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Advisor:
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Cytochrome P450 2A5 (CYP2A5) is uniquely induced in response to liver injury, indicating that
CYP2A5 may have a cytoprotective function. Others have proposed that CYP2A5 protects
hepatocytes by oxidizing bilirubin to biliverdin in a redox-cycle to prevent toxic bilirubin
accumulation. We hypothesize that CYP2A5 enhances bilirubin clearance by excreting polar
dipyrroles when UDP-glucoronosyltransferase 1A1 conjugating capacity is impaired by liver
injury. The objective of this study is to compare hepatic bilirubin metabolism and clearance in
wild type and Cyp2a5-null C57BL/6 mice. Microsomal bilirubin disappearance and biliverdin
production in vitro were quantified by HPLC with UV-Vis detection. Bilirubin clearance was
assessed by measuring serum levels one hour after bilirubin injection. Our results indicate that
bilirubin metabolism and clearance are not influenced by CYP2A5. We conclude that the role of
CYP2A5 in hepatoprotection does not involve bilirubin redox-cycling and elimination in
C57BL/6 mice.
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Introduction
Bilirubin (BR) is a lipophilic molecule produced during heme catabolism that functions
as a cellular antioxidant at low levels (Stocker et al., 1987a; Stocker et al., 1987b; Doré et al.,
1999; Granato et al., 2003), but with accumulation becomes toxic due to pro-oxidant activity
(Seubert et al., 2002; Silva et al., 2002; Genc et al., 2003; Brito et al., 2008a; Brito et al., 2008b;
Deganuto et al., 2010). As a result, BR homeostasis is tightly regulated by the phase II
metabolizing enzyme UDP-glucoronosyltransferase 1A1 (UGT1A1) which conjugates BR to
glucuronic acid in the liver, a more hydrophilic form that is then excreted in the bile (Zakim and
Boyer, 1996). If UGT1A1 function is absent (e.g. Crigler-Najjar Syndrome Type I or Gunn rats),
down-regulated (e.g. Crigler-Najjar Syndrome Type II or Gilbert’s Syndrome), or impaired
following liver injury (e.g. Hepatitis or hepatotoxic insult), BR is no longer efficiently
conjugated for excretion, causing unconjugated bilirubin (UCB) to accumulate in the serum,
leading to hyperbilirubinemia and jaundice (Zakim and Boyer, 1996). As hyperbilirubinemia
persists and UCB accumulates in the serum beyond albumin binding capacity, free UCB can
cross the blood brain barrier (Kapitulnik, 2004). UCB preferentially accumulates in areas such as
the basal ganglia, damaging both neurons and glial cells, causing neurotoxicity, and eventually
the development of bilirubin encephalopathy known as kernicterus (Kapitulnik, 2004).
As BR accumulation is not favourable and both BR and its precursor biliverdin (BV) are
antioxidants, it has been proposed by Baranano et al. (2002) that a redox-cycle exists between
BR and BV to help decrease and recycle BR. As BV is reduced by biliverdin reductase (BVR) to
produce BR, it is thought that reactive oxygen species (ROS) or a specific enzyme oxidizes BR
back to BV via the abstraction of 2 hydrogen atoms (Baranano et al., 2002; Abu-Bakar et al.,
2012). Since BR oxidation by ROS has been shown to predominantly produce fragmented BR
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pyrroles known as bilirubin oxidative metabolites (BOMs) and only minimal amounts of BV, it
has been argued that the BV levels produced via the oxidation of BR by ROS is unable to sustain
the proposed redox-cycle (De Matteis et al., 1993; McDonagh, 2004; De Matteis et al., 2006;
Maghzal et al., 2009).
As the Phase I metabolizing Cytochrome P450 (CYP) enzymes are known to participate
in oxidative metabolism, it has long been speculated that CYP enzymes may catalyze BR
oxidation (Kapitulnik and Ostrow, 1978). Specifically, in Gunn rats that inherently have absent
UGT1A1 expression, an animal model for hyperbilirubinemia, serum BR levels do not
continually increase but instead reach a steady state, and administered [14C] BR is eliminated in
the bile as polar hydroxylated derivatives (Schmid and Hammaker, 1963; Blanckaert et al.,
1977). Moreover, in Gunn rats treated with the CYP1A inducer 2,3,7,8-tetracholorodibenzo-pdioxin (TCDD), serum BR levels decreased and BR elimination via the bile increased
(Kapitulnik and Ostrow, 1978). In vitro studies have further elucidated that CYP1A2 and
CYP1A1 enhance BR degradation, though the later must have a poor binding polyhalogenated
biphenyl substrate analog present, indicating that ROS produced from CYP1A2/CYP1A1
catalytic cycle uncoupling are likely responsible for BR degradation to more polar BOMs that
are easily excreted in the bile rather than CYP1A1/CYP1A2 substrate-specific oxidation (De
Matteis et al., 1989; Zaccaro et al., 2001; Pons et al., 2003; De Matteis et al., 2006). CYP
uncoupling occurs when electrons required for catalytic activity are not efficiently transferred for
substrate oxidation, causing oxygen to dissociate from the CYP enzyme. As a result, oxygen is
released as superoxide (O2•-) or hydrogen peroxide (H2O2) instead of being transferred to the
substrate (Lewis and Pratt, 1998; Lu and Cederbaum, 2008).
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More recently, it was found by Abu-Bakar et al. (2005) that CYP2A5 also enhances BR
degradation. BR disappearance increased when BR was incubated with reduced nicotinamide
adenine dinucleotide phosphate (NADPH) and DBA/2J mouse microsomes with CYP2A5
induced by cadmium chloride (CdCl2). Because BR disappearance was repressed when incubated
with CYP2A5’s high affinity substrate coumarin or anti-CYP2A5 antibody, it was first suggested
that CYP2A5 may be involved in BR oxidative metabolism (Abu-Bakar et al., 2005). A more
sensitive and specific method was later developed to quantify BR disappearance as well as
oxidative metabolites produced from the catalysis of BR oxidation by CYP2A5 using
HPLC/MS-MS (Abu-Bakar et al., 2011; Muhsain et al., 2015). Once again it was found that the
majority of BR disappeared when BR was incubated with NADPH and yeast microsomes
overexpressing CYP2A5, and, the main metabolites were BOMs (~54%) as well as BV
(~35.5%), suggesting that BR is an endogenous CYP2A5 substrate (Abu-Bakar et al., 2011).
However, incubation of BR with DBA/2J mouse microsomes that were both non-induced and
CYP2A5-induced (by pyrazole) produced BV as a primary metabolite (Muhsain et al., 2015).
CYP2A5 was thus coined as a bilirubin oxidase and it was proposed that CYP2A5 is the
principal enzyme that participates in the BR-BV redox cycle (Abu-Bakar et al., 2011; Muhsain et
al., 2015). Though the authors suspect that CYP2A5 may only be involved in maintaining the
BR-BV redox cycle to recycle and maintain BR at antioxidant levels (Abu-Bakar et al., 2011;
Abu-Bakar et al., 2012; Muhsain et al., 2015), CYP2A5’s role in BR clearance can’t be
overlooked as CYP2A5-catalyzed BR oxidation still produces a considerable amount of polar
BOMs that can be excreted in the bile. Therefore, CYP2A5 may instead prevent the
accumulation of BR to toxic levels by enhancing its clearance.
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It has long been suspected that CYP2A5 has a cytoprotective role as it is the only CYP
induced following hepatotoxic insult or pathophysiological states that cause liver injury whereas
gene expression of virtually all other enzymes from the CYP superfamily is either downregulated or remains unchanged (Kirby et al., 2011). Furthermore, it was recently found that
nuclear factor E2-related factor 2 (NRF2) mediates Cyp2a5 transcription during oxidative stress
caused by various CYP2A5 inducers, including heme and BR (Abu-Bakar et al., 2004; AbuBakar et al., 2007; Lamsa et al., 2010; Lamsa et al., 2012; Kim et al., 2013). As hepatic BR
accumulation is toxic and exacerbates hepatocellular damage, it is thus proposed that the
cytoprotective function of CYP2A5 involves both its ability to metabolize BR for clearance as
well as the maintenance of BV and BR at antioxidant levels.
Currently there is a lack of evidence demonstrating that CYP2A5 catalyzes BR oxidation
for excretion in vivo though a Cyp2a5 (-/-) C57BL/6 mouse model recently generated by Zhou et
al. (2010) has now allowed us to directly study CYP2A5’s role in BR metabolism and clearance.
In this study, in vivo BR clearance is compared between pyrazole-treated WT and Cyp2a5-null
mice to determine whether CYP2A5 has a role in BR clearance when UGT1A1 expression is
down-regulated by pyrazole. BR disappearance and BV production are also quantified in vitro
using HPLC separation coupled with UV-Vis detection following BR incubation with
microsomes isolated from pyrazole-treated WT and Cyp2a5 (-/-) C57BL/6 mice to confirm that
CYP2A5 catalyzes BR oxidation.
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Review of the literature

The Cytochromes P450
The discovery of pigmented enzymes from reduced rat liver microsomes having a unique
absorption band at 450 nm when bound to carbon monoxide, in addition to heme-like properties,
led to the discovery that these enzymes are hemoproteins, officially recognized as Cytochromes
by Omura and Sato in 1962 (Garfinkel, 1958; Klingenberg, 1958; Omura and Sato, 1962, 1964).
Around the same time, it was observed that an unknown oxidase found in bovine adrenocortical
microsomes catalyzed the hydroxylation of the steroid 17-hydroxyprogesterone in the presence
of NADPH via the transfer of one molecule of oxygen to the substrate while the other oxygen
molecule was reduced to form water, indicating that the enzyme was a mixed function oxidase
(Ryan and Engel, 1957; Cooper et al., 1963). Estabrook et al. (1963) determined that the mixed
function oxidase responsible for steroid hydroxylation in bovine adrenocortical microsomes was
in fact a Cytochrome P450, and later Cooper et al. (1965) discovered that Cytochromes P450
from rat liver microsomes also catalyze the oxidation of not only endobiotics but also
xenobiotics. With the aid of X-ray crystallography, it was confirmed that Cytochrome P450
enzymes are heme-thiolate proteins containing a distinctive cysteine amino acid residue at the
axial ligand essential for catalytic activity, where the substrate binds opposite the thiolate axial
ligand (Poulos et al., 1985). Sulphur from the cysteine amino acid residue donates an electron to
iron to form the oxoferryl (IV) porphyrin cation radical necessary for the activation of molecular
oxygen for CYP substrate oxidation (Rittle and Green, 2010; Shoji, 2014).
Oxidation by microsomal CYPs requires NADPH as a cofactor, and, it was later
elucidated that membrane-bound P450 oxidoreductase (POR) composed of the flavins FAD and
FMNH is also necessary for the transfer of a single electron originating from NADPH to
5

microsomal P450s (Omura and Sato, 1964; Iyanagi and Mason, 1973). All 3 electron donors
work in concert to achieve microsomal CYP reduction necessary for substrate oxidation (Omura
and Sato, 1964; Iyanagi and Mason, 1973). Oxidation by mitochondrial CYPs also requires
NADPH, though soluble NADPH adrenodoxin reductase first catalyzes the transfer of electrons
from NADPH to soluble adrenodoxin prior to electron transfer from adrenodoxin to membranebound mitochondrial P450s (Kimura and Suzuki, 1965).
As it became clear upon enzyme purification that there are many Cytochrome P450
isoforms and that each isoform is either induced by and/or metabolizes very specific substrates,
isoforms from the Cytochrome P450 (CYP) superfamily of enzymes are named and classified
based on amino acid (AA) sequence homology (Haugen et al., 1975; Nebert et al., 1991). First,
CYP isoforms are classified in a family (designated by a number), followed by a subfamily
(designated by a letter), and finally as individual genes (designated by another number) (Nebert
et al., 1991; Nelson et al., 1993). CYP isoforms belonging to the same family must share at least
40% AA sequence homology, and, CYP isoforms belonging to the same subfamily must share at
least 55% AA sequence homology (Nebert et al., 1991; Nelson et al., 1993). The isoform of
interest in this study is murine Cytochrome P450 2A5 (CYP2A5), belonging to family 2 and
subfamily A. CYP2A5 is the murine orthologue of human CYP2A6, sharing 84% AA sequence
homology, though both CYP2A5 and CYP2A6 are induced by and/or metabolize the same
specific substrates but in different species (Murphy et al., 2005).

CYP2A5 expression, substrates, and inducers
CYP2A5 is highly expressed in the liver, the principal organ involved in drug metabolism
and detoxification (Kirby et al., 2011). CYP2A5 is a membrane-bound protein primarily located
6

in the endoplasmic reticulum (ER), which can be isolated in the form of microsomes, but also in
the mitochondria, which can be isolated in the form of mitoplasts (Genter et al., 2006; Muhsain
et al., 2015). Though CYP2A5 expression is highest in the liver, CYP2A5 is also expressed in
the olfactory mucosa where it is induced by specific olfactory toxicants such as dichlobenyl and
methimazole (Su et al., 1996; Piras et al., 2003). CYP2A5 localized in the olfactory mucosa is
not generally induced by CYP2A5-specific hepatotoxins (Piras et al., 2003).
CYP2A5 activity is greater in female mice in comparison to male mice even though total
microsomal CYP levels are similar in both sexes, and, the DBA/2 mouse strain has the highest
constitutive CYP2A5 activity in both sexes compared to other mouse strains (Wood and Conney,
1974; van Iersel et al., 1994). The C57BL/6 mouse strain used in this study is classified as
having low constitutive CYP2A5 activity (Wood and Taylor, 1979). Another important
difference between DBA/2 and C57BL/6 mouse strains is lack of the aryl hydrocarbon receptor
(AhR) in the DBA/2 mouse strain, known to be involved in regulating Cytochrome P450
transcription (Poland and Glover, 1975; Okey et al., 1989; Kirby et al., 2011).
CYP2A5 and CYP2A6 are known to have important roles in Phase I drug metabolism,
often referred to as functionalization as a functional group is either exposed or added to the
substrate generally via an oxidation reaction in preparation for subsequent substrate conjugation
and elimination (Ortiz de Montellano, 2005). The metabolism of nicotine to cotinine catalyzed
by CYP2A6 has been extensively studied as the activity of this enzyme has been linked to
nicotine dependence in consumers of tobacco products, and has also drawn attention to the
importance of CYP2A6 polymorphisms in nicotine metabolism (Tyndale and Sellers, 2001; Xu
et al., 2002). Depending on the polymorphism, individuals are classified as poor metabolizers,
fast metabolizers, or extensive metabolizers if both alleles are inactive, 1or 2 alleles are active, or
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the gene containing the active alleles is duplicated, respectively (Xu et al., 2002). For example,
extensive metabolizers display greater CYP2A6 activity, resulting in the increased metabolism
and clearance of nicotine, increasing the number of cigarettes smoked in order to restore nicotine
back to physiologically dependent levels (Tyndale and Sellers, 2001; Xu et al., 2002). CYP2A5
is also polymorphic as it can either have high (e.g. DBA/2) or low (e.g. C57BL/6) activity
depending on the substitution of valine for alanine at position 117 in its protein sequence,
respectively (Lindberg et al., 1992). In mice, CYP2A5 metabolizes nicotine at a higher rate than
CYP2A6 in humans, presenting a difference in the enzyme’s efficiency between species (Zhou et
al., 2010).
Other than nicotine, CYP2A5 metabolizes other xenobiotics including coumarin,
nitrosamines, aflatoxin B1, and acetaminophen (Miles et al., 1990; Kirby et al., 1994a; Pelkonen
et al., 1994; Murphy et al., 2005). CYP2A5 is exclusively known as the coumarin hydroxylase
that hydroxylates coumarin to 7-hydroxycoumarin; thus the production of 7-hydroxycoumarin in
the presence of NADPH is characteristically assayed to measure CYP2A5 activity from isolated
mouse microsomes. More recently, BR has been identified as a CYP2A5 endogenous substrate,
and CYP2A5 was coined a “BR oxidase” (Abu-Bakar et al., 2005; Abu-Bakar et al., 2011;
Muhsain et al., 2015).
Although CYP2A5 has an important role in drug metabolism, it is speculated that this
enzyme may also have other vital cellular functions. CYP2A5 is the only CYP isoform from the
enzyme superfamily induced following various forms of liver injury, including both
pathophysiological states caused by liver disease and hepatotoxic insult, while the expression of
all other CYPs either decreases or remains unaffected (Camus-Randon et al., 1996; Kirby et al.,
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2011). The unique induction of CYP2A5 following liver injury suggests that CYP2A5 may have
an important cytoprotective function in response to liver injury.
CYP2A5 is induced by many hepatotoxins such as phenobarbital, pyrazole, TCDD,
carbon tetrachloride, and ethanol to name a few, though CYP2A5 has no direct role in the
metabolism of these hepatotoxins (Wood and Conney, 1974; Juvonen et al., 1985; Pellinen et al.,
1993; Arpiainen et al., 2005; Lu et al., 2012). Cyp2a5 gene expression is also induced by heme,
and CYP2A5 mRNA and protein expression is induced by BR (Lamsa et al., 2012; Kim et al.,
2013). The hepatotoxins that induce CYP2A5 expression tend to cause hepatocellular injury in
the centrilobular zone surrounding the central vein, and studies have shown using
immunohistochemical analyses that CYP2A5 expression increases in a dose-dependent manner
in the same zone as the injury (Camus-Randon et al., 1996; Gilmore et al., 2003). It is therefore
speculated that CYP2A5 is induced in response to the type of injury caused by the hepatotoxins,
such as oxidative stress, lipid peroxidation, mitochondrial dysfunction, or ER stress (Kirby et al.,
2011). CYP2A5 is also induced by heavy metal ions such as cobalt, porphyrinogenic agents such
as griseofulvin, and cAMP modifiers such as the hormone glucagon (Kocer, 1991; Salonpaa et
al., 1995; Viitala et al., 2001).
CYP2A5 is also induced during various pathophysiological states indicative of liver
injury caused by diseases such as hepatitis (bacterial, viral, or parasitic), malaria, and even liver
cancer, to name a few (Kobliakov et al., 1993; Chemin et al., 1996; Chomarat et al., 1997;
Montero et al., 1999; De-Oliveira et al., 2006). Similarly to hepatotoxins, immunohistochemical
analyses have shown that CYP2A5 expression increases in mice with either viral or parasitic
hepatitis as the disease progresses, though injury and CYP2A5 expression were localized to both
the centrilobular and periportal zones (Kirby et al., 1994a; Kirby et al., 1994b).
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CYP2A5 induction during altered heme homeostasis and oxidative stress
Interestingly, the above CYP2A5 inducers do not share similar structure-activity
relationships that could explain their mutual induction of CYP2A5 though many of these
compounds cause liver injury and disrupt heme homeostasis either by inhibiting or enhancing
heme anabolism or catabolism (Abu-Bakar et al., 2005). For example, there is evidence that
pyrazole may enhance heme catabolism as pyrazole induces enzymes (HO-1 and BVR) involved
in heme degradation (Nichols and Kirby, 2008; Muhsain et al., 2015). Heavy metals such as
cobalt chloride and cadmium chloride inhibit heme synthesis and increase heme catabolism via
the induction of HO-1 (Maines and Kappas, 1977; Abu-Bakar et al., 2005; Abu-Bakar et al.,
2007). Similarly, the porphyrinogens thioacetamide and griseofulvin also inhibit heme synthesis
and enhance heme catabolism (Matsuura et al., 1983; Salonpaa et al., 1995).
Another common feature shared among the above hepatotoxins is that they often cause
oxidative stress. Pre-treatment with various antioxidants has been shown to decrease CYP2A5
induction by pyrazole and ethanol (Gilmore et al., 2003; Gilmore and Kirby, 2004; Lu et al.,
2012). Furthermore, CYP2A5 induction by heavy metals, pyrazole, phenobarbital and ethanol is
mediated by Nrf2, a transcription factor activated during oxidative stress that up-regulates the
expression of protective genes to counter oxidative damage (Abu-Bakar et al., 2007; Lu et al.,
2008; Lamsa et al., 2010; Lamsa et al., 2012; Lu et al., 2012). In response to oxidative stress
Nrf2 binds to redox sensitive elements to up-regulate the expression of antioxidant and
cytoprotective genes, including Ho-1 which prevents the accumulation of toxic free heme (Alam
et al., 1999; Gozzelino et al., 2010; Lamsa et al., 2010). In vivo, CYP2A5 protein and activity
levels are significantly increased in WT but not Nrf2 (-/-) mice following pyrazole treatment,
and, pyrazole-mediated oxidative damage was only present in Nrf2 (-/-) mice (Lu et al., 2008).
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Nrf2 has recently been shown to bind a stress response element located in Cyp2a5’s promoter
region, activating Cyp2a5 transcription (Abu-Bakar et al., 2004; Abu-Bakar et al., 2007; Lamsa
et al., 2010). Interestingly, it was found in primary mouse hepatocytes that elevated heme as well
as elevated BR up-regulate Cyp2a5 expression, and that Cyp2a5 induction was mediated by Nrf2
in both cases (Lamsa et al., 2012; Kim et al., 2013). However, Cyp2a5 is induced by
transcription factors other than Nrf2, such as the aryl hydrocarbon receptor (AhR)/aryl
hydrocarbon receptor nuclear translocator (ARNT) complex (e.g. TCDD), and some inducers
such as pyrazole can also up-regulate CYP2A5 expression post-transcriptionally (Hahnemann et
al., 1992; Arpiainen et al., 2005; Abu-Bakar et al., 2007). Since pathophysiological states
resulting in liver injury and CYP2A5 induction are also associated with increased BR production
and oxidative stress, it has been proposed that CYP2A5 induction may be specifically related to
the disruption of heme homeostasis and oxidative stress (Kirby et al., 2011; Abu-Bakar et al.,
2013).

