington, ON), 

0.1 M dithiothreitol (DTT), 20 units of RNAseOUT (Invitrogen, Burlington, ON), and 

200 units of Murine Moloney Leukemia Virus reverse transcriptase (M-MLV RT, 

Invitrogen, Burlington, ON) to each sample. The samples were incubated for 10 min at 

room temperature and then at 37°C for 50 min for the reverse transcription. The samples 

were then incubated at 70°C for 10 min to inactivate transcription enzymes and the 

samples were diluted to a final volume of 100 μL in nuclease-free water.  
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Qualitative real-time PCR 
 
 Fold changes in relative mRNA levels were compared using the StepOnePlus real 

time system (Life Technologies, Burlington, ON). PCR was performed in a 15 μL 

volume containing 1.9 μL of nuclease-free water, 0.6 μL of a 5 μM forward/reverse 

primer mix, 7.5 μL PerfeCTA SYBERfastmix (Quanta Biosciences, Gaithersburg, MD), 

and 5 μL of cDNA. Thermocycling parameters consisted of an initial denaturing step of 

95°C for 10 min followed by 40 cycles of PCR (95°C for 15 s, 70°C for 15 s, and 72°C 

for 15 s). Target mRNA levels were normalized against the housekeeping gene 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). All primers were analyzed and 

checked for primer-dimers using the StepOnePlus software (version 2.3, Life 

Technologies, Burlington, ON 
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Table 1: Q-PCR primers used in this study  

 
 
 
Extraction of total cellular protein and protein quantification 
 
 Cells (primary hepatocytes and Hepa 1-6, same plating conditions as above) were 

removed from the incubator and immediately washed once with PBS. Cell lysis buffer 

(140 μL; Appendix I) was added to each well and the cells were scraped and transferred 

into 1.5 mL Eppendorf tubes and incubated on ice for 30 min. Cell lysates were then 

centrifuged at 10,000 x g at 4°C for 10 min. Supernatants containing the whole cell 

protein were transferred to another centrifuge tube and quantified via the Bradford 

method using the Bio-Rad Protein Assay Reagent (Bio-Rad Laboratories, Mississauga, 

ON).  

 
 
 

Gene Full Name Forward Primer Reverse Primer 
GRP78 Glucose-

regulated 
protein 78 

5’-CTTGTCGCTGGGCATCA 
TTG-3’ 

5’-AAGTTCTTGCCATTCAAGG 
TGGT-3’ 

XBP-1s Spliced X-
box 
binding 
protein 1 

5’-GAGTCCGCAGCAGGTG-3’ 5’-GTGTCAGAGTCCATGGGA-3’ 

CYP2A5 Cytochrom
e P450 
2A5  

5’-GGACAAAGAGTTCCTG 
TCAC TGCTTC-3’ 

5’-GTGTTCCACTTTCTTGGTT 
ATGAAGTCC-3’ 

UGT1A1 UDP-
glucuronos
yltransfera
se 1A1 

5’-CCTATGGGTCACTTGCC 
ACT-3’ 

5’-ATGGCTTTCTTCTCCGG 
AAT-3’ 

GAPDH Glyceralde
hyde 3-
phosphate 
dehydroge
nase 

5’-ACAGTCCATGCCATCAC 
TGCC-3’ 

5’-GCCTGCTTCACCACCTTCT 
TG-3’ 



 37 

Isolation of Nuclear Proteins 
 

Primary mouse hepatocytes (3x106cells/well) that had been treated with 10 mM 

DTTox for 6 h were scraped and suspended in 1.5 mL PBS. The suspended solution was 

transferred to a 1.5 mL Eppendorf tube and centrifuged at 2,000 x g for 30 s at 4°C. The 

pellet was re-suspended in 400 μL of buffer A (Appendix I) and incubated on ice for 1 h. 

The cell suspension was vortex mixed for 15 s and homogenized via pestling (10 strokes 

x 3) on ice to prevent protein degradation. After homogenization, the cell suspension was 

centrifuged at 11,000 x g for 10 min at 4°C. The cytoplasmic fraction (supernatant) was 

transferred to new tubes and stored at -80°C for later use. Excess buffer A was removed 

with a drawn-out pipette to prevent cytoplasmic contamination of nuclear proteins. The 

pellet was re-suspended in 150 μl of buffer B (Appendix I) and incubated on ice for 30 

min. The nuclear suspension was vortex mixed for 15 s and homogenized via pestling (10 

strokes x 2) on ice and centrifuged at 11,000 x g for 15 min at 4°C. The nuclear fraction 

was then removed and stored at -80°C for future use. Nuclear protein fractions were 

quantified via the Bradford method using the Bio-Rad Protein Assay Reagent (Bio-Rad 

Laboratories, Mississauga, ON).  

 

SDS-PAGE and Western blot analysis  

Proteins of interest were identified by western blot analysis as described 

previously (Kim et al., 2013). In brief, 25 μg (whole cell lysate) or 40 μg (nuclear 

isolate), were combined 1:4 with SDS electrophoresis sample buffer (Appendix I) and 

boiled for five min to denature the proteins. Samples were then separated on a 10% 

polyacrylamide gel (Appendix I) at 100 Volts for approximately 1.5 h or until the dye 
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marker migrated to the bottom of the gel. After separation, proteins were transferred to a 

nitrocellulose membrane (Hybond ECL, GE Healthcare, Oakville, ON) via a wet transfer 

method for 2 h at 100 volts. Membranes were blocked for 1 h in TTBS containing 5% 

milk (w/v) (Appendix I). Primary and secondary antibodies were incubated at varying 

dilutions and for varying times depending on the experiment (Table 2). All antibodies 

were diluted in TTBS containing 5% milk (w/v) (Appendix I). Membranes were washed 

twice with TTBS for 10 min after incubation with both primary and secondary antibodies. 

Protein bands were detected with ECL plus (Amersham Biosciences, Baie d’Urfe, QC) or 

Clarity ECL substrate (Bio-Rad Laboratories, Mississauga, ON). The bands were scanned 

using a Typhoon 9410 scanner (GE Health Sciences, Piscataway, NJ). Protein loading 

was normalized by blotting for β-actin. Protein band density was quantified using ImageJ 

software.  
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Table 2: Antibodies used in this study 
 

Protein Origin of 
lysate 

μg loaded/lane Primary Ab 
(dilution, 

incubation time, 
supplier) 

Secondary Ab 
(dilution, 
incubation time, 
supplier) 

GRP78  Whole 
lysate 

25 Rabbit-anti mouse 
GRP78 (1:2000, 1 h, 
Novus bio) 

Goat-anti rabbit, 
HRP-conjugated 
(1:2000, 1h, 
Sigma-Alderich) 

CYP2A5 Whole 
lysate 

25 Chicken-anti mouse 
CYP2A5 (1:10 000, 
2 h, Dr. Juvonen, 
Kuopio, Finland) 

Goat-anti chicken, 
HRP-conjugated 
(1:10 000, 1h, 
Sigma-Alderich) 

Caspase-3 Whole 
lysate 

35 Rabbit-anti mouse 
Caspase-3 (1:1000, 
overnight, Cell 
signalling) 

Goat-anti rabbit, 
HRP-conjugated 
(1:2000, 1h, 
Sigma-Alderich) 

