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Lämsä, Virpi, Regulation of murine hepatic Cytochrome P450 2a5 expression by
transcription factor Nuclear factor (erythroid-derived 2)-like 2. 
University of Oulu Graduate School; University of Oulu, Faculty of Medicine, Institute of
Biomedicine, Department of Pharmacology and Toxicology, P.O. Box 5000, FI-90014
University of Oulu, Finland
Acta Univ. Oul. D 1174, 2012
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Abstract

The hepatic inducible Cytochrome P450s (CYPs) generally prime xenobiotics for elimination.
Murine CYP2A5 and human CYP2A6 share similar xenobiotic substrates and some regulatory
features. Recently, they were shown to oxidize bilirubin, a byproduct of heme catabolism and a
dose-dependent anti- or pro-oxidant, to biliverdin. 

In this study, the putative role of the redox-sensitive, cytoprotective transcription factor
Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) in the regulation of hepatic Cyp2a5 expression
and induction under diverse hepatotoxic conditions and altered heme homeostasis was
characterized. The coordination of Cyp2a5 and the Nrf2 target gene Heme oxygenase-1 (Hmox1),
which determines bilirubin formation from heme, responses to heavy metals and modulators of
heme homeostasis, was studied in cultured wildtype and Nrf2(-/-) mouse primary hepatocytes. 

Nrf2 was essential for the basal hepatic expression of CYP2A5 in the endoplasmic reticulum
(ER) and mitochondria, as well as for its induction by cadmium, lead, methyl mercury and
phenethyl isothiocyanate. A functional Nrf2 binding antioxidant response element (ARE) about -
2.4 kilobases upstream of the Cyp2a5 transcriptional start site was identified. In contrast to
Hmox1, a target of BTB and CNC homology 1 (Bach)-mediated repression via AREs, the
regulation of Cyp2a5 did not clearly involve Bach1. 

Excessive heme induced mainly ER-localized CYP2A5 via Nrf2, which was limited by the
Nrf2-independent HMOX1 induction. In heme synthesis blockades, CYP2A5 was enhanced via
Nrf2 and additional factors, such as the peroxisome proliferator-activated receptor γ coactivator-
1α (PGC-1α). The typical CYP2A5 inducers phenobarbital, dibutyryl-cyclic adenosine
monophosphate (db-cAMP) and PGC-1α enhance heme synthesis; CYP2A5 was induced via Nrf2
in acute but not chronic phenobarbital exposure without a clear connection to heme, while the
responses to db-cAMP and PGC-1α were sensitized in the absence of Nrf2. This suggests novel
crosstalk between Nrf2 and PGC-1α. 

In this study, Cyp2a5 was identified as a sensitive indicator of hepatic Nrf2 pathway activation
that could be used, e.g. for in vitro screening of drug candidate hepatotoxicity. The similar
subcellular localization and coordination of CYP2A5 and HMOX1 expression in altered heme
metabolism support the postulated role for CYP2A5 in bilirubin homeostasis. 

Keywords: Bach1, CYP2A5, heavy metals, heme homeostasis, hepatotoxicity,
HMOX1, liver, Nrf2, PGC-1α, redox homeostasis, transcriptional regulation, xenobiotic
metabolism





Lämsä, Virpi, Transkriptiotekijä Nrf2 säätelee hiiren Sytokromi P450 2a5-geenin
ilmentymistä maksassa. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta, Biolääketieteen
laitos, Farmakologia ja toksikologia, PL 5000, 90014 Oulun yliopisto
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Tiivistelmä

Vierasaineet stimuloivat maksan Sytokromi P450 (CYP)-entsyymejä, mikä yleensä lisää niiden
eliminaatiota. Hiiren CYP2A5 ja ihmisen CYP2A6 ovat lähisukua katalyyttisten ja osin säätelyl-
listen yhteneväisyyksiensä puolesta. Vastikään niiden osoitettiin katalysoivan hemin hajoamis-
tuotteen, bilirubiinin hapettumista biliverdiiniksi, mikä saattaisi säädellä sen annosriippuvaisia
vaikutuksia antioksidanttina ja oksidanttina. 

Työssä tutkittiin solustressiä aistivan, suojaavan transkriptiotekijän Nrf2 osuutta Cyp2a5-gee-
nin aktivaatiossa maksatoksisissa olosuhteissa ja hemimetabolian muutoksissa. Cyp2a5:n ja bili-
rubiinin tuotosta vastaavan, Nrf2-säädellyn Hemioksigenaasi-1 (Hmox1):n vasteita verrattiin vil-
jellyissä villityypin ja poistogeenisen Nrf2(-/-) hiiren primaarimaksasoluissa. 

Tulokset osoittavat, että Nrf2 ylläpitää CYP2A5:n ilmentymistä endoplasmisella kalvostolla
(ER) ja mitokondrioissa sekä välittää sen stimulaation altisteilla kadmium, lyijy, metyylieloho-
pea ja fenetyyli-isotiosyanaatti. Toimiva Nrf2-vasteinen antioksidanttivaste-elementti (ARE)
tunnistettiin n. -2,4 kiloemäsparia Cyp2a5-geenin luennan aloituskohdasta ylävirtaan. BTB ja
CNC homologia 1 (Bach1)-tekijä, joka on tärkeä Hmox1-säätelijä ja ARE-välitteinen transkripti-
on estäjä, ei selkeästi osallistu Cyp2a5:n säätelyyn. 

Hemin ylimäärä stimuloi CYP2A5:n määrää ER-kalvostolla, Nrf2-riippumattomasti stimu-
loituvan HMOX1 rajoittaessa Nrf2-reitin aktivaatiota. Hemisynteesin estyessä Nrf2 aktivoi
Cyp2a5-geeniä muiden mekanismien kuten peroksisomiproliferaattori-aktivoituva reseptori
gamman koaktivaattori-1α (PGC-1α) kanssa. Fenobarbitaali (PB), dibutyryyli-syklinen adenosii-
nimonofosfaatti (db-cAMP) ja PGC-1α lisäävät tunnetusti hemisynteesiä. Nrf2 havaittiin
Cyp2a5:n aktivaatiolle välttämättömäksi akuutissa mutta ei kroonisessa PB-altistuksessa ilman
selkeästi havaittua hemin osuutta. Cyp2a5-geenin db-cAMP- ja PGC-1α-vasteinen stimulaatio
voimistui merkittävästi toimivan Nrf2-reitin puuttuessa, mikä osoittaa vuoropuhelua Nrf2 ja
PGC-1α välillä. 

Väitöskirjatyössä Cyp2a5 tunnistettiin herkäksi Nrf2-reitin aktivaation maksamarkkeriksi,
jota voitaisiin hyödyntää esim. lääkeainekandidaattien maksatoksisuuden seulonnassa soluvilje-
lyssä. CYP2A5:n ja HMOX1:n solunsisäinen kohdentuminen ja ekspressio koordinoituvat hemi-
metabolian muutoksissa, mikä tukee teoriaa CYP2A5:n roolista bilirubiinin metaboliassa mak-
sassa. 

Asiasanat: aineenvaihdunta, antioksidantit, entsyymit, geeniekspressio, geenitutkimus,
hapettuminen, maksa, markkerit, mitokondriot, oksidantit, raskasmetallit, sytokromit,
toksikologia, transkriptio, vierasaineet
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ER endoplasmic reticulum 
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NLS nuclear localization signal 

NMPP N-methyl protoporphyrin IX 

NQO1 NAD(P)H:quinone oxidoreductase 

Nrf2 nuclear factor (erythroid-derived 2)-like 2 

P450 cytochrome P450 

PGC-1α peroxisome proliferator activated receptor-γ co-activator-1α 

PPAR peroxisome proliferator activated receptor 

PXR pregnane X receptor 

ROS reactive oxygen species 
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1 Introduction 

Cytochrome P450s (abbreviated CYP, or unofficially P450) are heme-thiolate 

enzymes that catalyze the metabolism of essential endobiotics and xenobiotics (i.e. 

foreign substances) introduced to the body via diet or other environmental 

exposure. The oxidation of xenobiotics, including therapeutic drugs, 

phytochemicals or environmental toxins, through P450-catalyzed Phase I 

metabolism, is generally a beneficial phenomenon where lipophilic compounds 

are chemically activated to facilitate their excretion as hydrophilic derivatives. 

However, P450s may occasionally catalyze toxic metabolic activation of 

originally harmless parent compounds, such as procarcinogens. Exposure to 

xenobiotics generally leads to inhibition or induction, i.e. increased expression 

and activity, of selective P450s that enhance xenobiotic metabolism, which are 

typically behind the phenomenon known as drug-drug interactions. Besides 

environmental factors, host-specific properties such as gender, genetic 

polymorphisms and pathological conditions affect the expression of CYPs 

(Ingelman-Sundberg 2001, Morgan 1997, Wiwi & Waxman 2004, Xu et al. 

2005b). For drug development, it is of utmost importance to characterize the 

regulatory mechanisms of P450s and prevailing species-specific differences in 

order to translate knowledge from animal studies to humans. 

The versatile functions of CYPs have evolved during their long evolutional 

history and, therefore, P450s exist in basically all species (Nelson 2011). A crucial 

part of the evolution of aerobic organisms has been their adaptation to cope with 

oxidative metabolism because the uncontrolled production of reactive oxygen 

species (ROS) may expose cells to oxidative stress, and enhance cellular ageing, 

carcinogenesis and the development of various diseases (Halliwell 2006, Finkel 

2011). As oxidative enzymes, CYPs may increase the cellular oxidative burden 

through uncoupling or formation of reactive electrophilic metabolites (Gorsky et 

al. 1984, Nebert & Dalton 2006). Depending on the magnitude of stress, 

activation of an antioxidative gene program to restore homeostasis generally 

occurs. In vertebrates, the transcription factor nuclear factor (erythroid-derived 

2)-like 2 (Nrf2) pathway represents a crucial redox-sensitive activator of 

cytoprotective and detoxifying target genes (Maher & Yamamoto 2010). 

Murine CYP2A5 and its human ortholog CYP2A6 share a similar metabolic 

profile: both enzymes oxidize coumarin and nicotine, and participate in the 

metabolic activation of aflatoxin and nitrosamines (Abu-Bakar et al. 2012b). Both 

isoforms have also been demonstrated to oxidize bilirubin (Abu-Bakar et al. 2011, 
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Abu-Bakar et al. 2012a), a by-product of heme catabolism, which is considered to 

have powerful antioxidant properties (Granato et al. 2003, Neuzil & Stocker 1994, 

Stocker et al 1987). CYP2A5 is elevated in various pathophysiological hepatic 

conditions and preneoplastic hepatic lesions, and may represent a marker of 

hepatocarcinogenesis (Kobliakov et al. 1993, Jounaidi et al. 1994, Takagi et al. 

1997, Wastl et al. 1998). CYP2A5 is distinctively induced by a number of 

structurally unrelated hepatotoxic chemicals, such as heavy metals, solvents, and 

porphyrinogenic substances that are atypical CYP inducers (Abu-Bakar et al. 

2004, Camus-Randon et al. 1996, Salonpaa et al 1995). Besides the known 

gender-, strain- and tissue-specificity delineating its expression, CYP2A5 is 

modulated by physiological conditions, including energy homeostasis and diurnal 

rhythm (Arpiainen et al. 2008, Lavery et al. 1999).  

Both transcriptional and post-transcriptional mechanisms have been 

associated with regulation of CYP2A5 induction, but the mechanisms activating 

CYP2A5 in hepatotoxic conditions have remained obscure. A putative 

explanation might be a common indirect mechanism, such as oxidative stress that 

is generally behind chemical toxicities, carcinogenesis and chronic inflammation. 

In a study on knockout mice, the redox-sensitive transcription factor Nrf2 was 

shown to be critical for CYP2A5 induction by cadmium (Abu-Bakar et al. 2004). 

This study was undertaken to investigate the putative role of the transcription 

factor Nrf2 in the distinctive expression of CYP2A5 under hepatotoxic conditions 

and altered heme homeostasis as well as, by characterizing its regulation in detail, 

to gain insight into its putative physiological function in the liver. The study is 

expected to enhance understanding of the mechanisms that may also control the 

expression of CYPs in humans. Knowledge from this study may be used to 

develop an assay to assess hepatic activation of the Nrf2 pathway, which might be 

useful in the screening of hepatotoxicity of drug candidates in vitro. 
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2 Review of the literature 

2.1 Cytochrome P450 

Cytochrome P450s (CYPs) comprise a superfamily of oxidative heme-thiolate 

enzymes that are found in nearly all species. CYPs catalyze both conversions of 

essential endobiotics and foreign substances, termed xenobiotics. In the liver, 

CYPs constitute a remarkable mechanism by which oxygen is utilized in the 

detoxification of potentially harmful xenobiotics to obtain more hydrophilic 

compounds and facilitate their excretion. On the other hand, biologically neutral 

parent substances may also be bioactivated into toxins or carcinogens, reactive 

metabolites may be formed and oxygen free radicals generated via uncoupling by 

CYPs. 

2.1.1 Nomenclature 

CYPs were originally discovered as a cellular (cyto) ‘pigment’ (chrome) in rat 

liver microsomes that was saturated with carbon monoxide under reducing 

conditions and presented a characteristic absorption peak at 450 nm (Klingenberg 

1958). This phenomenon was soon associated with a hemoprotein (Omura & Sato 

1962). Currently, more than 11.200 established sequences are known in over 970 

families in bacteria, fungi, plants and animals (Nelson 2011). The systematic 

nomenclature, originally proposed by Daniel Nebert and co-workers (Nebert et al. 

1989), classifies distinct isoforms with 40% amino acid similarity into families 

and isoforms with over 55% similarity into subfamilies (Nelson et al. 1996). Each 

individual CYP is sequentially designated using an Arabic numeral, followed by a 

letter and another Arabic numeral to indicate the family, subfamily and specific 

isoform, respectively. Isoform numbers have been given in the order of discovery 

irrespective of the species. Italic letters (CYP, or Cyp in the mouse and 

Drosophila melanogaster) are used to refer to genes, while RNAs, 

complementary DNAs (cDNA) and proteins are formally written in capitals 

without italics (CYP) in any species. A suffix ‘P’, or ‘ps’ in mouse and 

Drosophila melanogaster, indicate pseudogenes and an asterisk followed by 

numbers/letters is used to designate an allelic variant (e.g. CYP2A6*1B13). 

(Nelson et al. 1996, The Human Cytochrome P450 (CYP) Allele Nomenclature 

Committee 2012). 



 20

2.1.2 Structure and function 

Mammalian CYPs consist of about 500 amino acids and one molecule of heme 

(iron protoporphyrin IX), which facilitates the insertion of one atom of molecular 

oxygen into the substrate and reduction of another to form one molecule of water 

(Fig. 1). Reducing equivalents for substrate conversions are derived from 

nicotinamide adenine dinucleotide phosphate (NADPH) via cytochrome P450 

reductase in the endoplasmic reticulum (ER) or via the ferredoxin/ferredoxin 

reductase system in mitochondria. Typical CYP-mediated reactions include 

carbon hydroxylations, heteroatom oxygenations, dealkylations and epoxidations, 

as well as less typical reactions such as reductions, desaturations, oxidative ester 

cleavages, ring expansions and ring formations (Guengerich 2001). CYP genes 

can be identified by their signature sequence FXXGXXXCXG, where the cysteine 

(C) residue serves as an axial ligand to the heme iron (Guengerich & Cheng 2011). 

Well-conserved CYP regions include the core around heme and the reductase 

recognition site that preserve the basic functions. Conversely, most variable 

regions include the substrate pocket showing high variation in size, form and 

active residues as well as the aminoterminal targeting signal domain. (Johnson & 

Stout 2005, Sangar et al. 2010). 

 

Fig. 1. The generalized P450 catalytic pathway and potential sites of uncoupling (dash 

lines) (data adapted from Wei et al. 2007 and Yang et al. 2009). Abbreviations: RH; 

substrate, ROH; hydroxylated product. 
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2.1.3 Subcellular localization 

Eukaryotic CYPs are usually considered as ER-localized enzymes although the 

mitochondrial inner membrane and plasma membrane show considerable CYP 

expression. Several predominantly ER-localized CYPs are also frequently found 

in association with Golgi, peroxisomes, lysosomes and nuclei. (Sangar et al. 

2010). ER targeting is achieved through an aminoterminal signal that consists of a 

stretch of hydrophobic residues preceded by a negatively charged acidic residue 

and followed by a short stretch of positively charged basic amino acids 

(Szczesna-Skorupa & Kemper 2000, Szczesna-Skorupa & Kemper 2001). 

Transportation to the ER membrane is initiated during translation as soon as the 

signal region is revealed from the cytosolic ribosome. CYPs at vesicle-forming 

ER regions undergo passive flux to the Golgi and retrieval by an unknown 

receptor-mediated process. (Sangar et al. 2010, Szczesna-Skorupa & Kemper 

2008).  

Mitochondrial CYPs are synthesized in the cytosol as pre-proteins and post-

translationally targeted by a canonical mitochondrial targeting signal, which 

typically consists of a cleavable amphipathic helix that is necessary for interaction 

with the mitochondrial import machinery. Several CYPs contain chimeric signals 

for dual targeting: an aminoterminal ER targeting signal and a cryptic 

mitochondrial targeting signal that may be post-translationally activated by (i) 

cytoplasmic endoprotease mediated cleavage or (ii) by protein kinase-mediated 

phosphorylation in response to a xenobiotic or physiological stimulus. 

(Anandatheerthavarada et al. 2009, Sangar et al. 2010). The cryptic signal is 

located at around residues 20 to 36, and contains 2 to 5 positively charged amino 

acid residues. For reasons that are poorly understood, mitochondrial CYPs may 

have subtle to dramatic changes versus their respective ER-resident forms, in their 

substrate profiles or characteristics that render the enzymes more prone to 

generate ROS as seen with CYP2E1 (Anandatheerthavarada et al. 1997, 

Anandatheerthavarada et al. 1998, Bansal et al. 2010, Sangar et al. 2010). 

2.1.4 Origin and diversification of P450 functions 

CYPs are among the most rapidly evolving genes, which has greatly aided 

different organisms to adapt to chemically variable environments (Nelson & 

Strobel 1987). The first ancestral CYP probably originated even before 

atmospheric oxygenation, and the first thrust for expansion of P450s was 
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apparently the early eukaryotes’ need to metabolize fatty acids, cholesterol and its 

derivatives for the maintenance of cellular membranes. Subsequently, steroid-

synthesizing lineages emerged and served as the basis for the first xenobiotic-

metabolizing P450s. The exposure of terrestrial organisms to atmospheric 

hydrocarbon-based combustion products and toxic dietary plant secondary 

metabolites greatly accelerated the diversification of xenobiotic-metabolizing 

CYPs. (Gonzalez & Nebert 1990, Nelson & Strobel 1987).  

Endogenous metabolism 

An arsenal of 57 putatively functional CYP genes and 58 pseudogenes are 

encoded in the human genome, while the mouse has 102 Cyp genes and 88 

pseudogenes (Nebert & Dalton 2006). Endobiotic-metabolizing CYPs participate 

in the synthesis and catabolism of arachidonic acid, eicosanoids, lipid-soluble 

vitamins, cholesterol, bile acids, steroids and many more intermediates. Less than 

half of human CYPs may have critical endogenous roles and as many as 13 are 

referred to as ‘orphans’ because of unidentified major substrates (Guengerich & 

Cheng 2011). Narrow substrate-specificities, a high degree of inter-species 

conservation and low inter-individual variation in their expression is common for 

all endobiotics-metabolizing CYPs (Guengerich & Cheng 2011, Nelson 1999). 

Some xenobiotic-metabolizing CYPs also metabolize endobiotics but the 

significance of these reactions remains to be established (Guengerich & Cheng 

2011). 

Xenobiotic metabolism 

Isoforms of CYP families 1–3, and some members of family 4, catalyze 

approximately 75% of hepatic phase I metabolism that generates or reveals 

reactive groups in lipophilic xenobiotics (Guengerich & Cheng 2011). The 

activated substrates are then processed by various phase II metabolic enzymes 

that acetylate, methylate, sulfonate or conjugate the ‘prepared’ substrate to a 

hydrophilic endogenous molecule such as glucuronide, glutathione or some amino 

acid. Ultimately, elimination of the processed substrate through excretion in urine 

or bile occurs. Exposure to xenobiotic substances typically leads to induction, i.e. 

enhanced expression of CYPs that metabolize them. Xenobiotic induction and 

inhibition of CYPs are typical causes for the failures in drug therapies that result 

in inefficient or toxic high drug concentrations in plasma (Jana & Paliwal 2007). 
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About 90% of all clinically used drugs are metabolized by just five human liver 

CYP isoforms: 1A2, 2C9, 2C19, 2D6, and 3A4 (Guengerich & Cheng 2011). 

However, selective CYPs are also functionally expressed in extrahepatic tissues, 

including the gastrointestinal and respiratory tracts, olfactory epithelium, skin, 

kidney, heart and central nervous system (Gonzalez & Lee 1996).  

Some xenobiotic-metabolizing P450s are rather specific, while many 

isoforms have ‘loose’ and partially overlapping substrate panels. Genetic 

polymorphisms in the catalytic or regulatory promoter regions of xenobiotic-

metabolizing CYPs are very common, and cause high levels of interindividual 

variation in the biotransformation rate of drugs (Ingelman-Sundberg 2001). The 

subcellular distribution of xenobiotic-metabolizing CYPs also exhibits 

interindividual variation via polymorphic targeting signal regions, and the 

proportion of mitochondrially expressed CYP2D6, CYP2E1 and CYP3A4 has 

been shown to range from insignificant levels to as high as 50% of the total 

hepatic amount (Sangar et al. 2010). The inter-species conservation of the 

expression and catalytic properties of most xenobiotic-metabolizing CYPs is 

limited and an indication of gene orthologues between rodents and human is 

rarely possible with some exceptions, such as the CYP1 family (Nebert & Dalton 

2006) 

2.2 Cytochrome P450 2As 

CYP2A genes are found within the chromosomal region known as the 

CYP2ABFGST cluster. The murine Cyp2a-t cluster spans about a 1.4 Mb region 

of chromosome 7, which is mostly syntenic to the q arm of human chromosome 

19 but in the opposite direction with respect to the centromere (Wang et al. 2003). 

Mice have Cyp2a4, Cyp2a5, Cyp2a12 and Cyp2a22 (see Table 1) as well as three 

pseudogenes (Cyp2a20p, Cyp2a21p and Cyp2a23p). Humans have CYP2A6, 

CYP2A7, CYP2A13 (see Table 1) and CYP2A18P. Rats have CYP2A1, CYP2A2 

and CYP2A3 (see Table 1) (Su & Ding 2004). In addition, CYP2A isoforms have 

been identified in hamsters, rabbits, pigs, cows, dogs, horses and nonhuman 

primates (rhesus and cynomolgus monkey) (Nelson 2011). Typical model 

substrates that are used to distinguish CYP2As include coumarin and 3-

ketosteroids (Pearce et al. 1992). 
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2.2.1 The expression and substrate specificities of human CYP2As 

Human CYP2A6 and CYP2A7 are mainly expressed in the liver (Su & Ding 

2004), where CYP2A7 is inactive due to deficient heme incorporation (Ding et al. 