Heme Metabolism
The majority of heme is produced from the degradation of haemoglobin from damaged or
senescent red blood cells (~80%), occurring in the spleen and to a lesser extent in the bone
marrow (Zakim and Boyer, 1996). Heme is also generated via the catabolism of heme-containing
proteins primarily found in the liver including CYPs, catalase, peroxidase, and tryptophan
pyrrolase (Zakim and Boyer, 1996). Heme is a porphyrin composed of 4 tetrapyrrole rings
connected by methene bridges containing an iron molecule at its center (Zakim and Boyer,
1996). Heme metabolism in either the spleen or liver begins with a stereospecific electrophilic
attack by NADPH at the α-methene bridge followed by an oxidation reaction catalyzed by the
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microsomal enzyme heme oxygenase (HO), causing the porphyrin ring to break open (Tenhunen
et al., 1969). As a result, the iron molecule is released from the center of the ring, BV is formed
as the primary product, and carbon monoxide as well as two water molecules are released as byproducts (Tenhunen et al., 1969). There are two well-characterized HO isoforms that catalyze
heme oxygenation. Ho-1 is the inducible isoform localized in the ER and mitochondria whose
activity is highest in the spleen followed by the liver (Converso et al., 2006). Ho-2 is expressed
constitutively in all tissues though its expression is greatest in the brain and testes (Trakshel et
al., 1986). McCoubrey et al. (1997) first detected in several rat tissues mRNA transcripts of a
third isoform, Ho-3, and proposed that Ho-3 may be constitutively expressed similarly to Ho-2,
though HO-3 protein expression and activity still remain poorly characterized with reports that
HO-3 may even be non-functional (Scapagnini et al., 2002; Zhuang et al., 2003; Hayashi et al.,
2004).
With the aid of NADPH, BV is then reduced by the cytoplasmic enzyme biliverdin
reductase (BVR) at the γ-methene bridge, forming BR (Zakim and Boyer, 1996). The loss of the
double bond at the γ-methene bridge causes the BR molecule to fold-in on itself due to increased
hydrogen bonding, thereby changing its conformation from the open BV molecule (Zakim and
Boyer, 1996). As a result, BR is much more hydrophobic in comparison to BV (Zakim and
Boyer, 1996). Phototherapy is often used as a treatment for jaundiced infants as UV irradiation
disrupts BR's hydrogen bonds, causing BR to be broken down into more polar metabolites that
are more easily excreted (Stocker et al., 1987b). Interestingly, the degree of hydrogen bonding is
greatest when BR associates with cellular membranes or is dissolved in non-polar solvents, but is
weakened when BR is bound to albumin or is dissolved in polar solvents (Maghzal et al., 2009).
It is still unclear why many species including mammals first reduce BV to BR prior to
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conjugation for excretion seeing as BV is more polar and is readily excreted in some species,
thus suggesting that BR may have an important physiological role (Baranano et al., 2002;
McDonagh, 2004).
Further metabolism of BR occurs in hepatocytes only, therefore any BR formed in the
spleen is transported in the blood bound to albumin to the liver (Zakim and Boyer, 1996).
Albumin is required to transport BR in the blood as BR is lipophilic and would otherwise diffuse
across cell membranes (Zakim and Boyer, 1996).
BR then dissociates from albumin at the interface between the sinusoid and hepatocyte,
and as BR is in the anionic state in serum at physiological pH, it enters the hepatocyte via
facilitated diffusion by the organic anion transporting polypeptide 1B1 (OATP1B1 – also known
as OATP2, OATP-C, or SLC21A6) or the lower affinity OATP1B3 (also known as OATP8)
(Cui et al., 2001; Niemi et al., 2011; Keppler, 2014). Once BR has crossed the hepatocellular
plasma membrane, it binds to GSTA1/GSTA2 homodimers or heterodimers in the cytoplasm and
is transported to the ER (Huang et al., 2004). The ER houses the integral membrane protein
UGT1A1, the Phase II metabolizing enzyme that is solely responsible for BR conjugation for
elimination (Tukey and Strassburg, 2000). UGT1A1 transfers the sugar molecule UDPglucuronic acid (UDP-GA) to the carboxylic acid groups found on the pyrrole rings near the γmethene bridge (ie: propionic acids) (Zakim and Boyer, 1996). Seeing as the BR molecule
contains two propionic acid groups, found at positions C-8 and C-12, UGT1A1 will first add 1
UDP-GA molecule to either C-8 or C-12, forming a BR monoglucuronide, and a second
glucuronic acid molecule can then be added to the unoccupied C-8 or C-12, forming a BR
diglucuronide (Crawford et al., 1992; Ma et al., 2014). As the addition of the polar UDP-GA

13

sugars to BR increases its hydrophilicity, BR glucuronides are subsequently excreted in the bile
(Zakim and Boyer, 1996).
Conjugated BR (CB) crosses the canalicular membrane to the bile via active transport by
the multidrug resistance-associated protein 2 (MRP2) (Huang et al., 2003). CB is then
transported in the bile to the small intestine, then the colon, where it is unconjugated by bacteria
with β-glucuronidase activity and is further metabolized to stercobilin or urobilin (in the kidneys)
for excretion into the feces or urine, respectively (Zakim and Boyer, 1996). During conjugated
hyperbilirubinemia, the capacity of MRP2 to transport conjugated BR from the hepatocyte to the
bile is saturated, causing conjugated BR to accumulate in the hepatocyte (Keppler, 2014). This
instead up-regulates multidrug resistance-associated protein 3 (MRP3) efflux of CB from the
hepatocyte to the sinusoids, resulting in the accumulation of CB in the serum (Keppler, 2014).

Hyperbilirubinemia
While BR is an efficient antioxidant at concentrations below 10 μM (Stocker et al.,
1987a; Stocker et al., 1987b; Doré et al., 1999; Granato et al., 2003), BR accumulation can be
cytotoxic as BR is a pro-oxidant at levels above 20 μM (Seubert et al., 2002; Silva et al., 2002;
Genc et al., 2003; Brito et al., 2008a; Brito et al., 2008b; Deganuto et al., 2010). Total circulating
BR in the serum is normally ~ 1 mg/dL (~17 μM), where ~70% is unconjugated (Zakim and
Boyer, 1996). The accumulation of either CB or UCB in the serum to levels > 3 mg/dL (> 50
μM) results in hyperbilirubinemia and a condition called jaundice (Zakim and Boyer, 1996). It is
normal for newborns to experience jaundice in the first 5 days following birth as both UGT
conjugating enzymes and biliary excretion are not fully developed (Zakim and Boyer, 1996).
Jaundice can be dangerous as UCB can cross the blood brain barrier when BR accumulates in the
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serum in levels that exceed the sequestering capacity of albumin (Kapitulnik, 2004). BR
selectively deposits in the basal ganglia of the brain, and causes neurotoxicity to both neurons
and glial cells (Kapitulnik, 2004). This in turn can damage auditory, motor, or cognitive
functions, collectively known as kernicterus (Kapitulnik, 2004).
There are three different types of jaundice resulting from pathophysiological states
associated with BR accumulation. First, haemolytic jaundice occurs as a result of enhanced heme
degradation (e.g. haemolytic anemia and malaria), consequently increasing BR production
(Zakim and Boyer, 1996). Second, hepatic jaundice occurs as a result of liver injury that impairs
UGT1A1 activity (e.g. hepatotoxins, hepatitis), reducing BR conjugation and clearance from the
liver (Zakim and Boyer, 1996). Finally, obstructive jaundice occurs when the bile duct is blocked
(e.g. tumour), restricting bile flow from the liver to the small intestine, preventing the clearance
of CB (Zakim and Boyer, 1996).
There are also three congenital diseases that cause hyperbilirubinemia and jaundice, each
resulting from impaired UGT1A1 activity. Gilbert’s Syndrome is the least severe as UGT1A1 is
still functional but reduced due to a mutation in the Ugt1a1 promoter region that decreases
Ugt1a1 activation at the transcriptional level. The subsequent reduction in UGT1A1 protein and
activity levels causes serum BR levels to accumulate up to 3 mg/dL (Bosma et al., 1995; Boyer
et al., 2011). Individuals with Crigler-Najjar Type II Syndrome have very low UGT1A1 activity,
resulting in the accumulation of serum BR levels up to 18 mg/dL (Arias et al., 1969; Boyer et al.,
2011). Finally, Crigler-Najjar Syndrome Type I Syndrome is the most severe as UGT1A1
activity is absent, resulting in the accumulation of BR serum levels between 20-25 mg/dL with
BR accumulation up to 50 mg/dL in certain individuals (Crigler and Najjar, 1952; Zakim and
Boyer, 1996). The Gunn rat is an animal model that has been used extensively to study the
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effects of severe hyperbilirubinemia. A frameshift mutation at the Ugt1 gene results in truncated
UGT1 isoforms and an absence of UGT1A1 activity, causing the accumulation of BR to levels
similar to humans with Crigler-Najjar Syndrome Type I (Gunn, 1944; Iyanagi, 1991; Nguyen et
al., 2008). The Ugt1 gene has also been knocked out in C57BL/6 mice, resulting in the
accumulation of BR to levels similar to Gunn rats and humans with Crigler-Najjar Syndrome
Type I, though, unlike Gunn rats, Ugt1 (-/-) mice do not survive past 2 weeks following birth
(Nguyen et al., 2008).

BR as an antioxidant
Structural aspects such as BR’s conjugated double-bond system and reactive hydrogen
atom at the γ-methene bridge suggested that it may act as an antioxidant (Stocker et al., 1987b).
Indeed, BR is a better antioxidant in preventing lipid peroxidation than fat-soluble α-tocopherol
(vitamin E) when incubated in a solution of aqueous multilamellar liposomes and low oxygen
(2% O2) (Stocker et al., 1987b). Similarly, BR quenched peroxyl radicals and reduced the rate of
lipid peroxidation with similar efficiency to vitamin E analogs when incubated in an aqueous
micelle or lipid bilayer solution (Hatfield and Barclay, 2004).
Only 10 nm BR was required to increase cell survival in primary hippocampal rat
neurons (bound to albumin) as well as HeLa cells following H2O2 treatment, and BR decreased
the formation of 4-hydroxynonenal (4-HNE) adducts, a common marker for lipid peroxidation,
when co-treated with the oxidant Tert-butyl hydroperoxide (TBH) (Doré et al., 1999; Baranano
et al., 2002; Sedlak et al., 2009). Furthermore, basal 4-HNE adducts in the brain increased in Ho2 (-/-) mice compared to WT mice, whereas there was no increase in protein carbonyl formation,
a marker for protein oxidation (Sedlak et al., 2009). In culture, knockdown of Bvr with siRNA
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increases lipid peroxidation and ultimately cell death in HeLa cells as well as in primary rat
cortical and hippocampal neurons following H2O2 treatment (Sedlak et al., 2009). However,
contradictory results indicate that Bvr siRNA knockdown and Bvr overexpression did not
increase or decrease H2O2-mediated cell injury in HeLa cells, respectively (Maghzal et al.,
2009).
Although the efficiency of BV as an antioxidant has been shown to surpass that of BR in
homogenous solutions, it has been suggested that BV is further reduced to BR to provide an
efficient antioxidant in lipid-rich environments, such as cellular membranes (Stocker et al.,
1987b; Baranano et al., 2002). Specifically, Baranano et al. (2002) suggest that a redox cycle
exists between BV and BR, where BV is reduced by BVR to BR, and then BR is oxidized by
ROS back to BV to maintain BR at antioxidant levels. However, this theory has been disproved
by others as BR oxidation by ROS forms only small amounts of BV that would not be able to
sustain the proposed redox cycle (De Matteis et al., 1993; McDonagh, 2004; De Matteis et al.,
2006; Maghzal et al., 2009). Again, there are conflicting results. For example, Stocker et al.
(1987a) found that ~ 68% of initial BR bound to albumin in PBS containing NaOH was oxidized
to BV by peroxyl radicals whereas Maghzal et al. (2009) reported only ~ 30% BV was formed
under the same conditions. Similarly, the amount of BV produced when BR is oxidized using the
chemical oxidation system Fe-EDTA/H2O2 also varies between research groups (De Matteis et
al., 1993; De Matteis et al., 2006; Abu-Bakar et al., 2011). Since ROS may not be responsible for
the oxidation of BR to BV, it has been suggested that CYP2A5 may selectively catalyze this
reaction instead (Abu-Bakar et al., 2011). However, only ~ 35.5% of original BR was oxidized to
BV in vitro by yeast microsomes overexpressing CYP2A5 incubated with 10 µM BR (AbuBakar et al., 2011). Similarly, ~ 22% of original BR was oxidized to BV in vitro by microsomes
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from DBA/2J mice incubated with 20 µM BR, and BV production did not increase when BR was
incubated with pyrazole-induced mouse microsomes that had high CYP2A5 activity (Muhsain,
2014). Therefore, it is possible that the amount of BV produced by CYP2A5-catalyzed BR
oxidation is also insufficient to sustain the proposed redox-cycle. Nevertheless, there is no in
vivo evidence to support the existence of redox cycling between BR and BV.

BR as a pro-oxidant
It is well-known that BR is neurotoxic and causes cell death. BR causes oxidative stress
as it decreases GSH stores and increases protein oxidation via protein carbonyl formation, lipid
peroxidation via 4-HNE formation, and guanosine oxidation via 8-hydroxygaunosine formation
resulting in DNA damage (Brito et al., 2008a; Brito et al., 2008b; Deganuto et al., 2010). BR
causes DNA fragmentation, necrosis, and apoptosis in cultured primary rat neurons and glial
cells and several studies have shown that neurons are more sensitive than astrocytes to BR
cytotoxicity (Rodrigues et al., 2000; Silva et al., 2002; Genc et al., 2003; Brito et al., 2008b;
Barateiro et al., 2012). Furthermore, primary rat neurons treated with 86 µM BR had increased
mitochondrial cytochrome C release, Caspase-3 cleavage, and Bax translocation from the cytosol
to the mitochondria, indicating that apoptosis is likely activated via the intrinsic pathway
(Rodrigues et al., 2000; Rodrigues et al., 2002). Levels of cleaved Caspase-8 are also
significantly elevated in cultured primary rat neurons following treatment with 50 µM UCB,
suggesting that apoptosis may also be initiated via the extrinsic pathway (Vaz et al., 2011). BR
has also been shown to cause ER swelling in cultured primary rat astrocytes using phase contrast
microscopy. Moreover, Xbp1 and Chop genes are activated in human neuroblastoma SH-SY5Y
cells treated with 140 nM UCB, indicative of ER stress and activation of the unfolded protein
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response (UPR) (Silva et al., 2001; Calligaris et al., 2009). Calligaris et al. (2009) also showed
that UCB activates XBP-1 splicing as well as CHOP translocation to the nucleus, which are also
hallmarks of ER stress.
Few studies have evaluated the mechanisms of BR toxicity in hepatic cells, though there
is some in vitro evidence indicating that BR hepatotoxicity results in the same end points
described for BR neurotoxicity, notably necrosis, apoptosis via the activation of the intrinsic and
extrinsic pathways, and ER stress. High BR treatment (50 µM) was shown to increase capase-3
cleavage and thus apoptosis in the mouse Hepa 1-6 cell line (Kim et al., 2013). BR has also been
shown to cause cytochrome C release, necrosis, and apoptosis in the mouse Hepa-1c1c7 cell line
in a dose-dependent manner from 10-50 µM BR (Seubert et al., 2002). BR also induced Caspase8 activation in Hepa-1c1c7 cells (Seubert et al., 2002). Furthermore, Grp78 and Chop involved
in the UPR during ER stress are up-regulated in Hepa 1c1c7 cells treated with 50µM BR (Oakes
and Bend, 2010). There is a need, however, to further study of the cytotoxic effects of BR using
primary hepatocytes instead of cell lines. BR hepatotoxicity should also be studied in vivo.