β-actin Both N/A Mouse anti β-actin 
(1:5000, 30 min, 
Sigma-Alderich) 

Goat-anti mouse, 
HRP-conjugated 
(1:2000, 30 min, 
Sigma-Alderich) 

Nrf2  Nuclear 40 Goat-anti mouse 
Nrf2 (1:400, 
overnight, Santa 
Cruz) 
 
 

Rabbit-anti goat, 
HRP-conjugated 
(1:2000, 1h, 
Sigma-Alderich) 

XBP1 Nuclear 40 Rabbit-anti mouse 
XBP1 (1:2000, 
overnight?, 
Santacruz) 

Goat-anti rabbit, 
HRP-conjugated 
(1:2000, 1h, 
Sigma-Alderich) 

 
 
 
Reporter constructs and transfection of primary hepatocytes 
 
 Primary mouse hepatocytes (3 x 105 cells/well) were transfected with multiple 

constructs and plasmids in this study. A reporter construct containing the firefly 

luciferase gene under the control of a 3033 base pair fragment of the Cyp2a5 promoter 

(wt-3033-luc) was provided by Dr. Jukka Hakkola (University of Oulu, Finland). 

Additionally, a reporter construct (constructed by Kathleen Nichols) was used that 

contained a mutated Nrf2 binding site (ΔNrf2-3033-luc) in the Cyp2a5 promoter 

antioxidant response element (ARE). Primary cells were transfected with 500 ng/well of 
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either the wt-3033-luc or ΔNrf2-3033-luc constructs and co-transfected with 20 ng of 

Renilla (pRL3-TK). As a positive control for transfection, cells were transfected with 500 

ng/well of the construct pGL3-control (Promega, Madison, WI). For a negative control, 

cells were transfected with the plasmid pGL3-basic (Promega, Madison, WI). All 

transfections were performed using Lipofectamine 2000 (Invitrogen, Burlington, ON) 

according to the manufacturer’s instructions. The cells were incubated for 24 h at 37°C 

with 5% CO2 and treated with 10 mM DTTox or vehicle (control) for 6 h in serum-free 

medium (Appendix I).  

 

Dual luciferase activity assay 

After treatment, the medium was aspirated and the cells were washed once with 

PBS and then lysed with 100 μL of passive lysis buffer (Promega, Madison, WI) at -80°C 

for at least 1 h. Luciferase enzyme activity was assessed on a FLUROstar OPTIMA plate 

reader (BMG Labtech, Cary, NC) using the Dual-Luciferase Reporter Assay System 

(Promega, Madison, WI) according to the manufacturer’s instructions. Briefly, the plates 

were thawed on a shaker for 15 min at room temperature. Lysates were then transferred 

to 1.5 mL Eppendorf tubes and centrifuged for 30 s at 8,000 x g. Supernatant (20 μL) 

from each tube was transferred to a white polystyrene flat bottom 96 well plate. 

Luciferase activity was measured by injection of 50 μL/well of Luciferase Assay Reagent 

(Promega, Madison, WI) followed by injection of 50 μL/well of Stop and Glo Reagent to 

measure Renilla activity. All luciferase values were normalized against Renilla to account 

for any variances in transfection efficiency and plate loading inconsistencies.  
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Statistical analysis  

All data in this study are shown as mean ± SEM of multiple experiments. For 

experiments containing one independent variable, a one way analysis of variance 

(ANOVA) was used followed by Dunnett’s post-hoc test to determine statistical 

significance from control. In experiments with two independent variables, a two way 

ANOVA was utilized followed by Bonferroni’s post-hoc test to determine significance. A 

student’s t-test was used to compare the means of two samples. Any results with a 

probability value of less than 0.05 (p<0.05) were considered statistically significant. 

Statistic analyses were performed using Prism Software (Version 5.0c, GraphPad 

Software Inc. La Jola, CA, USA). 
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Results 
 
Section one: CYP2A5 mRNA and protein levels during reductive endoplasmic reticulum 
stress. 
 
 
Reducing agents 2-mercaptoethanol and DTTox increase CYP2A5 protein expression in 
primary mouse hepatocytes 
 
 Because CYP2A5 is induced by hepatotoxins that cause damage to the ER, we 

hypothesized that ER stress caused by reducing agents increase CYP2A5 protein 

expression. To test this hypothesis, primary mouse hepatocytes were treated with either 1 

mM 2-mercaptoethanol, 10 mM DTTox or vehicle (ethanol) for 48 h in serum free 

medium. Total protein lysates were isolated and CYP2A5 protein levels were assessed 

via Western blotting. DTTox treatment significantly increased CYP2A5 protein levels by 

60-fold whereas 2-mercaptoethanol treatment increased CYP2A5 by 30-fold (p<0.005) 

(Figure 1).  

 

ER stressors increase GRP78 and CYP2A5 mRNA in primary mouse hepatocytes 
 
 Previous results from our laboratory indicated that while various ER stressors 

increase GRP78 levels, only DTTox significantly increased CYP2A5 levels. To confirm 

these findings, primary mouse hepatocytes were treated with 10 mM DTTox, 1.5 μg/mL 

tunicamycin, 4 μM thapsigargin or vehicle for 48 h in serum-free medium. GRP78 and 

CYP2A5 mRNA levels were assessed by Q-PCR. DTTox, tunicamycin, and thapsigargin 

significantly increased GRP78 mRNA levels (9-fold, 23-fold, 7-fold respectively; 

p<0.001) (Figure 2) whereas, treatment with all ER stress inducers significantly increased 

CYP2A5 mRNA levels (60-fold, 20-fold, 20-fold respectively; p<0.001) (Figure 3). 
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Figure 1. Effect of reductive stressors on CYP2A5 expression. (A) Western blot and (B) 

densitometric analysis of CYP2A5 protein expression in primary mouse hepatocytes after 

treatment with DTTox (DT, 10mM), and 2-mercaptoethanol, (2-ME, 1mM) for 48 h. β-

actin is indicated for protein loading control. Values represent the mean ± SEM (n=3 

independent mice) Significantly different from control, *p<0.005  
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Figure 2.  Effect of various ER stressors on CYP2A5 mRNA levels. Primary mouse 

hepatocytes were treated with DTTox (DT, 10mM), Tunicamycin (Tu, 1.5μg/mL), 

Thapsigargin (Tg, 4μM) for 48 h. CYP2A5 mRNA levels were determined via Q-PCR 

and normalized to the housekeeping gene GAPDH. Values represent the mean ± SEM 

(n=3 independent mice). Data bars with different letters are significantly different, 

p<0.001.  
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Figure 3. Effect of various ER stressors on GRP78 mRNA levels. Primary mouse 

hepatocytes were treated with DTTox (DT, 10mM), Tunicamycin (Tu, 1.5μg/mL), 

Thapsigargin (Tg, 4μM) for 48 h. GRP78 mRNA levels were determined via Q-PCR and 

normalized to the housekeeping gene GAPDH. Values represent the mean ± SEM (n=3 

independent mice). Significantly different from control, *p<0.001.  
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Section two: Involvement of Nrf2 during DTTox-mediated CYP2A5 transactivation.  
 