1995, Yamano et al. 1990). CYP2A6 is also present in minor amounts in the nasal 

mucosa, trachea, lung, esophageal mucosa and skin (Godoy et al. 2002, Saeki et 

al. 2002, Su et al. 1996). In contrast, CYP2A13 is a predominant isoform in the 

respiratory tract (Su et al. 2000). Kidney, duodenum, lung, alveolar macrophages, 

peripheral lymphocytes, placenta and uterine endometrium were reported 

negative for CYP2A expression (Koskela et al. 1999). The prenatal expression of 

hepatic CYPs is low, but the levels of CYP2A6 and CYP2A13 seem to be higher 

in the nasal mucosa of fetuses than in adults (Chen et al. 2003b, Gu et al. 2000, 

Hakkola et al. 1998). 

CYP2A6 is distinguished by its specific activity for coumarin 7-

hydroxylation (Pelkonen et al. 2000). Similar to coumarin, typical substrates are 

small, neutral or basic molecules with one aromatic ring (Lewis & Dickins 2002). 

In comparison to CYP3A4 that metabolizes over 50% of marketed drugs, the 

active site of CYP2A6 is only about one sixth in volume (Johnson & Stout 2005). 

CYP2A6 participates in the disposition of some therapeutic drugs including 

halothane, methoxyflurane, losigamone and tegafur (Kharasch et al. 1995, 

Komatsu et al. 2000, Spracklin et al. 1996, Torchin et al. 1996) as well as in the 

metabolic activation of procarcinogens, such as aflatoxin B1 and N-nitrosamines 

(Abu-Bakar et al. 2012b, Fujita & Kamataki 2001, Yamazaki et al. 1992). 

CYP2A6 has attracted considerable attention as the major nicotine C-oxidase 

with a demonstrated linkage to smoking behavior: nicotine is metabolized to 

biologically inactive cotinine, and individuals with defective or low CYP2A6 

expression have a lower susceptibility for nicotine addiction (Pianezza et al. 

1998, Tyndale & Sellers 2002). CYP2A6 constitutes about 1 – 10% of total 

hepatic CYPs and exhibits up to 100-fold inter-individual variation in its 

messenger ribonucleic acid (mRNA) and protein levels (Pelkonen et al. 2000). 

Although most of this variation may be due to polymorphisms as several tens of 

different allelic forms have been identified (The Human Cytochrome P450 (CYP) 

Allele Nomenclature Committee 2012), the level of CYP2A6 may also be 

modified by diseases and exposure to drugs and xenobiotics (Donato et al. 2000, 

Pelkonen et al. 2000, Raunio et al. 1998, Satarug et al. 1996, Satarug et al. 2004). 
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Table 1. The metabolic profile and expression of rat, mouse and human CYP2As. 

Species  

Gene 

Marker activity of gene product; 

Other substrates 

Tissue-specific expression  

 

Rat   

CYP2A1 testosterone 7α-OH liver 1, testis 

CYP2A2 testosterone 15α-OH liver 2 

CYP2A3 coumarin-7OH (low activity) respiratory tract, mammary gland, esophagus 

Mouse  

Cyp2a4 testosterone 15α-OH liver 3, kidney, olfactory mucosa 

Cyp2a5 coumarin-7-OH;  

nicotine, cotinine, bilirubin, 

aflatoxin B1 *, N-nitrosamines * 

olfactory mucosa, liver, kidney, brain, lung, small 

intestine 

Cyp2a12 testosterone 7α-OH liver 

Cyp2a22 uncharacterized uncharacterized 

Human   

CYP2A6 4 coumarin-7-OH;  

nicotine, cotinine, bilirubin, 

aflatoxin B1 *, N-nitrosamines * 

liver, respiratory tract, esophagus, skin 

CYP2A7 inactive liver 

CYP2A13 5 nicotine, N-nitrosamines * respiratory tract 

Abbreviations: -OH; hydroxylation. * Metabolic activation. 1 Female-specific, 2 Male-specific, 3 

Constitutively expressed in females only. 4 Over 80 identified allelic variants. 5 Over 20 identified allelic 

variants. References: Abu-Bakar et al. 2011, Abu-Bakar et al. 2012a, Su & Ding 2004, Su et al. 2000, 

The Human Cytochrome P450 (CYP) Allele Nomenclature Database (2012), Wang et al. 2003, Zhou et 

al. 2010b. 

2.2.2 The expression and substrate specificities of murine CYP2As 

Unlike human CYP2As that do not process steroids, murine CYP2A4 and 

CYP2A12 catalyze the metabolism of testosterone 15α- and testosterone 7α-

hydroxylation, respectively (Burkhart et al. 1985, Iwasaki et al. 1993). Both 

enzymes are expressed in the liver, although CYP2A4 is absent in males (Aida & 

Negishi 1993, Su & Ding 2004). Without apparent gender differences, CYP2A4 is 

also expressed in the kidney and moderately in the olfactory mucosa (Su & Ding 

2004). The Cyp2a22 locus was identified by Wang et al. (2003) but thus far has 

not been characterized. Besides the liver, CYP2A5 is expressed in high amounts 

in the olfactory mucosa and moderately in the kidney, lung, brain and small 

intestine (Su et al. 1998, Su et al. 2002). CYP2A4 and CYP2A5 are absent in the 

testis, prostate, ovary, uterus, breast and bone marrow of control and pyrazole-

treated mice (Su et al. 1998). The prenatal expression of hepatic CYP2A4 and 
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CYP2A5 is low or absent, but they are activated in low levels at birth and 

markedly at day 20 along with other isoforms such as CYP1A2 and CYP2B10 

(Choudhary et al. 2003, Hart et al. 2009).  

Despite their very different specific activities, CYP2A4 and CYP2A5 are 

98% identical in coding sequences and differ by only 11 amino acids. However, 

Cyp2a5 seems to have an earlier origin than Cyp2a4 that exists only in Mus 

musculus but not in its wild relative Mus spretus, which has two highly identical 

Cyp2a5-like loci (Aida et al. 1994). Mutation of three residues at the critical 

positions 117, 209 and 365 was sufficient to alter CYP2A4 to a coumarin 7-

hydroxylase (COH), while mutation of residue 209 in CYP2A5 changed its 

preference for testosterone 15 α-hydroxylation (Lindberg & Negishi 1989). In 

contrast, the substrate specificities of human CYP2A6 and CYP2A5 have 

remained very similar irrespective of the higher divergence in their amino acid 

sequences that are 86% similar. Based on similar activities (coumarin and nicotine) 

and regulation, mouse CYP2A5 and human CYP2A6 are considered as 

orthologues (Raunio et al. 2008, Zhou et al. 2010b). Interestingly, both CYP2A5 

and CYP2A6 can also metabolize the heme catabolism by-product bilirubin (Abu-

Bakar et al. 2011, Abu-Bakar et al. 2012a). Similar to CYP2A6, CYP2A5 was 

also shown to participate in metabolic activation of aflatoxin B1 and N-

nitrosamines (Abu-Bakar et al. 2012b, Pelkonen et al. 1994, Zhou et al. 2012). 

2.2.3 CYP2As in other species 

In the rat liver, the female predominant CYP2A1 and male-predominant CYP2A2 

catalyze testosterone 7α- and 15α-hydroxylation, respectively (Table 1) 

(Matsunaga et al. 1988, Nagata et al. 1987). Coumarin 7-hydroxylation is only 

weakly catalyzed by rat CYP2A3, which is extensively expressed in the olfactory 

mucosa but not in the liver (Su & Ding 2004). In contrast, the cynomolgus 

monkey has three hepatic CYP2As, known as CYP2A23, CYP2A24 and 

CYP2A26 with variable coumarin-7-hydroxylation activities (Uehara et al. 2010). 

2.3 Regulation of CYP expression 

The expression of CYPs exhibits tissue- and gender-specificity, the latter being 

very typical in rodents (Wiwi & Waxman 2004). A high degree of variation is also 

introduced by environmental factors and nutrition as well as by physiological 
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factors such as cytokines, growth factors and hormones in various disease states 

(Morgan 1997, Xu et al. 2005b, Zhang et al. 2009b). 

2.3.1 Transcriptional regulation of CYPs 

Tissue-specific gene expression is defined by the right combination of critical 

transcription factors and cofactors as well as the epigenetics or accessibility of the 

local chromatin environment (Schrem et al. 2002), which can be altered in 

response to external signaling by histone modifier enzymes, nucleosome 

remodeling complexes and DNA methylation (Kouzarides 2007, Saha et al. 2006). 

DNA packaging histones experience several kinds of rapid and dynamic 

modifications, such as acetylation, phosphorylation and methylation that alter the 

higher-order chromatin structure, or recruit or prevent the binding of nonhistone 

proteins (Kouzarides 2007).  

Transcription factors that are relevant for the expression of CYPs may be 

crudely divided into factors that mediate their constitutive and inducible 

expression. Six families regulate liver-specific genes: hepatocyte nuclear factor 

(HNF) -1, HNF-4, HNF-6, Forkhead box A (FoxA), CAAT/enhancer-binding 

proteins (C/EBP) and D-site binding protein (DBP) (Schrem et al. 2002). The 

most important transcription factors responsible for the xenobiotic induction of 

CYPs include several ligand-binding nuclear receptors and the aryl hydrocarbon 

receptor (AhR). In contrast, many phase II genes are regulated by the redox-

sensitive nuclear factor (erythroid-derived 2)-like 2 (Nrf2). (Xu et al. 2005b). 

Unlike transcription factors that associate with DNA, corepressors and co-

activators, such as the peroxisome proliferator activated receptor-γ co-activator-

1α (PGC-1α), control transcriptional events through protein-protein binding (Ding 

et al. 2006, Xu et al. 1999). 

Nuclear receptors 

Nuclear receptors constitute a superfamily of nearly 50 gene members in the 

mouse and human species, and execute an array of crucial functions in 

development, metabolism and homeostasis (Zhang et al. 2004a). Nuclear 

receptors have affinity for numerous endogenous molecules as their ligands, 

including steroids, thyroid hormones, retinoids, vitamin D, prostaglandins, fatty 

acids and bile acids (Honkakoski & Negishi 2000, Zhang et al. 2004a). For 

several nuclear receptors, no physiological ligands have been identified and they 
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are referred to as ‘orphans’. The most important hepatic nuclear receptors 

responsible for the xenobiotic induction of CYPs are the pregnane X receptor 

(PXR) and the constitutive androstane receptor (CAR) that markedly overlap in 

their target gene panels, DNA binding abilities and sharing of some of their 

ligands (Moore et al. 2000, Wei et al. 2002, Xie et al. 2000). The peroxisome 

proliferator activated receptors (PPARs), glucocorticoid receptor, vitamin D 

receptor, liver X receptor and farnesoid X receptor are also involved in the 

regulation of CYPs (Jana & Paliwal 2007, Lim & Huang 2008, Xu et al. 2005b). 

A high degree of cross-talk is common between nuclear receptors that often 

regulate each other’s expression (Maglich et al. 2002, Tirona & Kim 2005), 

compete for the same co-activators (Makinen et al. 2002) and interfere with other 

pathways, such as activator protein 1 (Germain et al. 2006). 

Peroxisome proliferator activated receptor-γ co-activator-1α 

Co-activator PGC-1α was named after its original characterization as an interactor 

protein of PPARγ (Puigserver et al. 1998), but it is now known to co-activate 

several other nuclear receptors and additional transcription factors such as FoxO1, 

HNF-4α and nuclear respiratory factor 1 on cellular pathways responsible for 

energy homeostasis. PGC-1α has been identified as the master regulator of 

mitochondrial functions, including induction of mitochondrial biogenesis and 

respiration in the heart and skeletal muscle, and induction of adaptive 

thermogenesis in brown adipose tissue. (Fernandez-Marcos & Auwerx 2011). In 

the liver, PGC-1α is activated in fasting conditions by glucagon signaling, which 

is mediated through a cyclic adenosine monophosphate (cAMP)-dependent 

pathway and the cAMP responsive element binding protein. Enhanced PGC-1α 

signaling then compensates for the lack of energy by enhancing the transcription 

of target genes involved in gluconeogenesis and fatty acid oxidation (Fernandez-

Marcos & Auwerx 2011, Herzig et al. 2001). 

2.3.2 Post-transcriptional and post-translational regulation of CYPs 

Post-transcriptional mechanisms alter the processing of newly transcribed RNA 

precursors, mRNA stability or translational efficiency. Post-translational 

mechanisms regulate protein stability or induce chemical modifications to 

proteins. Currently, the role of various small non-coding RNAs in modulation of 

the tissue-specific expression and inter-individual variation of CYPs is actively 
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studied (Singh et al. 2011). Different small non-coding RNA species have been 

already implicated in the regulation of CYP1B1 and CYP2E1 (Mohri et al. 2010, 

Tsuchiya et al. 2006) and several transcription factors behind CYP regulation, 

such as PXR (Takagi et al. 2008), retinoid X receptor α (Ji et al. 2009) and HNF-

4α (Takagi et al. 2010). 

Heme availability 

Heme complements CYP apoproteins, and therefore, heme availability regulates 

total intracellular CYP activities. A lower level of heme may serve as a crucial 

determinant of lower CYP activities in extrahepatic tissues (Meyer et al. 2002). 

Declines in hepatic P450 content are commonly seen in porphyria patients during 

conditions that predispose to deficient heme synthesis as well as in healthy 

subjects that are exposed to chemical inducers of heme catabolism, such as CoCl2 

(Correia et al. 2011, Maines & Kappas 1977, Maines & Kappas 1975). The P450 

decline caused by elevated heme catabolism can be prevented by ligands such as 

metyrapone that stabilize CYP holoproteins (Drummond et al. 1982, Hockin & 

Paine 1983) or by exogenous reconstitution of cellular heme levels (Kim et al. 

1995). The heme catabolism-mediated depletion of CYP-committed heme is 

currently explained by the reduction in size of the regulatory heme pool, or heme 

that is unspecifically associated with cellular proteins, which provides a source 

for continuous equilibration and rejuvenation of CYPs (Correia & Meyer 1975, 

Correia et al. 2011, De Matteis et al. 1986, Sadano & Omura 1985). Collectively, 

heme availability regulates CYPs at multiple levels by affecting their translation, 

assembly, content, repair and disposal (Correia et al. 2011). 

Heme has also been suggested to regulate CYP transcription. The induction 

of CYP2B1/2 by phenobarbital was reported to be positively affected by heme 

(Dwarki et al. 1987, Padmanaban et al. 1989, Rangarajan & Padmanaban 1989, 

Venkateswar & Padmanaban 1991), although a similar association was not 

detected in other studies (Hamilton et al. 1988, Han et al. 2005, Sinclair et al. 

1990, Srivastava et al. 1989). Instead, heme deficiency was shown to lower the 

CYP2B1/2 protein synthesis via global suppression of hepatic protein translation 

by involvement of the hepatic heme-regulated inhibitor eukaryotic initiation 

factor 2α kinase (Acharya et al. 2010, Han et al. 2005). Jover and co-workers 

(1996) also demonstrated that heme is not involved in the transcriptional 

suppression of CYP3A11 by lead acetate, a powerful inhibitor of heme synthesis. 

However, heme was demonstrated to be indispensable for efficient transactivation 
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of Cyp2a5 by phenobarbital in porphobilinogen deaminase-deficient mice with 

limited heme biosynthesis (Jover et al. 2000), which suggests that further studies 

are required to establish the isoform-specific effects and mechanisms of heme on 

CYP transcription. In the following chapter, 2.4 Heme homeostasis, the cellular 

functions of heme and heme-sensitive signaling routes are discussed in more 

detail. 

2.4 Heme homeostasis 

Heme is indispensable for all cellular oxidative metabolism, and due to its high 

level of hepatic synthesis and turnover of detoxification enzymes, the liver ranks 

as the second major heme-producing organ. More than half of hepatically 

synthesized heme is used for the maintenance of CYPs. (Correia et al. 2011, 

Ponka 1999). Excessive free heme is detrimental because the release of iron 

enhances ROS generation (Kumar & Bandyopadhyay 2005). On the other hand, 

heme deficiency terminates global protein translation and leads to cell cycle arrest 

(Acharya et al. 2010), and may render mitochondria more prone of producing 

ROS due to altered respiratory functions (Mense & Zhang 2006, Wu et al. 2009). 

Therefore, cellular heme biosynthesis (Fig. 2) and catabolism need to be sustained 

within strict limits that are primarily managed via controlled expression of 

ALAS1 and the rate-limiting heme catabolic enzyme heme oxygenase (HMOX) -

1 (Furuyama et al. 2007). Hence, the level of the cellular heme pool can be 

maintained at safe levels, below one micromolar (Sassa 2004) with apparent 

physiological fluctuation occurring within the range of about four fold (Rogers et 

al. 2008, Wu et al. 2009). Importantly, heme autoregulates heme metabolism and 

has multiple intracellular regulatory roles, which are mediated by different heme-

sensitive signal transduction pathways (Furuyama et al. 2007).  
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Fig. 2. The heme biosynthetic pathway and some heavy metal inhibitors of heme 

biosynthetic enzymes (data adapted from The Collaborative on Health and the 

Environment 2012, Correia et al. 2011). Abbreviations: ALA; aminolevulinic acid, CoA; 

coenzyme A, Copro-P; coproporphyrinogen, PBG; porphobilinogen, Proto-P; 

protoporphyrinogen, Uro-P; uroporphyrinogen. 

2.4.1 Aminolevulinic acid synthase 

Mammals, birds and fish have two aminolevulinic acid synthase (ALAS) 

isozymes that are encoded by the erythroid-specific Alas2 and the ubiquitously 

expressed housekeeping Alas1 (Bishop 1990, Riddle et al. 1989). Both isoforms 

have essential functions and the genetic disruption of either isoform is 

embryonically lethal (Nakajima et al. 1999, Okano et al. 2010). It is generally 

assumed that ALAS1 expression is controlled by the regulatory heme pool, which 
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et al. 2005, Yamauchi et al. 1980), reduction of mRNA stability (Hamilton et al. 

1991), and inhibition of ALAS1 translation (Yamamoto et al. 1983) and 

transcription (Srivastava et al. 1988, Yamamoto et al. 1988). Regulation of 

ALAS1 mRNA stability may mechanistically dominate in the liver, testis and 

Harderian gland in mice (Okano et al. 2010).  

The induction of ALAS1 is transcriptionally mediated by many identical or 

similar xenobiotic, nutritional and hormonal factors that elevate CYPs, including 

PXR, CAR, the farnesoid X receptor and the co-activator PGC-1α (Fraser et al. 

2003, Handschin et al. 2005, Peyer et al. 2007, Podvinec et al. 2004) to satisfy 

the increased demand for heme under different conditions. Moreover, hepatic 

ALAS1 mRNA expression shows circadian oscillation under the control of clock 

genes (Okano et al. 2010, Zheng et al. 2001) and in a reciprocal manner with 

oscillating heme levels (Rogers et al. 2008) that are likely to participate in the 

circadian regulation of ALAS1 mainly via mRNA destabilization (Okano et al. 

2010). Because ALAS1 catalyzes the rate-limiting step of heme synthesis by 

formation of δ-aminolevulinic acid from glycine and succinyl-CoA, an 

intermediate of the citric acid cycle, the feedback regulation of ALAS1 expression 

by heme has been suggested to temporally coordinate metabolism and the 

circadian rhythm (Kaasik & Lee 2004, Rogers et al. 2008, Yin et al. 2007).  

2.4.2 Heme oxygenase 

Two isoforms of HMOX exist in rodents and humans: inducible HMOX1 (32 

kDa) and constitutive HMOX2 (36 kDa) (Maines et al. 1986). Excessive heme 

and various stress conditions rapidly enhance the transcription of HMOX1, which 

then quantitatively exceeds the slightly higher efficiency of HMOX2 and 

mediates the majority of cellular heme catabolism under stress conditions 

(Farombi & Surh 2006). HMOX enzymes catalyze the conversion of heme to 

biliverdin IXα, carbon monoxide (CO), and ferrous iron, and biliverdin reductase 

then converts biliverdin IXα to bilirubin IXα (Ryter & Tyrrell 2000). HMOX1 is 

localized at the ER membrane, but both HMOX1 and biliverdin reductase were 

also found to be functionally expressed in mitochondria (Converso et al. 2006). 

Interestingly, only HMOX2 contains heme-regulatory motifs that may permit a 

regulatory function for HMOX2 in heme sensing (McCoubrey et al. 1997). 
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The regulation and cytoprotective roles of HMOX1 

Hmox1(-/-) mice are susceptible to oxidative injuries and exhibit a decreased birth 

rate, growth retardation, anemia, tissue iron deposition, hepatosplenomegaly, 

lymphodenopathy, leukocytosis and glomerulonephritis as signs of tissue injury 

and inflammatory status (Poss & Tonegawa 1997a, Poss & Tonegawa 1997b). 

The inflammatory status is progressive with age, inducing a chronic inflammatory 

syndrome (Kapturczak et al. 2004). Similar symptoms have been documented in a 

human case with a rare HMOX1 deficiency (Pae et al. 2008). HMOX1 

overexpression confers cytoprotection against various inflammatory diseases 

(Cheng et al. 2009, Seixas et al. 2009, Tamion et al. 2001) and oxidative or 

chemical insults in multiple tissues (Ferenbach et al. 2010, Kato et al. 2001, 

Mamiya et al. 2008, Otterbein et al. 1999). The cytoprotective functions of 

HMOX1 are thought to be mediated both through the catabolism of heme as well 

as through the multiple beneficial effects of heme catabolism products (Pae et al. 

2008). CO activates the soluble guanylyl cyclase and modulates mitogen-

activated protein kinases (MAPKs), which may mediate some of the 

antiproliferative, anti-inflammatory and anti-apoptotic effects (Ryter et al. 2006). 

Antioxidative bilirubin has potent ROS scavenging properties against peroxyl 

radicals (Stocker et al. 1987). 

MAPK, Nrf2, and BTB and CNC homology 1 (Bach1) pathways are the most 

important intracellular signaling routes responsible for the induction of HMOX1 

in stress conditions (Furuyama et al. 2007, Pae et al. 2008). The MAPK pathway 

consists of three principal signaling routes, the extracellular signal regulated 

kinase, the Jun NH2-terminal kinase and the p38 pathway that may all act in 

concert to activate HMOX1 (Pae et al. 2008). Additionally, the protein kinase C, 

protein kinase A, and phosphatidyl inositol 3-kinase pathways have been 

implicated in HMOX1 induction in specific tissues (Farombi & Surh 2006). The 

role and specific function of Nrf2 and Bach1 in the regulation of HMOX1 

transcription are discussed in detail in chapter 2.5 Nuclear factor (erythroid-

derived 2)-like 2.  

2.4.3 Heme-sensitive pathways and cellular heme signaling 

Heme participates in an array of cellular processes through its cofactor function in 

various proteins, such as respiratory cytochromes, CYPs, antioxidative catalase 

and peroxidases, oxygen transporting globins and many more (Correia et al. 
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2011). Furthermore, heme allows various proteins to sense O2, CO or NO, 

including HMOX2, potassium channel Slo I BK and various transcription factors 

such as NPAS2, CLOCK, and mPer2 that are key regulators of circadian gene 

expression (Lukat-Rodgers et al. 2010, Tang et al. 2003, Yi et al. 2010). Heme 

also directly regulates the function of kinases such as tyrosine protein kinases 

Jak2 and Src (Yao et al. 2010), transcription factors such as Bach1 and RevErbα/β 

(Hira et al. 2007, Wu et al. 2009), the miRNA processing DGCR8 (Faller et al. 

2007) and the hepatic heme-regulated inhibitor eukaryotic initiation factor 2α 

kinase involved in protein translation (Acharya et al. 2010). 