CYP2A5 as a bilirubin oxidase
Preliminary in vitro evidence suggesting that CYP2A5 may be involved in BR
degradation was reported by Abu-Bakar et al. (2005). BR disappearance was enhanced when BR
was incubated with NADPH and microsomes isolated from DBA/2J mice treated with the
CYP2A5 inducer CdCl2 compared to mice that received no treatment (Abu-Bakar et al., 2005).
BR disappearance also increased when BR was incubated with NADPH and microsomes isolated
from DBA/2J mice treated with pyrazole, a different CYP2A5 inducer (Muhsain et al., 2015).
Furthermore, BR competitively inhibited microsomal coumarin metabolism by CYP2A5 and,
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anti-CYP2A5 antibody prevented BR degradation (Abu-Bakar et al., 2005). However, BR
disappearance was measured using spectrophotometry with the assumption that decreased
absorption at 450 nm is due to BR disappearance, a semi-quantitative method lacking specificity
as BR concentration was not quantified. The same authors later developed a quantitative method
to measure BR as well as its oxidative metabolites using HPLC-MS/MS, and it was again
confirmed in vitro that BR metabolism increased in yeast microsomes overexpressing CYP2A5
compared to yeast microsomes that do not express CYP2A5 (Abu-Bakar et al., 2011).
Furthermore, the main metabolites produced when yeast microsomes overexpressing CYP2A5
were incubated for 60 minutes with BR (10 µM) and NADPH (1.5 mM) were BV and dipyrrole
fragments, both BR oxidation products, and so it was concluded that CYP2A5 is a BR oxidase
(Abu-Bakar et al., 2011). Similar results were reported when yeast microsomes instead
overexpressed CYP2A6, indicating that BR is also oxidized by CYP2A5’s human orthologue
(Abu-Bakar et al., 2012). CYP2A6 has been predicted via molecular docking to interact with BR
at the central methene bridge, therefore CYP2A5/CYP2A6 may enzymatically abstract 2
hydrogen atoms from BR to form BV, or, abstract a single hydrogen atom and add oxygen to BR
resulting in the breakdown of BR to pyrrole fragments, known as BOMs (Abu-Bakar et al.,
2012).
BR oxidation by CYP2A5 overexpressing yeast microsomes produced ~ 35.5% BV and ~
54% dipyrrole fragments from initial bilirubin (10 µM) added to the microsomal reaction
mixture (Abu-Bakar et al., 2011). Similarly, BR oxidation by CYP2A6 overexpressing
microsomes produced ~ 39% BV and ~ 52% dipyrrole products from initial BR (Abu-Bakar et
al., 2012). BV was the main metabolite produced from BR oxidation by CYP2A5/CYP2A6 as
the BV peak was greater than any individual dipyrrole fragment peak, and the authors therefore
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claimed that CYP2A5/CYP2A6 specifically oxidizes BR to BV. When the dipyrrole fragment
peaks are added together, however, they are then the main metabolite produced from BR
oxidation. As the BR tetrapyrrole ring is broken down into dipyrroles following oxidation, the
dipyrrole peaks should be added together to account for an oxidation reaction resulting in BR
fragmentation rather than BV formation. Moreover, the chemical oxidation of BR using FeEDTA/H2O2 instead of yeast overexpressing CYP2A5 microsomes produced the same products,
specifically ~ 19% BV and ~ 79% dipyrrole fragments from initial BR, though conflicting results
were later published by same group as chemical oxidation did not produce any BV (only
dipyrrole fragments) under the same conditions (Abu-Bakar et al., 2011; Muhsain et al., 2015).
Metabolites produced from BR oxidation by CYP2A5 were also analyzed using
microsomes isolated from mammalian hepatocytes. BV and dipyrroles were produced when
microsomes isolated from untreated DBA/2J mice were incubated with BR and NADPH, and BV
was the main metabolite even when all dipyrrole metabolites are added together (Muhsain et al.,
2015). Oddly, when BR was incubated with microsomes isolated from DBA/2J mice treated with
the CYP2A5 inducer pyrazole, BV and dipyrrole production significantly decreased and
increased, respectively (Muhsain et al., 2015).

BR oxidation by other CYPs and reactive oxygen species
The fact that BR levels in Gunn rats are maintained at a high but steady state suggests
that BR must be eliminated by a system other than UGT1A1 glucuronidation in order to prevent
BR levels from rising (Schmid and Hammaker, 1963). When Gunn rats were injected with [14C]
BR, Schmid and Hammaker (1963) found that radioisotopic BR was eliminated in the bile and
urine as polar BR derivatives, and, some of the BR derivatives were later found to be
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hydroxylated (Blanckaert et al., 1977). Since BR is not conjugated by UGT1A1 in Gunn rats, it
was postulated that Phase I metabolizing enzymes, such as the Cytochromes P450, may instead
be involved in hydroxylating BR to more polar metabolites (Kapitulnik and Ostrow, 1978). In
Gunn rats treated with a single dose of the CYP1A inducer TCDD, BR serum levels significantly
decreased by 61% along with increased biliary excretion of [14C] BR polar derivatives
(Kapitulnik and Ostrow, 1978). However, treatment of Gunn rats with the CYP2B and UGT1A1
inducer phenobarbital did not reduce BR serum levels or increase biliary excretion of BR, also
observed when humans with Crigler-Najaar Syndrome Type I are treated with phenobarbital
(Arias et al., 1969; Robinson et al., 1971). This indicates that CYP enzymes induced by
phenobarbital are not involved in BR catabolism in rats when UGT1A1 is impaired (Arias et al.,
1969; Robinson et al., 1971). In heterozygous Gunn rats and humans with Crigler-Najaar Type II
Syndrome, phenobarbital does decrease serum BR levels due to the enhancement of otherwise
low UGT1A1 activity (Arias et al., 1969; Robinson et al., 1971).
Microsomes isolated from rats treated with TCDD in vitro enhanced BR degradation
compared to microsomes from untreated rats, and, co-treatment with both TCDD and the
coplanar polyhalogenated biphyenyl analog 3,4,3',4'-tetrachlorobiphenyl (TCB) further enhanced
BR degradation (De Matteis et al., 1989). Similarly, microsomes from mice treated with 3methylcholanthrene (3-MC) exhibited greater CYP1A2 activity than CYP1A1 activity unless cotreated with TCB, at which point CYP1A1 activity increased. It was suggested that CYP1A2 is
responsible for ~20% BR degradation unless a co-planar halogen is present (i.e. TCB) further
activating CYP1A1 activity (Zaccaro et al., 2001).
As constitutive CYP1A1 microsomal protein and mRNA levels were elevated in 10 day
and 1 month old jaundiced Gunn rats compared to non-jaundiced controls, this suggested that
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early CYP1A1 induction may be necessary to eliminate the large amounts of BR produced
following birth of Gunn rats (Kapitulnik et al., 1987; Kapitulnik and Gonzalez, 1993).
Furthermore, constitutive CYP1A enzyme levels in 5-month-old female homozygous recessive
jaundiced Gunn rats were greater than in heterozygous non-jaundiced Gunn rats. However, in a
subsequent study CYP1A1 or CYP1A2 protein levels were not detected or different,
respectively, in 3 month old jaundiced versus heterozygous non-jaundiced Gunn rats (Kapitulnik
et al., 1987; Kapitulnik and Gonzalez, 1993). In Ugt1a1-null mice, UCB serum levels 5 days
following birth were significantly elevated though CYP1A1 and CYP1A2 protein levels were not
elevated when compared to WT or heterozygous mice (Nguyen et al., 2008). As the Ugt1a1-null
C57BL/6 mice do not survive to adulthood, it is possible that in mice a compensatory system that
clears BR via the production of polar metabolites is absent or not activated.
It has since been found that both CYP1A1 and CYP1A2 may be involved in BR
degradation to more polar metabolites, though indirectly via the production of ROS generated by
CYP catalytic cycle uncoupling. CYP uncoupling occurs when the enzyme is poorly coupled to
its substrate, preventing efficient electron transfer from the P450 oxidoreductase to the substrate
(Boelsterli, 2007). As a result, activated oxygen is released from CYP as superoxide or hydrogen
peroxide (O2•- / H2O2) and the substrate is not oxidized (Boelsterli, 2007). Many studies (Table
1) have shown that ROS enhance BR degradation, and that BR oxidation by ROS produces polar
BOM’s such as hydroxylated dipyrroles, tripyrroles, and propentdyopent (Arthur et al., 2012).
Specifically, CYP1A2 is inherently prone to undergo catalytic uncoupling, whereas CYP1A1 is
uncoupled when challenged by a polyhalogenated biphenyl substrate analog that binds poorly to
its catalytic site (De Matteis et al., 2006). BR degradation increased when incubated with
recombinant microsomes that solely expressed rat CYP1A2/POR (supersomes) only when
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NADPH was present in the reaction mixture (Pons et al., 2003). On the other hand, BR is only
degraded by overexpressing rat CYP1A1/POR supersomes in the presence of a planar
polyhalogenated biphenyl substrate that resembles a strong CYP1A1 inducer, instigating CYP
uncoupling (De Matteis et al., 1993; Pons et al., 2003). CYP1A5, CYP2B1, and bacterial
CYP102 catalytic cycle uncoupling have also been shown to enhance BR degradation (Pons et
al., 2003; De Matteis et al., 2006).

Table 1. Bilirubin oxidation by reactive oxygen species and the Cytochromes P450.

System

ROS/CYPs

Gunn rats

Gunn rats treated with 10
µg/kg TCDD

-

%BV
formed
from
initial BR
-

Other
products
found
Polar [14C]
BR
derivatives
found in bile
and urine
3.5x more
[14C] BR
excreted in
bile (polar
derivatives)
*3 polar
fluorescent
products

CYP1A
enzymes

-

Prostaglandin
H synthase
(peroxidase)

~15%

Albumin-bound BR in PBS
containing 0.05M NaOH
BR in blood plasma

Peroxyl
radical
ONOO-

~ 68%

-

BR incubated with
microsomes and 3,4 TCB
for CYP1A1 uncoupling
BR incubated with FeEDTA/ H2O2
BR incubated with FeEDTA/ H2O2 and
Desferrioxamine (chelates
iron)
BR incubated with FeEDTA/ H2O2 and Trolox

O2 - / H2O2

BV major
product
~3.6%

H2O2

~5.6%

-

H2O2

~60%

-

H2O2

~91.9%

-

Ram seminal vesicle
microsomes
(no CYP activity)

•
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-

Method of
detection

Publication

Radioactivity

(Schmid and
Hammaker,
1963)

Radioactivity

(Kapitulnik and
Ostrow, 1978)

Diode array
spectrophotometer
*TLC with
fluorescent
excitation at
350nm
HPLC/UV-Vis

(Reed et al.,
1985)

UV-Vis
spectrophotometer
UV-Vis
spectrophotometer

(Stocker et al.,
1987a)
(Minetti et al.,
1998)
(De Matteis et
al., 1993)

UV-Vis
spectrophotometer
UV-Vis
spectrophotometer

(De Matteis et
al., 1993)
(De Matteis et
al., 1993)

UV-Vis
spectrophotometer

(De Matteis et
al., 1993)

(vitamin E analog)
HeLa cells incubated with
BR and H2O2
BR incubated with FeEDTA/H2O2
BR incubated with
microsomes and CYP1A5
uncoupled system
Albumin-bound BR in PBS
containing NaOH
GST-bound BR in PBS
containing NaOH
Albumin-bound BR in PBS
containing NaOH
GST-bound BR in PBS
containing NaOH
Free BR in DMSO
Free BR in chloroform
HeLa cell lysate incubated
with free BR
HeLa cell lysate incubated
with free BR
BR (50 μM) incubated with
peroxynitrite (100 μM)
BR (50 μM) incubated with
H2O2 (1 mM)
BR incubated with FeEDTA/H2O2
BR incubated with
CYP2A5 overexpressing
yeast microsomes
BR incubated with
CYP2A6 overexpressing
yeast microsomes
BR incubated with FeEDTA/H2O2
BR incubated with
microsomes isolated from
DBA/2J mice (no
treatment)
BR incubated with
microsomes isolated from
DBA/2J mice treated with
200 mg/kg pyrazole daily
for a total of 3 days

H2O2

H2O2
•-

BV
produced
(amount not
reported)
~14%

-

HPLC/UV-Vis

(Baranano et
al., 2002)

~46%
dipyrroles
~18%
dipyrroles

HPLC/ESI-MS

(De Matteis et
al., 2006)
(De Matteis et
al., 2006)

O2 / H2O2

~14%

Peroxyl
radical
Peroxyl
radical
H2O2

~30%

-

HPLC/UV-Vis

<10%

-

HPLC/UV-Vis

0% (BR not
oxidized)
~25%

-

HPLC/UV-Vis

-

HPLC/UV-Vis

~16%

-

HPLC/UV-Vis

None
detected
~5%

-

HPLC/UV-Vis

-

HPLC/UV-Vis

-

HPLC/UV-Vis

Peroxynitrite

None
detected
~18%

-

HPLC/UV-Vis

H2O2

<2%

-

HPLC/UV-Vis

H2O2

~19%

HPLC/MS-MS

CYP2A5

~35.5%

~79%
dipyrroles
~54%
dipyrroles

CYP2A6

~39%

~52%

HPLC/MS-MS

(Abu-Bakar et
al., 2012)

H2O2

None
detected

HPLC/MS-MS

(Muhsain et al.,
2015)

CYP2A5

~83% of
total
products
detected
~53% of
total
products
detected

Only
product
detected
~17% of
total
products
detected
~47% of
total
products
detected

HPLC/MS-MS

(Muhsain et al.,
2015)

HPLC/MS-MS

(Muhsain et al.,
2015)

H2O2
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Rationale
Bilirubin (BR) is a non-polar breakdown product of heme catabolism that functions as an
antioxidant (Stocker et al., 1987a; Stocker et al., 1987b; Doré et al., 1999; Granato et al., 2003),
and a pro-oxidant with associated toxicity at high concentrations (Seubert et al., 2002; Silva et
al., 2002; Genc et al., 2003; Brito et al., 2008a; Brito et al., 2008b; Deganuto et al., 2010). BR
conjugation to glucuronic acid catalyzed solely by UGT1A1 in the liver increases BR
hydrophilicity for excretion in the bile (Zakim and Boyer, 1996). When UGT1A1 is impaired
either inherently or due to liver injury, BR is no longer conjugated by UGT1A1 for excretion,
and as a result BR accumulates in the liver and serum (Zakim and Boyer, 1996).
Many hepatotoxins and pathophysiological states that result in liver injury alter heme
homeostasis resulting in enhanced heme catabolism and increased BR production. CYP2A5 is
generally induced following liver injury caused by hepatotoxins or liver disease, though total
CYP activity decreases, suggesting a unique role for CYP2A5 in protection against
hepatocellular damage (Camus-Randon et al., 1996; Kirby et al., 2011). Furthermore, Cyp2a5
expression is up-regulated by heme and BR via Nrf2, a transcription factor activated during
oxidative stress (Lamsa et al., 2012; Kim et al., 2013). CYPs have long been suspected to be
involved in BR metabolism (Schmid and Hammaker, 1963; Kapitulnik and Ostrow, 1978),
notably CYP1A1/CYP1A2 by producing ROS during CYP uncoupling that cause BR
fragmentation to BOMs (De Matteis et al., 1989; Zaccaro et al., 2001; Pons et al., 2003; De
Matteis et al., 2006). More recently, CYP2A5 was described as a bilirubin oxidase that catalyzes
the oxidation of BR to BV (Abu-Bakar et al., 2011; Muhsain et al., 2015). It has been suggested
that redox cycling exists between BR and BV so that they are maintained at antioxidant levels
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(Baranano et al., 2002). CYP2A5 may play a key role in maintaining this redox-cycling in
hepatocytes (Abu-Bakar et al., 2011; Muhsain et al., 2015).
Because CYP2A5 also produces BOMs as a major metabolite (Abu-Bakar et al., 2011;
Muhsain et al., 2015), there is uncertainty as to whether CYP2A5 directly oxidizes BR to BV or
indirectly causes BR oxidation to BV and BOMs via the generation of ROS. Second, if CYP2A5
does oxidize BR to BV, it is also unclear whether the amount of BV produced would suffice to
maintain the proposed redox-cycle. It is possible that the cytoprotective function of CYP2A5
involves the maintenance of BR and BV at antioxidant levels to protect hepatocytes from further
injury (Muhsain et al., 2015), or is a result of clearance of excess BR that would otherwise
exacerbate hepatocellular injury when UGT1A1 function is either impaired or overwhelmed
(Figure 1). It is therefore hypothesized that CYP2A5 has a cytoprotective function by assisting in
bilirubin metabolism and clearance when UGT1A1 conjugation is impaired.
There is a lack of in vivo evidence demonstrating the involvement of CYP2A5 in BR
oxidation and clearance. Thus far, the only evidence suggesting that CYP2A5 is involved in BR
metabolism is from in vitro assays comparing BR metabolism using microsomes with induced or
constitutive CYP2A5 activity (Abu-Bakar et al., 2005; Abu-Bakar et al., 2011; Muhsain et al.,
2015). We’ve recently acquired Cyp2a5 (-/-) C57BL/6 mice generated by Zhou et al. (2010),
allowing us to compare BR clearance in vivo between pyrazole-induced Cyp2a5 (+/+) mice that
have high CYP2A5 activity to Cyp2a5 (-/-) mice that have no CYP2A5 activity when UGT1A1
expression is down-regulated by pyrazole. WT and Cyp2a5-null mice either received no
treatment or daily intraperitoneal injections with pyrazole for 3 days to induce CYP2A5
expression.
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Figure 1. Proposed role of CYP2A5 in bilirubin metabolism and clearance. Under normal
conditions, UGT1A1 increases the polarity and biliary excretion of BR through glucuronide
conjugation at the propionic acid group(s) (indicated by *). When UGT1A1 is impaired, e.g.
following liver injury, BR accumulates in hepatocytes to pro-oxidant levels. To prevent this toxic
accumulation, BR may be oxidized to produce BV or dipyrroles known as bilirubin oxidative
metabolites (BOMs). In either case, BR oxidation likely begins with the abstraction of a
hydrogen atom at the γ-methene bridge (indicated by *). It is well established that BR oxidation
by ROS results in the production of dipyrroles as characterized by mass spectrometry (De
Matteis et al., 2006; Abu-Bakar et al., 2011). More recently, however, it has been reported that
CYP2A5 may also be involved in BR oxidative metabolism (Abu-Bakar et al., 2011). Moreover,
it has been proposed that CYP2A5 participates in redox-cycling between BR and BV (Muhsain
et al., 2015). Accordingly, BR oxidation by CYP2A5 must result in the loss of 2 hydrogen atoms
in order to produce BV’s characteristic double bond at the γ-methene bridge (A). We instead
propose that CYP2A5-catalyzed oxidation of bilirubin increases its clearance via the production
of polar BOMs that are readily excreted in the bile. In this case, the addition of oxygen to BR by
CYP2A5 would break the tetrapyrrole ring at the γ-methene bridge, resulting in the formation of
dipyrroles (B). Figure generated using CorelDRAW X7 Software (Corel, Ottawa, ON, Canada).
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Hypothesis: CYP2A5 has a cytoprotective function by assisting in bilirubin metabolism
clearance when UGT1A1 conjugation is impaired.