 
Nrf2 translocates to the nucleus following DTTox treatment in primary hepatocytes 
 
 In view of the role of Nrf2 in mediating gene up regulation during altered cellular 

redox equilibrium, we hypothesized that CYP2A5 induction via DTTox may involve Nrf2 

translocation to the nucleus. To test this, primary mouse hepatocytes cultured from 

C57BL/6 mice were treated with 10mM DTTox or vehicle for 6 h in serum-free medium. 

Nuclear proteins were isolated and analyzed via western blot. Nuclear Nrf2 was 

significantly increased (2.3 fold; p<0.05) in cells treated with DTTox (Figure 4).  

 
 
Nrf2 is required for CYP2A5 transactivation by DTTox 
 
  To investigate if DTTox transcriptionally regulates CYP2A5, luciferase reporter 

assays were preformed using a Cyp2a5 reporter construct (wt-3033-luc) that contained a 

3033 bp portion of the Cyp2a5 5’ UTR promoter. Wt-3033-luc and Renilla (pRL3-TK) 

were transfected into primary mouse hepatocytes for 24 h prior to DTTox treatment. 

Additionally, the role of an ARE in the CYP2A5 promoter was assessed by transfecting a 

mutated construct (ΔNrf2-3033-luc) into hepatocytes for 24 h. In both cases, cells were 

then treated with either vehicle or 10 mM DTTox for 6 h. DTTox treatment caused a 1.8 

fold increase of reporter activity in cells transfected with wt-3033-luc (p<0.001). 

Furthermore, luciferase activity was significantly reduced in cells transfected with 

ΔNrf2-3033-luc and increased activity by DTTox was completely abolished (Figure 5).  
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Figure 4. – Effect of DTTox on nuclear Nrf2 levels. (A) Western blot and (B) 

densitometric analysis of nuclear Nrf2 protein in primary mouse hepatocytes after 

treatment with 10mM DTTox for 6 h. β-actin is indicated as loading control. Values 

represent the mean ± SEM (n=3 independent mice). Significantly different from control, 

*p<0.05.  
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Figure 5. - DTTox increases CYP2A5 transcription in primary mouse hepatocytes via a 

required aromatic response element (ARE) within a 3033 base pair portion of the Cyp2a5 

promoter. Cyp2a5-5’-luciferase reporter activity was analyzed in cells 6 h after 10 mM 

DTTox treatment. (A) ARE sequence showing site-directed mutagenesis within Cyp2a5 

promoter region. (B) Luciferase reporter activity was analyzed after DTTox treatment for 

6h following transfection with wild-type or mutated ARE Cyp2a5 reporter constructs. 

Firefly activity was normalized against Renilla (pLR-TK) activity. Values represent the 

mean ± SEM (n=3 independent mice) Data bars with different letters are significantly 

different, p<0.001.  
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Section three: Reductive ER stress and heme metabolism. 
 
 
DTTox increases UGT1A1 mRNA in primary mouse hepatocytes 
 
 Alterations in ER redox homeostasis could cause increased luminal heme and 

heme metabolites from damaged cytochromes.  We hypothesized that DTTox may induce 

enzymes involved in the heme metabolic pathway. In this experiment, primary mouse 

hepatocytes were treated with 10 mM DTTox, 1.5 μg/mL tunicamycin, 4 μM thapsigargin 

or vehicle for 48 h in serum free medium. UGT1A1 mRNA levels were determined via 

Q-PCR and normalized against the housekeeping gene, GAPDH. While DTTox 

significantly increased UGT1A1 mRNA levels by 10-fold; (p<0.001), tunicamycin had a 

less profound effect (3.5-fold; p<0.001). Thapsigargin did not significantly alter 

UGT1A1 transcript levels (Figure 6).  

 
 
 
Hemin induces XBP-1 mRNA splicing in primary mouse hepatocytes 
 
 We suspected that induction of CYP2A5 by reducing agents is to reduce ER stress 

resulting from heme accumulation. Because DTTox increases XBP-1 splicing in Hepa 1-6 

cells, we hypothesized that increased XBP-1 mRNA splicing occurs in parallel to 

induction of CYP2A5 by hemin. To test this, primary mouse hepatocytes were treated 

with 20 μM hemin for 24 h in serum free medium. Hemin treatment significantly 

increased XBP-1s mRNA levels (2.7-fold; p<0.0005) (Figure 7).  
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Figure 6. Effect of various ER stressors on UGT1A1 mRNA levels. Primary mouse 

hepatocytes were treated with DTTox (DT, 10mM), tunicamycin (Tu, 1.5μg/mL) and 

thapsigargin (Tg, 4μM) for 48 h. UGT1A1 mRNA levels were determined via Q-PCR 

and normalized to the housekeeping gene GAPDH. Values represent the mean ± SEM 

(n=3 independent mice). Data bars with different letters are significantly different, 

p<0.001. 
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Figure 7. Effect of hemin on spliced XBP-1 mRNA levels. Primary mouse hepatocytes 

were treated with 20 μM hemin for 24 h. XBP-1s mRNA levels were determined via Q-

PCR and normalized to the housekeeping gene GAPDH. Values represent the mean ± 

SEM (n=3 independent mice). Significantly different from control, *p<0.0005. 
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Section four: Cytoprotective role of CYP2A5 during reductive ER stress.  
 
 
CYP2A5 overexpression reduces XBP-1s mRNA but not GRP78 mRNA levels in Hepa 
1-6 cells 
 
  To test the hypothesis that CYP2A5 plays a functional role in reductive ER 

stress, Hepa 1-6 cells previously transfected with CYP2A5-V5 and POR-V5 expression 

plasmids (24 h) were treated with 10 mM DTTox for 12 h (XBP-1s) or 24 h (GRP78) in 

serum-free medium. GRP78 and XBP-1s mRNA levels were determined via Q-PCR and 

were normalized against the housekeeping gene, GAPDH. DTTox significantly increased 

(4-fold induction; p<0.001) GRP78 mRNA however overexpression of CYP2A5 had no 

effect on GRP78 mRNA levels (Figure 8A). DTTox treated cells had significantly 

increased (2.5 fold; p<0.0005) XBP-1s mRNA relative to control cells. Furthermore, 

CYP2A5-V5/POR-V5 overexpression reduced spliced XBP-1 mRNA levels by 40% 

(p<0.005) (Figure 8B).  
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Overexpression of CYP2A5 partially blocks DTTox mediated caspase-3 cleavage in Hepa 
1-6 cells 
 
 To test the hypothesis that CYP2A5 is cytoprotective during reductive ER stress, 

Hepa 1-6 cells previously transfected with CYP2A5-V5 and POR-V5 expression 

plasmids (24 h) were treated with 10 mM DTTox or control for an additional 24 h in 

serum free medium. Total protein lysate was isolated and percent caspase-3 cleavage was 

determined via Western blot analysis. Control cells transfected with empty vector showed 