Various proteins can bind or ‘sense’ heme via specific heme regulatory motifs 

(also known as CP motifs) that consist of the following sequence [Arg, Lys, or 

Asn]-Cys-Pro-[Lys or a hydrophobic residue]-[Leu or Met] (Furuyama et al. 

2007). Heme regulatory motifs regulate, for example, the mitochondrial import of 

the ALAS1 precursor (Munakata et al. 2004) and the derepression of Bach1, a 

transcriptional repressor of HMOX1 under quiescent conditions (Hira et al. 2007). 

Alternatively, other proteins such as nuclear receptors RevErbα and RevErbβ bind 

heme as their physiological ligand (Rogers et al. 2008, Yin et al. 2007), and 

RevErbα then suppresses the transcription of Alas1 via transcriptional repression 

of PGC-1α (Wu et al. 2009). 

2.5 The regulation and expression of Cyp2a5 in the liver 

CYP2A5 is regulated in a complex and unique fashion, and is elevated under 

conditions where the expression of other CYPs is repressed or remains 

unresponsive. Several transcription factors have been identified that control the 

constitutive CYP2A5 expression, but the regulators of CYP2A5 induction have 

remained mostly unidentified. The ubiquitous induction of hepatic CYP2A5 in 

inflammation, carcinogenesis and by various chemical insults with hepatotoxic 

effects has raised the question whether a common, indirect mechanism might 

control CYP2A5 induction. 



35 

2.5.1 Constitutive expression 

Strain and gender specific patterns of CYP2A5 and homologous CYP2A4 

CYP2A5 was first identified as the protein responsible for the marked phenotypic 

variation in COH activity of inbred mouse strains (Wood & Conney 1974). 

Lindberg et al. (1992) identified a single nucleotide polymorphism at position 117 

responsible for the residue change from valine to alanine in Cyp2a5HIGH and 

Cyp2a5LOW, respectively, which explained the COH activity variation (Lindberg 

et al. 1992, van Iersel et al. 1994). Strains 129/J and DBA/2J were reported to 

carry a Cyp2a5HIGH locus, encoding a high efficiency COH, while strains 

C57BL/6J, C3H/HeJ and AKR/J were found to carry a Cyp2a5LOW locus, 

encoding reduced efficiency COH (Lindberg et al. 1992). Hepatic COH activities 

are further altered by gender differences, which are marked in the DBA/2, 129/J 

and CBA/Ca strains where CYP2A5 levels are higher in females, but less marked 

in the A/J, AKR, BALB/c, C3H/He and C57BL/6 strains (van Iersel et al. 1994). 

The repression of hepatic Cyp2a4 in males depends both on the sexual 

dimorphism of HNF-4α expression (Wiwi & Waxman 2004) and pulsatile 

secretion of pituitary growth hormone, which stimulates the inhibitory 

transcription factor STAT5b (Sueyoshi et al. 1999, Wiwi & Waxman 2004). 

However, strain differences are also seen in the basal expression and intensity of 

xenobiotic induction of CYP2A5 mRNA, which complicates comparison of 

different studies. 

Roles of NF-I, HNF-4 and ARNT in the proximal and distal elements 

Ulvila and co-workers (2004) cloned the Cyp2a5 5’ upstream promoter region 

from -3033 to +10 base pairs (bp) in front of a luciferase reporter gene and 

studied the promoter activity in mouse primary hepatocytes by deletion analysis. 

Besides the proximal promoter region from -271 bp to +10 bp, an upstream 

region localized at -3033 to -2013 bp suggested the presence of putative elements 

that are involved in the basal activation of Cyp2a5. Transcription factors NF-I and 

HNF-4α were demonstrated necessary for the basal activation of Cyp2a5 via their 

binding to the proximal promoter. Arpiainen and co-workers (2008) later showed 

that the HNF-4α-mediated transactivation of Cyp2a5 is co-activated by PGC-1α 

under fasting conditions. Furthermore, a palindromic enhancer box (E-box) 

element was identified in the distal region (from -2403 to -2398 bp), which was 
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shown to bind homodimeric aryl hydrocarbon receptor nuclear translocator 

(ARNT) and upstream stimulatory factor 1 (USF-1) by chromatin 

immunoprecipitation (ChIP) assay (Arpiainen et al. 2007). Arpiainen and co-

workers (2007) observed that the basal expression of Cyp2a5 was reduced by 

50% in the livers of ARNT null mice versus wildtype mice, while the expression 

of renal CYP2A5 was similar in both mice. 

2.5.2 Circadian oscillation and the fasting response 

In mice, the hepatic expression of ALAS1, cytochrome P450 reductase and many 

CYPs are elevated in the dark period (Zhang et al. 2009b). Circadian oscillation 

of CYPs has been observed in the liver and kidney but not in the olfactory 

mucosa (Ling et al. 2004, Zhuo et al. 2004). Lavery and co-workers (1997 and 

1999) studied the gradual elevation of CYP2A5 expression during the light period 

that peaked just a few hours after the shift from light to dark: The diurnal 

CYP2A5 induction was reduced but not abolished in the livers of dbp(-/-) mice 

with targeted disruption of DBP, a member of the proline and acidic amino acid 

rich basic leucine zipper (PAR bZIP) transcription factor family. Three putative 

DBP sites were found in the proximal promoters of Cyp2a4 and Cyp2a5 (Lavery 

et al. 1999).  

The nocturnal peaking of CYP2A5 also coincides with elevated cAMP 

signaling, and CYP2A5 was shown to be induced by cAMP analogues forskolin 

and dibutyryl-cAMP as well as by glucagon and the adrenalin analogue 

isoprenaline (Salonpaa et al. 1994, Viitala et al. 2001). Enhanced expression of 

PGC-1α and co-activation of HNF-4α at the Cyp2a5 proximal promoter are the 

likely mechanisms of CYP2A5 induction in enhanced cAMP signaling and under 

fasting conditions (Arpiainen et al. 2008). Viitala et al. (2001) suggested that 

enhanced COH activity might be related to priming of the hepatic xenobiotic 

metabolism for nocturnal feeding and detoxification of dietary furanocoumarins 

in mice. 

2.5.3 Xenobiotic induction 

The induction of CYP2A5 by a vast array of chemicals, many of which are 

atypical CYP inducers, has been reported in cultured mouse primary hepatocytes 

and in vivo. However, the mechanism(s) behind these phenomena are not very 
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well understood, largely because many of the inducer chemicals are toxic and 

highly heterologous in their cellular effects. 

Nuclear receptor ligands 

Phenobarbital induces the nuclear translocation of CAR and the enhanced 

expression of many CYPs by CAR (Kawamoto et al. 1999). Phenobarbital also 

enhances hepatic COH activity (Wood & Conney 1974), and the level of 

CYP2A5 protein (Aida & Negishi 1991, Hahnemann et al. 1992) and mRNA 

(Hahnemann et al. 1992) by the involvement of a transcriptional mechanism 

(Salonpaa et al. 1994). Despite no CAR-responsive regulatory DNA elements in 

the Cyp2a5 5’ promoter have been characterized thus far, the role of CAR in 

regulation of CYP2A5 induction by both phenobarbital (Kirby et al. 2011) and 

the archetypal CAR ligand TCPOBOP (Maglich et al. 2002, Wei et al. 2002) has 

been confirmed in CAR(-/-) mice. Nevertheless, the regulatory pathways involved 

in Cyp2a5 induction by phenobarbital remain incompletely understood. For 

instance, Jover et al. (2000) found that sufficient heme synthesis is indispensable 

for efficient transactivation of Cyp2a5 but not for the induction of Cyp2b10 and 

Cyp3a11 by phenobarbital. Other typical nuclear receptor ligands that induce 

CYP2A5 include rifampicin (Donato et al. 2000) and pregnenolone carbonitrile 

(Cai et al. 2002) that are respectively typical human and mouse specific ligands of 

PXR, and the prototypical PPARα ligand, Wy14,643 (Cai et al. 2002). The 

putative roles of PXR and PPARα in regulation of CYP2A5 remain to be 

established, as well as the mechanism of CYP2A5 induction by rifampicin. 

Aryl hydrocarbon receptor ligands 

CYP2A5 mRNA, protein (Arpiainen et al. 2005) and COH activity (Gokhale et al. 

1997) are elevated in mouse liver and cultured primary hepatocytes by 2,3,7,8-

tetrachlorodibenzo-ρ-dioxin (TCDD). Genter et al. (2006) demonstrated the 

induction of hepatic CYP2A5 protein in the ER and mitochondria of TCDD 

exposed mice. Arpiainen et al. (2005) also showed that CYP2A5 is induced by 3-

methylcholantrene, another prototypical AhR ligand, and identified a putative 

xenobiotic response element (XRE) residing at the Cyp2a5 5’ promoter region 

from –2514 to –2492 bp. This site was shown to mediate Cyp2a5 promoter 

activation by TCDD in luciferase reporter and mutational assays, and the binding 

of AhR/ARNT was demonstrated by electrophoretic mobility shift assay (EMSA) 
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(Arpiainen et al. 2005). Although a strong association was found using in vitro 

DNA-protein binding assays, the binding of AhR was not confirmed in real 

chromatin structure. The direct role of AhR/ARNT has been contradicted by an in 

vivo study showing that CYP2A5 is induced in wildtype mice but not in Cyp1a2(-

/-) mice, suggesting that the AhR target CYP1A2 is somehow involved in 

CYP2A5 induction by AhR ligands (Hayes et al. 2007). 

Pyrazole 

The induction of CYP2A5 by pyrazole and its derivatives has been documented in 

vivo and in cultured primary hepatocytes (Kojo et al. 1998, Raunio et al. 1988) 

and reported to be post-transcriptionally regulated (Aida & Negishi 1991, 

Hahnemann et al. 1992). The binding of a mRNA stability increasing 37/39 kDa 

protein, identified as the heterogeneous nuclear RibonucleoProtein A1 (hnRNP 

A1), to the 3’ untranslated region of CYP2A5 was found to be involved (Raffalli-

Mathieu et al. 2002, Thulke-Gross et al. 1998, Tilloy-Ellul et al. 1999). In 

cultured primary hepatocytes, hnRNP A1 was found to traverse from nuclei to the 

cytoplasm upon inhibition of transcription where it stabilized the CYP2A5 

transcript and, alternatively, to interact with the CYP2A5 proximal promoter upon 

increased transactivation by phenobarbital and cAMP (Glisovic et al. 2003). 

Hence, Glisovic et al. (2003) suggested that hnRNP A1 may participate in the 

coordination of transcriptional and post-transcriptional regulation of CYP2A5. A 

similar role for hnRNP A1 in stabilization of the CYP2A6 transcript has been 

described (Christian et al. 2004, Gilmore et al. 2001). 

Heavy metals 

Metals such as iron, copper, chromium and vanadium undergo redox cycling and 

generate ROS through the Fenton reaction, while other metals including cadmium, 

mercury, nickel and lead, associate with protein sulfhydryl moieties and disrupt 

the cellular redox balance by the depletion of glutathione (Stohs & Bagchi 1995). 

Moreover, lead mimics zinc and calcium and can therefore displace zinc in 

cellular proteins and inhibit the function of calcium-binding proteins (Ercal et al. 

2001). Because several heme biosynthetic enzymes either depend on zinc or 

contain sensitive sulfhydryl groups, some heavy metals are also efficient 

inhibitors of heme biosynthetic enzymes (Fig. 2) (Ercal et al. 2001, Handschin et 

al. 2005). 
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Hepatic CYPA5 is differentially induced with respect to strain and gender by 

various metals including cerium (Arvela et al. 1991), cobalt (Kocer et al. 1991, 

Legrum & Netter 1980), indium (Mangoura et al. 1989), tin (Emde et al. 1996) 

and cadmium (Abu-Bakar et al. 2004). The variable intensity of CYP2A5 

elevation may be associated with the degree of susceptibility to heavy metal-

induced hepatotoxicity that shows great differences with respect to the dose, 

gender and strain (Arvela et al. 1991, Hata et al. 1980, Shaikh et al. 1993). Abu-

Bakar et al. (2004) noted that cadmium elevates CYP2A5 in the kidneys and 

livers of wildtype but not Nrf2(-/-) mice, which suggests that Nrf2 might mediate 

the effects of cadmium on CYP2A5.  

Porphyrinogenic substances 

Various agents that inhibit the biosynthesis of heme or enhance heme catabolism, 

such as cobalt, elevate CYP2A5 (Kocer et al. 1991, Legrum & Netter 1980) while 

they downregulate total P450 activities (Camus-Randon et al. 1996, Maines & 

Kappas 1977). Salonpaa et al. (1995) studied the induction of CYP2A5 by 

pyrazole, thioacetamide, aminotriazole and griseofulvin in C57BL/6 and DBA/2 

mice. The effects of pyrazole, aminotriazole and thioacetamide could be reversed 

by heme arginate in DBA/2 mice where CYP2A5 was also more responsive to 

griseofulvin (Salonpaa et al. 1995). In cultured DBA/2 primary hepatocytes, 

CYP2A5 was only elevated by griseofulvin and acifluorfen that could not be 

modified by exogenous heme supplementation (Salonpaa et al. 1997). 

Intriguingly, many CYP2A5 inducers, including metals, TCDD, ethanol (Lu et al. 

2011), hexachlorobutadiene, carbon tetrachloride and chloroform (Camus-Randon 

et al. 1996, Pellinen et al. 1993) have porphyrinogenic effects (Fowler 2001, The 

Collaborative on Health and the Environment 2012). On the other hand, many of 

the studied porphyrinogenic agents are unspecific hepatotoxins with multiple 

cellular targets. 

2.5.4 Induction in pathological conditions of the liver 

Chemical induced hepatotoxicity 

The elevation of CYP2A5 by various chemicals, such as thioacetamide, pyrazole, 

chloroform and cocaine is unique, as opposed to many other P450s that remain 
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unchanged or are repressed, and associates with liver injury and inflammation 

(Camus-Randon et al. 1996, Gilmore & Kirby 2004, Pellinen et al. 1993). 

Gilmore et al. (2003) reported that recombinant interleukins 1β and 6, typical 

mediators of inflammation in liver tissue, as well as the bacterial endotoxin 

lipopolysaccharide were poor inducers of CYP2A5, which suggests that 

proinflammatory cytokines do not mediate the CYP2A5 response in liver injury. 

The model inducer pyrazole was shown to co-induce the ER stress marker 

glucose-regulated protein 78 and CYP2A5 in pericentral hepatocytes and, 

therefore, CYP2A5 induction in hepatotoxic conditions was suggested to unfold 

in association with ER stress (Gilmore et al. 2003, Gilmore & Kirby 2004). 

However, CYP2A5 was not systematically induced under conditions of ER stress 

by the model substances thapsigargin, tunicamycin and calcimycin although clear 

CYP2A5 induction was observed by trans-4,5-dihydroxy-1,2-dithiane (DTTox), 

an ER stress agent that alters the redox equilibrium in the ER (Gilmore & Kirby 

2004). 

The CYP2A5 inducing substances cocaine, cadmium, thioacetamide and 

carbon tetrachloride activate apoptotic cascades in the livers of chemically 

exposed mice and rats (Cascales et al. 1994, Habeebu et al. 1998, Ledda-

Columbano et al. 1991, Shi et al. 1998). Tetri et al. (2002) investigated the 

association of CYP2A5 induction with apoptosis in primary hepatocytes by 2-

aminopurine, a modifier substance of cell cycle control, as well as by 

hepatotoxins phenobarbital, pyrazole and norcocaine, and found that CYP2A5 

was elevated after the induction of apoptosis. 

Viral, bacterial and parasite infections 

Enhanced CYP2A5 expression was detected in chronic hepatic inflammation of 

bacterial, viral and parasitic origin (Chemin et al. 1996, Chomarat et al. 1997, De-

Oliveira et al. 2006, Kirby et al. 1994, Montero et al. 1999, Richardson et al. 

2006, Sipowicz et al. 1997). Elevated levels of CYP2A5 and glutathione S 

transferase colocalized within areas that also indicated enhanced production of 

superoxide (Chomarat et al. 1997, Sipowicz et al. 1997). Similar data on human 

CYP2A6 induction in hepatic inflammation and cirrhosis have been reported 

(Kirby et al. 1996, Raunio et al. 1998, Satarug et al. 1996).  
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Hepatocarcinogenesis 

In several studies, enhanced expression of CYP2A5 was detected in mouse 

hepatomas and preneoplastic hepatic lesions (Jounaidi et al. 1994, Kobliakov et al. 

1993, Takagi et al. 1997, Wastl et al. 1998). Based on the unambiguous data using 

mouse models, CYP2A5 was suggested as a marker of hepatocarcinogenesis. 

Raunio et al. (1998) conducted a small scale study on 24 human hepatocellular 

carcinoma samples from Finland and found similar frequencies of CYP2A6 

positive samples in the neoplastic and non-neoplastic tissue sample groups. 

Increased expression of CYP2A6 was only detected in a distinct subpopulation of 

tumor cells at areas that were characterized by cirrhosis and/or inflammatory cell 

infiltration (Raunio et al. 1998). 

2.5.5 Oxidative stress 

A common, indirect mechanism could mediate the heterologous but consistent 

induction of CYP2A5 in various hepatotoxic conditions. For instance, oxidative 

stress is a likely candidate that might influence CYP2A5 induction associated 

with chemical toxicities, chronic inflammation and carcinogenesis. Gilmore et al. 

(2003) excluded the role of proinflammatory cytokines in the involvement of 

CYP2A5 induction in liver injury, while altered cellular redox conditions seemed 

to correlate with CYP2A5 induction by pyrazole (Gilmore et al. 2003, Gilmore & 

Kirby 2004). The study by Sipowicz and co-workers (1997) showed that CYP2A5 

might be induced in the presence of enhanced ROS. Finally, an intriguing 

candidate for the general CYP2A5 induction response was found when Abu-

Bakar et al. (2004) reported that hepatic and renal CYP2A5 induction by 

cadmium is attenuated in Nrf2 knockout mice, a model phenotypically 

characterized by pervasive deficiency of antioxidative and chemopreventive stress 

responses.  

2.6 Redox homeostasis 

ROS are generated during normal cellular oxidative metabolism and respiration, 

and serve important roles in intracellular signalling. The level of ROS may 

increase with environmental exposure to toxins, radiation or various pathological 

conditions, and therefore cells are provided with potent ROS neutralization 
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mechanisms that can be homeostatically activated in order to prevent irreparable 

cellular damage. 

2.6.1 Chemistry of ROS 

Free radicals are highly reactive molecules or atoms that contain one or more 

unpaired electrons in their outer orbits. ROS is a collective term for free oxygen 

radicals and nonradicals that are oxidizing agents and/or are easily converted into 

radicals. Singlet oxygen, superoxide anion (O2
.-), hydroxyl radical (OH.), peroxyl 

(RO2
.) and alkoxyl (RO.) radicals are examples of oxygen free radicals. Hydrogen 

peroxide (H2O2), ozone (O3) and peroxynitrite (ONOO-) are examples of 

nonradical ROS. (Halliwell 2006).  

Superoxide anion is the proximal ROS molecule formed upon normal aerobic 

metabolism through reduction of molecular oxygen by various cellular 

oxidoreductases or the mitochondrial electron transfer chain (Finkel 2011). 

Superoxide can react with nitric oxide to form peroxynitrate (Beckman et al. 

1994). The clearance of superoxide radicals produces other ROS, primarily H2O2, 

in the catalysis driven by superoxide dismutases. H2O2 is relatively stable, 

capable of passing through membranes and promoting reactions far from its 

origin unless scavenged by glutathione peroxidases or catalase. The most reactive 

and short-lived ROS is the hydroxyl radical that readily attacks nearly any 

molecule at the site of its origin. The major source of hydroxyl radicals is H2O2 

via the Fenton reaction, which is driven by the presence of reduced transition 

metals, especially ferrous iron and copper. (Halliwell 2006): 

Fe2+ + H2O2 → Fe3+ + OH. + OH-. 

Additionally, more hydroxyl radical is produced in the Haber-Weiss reaction 

where ferric iron or Cu3+ catalyze the reaction between a superoxide anion and 

H2O2 (Valko et al. 2007): 

O2
-. + H2O2 → O2 + OH. + OH- . 

2.6.2 Sources of ROS 

Major intracellular sources of ROS include NADPH oxidases, mitochondria and a 

host of oxidative enzymes such as xanthine oxidase, cyclooxygenases, CYPs and 

lipoxygenases that produce ROS as part of their normal function (Finkel 2011). 
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Major exogenous sources that enhance intracellular ROS production, include 

radiation (e.g. UV), environmental toxins and pathogenic microorganisms. 

Mitochondria 

Mitochondria generate ROS during oxidative phosphorylation that involves a 

series of redox reactions through four protein complexes called the electron 

transport chain. These processes are essential to generate metabolic energy, 

adenosine triphosphate (ATP), from the breakdown of carbohydrates and fatty 

acids. The continuous reduction of molecular oxygen to water by the electron 

transport chain has been estimated to produce H2O2 at an estimated 0.1 – 2% of 

the oxygen reduced (Dikalov 2011, Hamanaka & Chandel 2010). The fluency of 

electron transfer may be altered depending on biological status, respiratory rate, 

mitochondrial inner membrane potential, and posttranslational modifications or 

damage to the respiratory chain (Hamanaka & Chandel 2010). The main sources 

of mitochondrial ROS under physiological conditions are complexes I and II that 

produce superoxide mainly on the matrix side (Dikalov 2011), and complex III 

that can produce ROS on both sides of the inner membrane (Hamanaka & 

Chandel 2010). In the mitochondrial matrix, superoxide is dismutated to H2O2 by 

mitochondrial Mn-dependent superoxide dismutase 2, while a similar reaction is 

catalyzed in the intermembrane space by Cu/Zn-dependent superoxide dismutase 

1 (Okado-Matsumoto & Fridovich 2001). 

Mitochondria are also the site for the biosynthesis and catabolism of heme by 

inducible HMOX1 (Converso et al. 2006, Ryter & Tyrrell 2000). The synthesis of 

heme and iron-sulfur (Fe-S) clusters, which are essential for the function of the 

electron transport chain, iron/heme homeostasis, various metabolic enzymes and 

DNA repair, requires a steady influx of Fe2+ into mitochondria (Sheftel et al. 

2010). This predisposes to ROS generation through the Fenton reaction, if Fe2+ is 

not immediately used in biosynthetic pathways or sequestered in storage protein 

complexes (Horowitz & Greenamyre 2010). During heme synthesis, free radicals 

may be generated in oxidation and photochemical reactions of the heme 

precursors δ-aminolevulinic acid and protoporphyrin IX, which are both formed 

in the mitochondrial matrix (see Fig. 2) (Hagiya et al. 2008, Onuki et al. 2004, 

Ryter & Tyrrell 2000).  
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Endoplasmic reticulum 

The ER is a separated subcellular compartment for the synthesis, folding and 

post-translational modification of secreted and transmembrane proteins by 

chaperones, glycosylases and protein disulfide isomerases. It also functions as the 

major storage site for intracellular calcium and a site for lipid and sterol 

biosynthesis (Schroder & Kaufman 2005). ROS may be generated via uncoupling 

of oxidases that recycle the disulfide bonds in protein disulfide isomerases. The 

ER protein quality control system may be overwhelmed in stress conditions by 

repeated cycles of disulfide bond formation and reduction (Ceriotti 2011). 

Perturbations of ER homeostasis by protein misfolding, alterations in calcium 

homeostasis, redox equilibrium or cellular lipid synthesis may activate the 

unfolded protein response, which leads to upregulation of the ER folding and 

degradation machineries, downregulation of genes that encode secretory proteins 

as well as ER proliferation to dilute the increased unfolded protein load (Schroder 

2008).  