Objectives:

Objective 1: Characterize hepatic CYP2A5 activity levels in wild type and Cyp2a5-null
C57BL/6 mice.
-

CYP2A5 activity levels were quantified in all treatment groups by determining the rate of
7-hydroxycoumarin formation when liver microsomes were incubated with coumarin and
NADPH using HPLC/UV-VIS.

Objective 2: Characterize expression levels of hepatic enzymes involved in heme metabolism in
wild type and Cyp2a5-null C57BL/6 mice.
-

Hepatic Ho-1, Ho-2, BvrA, BvrB, Ugt1a1 mRNA expression was quantified in all
treatment groups using real-time PCR, and, hepatic UGT1A1 protein expression was
assessed using Western immunoblotting.

Objective 3: Compare BR clearance between wild type and Cyp2a5-null C57BL/6 mice.
-

Following pyrazole pre-treatment, mice were injected with 10 mg/kg bilirubin via the tail
vein and 60 minutes post-injection serum was analyzed for total, conjugated, and
unconjugated serum bilirubin levels.
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Objective 4: Compare BR disappearance and BV production between wild type and Cyp2a5-null
C57BL/6 mice.
-

Microsomes isolated from livers of wild type and Cyp2a5-null C57BL/6 mice were
incubated with BR and NADPH to quantify BR disappearance and BV formation using
HPLC/UV-Vis.
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Materials and methods

PART I – Characterization of CYP2A5 activity levels and the expression of genes involved in
heme metabolism in WT and Cyp2a5-null mice

Mice
Two Cyp2a5-null mice breeding pairs were generously provided by Dr. Xin Xin Ding
(Wadsworth Center, Albany, NY), whose research group generated the Cyp2a5 (-/-) knockout
mice (Zhou et al., 2010), allowing us to establish a Cyp2a5-null breeding colony at the
University of Guelph. Zhou et al. (2010) removed exon 9 from the Cyp2a5 gene and replaced it
with foreign DNA via homologous recombination, causing loss of CYP2A5 activity in Cyp2a5null mice as exon 9 encodes the cysteine amino acid residue at the axial ligand essential for
CYP2A5 catalytic activity.
The Cyp2a5-null mice were housed in the Isolation Unit (Guelph, ON) upon arrival prior
to cross-fostering the new litters that were later transferred to the Central Animal Facility
(Guelph, ON). The mice were housed at 22-25°C with a 12-hour light/12-hour dark cycle, and,
given food and water ad libitum. Adult mice were fed a 14% protein diet whereas
pregnant/nursing female mice and pups up to adult age were fed an 18% protein diet.
Seven week old wild type (WT) C57BL/6 male mice were purchased from Charles River
Laboratories (St. Constant, QC). The mice were housed in a separate room at the Central Animal
Facility (Guelph, ON) at 22-25°C with a 12-hour light/12-hour dark cycle, and, given food (14%
protein diet) and water ad libitum.
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Male mice between the ages of 2-5 months old were sacrificed to collect liver tissue
and/or serum. Euthanasia as well as pyrazole and bilirubin treatments were conducted in
accordance with the Animal Utilization Protocol approved by the University of Guelph’s Animal
Care Committee.

In vivo pyrazole treatments
WT or Cyp2a5-null mice were treated with 100 mg/kg pyrazole via intraperitoneal
injection daily for 3 days as previously described (Gilmore and Kirby, 2004) to induce CYP2A5
expression and activity.

Liver microsome isolation
Microsomes were isolated from the livers of WT and Cyp2a5-null mice that received no
treatment or were treated with pyrazole. Liver tissue and microsomes were kept on ice at all
times. The liver was homogenized in a glass-Teflon homogenizer in 3x (w/v) cold
homogenization buffer (Appendix I) containing 20% (w/v) sucrose, and the liver was
homogenized for a total of 5 strokes. The homogenized liver was then transferred to a 15 mL
conical centrifuge tube and centrifuged at 9,000 x g for 30 minutes at 4°C in a Sorvall Legend
RT Plus Centrifuge (Fisher Scientific) using a fixed angle rotor. The supernatant was then
transferred to 3 mL polycarbonate tubes and centrifuged at 105,000 x g for 60 minutes at 4°C in
a Beckman ultra-speed centrifuge using a Ti90 rotor. Following centrifugation, the tubes were
placed on ice and the supernatant containing cytoplasmic protein was collected, aliquoted, and
stored at -80°C. The microsomal pellet was re-suspended in 1x (w/v of the original liver weight)
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microsomal storage buffer (Appendix I) containing 20% (v/v) glycerol, aliquoted, and stored at 80°C.

Coumarin 7-hydroxylase activity assay and HPLC/UV-Vis separation/detection
A coumarin hydroxylase assay was used to quantify CYP2A5 activity as CYP2A5
specifically catalyzes the hydroxylation of its substrate coumarin in the presence of the co-factor
NADPH. As a result, 7-hydroxycoumarin formation was quantified to measure CYP2A5 activity.
To verify whether CYP2A5 activity was completely knocked out in Cyp2a5-null mice
and to verify CYP2A5 induction by pyrazole in WT mice, the rate of 7-hydroxycoumarin
formation was compared between microsomes isolated from WT and Cyp2a5-null mice that
received no treatment or were treated with pyrazole. Microsomal protein was quantified using
the Bradford protein assay method and 160 μg microsomal protein was incubated at 37°C for 25
minutes in coumarin assay incubation buffer (Appendix I) with 100 μM coumarin and 1.5 mM
NADPH. The reaction was terminated by adding 20% (v/v) cold trichloroacetic acid spiked with
the internal standard 7-ethoxycoumarin (10 μM final concentration in 1000 μL final volume),
and samples were centrifuged at 15,000 x g for 15 minutes at 4°C to precipitate out microsomal
protein. The supernatant was transferred to HPLC vials for analysis.
As previously described (Kim et al., 2013), 100 μL of the resulting supernatant was
injected on an Agilent HP 1100 Series HPLC (Agilent Technologies, Santa Clara, CA) and
separated on a Luna C18 (particle size: 5μm; length and width: 250mm x 4.6 mm) reversedphase analytical column (Phenomenex, Torrance, CA) at a flow rate of 1 mL/min. All standards
and samples were injected in duplicate. Peaks were separated by the following gradient elution
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method, where mobile phase A was composed of water, acetonitrile, and acetic acid (95:5:0.2
v/v/v) and mobile phase B was composed of 100% acetonitrile:

Mobile phase A

Mobile phase B

0 minutes

80%

20%

10 minutes

50%

50%

15 minutes

50%

50%

15.1 minutes

80%

20%

20 minutes

80%

20%

Peaks were detected by a diode array detector scanning at a wavelength of 323 nm. The
retention times for 7-hydroxycoumarin, coumarin, and 7-ethoxycoumarin were 7.60, 11.00, and
15.10 minutes, respectively. Peak areas were normalized to the internal standard 7ethoxycoumarin, and, 7-hydroxycoumarin concentration was quantified using the equation
generated from the 7-hydroxycoumarin standard curve.

RNA isolation from liver tissue and RT
The expression of genes involved in heme metabolism (Hmox1, Hmox2, BvrA, BvrB, and
Ugt1a1) was quantified in WT and Cyp2a5-null mice that did not receive any treatment
(constitutive expression), as well as in WT and Cyp2a5-null mice treated with pyrazole.
Approximately 25 mg liver tissue stored in RNAlater was transferred to a 1.5 mL RNase-free
microcentrifuge tube and homogenized in 500 µL cold TRIzol. Tubes were centrifuged at 12,000
x g for 10 minutes at 4°C, and the supernatant was collected and transferred to a new RNase-free
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1.5 mL tube. An additional 500 μL cold TRIzol was added, followed by the addition of 200 μL
chloroform. The tubes were vortexed for 10 seconds, incubated at room temperature for 2
minutes, and then incubated at 4°C for 30 minutes. The tubes were then centrifuged in a Sorvall
Legend Micro 17R Centrifuge (Thermo Scientific) at 12,000 x g for 15 minutes at 4°C. The top
clear layer containing the nucleic acids (~500 μL) was then transferred to a new RNase-free 1.5
mL microcentrifuge tube, and 500 μL cold isopropanol was added to each tube. The tubes were
gently mixed and incubated at -20°C for 1.5 hours to precipitate the RNA. The tubes were then
centrifuged again at 12,000 x g for 15 minutes at 4°C to pellet the RNA, and the supernatant was
removed from the RNA pellet. The RNA pellet was washed 3 times with 75% ethanol, and then
air dried prior to re-solubilizing the pellet in 15 μL HyClone molecular biology grade water
(nuclease-free). RNA samples were then incubated at 55°C for 10 minutes and immediately
stored at -80°C.
RNA samples were thawed and gently vortexed prior to quantifying RNA concentration
and determining RNA purity for each sample using a NanoDrop ND-1000 spectrophotometer
(Thermo Scientific). From each sample, 1 μg RNA was transferred to a new 1.5 mL RNase-free
centrifuge tube and treated with 1 unit RQ1 RNase-Free DNase for 30 minutes at 37°C to
remove any DNA contaminants. Samples were then incubated at 65°C for 10 minutes to
inactivate DNase activity. To make cDNA, the DNase-treated RNA samples were first incubated
with 0.1 μg random primers and 1 mM dNTPs at 65°C for 5 minutes to anneal the primers. The
samples were then incubated at 37°C for 50 minutes with 200 units of Murine-Moloney
Leukemia Virus (M-MLV) reverse transcriptase and 20 units of RNaseOUT for cDNA synthesis.
M-MLV was then inactivated by incubating samples at 70°C for 10 minutes, and cDNA samples
were diluted with 80 μL HyClone nuclease-free water.
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qPCR
Once RNA was harvested and reverse transcribed into cDNA, mRNA expression of the
heme metabolizing genes was comparatively quantified using qPCR. The reaction mixture for
each sample contained 10 μL PerfeCTa SYBR ROX FastMix, 2.2 μL HyClone nuclease-free
water, and 5 μM of both the forward and reverse primers (shown below). The reaction mixture
and 7 μL sample cDNA were loaded in duplicate in MicroAMP Fast 96-well reaction plates, and
the plates were analyzed on a StepOnePlus Real-Time PCR System (Applied Biosystems). The
holding stage consisted of a denaturation step at 95°C for 30s. The cycling stage cycled between
95°C for 3s and an annealing/extension step at 60°C for 30s for a total of 40 cycles. Non-specific
amplification and the presence of primer dimers were verified by the melt curve stage, which
began with an initial step at 95°C for 15s, followed by 60°C for 1 minute, and 0.3°C increments
to a final temperature of 95°C, held for 15s.
Gene expression of the heme metabolizing genes was normalized to Gapdh, and fold
change was compared between treatment groups.

Primer sequences and primer location on the target gene mRNA sequence:
Mouse Heme oxygenase-1
Forward 5’- GCCACACAGCACTATGTAAAGC -3’ (460-481)
Reverse 5’- TTAGCCTCTTCTGTCACCCTGT -3’ (722-743)

Mouse Heme oxygenase-2
Forward 5’- TCACATACTCAGCCCTTGAGGAG -3’ (371-393)
Reverse 5’- CTGCTCCTCCCAGTTTTCACCA -3’ (495-516)
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Mouse Biliverdin reductase A
Forward 5’-GAAAGGGAGAGTCCTGCATGA-3’ (536-556)
Reverse 5’-CTGGCTGTGAAGCGAAGAGAT-3’ (652-632)

Mouse Biliverdin reductase B
Forward 5’-GTTATGAGGTGACGGTGCTGG-3’ (134-154)
Reverse 5’- CACAGTCTTGTCCACATCGG-3’ (230-249)

Mouse UDP-glucuronosyl transferase 1a1
Forward 5’-CCTATGGGTCACTTGCCACT-3’ (735-754)
Reverse 5’- ATGGCTTTCTTCTCCGGAAT-3’ (989-1008)

Immunoblotting
Microsomal protein isolated from the livers of WT and Cyp2a5-null mice that received
no treatment, or, were treated with pyrazole were assessed for UGT1A1 protein expression by
immunoblotting. Microsomal protein was quantified using the Bradford protein assay method
and 40 μg of denatured protein in 1X Laemmli loading buffer (Appendix I) was loaded per well
on a 4% acrylamide stacking gel. Protein was separated on a 10% acrylamide separating gel at
100V for 100 minutes in 1X SDS-PAGE running buffer (Appendix I), and protein was
transferred to a 0.45 μM Amersham Hybond-ECL nitrocellulose membrane at 100V for 100
minutes in cold 20% methanol transfer buffer (Appendix I). Membranes were blocked in 5%
BSA (w/v) in TBS-T for 1 hour at room temperature prior to incubating the membrane overnight
in goat anti-mouse UGT1A1 primary antibody (1:1,000) in 5% BSA TBS-T. The next day,
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membranes were incubated with HRP-conjugated rabbit anti-goat IgG (1:2,000) in 5% BSA
TBS-T for 2 hours at room temperature. UGT1A1 protein bands were detected by adding Clarity
Western ECL Substrate to each membrane, and then imaged on a ChemiDoc MP Imaging
System (Bio-Rad). The Precision Plus Protein Dual Colour Standard protein ladder was loaded
on every gel to verify the molecular weight of target proteins on the membrane.
As a loading control, β-ACTIN was subsequently detected on the same membranes.
Membranes were incubated with mouse anti-β-ACTIN (1:5,000) for 30 minutes at room
temperature, followed by HRP-conjugated goat anti-mouse IgG (1:20,000) for 30 minutes at
room temperature. β-ACTIN protein bands were detected by adding Clarity Western ECL
Substrate to each membrane, and then imaged on a ChemiDoc MP Imaging System (Bio-Rad).
UGT1A1 and β-ACTIN protein band densities were measured using Image Lab
Software, Version 5.1 (Bio-Rad), and, UGT1A1 protein density was subsequently normalized to
β-ACTIN in order to compare UGT1A1 protein fold change between the treatment groups.

PART II – Bilirubin clearance

In vivo bilirubin tail vein injections
WT or Cyp2a5-null mice were treated with 10 mg/kg BR via tail vein infusion and
sacrificed either 5 min-post BR injection or 60 min-post BR injection as previously described
(Huang et al., 2003; Huang et al., 2004). Serum was collected to measure total and conjugated
BR levels. Similarly, WT and Cyp2a5-null mice treated with 100 mg/kg pyrazole once per day
for a total of 3 days as described in Part I were also treated with 10 mg/kg bilirubin 24 hours

39

after the last pyrazole injection. The mice were then sacrificed either 5 min-post BR injection or
60 min-post BR injection, and serum was collected to measure total and conjugated BR levels.

Serum collection
Following CO2 euthanasia, blood (~800 μL) was collected via cardiac puncture using a
25 gauge needle. The needle was removed prior to transferring blood from the 1 mL syringe to a
1.5 mL conical centrifuge tube wrapped in tin foil, and blood samples were incubated at room
temperature for 30 minutes to allow for clot formation. Blood samples were then incubated at
4°C for 3 hours tilted at a 45 degree angle, and centrifuged at 800 x g for 15 minutes at 4°C to
separate the serum from the clotted blood. The supernatant containing the serum was then
transferred to a new amber tube wrapped in tin foil and stored at -80°C. Serum samples were
submitted to the Animal Health Laboratory (Guelph, ON), where total and conjugated BR were
analyzed using a Cobas 6000 c501 Analyzer (Roche Diagnostics).

Part III – CYP2A5 bilirubin oxidase activity

Bilirubin oxidase activity assay and HPLC/UV-Vis separation/detection
CYP2A5 microsomal activity as a BR oxidase in WT and Cyp2a5-null mice was
quantified using a similar method previously described (Muhsain et al., 2015), with slight
modification. Microsomal protein was quantified by the Bradford protein assay method using an
aliquot of microsomes isolated from the same mice as those used for the coumarin assay.
Microsomal protein (500 µg) was first incubated in BR assay incubation buffer (0.1 M tris pH
8.2, 26 mM KCl, 2 mM EDTA) at 37°C for 5 minutes. The reaction was initiated by adding 2
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mM NADPH and 20 µM BR (dissolved in DMSO), and samples were then incubated at 37°C for
1 hour. The final DMSO concentration was 0.5%. Microsomes were also incubated without the
cofactor NADPH to control for BR disappearance caused by something other than CYP activity.
Microsomal protein was precipitated using two different precipitation methods for
optimal BR or BV recovery. For the quantification of BR disappearance, the reaction was
terminated by adding 500 µL of 100% methanol and spiking the internal standard mesoporphyrin
in samples (5 μM final concentration in 1000 μL final volume). Samples were then centrifuged at
12,000 x g for 15 minutes at 4°C to precipitate out microsomal protein. The supernatant was then
transferred to amber HPLC vials for analysis. For the quantification of BV, a different
precipitation method was used in order to enhance BV recovery. The reaction was terminated by
adding 5 µL of 100% trichloroacetic acid, and spiking the internal standard mesoporphyrin in
samples (10 μM final concentration in 500 μL final volume). Samples were then centrifuged at
12,000 x g for 10 minutes at 4°C to precipitate out microsomal protein. As BR and BV are also
precipitated out by this step, BR and BV were re-solubilized into solution by adding 250 µL
0.1N NaOH in PBS pH 7.4 (final pH ~12.0) and 250 µL 100% methanol. Samples were vortexed
for 10 seconds and then centrifuged at 12,000 x g for 5 minutes at 4°C. The supernatant was then
transferred to amber HPLC vials for analysis.
Modified from (Ryter and Tyrrell, 2001), 50 μL of the resulting supernatant was injected
on an Agilent HP 1100 Series HPLC (Agilent Technologies, Santa Clara, CA) and separated on a
C18 (particle size: 5μm; length and width: 250mm x 4.6 mm) reversed-phase analytical column
(Phenomenex, Torrance, CA) at a flow rate of 1 mL/min. Peaks were separated by the following
gradient elution method, where mobile phase A was composed of methanol and water (60:40

41

v/v) containing 0.1 M ammonium acetate (pH 5.2) and mobile phase B was composed of 100%
methanol:

Mobile phase A

Mobile phase B

0 minutes

80%

20%

20 minutes

0%

100%

25 minutes

0%

100%

25.1 minutes

80%

20%

30 minutes

80%

20%

Peaks were detected by a diode array detector scanning at a wavelength of 375 nm (BV
and mesoporphyrin) and 450 nm (BR isomers). The retention times for BV, BRIXα, and
mesoporphyrin were 10.7, 17.8, and 21.5 minutes, respectively. Peak areas of the bilirubin
isomers were added together to represent total BR. Peak areas were normalized to the internal
standard mesoporphyrin, and, BV as well as BR concentrations (µM) were quantified using the
equations generated from their respective standard curves. BR and BV standards were prepared
in BR incubation buffer containing microsomes. Microsomes were then precipitated using the
respective protein precipitation method for BR or BV recovery to imitate sample processing for
optimal standard curve accuracy.