11% caspase-3 cleavage while DTTox treatment in empty vector cells increased caspase-3 

cleavage to 54% (p<0.001). However, overexpression of CTPA5-V5/POR-V5 

significantly reduced caspase-3 cleavage by DTTox by 25% to a level of 40% caspase-3 

cleavage (p<0.05). CYP2A5-V5/POR-V5 overexpression had no significant effect on 

caspase-3 cleavage in cells treated with vehicle (Figure 9). 
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Figure 8. Effect of CYP2A5 overexpression on ER stress biomarkers. Q-PCR analysis of 

GRP78 (A) and XBP-1s (B) mRNA levels in Hepa 1-6 cells after DTTox (10mM) for 24 h 

(A) and 12 h (B). Cells were transiently transfected with either empty vector (EV) or 

P450 oxidoreductase (POR) and CYP2A5 for 24 h prior to treatment. GRP78 and XBP-

1s mRNA levels were determined via Q-PCR and normalized to the housekeeping gene 

GAPDH. Values represent the mean ± SEM. (A) n=9, (B) n=4. Bars with different letters 

are significantly different (A) p<0.001, (B) p<0.005. 
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Figure 9. CYP2A5 overexpression reduces DTTox induced caspase-3 cleavage in Hepa 1-

6 cells. Western blot (A) and densitometric analysis (B) of caspase-3 cleavage in Hepa 1-

6 cells after DTTox (10mM) for 24 h. Cells were transiently transfected with either empty 

vector (EV) or P450 oxidoreductase (POR) and CYP2A5 prior to treatment. β-actin is 

indicated as loading control. Values are the mean ±SEM (n=3). Data bars with different 

letters are significantly different, p<0.05. 
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Discussion 

The unique regulation of CYP2A5 has been associated with various liver 

disorders including malaria, viral hepatitis, and hepatic carcinomas. Interestingly, these 

diseases have also been linked to ER stress (Lamsa et al. 2010; Kirby, Nichols, and 

Antenos 2011; Malhi and Kaufman 2011). While the mechanisms by which Cyp2a5 is 

regulated during ER stress are unclear and the functional consequence of overexpression 

of this enzyme under these conditions is uncertain, there may be a relationship with heme 

release from resident hemoproteins. Recent studies have revealed two endogenous 

substrates for CYP2A5: BR and heme (Lamsa et al. 2012; Abu-Bakar et al. 2011). 

Moreover, CYP2A5 has recently been shown to have cytoprotective properties during BR 

toxicity in Hepa 1-6 cells (Kim et al. 2013). While it has become clear that CYP2A5 is 

involved in reductive ER stress and heme metabolism, a definitive mechanism remains 

elusive. The objective of this study was to delineate the regulatory mechanism and 

functional role of CYP2A5 during reductive ER stress. Our findings suggest a reductive 

ER environment is a strongly favourable, but not a crucial factor, for CYP2A5 induction 

during ER stress as other stressors that do not necessarily cause reductive stress also 

induce CYP2A5. At the transcriptional level, Cyp2a5 induction by the reducing agent 

DTTox involves the transcription factor, Nrf2. Furthermore, our results suggest that 

heme/heme metabolites act as a key element in CYP2A5 induction during ER stress. 

Lastly, we found that CYP2A5 overexpression partially reduces ER stress-mediated 

apoptosis. 

 Previous research has suggested that a reductive ER stress environment is 

essential for CYP2A5 induction (Gilmore and Kirby 2004). Additionally, Du et al. (2010) 
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showed that 2-ME causes ER stress in HepG2 cells. 2-ME is a well-known reducing 

agent, commonly utilized in SDS-PAGE/Western blot analysis due to its ability to reduce 

disulfide bonds and linearize proteins (Schägger and Von Jagow 1987). We hypothesized 

that 2-ME is a potent CYP2A5 inducer due to its capacity to cause reductive ER stress. 

Indeed, our results show that 2-ME is a strong inducer of CYP2A5 protein in primary 

hepatocytes albeit to a lesser extent than DTTox (Figure 1). Our findings suggest that 

reducing agents that cause ER stress in hepatocytes provide conditions highly favourable 

to CYP2A5 induction.  

To further investigate the relationship between a reductive ER environment and 

induction of CYP2A5 we examined the underlying cellular conditions that result in 

Cyp2a5 up-regulation. Previous studies have revealed two endogenous 

substrates/inducers of CYP2A5: heme and BR (Lamsa et al. 2012; Abu-Bakar, Moore, 

and Lang 2005). Moreover, there is recent evidence that CYP2A5 acts in a cytoprotective 

manner during BR toxicity and it has become increasingly clear that CYP2A5 induction 

during ER stress likely involves heme/BR (Kim et al. 2013; Kirby, Nichols, and Antenos 

2011). Moreover, decreased heme synthesis in porphobilinogen deaminase-deficient mice 

reduces transactivation of Cyp2a5, further emphasizing a link between heme stores and 

Cyp2a5 gene expression (Jover et al. 2000). Thus, elevated heme pools and related 

metabolites in the ER may directly influence the unique induction of CYP2A5 during 

reductive ER stress. It is possible that a reducing environment is particularly damaging to 

native hemoproteins in the ER, eventually resulting in release of intermolecular heme 

into the ER. Other forms of ER stress that do not perturb ER redox homeostasis cause 

either malfolding or aggregation of proteins, whereby highly regulated pathways can 
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adapt and dispose of the proteins if necessary (Shen, Zhang, and Kaufman 2004). 

Reducing agents directly attack disulfide bonds and cause mass protein un-folding, likely 

to primary peptide forms (Halleck et al. 1997; Du, Liu, and Huang 2010). This 

mechanistic discrepancy between ER stressors may provide key insight into the unique 

regulation of CYP2A5.  

Chemical ER stress inducers are used in vitro to mimic ER perturbations by 

different mechanisms. Tunicamycin and thapsigargin are commonly used to cause ER 

stress via inhibition of N-linked glycosylation and interference with ER luminal Ca2+ 

levels respectively (Haze et al. 1999a; Kokame et al. 2000). Other ER stressors include 

Ca2+ ionophores, inhibitors of protein transport and reducing agents (Nakagawa et al. 

2000; Liu, Ou, and Lee 1992). In agreement with the findings of Gilmore et al. (2004), 

we found that multiple ER stressors (tunicamycin, thapsigargin, and DTTox) significantly 

increase GRP78 mRNA levels in primary mouse hepatocytes (Figure 3). However, in 

contrast to these previous findings, we found that while DTTox is indeed the strongest 

inducer of CYP2A5 mRNA, both tunicamycin and thapsigargin have a significant 

stimulatory effect on CYP2A5 up-regulation (Figure 2). This discrepancy could be 

explained by the use of different mRNA quantification techniques. In the previous study, 

Northern blotting was used to assess CYP2A5 mRNA levels. In the present study, we 

used a reverse transcription quantitative PCR (RT/Q-PCR) method. Q-PCR is currently 

the industry standard for mRNA analysis and is preferred due to its large dynamic range, 

tremendous sensitivity, high sequence-specificity, and little to no post-amplification 

processing (VanGuilder, Vrana, and Freeman 2008). In fact, real-time PCR assays are 

approximately 10,000-100,000 fold more sensitive than RNase protection assays and 
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1000 fold more sensitive than northern blot hybridization (Wong and Medrano 2005). 