The unfolded protein response activates three ER-resident transmembrane 

proteins: activating transcription factor (ATF) 6, the inositol requiring kinase, and 

double-stranded RNA-activated protein kinase (PKR)-like endoplasmic reticulum 

kinase. Activated PKR-like endoplasmic reticulum kinase has two major targets: 

phosphorylation of eukaryotic initiation factor 2α to inhibit global protein 

translation, and phosphorylation of Nrf2 (Cullinan & Diehl 2004, Schroder 2008). 

ER stress and the unfolded protein response may also be activated by viral 

infections. Unresolved persistent stress will shift the unfolded protein response 

towards apoptosis to protect the organism. Apoptosis is initiated by the release of 

calcium from ER stores. (Schroder 2008). 

Cytochrome P450 

CYPs may promote oxygen toxicity via uncoupling or metabolic activation of 

compounds. First, inefficient electron transfer from NADPH to P450s may occur 

at three steps of the P450 catalytic cycle (Fig. 1), leading to utilization of reducing 

equivalents without product formation and production of superoxide, hydrogen 

peroxide or water (Gorsky et al. 1984). Uncoupling is more common with less 

specific xenobiotic-metabolizing CYPs that have flexible active sites (Denisov et 

al. 2005), such as CYP2E1. For reasons that are not known, mitochondrial 

CYP2E1 seems to be even more prone to produce ROS (Sangar et al. 2010). As 
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opposed to CYPs, cytochrome P450 reductase has a high intrinsic potency to 

generate ROS, and some reports suggest that it may account for the major 

reactivity in CYP/cytochrome P450 reductase mixtures (Manoj et al. 2010, Pillai 

et al. 2011). 

The metabolic activation of harmless parent compounds into active 

compounds with deleterious properties may generate reactive electrophilic 

metabolites (Nebert & Dalton 2006). Even endogenous substrates may be 

converted into harmful redox cycling compounds, such as in formation of 

electrophilic, redox active quinones from estrogens by CYPs. The formation of 

excessive reactive metabolites may cause oxidative stress by depletion of reduced 

glutathione (GSH), a remarkable cellular antioxidant (Sangar et al. 2010). 

2.6.3 ROS and cellular damage 

The interaction of free radicals with nonradical molecules usually generates new 

radicals and free-radical chain reactions. Radicals may act as nucleophiles that 

donate electrons or electrophiles that accept electrons from nonradical 

biomolecules that they encounter, or simply add to biomolecule structures 

(Halliwell 2006). 

Damage to biomolecular structures 

DNA, RNA, proteins, lipids and carbohydrates are equally targets for oxidative 

damage. ROS can alter both mitochondrial and nuclear genomic stability by 

inducing DNA strand breaks, oxidation of purines and pyrimidines, and cross-

linking to other molecules. The function of proteins may be altered by oxidation 

of sulfhydryl groups, reduction of disulfides, oxidative adduction of amino acid 

residues close to metal-binding sites via metal-catalyzed oxidation, reaction with 

aldehydes, modification of prosthetic groups or metal clusters, protein-protein 

cross-linking and peptide fragmentation. Enzymes containing iron-sulfur clusters 

are highly sensitive to inactivation by superoxide anion, which releases the iron 

from the enzyme. (Cabiscol et al. 2000). 

The ability of radicals to abstract hydrogen atoms from C-H bonds of 

polyunsaturated fatty acids serves as the basis of lipid peroxidation. Generated 

carbon radicals react with oxygen to form peroxyl radicals that continue to attack 

membrane proteins and adjacent fatty acid residues. Lipid peroxidation is 

aggravated by the presence of free iron and copper that split lipid hydroperoxides 



 46

into alkoxyl and peroxyl radicals. Lipid peroxidation facilitates non-enzymatic 

fragmentation of polyunsaturated lipids that produces toxic aldehydes such as 

malondialdehyde and 4-hydroxynonenal that readily bind and inactivate 

membrane-bound proteins (Halliwell 2006). Aldehydes are long lived and can 

therefore diffuse from their site of origin and attack distant targets (Cabiscol et al. 

2000).  

In comparison to nuclear DNA, mitochondrial DNA accumulates a higher 

steady-state level of oxidative lesions due to the close proximity of mitochondrial 

ROS sources (Barja & Herrero 2000, Gredilla 2010, Hamilton et al. 2001). 

Traditionally, the higher degree of DNA damage has also been explained by the 

lack of protective DNA-binding histones and DNA repair mechanisms, although 

recent progress in the field of research has at least partially attenuated this notion 

(Gredilla 2010). Elevated ROS may modify and inactivate mitochondrial proteins 

or alter their function, as occurs with cytochrome c. Enhanced mitochondrial ROS 

production may cause mitochondrial dysfunction and compromise the cell’s 

ability to produce energy and perform metabolic functions (Dikalov 2011). 

Oxidative stress - and beyond 

Oxidative stress is defined as a cellular condition characterized by excessive free 

oxygen radical production that is beyond the cell’s capacity to neutralize or repair 

the damage. Oxidized proteins are normally tagged for degradation by 

ubiquitination, but a high level of damage may decrease proteolytic susceptibility 

since highly oxidized proteins tend to aggregate (Cabiscol et al. 2000). Lipid 

peroxidation decreases membrane fluidity, alters the function of membrane-bound 

proteins, and ultimately weakens the integrity of cellular membranes, including 

lysosomes and mitochondria (Cabiscol et al. 2000, Halliwell 2006). Mitochondria 

have a crucial role in the recognition and execution of intracellular apoptotic 

signals. Severe oxidative damage may, however, launch intensive poly-ADP-

ribosylation as a mechanism of DNA repair, which can deplete cellular ATP, 

inhibit apoptosis and result in uncontrolled necrotic cell death (Lee & Shacter 

1999, Lelli et al. 1998). In contrast to acute stress, repeated attacks or chronic 

exposure to ROS are thought to contribute to cellular senescence, various age-

related pathological conditions such as neurodegenerative diseases, and cancer. 
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2.6.4 ROS in signaling 

ROS have essential roles in cellular signalling, which are only now beginning to 

be understood. The first of established beneficial roles was the finding that ROS 

is part of the host defense against pathogens via ROS generating NADPH oxidase 

enzymes of phagocytic cells. Several family members of the NADPH oxidases are 

now known to be widely expressed in many species and cell types, and the 

production of ROS seems to be their only apparent function (Finkel 2011). 

NADPH oxidases are involved in several physiological processes such as 

intracellular growth factor and insulin sensing (Finkel 2011, Mahadev et al. 2004). 

In stem cells, ROS typically serve as a signal of cell proliferation and 

differentiation (Finkel 2011, Ito et al. 2004). ROS are also indispensable for the 

mitochondrial regulation of cell death via nuclear factor κ-light-chain enhancer of 

activated B cells (NF-κB) and tumor necrosis factor-α (Hamanaka & Chandel 

2010). Although ROS are inevitably linked to a host of pathological conditions, it 

remains unclear whether ROS constitute the cause or the consequence in various 

pathologies other than cancer (Finkel 2011, Valko et al. 2007). 

Cysteine residues as ROS sensors 

Oxidation of sulfhydryl groups in specific enzymes can modulate catalytic 

activities. For instance, various protein tyrosine phosphatases, such as MAPK 

phosphatases (Kamata et al. 2005, Levinthal & Defranco 2005) respond to ROS 

by transient inactivation, which is regulated at the level of reactive sulfhydryl 

groups. By contrast, the ataxiatelangiectasia mutated (ATM) protein kinase, which 

is activated by hydrogen peroxide-catalyzed dimerization by disulfide bond cross-

linkage (Guo et al. 2010), regulates the intracellular redox status especially in 

response to breaks in double-stranded DNA (Finkel 2011). Computational 

methods and proteomics have indicated that putative modulatory cysteine 

residues may be present in over 500 proteins (Fomenko et al. 2007, Weerapana et 

al. 2010).  

The oxidation of critical cysteines is facilitated by the specific protein 

microenvironment, which lowers the pKa of specific cysteine residues. Cysteine 

is oxidized to its unstable but reversible sulfenic form (SOH) that may be 

irreversibly modified to sulfinic (RSO2H) and sulfonic (RSO3H) forms in higher 

oxidative conditions. However, cysteine residues may also be modified by 
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nitrosylation (RSNO), glutathionylation (RSSG), or formation of inter- or 

intramolecular disulfide bonds (RSSR) (Finkel 2011).  

The thioredoxin and glutaredoxin family of proteins play key roles in the 

maintenance of redox homeostasis by reducing disulfide bridges in various target 

proteins (Finkel 2011). Besides modulation of enzyme catalytic activities, 

oxidation of cysteine sulfhydryl groups can alter protein–protein interactions and 

the DNA binding activity of transcription factors by inducing conformational 

changes or oligomerization of proteins (Hamanaka & Chandel 2010). Inhibition 

of mitochondrial ROS production was shown to remarkably reduce the overall 

number of cellular protein disulfide bonds, suggesting that mitochondria may 

have a key role in the maintenance of redox homeostasis and modification of the 

proteome (Yang et al. 2007). 

Specificity of ROS signaling 

Several mechanisms to confer specificity to ROS signaling have been suggested. 

Woo and co-workers (2010) demonstrated that growth factor receptor activation 

allows unrestricted accumulation of H2O2 from nearby membranous NADPH 

oxidases by simultaneous phosphorylation and inactivation of peroxiredoxin 1 in 

a local confined area (Woo et al. 2010). Superoxide and H2O2 seem to be rather 

selective in their targets (Halliwell 2006), and H2O2 is transported across 

membranes in a regulated fashion via specific aquaporin channels (Bienert et al. 

2007, Miller et al. 2010). 

2.6.5 Adaptive defense mechanisms against ROS 

Cellular antioxidant mechanisms include both enzymatic and non-enzymatic 

strategies. Superoxide dismutases, catalase, and peroxiredoxins neutralize 

superoxide and H2O2. The list of direct antioxidants may be complemented with 

various maintenance enzymes of cellular antioxidants and repair mechanisms 

(Valko et al. 2007), and various proteins that sequester redox-active metals such 

as free iron (e.g. ferritin and transferrin) or toxic heavy metals (metallothioneins). 

Thioredoxin and glutaredoxin, maintained by glutathione, play significant roles in 

the universal maintenance of sulfhydryl proteins by reduction of disulfide bridges. 

It has been proposed that the diverse protein antioxidants form a loose 

hierarchical network or redox circuit, whose function is to maintain the cellular 

cysteine proteome (Jones & Go 2011). 
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Major endogenous antioxidant molecules include glutathione and NAD(P)H 

(Kirsch & De Groot 2001, Valko et al. 2007). Other biomolecules, such as 

bilirubin (Dore et al. 1999, Jansen et al. 2010, Stocker et al. 1987), have been 

reported to be potent ROS scavengers but their apparent physiological 

significance is not as well-established. Free amino acids, peptides and proteins 

also offer protection against ROS because they are in excess in the cell and 

oxidized proteins can be readily digested and replaced (Valko et al. 2007). 

Proteolysis has been demonstrated to increase over 10-fold upon exposure to 

superoxide radicals or H2O2 (Davies & Goldberg 1987, Droge 2002). Diet-

derived chain breaking antioxidants, including ascorbic acid (Vitamin C), α-

tocopherol (Vitamin E), carotenoids and flavonoids may have advantageous 

effects as efficient terminators of lipid peroxidation, although some of their 

assumed benefits and bioavailability are highly controversial (Halliwell et al. 

2005).  

Glutathione 

The tripeptide glutathione (L-γ-glutamyl-L-cysteinyl-glycine) is present in 

millimolar concentrations in the nucleus, mitochondria, cytosol and ER. GSH is 

synthesized in the cytosol by glutamate–cysteine ligase and glutathione 

synthetase. Over 90% of total glutathione is maintained in its reduced form via 

cytosolic de novo GSH synthesis, enzymatic reduction of oxidized glutathione 

disulfide (GSSG), and exogenous GSH uptake. The ratio of GSH/GSSG is 

therefore a good measure of cellular oxidative stress. Nuclear GSH maintains the 

redox state of critical protein sulfhydryls that are necessary for DNA repair and 

expression. (Circu & Aw 2010). During cell proliferation, the increase in nuclear 

GSH is four fold greater than that of cytosolic GSH (Markovic et al. 2007). In the 

ER and mitochondria, GSH efficiently scavenges local ROS, while its role in the 

maintenance of critical thiols of protein disulfide isomerases in the ER 

compartment was recently questioned in association with reassessed local 

glutathione ratio that suggested more reducing conditions (5:1) than has 

previously been thought (Circu & Aw 2010, Dixon et al. 2008). Glutathione is an 

essential cofactor in enzymes, such as glutathione peroxidase and glutathione-S-

transferases. While GSH can directly scavenge hydroxyl radicals and singlet 

oxygen, glutathione peroxidase neutralizes H2O2 and lipid peroxides (Circu & Aw 

2010).  
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NAD(P)H 

NAPDH provides reducing equivalents for the rejuvenation of GSH and 

thioredoxin by thioredoxin reductase. Hence, the NADPH/NADP+ ratio is used as 

a similar descriptive of cellular redox homeostasis as the GSH/GSSG ratio. On 

the other hand, NADPH/NADP+ also participates in cellular ROS production via 

its role in electron transfer in NADPH oxidases. Under conditions of oxidative 

stress, NADPH is either generated via NADP+ reduction through the pentose 

phosphate pathway or, alternatively, by conversion of pro-oxidative NAD(H) to 

antioxidative NADP(H) by the mitochondrial nicotinamide nucleotide 

transhydrogenase (NNT). (Circu & Aw 2010). Under quiescent conditions, 

nicotinamide nucleotide transhydrogenase-mediated production of NADPH 

maintains intramitochondrial redox homeostasis (Circu & Aw 2010, Vogel et al. 

1999). In support of this, suppression of gluconeogenic and citric acid cycle 

enzymes generating NADH has been observed in favor of elevated NADPH-

generating glyoxalate and glycolytic enzymes (Circu & Aw 2010, Singh et al. 

2007, Singh et al. 2008). 

Bilirubin 

Bilirubin has been identified as a potent chain breaking antioxidant that equals or 

exceeds α-tocopherol in its potency to inhibit lipid peroxidation (Hatfield & 

Barclay 2004, Neuzil & Stocker 1994, Stocker et al. 1987). Bilirubin 

antioxidative properties have been reported to range from nanomolar to 10 µM 

quantities, but levels over 20 µM were shown to be cytotoxic (Silva et al. 2001). 

Normally, excessive bilirubin is detoxified via glucuronidation by hepatic UDP-

glucuronosyltransferase 1A1 and excreted in bile and feces (Tukey & Strassburg 

2000). Excessive pathological levels are observed, however, in jaundiced 

neonates and Crigler-Najjar syndrome patients with severe neurotoxic 

consequences. The beneficial effects of bilirubin and biliverdin have been 

implicated in protection against vascular diseases (Ollinger et al. 2005) as well as 

in neural (Dore et al. 1999), cardiovascular (Vitek et al. 2002) and hepatic 

protection (Granato et al. 2003). Bilirubin was also noted to protect against 

hyperoxia in neonatal Gunn rats with very low UDP-glucuronosyltransferase 1A1 

activity (Dennery et al. 1995). 

The physiological significance and the putative mechanism by which 

antioxidant levels of bilirubin could be intracellularly managed remains an open 
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question. A popular but much disputed hypothesis suggests that bilirubin 

undergoes redox cycling amplification by the recovery of chemically oxidized 

bilirubin to biliverdin by biliverdin reductase (Baranano et al. 2002, Maghzal et al. 

2009, McDonagh 2010). Apparently, many of the in vitro studies have been 

misleading due to the problematic chemical nature and photosensitivity of 

bilirubin as well as methodological shortcomings (McDonagh 2010). In the liver, 

both glucuronidation of excessive bilirubin and P450-catalyzed oxidative 

metabolites have been reported: Abu-Bakar et al. (Abu-Bakar et al. 2005) 

demonstrated that bilirubin is oxidized by CYP2A5 and competitively inhibits 

hepatic microsomal COH activity. Recently, the CYP2A5-mediated reaction was 

studied in a recombinant yeast system overexpressing CYP2A5, and the oxidation 

product of CYP2A5 was identified as biliverdin IXα (Abu-Bakar et al. 2011).  

In their work, Abu-Bakar et al. (2011) suggested a compelling theory where 

the cellular maintenance of bilirubin antioxidant levels would be fully 

enzymatically driven through CYP2A5-mediated conversion of bilirubin IXα to 

biliverdin IXα and subsequent recovery of bilirubin IXα by biliverdin reductase. 

This system was suggested to prevent both wasting of bilirubin via 

glucuronidation and accumulation of bilirubin in pro-oxidant levels. Additionally, 

bilirubin was found to post-translationally stabilize CYP2A5, apparently via its 

substrate function, and CYP2A5 was therefore postulated as an inducible 

bilirubin oxidase (Abu-Bakar et al. 2011). 

2.7 Nuclear factor (erythroid-derived 2)-like 2 

Transcription factor Nrf2 is a ubiquitous coordinator of antioxidant and 

detoxification gene programs in mammals. Upon perturbation of the cellular 

redox homeostasis, Nrf2 accumulates in the nucleus where it heterodimerizes 

with one of the small musculoaponeurotic fibrosarcoma (Maf) family proteins and 

binds to target gene response elements known as antioxidant response elements 

(AREs). The Nrf2 pathway was originally identified as a general response in 

which enhanced expression of multiple phase II enzymes is enhanced by natural 

compounds, such as phenolic antioxidants, isothiocyanates, 1,2-dithiol-3-thiones, 

indoles, coumarins and thiocarbamates with chemotherapeutic properties (Talalay 

et al. 1988). 
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2.7.1 The family of Cap’n’collar transcription factors 

Nrf2 and other cap’n’collar (CNC) transcription factors are a subfamily of the 

bZIP family sharing a conserved CNC domain (Fig. 3) that consists of 43 amino 

acids. The basic region of the bZIP structure (Fig. 3) is responsible for sequence-

specific DNA-binding and the leucine zipper region is responsible for the homo- 

or heterodimerization with other bZIP proteins (Amoutzias et al. 2006). The 

transactivation domain (Fig. 3) that consists of acidic residues is located 

aminoterminally with respect to the CNC and the hydrophobic head of the N-

terminus is involved in protein-protein interaction with the cytoplasmic protein 

Kelch-like ECH-associated protein 1 (Keap1) (Fig. 3). Identified CNC 

transcription factors include Skinhead family member 1 (SKN-1) in 

Caenorhabditis elegans, CncA, CncB and CncC in Drosophila melanogaster, and 

the following vertebrate CNCs: nuclear factor erythroid-derived 2 (NFE2), 

nuclear factor (erythroid-derived 2)-like 1, 2 and 3 (Nrf1, Nrf2 and Nrf3) as well 

as the Broad complex–Tramtrack–Bric-a-brac (BTB) and CNC homology 1 and 2 

(Bach1 and Bach2). All CNC transcription factors are activators except Bach1 

and Bach2 that are involved in transcriptional repression (Maher & Yamamoto 

2010).  

NFE2 

NFE2, which consists of the heterodimeric partners p45 (45 kDa) and MafK (18 

kDa) is expressed in hematopoietic progenitor, erythroid, megakaryotic and mast 

cells, and is involved in the regulation of globin genes. Knockout mice deficient 

for the p45 unit have defective platelet synthesis and high mortality due to poor 

blood clotting. (Andrews 1998). Other mammalian CNCs were identified based 

on their DNA binding properties similar to that of NFE2, and the linkage of most 

CNCs is also somehow traceable to hematopoiesis, although Nrf2 has evolved a 

rather distinct and specialized role in antioxidant signaling (Maher & Yamamoto 

2010). 

Nrf1 and Nrf2 

Nrf1 and Nrf2 (or officially NFE2L1 and NFE2L2) are ubiquitously expressed 

transcription factors (Chan et al. 1998). Chan et al. (1996 and 1998) observed that 

while Nrf2 is redundant for embryonic growth and development, the genetic 
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disruption of Nrf1 produces embryos that are retarded in growth but develop 

normally until spontaneous termination of gestation at a mid-late stage due to 

dysfunctional fetal liver hematopoiesis. Later it was found that Nrf1 has a key 

role in protection of the embryonic liver redox homeostasis (Chen et al. 2003a). 

The combined disruption of both Nrf1 and Nrf2 resulted in embryonic lethality at 

an early stage, which suggests that Nrf2 complements Nrf1 during development 

(Leung et al. 2003). The cytoprotective function of Nrf1 is preserved in the adult 

liver and brain where the Nrf1 null phenotype may predispose to 

neurodegenerative diseases because of dysfunctional proteasome expression (Lee 

et al. 2011, Xu et al. 2005a).  

An extensive amount of data gained using Nrf2 null mice shows that Nrf2 

deficiency leads to increased susceptibility to environmental chemical toxicities 

and a higher incidence of cancer (Enomoto et al. 2001, Lamle et al. 2008, Lu et al. 

2008, Osburn & Kensler 2008), while it also constitutes a key factor in 

suppression of inflammatory responses (Osburn et al. 2008, Wakabayashi et al. 

2010, Yoh et al. 2001). Aged Nrf2(-/-) mice have a high incidence of 

neurodegenerative disorders and suffer from a systemic autoimmune disease 

(Hubbs et al. 2007, Ma et al. 2006, Yoh et al. 2001). Irrespective of its wide 

cytoprotective and adaptive functions, Nrf2 clearly represents a hormetic pathway 

with harmful effects that are seen both in its absence and when the pathway 

activation is uncontrolled. Pathway hyperactivation is commonly seen in many 

cancers, where an acquired growth advantage and better resistance to stress 

become malignant traits (Hayes & McMahon 2009, Singh et al. 2006, Taguchi et 

al. 2011, Zhang et al. 2010b). 

Under homeostatic conditions, Nrf2 (66 kDa) has a low basal activity that is 

efficiently reduced by its cytoplasmic retention for proteasomal degradation via 

Keap1 (Fig. 3, Fig. 5). In comparison, the expression and regulation of Nrf1 

seems to be more complicated: Two variant Nrf1 proteins are expressed, 

including a full-length 120 kDa ER-resident integral membrane isoform and a 

truncated 65-kDa nuclear isoform (Wang & Chan 2006). Both human and mouse 

Nrf1 have two conserved alternative polyadenylation sites, and two alternative 

exons for exons 1 and 6 are expressed in human (Luna et al. 1994, Luna et al. 

1995). Although two additional alternatively spliced transcript variants have also 

been reported for human Nrf2, the biological function of these variants remains 

unknown. The truncated variants both contain an N-terminal deletion of 16 amino 

acids and the other has an additional truncation of 7 amino acids in the 3’ coding 

region due to an alternate in-frame splice site at exon 4 of the full-length isoform 
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(The National Center for Biotechnology Information, the GenBank sequence 

database, Gene ID: 4780, update 2012/07/26). Nrf1 and Nrf2 share a 72% similar 

Nrf2-ECH homology (Neh) 2 domain with conserved DLG and ETGE motifs 

(Fig. 3) that are essential for the association of Nrf2 and Keap1 (Wang & Chan 

2006), but the physiological significance of the putative interaction of Nrf1 and 

Keap1 has not been demonstrated. Glycosylation may have a regulatory role in 

the subcellular localization of Nrf1 (Zhang et al. 2007). The 65-kDa isoform of 

Nrf1 was shown to suppress Nrf2-mediated ARE activation in overexpression 

studies and enhance cellular sensitivity to oxidative stress through binding to 

target gene AREs as an antagonizing heterodimer with small Maf proteins (Wang 

et al. 2007b). Thus, Nrf1 may have an interesting modulatory role in cellular 

redox homeostasis. 