Part IV – Statistical analyses
The data is shown as the mean ± the standard error of the mean (SEM) from a minimum
of 3 biological replicates. The Shapiro-Wilk test was used to assess data normality, and,
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Levene’s test was used to assess the homogeneity of variances between treatment groups. The
one-way repeated measures analysis of variance (ANOVA) followed by Bonferroni’s post-hoc
test was used to compare the mean between 2 or more treatment groups. Two- way repeated
measures ANOVA followed by Bonferroni’s post-hoc test was used to compare the effect of
treatments on the mean response between WT and Cyp2a5-null mice. A p-value < 0.05 was
considered significant. The data was statistically analyzed using IBM SPSS Statistics 23 (IBM,
United Kingdom Limited, North Harbour, HAM, England) and Prism 5.0 Software (GraphPad
Software Inc., La Jolla, CA, USA).
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Results

Pyrazole increases microsomal CYP2A5 activity in WT mice but not in Cyp2a5-null mice.
CYP2A5 activity was quantified using HPLC/UV-Vis by determining the rate of 7hydroxycoumarin formation (pmol/min/mg microsomal protein) when microsomes were
incubated with the CYP2A5 substrate coumarin (100 µM) and 1.5 mM NADPH. The 7hydroxycoumarin peak area was first normalized to the peak area of the internal standard 7ethoxycoumarin, and, 7-hydroxycoumarin concentration was then quantified using the equation
generated from the 7-hydroxycoumarin standard curve.
Constitutive CYP2A5 activity levels were first quantified in microsomes isolated from
male WT and Cyp2a5-null mice. There was no significant difference in the rate of 7hydroxycoumarin formation (pmol/min/mg protein) in microsomes isolated from un-treated WT
mice compared to Cyp2a5-null mice (Figure 2), indicating that constitutive CYP2A5 activity is
low in un-induced WT C57BL/6 mice.
CYP2A5 activity was also quantified in microsomes isolated from male WT and Cyp2a5null mice treated with the CYP2A5 inducer pyrazole (PYR) to confirm that Cyp2a5 (-/-) mice
have CYP2A5 activity knocked out. The rate of 7-hydroxycoumarin formation (pmol/min/mg
protein) was 7.3-fold greater (P ≤ 0.001) in microsomes isolated from WT mice treated with
PYR compared to un-treated WT mice, indicating that CYP2A5 activity is enhanced in WT mice
treated with PYR (Figure 2). There was no significant change in the rate of 7-hydroxycoumarin
formation between microsomes isolated from Cyp2a5-null mice treated with PYR compared to
un-treated Cyp2a5-null mice, indicating that CYP2A5 activity is knocked out in Cyp2a5 (-/-)
mice (Figure 2). As constitutive CYP2A5 activity is low in WT C57BL/6 mice and not
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significantly different from CYP2A5 activity levels in Cyp2a5-null mice, both WT and Cyp2a5null mice were treated with PYR for the remainder of the experiments in order to compare WT

Rate of 7-hydroxycoumarin
formation (pmol/min/mg protein)

mice with high CYP2A5 activity to Cyp2a5-null mice with low CYP2A5 activity.

1600

***

WT
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1400
1200
1000
800
600
400
200
0
-

+
PYR

Figure 2. Constitutive and pyrazole-induced CYP2A5 activity levels in WT and Cyp2a5-null
mice. Rate of 7-hydroxycoumarin formation (pmol/min/mg protein) when 160 μg microsomal
protein isolated from male WT or Cyp2a5-null mice was incubated with 100 µM coumarin and
1.5 mM NADPH at 37°C for 25 minutes. Mice either received no treatment or were treated with
100 mg/kg PYR daily for 3 days. In each treatment group, values represent the mean ± SEM (n =
3 mice). Significantly different from control, *** p ≤ 0.001.
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Pyrazole increases Ho-1 and BvrB mRNA expression and decreases UGT1A1 protein
expression in WT and Cyp2a5-null mice.
Constitutive expression of enzymes involved in heme metabolism (Ho-1, Ho-2, BvrA,
BvrB, and UGT1A1) was characterized in male WT and Cyp2a5-null mice to determine whether
there was any difference in expression when CYP2A5 activity is knocked out. Expression of
heme metabolizing enzymes was also analyzed in male WT and Cyp2a5-null mice treated with
PYR to first determine whether PYR treatment changed the expression of enzymes involved in
heme metabolism, and second to determine whether there was any difference between WT mice
and mice with CYP2A5 activity knocked out.
Constitutive Ho-1, Ho-2, BvrA, BvrB, and Ugt1A1 gene expression was not significantly
different between WT and Cyp2a5-null mice that received no treatment (controls), nor WT and
Cyp2a5-null mice treated with PYR (Figure 3a,b,c,d,e). PYR treatment did not significantly alter
Ho-2, BvrA, or Ugt1a1 mRNA levels in WT and Cyp2a5-null mice compared to controls,
however, PYR treatment did significantly increase Ho-1 (p ≤ 0.01) and BvrB (p ≤ 0.001)
expression in both WT and Cyp2a5-null mice (Figure 3a,b,c,d,e). PYR treatment therefore not
only increases CYP2A5 activity, but also induces the expression of genes involved in heme
catabolism. Furthermore, PYR treatment significantly reduced UGT1A1 protein expression in
WT and Cyp2a5-null mice (p ≤ 0.001), though, again there was no significant difference
between WT and Cyp2a5-null mice (Figure 3f). PYR treatment therefore also decreases protein
levels of the enzyme responsible for BR conjuation and clearance.
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Figure 3. Endogenous and inducible expression of enzymes involved in heme metabolism in WT
and Cyp2a5-null mice. Mice either received no treatment or were treated with PYR daily for 3
days. For each enzyme, mRNA expression of the target gene was normalized to the
housekeeping gene Gapdh, and, UGT1A1 protein expression was normalized to the loading
control β-ACTIN. (A) Ho-1 mRNA expression. (B) Ho-2 mRNA expression. (C) BvrA mRNA
expression. (D) BvrB mRNA expression. (E) Ugt1a1 mRNA expression. (F) UGT1A1 protein
expression. In each treatment group, values represent the mean ± SEM (n = 3 mice). Gene
expression data was transformed using the natural logarithm for statistical analysis. Significantly
different from control, ** p ≤ 0.01 and *** p ≤ 0.001.
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Endogenous total, conjugated, and unconjugated serum bilirubin levels are similar in WT
and Cyp2a5-null mice.
Endogenous serum BR levels were characterized in male WT and Cyp2a5-null mice to
determine whether the lack of CYP2A5 activity in Cyp2a5-null mice alters BR serum levels.
Total, conjugated, and unconjugated serum BR levels were not significantly different between
WT and Cyp2a5-null mice (Figure 4), indicating that loss of CYP2A5 activity does not have an
effect on endogenous serum BR levels. Furthermore, total serum BR levels in WT and Cyp2a5null mice are < 3 mg/mL, indicating that un-treated mice do not have hyperbilirubinemia.

Endogenous bilirubin serum levels
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Figure 4. Endogenous serum bilirubin levels in WT and Cyp2a5-null mice. Endogenous total,
conjugated, and unconjugated BR serum levels (mg/dL) in male WT and Cyp2a5-null adult
mice. In each treatment group, values represent the mean ± SEM (n = 3 mice). p > 0.05 is
considered not significantly different.
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Bilirubin clearance is not altered in Cyp2a5-null mice when UGT1A1 protein expression is
reduced by pyrazole.
BR clearance was compared between male WT mice with high CYP2A5 activity to male
Cyp2a5-null mice with CYP2A5 activity knocked out to determine whether CYP2A5 has a role
in clearing excess BR when UGT1A1 expression is reduced by pyrazole. Following pyrazole
pre-treatment, mice were treated with 10 mg/kg BR via tail vein infusion to cause
hyperbilirubinemia. Total serum BR levels 5 minutes post injection were approximately 127 ±
9.7 mg/dL in WT and Cyp2a5-null mice with or without PYR pre-treatment.
Serum was also collected in mice 60 minutes post injection to quantifiy total BR
remaining following 1 hour clearance. In order to obtain enough serum for BR analysis, blood
was collected via cardiac puncture, therefore, it was not possible to collect serum 5 and 60
minutes post injection in the same mouse. There was no significant difference in total BR serum
levels 60 minutes post BR injection in WT and Cyp2a5-null mice that received no PYR pretreatment, as well as those pre-treated with PYR (Figure 5). Total BR levels were still well above
the limit for hyperbilirubinemia (3 mg/dL) 60 minutes post BR injection in all treatment groups.
Since total serum BR levels in Cyp2a5-null mice are not significantly different from WT mice
with high CYP2A5 activity induced by PYR, CYP2A5 may not be involved in clearing excess
BR when UGT1A1 is down-regulated.
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Figure 5. Bilirubin clearance in WT and Cyp2a5-null mice pre-treated with or without pyrazole.
Total serum BR levels (mg/dL) in male WT and Cyp2a5-null mice 60 minutes post 10 mg/kg BR
tail vein infusion. Mice either received no pre-treatment or were pre-treated with 100 mg/kg
PYR daily for 3 days prior to BR injection. In each treatment group, values represent the mean ±
SEM (n = 3 mice).
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Pyrazole treatment decreases conjugated bilirubin levels in both WT and Cyp2a5-null mice.
Since total serum BR levels were not sigificantly different in WT and Cyp2a5-null mice
treated with PYR, percent conjugated BR (CB) and unconjugated BR (UCB) from total BR were
compared between male WT and Cyp2a5-null mice in each treatment group. There was no
significant difference in percent CB nor percent UCB serum levels 5 minutes or 60 minutes postinjection with BR between WT and Cyp2a5-null mice that received no PYR pre-treatment, as
well as between WT and Cyp2a5-null mice pre-treated with PYR (Figure 6a), again indicating
that CYP2A5 activity does not alter clearance or conjugation.
Since PYR reduced UGT1A1 protein expression, a comparison was made of percent CB
and UCB 60 minutes post BR tail vein infusion between mice that received no PYR pretreatment and mice that were pre-treated with PYR. In WT and Cyp2a5-null mice that weren’t
pre-treated with PYR, percent CB and percent UCB are significantly higher (p < 0.01) and lower
(p < 0.01), respectively, 60 minutes after BR compared to 5 minutes after BR indicating
increased BR conjugation by UGT1A1 (Figure 6b,c). In contrast, percent CB is instead
significantly lower and UCB is significantly higher in PYR-pre-treated WT (p ≤ 0.001) and
Cyp2a5-null (p < 0.05) mice 60 minutes following BR compared to mice that received no PYR
pre-treatment (Figure 6b,c). This indicates that PYR not only down-regulates UGT1A1 enzyme
expression but also impairs the ability of UGT1A1 to conjugate BR for clearance.
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Figure 6. Effect of pyrazole treatment on bilirubin conjugation in WT and Cyp2a5-null mice.
Percent CB or UCB from total BR in male WT and Cyp2a5-null mice treated with 10 mg/kg BR
for 5 minutes or 60 minutes. Mice either received no PYR pre-treatment or were pre-treated with
100 mg/kg PYR daily for 3 days prior to BR injection. In each treatment group, values represent
the mean ± SEM (n = 3 mice). (A) Percent CB and UCB are compared between WT and
Cyp2a5-null mice in each treatment group. (B) In WT mice only, percent CB and UCB are
compared between the different treatment groups. 60 minute post-BR significantly different from
5 minute post-BR, **p ≤ 0.010. 60 minute post-BR with PYR significantly different from 60
minute post-BR, ***p ≤ 0.001

(C) In Cyp2a5-null mice only, percent CB and UCB are

compared between the different treatment groups. 60 minute post-BR significantly different from
5 minute post-BR, **p ≤ 0.010. 60 minute post-BR with PYR significantly different from 60
minute post-BR, *p < 0.05.
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Down-regulation of UGT1A1 expression by pyrazole is persistent 1 hour post bilirubin
treatment.
To make sure UGT1A1 protein expression is still down-regulated by PYR pre-treatment
60 minutes post BR administration, UGT1A1 microsomal protein expression was analyzed from
male WT and Cyp2a5-null mice following PYR and BR treatments. In WT mice, UGT1A1
expression was significantly lower (*p ≤ 0.05) in all groups treated with PYR compared to
groups that received no PYR pre-treatment (Figure 7a,b). In Cyp2a5-null mice, UGT1A1
expression was significantly lower (***p ≤ 0.001) in all groups treated with PYR compared to
groups that received no PYR treatment (Figure 7a,c).
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Figure 7. UGT1A1 protein expression in WT and Cyp2a5-null mice pre-treated with pyrazole 5
or 60 minutes following bilirubin treatment. UGT1A1 protein levels were analyzed in male WT
and Cyp2a5-null mice treated with 10 mg/kg BR via tail vein infusion for 5 or 60 minutes. Mice
either received no PYR pre-treatment or were pre-treated with 100 mg/kg PYR once per day for
a total of 3 days (72 hours) prior to BR injection. In each treatment group, values represent the
mean ± SEM (n = 3 mice). (A) Western blots. (B) UGT1A1 protein expression in WT mice
treated with BR. Significantly different from no PYR pre-treatment, * p < 0.05. (C) UGT1A1
protein expression in Cyp2a5-null mice treated with BR. Significantly different from no PYR
pre-treatment, *** p ≤ 0.001.
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BR disappearance is not enhanced by microsomes from C57BL/6 WT mice treated with
pyrazole.
To confirm whether CYP2A5 catalyzes BR oxidation in C57BL/6 mouse microsomes as
previsouly reported in the DBA/2J mouse strain (Abu-Bakar et al., 2005; Muhsain et al., 2015),
BR disappearance was analyzed in microsomes isolated from male WT and Cyp2a5-null mice.
The amount of BR remaining (µM) following microsomal incubation was not significantly
different between WT and Cyp2a5-null mice in all treatment groups (Figure 8d). However, BR
disappearance significantly increased when incubated with microsomes from Cyp2a5-null mice
treated with PYR compared to control Cyp2a5-null mice in the absence of NADPH (Figure 8b).
This indicates that the enhancement of BR disappearance by PYR in Cyp2a5-null mice does not
only involve cytochrome P450 activity.

61

Figure 8. Microsomal bilirubin disappearance. (A) Chromatogram of 20µM bilirubin standard
peak at a detection wavelength of 450 nm. (B) Chromatogram of 5 µM mesoporphyrin standard
peak at a detection wavelength of 375 nm. (C) BR standard curve using the methanol protein
precipitation method. (D) Amount of BR (µM) remaining when microsomes from WT or
Cyp2a5-null mice are incubated with 20 µM BR in the presence or absence of NADPH (2mM)
for 1 hour. Mice either received no treatment or were treated with 100 mg/kg PYR daily for 3
days. In each treatment group, values represent the mean ± SEM (n = 3 mice). Significantly
different from control Cyp2a5-null mice (no PYR, no NADPH) at * p < 0.05.
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BV production is not enhanced by microsomes from C57BL/6 WT mice treated with
pyrazole.
To confirm whether CYP2A5’s BR oxidase activity produces BV in C57BL/6 mouse
microsomes incubated with BR as previsouly reported in the DBA/2J mouse strain (Abu-Bakar
et al., 2005; Muhsain et al., 2015), BV production was analyzed in microsomes isolated from
male WT and Cyp2a5-null mice. Very little BV was produced when microsomes from WT or
Cyp2a5-null mice were incubated with 20 µM BR in the presence or absence of NADPH, even
in mice treated with PYR (Figure 9c). Using the TCA protein precipitation method, the limit of
detection for BV was 1.25 µM as indicated by the standard curve (Figure 9b), and the amount of
BV detected did not surpass 2 µM in all treatment groups (Figure 9c). The amount of BV (µM)
produced following microsomal incubation was not singificantly different between WT and
Cyp2a5-null mice in all treatment groups (Figure 9c). Furthremore, BV prodctuion in
microsomes from WT and Cyp2a5-null mice treated with PYR was not enhanced compared to
controls.
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Figure 9. Microsomal BV production. (A) Chromatogram of 10 µM biliverdin and 10 µM
mesoporphyrin standard peaks at a detection wavelength of 375 nm. (B) BV standard curve
using the methanol protein precipitation method. (C) Amount of BV produced (µg) when
microsomes from WT or Cyp2a5-null mice are incubated with 20 µM BR in the presence or
absence of NADPH (2mM) for 1 hour. Mice either received no treatment or were treated with
100 mg/kg PYR daily for 3 days. In each treatment group, values represent the mean ± SEM (n =
3 mice).
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Microsomes used for the BR assay were isolated from the same mice as microsomes used
for the coumarin assay. Although 160 µg microsomes isolated from WT mice treated with PYR
produced ~7µM 7-ethoxycoumarin when incubated with 100 µM coumarin and 1.5 mM NADPH
for 25 minutes, 500 µg microsomes isolated from mice in the same treatment group only
produced ~1 µM BV when incubated with 20 µM BR and 2 mM NADPH for 1 hour (Table 2).

Table 2. Amount of 7-ethoxycoumarin (µM) or BV (µM) produced when C57BL/6 mouse
microsomes are incubated with coumarin or BR, respectively.