The present study focused on mRNA levels.  Future studies would benefit from Western 

blot analysis to determine if the influence of various ER stressors on CYP2A5 protein 

levels corresponds to the mRNA data.  

Another explanation for the differences observed between this and previous 

studies is the treatment time. For this study, a 48h treatment was required for all stress 

inducers to increase CYP2A5 mRNA. Only the reducing agent, DTTox, induced both 

GRP78 and CYP2A5 at earlier time-points, suggesting reductive changes may be a more 

effective ER stress condition causing CYP2A5 induction (Data not shown). It is possible 

that our findings reflect a secondary effect of prolonged ER stress. For example, 

persistent ER stress from tunicamycin and thapsigargin may be causing oxidative stress 

downstream from the effects of the initial insult. This would explain the lengthy 

treatment time required and lower expression of CYP2A5 when compared to DTTox. This 

secondary form of oxidative stress is a well-documented phenomenon and may explain 

why other ER stressors seem to be causing elevation of CYP2A5 mRNA at the observed 

time point (Tardif, Waris, and Siddiqui 2005; Haynes, Titus, and Cooper 2004; 

Chakravarthi, Jessop, and Bulleid 2006).  

Nrf2 is a transcription factor that up-regulates stress response and antioxidant 

genes. Currently, Cyp2a5 is the only known cytochrome to be transcriptionally regulated 

by the Nrf2 pathway, provoking a reassessment of CYP2A5’s role during cellular 

perturbations (Abu-Bakar et al. 2007). Quite recently, Kim et al. (2013) presented 

compelling data indicating that BR induces nuclear Nrf2 translocation in primary 

hepatocytes. We hypothesized that DTTox may regulate Cyp2a5 through a mechanism that 
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involved elevated nuclear Nrf2 levels. Indeed, our results show that after 6 h of DTTox 

treatment, nuclear Nrf2 protein levels increased by over 2-fold (Figure 4). Furthermore, 

Kim and colleagues confirmed results by Abu-Bakar et al. (2007) indicating that elevated 

Cyp2a5 transcription by Nrf2 is due to binding to an ARE at position -2476 to -2269 of 

the Cyp2a5 promoter and that BR-mediated transactivation of Cyp2a5 also involved this 

site. Our results suggest that Cyp2a5 up-regulation by DTTox may operate in a similar 

manner. Luciferase activity was significantly increased in DTTox-treated cells transfected 

with the wt-3033-luc promoter construct (Figure 5). Furthermore, mutation of the ARE 

site completely abolished basal luciferase activity regardless of treatment (Figure 5). 

Collectively, our results suggest that Nrf2 is required for basal and responsive 

transactivation of Cyp2a5 by DTTox. However, further confirmation that Nrf2 binds to the 

Cyp2a5 ARE in response to DTTox through chromatin immunoprecipitation assays is 

required before this conclusion can be drawn.  

Interestingly, the Western blot and reporter assays presented here have produced 

analogous data to that of Kim et al. (2013). Kim and colleagues indicated that BR induces 

Nrf2 nuclear translocation similar to that of DTTox shown here. They also showed that BR 

increases Cyp2a5 transactivation through a required Nrf2 binding element (i.e. the ARE) 

on the Cyp2a5 promoter. These similarities could be explained by a common mechanism 

of Cyp2a5 induction. As previously stated, reductive stress may increase ER luminal 

heme via release from damaged cytochromes. It is possible that increasing heme pools 

could sequentially stimulate HO-1 and BVR thereby driving BR concentrations in the ER 

to toxic levels. CYP2A5 may be alleviating BR toxicity by oxidizing the molecule back 

to its less toxic precursor, BV, and therefore contributing to the maintenance of luminal 
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BV/BR-homeostasis (Abu-Bakar et al. 2011). Indeed, it has been reported that heme 

regulates Cyp2a5 via Nrf2, likely in preparation for BR elevation (Abu-Bakar et al. 2007; 

Lamsa et al. 2012). Our findings suggest a common process between CYP2A5 induction 

during BR toxicity and reductive ER stress. The proposed mechanism for Cyp2a5 gene 

regulation by heme/BR in this study could explain the similarities recorded during 

CYP2A5 induction by both BR and DTTox. Demonstration of elevated heme and BR 

levels during reductive ER stress and involvement of CYP2A5 in reducing these levels 

would support this contention. 

The underlying functional role of CYP2A5 during BR metabolism and liver 

injury is still being delineated and understanding of mechanisms of Cyp2a5 gene 

regulation may provide clarification. Results from the current study suggest that 

regulation of CYP2A5 expression during reductive stress is similar to regulation during 

BR toxicity. Typically, BR is cleared by the uridine diphosphoglucuronate 

glucuronosyltransferase 1A1 isoform (UGT1A1) by phase II drug metabolism (Aninat et 

al. 2006; Bosma et al. 1994). UGT1A1 is the critical enzyme responsible for 

detoxification of the potentially neurotoxic BR by conjugation to glucuronic acid. For 

decades, phenobarbital (PB) has been used to treat patients with liver disorders and 

jaundice by reducing serum BR loads (Ritter et al. 1999). Not surprisingly, treating 

patients with BR-related liver disorders with PB also increases expression of the hepatic 

UGT1A1 gene (Sugatani et al. 2001). Furthermore, Li et al. (2000) demonstrated that BR 

directly up-regulates UGT1A1; providing a mechanistic rationale for treatment of BR-

related liver diseases like hyperbilirubinemia and Crigler-Najjar disease (Ritter et al. 

1999). Interestingly, UGT1A1 and Cyp2a5 share regulatory mechanisms via multiple 
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transcription factors including PXR, CAR, AhR, and Nrf2. These common stimuli may 

indicate that both genes are regulated by cellular events involving BR (Yueh and Tukey 

2007; Sugatani et al. 2001; Sugatani et al. 2005; Abu-Bakar et al. 2004; Salonpää et al. 

1996). Hence, we believe that UGT1A1 may be an appropriate indirect biomarker for 

heme/BR levels in the ER. We found that, of all the ER stressors, the reducing agent 

DTTox had the most profound effect on UGT1A1, increasing mRNA expression by 10-

fold (Figure 6). Elevation of BR levels from damaged hemoproteins in the ER during 

reductive stress may explain why DTTox has such a marked effect on UGT1A1 mRNA 

expression.  