Fig. 3. The domain structures of Nrf2 and its cytoplasmic inhibitor Keap1 (data 

adapted from Jain et al. 2005, Li et al. 2005, Taguchi et al. 2011, Theodore et al. 2008). 

(*) Nuclear localization signals: bNLS of the basic region, the N-terminal NLSN and the 

C-terminal NLSC. (§) Nuclear export signals: NESTA of the transactivation domain and 

NESzip of the dimerization domain. Abbreviations: BTB; Broad complex–Tramtrack–

Bric-a-brac domain, CTR; C-terminal region, DLG; Asp-Leu-Gly motif, ETGE; Glu-Thr-

Gly-Glu motif, IVR; intervening region, Keap1; Kelch-like ECH-associated protein 1, 

Kelch; a ubiquitous 50-residue protein motif, Maf; musculoaponeurotic fibrosarcoma 

protein, Neh; Nrf2-ECH homology domain, Nrf2; nuclear factor (erythroid-derived 2)-

like 2, NTR; N-terminal region. 
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Nrf3 

Nrf3 (or officially NFE2L3) has been considerably less studied in comparison to 

Nrf1 and Nrf2. Human Nrf3 is expressed in high amounts in the placenta, from 

intermediate to low levels in several tissues but not in the liver, skeletal muscle, 

ovary, testis and prostate (Kobayashi et al. 1999). Mouse Nrf3 is also extensively 

expressed in the placenta, moderately in the brain, thymus and testis, while no 

expression is detected in the heart, liver, spleen and ovary (Derjuga et al. 2004). 

Three variants are found in different subcellular compartments, ‘A’ in the ER, ‘B’ 

in the cytoplasm and ‘C’ in the nuclear envelope (Nouhi et al. 2007, Zhang et al. 

2009a). Human Nrf3 isoforms have short half-lives of less than one hour (Nouhi 

et al. 2007), which is determined by a conserved PEST motif that guides Nrf3 for 

proteasomal degradation (Zhang et al. 2009a). Nrf3 was suggested to inhibit the 

transactivation of Nrf2-responsive AREs (Sankaranarayanan & Jaiswal 2004), 

while Zhang et al. (2009a) detected Nrf3-mediated low efficiency transactivation 

of a reporter gene carrying an ARE from the NAD(P)H:quinone oxidoreductase 

(Nqo1) gene promoter. No clear physiological consequences were observed in the 

Nrf3 knockout nor additional disorders in the Nrf2/Nrf3 double knockout mice 

(Derjuga et al. 2004), although putative contributions for Nrf3 in carcinogenesis 

and inflammation have been suggested (Chevillard & Blank 2011). Interestingly, 

Nrf3 appears to be a stemness gene (Byrne et al. 2007, Liu et al. 2008b), and a 

role for Nrf3 in the differentiation of murine smooth muscle cells has been 

reported (Chevillard & Blank 2011, Xiao et al. 2012). 

Bach1 and Bach2 

Bach1 is ubiquitously expressed in mammalian tissues (Kanezaki et al. 2001, 

Ohira et al. 1998, Oyake et al. 1996), while Bach2 is limited to neuronal cells, 

monocytes and differentiating B cells (Oyake et al. 1996, Sasaki et al. 2000). The 

genetic disruption of Bach1 produces viable mice that reproduce normally (Sun et 

al. 2002), whereas the overexpression of Bach1 causes impaired megakaryocytic 

development and thrombocytopenia in transgenic mice (Toki et al. 2005). Loss of 

Bach2 function abrogates immunoglobulin class switching and diversification of 

humoral immunity (Muto et al. 2004). Unlike other CNCs, Bach1 and Bach2 

contain an additional N-terminal BTB domain (also known as Pox virus and Zinc 

finger (POZ) domain), which serves as a protein-protein interface allowing 

homodimerization and architectural chromatin organization (Oyake et al. 1996, 



 56

Perez-Torrado et al. 2006, Yoshida et al. 1999) as well as recruitment of co-

repressors such as SMRT and N-CoR (Huynh & Bardwell 1998, Ishikawa et al. 

2005). Another structural role for Bach1 was recently found by Li et al. (2012) in 

the alignment of metaphasic chromosome arms during mitosis. Human Bach1 is 

encoded by the chromosome 21 and, therefore, a potential role in some of the 

functional abnormalities seen in Down syndrome patients has been considered 

(Ferrando-Miguel et al. 2003, Ohira et al. 1998, Shim et al. 2003). 

Bach1 was first identified to regulate the α- and β-globin genes in erythroid 

cells by repressing the NFE2 activator function (Igarashi et al. 1998, Tahara et al. 

2004). Subsequently, Bach1 has been characterized as a specific ARE binding 

repressor of Hmox1 and inhibitor of Nrf2-mediated transactivation in various 

tissues (Furuyama et al. 2007, Reichard et al. 2008, Sun et al. 2002). Bach1 has 

also been reported to regulate the expression of NQO1, ferritins (heavy and light) 

and thioredoxin reductase 1 (Dhakshinamoorthy et al. 2005, Hintze et al. 2007). 

Hintze and co-workers (2007) found in their in vitro DNA binding assay that 

probes carrying the respective AREs of β-globin and ferritins H and L bound 

twice as tightly to Bach1 as the AREs of Hmox1 and Nqo1, which bound Bach1 

approximately four fold more efficiently than the thioredoxin reductase 1 probe. 

Therefore, various Bach1 target genes were suggested to exhibit a differential 

grade of repression and variable competition for the nuclear levels of Bach1 and 

Nrf2 (Hintze et al. 2007). Recently, Warnatz et al. (2011) identified new Bach1 

target genes involved in the control of cell cycle and apoptosis pathways. 

According to some studies, Bach1 can negatively regulate oxidative stress-

induced cellular senescence by inhibiting the function of the tumor suppressor 

p53 through direct protein-protein binding (Dohi et al. 2008, Ota et al. 2011). 

small Mafs 

Maf proteins are another subfamily of bZIP transcription factors that 

heterodimerize with the CNCs. Three similar small Mafs, MafG, MafK and MafF, 

are ubiquitously expressed and functionally redundant (Motohashi et al. 2002). 

Small Mafs lack a transactivation domain and, therefore, can act both as 

repressive homodimers or as obligatory heterodimerization partners of the CNC 

factors that bind to the regulatory DNA sequences known as Maf recognition 

elements (MAREs) and AREs, respectively (Motohashi et al. 2000, Motohashi et 

al. 2002). Therefore, small Maf knockout animals have phenotypes that are 

similar to those that have been reported for their heterodimerization partners 
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NFE2, Nrf1 and Nrf2, including dysfunctional platelet production, neurological 

disorders and lowered cytoprotection against oxidative stress (Katsuoka et al. 

2003, Katsuoka et al. 2005b, Onodera et al. 2000, Shavit et al. 1998). 

2.7.2 Antioxidant response element and ARE binding proteins 

The ARE, also known as the stress responsive element or the electrophile 

response element due to the electrophilic nature of many of its typical inducers 

(Talalay et al. 1988), was first identified as the cis-acting DNA element 

responsible for the AhR-independent transcriptional activation of 

chemoprotective phase II response genes (Friling et al. 1990, Prochaska & 

Talalay 1988, Rushmore et al. 1990). The close resemblance of the ARE core 

sequence (5’-NTGA(G/C)NNNGC-3’) (Fig. 4) (Wakabayashi et al. 2010) to the 

NFE2 binding sequence prompted searches for related transcription factors with 

similar binding affinities and led to the discovery and establishment of the 

ubiquitously expressed heterodimer Nrf2/small Maf as the principal ARE 

activating complex (Ishii et al. 2000, Itoh et al. 1997, Katsuoka et al. 2005b). 

Within the core ARE resides a 12-O-tetradecanoylphorbol-13-acetate responsive 

element (5’-TGA(G/C)TCA-3’) (Fig. 4), capable of binding the bZIP 

transcription factors Jun oncogene (c-Jun), FBJ osteosarcoma oncogene (c-Fos) 

and transcription factors of the ATF family that can interfere or compete with 

Nrf2/small Maf heterodimers for binding (Venugopal & Jaiswal 1996).  

 

Fig. 4. The antioxidant response element and nucleotide sequence preferences for the 

binding of typical competitors. The Nrf2/small Maf heterodimer binding ARE contains 

an internal activator protein 1 site (TRE) that can bind the transcription factors c-Jun, 

c-Fos and ATFs. The 5’ and 3’ sequence extensions to the ARE are critical for 

recognition by Mafs and define whether an ARE can additionally bind Maf homodimers. 

Abbreviations: ARE; antioxidant response element, MARE; Maf recognition element, 

TRE; 12-O-tetradecanoylphorbol-13-acetate responsive element. 
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Various studies have suggested revisions to the general core ARE sequence as 

divergent functional AREs have been characterized on human and mouse target 

gene promoters (Erickson et al. 2002, Nioi et al. 2003). Further studies are 

therefore required to establish the interspecies differences although the overall 

conservation of AREs in mammalian species is high (Horvath et al. 2007). The 

transactivation potency of the core ARE depends on the 5’ and 3’ flanking 

sequences (Wasserman & Fahl 1997) that can extend an ARE into a palindromic 

MARE (5’-TGCTGA(G/C)TCAGCA-3’) (Fig. 4), which can also bind Maf 

homodimers (Maher & Yamamoto 2010). Large Maf homodimers (c-Maf, MafA, 

MafB and Nrl) with an activator domain transactivate MAREs and small Maf 

homodimers (MafG, MafK and MafF) that lack a transactivation domain repress 

MAREs (Motohashi et al. 2000, Motohashi et al. 2002). Since small Maf 

homodimers and the Nrf2-small Maf heterodimer have different preferences for 

specific DNA binding motifs, they have only partially overlapping target gene 

panels (Katsuoka et al. 2005b, Kimura et al. 2007). In a similar fashion, the 

frequently observed minor deviations in novel characterized functional AREs and 

the difficulties to define an absolute ARE consensus likely have biological 

relevance via designating diverse gene regulation subsets by different related 

factors (Kimura et al. 2007).  

2.7.3 Regulation of Nrf2 signaling 

Under homeostatic conditions, the Nrf2 protein has a short half-life (< 20 min) 

due to constant turnover via cytoplasmic ubiquitin-mediated proteasomal 

degradation (Katoh et al. 2005, Taguchi et al. 2011). However, steady-state 

synthesis of the Nrf2 protein allows maintenance of low nuclear Nrf2 levels that 

activate the basal expression of sensitive target genes (Chanas et al. 2002, 

Malhotra et al. 2010, Ramos-Gomez et al. 2001) while elevated nuclear 

localization and increased activation of genes occurs under oxidative or 

electrophilic stress via stabilization of the Nrf2 protein (Taguchi et al. 2011) or a 

stimulated translation rate (Li et al. 2010, Purdom-Dickinson et al. 2007, Sykiotis 

& Bohmann 2010). The level of nrf2 transcription and mRNA stability seem to 

remain largely unchanged (Itoh et al. 2003, McMahon et al. 2003, Purdom-

Dickinson et al. 2007). The extent of Nrf2 stabilization and nuclear localization is 

mainly controlled by the cytoplasmic actin-bound adaptor protein Keap1, which 

is enriched with redox-active sulfhydryl groups (Fig. 5) (Taguchi et al. 2011, 

Watai et al. 2007). However, Nrf2 signaling is also regulated by post-translational 
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modification of Nrf2, binding of related antagonists to Nrf2-responsive target 

gene AREs and formation of inhibitory complexes with different transcription 

factors (Fig. 6) (Taguchi et al. 2011).  

Kelch-like ECH-associated protein 1 

Nrf2 contains six highly conserved Neh domains (Fig. 3). The N-terminal Neh2 is 

involved in binding of Nrf2 to the C-terminal β-barrel structure of Keap1 formed 

by six Kelch repeats (Li et al. 2004, Tong et al. 2006). Keap1 contains a BTB 

structure (Fig. 3), which allows homodimerization (Yamamoto et al. 2008) and 

association of Keap1 together with cullin 3 and RING-box protein 1 that complex 

into a functional ubiquitin E3 ligase (Cullinan et al. 2004, Furukawa & Xiong 

2005, Kobayashi et al. 2004, Zhang et al. 2004b). The stoichiometry of the 

interaction of Keap1 with Nrf2 is 2:1, and the Kelch domain of Keap1 interacts 

with the critical high-affinity ETGE and low-affinity DLG motifs of the Nrf2 

Neh2 domain (Fig. 3) (Padmanabhan et al. 2006, Tong et al. 2006, Tong et al. 

2007). Between the ETGE and DLG motifs resides an α-helix containing 7 

lysines that are properly positioned towards the ubiquitin E3 ligase complex 

under homeostatic redox conditions (Tong et al. 2006, Zhang et al. 2004b). 

Importantly, the association between Keap1 and Nrf2 was shown to persist in 

pathway stimulus while the activity of ubiquitin E3 ligase was diminished, 

allowing de novo synthesized Nrf2 to accumulate in the nucleus (Eggler et al. 

2005, Kobayashi et al. 2006). According to the hinge and latch-model (Fig. 5), 

dissociation of the DLG motif (latch) alone is thought to be sufficient for 

diminished ubiquitination (Tong et al. 2007). An alternative theory presents that 

Keap1 dissociates from cullin 3 upon electrophilic stimulus (Rachakonda et al. 

2008). 

Human and mouse Keap1 consist of 27 and 25 cysteine residues, respectively, 

and various electrophilic substances have been shown to selectively modify 

different cysteine patterns (Dinkova-Kostova et al. 2002, Eggler et al. 2005, 

Taguchi et al. 2011). Residues C273 and C288 of the intervening region (Fig. 3), 

which is localized between the BTB and Kelch domains, were demonstrated to be 

critical for maintenance of the ubiquitin E3 ligase activity and degradation of 

Nrf2. Moreover, C151 of the BTB domain was shown to have an essential role as 

a redox sensor that reduces ubiquitination activity in response to an electrophilic 

stimulus. (Levonen et al. 2004, Zhang & Hannink 2003, Zhang et al. 2004b). 

Yamamoto and co-workers (2008) demonstrated the in vivo significance of the 
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aforementioned residues in transgenic Keap1 mutant mice. Suzuki et al. (2011) 

observed that heterozygous Keap1 mutations in residues C273 and C288 as well 

as residue G364 or G430 of the Kelch motif, have a dominant-negative effect on 

Keap1 function that allow hyperactivation of the Nrf2 pathway. The study of 

Suzuki and co-workers (2011) explains the functional mechanism of heterozygous 

Keap1 mutations that are frequently found in many human cancers (Taguchi et al. 

2011). 

Fig. 5. The hinge and latch–model of Keap1-Nrf2 interaction and pathway activation 

(data adapted from: Eggler et al. 2005, Kobayashi et al. 2006, Padmanabhan et al. 2006, 

Taguchi et al. 2011, Tong et al. 2006, Tong et al. 2007, Zhang et al. 2004b). The nuclear 

basal level of Nrf2 is maintained low by the cytoplasmic Keap1, which sequesters Nrf2 

for ubiquitination and proteasomal degradation. The association of Nrf2 with Keap1 is 

defined via two sites in the N-terminal Neh2-domain of Nrf2: the low affinity DLG motif 

and the high affinity ETGE motif. Conformational changes in Keap1 due to 

modifications to the reactive cysteine residues by ROS or electrophilic assault disrupt 

binding to the DLG motif, which alone is sufficient to stabilize Nrf2 and enhance the 

shuttling of newly synthesized Nrf2 to the nucleus. Abbreviations: BTB; Broad 

complex-Tramtrack-Bric-a-brac–domain, Cul3; cullin 3, DLG; Asp-Leu-Gly motif, ETGE; 

Glu-Thr-Gly-Glu motif, Keap1; Kelch-like ECH-associated protein 1, Nrf2; nuclear 

factor (erythroid-derived 2)-like 2, Ub; ubiquitin. 
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Post-translational modifications to Nrf2 

Three nuclear localization signal (NLS) sequences known as bNLS (in the basic 

region of human Nrf2) (Jain et al. 2005, Li et al. 2005) as well as NLSN 

(aminoterminal) and NLSC (carboxyterminal) in both mouse and human Nrf2 

(Theodore et al. 2008), and two nuclear export signal (NES) sequences known as 

NESzip (in the dimerization domain) (Jain et al. 2005, Li et al. 2005) and NESTA 

(in the transactivation domain) (Li et al. 2006) have been identified (Fig. 3). 

NESTA apparently contains one redox-sensitive cysteine (Fig. 6), while all of the 

NLS sequences seem to be redox-insensitive. The NES and NLS are thought to 

balance each other, account for the basal activity of Nrf2 under homeostatic 

conditions and contribute to the enhanced nuclear Nrf2 pool in altered cellular 

redox conditions when NESTA is disabled (see Figure 6). (Hu et al. 2010). 

Various phosphorylation signaling pathways have been implicated with 

enhanced Nrf2 pathway activation, including activation of the PKR-like 

endoplasmic reticulum kinase (Cullinan & Diehl 2004) and the 

phosphatidylinositol 3-kinase pathway (Kang et al. 2002, Nakaso et al. 2003). For 

instance, phosphatidylinositol 3-kinase was shown to elevate nuclear Nrf2 

localization by enhancing the depolymerization of actin microfilaments (Kang et 

al. 2002). Extracellular signal regulated kinase 2 and Jun NH2-terminal kinase of 

the MAPK family have been associated with enhanced Nrf2 signaling (Shen et al. 

2004, Xu et al. 2006, Yu et al. 1999) and the MAPK pathway p38 has been 

associated with both activation and inhibition of Nrf2 signaling (Shen et al. 2004, 

Yu et al. 2000). Shen et al. (2004) demonstrated that some of these affects may be 

indirectly mediated via phosphorylation of co-activator CBP, while the p38 kinase 

pathway was reported to reinforce binding to Keap1 (Keum et al. 2006). The 

overall significance of MAPKs on Nrf2 signaling was assessed: Although several 

serine and threonine residues of Nrf2 were found to be phosphorylated, 

mutational analysis of these sites suggested a limited role for their direct effects 

on Nrf2 stability and activation (Sun et al. 2009b). In contrast, protein kinase C 

was reported to phosphorylate Nrf2 at Ser40, and thereby, weaken the association 

of Keap1 and Nrf2 (Fig. 6) (Huang et al. 2002, Numazawa et al. 2003). Tyrosine 

kinase Fyn and its upstream kinase GSK-3β were found to induce the nuclear 

export of Nrf2 by phosphorylation of the Y568 residue (Fig. 6) (Jain & Jaiswal 

2006, Jain & Jaiswal 2007, Salazar et al. 2006). Some phosphorylation pathways 

may promote Nrf2 signaling tissue- or inducer-dependently (Sykiotis et al. 2011).  
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Acetylation of the Nrf2 Neh1 domain (Fig. 6) by co-activator p300/CBP was 

reported to enhance the DNA binding of Nrf2 and transactivation of ARE-

responsive genes (Sun et al. 2009a). Kawai et al. (2011) reported that the Neh3 

domain is acetylated by CBP while sirtuin 1 deacetylates Nrf2, and sirtuin 1 was 

suggested to participate in termination of the Nrf2 nuclear response. 

Transcriptional autoregulation of the Nrf2 stress response pathway 

Many components of the Nrf2 pathway have been found to carry functional ARE 

elements in their regulatory promoters. Thus far, Nrf2 has been shown to 

autoregulate its own transcription (Kwak et al. 2002) and the transcription of 

mafg (Katsuoka et al. 2005a), keap1 (Lee et al. 2007) and bach1 (Jyrkkanen et al. 

2011) (Fig. 6). The reported increases have been relatively small (2 to 3 fold) 

(Katsuoka et al. 2005a, Kwak et al. 2002), but they are thought to serve as an 

ultrasensitive response motif that significantly contributes to the biological net 

effect (Zhang et al. 2010a). 

Antagonists and competitors of ARE and Nrf2 

Based on their ubiquitous expression, Nrf1, small Maf homodimers and Bach1 

are the most probable competitors for MARE/ARE binding (Fig. 6), which is 

determined by their relative nuclear levels and the specific ARE site nucleotide 

composition (Hintze et al. 2007, Kimura et al. 2007, Motohashi et al. 2000). For 

instance, Bach1 and MafK bind as a repressive heterodimer to the MAREs/AREs 

of selective Nrf2 target genes. Derepression of Bach1 is the primary step before 

Nrf2 binding to the specific site can occur (Kaspar & Jaiswal 2010, Reichard et al. 

2007, Sun et al. 2004). Bach1 contains several CP motifs that bind excessive 

cellular heme, which mediates the conformational change of Bach1 so that DNA 

binding is lost and nuclear export of Bach1 by the nuclear export receptor Crm1 

occurs (Hira et al. 2007, Suzuki et al. 2004). In association with Bach1 

derepression, polyubiquitination of Bach1 by the ubiquitin E3 ligase HOIL-1 has 

been reported (Zenke-Kawasaki et al. 2007), and reconstitution of Bach1 

expression occurs through increased transcription dependent on Nrf2 (Jyrkkanen 

et al. 2011, Kaspar & Jaiswal 2010). Bach1 can also sense oxidative stress (Dohi 

et al. 2006, Ishikawa et al. 2005) and heme has been reported to be mimicked by 

heavy metals such as cadmium and arsenite (Reichard et al. 2008, Suzuki et al. 

2003). Besides related CNCs, binding of c-Fos, c-Jun and ATFs 1-4, to the 
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intrinsic activator protein 1 element within MAREs/AREs, can interfere with 

Nrf2 binding (Fig. 6) (Sykiotis & Bohmann 2010, Venugopal & Jaiswal 1996). 

Finally, several transcription factors have been reported that directly bind and 

form inhibitory complexes with Nrf2 (Fig. 6), including the estrogen receptor α, 

estrogen-related receptor β, PPARγ, and the retinoic acid receptor α (Ansell et al. 

2005, Ikeda et al. 2000, Sykiotis & Bohmann 2010, Wang et al. 2007a, Zhou et 

al. 2007). 

Fig. 6. Multiple mechanisms fine-tune the nuclear Nrf2 response (data adapted from: 

Jyrkkanen et al. 2011, Kawai et al. 2011, Li et al. 2006, Sun et al. 2009, Sykiotis et al. 

2010, Taguchi et al. 2011). Besides Keap1, several components are capable of 

modulating the localization and DNA binding of Nrf2: Examples of both general and/or 

tissue-specific mechanisms are illustrated above that together provide ‘leeway’ for the 

adjustment of the response intensity and/or selective activation of target gene subsets 

under specific conditions. Abbreviations: AP-1; activator protein 1, ATF; activating 

transcription factor, Bach1; BTB and CNC homology 1, c-Fos; transcription factor FBJ 

osteosarcoma oncogene, c-Jun; transcription factor Jun oncogene, Fyn; tyrosine-

protein kinase Fyn, Keap1; Kelch-like ECH-associated protein 1, mafg; small MafG 

gene, NESTA; the redox-sensitive nuclear export signal of the transactivation domain, 

Nrf2; nuclear factor (erythroid-derived 2)-like 2, PKC; protein kinase C, RARα; retinoic 

acid receptor α. 
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2.7.4 Redox homeostatic and detoxification target genes 

Nrf2 affects the expression of hundreds of genes (see Table 2 for a list of selected 

genes) and most of them are likely to be direct transcriptional targets (Malhotra et 

al. 2010, Sykiotis et al. 2011). Some of the target genes are ubiquitously regulated 

by Nrf2 in multiple tissues, while the regulation of some target genes is limited to 

specific tissues (Sykiotis et al. 2011). Several tens of constitutive target genes 

have been identified (Chanas et al. 2002, Ramos-Gomez et al. 2001, Wu et al. 