7-ethoxycoumarin (µM)
-160 µg microsomes
-100 µM coumarin
-1.5 mM NADPH
(25 min. incubation)
BV (µM)
-500 µg microsomes
-20 µM BR
-2 mM NADPH
(1 hour incubation)

WT

Cyp2a5-null

WT + PYR

Cyp2a5-null +
PYR

0.956 ± 0.13

0.598 ± 0.13

6.954 ± 0.38

1.203 ± 0.26

1.804 ± 0.49

1.974 ± 0.33

1.045 ± 0.21

1.006 ± 0.21
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Discussion
In this study, we have investigated the role of CYP2A5 in BR metabolism and clearance
in C57BL/6 mice using a Cyp2a5-null mouse model in which CYP2A5 activity has been
knocked out. Our results suggest that CYP2A5 from C57BL/6 mice is not involved in BR
metabolism in vitro because liver microsomes from WT mice with induced CYP2A5 did not
enhance BR disappearance and BV production much like microsomes from Cyp2a5-null mice.
Furthermore, our results suggest that CYP2A5 from C57BL/6 mice is not involved in BR
clearance in vivo because total serum BR levels 60 minutes following intravenous administration
of BR were not significantly different in WT mice with induced CYP2A5 activity and Cyp2a5null mice. Interestingly, our results indicate that PYR down-regulates UGT1A1 protein
expression and significantly decreases BR conjugation to glucuronic acid in vivo.
To compare BR metabolism and clearance in mice with high CYP2A5 activity to mice
with absent CYP2A5 activity, coumarin 7-hydroxylase activity was assessed in microsomes
isolated from WT and Cyp2a5-null mice. Since the C57BL/6 mouse strain has low constitutive
CYP2A5 activity (Wood and Conney, 1974), WT mice were treated with PYR to induce
CYP2A5 activity at a dose that does not cause liver injury (Gilmore and Kirby, 2004; Nichols
and Kirby, 2008). Activity was also quantified in Cyp2a5-null mice to confirm that CYP2A5
activity is knocked out. Our results indicate that constitutive CYP2A5 activity levels are low in
WT C57BL/6 mice, and similar to activity levels in Cyp2a5-null mice. While, PYR significantly
increased CYP2A5 activity in WT mice, but not in Cyp2a5-null mice, some 7-hydroxycoumarin
is produced by microsomes from Cyp2a5-null mice. Though CYP2A5 catalyzes the majority of
coumarin 7-hydroxylation (Juvonen et al., 1988; Negishi et al., 1989; Miles et al., 1990), other
P450s may also produce residual amounts of 7-hydroxycoumarin. When microsomes isolated
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from Cyp2a5-null mice are incubated with the CYP2A5 substrate nicotine, the product cotinine
was detected following incubation with NADPH, though the rate of cotinine formation is
significantly lower in microsomes isolated from Cyp2a5-null mice compared to WT mice (Zhou
et al., 2010). The authors propose that residual amounts of cotinine formed by microsomes from
Cyp2a5-null mice is due to catalytic activity of CYP enzymes other than CYP2A5 (Zhou et al.,
2010). Moreover, the rate of 7-hydroxycoumarin formation (pmol/min/mg protein) did not
significantly increase in microsomes isolated from Cyp2a5-null mice treated with the CYP2A5
inducer PYR, though the rate of 7-hydroxycoumarin formation increased by ~7.3-fold in
microsomes isolated from WT mice treated with PYR. As a result, it was concluded that
CYP2A5 activity is knocked out in Cyp2a5-null mice.
Next, constitutive and PYR-induced expression of enzymes involved in heme metabolism
was quantified to determine whether gene expression varies when CYP2A5 activity is absent.
Ho-1, Ho-2, BvrA, BvrB, and Ugt1a1 expression was not different between WT and Cyp2a5-null
mice, even when mice were treated with PYR. PYR treatment significantly increased Ho-1 and
BvrB expression in both WT and Cyp2a5-null mice as previously reported (Nichols and Kirby,
2008). Similarly, it has previously been shown using immunoblotting that PYR treatment
increases HO-1 protein expression in microsomes and mitoplasts isolated from DBA/2J mice,
though no specific BVR isoform was assessed (Muhsain et al., 2015). Constitutive and PYRinduced UGT1A1 protein expression was also compared between WT and Cyp2a5-null mice.
Again UGT1A1 expression was not significantly different between WT and Cyp2a5-null mice,
though PYR treatment decreased UGT1A1 protein expression as previously reported (Muhsain
et al., 2015). As we and others have shown (Nichols and Kirby, 2008; Muhsain et al., 2015),
PYR enhances the hepatic expression of genes involved in heme catabolism and BR production,
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but diminishes UGT1A1 expression in the liver. This suggests that PYR treatment may cause BR
to accumulate in the liver of mice to potentially pro-oxidant levels that could exacerbate
hepatotoxicity.
Endogenous BR serum levels were measured in WT and Cyp2a5-null mice to determine
whether the absence of CYP2A5 activity had any effect on BR production and clearance. Total,
conjugated, and unconjugated endogenous BR serum levels were not different between WT and
Cyp2a5-null mice. Total BR serum levels were below 3 mg/mL, indicating that untreated WT
and Cyp2a5-null mice were not hyperbilirubinemic. Mice were treated with 10 mg/kg BR via tail
vein infusion as previously described (Huang et al., 2003), and total BR serum levels were
measured in mice 5 minutes post BR injection, which surpassed 100 mg/dL in the current study.
As reported by Huang et al. (2003), our results indicated that ~ 90% of total serum BR was
cleared from the serum 60 minutes post BR tail vein infusion in WT mice that received no PYR
pre-treatment.
As per our hypothesis, it was expected that total BR serum levels 60 minutes post BR
treatment would be elevated in Cyp2a5-null mice if CYP2A5 was involved in BR metabolism
and clearance. While BR was being cleared as indicated by the decrease in total serum BR levels
60 minutes post BR injection compared to 5 minutes post BR injection, there was no difference
in total serum BR levels between WT and Cyp2a5-null mice, even when WT mice were pretreated with PYR to induce CYP2A5 activity. Since BR is cleared in Cyp2a5-null mice with the
same efficiency as WT mice with high CYP2A5 activity levels induced by PYR, it is unlikely
that CYP2A5 has a role in BR clearance. Whereas total BR serum levels exceed 3 mg/dL 60
minutes post BR injection, indicating that mice are still hyperbilirubinemic and require BR
clearance, assessment of serum BR levels at earlier time points when BR is at higher levels in the
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serum and liver, such as 30 minutes post BR injection, may indicate whether or not CYP2A5 is
involved in BR clearance.
PYR down-regulated UGT1A1 protein expression in DBA/2J mice (Muhsain et al.,
2015), and our study confirms that UGT1A1 protein is also down-regulated by PYR in C57BL/6
mice. Furthermore, serum levels of conjugated BR decreased 60 minutes post BR injection in
mice pre-treated with PYR compared to mice that received no PYR pre-treatment, further
providing strong evidence that hepatic UGT1A1 conjugating efficiency is impaired by PYR
treatment, causing decreased hepatic clearance of BR via conjugation. Still, even though BR
conjugation by UGT1A1 is impaired by PYR, total BR serum levels remaining 60 minutes post
BR injection are not different between mice that received no PYR pre-treatment and mice pretreated with PYR. Since BR is still being cleared from the serum when UGT1A1 is downregulated by PYR, even in Cyp2a5-null mice that have CYP2A5 activity knocked out, it is likely
that BR is cleared by a different mechanism that does not involve CYP2A5 or UGT1A1. There is
strong in vivo evidence in the Gunn rat animal model that BR is broken down to BOMs for
clearance in the absence of UGT1A1 (Schmid and Hammaker, 1963; Kapitulnik and Ostrow,
1978), and in vitro evidence in DBA/2J mice suggests that dipyrroles are a major product formed
by microsomal oxidative metabolism (Abu-Bakar et al., 2011; Muhsain et al., 2015). Therefore,
it is possible that BR is still oxidized and fragmented to dipyrroles in C57BL/6 mice when
UGT1A1 is down-regulated by PYR. It would be ideal to measure BR dipyrroles in the bile or
urine of WT and Cyp2a5-null mice pre-treated with PYR prior to BR tail vein infusion to assess
whether there is enhanced clearance of BOMs. A similar approach showed increased clearance
of BR dipyrroles in Gunn rats treated with the CYP1A inducer TCDD (Kapitulnik and Ostrow,
1978). This would confirm whether BR is fragmented to dipyrroles for clearance, likely by ROS
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or other CYPs via oxidative metabolism. Since it may be difficult to collect sufficient bile or
urine for analysis, PYR-treated mice could be injected with an antioxidant such as vitamin E or
vitamin C one hour before BR tail vein infusion to determine whether ROS are responsible for
enhanced BR clearance. Otherwise, the same experiment conducted in this study with Cyp2a5null mice could be repeated in Cyp1a2-null mice of the C57BL/6 strain to determine whether
CYP1A2 is responsible for enhanced BR clearance.
It is possible that ROS produced from CYP1A1/CYP1A2 uncoupling are responsible for
BR fragmentation and clearance in C57BL/6 mice as this strain expresses functional AhR, the
transcription factor that commonly regulates CYP1A expression (Arpiainen et al., 2005). AbuBakar et al. (2005) reported that although CdCl2 treatment enhanced CYP2A5 mRNA and
protein expression as well as microsomal BR degradation, CdCl2 did not induce Cyp1a2
expression, likely because DBA/2J mice lack functional AhR. Nonetheless, the CYP1A2 high
affinity substrate 7-methoxyresorufin competitively inhibited BR degradation by ~20% (AbuBakar et al., 2005), indicating that either CYP1A2 or ROS produced by CYP1A2 uncoupling
may participate in BR degradation. In C57BL/6 mice with functional AhR, Zaccaro et al. (2001)
demonstrated that the rate of BR degradation was significantly enhanced by ~ 3-fold in
microsomes isolated from mice treated with the CYP1A inducers 3-MC or β-naphthoflavone.
Since our results demonstrate that CYP2A5 is not likely involved in BR clearance in C57BL/6
mice that express functional AhR, future studies should evaluate whether PYR and/or BR induce
CYP1A1/CYP1A2 expression in C57BL/6 mice as these CYP enzymes may be responsible for
BR degradation and clearance via enhanced ROS production. There is some evidence indicating
that BR induces CYP1A1 mRNA expression and activity in the Hepa 1c1c7 cell line in a dose-
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dependent manner that requires functional AhR (Sinal and Bend, 1997), however, in vivo
experiments in the C57BL/6 mice have not yet been performed.
Other than CYP2A5, PYR is also known to induce CYP2E1 protein expression and
activity (Winters and Cederbaum, 1992; Lu et al., 2008), and purified CYP2E1 oxidizes PYR to
4-hydroxypyrazole (Clejan and Cederbaum, 1990). CYP2E1 metabolism bioactivates substrates,
such as ethanol (Lu and Cederbaum, 2008) and produces ROS due to poor coupling to the P450
oxidoreductase (Ekstrom and Ingelmansundberg, 1989; Lu and Cederbaum, 2008). Since
CYP2E1 is induced by PYR (Winters and Cederbaum, 1992), it is possible that ROS produced
from CYP2E1 catalytic cycle uncoupling are responsible for BR oxidation to dipyrroles and
enhanced clearance.
Apart from BR clearance, our results indicate that BR may not be a CYP2A5-specific
substrate since BR degradation was similar in microsomes with high CYP2A5 activity induced
by PYR and microsomes isolated from Cyp2a5-null mice. Instead, BR disappearance only
increased in Cyp2a5-null mice treated with PYR compared to control Cyp2a5-null mice in the
absence of NADPH, clearly indicating that CYP2A5 is not responsible for BR degradation.
Accordingly, only small amounts of BV were detected, likely from BR autoxidation (Appendix
III). While constitutive CYP2A5 expression is low in C57BL/6 mice (Wood and Conney, 1974),
PYR treatment increased CYP2A5 activity to levels greater than constitutive CYP2A5 activity
levels in microsomes from DBA/2J mice (Table 3). This level of CYP2A5 activity has been
shown to cause BR disappearance and BV production (Muhsain et al., 2015).
Another reported difference between C57BL/6 and DBA/2 mouse strains is a mutation
that renders AhR non-functional in DBA/2 mice (Poland and Glover, 1975) that may limit the
induction of AhR-regulated genes. Specifically, CYP1A1 and CYP1A2 expression is up-
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regulated by AhR, and there is evidence that both enzymes may either directly catalyze BR
oxidation or indirectly cause BR oxidation via the production of ROS during catalytic cycle
uncoupling (Zaccaro et al., 2001; Pons et al., 2003; Abu-Bakar et al., 2005). Furthermore, there
is evidence that BR is an AhR ligand (Sinal and Bend, 1997), though this has only been shown in
a cell line and would need to be confirmed in C57BL/6 mice. Thus, it is possible that CYP1A1
and CYP1A2 are responsible for BR metabolism in C57BL/6 mice, and that CYP2A5 instead
metabolizes BR in DBA/2 mice to compensate for lack of CYP1A1/CYP1A2 induction by AhR.
Nonetheless, it is also possible that CYP2A5 affinity to BR is different in these two mouse
strains, affecting the ability of CYP2A5 to metabolize BR. Therefore, it would be important to
repeat the current study using microsomes isolated from DBA/2 mice to verify whether the
results can be replicated. It would also be informative to conduct molecular docking studies
similar to those that previously examined interaction between CYP2A6 and BR (Abu-Bakar et
al., 2012) to determine whether BR also interacts with the active site of CYP2A5; however,
CYP2A5’s crystal structure has not yet been reported.

Table 3. Rate of 7-hydroxycoumarin formation (pmol/min/mg microsomal protein) reported in
DBA/2J and C57BL/6 mouse strains.

Abu-Bakar et al., 2005
-DBA/2J mice
-16 μmol/kg CdCl2 for 18 hours
Muhsain et al., 2015
-DBA/2J mice
-200 mg/kg PYR once per day
for 3 days
Current study
-C57BL/6 mice
-100 mg/kg PYR once per day
for 3 days

No treatment

CYP2A5 induction

Fold difference
between CTL and
treatment

91.90 ± 3.7

763.14 ± 42.20
(CdCl2)

~8.3

743 ± 99

7329 ± 500
(Pyrazole)

~9.9

191 ± 26

1391 ± 76
(Pyrazole)

~7.3
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While coumarin hydroxylase activity is induced in microsomes from pyrazole-treated
WT C57BL/6, using the same microsomes CYP2A5 does not catalyze the oxidation of BR to
BV. Although we used HPLC with UV-Vis detection instead of mass spectrometry to assess BV
levels, the limit of detection of our method is 1.25 µM BV, less than 10% of total BR (20 µM)
added to microsomes, and is therefore sensitive enough to detect BV at levels previously
reported (Abu-Bakar et al., 2011; Muhsain et al., 2015). However, our results indicate that the
amount of BV produced did not surpass 2 µM. In DBA/2J mice, Muhsain et al. (2015)
demonstrated that PYR enhanced CYP2A5 activity as well as microsomal BR disappearance.
However, PYR treatment decreased BV production and increased dipyrrole production in
DBA/2J mice, further suggesting that BV is not the major metabolite produced by CYP2A5
catalyzed BR oxidation (Muhsain et al., 2015). Interestingly, co-treatment of induced
microsomes with both BR and vitamin C did not prevent BR disappearance, suggesting that ROS
are not likely responsible for BR degradation (Muhsain et al., 2015). It would be interesting to
repeat the same experiment using fat-soluble vitamin E as it may associate more closely with
hydrophobic BR and cellular membranes (i.e.: microsomes), and thus scavenge ROS that would
otherwise oxidize BR. Nonetheless, our results suggest that CYP2A5 is not involved in BR
metabolism in C57BL/6 mice, contradictory to results obtained in DBA/2J mice (Abu-Bakar et
al., 2005; Muhsain et al., 2015).
The cytoprotective role of CYP2A5 during liver injury remains unclear, though it is
thought to involve oxidative stress. Steatosis and oxidative liver injury caused by ethanol is
worse in Cyp2a5-null mice compared to WT mice (Lu et al., 2012; Hong et al., 2015), and liver
injury caused by PYR is more severe in Nrf2 knockout mice lacking CYP2A5 induction (Lu et
al., 2008). Many hepatotoxins that induce CYP2A5 also increase heme catabolism in the liver,
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likely from the degradation of hemoproteins, resulting in increased BR production to potentially
pro-oxidant levels (Salonpaa et al., 1995; Abu-Bakar et al., 2005; Abu-Bakar et al., 2007;
Nichols and Kirby, 2008; Muhsain et al., 2015). It has been suggested that CYP2A5 may have a
role in maintaining BR and BV at antioxidant levels by oxidizing BR to BV, forming a redox
cycle with BVR, and in turn protecting against hepatotoxic levels of BR (Baranano et al., 2002;
Abu-Bakar et al., 2011; Muhsain et al., 2015). Muhsain et al. (2015) proposed that CYP2A5’s
role in the redox cycle specifically protects the mitochondria. Indeed, PYR induced the hepatic
expression of HO-1 and BVR in mitochondria of DBA/2J mice, suggesting that BR production is
enhanced. Mitochondrial CYP2A5 expression was also induced by PYR, indicating that
CYP2A5 is localized to the same organelle. Although we did not evaluate BR metabolism by
CYP2A5 in mitoplasts isolated from C57BL/6 mice, our results indicate that microsomal
CYP2A5 is not involved in the oxidation of BR to BV in C57BL/6 mice.
PYR treatment not only increases CYP2A5 expression but also CYP2E1 expression in
liver microsomes and mitoplasts from C57BL/6 mice (Robin et al., 2001; Bae et al., 2012).
Similarly, CYP2A5, CYP1A1, and CYP1A2 protein expression is also increased in liver
microsomes and mitoplasts from C57BL/6 mice treated with the CYP1A inducer TCDD (Genter
et al., 2006). In both cases, the hepatotoxin induces CYPs prone to producing ROS via CYP
uncoupling at the mitochondria and ER. CYP2A5 expression is also induced and localized to the
same areas in the cell. The CYP1A inducer 3-MC also increases hepatic CYP1A2 and CYP2A5
mRNA expression in C57BL/6 mice with functional AhR, but not in DBA/2 mice (Arpiainen et
al., 2005). Therefore, it is possible that CYP2A5 from C57BL/6 mice minimizes ROS-induced
damage caused by CYP uncoupling. In agreement, Lu et al. (2011) have shown using Cyp2e1
knockout mice that ethanol induces both CYP2E1 and CYP2A5 expression, and that CYP2E1
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induction by ethanol is necessary for CYP2A5 induction. Ethanol also increases hepatic Nrf2
mRNA and protein levels in C57BL/6J, similar to PYR (Gong and Cederbaum, 2006). Since
CYP2A5 induction by ethanol is abrogated in Nrf2 (-/-) mice, just as pyrazole induction of
CYP2A5 is in Nrf2 (-/-) mice (Lu et al., 2008), and the administration of antioxidants also
decreased CYP2A5 induction, Lu et al. (2012) proposed that induction of CYP2A5 by ethanol
involved CYP2E1-mediated ROS production and NRF2 activation (Lu et al., 2011; Lu et al.,
2012). Therefore, it is possible that CYP2A5 protects against oxidative damage by managing
ROS produced by other CYPs during liver injury rather than being directly involved in BR
metabolism and clearance.
In conclusion, with the aid of Cyp2a5 knockout mice, the purpose of this thesis was to
further understand the role of CYP2A5 in BR metabolism and clearance in the liver. Although
previous studies have shown that BR disappearance is enhanced by microsomes from DBA/2J
mice expressing CYP2A5 (Abu-Bakar et al., 2005; Abu-Bakar et al., 2011), and that BV is a
main metabolite (Muhsain et al., 2015), our results indicate that microsomal CYP2A5 isolated
from C57BL/6 mice is not involved in BR metabolism and BV production. In addition, our
results suggest that CYP2A5 is not involved in BR clearance in C57BL/6 mice when UGT1A1 is
down-regulated by PYR. Because the level of UGT1A1 activity does not impact BR clearance in
Cyp2a5-null mice, our results suggest that BR is cleared by a mechanism that does not involve
UGT1A1 or CYP2A5. There is strong evidence indicating that ROS are involved in the
degradation and clearance of BR (Table 1), suggesting that ROS produced by either hepatotoxins
or CYP uncoupling may be responsible for the degradation and clearance of excess hepatic BR.
To confirm that BR is cleared by ROS when UGT1A1 is down-regulated by PYR, dipyrroles can
be measured in the bile of mice treated with BR.
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There is strong evidence supporting a cytoprotective role for CYP2A5 during oxidative
stress when the liver is injured (Lu et al., 2008; Lu et al., 2012; Hong et al., 2015). It has been
proposed that CYP2A5 participates in a redox cycle that maintains BR at antioxidant levels,
protecting the liver from further injury (Muhsain et al., 2015). However, our results indicate that
microsomal CYP2A5 does not enhance BR metabolism or BV production in C57BL/6 mice.
Therefore, the functional role of CYP2A5 in hepatocellular cytoprotection remains unclear.
Since hepatotoxins causing oxidative stress tend to increase the expression of CYPs that have
poor coupling efficiency (Robin et al., 2001; Arpiainen et al., 2005; Genter et al., 2006; Bae et
al., 2012), CYP2A5 may instead protect hepatocytes from ROS damage caused by CYP
uncoupling. Therefore, oxidative damage and the expression of CYP enzymes known to have
poor coupling efficiency (e.g. CYP1A1/CYP1A2 and CYP2E1) should be assessed in C57BL/6
Cyp2a5-null mice treated with various hepatotoxins. For example, it would be interesting to
compare oxidative liver damage between WT and Cyp2a5-null mice treated with PYR (CYP2E1
induction) or TCDD (CYP1A1/CYP1A2 induction), similarly to studies conducted with ethanol
(Lu et al., 2012; Hong et al., 2015). To further confirm whether there is a relationship between
oxidative damage and enhanced ROS production via CYP uncoupling, it would be interesting to
treat Cyp2e1-null mice with PYR or Cyp1a2-null mice with TCDD to assess whether CYP2A5
induction only occurs following induction of CYPs with poor coupling efficiency in the
C57BL/6 mouse strain, as shown with ethanol in Cyp2e1-null mice (Lu et al., 2011; Lu et al.,
2012).