 Recent work has shown that heme induces CYP2A5 through a Nrf2-based 

mechanism (Lamsa et al. 2012). Heme has also been shown to stimulate HO-1 and BVR 

transcription (Abu-Bakar, Moore, and Lang 2005; Beri and Chandra 1993). Moreover, 

luciferase reporter assays have demonstrated that ER stress increases HO-1 promoter 

activity via Nrf2 binding to the ARE on the promoter region of the HMOX1 gene (Liu et 

al. 2005). What is not clear is whether elevated heme contributes to enhanced ER stress 

and CYP2A5 induction occurs to help prevent this from happening. Thus, we 

hypothesized that hemin may be an effective ER stress stimulant and may provide insight 

into the mechanism of CYP2A5 during ER stress. We found that hemin treatment 

significantly up-regulates XBP-1s mRNA, a biomarker for IRE1 activity in primary 

hepatocytes, implying that ER stress is occurring as a result of hemin accumulation 

(Figure 7). This result was expected, since the end product of heme metabolism, BR, has 

also been shown to elicit ER stress in Hepa 1c1c7 cells by interfering with intracellular 

Ca2+ and increasing ROS in the ER (Oakes and Bend 2010; Gao, Yang, and Zhang 2011). 
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Hepatocellular response to both DTTox and hemin appears to be similar in that both 

compounds cause ER stress (Gilmore and Kirby 2004, Figure 7). Furthermore, both 

compounds appear to regulate CYP2A5 through a transcriptional mechanism mediated by 

Nrf2 (Lamsa, Levonen et al. 2012, Figure 4,5). Thus far, our results suggest that DTTox-

induced CYP2A5 may involve excess luminal BR or heme, providing support to our 

hypothesis that CYP2A5 induction during reductive ER stress is tightly regulated by 

elements of the heme metabolic pathway. Measuring ER levels of heme in hepatocytes 

treated with reducing agents would further support this hypothesis. 

One objective of this study was to delineate the cytoprotective role of CYP2A5 

under conditions of reductive ER stress. Recently, Kim et al. (2013) demonstrated that 

CYP2A5 reduced BR-mediated apoptosis in Hepa 1-6 cells by increasing BR clearance in 

the ER. In order to investigate the cytoprotective role of CYP2A5 during ER stress, we 

transiently overexpressed CYP2A5 in Hepa 1-6 cells, a cell line that does not 

endogenously express this gene. While DTTox significantly increased GRP78 mRNA 

expression, overexpression of CYP2A5 had no effect on this marker of ER stress (Figure 

8a). Analysis of a more downstream marker of ER stress, the spliced variant of XBP-1, 

demonstrated a possible cytoprotective role of CYP2A5 during ER stress. We first found 

that DTTox significantly increased XBP-1s mRNA in Hepa 1-6 cells, suggesting that 

altering the reducing potential could result in ER stress, at least partially, through the 

IRE1 signaling pathway. Furthermore, while transient overexpression of CYP2A5 prior 

to DTTox treatment had no effect on GRP78 levels, there was a significant reduction in 

XBP-1s mRNA (Figure 8b). Based on these results, we suggest that GRP78 may not be 

an appropriate biomarker for assessing the cytoprotective role of CYP2A5 during ER 
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stress for several reasons. While GRP78 has long been considered a standard indicator of 

ER stress, it plays an important functional role as an ER chaperone, whereas XBP-1s is a 

quantifiable indicator of IRE activity (Hirota et al. 2006). Therefore, the cytoprotective 

response of GRP78 may be essential and indispensable regardless of any effect CYP2A5 

may have. Moreover, previous work indicates that the protective effects of CYP2A5 

during BR-mediated hepatotoxicity are only partial (Kim et al. 2013) suggesting that 

chaperone proteins, including the GRPs, would still be required for protein stabilization 

during ER duress.  

Our results can further be explained by the time-dependent induction of the 

various UPR signaling pathways. Activation of the ATF6 response arm is rapid as it is 

achieved by the cleavage of a pre-existing transmembrane protein, whereas activation of 

XBP-1 requires multiple steps: XBP-1 mRNA must be induced (by ATF6), spliced by 

IRE1, and then translated into active XBP-1 protein (Yoshida et al. 2003). ATF6 is a 

potent activator of the GRP promoters, provoking early induction of GRP78 in the ER 

stress response (Little et al. 1993). In view of this, our findings suggest that up-regulation 

of GRP78 by DTTox may occur prior to an event for which CYP2A5 plays an important 

functional role; explaining why GRP78 levels are unaffected by CYP2A5 

overexpression. Alternatively, XBP1 carries a functional ERSE in its promoter (Yoshida 

et al. 2000), allowing XBP1 to transactivate its own transcription. Thus splicing of XBP-

1 mRNA continues as long as proteins are malfolding in the ER (Yoshida et al. 2003). 

The slower functioning and prolonged self-regulation of XBP-1s may explain why 

overexpression of CYP2A5 mediates XBP-1s, but not GRP78 mRNA during the UPR 

time-line. As previously stated, BR has been shown to cause ER stress (Oakes and Bend 
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2010). Therefore, transient CYP2A5 may be responding to elevated BR levels from 

DTTox treatment and reductive ER stress. Oxidation of BR by CYP2A5 could be reducing 

BR-mediated ER stress and IRE1 activity. This may explain why CYP2A5 appears to 

reduce XBP-1 mRNA splicing. Based on the data presented, we believe that XBP-1s is a 

more appropriate biomarker for assessing the role CYP2A5 during reductive stress. 

While the exact mechanism is still unclear, prolonged IRE1 activation/XBP-1 splicing is 

thought to initiate ER stress-mediated apoptosis. Therefore, prevention of XBP-1 splicing 

by CYP2A5 may highlight a novel cytoprotective process for this enzyme.  

 To date, the ability of the UPR to initiate apoptosis has been well documented 

(Nakagawa et al. 2000; Boyce and Yuan 2006; Tabas and Ron 2011). Furthermore, BR 

has been shown to activate ER stress mediated apoptosis (Oakes and Bend 2010). 

Recently, is has been shown that CYP2A5 partially blocks BR-induced apoptosis (Kim et 

al. 2013).  To investigate the role of CYP2A5 in ER stress-induced apoptosis, we 

transiently overexpressed CYP2A5 in Hepa 1-6 cells prior to DTTox treatment. We found 

that transient CYP2A5 overexpression significantly reduces caspase-3 cleavage caused 

by DTTox (Figure 9). As discussed earlier, the purpose of the UPR is to first reduce 

functional demands on the ER by attenuating protein translation, then to initiate 

chaperone synthesis, and finally to initiate programed cell death if the stress cannot be 

rectified (Xu, Bailly-Maitre, and Reed 2005). Persistent ER stress initiates apoptosis 

through a number of steps and mechanisms, involving mitochondrial cytochrome-c 

release, caspases 7/9/12, luminal Ca2+ release, and eventually caspase-3 cleavage 

(Szegezdi, Fitzgerald, and Samali 2003). Again, our data of partial protection of DTTox-

mediated apoptosis by CYP2A5 overexpression shows a striking similarity to the 
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protection provided against apoptosis initiated by BR observed by Kim et al. (2013). 

Therefore, we speculate that the cytoprotective function of CYP2A5 during DTTox-

induced ER stress is likely occurring through a mechanism similar to that occurring in 

BR-mediated cell death. CYP2A5 may be maintaining safe BR levels in the ER, hence 

reducing further ER stress, and partially preventing the cell from reaching a critical, 

‘point of no return’ stage where apoptosis soon follows.  