2011), and an even greater number of genes are activated by the oxidative stress-

mediated pathway stimulus (Sykiotis & Bohmann 2010). Relatively little is 

known about the graded Nrf2 gene response, although some target genes can 

clearly sense nuclear Nrf2 levels more efficiently than others (Taguchi et al. 2010, 

Wu et al. 2011). Recently, it was found that Nrf2 can also negatively regulate 

genes as was shown for several hepatic genes that are involved in the synthesis 

and metabolism of fatty acids and lipids (Kitteringham et al. 2010, Shin et al. 

2009, Yates et al. 2009). 

Nrf2 directly enhances the generation and recycling of direct cellular 

antioxidants (Harvey et al. 2009, Kwak et al. 2003, Wu et al. 2011), antioxidative 

enzymes (Cho et al. 2005, Chowdhury et al. 2009, Okawa et al. 2006, Reisman et 

al. 2009), numerous phase II detoxification enzymes and xenobiotic efflux 

transporters (Kwak et al. 2003, Okada et al. 2008, Ramos-Gomez et al. 2001, 

Reisman et al. 2009, Thimmulappa et al. 2002). Enhanced expression of 

molecular chaperones and proteasomal components by Nrf2 (Hu et al. 2006, 

Kwak et al. 2003, Nair et al. 2007) has been reported. Nrf2 signaling also controls 

DNA repair (Aoki et al. 2007), regulates the expression of many transcription 

factors, growth factors and hormones, and represses cytokine-mediated 

inflammation (Sykiotis & Bohmann 2010, Wakabayashi et al. 2010). 

Few studies have elucidated the relative roles of Nrf1 and Nrf2 in the redox 

response in detail. According to Leung et al. (2003), Nrf1 and Nrf2 similarly 

affect the constitutive expression of some redox-protective genes such as NQO1, 

although the inducible target gene panel is significantly more disrupted in the 

absence of Nrf2. Nevertheless, Nrf1 was found to preferentially activate some 

genes, such as metallothioneins 1 and 2 (Leung et al. 2003). Interestingly, Ohtsuji 

and co-workers (2008) observed enhanced expression of the Nrf2 target genes 

Nqo1, Gstp1, Gclc and Hmox1 in the livers of Nrf1(-/-) mice. 
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Table 2. Selected list of basal and inducible Nrf2 target genes. 

Category Gene Cytoprotective function References* 

Antioxidative enzymes Prdx1 reduction of H2O2 and  

alkyl hydroperoxides 

I (h) 

 Gpx H2O2 reduction B (c) 

Antioxidant maintenance Gclc GSH synthesis, catalytic unit B&I (c), (b), (d), (g); I (h) 

 Gclm GSH synthesis, regulatory unit I (c), (b), (d), (f), (g), (h) 

 Gsr GSH reduction B&I (c); I (g), (h) 

Maintenance of protein 

sulfhydryl groups 

Srxn1 reduction of cysteine  

sulfinic acids  

I (d) 

 Txnrd1 reduction of protein  

disulfide bonds 

B&I (d), (g); I (h) 

Heme homeostasis Hmox1 heme catabolism I (f); B&I (d), (g) 

Iron homeostasis Slc40a1 iron export I (e) 

 Ftl1, Fth1 intracellular iron storage B (c); B&I (d) 

Pentose phosphate pathway G6pdx NADPH generation B&I (d); I (g) 

 Pgd  B&I (d) 

 malic enzyme  B (c); I (d), B&I (g) 

Phase II metabolism Gst S-glutathionylation B&I (c), (b), (a), (g); I (h) 

 Ugt glucuronidation B (c); I (a), (g), (h) 

 Nqo1 reduction of quinones B&I (c), (a), (d), (g); I (h) 

 Akr reduction of aldehydes and 

ketones 

I (c), (h); B&I (d) 

Molecular transporters Abcc1,4,5; 

Abcd1 

efflux or uptake of endobiotics 

and xenobiotics 

B (c), B&I (i) 

Molecular chaperones Hsp40, 84, 86 protein folding I (c), (b), (h) 

Ubiquitin-Proteasome Psma, Psmb, 

Psmc, Psmd 

degradation of excessive  

or damaged proteins 

I (h) 

Transcription factors Mafg  I (d) 

 Ahr  B&I (j)  

*B = basal, I = inducible; reference in brackets. (a) Mouse liver and forestomach (Ramos-Gomez et al. 

2001), (b) Mouse liver (Chanas et al. 2002), (c) Mouse small intestine (Thimmulappa et al. 2002), (d) 

Human HaCat keratinocyte cell line (MacLeod et al. 2009), (e) Mouse RAW264.7 macrophage cell line 

(Marro et al. 2010), (f) UV-irradiated human skin fibroblasts and keratinocytes (Gruber et al. 2010), (g) 

cultured mouse primary cortical astrocytes (Lee et al 2003), (h) Mouse liver (Kwak et al. 2003), (i) Mouse 

liver (Yates et al. 2009), (j) Mouse embryonic fibroblasts (Shin et al. 2007). 

2.7.5 Cross-talk with cellular pathways 

Several cellular pathways such as AhR, NF-κB and p53 have been shown to be 

involved in cross-talk with Nrf2 signaling.  
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Nrf2 and AhR 

Nrf2 and AhR involve direct reciprocal transcriptional control: AhR/ARNT 

activates Nrf2 gene transcription by binding to the XRE at –712 bp and XRE-like 

elements further upstream of the Nrf2 promoter (Miao et al. 2005). Nrf2 regulates 

the basal and inducible expression of AhR through an ARE at about –230 bp 

upstream of the Ahr promoter transcriptional start site (Shin et al. 2007). In 

xenobiotic metabolism, AhR and Nrf2 seem to cooperate and elevate in parallel 

some of the phase I target genes and phase II target genes, respectively. 

Additionally, AhR signaling is activated in the context of cell cycle arrest, 

inhibition of cell proliferation and differentiation, and is necessary for 

developmental programs (Wakabayashi et al. 2010). Many similar phenotypic 

responses are seen in the genetic disruption of either Nrf2 or AhR, including 

lowered cell-survival responses, increased sensitivity to infections as well as 

enhanced carcinogenesis and metabolic syndrome (Fan et al. 2010, Kimura et al. 

2009, Tanaka et al. 2008, Wakabayashi et al. 2010). Due to the close cross-talk of 

the Nrf2 and AhR pathways, it is sometimes challenging to discriminate their 

direct target genes (Wakabayashi et al. 2010). 

Nrf2 and NF-κB 

NF-κB transcription factors regulate cell growth and development as well as 

inflammatory, immune and apoptotic responses via regulation of the expression of 

chemokines, cytokines, cell-adhesion molecules, stress response genes, apoptotic 

factors and growth factors. The NF-κB pathway is altered in pathologies such as 

allergy, autoimmunity, diabetes, atherosclerosis and cancer. (Wakabayashi et al. 

2010). Nrf2-null mice exhibit higher NF-κB pathway activation in response to 

typical NF-κB stimuli such as tumor necrosis factor-α and lipopolysaccharide 

(Thimmulappa et al. 2006). One putative explanation might be that the reduced 

capacity to neutralize ROS in the absence of Nrf2 stimulates the NF-kB pathway 

more efficiently (Wakabayashi et al. 2010). Various interactions have been 

described for the downstream targets of Nrf2 and NF-κB. For instance, HMOX1 

and the NF-κB-regulated inducible nitric oxide synthase regulate each other in 

macrophages as a feedback mechanism against excessive nitric oxide levels 

(Wakabayashi et al. 2010), where nitric oxide enhances Nrf2 signaling (Foresti et 

al. 1997, Immenschuh et al. 1999) and Nrf2-inducible HMOX1 generates CO and 

free iron that scavenge NO (Sarady et al. 2004, Weiss et al. 1994). Furthermore, 
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direct interference of transcription was reported: the phosphorylated NF-κB 

pathway member p65 repressed the transactivation of ARE target genes by 

competing for co-activators or by recruiting histone deacetylases (Liu et al. 

2008a). 

Nrf2 and p53 

The tumor suppressor protein p53, one of the gatekeepers of cellular stress 

responses including apoptosis, has been associated with interference in ARE 

target gene activation. Direct binding of p53 to the sites of Nqo1, Gst-α1 and the 

cystine/glutamate antiporter (x-CT) was reported (Faraonio et al. 2006). Faraonio 

et al. (2006) inferred that the ARE response is negatively regulated to avoid 

generation of antioxidative intracellular conditions that could stall apoptotic 

cascades. Recently, Nrf2 was found to regulate an inhibitor of p53, known as 

murine double minute 2 (Mdm2) that could explain the accumulation of p53 in 

Nrf2 null murine embryonic fibroblasts (You et al. 2011). Before demonstration 

of their association, Chen and co-workers (2009) had noted that the p53 

downstream target p21 interacts with the DLG motif of Nrf2 and thereby 

stabilizes Nrf2, while the level of Nrf2 activation was found to be lower in p21(-/-) 

mice. Collectively, p21 has been implicated in cellular processes including cell-

cycle arrest, differentiation, senescence, apoptosis and DNA repair, whereby p21 

is activated as part of an early response to oxidative stress (Esposito et al. 1998, 

Wakabayashi et al. 2010). Hence, a model was suggested by Wakabayashi et al. 

(2010) that mild cellular damage leads to concurrent induction of Nrf2-mediated 

antioxidant response while p21 mediates a pause in the cell cycle and the 

p53/p21-mediated induction of DNA repair enzymes is permitted to rescue the 

cell. In contrast, high level of damage would allow p53 to attenuate the Nrf2-

dependent antioxidant response and promote apoptosis (Wakabayashi et al. 2010). 

2.7.6 Nrf2 pathway in carcinogenesis 

Extensive data obtained using knockout and transgenic animal models for Nrf2 

and Keap1 have implicated Nrf2 as a hormetic pathway (Fig. 7). According to this 

notion, adaptive functions are presented under controlled activation of Nrf2 but 

harmful effects are seen both in the absence of Nrf2 (Cho et al. 2004, Enomoto et 

al. 2001, Ramos-Gomez et al. 2001, Yoh et al. 2001, Yoh et al. 2008) and 

pathway hyperactivation (Taguchi et al. 2011, Wang et al. 2008). In support of 



 68

this view, Nrf2(-/-) animals are rendered highly susceptible to various chemicals 

and chemical-induced carcinogenesis, while the presence of Nrf2 in wildtype 

mice efficiently prevents these outcomes. Although chemopreventive effects are 

seen upon overexpression of Nrf2 in normal cells, the long term effects of 

excessive pathway activation remain unknown. (Lau et al. 2008, Maher & 

Yamamoto 2010). Pathway hyperactivation has been observed in different types 

of cancers presenting somatic mutations in Keap1 (Nioi & Nguyen 2007, Ohta et 

al. 2008, Padmanabhan et al. 2006, Shibata et al. 2008a) or Nrf2 (Kim et al. 

2010, Shibata et al. 2008b), and characterized by enhanced survival responses to 

endure oxidative stress. 

More than half of the characterized mutations in Keap1 are found in the C-

terminal region that interacts with Nrf2, and Nrf2 mutations have been 

predominantly found in the DLG and ETGE motifs (Fig. 4) that directly interact 

with Keap1 (Taguchi et al. 2011). The ETGE mutations were found to disrupt the 

association of Keap1 with Nrf2 and allow enhanced nuclear accumulation of 

Nrf2. In contrast, the binding between Keap1 and Nrf2 was found to persist in the 

presence of DLG mutations alone without observed Nrf2 ubiquitination (Shibata 

et al. 2008b). These findings are in support of the hinge and latch-model of 

pathway activation (Fig. 5).  

Constitutive Nrf2 activation has been associated with improved cancer cell 

survival against the chemotherapeutics etoposide and carboplatin (Wang et al. 

2008), while knocking down Nrf2 using siRNA in cell culture successfully 

reversed this chemoresistance (Homma et al. 2009). Besides critical mutations in 

the Keap1/Nrf2 interaction domains, DNA methylation of the keap1 promoter 

(Wang et al. 2008) and p62-mediated disruption of the Keap1-Nrf2 interaction in 

cancer cells overexpressing p62 (Komatsu et al. 2010) have been described as 

additional mechanisms underlying Nrf2 pathway hyperactivation. 
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Fig. 7. The homeostatic range of Nrf2 signaling and pathological consequences of 

pathway dysregulation (data adapted from: Maher & Yamamoto 2010, Taguchi et al. 

2010, Wang et al. 2008). Controlled pathway activation and inactivation have been 

associated with the highest benefit of Nrf2 signaling, while the range of low basal Nrf2 

activity may be constantly fluctuating and responding to various stimuli. In the 

absence of Nrf2, cellular senescence, chemical-induced toxicities and the risk of 

cancer and many other diseases are enhanced. Conversely, pathway hyperactivation 

may be harnessed by malignant cells that benefit from increased cellular proliferation, 

inhibition of apoptosis and acquired chemoresistance. 

Homeostatic range of graded responses

Nrf2 deficiency
↑ chemical toxicity
↑ carcinogenesis

Hyperactivation in carcinogenic cells
↑ proliferation
↑ malignancy
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3 Aims of the present study 

The induction of mouse Cyp2a5 under various hepatotoxic and porphyrinogenic 

conditions could involve a general indirect regulatory mechanism, such as 

oxidative stress. The redox-sensitive transcription factor Nrf2, an activator of 

cytoprotective and antioxidative target genes, was identified as a likely candidate 

in Nrf2 knockout mice, which lack a Cyp2a5 response to cadmium. Interestingly, 

CYP2A5 is co-induced with heme-catabolizing HMOX1 under similar conditions, 

post-translationally stabilized by the heme catabolism product bilirubin and 

capable of oxidizing it to biliverdin. Therefore, CYP2A5 was postulated as an 

inducible bilirubin oxidase that might maintain intracellular bilirubin at subtoxic 

but adequate antioxidant levels. 

The objective of this study was to characterize the role of Nrf2 in the 

regulation of Cyp2a5 expression, and to gain insight into the putative endogenous 

role of Cyp2a5. The specific aims were: 

1. To characterize the role of Nrf2 in the transcriptional regulation of Cyp2a5 by 

cadmium; to identify the regulatory DNA element(s) involved 

2. To establish the key role of Nrf2 in the regulation of hepatic Cyp2a5 

expression and induction in hepatotoxic conditions; to characterize the 

putative crosstalk with Bach1 signaling 

3. To characterize the coordination of Cyp2a5 and Hmox1 induction and the 

dependence on Nrf2 signaling in altered heme homeostasis by excessive 

heme and modulators of intracellular heme biosynthesis 
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4 Materials and methods 

4.1 Materials 

Reagents for the isolation of primary hepatocytes, cell culture maintenance and 

induction studies were from Sigma-Aldrich (St. Louis, MO, USA), Worthington 

Biochemical Co. (Lakewood, NJ, USA), Invitrogen (Paisley, Scotland) and 

Frontier Scientific Inc. (Logan, UT, USA) (see original publications I-III). The 

chemicals used in CYP2A5 induction studies have been summarized in Table 3. 

Sequences for the single-stranded oligonucleotides (Sigma-Aldrich) used in real-

time qPCR and EMSA analyses are listed in the original publications I-III. 

Antibodies against CYP2A5 were kindly donated by Dr. Risto Juvonen and 

Professor Matti A. Lang, and the rest were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA), Stressgen (Victoria, BC, Canada), 

Amersham Pharmacia Biotech (Little Chalfont, UK), Zymed (San Francisco, CA, 

USA) and Novus Biologicals (Littleton, CO, USA) (see Table 4). 

Table 3. Summary of inducers and inhibitors used in CYP2A5 induction studies. 

Manufacturer Chemical Cellular mechanism(s)  

of interest 

Original 

Publication 

Sigma-Aldrich cadmium chloride redox disruptor 1 I-II 

 lead chloride redox disruptor 2 II 

 methyl mercury redox disruptor 2 II 

 phenethyl isothiocyanate Nrf2 model activator II 

 phenobarbital classical CYP/ALAS1 inducer 3 II-III 

 dibutyryl-cAMP upstream effector of PGC-1α 4 III 

Frontier Scientific Inc. δ-aminolevulinic acid heme precursor 5 III 

 succinylacetone heme synthesis inhibitor 6 III 

 Fe(III) PP-IX chloride hemin 7 III 

 Co(III) PP-IX chloride stabile heme analogue III 

 N-Methyl PP-IX heme synthesis inhibitor 8 III 

 Sn(IV) PP-IX dichloride heme catabolism inhibitor III 

 Zn(II) PP-IX heme catabolism inhibitor III 

Abbreviations: ALAS1; aminolevulinic acid synthase 1, cAMP; cyclic adenosine monophosphate, CYP; 

cytochrome P450, Nrf2; nuclear factor (erythroid-derived 2)-like 2, PGC-1α; peroxisome proliferator 

activated receptor-γ co-activator-1α, PP-IX; protoporphyrin IX. 1 Inducer of CYP2A5 and HMOX1 in 

wildtype but not in Nrf2(-/-) mice (Abu-Bakar et al. 2005), 2 Heme synthesis inhibitor (see Fig. 2), 3 Redox 

disruptor (Blättler et al. 2007), 4 Activator of the rate-limiting heme synthesis enzyme ALAS1 (Handschin 

et al. 2005), 5 Neuro- and hepatotoxin, redox disruptor (Bonkovsky 2005), 6 ALA dehydratase inhibitor, δ-

ALA ↑ (see Fig. 2), 7 Intracellularly reduced to heme, 8 Ferrochelatase inhibitor, protoporphyrin IX ↑ (see 

Fig. 2). 
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Table 4. List of antibodies used in the study. 

Source of antibody Antibody (Reference/ Product ID) Method Original 

Publication 

Dr. Risto Juvonen chicken anti-CYP2A5 IgY  WB, IEM II-III 

 & preimmunized chicken IgY IEM III 

 Raunio et al. 1998   

Professor Matti A. Lang rabbit anti-CYP2A5  

Lang et al. 1989 

WB I 

Santa Cruz Biotechnology goat anti-Bach1 IgG (sc-14700) WB II 

 goat anti-Keap1 IgG (sc-15246) WB II 

 rabbit anti-Nrf2 IgG (sc-13032) EMSA, WB, ChIP I-III 

 rabbit IgG (sc-2027) ChIP I-II 

 rabbit anti-Jun IgG (sc-44X) EMSA I 

 mouse anti-Fos IgG2b (sc-8047X) EMSA I 

 donkey anti-goat IgG-HRP WB II 

Stressgen rabbit anti-HMOX1 IgG (SPA-895) WB I-III 

Sigma-Aldrich mouse anti-β-actin IgG1 (A1978) WB II-III 

 goat anti-rabbit IgG-HRP WB II-III 

Amersham Pharmacia Biotech sheep anti-mouse IgG-HRP WB II-III 

Zymed rabbit anti-chicken/turkey IgG-HRP  WB II-III 

Novus Biologicals rabbit anti-chicken IgG IEM III 

Abbreviations: ChIP; chromatin immunoprecipitation, EMSA; electrophoretic mobility shift assay, HRP; 

horse radish peroxidase -conjugate, IEM; immunoelectron microscopy, WB; Western blot. 

4.2 Animals and cell cultures 

Hepatocytes for cell culture experiments were extracted from 8 – 12 weeks old 

male DBA/2 mice (Möllegaard, Copenhagen, Denmark; Harlan, Holland) 

(original publication I) and, in original publications II-III, from C57BL/6 mice 

(Harlan, Holland) due to the availability of an Nrf2 knockout model in this mouse 

strain. Nrf2(-/-) C57BL/6 mice with an ICR/129sv background (Itoh et al. 1997) 

had undergone backcrossing to mice of the C57BL/6 strain for ten generations 

(Itoh et al. 1997, Jyrkkänen et al. 2008). The animals were housed in 

temperature-controlled animal facilities having a 12 h light/dark cycle, and with 

ad libitum access to standard chow and water. Experimental protocols were 

reviewed and approved by local committees for experimental animal welfare. 
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4.2.1 Primary hepatocyte cultures (I-III) 

Hepatocytes were isolated by the liver perfusion technique using collagenase 

solution according to the protocol of Salonpaa et al. (1994) and maintained in cell 

culture as specified in original publications I-III. Primary hepatocytes were 

allowed to stabilize in culture overnight before transient transfections (I), 

chemical treatments (I-III) or adenoviral transductions (II-III). 

4.2.2 In vivo animal experiments (I) and liver sampling (I-III) 

To prepare samples for EMSA (I), DBA/2 mice were divided into two groups that 

received either a single i.p. injection of vehicle saline solution or 16 µmol 

CdCl2/kg of body weight. The mice were sacrificed 8 h after treatment and the 

livers were excised from CO2-terminated mice. For the analyses of hepatic gene 

expression in vivo, the livers were collected from wildtype and Nrf2(-/-) C57BL/6 

male mice, aged 6 – 8 months (II-III). 

4.3 Promoter analysis (I) 

To identify the putative Nrf2-responsive regions of the Cyp2a5-5’ promoter, the 

murine Nrf2 expression vector (pcDNA3-mNrf2; a kind gift from Drs. Ken Itoh 

and Masayuki Yamamoto from the University of Tsukuba, Japan) was co-

transfected into mouse primary hepatocytes with a series of Cyp2a5-5’ promoter 

luciferase reporter constructs (Arpiainen et al. 2005, Ulvila et al. 2004) (see Table 

5). A positive control (pGL3-ARE-TK-Luc) containing one functional ARE site 

from the hmox-1 promoter was prepared (see original publication I for details). 

Transient transfections of the reporter gene constructs together with the Renilla 

luciferase reporter vector (pRL3-TK) (Promega) were done in Opti-MEM I 

medium (Invitrogen) using the synthetic cationic lipid reagent TfxTM-20 (Promega) 

(see I for details). 

After scanning the Nrf2-responsive promoter regions, the putative ARE sites 

were localized by the MatInspector software (www.genomatix.de) from 

Genomatix Software GmbH (Munich, Germany). The professional MatInspector 

software uses a large library of Genomatix weight matrices for transcription 

factor binding sites. The sequences are scanned for pattern similarity using the 

information on core positions, nucleotide distribution and the Ci-vector, which 

numerically describes the conservation of each base within the group of 
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established binding sites that have been approved for matrix construction. Similar 

matrices are grouped into families, and the amount of overlapping matches is 

minimized by listing only the matches with the highest score in the output. The 

quality of the identified putative binding sites is described by scoring the matrix 

similarity and the core matrix similarity, which refers to the bases with the highest 

conservation (Ci value). 

Finally, putative AREs were separately analyzed by site-directed mutagenesis 

of each individual site within the full-length construct (Table 5, see I for details) 

and continued co-transfection assays in primary hepatocytes. Functional assays 

were also done in vitro by EMSA and in the real chromatin structure by the ChIP 

assay (see Chapter 4.6.2. Analyses of Protein-DNA interactions). 

Table 5. Summary of the Cyp2a5 5’-promoter analysis for functional AREs. 