79

Summary and conclusions
The present study investigated the role of CYP2A5 in BR metabolism and clearance in
C57BL/6 mice using a Cyp2a5 knockout mouse model. Our results indicate that coumarin
hydroxylase activity increases in WT mice treated with PYR, a well-characterized CYP2A5
inducer, but not in Cyp2a5-null mice, confirming that CYP2A5 activity is knocked out. Since
constitutive CYP2A5 expression is low in C57BL/6 mice, WT and Cyp2a5-null mice were
treated with PYR in order to compare BR metabolism in mice with high CYP2A5 activity to
mice with low CYP2A5 activity levels, respectively.
Our results indicate that PYR treatment increases Ho-1 and BvrB mRNA expression, but
decreases UGT1A1 protein expression in the liver of WT and Cyp2a5-null mice, as previously
reported (Nichols and Kirby, 2008; Muhsain et al., 2015). This indicates that PYR treatment may
increase BR production as a result of enhanced heme catabolism and decrease BR clearance via
UGT1A1 conjugation in both WT and Cyp2a5-null mice. Nevertheless, we did not observe a
difference in the expression of genes involved in heme metabolism between WT and Cyp2a5null mice in all treatment groups.
In order to investigate the role of CYP2A5 in BR clearance, serum BR levels were
measured in WT and Cyp2a5-null mice that were pre-treated with PYR to induce CYP2A5
activity and decrease UGT1A1 expression prior to intravenous BR administration. As BR can
only be eliminated by the liver, serum BR levels were used as an indicator of hepatic BR
clearance. Our results indicate that total BR levels in the serum 5 minutes after BR injection are
above 100 mg/dL, and that approximately 90% of total BR is cleared from the serum 60 minutes
after injection in both WT and Cyp2a5-null mice. The observation that total serum BR levels did
not differ between WT and Cyp2a5-null mice pre-treated with PYR indicates that CYP2A5 does
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not enhance BR clearance when UGT1A1 expression is down-regulated. Indeed, our results
demonstrate that PYR pre-treatment decreases UGT1A1 conjugation of BR in both WT and
Cyp2a5-null mice. Assessment of BR serum levels at earlier time points may confirm that
CYP2A5 is not involved in BR clearance when hyperbilirubinemia is more severe. Alternatively,
there is strong evidence indicating that ROS degrade BR to polar BOMs that are excreted in the
bile in Gunn rats treated with the CYP1A inducer TCDD (Kapitulnik and Ostrow, 1978).
Therefore, we propose that ROS produced by PYR or CYP uncoupling are responsible for BR
degradation and clearance in mice lacking UGT1A1 and CYP2A5 expression.
Lastly, BR disappearance and BV production were assessed in vitro using microsomes
from C57BL/6 WT and Cyp2a5-null mice treated with PYR to confirm that CYP2A5
metabolizes BR as previously reported using microsomes from DBA/2J mice (Abu-Bakar et al.,
2005; Muhsain et al., 2015). Our results suggest that microsomal CYP2A5 from livers of
C57BL/6 mice does not metabolize BR since BR disappearance and BV production was not
enhanced in microsomes from WT mice treated with PYR. It is therefore concluded that
CYP2A5 is not part of a redox cycle that maintains BR at antioxidant levels, as previously
proposed (Abu-Bakar et al., 2011; Muhsain et al., 2015). Because there is strong evidence that
hepatotoxins causing oxidative stress increase the hepatic expression of CYP2A5 and CYP
enzymes that generate ROS via CYP uncoupling (Robin et al., 2001; Arpiainen et al., 2005;
Genter et al., 2006; Lu et al., 2011; Bae et al., 2012; Lu et al., 2012), we propose that CYP2A5
protects hepatocytes by mitigating ROS production or oxidative damage caused by CYP
uncoupling. Using Cyp2a5 or Nrf2 knockout mice, it has been shown that oxidative damage
caused by in vivo ethanol or PYR treatment, respectively, is more severe in mice lacking
CYP2A5 induction (Lu et al., 2008; Hong et al., 2015). Therefore, in order to clarify the
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hepatoprotective role of CYP2A5, future studies should investigate the relationship between
oxidative hepatic damage and the induction of CYP enzymes that enhance ROS production via
uncoupling in Cyp2a5 knockout mice treated with various hepatoxins in vivo.
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Appendix I – Reagent and buffer recipes

In vivo pyrazole treatment

Pyrazole (20 mg/mL stock solution)
-Pyrazole

20 mg

-PBS, pH 7.4 (sterile)

1 mL

-Prepare fresh on day of treatment and treat 20g mouse with 100μL

Phosphate-buffered saline (PBS), pH 7.4
- NaCl

8g

- KCl

0.2 g

- Na2HPO4•7H2O

2.68 g

- KH2PO4

0.24 g

- MilliQ water

900 mL

- pH to 7.4 and adjust volume to 1 L

Liver microsome isolation

Homogenization Buffer, pH 7.4
- Tris Base

1.21 g

- Sucrose

20 g

- MilliQ water

80 mL

- pH to 7.4 and adjust volume to 100 mL
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Microsome Storage Buffer, pH 7.4
-Tris Base

1.21 g

- Glycerol

20 mL

- MilliQ water

80 mL

- pH to 7.4 and adjust volume to 100 mL

Coumarin 7-hydroxylase activity assay

Coumarin assay incubation buffer (per sample)
-0.5M Tris-HCl, pH 7.4

48 μL

-100mM MgCl2

40 μL

-10mM Coumarin*

8 μL

-MilliQ water

384 μL

Final volume

480 μL

*Coumarin added fresh to incubation buffer prior to beginning assay

0.5 M Tris-HCl, pH 7.4
-Tris base

6.05 g

-MiliQ water

80 mL

-pH to 7.4 and adjust volume to 100mL

100 mM MgCl2
-MgCl2•6H2O

203mg

-MiliQ water

10mL
96

10 mM coumarin
-Coumarin

14.6 mg

-Ethanol

1 mL

-Dissolve in a 40°C water bath
-Adjust volume to 10 mL with warm MilliQ water

7.5 mM NADPH
-NADPH*

1 mg

-Microsomal storage buffer, pH7.4

160 μL

-Add 160 μL for 1.5 mM NADPH in 800 μL volume
*Only weigh as much NADPH needed for number of samples

2 mM 7-hydroxycoumarin
-7-hydroxycoumarin

3.24 mg

-Ethanol

1 mL

-Dissolve in 40°C water bath.
-Adjust volume to 10 mL with warm MilliQ water
-Add 10 μL to 1,990 μL incubation buffer (no coumarin) to make 10 μM standard
-Make serial dilutions for the standard curve: 10 μM, 5 μM, 2.5 μM, 1.25 μM, 0.625 μM, 0 μM

2 mM 7-ethoxycoumarin
-7-ethoxycoumarin

3.80 mg

-Ethanol

1 mL
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-Dissolve 7-ethoxycoumarin in 1mL ethanol in 40°C water bath
-Adjust volume to 10 mL with warm MilliQ water
-Spike 5 μL in 1000 μL samples prior to protein precipitation for a final concentration of 10 μM

RNA reverse transcription

DNase treatment (per sample)
-DNase

1 μL

-10X reaction buffer

1 μL

-Nuclease-free water

6 μL

-RNA (0.5μg/μL)

2 μL

Total volume

10 μL

Reverse transcription (per sample)
-10 mM dNTP

1 μL

-Random primers (0.1 μg/μL)

1 μL

-M-MLV RT

1μL

-RNaseOUT

0.5μL

-DTT (0.1 M)

2μL

-5X first strand synthesis buffer

4μL

Total volume

9.5μL

98

qPCR

qPCR Master mix (per sample)
PerfeCTa SYBR ROX FastMix

10 μL

Nuclease-free water

2.2 μL

10μM primers (forward and reverse) 0.8 μL
Sample cDNA

7 μL

Total volume

20 μL

Western immunoblotting

10% separating gel
-MiliQ water

4.1 mL

-1.5M tris, pH 8.8

2.5 mL

-10% SDS

100 μL

-30% acrylamide

3.3 mL

-10% ammonium persulfate*

100 μL

-TEMED

5 μL

4% stacking gel
-MiliQ water

3.1 mL

-0.5M Tris, pH 6.8

1.25 mL

-10% SDS

50 μL

-30% acrylamide

665 μL
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-10% ammonium persulfate*

50 μL

-TEMED

5 μL

1.5 M Tris-HCl, pH 8.8
Tris base

18 g

MiliQ water

80 mL

-pH to 8.8 and adjust volume to 100mL

0.5 M Tris-HCl, pH 6.8
Tris base

6g

MiliQ water

80 mL

-pH to 6.8 and adjust volume to 100mL

10% SDS
SDS

10 g

MiliQ water

90 mL

-Adjust volume to 100mL

10% ammonium persulfate (APS)*
APS*

10 mg

MiliQ water

1 mL

*Prepare fresh

100

5X Laemmli Buffer (order of addition is important)
- 2.0 M Tris-HCl, pH 6.8

3.125 mL

- β-mercaptoethanol

5 mL

- SDS

2 g (dissolve completely before proceeding)

- Glycerol

10 mL (add slowly)

- 1% bromophenol blue

200 μL

-Bring to final volume 20 mL with MilliQ water
-Aliquot in amber tubes as β-mercaptoethanol is light sensitive, store at -20 °C

2.0 M Tris-HCl, pH 6.8
- Tris base

12.59 g

- MilliQ water

30 mL

-pH to 6.8 and adjust volume to 50 mL

1% Bromophenol blue
- bromophenol blue

100 mg

- MilliQ water

10 mL

5X SDS-PAGE running buffer, pH 8.3
- Tris Base

60 g

- Glycine

288 g

- SDS

20 g

- MilliQ water

3L

-pH to 8.3 and adjust volume to 4 L
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Transfer buffer (pH 8.1-8.4)
- Tris Base

12.12 g

- Glycine

57.6 g

- Methanol

800 mL

- MilliQ water

3L

-Adjust volume to 4 L and store at 4°C

Tris buffered saline (TBS), pH 7.6
- Tris Base

9.6 g

- NaCl

32 g

- MilliQ water

3L

-pH to 7.6 and adjust volume to 4 L

TBS-Tween 20 (TBS-T), 0.1% tween
-TBS

999 mL

-Tween 20

1 mL

Bilirubin tail vein injections

2 mg/mL bilirubin (prepared fresh with minimal light)
-1.0 N NaOH

500 μL

-PBS, pH 7.4

3.5 mL

-Bilirubin mixed isomers

10 mg

-pH to ~7.6 and adjust volume to 5 mL
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Bilirubin oxidase activity assay

4 mM bilirubin (prepared fresh with minimal light)
-Bilirubin mixed isomers

3.52 mg

-DMSO

1.5 mL

-Add 2.5 μL in 500 μL total volume for 20 μM dose

Biliurbin assay incubation buffer
-1.0 M Tris-HCl, pH 8.2

5 mL

-1.3 M KCl

1 mL

-0.5 M EDTA, pH 8.0

1 mL

-MilliQ water

43 mL

1.0 M Tris-HCl, pH 8.2
Tris base

12.1 g

MiliQ water

80 mL

-pH to 8.2 and adjust volume to 100mL

1.3 M KCl
-KCl

9.69 g

-MilliQ water

10 mL
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0.5 M EDTA, pH 8.0
-EDTA

9.3 g

-MiliQ water

80 mL

-Adjust pH to 8.0 with NaOH
-Bring to final volume of 100 mL

200 mM NADPH (per 500 μL sample)
-NADPH

0.625 mg

-MilliQ water

5 μL

-Add 5 μL to each tube, resulting in 2 mM NADPH in 500 μL volume
-Prepared fresh

2 mM biliverdin (for standard curve)
-Biliverin

1.86 mg

-DMSO

1.5 mL

2.5 mM mesoporphyrin
-Mesoporphyrin

2.4 mg

-DMSO

1.5 mL

-Spike 2 μL in 500μL samples prior to TCA protein precipitation
-IS final concentration = 10 μM
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Collagenase Liver Perfusion

Blanching solution
-1.0M HEPES, pH 7.4

1 mL

-0.1M EGTA, pH 7.4

1 mL

-10X HBSS

10 mL

-Autoclaved miliQ water

88 mL

Collagenase solution
-1.0 M HEPES, pH 7.4

0.6 mL

-7.5% BSA*

64 μL

-Type I collagenase*

100 U/mL

-William’s medium E, pH 7.4

60 mL

*BSA and collagenase are to be added fresh on the day of the perfusion

7.5% bovine serum albumin (BSA)
-750 mg BSA Fraction V was dissolved in 8 mL MiliQ water
-The volume was then adjusted to 10 mL with MiliQ water

Type I collagenase
-As the collagenase activity is different for each lot, the amount of collagenase (mg) to be added
to the collagenase solution for a final activity of 100 U/mL must be calculated for each lot
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William’s medium E
-William’s media E powder (10.8 g) was dissolved in 900 mL of MiliQ water.
-After adding 2.2 g sodium bicarbonate (NaHCO3), the pH was adjusted to 7.37-7.39.
-The volume was adjusted to 1 L using MilliQ water and the media was filtered (0.22 μM).

Primary hepatocyte cell culture and siRNA treatment

Attachment media
-1.0 M HEPES

5 mL

-Gentamicin (50 mg/mL)

75 μL

-10 mM dexamethasone

2.5 μL

-ITS

500 μL

-FBS (heat-inactivated)

50 mL

-William’s medium E

444.5 mL

Serum-free media
-1.0 M HEPES

5 mL

-Gentamicin (50 mg/mL)

100 μL

-ITS

500 μL

-William’s medium E

494.5 mL

10 mM dexamethasone
-dexamethasone

3.925 g

-Ethanol

1 mL
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Insulin-transferrin-selenium (ITS)
-The lyophilized powder was reconstituted in 5 mL MilliQ water and aliquoted.
-1 mL aliquots each contained 5 mg insulin, 5 mg transferrin, and 5 μg sodium selenite.

Fetal bovine serum albumin (FBS)
-FBS was aliquoted into 50 mL sterile conical centrifuges tubes and incubated at 56°C in a
shaking water bath for 30 minutes to inactivate complement.

siRNA Treatment
-Lyophilized Silencer Select Cyp2a5 and Silencer Select Negative Control siRNAs were
reconstituted in HyClone nuclease-free water to make 20 μM stocks.

Cell lysis buffer
- 1.0 M Tris, pH 7.5

5 mL

- Glycerol

10 mL

- 0.5 M EDTA, pH 8.0

1 mL

- 2.5 M NaCl2

6 mL

- NP-40 alternative

500 μL

- MilliQ water

77.5 mL

-10mL aliquots were stored at -20°C.
-One cOmplete mini tablet protease inhibitor was dissolved in a thawed 10mL aliquot.