The purpose of this thesis was to provide insight into the function role of 

CYP2A5 during reductive ER stress using multiple endpoints to generate a broader 

understanding of that role. Specifically, we investigated the effect of reducing agents on 

CYP2A5 protein expression, Cyp2a5 gene regulation by DTTox, CYP2A5 and UGT1A1 

mRNA expression during various forms of ER stress, and attempted to delineate a 

functional/cytoprotective role of CYP2A5 using a multiple biomarker approach. Our 

results demonstrate that DTTox transactivates Cyp2a5 through a mechanism involving 

Nrf2. Additionally, our results suggest that heme/BR from damaged cytochromes may be 

inciting the selective induction of CYP2A5 during reductive stress. Finally, our data 

show that overexpressed CYP2A5 plays a cytoprotective role against ER stress-induced 

apoptosis, possibly though a BR clearance mechanism.  

However, some questions remain unanswered. Further research could confirm the 

role of heme in CYP2A5 regulation during ER stress by quantification of heme in liver 

microsomes from mice treated with DTTox in vivo. Furthermore, should the proposed role 

for CYP2A5 in protecting against the effects of excess heme release during ER stress-

mediated cytochrome damage be validated, then why does CYP2A5 not succumb to the 

same fate as other P450s during reductive stress? Previous studies have shown that 



 67 

CYP2A5 protein levels can increase by mechanisms involving mRNA stabilization, 

transcriptional activation and protein stabilization (Abu-Bakar et al. 2011,2013; Kim et 

al. 2013). Therefore, these multiple adaptive mechanisms may explain why 

overexpression of CYP2A5 exceeds its denaturation under those conditions. 

Interestingly, recent data from the Kirby laboratory have demonstrated that CYP2A5 

remains fully functional during BR toxicity (Kim et al. 2013). However, an explanation 

of why CYP2A5 remains functional during BR toxicity and ER stress remains elusive. 

Currently, the exact role of CYP2A5 during reductive stress is unknown. This 

thesis presents compelling evidence that a reductive ER environment is optimal for 

CYP2A5 induction and likely both the role and regulation of CYP2A5 during these 

conditions may involve heme or BR. Data presented herein are similar to recent work on 

CYP2A5 regulation and function during BR toxicity (Kim et al. 2013), suggesting that 

reductive stress increases luminal BR levels resulting in CYP2A5 induction. Future 

studies may focus on investigating ER heme levels during reductive stress. Relating 

CYP2A5 activity to BR metabolism and elimination during chemically induced ER stress 

may also provide further evidence supporting the notion of a heme/BR-associated 

mechanism for CYP2A5 regulation and function during reductive ER stress. 
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Summary and Conclusions 

 In the P450 superfamily, CYP2A5 and its human orthologue, CYP2A6, are 

uniquely up-regulated during liver injury. Pathological conditions including hepatitis and 

hepatocellular carcinoma result in universal down-regulation of P450 levels (Kirby, 

Nichols, and Antenos 2011).  Interestingly, many of these liver conditions are associated 

with both ER stress and CYP2A5 up-regulation, suggesting that CYP2A5 may be 

involved with ER stress-related liver disease (Camus-Randon et al. 1996; Sipowicz et al. 

1997). Recent studies have implied that CYP2A5 is responsible for clearing excess BR 

when UGT1A1 is overwhelmed during BR toxicity (Abu-Bakar et al. 2012; Abu-Bakar et 

al. 2013). Data attained in the current study suggest that CYP2A5 may be playing a 

similar role during ER stress.  

Gilmore et al., (2004) implicated ER luminal redox status perturbations, namely 

reductive stress, as the pathophysiological condition responsible for CYP2A5 induction, 

rather than ER stress per se. Indeed, we have shown for the first time that another strong 

reducing agent, 2-ME, is also a potent inducer of CYP2A5. However, we found that ER 

stressors tunicamycin and thapsigargin to a lesser degree also significantly increase 

CYP2A5 mRNA in primary hepatocytes by non-redox altering mechanisms. These data 

are in contrast to the study by Gilmore et al., who found that non-redox altering ER 

stressors either suppressed or did not affect CYP2A5 mRNA/protein. This discrepancy 

appears to be from the following reasons: (1) in our study we used Q-PCR for mRNA 

analysis, whereas semi-quantitative Northern blotting was used in the previous study. (2) 

A 48h treatment course was required to increase GRP78 mRNA expression by all three 

stressors. By this time, it is possible that prolonged exposure of the ER would increase 
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CYP2A5 expression through secondary oxidative stress. Nevertheless, the reducing agent 

DTTox was by far the most potent stimulator of CYP2A5 mRNA.  

We also demonstrated that hemin activates XBP-1s splicing in primary 

hepatocytes, demonstrating for the first time that this molecule initiates ER stress. This 

treatment is likely stimulating the heme metabolic pathway and thus generating an excess 

of BR in the ER, a condition known to cause ER stress in hepatic cell lines (Oakes and 

Bend 2010). Interestingly, this and previous studies have shown two key points. (1) 

DTTox induces both CYP2A5 expression and XBP-1 mRNA splicing and (2) heme 

regulates CYP2A5. These similarities suggest that DTTox, and thus reductive stress, may 

be initiating CYP2A5 through a heme-based mechanism. Finally, we showed that of 

various ER stressors, DTTox was the strongest stimulator of UGT1A1 mRNA. This 

suggests that DTTox may cause exceptionally high BR levels in the ER. Collectively, the 

data demonstrating concurrence of induction of both ER stress and CYP2A5 by DTTox 

and heme suggest that a similar mechanism may be involved.  

To further support this hypothesis, we found that DTTox initiates nuclear 

translocation of Nrf2 to the nucleus and that Nrf2 transcriptionally regulates Cyp2a5 gene 

expression via an ARE. These results were in agreement with a recent study in which BR 

up-regulated CYP2A5 by a similar mechanism (Kim et al. 2013). Recently, Lamsa et al. 

(2012) demonstrated that heme regulates Cyp2a5 via Nrf2, further supporting our claim 

that transactivation of Cyp2a5 by DTTox involves heme/BR. 

 

 



 70 

Lastly, in order to investigate the cytoprotective role of CYP2A5 during DTTox 

mediated apoptosis, we transiently overexpressed CYP2A5 in a cell line that did not 

possess endogenous CYP2A5. Firstly, we found that DTTox significantly increased 

caspase-3 cleavage. Furthermore, we demonstrated that transient CYP2A5 partially 

blocks caspase-3 cleavage in Hepa 1-6 cells. While the precise mechanism is currently 

unknown, we hypothesize that CYP2A5 is working in conjunction with UGT1A1 in BR 

clearance to minimize further ER stress, lipid peroxidation, and apoptosis. In conclusion, 

we postulate that CYP2A5 induction via Nrf2 occurs during reductive stress in response 

to elevated heme/BR pools from damaged ER resident cytochromes. While CYP2A5’s 

full functional role remains unclear, this study suggests that CYP2A5 induction may 

occur to assist in BR clearance, thus partially protecting the cell from ER stress-induced 

apoptosis.  
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Appendix I-Reagents and Buffers 
 
 
Cell Culture (Primary Hepatocytes) 
 
 
EGTA (0.1 M, 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) and 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  

 

HEPES (1 M, pH 7.4) ��� 

  - Purchased from Invitrogen (Burlington, ON) 

 

Geneticin (50 mg/mL)��� 

  - Purchased from Invitrogen (Burlington, ON) 

 

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)  

  - Purchased as lyophilized powder from Roche Diagnostics (Mississauga, ON)  