Promoter analysis step Materials and suppliers References 

Luciferase reporter assay 1 Dual-Luciferase Reporter Assay System 2  

 Cyp2a5-5’ promoter region in the pGL3-Basic-Luc 

vector 2 : 

Ulvila et al. 2004,  

Arpiainen et al. 2005 

 from -3033 to +10bp  

 from -2722 to +10bp  

 from -2656 to +10bp  

 from -2338 to +10bp  

 from -1020 to +10bp  

 from - 271 to +10bp  

 pGL3-ARE-TK-Luc 3 original publication I 

 pGL3-Basic-TK-Luc 4  

Bioinformatics 5 MatInspector (Genomatix)  

Site-directed mutagenesis 6 

 

 

QuikChangeTM Site-Directed Mutagenesis Kit 7 

 

 pGL3-Cyp2a5-5’-3033-2505mut Arpiainen et al. 2005 

 pGL3-Cyp2a5-5’-3033-2379mut originaI publication I 

Abbreviations: ARE; antioxidant response element, Luc; firefly luciferase. 1 Cultured mouse primary 

hepatocytes were co-transfected with Cyp2a5 5’-promoter-luciferase vector, pcDNA3-mNrf2 and the 

internal control (pRL3-TK), and Luc activities were measured 48 h after transfections. 2 Promega 

(Madison, WI, USA). 3 Positive control. 4 Negative control. 5 Computer-based localization of putative Nrf2 

binding sites. 6 The putative sites were mutated in the full-length Cyp2a5-5’-3033-Luc construct before 

continuing the co-transfection analysis, and Nrf2 binding was confirmed by the EMSA and ChIP assays 

(see Chapter 4.6). 7 Stratagene (La Jolla, CA, USA). 
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4.4 Adenoviral transductions (II-III) 

In comparison to liposomal-mediated gene transfer, adenoviral transfection 

represents a far more efficient way of introducing DNA into cultured primary 

hepatocytes. Recombinant adenoviruses expressing murine PGC-1α (ad-PGC-1α) 

(Arpiainen et al. 2008), human Nrf2 (ad-Nrf2) (Levonen et al. 2007) as well as 

human Keap1 (ad-Keap1) and human Bach1 (ad-Bach1) were prepared as 

described in original publication II and transduced in multiplicity of infection 

(MOI) units varying from 1 to 50 into mouse primary hepatocytes as described 

(II-III). Infected hepatocytes were maintained for 24 – 72 h in culture medium 

alone or with added chemical inducers as specified in original publications II-III, 

before sampling. In some experiments, the infection cascades were allowed to 

proceed for 4 – 12 h before subsequent addition of inducer chemicals (see II-III). 

4.5 RNA analyses (I-III) 

Total RNAs were extracted from cultured mouse primary hepatocytes (I-III) and 

liver tissue samples (II-III) for the analysis of gene expression levels by Northern 

blot (I) or real-time quantitative PCR (II-III) (Table 6, see original publications I-

III for details). For Northern blots, electrophoretically size-fractionated RNAs 

were transferred onto a nylon membrane for incubation with radiolabeled cDNAs 

for the reference gene and genes of interest (Table 6). For the analysis of gene 

expression by real-time quantitative PCR, total RNAs were converted to cDNA 

(Table 6, see II-III for details) and gene expression levels were determined by the 

comparative CT (ΔΔCT) method using SYBR green chemistry (see Table 6 for the 

master mix suppliers and QPCR systems used for amplification). Fluorescence 

values were corrected by the passive reference dye ROX values, and corrected 

fluorescence values were normalized to the respective 18S reference gene levels. 

The oligonucleotide sequences for all primers are found in the original 

publications II-III. The enrichment of the Cyp2a5 5’-promoter region of interest 

in ChIP samples was also quantified by real-time quantitative PCR (Table 6, see 

I-II for details). 
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Table 6. Analyses of gene expression and genomic DNA enrichment in ChIP samples.  

Procedure and Materials Analyzed target(s) Original 

Publication 

Total RNA extraction   

RNeasy Mini Kit (QIAGEN GmbH) 1  I 

NucleoSpin RNA II Kit (Macherey-Nagel) 2  II-III 

Tri-Reagent (Sigma-Aldrich) 3  II-III 

cDNA synthesis    

MMLV-RT (Promega) + random  

hexaprimers (Roche Diagnostics) 4 

 II-III 

Northern blot CYP2A5, HMOX1; GAPDH 5 I 

Real-time quantitative PCR ,  

AmpliQ Universal Real Time PCR (Ampliqon) 6 

in Mx3000P QPCR system (Stratagene) 

 

Nrf2 at Cyp2a5 5’-ARE 7 

 

 

I 

Brilliant SYBR Green QPCR (Stratagene) in 

Mx3005P QPCR system (Stratagene) 

 

CYP2A5, CYP2B10, CYP3A11, 

HMOX1, PGC-1α; 18S 5 

Nrf2 at Cyp2a5 5’-ARE 7 

 

II 

FastStart Universal SYBR Green (Roche 

Diagnostics) in ABI-7300 QPCR system 

(Applied Biosystems) 8 

 

CYP2A5, CYP2B10, CYP3A11, 

HMOX1, ALAS1, PGC-1α, G6Pase; 

18S 5 

 

III 

Abbreviations: ALAS1; aminolevulinic acid synthase 1, ARE; antioxidant response element, ChIP; 

chromatin immunoprecipitation, CYP; Cytochrome P450, 18S; 18S ribosomal RNA, G6Pase; glucose-6-

phosphatase, GAPDH; glyceraldehyde-3-phosphate-dehydrogenase, HMOX1; heme oxygenase 1, 

MMLV-RT; Moloney Murine Leukemia Virus Reverse Transcriptase, Nrf2; nuclear factor (erythroid-

derived 2)-like 2, PGC-1α; peroxisome proliferator activated receptor-γ co-activator-1α. 1 Hilden, 

Germany. 2 Düren, Germany. 3 Separately treated with DNAse to remove possible contamination by 

genomic DNA. 4 Mannheim, Germany. 5 Reference gene. 6 Copenhagen, Denmark. 7 Analysis of 

interaction of Nrf2 with the identified Cyp2a5 5’-promoter ARE by the ChIP assay. 8 Foster City, CA, USA. 

4.6 Protein analyses (I-III) 

Total protein fractions or various subcellular protein fractions were prepared from 

cultured primary hepatocytes or liver tissue samples for quantitation of specific 

protein contents by Western blot (Table 7, see I-III for more details). Details for 

the antibodies are found in Table 3 with the specification of the dilutions used and 

the conditions for immunolabeling given in detail in the original publications I-III. 

Immunoreactive protein bands were visualized by using commercial reagents 
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(Amersham Biosciences, Australia; Sigma-Aldrich) and the band intensities were 

measured by the Quantity One software (Bio-Rad, Hercules, CA, USA). The 

quantified proteins of interest were normalized against the respective β-actin 

levels (II-III). Furthermore, the catalytic activity of CYP2A5 was determined 

from cytoplasmic extracts isolated from cadmium-treated DBA/2 primary 

hepatocytes (I) (Table 7). 

Table 7. Summary of protein analyses of the study. 

Procedure Protocol Analyzed target(s) Original 

Publication 

Extraction of protein fractions    

total Screiber et al. 1989 1 Bach1, Keap1 II 

cytoplasmic Screiber et al. 1989 1 CYP2A5, HMOX1, Nrf2 (I), β-actin I-III 

nuclear Screiber et al. 1989 1 Nrf2, β-actin I-III 

microsomal Pelkonen et al. 1974 CYP2A5, HMOX1, β-actin II 

Protein quantitations Lowry et al. 1951  I 

 Bradford 1976  II-III 

Western blot  (as specified above) I-III 

COH Assay Aitio 1978 CYP2A5 activity I 

Immunoelectron microscopy  CYP2A5 localization III 

Protein-DNA Interaction Assays    

EMSA 2 Nrf2 binding to Cyp2a5 5’-ARE I 

ChIP Vaisanen et al. 2004 Nrf2 binding to Cyp2a5 5’-ARE I-II 

Abbreviations: ARE; antioxidant response element, Bach1; BTB and CNC homology 1, ChIP; chromatin 

immunoprecipitation, COH; coumarin 7-hydroxylation, CYP; Cytochrome P450, EMSA; electrophoretic 

mobility shift assay, HMOX1; heme oxygenase 1, Keap1; Kelch-like ECH associated protein 1, Nrf2; 

nuclear factor (erythroid-derived 2)-like 2. 1 With slight modifications, see original publications I-III. 2 See 

original publication I. 

 

4.6.1 Immunoelectron microscopy (III) 

The subcellular localization of CYP2A5 was studied in cultured Nrf2(-/-) primary 

hepatocytes, and wildtype primary hepatocytes that were treated with vehicle 

DMSO or co-treated with hemin and the heme catabolism inhibitor tin 

protoporphyrin IX to induce excessive intracellular heme conditions. Hepatocyte 

cultures were washed with phosphate buffered saline and fixed in 

paraformaldehyde-containing solution. Detailed descriptions of the preparation of 

thin cryosections and immunolabeling with the anti-CYP2A5–anti-chicken–
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protein A gold complex (Table 4) are given in original publication III. The 

sections were examined in a Philips CM100 transmission electron microscope 

(FEI Co., Eindhoven, The Netherlands) and images were taken with a Morada 

CCD camera (Olympus Soft Imaging Solutions GMBH, Munster, Germany). To 

compare the relative subcellular distribution of CYP2A5 in different samples, 

areas representing mitochondrial and extramitochondrial regions were quantified 

together with their respective gold particle counts indicating CYP2A5 

immunopositivity by the ImageJ software (http://imagej.nih.gov/ij/) (see III for 

details). 

4.6.2 Analyses of Protein-DNA interactions (I-II) 

Electrophoretic mobility shift assay (I) 

Double-stranded oligonucleotide probes were prepared by PCR, radiolabeled with 

[γ-32P]ATP in a T4 polynucleotide kinase (Promega) -driven reaction and purified 

using a QIAquick nucleotide removal kit (QIAGEN). Thereafter, each probe was 

incubated with added nuclear proteins (from untreated and CdCl2-treated mouse 

liver tissue samples) in EMSA binding buffer. The specificity of the binding 

proteins was tested against a 100 fold molar excess of the respective unlabeled 

probe or an ARE consensus probe (see I for more details). In the supershift 

analyses, the presence of ARE binding transcription factors Nrf2, c-Jun and c-Fos 

was assessed separately (see Table 3 for the antibodies). After size-fractionation 

of the complexes by native polyacrylamide gel electrophoresis, the retardation 

and intensity of the bands were visualized by autoradiography. Details for the 

probe oligonucleotide sequences and reaction conditions are given in original 

publication I. 

Chromatin immunoprecipitation (I-II) 

Cultured primary hepatocytes were treated with chemical inducers for 30 min to 6 

h (see I-II for details). Briefly, protein-DNA associations were cross-linked by 

formaldehyde and cells were lysed in sodium dodecyl sulfate-containing buffer. 

DNA was sheared by sonication to produce an approximately 200–1000 bp ladder 

and the sonicated chromatin was precleared with a 50% salmon sperm 

DNA/protein A agarose slurry (Upstate, Charlottesville, VA, USA) to reduce the 
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unspecific background. Aliquoted samples were diluted in ChIP dilution buffer 

for overnight incubation with anti-Nrf2 antibody or rabbit IgG as a negative 

control (Table 3). The DNA-protein-antibody complexes were collected with 

protein A agarose beads and washed with a series of buffers to remove 

unspecifically bound constituents. The complexes were eluted and reverse-

crosslinked. The released proteins were digested with Proteinase K, DNAs were 

isolated and analyzed for the presence of the Cyp2a5-5’-ARE containing region 

by real-time quantitative PCR (see I-II for details). 

4.7 Statistical analyses 

For statistical analyses, SPSS 16.0 and an earlier version for Windows were used. 

The comparison of means between two groups was done using the Student’s t test. 

Multiple groups were compared by one-way analysis of variance followed by the 

least significant difference (I) or Dunnett’s (II-III) post hoc test. For comparison 

of multiple groups presenting a non-normal distribution, the Kruskal-Wallis 

analysis of variance -test in combination with the Mann-Whitney U-test was used. 

Differences were considered significant when p < 0.05. 
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5 Results 

5.1 Characterization of Cyp2a5 induction mechanisms by Nrf2 (I) 

The cadmium-mediated induction of CYP2A5 expression was first confirmed in 

the cultured primary hepatocyte model. CYP2A5 mRNA was upregulated within 

a few hours of treatment with 4 µM cadmium and elevated up to 10 fold after 12 

h exposure (I, Fig. 1b). The induction of Cyp2a5 was compared to the response of 

a well-established Nrf2 target gene Hmox1: HMOX1 mRNA was induced very 

similarly during the first 6 h period, but the induction of HMOX1 was mostly 

diminished after 12 h treatment (I, Fig. 1b). CYP2A5 and HMOX1 protein levels 

were elevated up to 6 fold (I, Fig. 2b), and COH activity increased 4 fold (I, Fig. 

2c). 

In the nuclei of cadmium-treated primary hepatocytes, Nrf2 expression was 

clearly enhanced within 1 h of treatment (I, Fig. 3). To assess the direct 

involvement of Nrf2 in activation of Cyp2a5 transcription, the Cyp2a5 promoter 

was scanned for putative Nrf2-responsive AREs by the luciferase reporter assay 

in the context of Nrf2 overexpression. Therefore, a pGL3-luciferase reporter 

vector series containing the upstream promoter region of Cyp2a5 from -3033 to 

+10 bp and several 5’-truncated promoter constructs, starting from -2722, -2656, -

2338, -1020 or -271 bp to +10 bp, were transiently transfected with a pcDNA3-

Nrf2 expression vector in mouse primary hepatocytes. While co-transfection of an 

empty pcDNA3 vector did not increase Cyp2a5 promoter activation, co-

transfection of pcDNA3-Nrf2 increased Cyp2a5 promoter activation to the same 

level observed for the positive control pGL3-ARE-TK carrying a functional ARE 

from the Hmox1 promoter (Fig. 4). However, the response to Nrf2 was fully 

abolished by 5’ truncation of the Cyp2a5 promoter region at -2338 bp or more (I, 

Fig. 4). Some reduction in activity was also seen by 5’ truncation of the Cyp2a5 

promoter region from -2656 to -2338 bp (I, Fig. 4). Within this region, two 

putative ARE sites were found by computational search, a distal ARE located 

between -2515 to - 2506 bp and a proximal ARE between -2386 to -2377 bp (I, 

Fig. 5a-b). Site-directed mutagenesis of the proximal ARE alone was sufficient to 

abolish the Cyp2a5 promoter activation by Nrf2, while mutation of the distal 

element had no effect on the Nrf2-mediated promoter activation response in Nrf2 

co-transfection assays (I, Fig. 6). 
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Characterization of DNA-protein interaction by EMSA showed that Nrf2, c-

Fos and c-Jun were present in the hepatocyte nuclei of cadmium-treated mice and 

able to form complexes with the proximal ARE but not the distal ARE (I, Fig. 5c). 

This suggests that these proteins were also activated by cadmium and capable of 

competing with Nrf2 for binding. In ChIP analysis of cadmium-treated primary 

hepatocytes, enhanced binding of Nrf2 to the ARE residing -2.4 kilobases (kb) 

upstream of the Cyp2a5 promoter transcriptional start site was also detected 

within 30 min of cadmium exposure (I, Fig. 5d). These results indicate that the -

2.4 kb ARE site is important for the Nrf2-mediated induction of Cyp2a5 by 

cadmium. 

5.2 Role of Nrf2 in the basal and inducible expression of hepatic 

Cyp2a5 by heavy metals (II) 

In original publication II, the role of Nrf2 in the induction of hepatic Cyp2a5 by 

heavy metals and other toxic compounds was characterized in more detail. Methyl 

mercury (MeHg), lead chloride (PbCl2) and the electrophilic Nrf2 model activator 

compound phenethyl isothiocyanate were found to be efficient inducers of both 

Cyp2a5 and Hmox1, although the HMOX1 mRNA response was more rapid and 

transient in nature than that of CYP2A5 (II, Fig. 1a). PbCl2 appeared to be among 

the most efficient inducers of Cyp2a5, and produced temporally very similar 

induction of CYP2A5 and HMOX1 mRNA (II, Fig. 1c). PbCl2 was also the only 

compound to stimulate HMOX1 protein synthesis (II, Fig. 1d). In contrast, all 

three compounds effectively raised the level of CYP2A5 protein about two to 

three fold (II, Fig. 1d). Studies using Nrf2-deficient primary hepatocytes showed 

that Nrf2 is crucial for CYP2A5 induction but not for the elevation of HMOX1 by 

the inducer substances (II, Fig. 4). In ChIP assays, Nrf2 was found to be 

associated with the previously characterized -2.4 kb ARE within 1 h of treatment 

of primary hepatocytes with PbCl2, but no Nrf2 binding to the Cyp2a5 5’ ARE 

was detected after 2 h or 6 h exposure (II, Fig. 2b) despite the persistent increase 

in the nuclear Nrf2 level after 24 h treatment with PbCl2 (II, Fig. 2a). The 

expression of Cyp2a5 and Hmox1 was also elevated by adenoviral transduction of 

Nrf2 (II, Fig. 3a) and suppressed by adenoviral overexpression of Keap1, the 

cytoplasmic inhibitor of Nrf2 (II, Fig. 3b). However, the magnitude of change in 

Cyp2a5 expression was consistently higher by both regulatory components.  

In Nrf2-deficient hepatocytes, the basal expression of both CYP2A5 and 

HMOX1 mRNA was significantly reduced (II, Fig. 5a). When comparing the 
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basal levels of CYP2A5 mRNA and protein expression in vivo in the livers of 

Nrf2(-/-)mice versus wildtype mice, about 12% and 30% of the wildtype levels of 

hepatic CYP2A5 mRNA (II, Fig. 5b) and protein (II, Fig. 5c) were observed in 

the absence of functional Nrf2, respectively. At the same time, the basal 

expression of HMOX1 mRNA was enhanced two fold (II, Fig. 5b) while no 

significant change in HMOX1 protein was detected (II, Fig. 5c). 

5.3 Role of repressor Bach1 in suppression of Cyp2a5 
transcription (II) 

Adenoviral gene transfer of Bach1 into mouse primary hepatocytes led to a 

modest decrease of about 50% in the expression of Hmox1 (II, Fig. 3b), a key 

target gene of Bach1. The degree of HMOX1 suppression showed a poor dose-

time response versus Cyp2a5, which clearly responded dose-time–dependently to 

enhanced viral dose and total adenoviral infection period (II, Fig. 3b). The overall 

downregulation of CYP2A5 was more than 10 fold after 72 h (II, Fig. 3b). These 

results suggest that the ARE responsible for Cyp2a5 transactivation is either 

directly or indirectly repressed by supraphysiological levels of nuclear Bach1. 

However, the low endogenous level of Bach1 present in hepatocyte nuclei may 

not be sufficient for the repression of Cyp2a5, which was ‘freely’ activated by the 

low basal Nrf2 levels (II, Fig. 5). In contrast, HMOX1 was found to be highly 

sensitive to even low physiological levels of Bach1, as indicated by the observed 

high constraints in HMOX1 suppression by adenoviral Bach1 (II, Fig. 3b). 

5.4 Regulation of Cyp2a5 in altered heme homeostasis (III) 

Paradoxically, the expression of hepatic CYP2A5 is induced by both excessive 

heme and porphyrinogenic chemicals (Salonpaa et al. 1995). In fact, many 

CYP2A5 inducers have the potency to alter hepatic heme homeostasis either by 

inducing (e.g. phenobarbital, cAMP, co-activator PGC-1α) (Arpiainen et al. 2008, 

Handschin et al. 2005) or repressing heme synthesis (e.g. griseofulvin, lead) 

(Salonpaa et al. 1995, Handschin et al. 2005), or by enhancing heme catabolism 

(e.g. cobalt, aminotriazole, thioacetamide) (Correia et al. 2011, Hahnemann et al. 

1992, Salonpaa et al. 1995). Both excessive heme and accumulation of heme 

intermediates in porphyrogenic conditions exhibit cellular toxicity and may 

enhance production of ROS (Kumar & Bandyopadhyay 2005, Monteiro et al. 

1991, Onuki et al. 2004, Weiss et al. 2003). Therefore, the expression of Cyp2a5 
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in altered heme homeostasis was characterized in the context of putative Nrf2 

pathway activation, and compared in parallel with Hmox1 expression in cultured 

wildtype and Nrf2 knockout primary hepatocytes that were treated with 

exogenous heme and various modulators of endogenous heme biosynthesis. 

5.4.1 Excessive cellular heme 

Treatment of primary hepatocytes with hemin (oxidized form of heme) (III, Fig. 

1a,c) or the heme biosynthesis precursor δ-aminolevulinic acid (III, Fig. 4c), 

which is expected to drive endogenous heme synthesis, efficiently co-induced 

both CYP2A5 and HMOX1. Exogenously administered hemin at concentrations 

ranging from 5 to 10 µM effectively raised CYP2A5 mRNA and protein levels 

(III, Fig. 1a,d), while lower amounts were unable to surmount HMOX1-mediated 

heme catabolism. This was clearly indicated by the replacement of hemin with the 

stable heme analogue cobalt protoporphyrin IX (CoPP) (III, Fig. 1b), and co-

administration of HMOX1 inhibitors SnPP or ZnPP with hemin (III, Fig. 1d). As 

previously detected with heavy metals (see II, Fig. 1a-c), HMOX1 mRNA was 

induced more rapidly but transiently in comparison to CYP2A5 (III, Fig. 1a-b). 

Experiments with Nrf2-deficient primary hepatocytes showed that Nrf2 was 

dispensable for the heme-mediated induction of HMOX1, but CYP2A5 induction 

was abolished in the absence of Nrf2 (III, Fig. 2b). Adenoviral restoration of Nrf2 

was required for the rescue of CYP2A5 induction by heme and CoPP (III, Fig. 

2b). These results indicate that HMOX1 and CYP2A5 are differentially regulated 

by Nrf2. 

Examination of the subcellular targeting of CYP2A5 by immunoelectron 

microscopy showed localization of CYP2A5 in both mitochondria and the ER (III, 

Fig. 3a). Enhanced localization to the ER was observed under conditions of 

excessive heme (III, Fig. 3d). In contrast, Nrf2-deficient hepatocytes showed 

reduction of CYP2A5 expression in both subcellular compartments but in 

mitochondria in particular (III, Fig. 3c-d). These results indicate that Nrf2 

supports the constitutive expression of CYP2A5 both in the ER and mitochondria, 

while the level of CYP2A5 is mainly enhanced in the ER during excessive heme 

conditions. 

In adenoviral overexpression of Nrf2, enhanced ALAS1 mRNA expression 

was observed (III, Fig. 5a) and, reciprocally, expression of ALAS1 mRNA was 

reduced by 50% in vivo in the livers of Nrf2 knockout mice versus wildtype mice 

(III, Fig. 5b). These results indicate that ALAS1 mRNA expression is fine-tuned 
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either directly or indirectly by Nrf2 signaling, e.g. in response to altered heme 

levels. 

5.4.2 Inhibition of heme biosynthesis 

Succinylacetone (III, Fig. 4a), which leads to accumulation of δ-aminolevulinic 

acid, and N-methyl protoporphyrin IX (NMPP) (III, Fig. 4a), which enhances the 

level of unchelated protoporphyrin IX, were added to cultured primary 

hepatocytes to study the expression of CYP2A5 in blockades of heme synthesis. 