107

Appendix II – Source of materials

0.22 μM bottle top vacuum filter

Corning Inc, Corning, NY

70 μM cell strainer

Fisher Scientific, Ottawa, ON

1.0 M HEPES

Gibco, Burlington, ON

1.0 N NaOH

Sigma-Aldrich, Oakville, ON

1.5 mL microcentrifuge tubes

Fisher Scientific, Ottawa, ON

2.0 mL microcentrifuge tubes (amber)

Fisher Scientific, Ottawa, ON

6-well cell culture plate

Corning Inc, Corning, NY

7-ethoxycoumarin

Sigma-Aldrich, Oakville, ON

7-hydroxycouamrin

Sigma-Aldrich, Oakville, ON

10 mM dNTPs

Invitrogen, Burlington, ON

10X HBSS

Gibco, Burlington, ON

15 mL conical centrifuge tubes

Fisher Scientific, Ottawa, ON

30% Acrylamide

Bio-Rad Laboratories, Mississauga, ON

50 mL conical centrifuge tubes

Fisher Scientific, Ottawa, ON

96-well microplates (black or clear)

Corning Inc, Corning, NY

100 mm x 15 mm petri dish

Fisher Scientific, Ottawa, ON

Agarose (UltraPure)

Invitrogen, Burlington, ON

Amersham Hybond-ECL nitrocellulose membrane

GE Healthcare, Oakville, ON

Ammonium persulfate

Fisher Scientific, Ottawa, ON

β-mercaptoethanol

Sigma-Aldrich, Oakville, ON

Bilirubin mixed isomers

Sigma-Aldrich, Oakville, ON
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Biliverdin hydrochloride

Sigma-Aldrich, Oakville, ON

Bio-Rad protein assay reagent

Bio-Rad Laboratories, Mississauga, ON

BLUeye prestained protein ladder

FroggaBio, Toronto, ON

Bromophenol blue

Sigma-Aldrich, Oakville, ON

BSA (Fraction V)

Fisher Scientific, Ottawa, ON

C57BL/6 male mice

Charles River Canada, St Constant, QC

Chicken anti-mouse CYP2A5 primary antibody

Dr. Juvonen, Kuopio, Finland

Chloroform

Fisher Scientific, Ottawa, ON

Clarity Western ECL Substrate

Bio-Rad Laboratories, Mississauga, ON

cOmplete, EDTA free protease inhibitor (mini)
Coumarin

Roche Diagnostics, Mississauga, ON
Sigma-Aldrich, Oakville, ON

Cyp2a5-null mice

Dr. Ding, Albany, NY

CytoTox-ONE Homogeneous Membrane Integrity Assay

Promega, Whitby, ON

Dexamethasone

Sigma-Aldrich, Oakville, ON

DMSO

Fisher Scientific, Ottawa, ON

EDTA

Sigma-Aldrich, Oakville, ON

EGTA

Sigma-Aldrich, Oakville, ON

Ethanol

Commercial Alcohols, Brampton, ON

EZ-Vision DNA Dye

Amresco, Solon, OH

FBS

Sigma-Aldrich, Oakville, ON

Gentamicin (50mg/mL)

Gibco, Burlington, ON

Glacial acetic acid

Fisher Scientific, Ottawa, ON

Glycerol

Fisher Scientific, Ottawa, ON
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Goat anti-mouse UGT1A1 primary antibody

Santa Cruz Biotechnology, Dallas, TX

HRP-conjugated goat anti-chicken IgG

Sigma-Aldrich, Oakville, ON

HRP-conjugated goat anti-mouse IgG

Sigma-Aldrich, Oakville, ON

HRP-conjugated rabbit anti-goat IgG

Sigma-Aldrich, Oakville, ON

HyClone Molecular Biology grade water

Fisher Scientific, Ottawa, ON

Isopropanol

Fisher Scientific, Ottawa, ON

ITS

Roche Diagnostics, Mississauga, ON

Lipofectamine 2000

Invitrogen, Burlington, ON

Low Mass DNA Ladder

Invitrogen, Burlington, ON

Magnesium chloride hexahydrate

Sigma-Aldrich, Oakville, ON

Mesoporphyrin

Sigma-Aldrich, Oakville, ON

Methanol

Fisher Scientific, Ottawa, ON

MicroAMP Fast 96-well reaction plate (0.1mL)
M-MLV Reverse Transcriptase

Applied Biosystems, Burlington, ON
Invitrogen, Burlington, ON

Mouse anti-β-actin

Sigma-Aldrich, Oakville, ON

NADPH

Sigma-Aldrich, Oakville, ON

NP-40 Alternative

EMD Millipore, Billerica, MA

Opti-MEM

Gibco, Burlington, ON

Pentobarbital

MTC Pharmaceuticals, Cambridge, ON

PerfeCTa SYBR ROX FastMix

Quanta Biosciences, Gaithersburg, MD

Potassium chloride

Fisher Scientific, Ottawa, ON

Potassium phosphate monobasic

Fisher Scientific, Ottawa, ON

Precision Plus Protein Dual Colour Standard

Bio-Rad Laboratories, Mississauga, ON

Proteinase K

Promega, Whitby, ON
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Pyrazole

Sigma-Aldrich, Oakville, ON

Random Primers

Invitrogen, Burlington, ON

RNAlater

Sigma-Aldrich, Oakville, ON

RNaseOUT

Invitrogen, Burlington, ON

RQ1 RNase-free DNase

Promega, Whitby, ON

SDS

Fisher Scientific, Ottawa, ON

Silencer Select Cyp2a5 siRNA

Invitrogen, Burlington, ON

Silencer Select Negative Control siRNA #1

Invitrogen, Burlington, ON

Sodium bicarbonate

Fisher Scientific, Ottawa, ON

Sodium chloride

Fisher Scientific, Ottawa, ON

Sodium phosphate dibasic heptahydrate

Fisher Scientific, Ottawa, ON

Sucrose

Fisher Scientific, Ottawa, ON

Taq DNA polymerase

Invitrogen, Burlington, ON

TEMED

GE Healthcare, Oakville, ON

Trichloroacetic acid

MP Biomedicals, Solon, OH

Tris base

Fisher Scientific, Ottawa, ON

TRIzol

Ambion, Burlington, ON

Trypan blue

Sigma-Aldrich, Oakville, ON

Tween 20

Fisher Scientific, Ottawa, ON

Tygon R-3603 tubing

Fisher Scientific, Ottawa, ON

Type I Collagenase

Sigma-Aldrich, Oakville, ON

William’s Medium E

Sigma-Aldrich, Oakville, ON
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Appendix III – Evidence of BR autoxidation

There was evidence that BR is autoxidized over time after microsomal activity was
inhibited by the addition of TCA and methanol because the BV peak area would increase when
the same sample was injected on the HPLC at a later time (Table 4). Since we are interested in
quantifying the amount of BV produced when BR is metabolized by microsomes (CYP2A5
specifically), only 4 microsomal samples were incubated and queued for injection on the HPLC
at a time to control for BV production from BR autoxidation. The order of samples was also
mixed each time in order to prevent any bias. Also, it was not possible to run samples in
duplicate when using the TCA precipitation method to quantify BV as this would greatly
increase the amount of time between injections and thus the amount of BR that is autoxidized.
All standards, however, were run in duplicate.

Table 4. Evidence of BR autoxidation over time when microsomal activity is inhibited.
BV peak area right after
incubation

BV peak area 2 hours
following incubation

Incubated with NADPH

24.6

55.9

Incubated without NADPH

23.2

48.5

WT mouse treated with PYR
(biological replicate #1)
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Appendix IV - Cyp2a5 siRNA knockdown in primary mouse hepatocytes

A method using small interfering RNA (siRNA) was developed to knockout Cyp2a5
expression in primary mouse hepatocytes to study the role of CYP2A5 in hepatoprotection in
future studies.

Methods

Euthanasia and collagenase liver perfusion
Mice were treated with a lethal dose of pentobarbital via intraperitoneal (IP) injection,
and once unresponsive to stimuli, mice were positioned on their backs with their ventral side
facing upwards. The ventral cavity was wiped down with 70% ethanol prior to making an
incision through the fur and muscle tissue to expose the abdominal and thoracic cavities. The
abdominal organs were reflected to the side to expose the hepatic portal vein, and, the ventral
thoracic wall was removed to expose the vena cava.
A ligature was made around the inferior vena cava using 3-0 silk thread, and then a small
incision was made at the superior vena cava near the right atrium with iris scissors in order to
place a 23-gauge polyethylene catheter inside the vena cava, where the ligature was tied off to
secure the catheter. The catheter was connected to Tygon R-3603 tubing that ran through a
Minipuls 3 peristaltic pump (Gilson Inc.) to the perfusion solutions kept in a water bath at 40°C.
Once the catheter was secured, the hepatic portal vein was cut, and the liver was first perfused
with a blanching solution (Appendix I) for ~2.5 minutes at a flow rate of 3 mL/min to remove
blood from the liver. Afterwards, the liver was perfused with a collagenase solution (Appendix I)

113

for ~6 minutes at a flow rate of 4 mL/min to break apart the extracellular matrix between
hepatocytes, allowing hepatocytes to disassociate.

Primary hepatocyte cell culture
Once hepatocytes appeared disassociated, the liver was removed from the mouse, and the
gall bladder was excised prior to rinsing the liver with cold attachment media containing 10%
fetal bovine serum (Appendix I) in a 100 mm x 15 mm petri dish. While submerged in
attachment media, the ends of the liver lobules were gently torn with curved forceps and the liver
was then gently agitated to release hepatocytes into the media. Once the liver was completely
scored, the cell suspension was filtered through a 70 μM cell strainer into a 50 mL conical
centrifuge tube. The conical tube was then centrifuged at 50 x g for 2 minutes at 4°C in a Sorvall
Legend RT Plus Centrifuge (Fisher Scientific) using a swinging-bucket rotor. The supernatant
was aspirated from the pelleted hepatocytes and 30 mL fresh attachment media was added to resuspend and rinse the cells. Following 2 rinses, the cells were re-suspended once again in 30 mL
cold attachment media and mixed gently prior to counting cells.
Cell viability and hepatocellular concentration were determined by staining cells with
0.4% trypan blue and counting viable cells on a hemocytometer using a Labophot Microscope
(Nikon). Hepatocytes were plated in attachment media in 6-well plates at a density of 400,000
cells/well, or, in 96-well plates at a density of 15,000 cells/well. Plates were then placed in a
humidified Thermo Forma Series II Water Jacketed CO2 Incubator (Thermo Scientific) with 5%
CO2 at 37°C for 4-5 hours to allow cell attachment. The attachment media was then aspirated
and replaced with fresh serum-free media (Appendix I), and the hepatocytes were serum-starved
overnight (16-18 hours) prior to commencing experiments.
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siRNA treatment
Lyophilized Silencer Select Cyp2a5 and Silencer Select Negative Control siRNAs were
reconstituted in HyClone nuclease-free water to make 20 μM stocks. To knockdown Cyp2a5
expression, hepatocytes were transfected with 30 nM Silencer Select Cyp2a5 siRNA or 30 nM
Silencer Select Negative Control (non-specific) siRNA in either 6-well or 96-well plates using
lipofectamine 2000 as the lipid vehicle. Lipofectamine and siRNA were combined in opti-MEM
at a 2:1 (w/w) ratio, and incubated at room temperature for 20 minutes. In the meantime, 1.8 mL
or 90 μL fresh serum-free media was added per well to 6-well plates or 96-well plates,
respectively. Following incubation, 200 μL or 10 μL of the lipid/siRNA complex was then added
per well to 6-well plates or 96-well plates, respectively, resulting in 30 nM siRNA transfection.
Hepatocytes were incubated in a humidified incubator (5% CO2, 37°C) for 24 hours.
Transfection efficiency was verified by quantifying Cyp2a5 gene expression and protein
expression using real-time PCR (qPCR) and Western immublotting.

Silencer Select Cyp2a5 siRNA
Sense 5’-GAUUCAUUUCGGAAGACGAtt-3’
Antisense 5’-UCGUCUUCCGAAAUGAAUCga-3’

RNA isolation from cultured hepatocytes and reverse transcription (RT)
Following 24 hour siRNA transfection in 6-well plates, hepatocytes were rinsed with 1
mL cold PBS prior to adding 1 mL cold TRIzol to each well and incubating plates at room
temperature for 5 minutes. Plates were then stored at -80°C for ~24 hours. Once the plates were
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thawed, the homogenate from each well was transferred to RNase-free 1.5 mL microcentrifuge
tubes, and, 200 μL chloroform was added to each tube. RNA extraction then proceeded as
previously described in the general methods section of this thesis.

qPCR
Cyp2a5 mRNA expression from cultured hepatocytes transfected with either Cyp2a5 or
non-specific siRNA was quantified comparatively using qPCR. Glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) was selected as the most stable reference gene in cultured primary
mouse hepatocytes transfected with Cyp2a5 or non-specific siRNA as Gapdh had the lowest
average expression stability value (M-value) when compared to the other candidate
housekeeping genes tested (β-actin and Ywhaz), quantified using the geNORM algorithm qbase+
software (Biogazelle). Histone also scored a low M-value similarly to gapdh, though gapdh was
selected as the housekeeping gene to maintain consistency with previous work from our research
group.
The reaction mixture for each sample contained 7.5 μL PerfeCTa SYBR ROX FastMix,
1.9 μL HyClone nuclease-free water, and 5 μM of both the forward and reverse primers (shown
below). The reaction mixture and 5 μL sample cDNA were loaded in duplicate in MicroAMP
Fast 96-well reaction plates, and the plates were analyzed using a Viia 7 Real-Time PCR System
(Applied Biosystems). The holding stage consisted of a denaturation step at 95°C for 30s. The
cycling stage cycled between 95°C for 3s and an annealing/extension step at 60°C for 30s for a
total of 40 cycles. Non-specific amplification and the presence of primer dimers were verified by
the melt curve stage, which began with an initial step at 95°C for 15s, followed by 60°C for 1
minute, and 0.3°C increments to a final temperature of 95°C, held for 15s.
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Cyp2a5 mRNA expression was normalized to Gapdh mRNA expression, and the foldchange of Cyp2a5 mRNA expression was compared between hepatocytes treated with Cyp2a5
siRNA to hepatocytes treated with non-specific siRNA.

Primer sequences and primer location on the target gene mRNA sequence:

Mouse Cyp2a5
Forward 5’-GGACAAAGAGTTCCTGTCACTGCTTC-3’ (606– 631)
Reverse 5’-GTGTTCCACTTTCTTGGTTATGAAGTCC-3’ (759– 786)

Mouse Gapdh
Forward 5’-ACAGTCCATGCCATCACTGCC-3’ (581–601)
Reverse 5’-GCCTGCTTCACCACCTTCTTG-3’ (826–846)

Western immunoblotting
CYP2A5 protein expression from cultured hepatocytes transfected with either Cyp2a5 or
non-specific siRNA was analyzed by immunblotting for CYP2A5 protein. Following 24 hour
siRNA transfection in 6-well plates, hepatocytes were washed once with 1 mL cold PBS prior to
incubating cells in 100 μL cold cell lysis buffer (Appendix I) for 5 minutes. Hepatocytes from
each well were then scraped and transferred to 1.5 mL microcentrifuge tubes and stored at -80°C
for at least 12 hours. Hepatocytes were thawed, and cell lysates were sonicated using a Model100 Sonic Dismembrator (Fisher Scientific) to further disrupt cell membranes. The cell lysate
was then centrifuged at 12,000 x g for 10 minutes at 4°C. The supernatant containing cellular
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proteins was transferred to a new 1.5 mL microcentrifuge tube, and protein was quantified by the
Bradford protein assay method using Bio-Rad Protein Assay Reagent.
A total of 20 μg denatured protein in 1X Laemmli loading buffer (Appendix I) was
loaded per lane on a 4% acrylamide stacking gel and protein was separated on a 10% acrylamide
separating gel for 2 hours at 100V in 1X SDS-PAGE running buffer (Appendix I). Protein was
then transferred to a 0.45 μM Amersham Hybond-ECL nitrocellulose membrane in cold 20%
methanol transfer buffer (Appendix I) for 1 hour and 40 minutes at 100V. Membranes were
blocked in 5% (w/v) skim milk in TBS-T (Appendix I) for 1 hour at room temperature prior to
incubating membranes overnight with chicken anti-mouse CYP2A5 primary antibody (1:5,000)
in 5% skim milk TBS-T. The next day, membranes were incubated with HRP-conjugated goat
anti-chicken IgG (1:5,000) in 5% skim milk TBS-T for 2 hours at room temperature. Protein
bands were detected by adding Clarity Western ECL Substrate to each membrane, and then
imaged on a ChemiDoc MP Imaging System (Bio-Rad). The BLUeye Prestained Protein Ladder
was loaded on every gel to verify the molecular weight of target proteins on the nitrocellulose
membrane.
As a loading control, β-ACTIN was subsequently detected on the same membranes.
Membranes were incubated with mouse anti-β-ACTIN (1:5,000) for 30 minutes at room
temperature, followed by HRP-conjugated goat anti-mouse IgG (1:20,000) for 30 minutes at
room temperature. CYP2A5 and β-ACTIN protein band densities were measured using Image
Lab Software, Version 4.1 (Bio-Rad), and, CYP2A5 protein band density was subsequently
normalized to β-ACTIN protein band density in order to compare CYP2A5 protein fold change
between hepatocytes treated with Cyp2a5 siRNA to hepatocytes treated with non-specific
siRNA.
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Results
Transfection efficiency was verified by qPCR, and average Cyp2a5 gene knockdown in
primary mouse hepatocytes treated with 30 nM Cyp2a5 siRNA was 97% compared to cells
treated with NS siRNA (Figure 10a). Next, CYP2A5 protein knockdown was verified by
Western immunoblot analysis, and average CYP2A5 protein knockdown in primary mouse
hepatocytes treated with 30 nM Cyp2a5 siRNA was ~72% compared to cells treated with NS
siRNA (Figure 10b). Although the majority of Cy2a5 gene expression is knocked down by
siRNA treatment, there is still ~30% CYP2A5 protein remaining, likely due to protein
stabilization. siRNA degrades target mRNA, blocking protein translation, resulting in reduced
protein expression (Karp, 2008). Therefore, any protein that is already synthesized prior to
siRNA treatment is not affected.
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Figure 10. Cyp2a5 siRNA knockdown in C57BL/6 primary mouse hepatocytes. Transfection of
30 nM non-specific (NS) or Cyp2a5 siRNA for 24 hours in primary mouse hepatocytes. (A)
qRT-PCR analysis of transfection efficiency, where Cyp2a5 mRNA levels from each mouse (n =
4) are normalized to the housekeeping gene Gapdh. (B) Immunoblot analysis of CYP2A5 protein
knockdown 24-hours post-transfection, where CYP2A5 protein levels from each mouse (n = 3)
are normalized to the loading control β-ACTIN. Significantly different from control, *** P ≤
0.001 (Independent-Samples T-Test).
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