  - The powder contains of 25 mg insulin, 25 mg transferrin, 25 μg sodium selenite  

  - The powder was reconstituted in 5 mL MilliQ H2O to give 1000X stock 
solution ��� 
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Dexamethasone (10 mM) 

- Dissolve 3.925 mg dexamethasone in 1 mL ethanol 

 
 

William’s Media E 

  - Dissolve entire contents of William’s E powder from stock bottle purchased 
from Sigma-Aldrich ���(Oakville, ON) in 1 L MilliQ H2O  

  - Add 2.2 g NaHO3 and pH to 7.37 – 7.39  

 

Blanching 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 

 
- Adjust to pH 7.4 
 

  

���Collagenase Medium  

  - William’s Media E                  60 mL 

  - 1.0 M HEPES, pH 7.4             600 μL 

  - 7.5% BSA                                64 μL 

  - Collagenase Type I ���                 28.6 mg 
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Attachment Medium  

  - William’s Media E                  445.5 mL 

  - ITS                                          500 μL 

  - FBS (heat-inactivated)            50 mL 

  - 10 mM dexamethasone           2.5 μL 

  - 1.0 M HEPES, pH 7.4             5 mL 

  - Geneticin ���                                75 μL 

 

Serum-Free Medium 

    - William’s Media E                   494.5 mL 

  - ITS                                           500 μL 

    - 1.0 M HEPES, pH 7.4              5 mL 

 

 
Cell Culture (Hepa 1-6) 
 
Phosphate-buffered saline (PBS), pH 7.4 

  - NaCl                                        8 g 

  - KCl                                          0.2 g 

  - Na2HPO4 7H2O                        2.68 g 

  - KH2PO4                                    0.24 g 

  - MilliQ H2O                              900 mL 

  - pH to 7.4 and bring final volume to 1 L with MilliQ H2O, and autoclave prior to 
use��� 
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Dulbecco’s Modified Eagle’s Medium (DMEM)  

- Purchased from Sigma-Aldrich (Oakville, ON) 

 
 

Penicillin/Streptomycin 

  - 100X stock solution was purchased from Sigma-Aldrich (Oakville, ON)  

  - The stock contains 10,000 units of penicillin and 10 mg streptomycin/mL  

 
 
Complete media 

- FBS                                                      50 mL 

- Penicillin/Streptomycin                       5 mL 

  - DMEM                                                445 mL 

 
Western Blotting 
 

TRIS-CL (1.5 M, pH 8.8) 

  - Tris Base                                              27.26 g 

- MilliQ                                                  80 mL 

-Adjust pH to 8.8 with 6N HCl.  Make to 150 mL final volume with MilliQ H2O  

 

TRIS-CL (0.5 M, pH 6.8) 

  - Tris Base                                               6.0 g 

  - MilliQ                                                   60 mL 

-Adjust pH to 6.8 with 6N HCl.  Make to 100 mL final volume with MilliQ H2O  
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10% SDS 
 

  - SDS                                                     10 g 
 
  - MilliQ                                                  90 mL  
 

-Bring to a final volume of 100mL with MilliQ H2O 
 
 
1% Bromophenol blue  

   - bromophenol blue                                 100 mg  

   - MilliQ H2O                                           10 mL  

 

5X Laemmli Buffer (order of addition is important) 

  - 2.0 M Tris-HCl, pH 6.8                         3.125 mL 

  - β-mercaptoethanol                                 5 mL (light sensitive) 

  - SDS                                                        2 g (completely dissolve) 

  - Glycerol                                                 10 mL 

   - 1% bromophenol blue                            200 μL 

   - Adjust volume to 20 mL with MilliQ H2O and store in amber tubes 

 

5X Running Buffer (4 L stock, pH 8.3) 

  - Tris Base                                                60 g 

  - Glycine                            288 g 

  - SDS           20 g 

  - Bring final volume to 4 L with MilliQ H2O 
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Transfer Buffer (4 L, pH 8.3)  

  - Tris Base             12.12 g 

  - Glycine           57.6 g 

  - Methanol            800 mL 

   - Do not adjust pH, should be 8.1-8.4, bring final volume to 4 L with MilliQ H2O 

 

Tris buffered saline (TBS, 4L, pH 7.6) (recipe for ECL+) 
 
  - Tris base             9.6 g 
 
  - NaCl                        32.0 g 
 
  - pH to 7.6 with 6 N HCl  and bring final volume to 4 L with MilliQ H2O  
 
 
Cell lysis buffer (100 mL stock) 
 
  - 1.0 M Tris, pH 7.5             5 mL 

  - 10% Glycerol             10 mL 

  -  0.5 M EDTA             1 mL 

  -  2.5 M NaCl              6 mL 

  -  0.5% NP-40             500 μL 

  -  MilliQ H2O             77.5 mL 

   -  Take 10 mL of stock and dissolve one Complete mini tablet before use 
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Nuclear Isolation buffers 

 

HEPES-KOH (1.0 M, pH 7.9) 

  - 1.0 M HEPES, pH 7.4                                 45 mL  

  - pH to 7.9 with KOH pellets  

 

KCl (1.0 M) 

  - Dissolve 37.275 mg KCl in 50 mL MilliQ H2O  

  - The solution was sterilized by filtration through a 0.45 μm pore filter  

 

MgCl2 (1.0 M) 

  - Dissolve 10.165 mg MgCl2 in 50 mL MilliQ H2O  

  - The solution was sterilized by filtration through a 0.45 μm pore filter  

 

NaCl��� (2.5 M) 

  - Dissolve 7.305 mg NaCl in 50 mL MilliQ H2O 

 

NP-40 Substitute 

���  - Purchased from Santa Cruz Biotechnology (Santa Cruz, CA) 

 

0.1 M Dithiothreitol (DTT) 

  - Dissolve 77.125 mg DTT in 5 mL MilliQ H2O  

  - DTT is light sensitive; aliquot in amber centrifuge tubes and store at -20°C  
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EDTA (1.0 M, pH 8.0) 

  - Dissolve 18.6 g Na2�EDTA�2H2O in approximately 80 mL of MilliQ H2O  

  - Add 2.2 g NaOH pellets and once dissolved, adjust pH to 8.0 with 10 N NaOH  

  - Adjust final volume to 100 mL with MilliQ H2O  

 

Buffer A (50 mL) 

  - 1.0 M HEPES-KOH, pH 7.9                500 μL 

  - 1.0 M KCl         500 μL 

  - 1.0 M MgCl2        75 μL 

  - NP-40                           200 μL 

  - MilliQ H2O         48.725 mL 

   - Take 10 mL of stock, add 50 μL 0.1 M DTT and dissolve one Complete mini 
tablet before use 

Buffer B (50 mL) 

  - 1.0 M HEPES-KOH, pH 7.9                1 mL 

  - Glycerol         12.5 mL 

  - 1.0 M MgCl2        75 μL 

  - 2.5 M NaCl                           8.4 mL 

   - 0.5 M EDTA        20 μL 

  - MilliQ H2O         28.005 mL 

   - Take 10 mL of stock, add 50 μL 0.1 M DTT and dissolve one Complete mini 
tablet before use 

 

 
 
 
 