Succinylacetone elevated CYP2A5 mRNA up to 250 fold (III, Fig. 4b), which 

exceeded the magnitude of CYP2A5 induction detected with any other compound. 

In comparison to the direct addition of δ-aminolevulinic acid (III, Fig. 4c), 

succinylacetone was a much more efficient inducer possibly because of the 

efficient conversion of exogenously added δ-aminolevulinic acid to heme. 

Inhibition of ferrochelatase activity using NMPP induced CYP2A5 less 

aggressively (about 70 fold) and only after repeated treatment on three 

consecutive days (III, Fig. 4d), possibly due to the lower potency of the 

predominantly accumulating terminal heme precursors to activate Nrf2 signaling. 

Although the magnitude of HMOX1 induction was modest with both inhibitors, 

NMPP showed a higher potency to induce HMOX1 mRNA (III, Fig. 4d), possibly 

due to suppression of nitric oxide levels by the accumulating protoporphyrin IX 

(Hoetzel et al. 2008, Wolff et al. 1996). In Nrf2-deficient hepatocytes, CYP2A5 

induction was markedly diminished but not totally abolished (III, Fig. 4b,d) 

implying that more than one mechanism is responsible for the induction of 

CYP2A5 in blockades of heme synthesis. For instance, co-activator PGC1α 

mRNA that was enhanced in succinylacetone-treated cells (III, Fig. 4b) could be 

partially responsible for the Nrf2-independent activation of Cyp2a5. 

5.4.3 cAMP and co-activator PGC1α 

To test whether the induction of CYP2A5 by dibutyryl-cAMP and its downstream 

effector co-activator PGC-1α might be partially mediated via their effects on 

heme biosynthesis, CYP2A5 mRNA induction by these compounds was 

compared in wildtype and Nrf2(-/-) hepatocytes. However, the effects of 

dibutyryl-cAMP and adenoviral overexpression of co-activator PGC-1α were not 

attenuated in Nrf2(-/-) hepatocytes (III, Fig. 6a-b), which suggests that heme and 

subsequent activation of Nrf2 signaling are not involved in Cyp2a5 induction by 
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cAMP and PGC-1α. Conversely, CYP2A5 mRNA induction by dibutyryl-cAMP 

and PGC-1α was significantly diminished in the presence of Nrf2 and an 

impressive increase in CYP2A5 induction by PGC-1α was observed in Nrf2(-/-) 

primary hepatocytes (150 fold versus two fold induction in wildtype cells), while 

no similar effect was observed for the two additional PGC-1α target genes, 

glucose-6-phosphatase and ALAS1 (III, Fig. 6a-b). The altered CYP2A5 response 

in combined modulation of the Nrf2 and PGC-1α pathways may suggest novel 

crosstalk between the two redox-sensitive pathways. 

5.4.4 Phenobarbital 

The transactivation of Cyp2a5 by phenobarbital was markedly reduced in 

porphobilinogen deaminase-deficient mice with limited heme synthesis (Jover et 

al. 2000). Therefore, the involvement of stimulated heme synthesis and heme-

mediated activation of Nrf2 signaling was characterized in the context of 

CYP2A5 induction by phenobarbital. In Nrf2-deficient cells, CYP2A5 induction 

was attenuated in acute (24 h) but not in chronic phenobarbital exposure (72 h) 

(III, Fig. 6c). Similar results were also obtained in wildtype primary hepatocytes 

overexpressing Keap1 by adenoviral gene transfer (III, Fig. 6d). These results 

suggest that Nrf2 mediates the early response of CYP2A5 to phenobarbital, while 

other mechanisms are responsible for CYP2A5 induction in prolonged 

phenobarbital exposure. Importantly, phenobarbital did not provoke HMOX1 

induction (III, Fig. 6c), which suggests that an increased level of heme is not 

related to CYP2A5 induction by phenobarbital. On the other hand, aggressive 

HMOX1 induction by phenobarbital has been demonstrated in selenium-deficient 

conditions in which cellular utilization of heme is reduced in hemoproteins 

(Correia & Burk 1978, Correia & Burk 1983, Engelmann et al. 1985). This 

suggests that some mechanism may antagonize HMOX1 induction by elevated 

heme and favor the commitment of synthesized heme in hemoproteins instead. 
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6 Discussion 

6.1 Methodological aspects 

6.1.1 The benefits and challenges of the primary hepatocyte model 

The expression of CYPs is practically lost in immortalized hepatocyte cell lines 

(Castell et al. 2006). This is apparently due to the combined effects of the loss of 

critical transcription factors (Jover et al. 1998) and co-activators (Martinez-

Jimenez et al. 2006a) as well as the high degree of epigenetic modifications to 

histones and DNA methylation (Jones & Laird 1999). Although many of the 

effects can be artificially reversed by histone modifying chemicals or the re-

introduction of key regulatory factors (Martinez-Jimenez et al. 2006b, Snykers et 

al. 2009), their usage does not guarantee similar specificity in comparison to what 

prevails in vivo. Therefore, the high degree of differentiation of cell lines from 

their original context restricts their usability in the study of tissue-specific gene 

regulation. Hence, primary hepatocytes represent the model of choice for in vitro 

studies of CYP regulation, although they have a relatively short functional life-

span.  

The alterations in liver-specific gene expression begin during the isolation of 

primary hepatocytes and the decline of liver-specific functions progressively 

continues in cell culture (Elaut et al. 2006). Nevertheless, at least partial 

regeneration of structural features occurs in primary hepatocytes during 

cultivation as bile canaliculi were observed by electron microscopic imaging after 

two days of cultivation (unpublished observations). In the absence of serum, but 

in the presence of dexamethasone supplement, mouse primary hepatocytes can be 

maintained with well-preserved COH activity and strong inducibility by typical in 

vivo inducers for at least four days (Salonpaa et al. 1994). Some discrepancies in 

the induction of CYP2A5 in vivo and in cell culture conditions by 

porphyrinogenic compounds were detected, which suggests that systemic effects 

may be associated with some inducers: For instance, griseofulvin, thioacetamide 

and aminotriazole all induced CYP2A5/COH in vivo (Salonpaa et al. 1995), but 

only griseofulvin was similarly effective under cell culture conditions (Salonpaa 

et al. 1997). Moreover, the induction kinetics in primary hepatocytes may be 

slower than in vivo (Honkakoski et al. 1996, Salonpaa et al. 1997). 
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In comparison to primary hepatocytes derived from inbred mouse strains, 

human primary hepatocytes are expensive, their availability is more restricted, 

and the observation of significant biological responses may be easily quenched by 

naturally high experimental variation due to genetic differences. For instance, 

hepatic CYP2A6 mRNA and protein levels may vary by 100 fold between 

individuals (Pelkonen et al. 2000). One of the biggest advantages of mouse 

primary hepatocytes is the possibility to conduct multiple experiments with cells 

from one animal. Although individual differences may be seen even in inbred 

mouse strains, very similar results were obtained during the course of this study 

in experimental repetitions using mice that were not litter-mates (data not shown). 

6.1.2 Signs of culture stress in primary hepatocytes 

The level of oxidative stress in cell culture is often underestimated, although a 

considerable change in the oxygen partial pressure upon transition from tissue to 

cell culture occurs (Halliwell 2003, Halliwell & Whiteman 2004). While most 

cells are oxygenated under physiological conditions at the range of 1 – 10 mm Hg, 

cultured cells experience an oxygen tension of approximately 150 mm Hg under 

the typical maintenance conditions of 95% air / 5% CO2. Under cell culture 

conditions, increased ROS production may occur due to the altered function of 

oxidative enzymes and increased leakage of electrons from the mitochondrial 

electron transport chain. (Halliwell 2003). 

The effects of culture stress on mouse primary hepatocytes were observed 

when comparing the mRNA levels of HMOX1 in cultured wildtype and Nrf2(-/-) 

cells: About 10 fold higher HMOX1 expression was detected in wildtype cells (II, 

Fig. 5a). Moreover, HMOX1 mRNA was suppressed by 50% using adenoviral 

Bach1 (II, Fig. Fig. 3b), which suggests that considerable derepression of Bach1 

in cultured primary hepatocytes may occur as the result of oxidative stress (Dohi 

et al. 2006, Ishikawa et al. 2005). Furthermore, Nrf2-deficient hepatocytes clearly 

had a lower capacity to endure the hepatocyte extraction process and re-adapt to 

culture conditions because slightly but not critically higher mortality was seen 

with Nrf2(-/-) cells. These findings demonstrate the importance of in vivo studies 

to confirm cell culture observations that involve ROS-dependent cellular 

processes and pathways. For instance, identification of Nrf2 in the regulation of 

constitutive Cyp2a5 activation was essential to confirm in vivo due to the 

inducible role of Nrf2 in CYP2A5 expression (II). 
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6.1.3 Consideration of background signal from CYP2A4 

Due to the very high similarity of CYP2A4 and CYP2A5, any microarray or other 

data gained by hybridization techniques or immunological methods should be 

considered as CYP2A4/5 data (Raunio et al. 1998, Thai et al. 2003, Wastl et al. 

1998). Although it is theoretically possible to design specific PCR primers that 

have unpairing 3’ overhangs with respect to the close homolog, the local sequence 

quality often hinders the possibility to also have them perform well in real-time 

quantitative PCR. In some earlier studies (Hahnemann et al. 1992, Salonpaa et al. 

1992, Squires & Negishi 1988), a separate restriction site analysis of amplified 

cDNAs was used to confirm that the amplified signal represented primarily 

CYP2A5. Ultimately, the measurement of COH activity represents a reliable way 

of discriminating CYP2A5 by conventional methods (Negishi et al. 1989). 

The induction profile of CYP2A5 by various hepatotoxic compounds is 

strongly based on in vivo work conducted in male mice with repressed CYP2A4 

expression (Abu-Bakar et al. 2004, Camus-Randon et al. 1996, Hahnemann et al. 

1992, Pellinen et al. 1993, Salonpaa et al. 1992, Salonpaa et al. 1995). 

Nevertheless, marginal elevation in hepatic CYP2A4 mRNA or testosterone 15α-

hydroxylation activity was observed in response to the typical CYP2A5 inducers 

pyrazole, phenobarbital, chloroform and cobalt (Camus-Randon et al. 1996, 

Hahnemann et al. 1992, Kocer et al. 1991, Negishi et al. 1989). In contrast, 

cerium was shown to extensively elevate both CYP2A4 and CYP2A5 in the livers 

of cerium-susceptible DBA/2 male mice (Salonpaa et al. 1992), suggesting that 

some chemicals may be strong inducers of both CYP2A4 and CYP2A5. The 

extent of putative derepression of CYP2A4 in cultured primary hepatocytes, and 

the relative effects of the inducer compounds on CYP2A4 expression remain to 

be determined in future studies. The presence of CYP2A5 was confirmed by 

measurement of COH activity from cadmium-treated DBA/2 mouse primary 

hepatocytes (I, Fig. 2c) but sensitivity problems were faced when COH activities 

were determined from C57BL/6 primary hepatocytes. This is apparently due to 

both the overall reduction of enzyme activities in the cell culture environment 

(Elaut et al. 2006) and the presence of a low efficiency Cyp2a5 locus in C57BL/6 

mice (Lindberg et al. 1992). However, a low level of COH activity could be 

detected in PbCl2-exposed cells (unpublished data). 



 92

6.1.4 Differential mouse strain responses: heavy metal cadmium 

DBA/2 mice were used in original publication I, while C57BL/6 mice were 

chosen for the later studies (II-III) due to the availability of the Nrf2 knockout 

model in this mouse strain. Several previous studies have reported differences in 

the magnitude and dose-time responses of CYP2A5 by various hepatotoxic 

chemicals in the two strains (Hahnemann et al. 1992, Salonpaa et al. 1992, 

Salonpaa et al. 1995). Similarly in this study, the observed induction of both 

CYP2A5 and HMOX1 by cadmium (4 µM) was clearly different: About a three 

fold higher response of HMOX1 mRNA and a four fold lower response of 

CYP2A5 mRNA was detected in C57BL/6 versus DBA/2 primary hepatocytes 

after 6 h exposure (I, Fig. 1b; II, Fig. 1b). Importantly, C57BL/6 has been 

characterized as a sensitive and the DBA/2 as a resistant strain with respect to 

cadmium-induced hepatotoxicity (Maitani & Suzuki 1986, Shaikh et al. 1993). In 

cultured hepatocytes, the altered sensitivities are probably explained by several 

strain-dependent differences in the basal and inducible expression of redox-

sensitive target genes, such as the metallothioneins that chelate heavy metals 

(Shaikh et al. 1993, Klaassen et al. 2009), as well as genes that affect the 

metabolism and homeostasis of zinc, iron and heme (Moulis 2010). For instance, 

the expression and induction of the iron efflux inhibiting hepcidins shows a 

strikingly different pattern between the two strains (Rodriguez et al. 2007). 

Furthermore, the constitutive expression of ALAS1 mRNA and activity is 

significantly higher in C57BL/6 mice (Chernova et al. 2008). These and similar 

characteristics are also likely to greatly affect the higher CYP2A5 mRNA 

response to excessive heme in C57BL/6 versus DBA/2 mice (Salonpaa et al. 

1995). 

6.2 The crucial and unique role of Nrf2 in hepatic CYP2A5 
expression 

The sulfhydryl chemistry of the Nrf2 pathway permits sensitive activation in 

various cellular conditions that elicit oxidative, electrophilic or nitrosative stress 

(Pae et al. 2008, Taguchi et al. 2011). In this thesis, the direct role of Nrf2 in the 

activation of CYP2A5 by several heavy metals, including cadmium, lead and 

methyl mercury as well as the electrophilic phytochemical phenethyl 

isothiocyanate, heme, CoPP and toxic heme precursors was demonstrated. 

Importantly, CYP2A5 was characterized as a highly sensitive target gene that is 
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activated by a low basal level of nuclear Nrf2 (II, Fig. 5). Because oxidative stress 

is a very common cellular event in many cytotoxic processes, including chemical 

toxicity, chronic inflammation and carcinogenesis (Finkel 2011, Nebert & Dalton 

2006, Valko et al. 2007), Nrf2 is likely to fully or partially mediate the universal 

CYP2A5 response under all such conditions. In the specific example of pyrazole 

that was shown to post-transcriptionally regulate CYP2A5 via hnRNP A1, Nrf2 

also seems to be involved (Lu et al. 2008, Nichols & Kirby 2008). Hence, the 

data gained in this thesis has substantially increased our understanding of the 

regulation and induction of Cyp2a5 in the liver. 

Much work remains to be done in characterization of the Nrf2 target gene 

panel in humans in particular, although the antioxidant function of Nrf2 is known 

to be well preserved in mammals (Maher & Yamamoto 2010) and many of the 

general antioxidant target genes have been shown to be similarly activated in 

humans (Kawata et al. 2010, MacLeod et al. 2009). Particularly interesting is the 

overall role of Nrf2 in the regulation of genes involved in drug metabolism. In 

addition to cell line studies, several studies using chimeric mice with humanized 

livers have shown that multiple phase II and phase III genes are regulated by Nrf2 

(Kalthoff et al. 2010, Okada et al. 2007). The overexpression of drug efflux 

transporters in response to hyperactivation of the Nrf2 pathway has been 

identified as one mechanism of chemoresistance in various cancer-types (Hong et 

al. 2010, Jiang et al. 2010, Singh et al. 2010). While CYP2A5 (and CYP2A6) 

represents the only CYP target gene characterized thus far, the overall 

significance of Nrf2 in the regulation of CYPs remains to be investigated. Some 

evidence from mouse liver microarray studies suggests that a few other members 

of CYP2-4 classes might be under the control of Nrf2 (Kwak et al. 2003, Yates et 

al. 2009). An interesting study in humans would be the determination of the 

contribution of Nrf2 behind the interindividual differences of drug 

biotransformation rates in response to heterologous environmental and nutritional 

cues. Kalthoff et al. (2010), for example, showed that coffee consumption 

markedly affects hepatic glucuronidation via both AhR and Nrf2. 

6.3 Role of Nrf2 in extrahepatic CYP2A5 expression 

CYP2A5 expression in extrahepatic tissues has been considerably less studied in 

contrast to the liver. Pyrazole was shown to activate CYP2A4/5 mRNA, protein 

and COH activity in the kidney but not in the lung or olfactory mucosa (Su et al. 

1998, Verschoyle et al. 1997). Additionally, CYP2A5 was not induced by cobalt, 
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tin, griseofulvin, aminotriazole or thioacetamide in the olfactory mucosa (Su et al. 

1998). In the kidney, CYP2A5 induction was observed in response to cadmium in 

the presence of Nrf2 (Abu-Bakar et al. 2004), and renal CYP2A5 elevation was 

also reported with cerium (Salonpaa et al. 1992) and sodium arsenite (Seubert et 

al. 2002). Therefore, Nrf2-dependent CYP2A5 induction is not restricted to the 

liver although it is probably absent in the olfactory mucosa. This may depend on 

the absence of additional transcription factors that are critical for the CYP2A5 

response and associate with Nrf2 (Jover et al. 1998, Martinez-Jimenez et al. 

2006a). Identification of these factors was beyond the scope of this thesis and 

should be done in future studies. Another factor that may limit extrahepatic 

induction of CYP2A5 includes epigenetic modifications that may differentially 

alter Cyp2a5 promoter accessibility in various tissues (Jones & Laird 1999). 

However, induction of CYP2A5 in tissues that normally do not express CYP2A5 

cannot be excluded with certainty. For instance, one microarray study reported 

CYP2A4/5 induction in Cyp1b1(-/-) C57BL/6 mouse retinal endothelial cells in 

the presence of enhanced ROS by the altered phenotype (Tang et al. 2009). In 

another example, transplacental exposure to hepatotoxic doses of inorganic 

arsenic was shown to elevate fetal hepatic CYP2A4/5 mRNA in C3H mice (Liu et 

al. 2007). Besides characterizing the inducible role of Nrf2 in extrahepatic 

CYP2A5 expression, attention should be paid to whether Nrf2 is necessary for 

constitutive activation of Cyp2a5. It is possible that a lower level of oxidative 

metabolism may differentially affect the basal nuclear Nrf2 levels in different 

tissues, although this remains to be confirmed. 

6.4 Similarities in regulation of CYP2A5, CYP2A4 and CYP2A6 – 
role of Nrf2 

The promoters of Cyp2a4 and Cyp2a5 are similar over several kilobases except 

for the presence of point mutations. The proximal promoter at least was reported 

to have retained similar regulation in the liver, and involvement of HNF-4α in 

constitutive activation (Yokomori et al. 1997) and DBP in circadian expression of 

hepatic CYP2A4 (Lavery et al. 1999) were reported. Furthermore, the E-box site 

capable of binding ARNT and USF-1, which is required for the constitutive 

activation of hepatic CYP2A5, is fully conserved as are the XRE site associated 

with AhR/ARNT binding and the ARE characterized in this thesis. Therefore, 

these sites may similarly elevate CYP2A4 in the absence of pulsatile growth 

hormone/STAT5b/HNF-4α suppression (Sueyoshi et al. 1999, Wiwi & Waxman 
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2004), and might at least partially explain the residual activation of CYP2A4 by 

pyrazole, phenobarbital, chloroform and cobalt as well as by cerium (Camus-

Randon et al. 1996, Hahnemann et al. 1992, Salonpaa et al. 1992). 

The overall similarity of Cyp2a5 and CYP2A6 promoters is very low, but they 

have retained similar features in their proximal promoters (Pitarque et al. 2005, 

Ulvila et al. 2004). Constitutive activation of CYP2A6 was demonstrated to 

depend on HNF-4α, C/EBPα and Oct-1, while C/EBPβ was found to repress 

CYP2A6 expression (Pitarque et al. 2005). The induction of CYP2A6 by 

rifampicin, phenobarbital and CITCO was shown to involve PXR and PGC-1α 

(Itoh et al. 2006). Although CYP2A5 and CYP2A6 share some similar inducers 

such as pyrazole, clear dissimilarities are also seen in their chemical induction 

profile (Donato et al. 2000). The induction of CYP2A6 by pyrazole appears to 

involve similar hnRNP A1-mediated post-transcriptional stabilization (Christian 

et al. 2004, Gilmore et al. 2001). Interestingly, CYP2A6 expression may be 

upregulated by environmental cadmium exposure (Satarug et al. 2004) and by 

sulforaphane, a powerful Nrf2 activator (Yokota et al. 2011). Sulforaphane 

moderately enhanced CYP2A6 promoter activity in an in vivo luciferase reporter 

assay in mouse liver, and a sulforaphane-responsive ARE was identified at 

position -1212 to -1193 bp (Yokota et al. 2011). CYP2A5 and CYP2A6 are also 

similarly upregulated in many pathogen infections in association with cirrhosis 

and hepatitis, chronic inflammation as well as in alcoholic and non-alcoholic liver 

diseases (Kirby et al. 1996, Niemela et al. 2000, Raunio et al. 1998, Satarug et al. 

1996). Due to the high incidence of polymorphisms in the regulatory (and coding) 

sequences of CYP2A6, the role of Nrf2 in the regulation of CYP2A6 is likely not 

as straightforward as in the case of Cyp2a5. However, it might offer an additional 

explanation for the high inter-individual variation in CYP2A6 hepatic expression. 

6.5 Interplay of pathways in control of CYP2A5 expression 

6.5.1 AhR and Nrf2 

While AhR was shown to bind to an XRE-like element in the Cyp2a5 promoter in 

vitro (Arpiainen et al. 2005), AhR does not seem to directly elevate CYP2A5 in 

TCDD or 3-methylcholanthrene exposure but AhR-dependent induction of 

CYP1A2 seems to be a prerequisite for the CYP2A5 response (Hayes et al. 2007). 

The close interplay of the AhR and Nrf2 pathways may be involved instead. AhR 
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can regulate the transcription of nrf2 and vice versa (Miao et al. 2005, Shin et al. 

2007), but CYP1A2 and CYP2A5 are not uniformly co-induced under similar 

conditions (Raunio et al. 2008, Zhou et al. 2010a), which suggests that TCDD is 

likely to activate Nrf2 signaling via Keap1 and/or additional mechanisms. 

Interestingly, TCDD exposure induces uroporphyria and liver injury in wildtype 

mice with intact CYP1A2 induction, but CYP1A2-deficient mice are not 

susceptible to uroporphyria (Davies et al. 2008, Smith et al. 2001), apparently 

because of the reduced catalytic potency of CYP1A2 to convert uroporphyrinogen 

to uroporphyrins (Sinclair et al. 1998). Uroporphyrin is the major intermediate 

that accumulates in the most common form of porphyria, Porphyria cutanea tarda, 

and has phototoxic and hepatotoxic properties in the liver and skin (Bonkovsky 

2005). The findings of this thesis indicate that Nrf2 is readily activated by toxic 

heme intermediates, such as δ-aminolevulinic acid and protoporphyrin IX, and 

subsequently elevates CYP2A5 expression. However, other heme precursors are 

also likely to activate Nrf2 as oxidative stress markers are commonly found in 

different forms of porphyrias with variable patterns of precursor accumulation 

(Aminaka et al. 2008). 

6.5.2 Interplay of the E-box and ARE sites 

The E-box site (-2403 to -2398 bp) involved in Cyp2a5 constitutive activation by 

the ARNT homodimer (or USF-1) is adjacent to the Nrf2-responsive ARE (-2386 

to -2377 bp). This raises the question of whether they cooperate in the basal and 

stress-inducible expression of CYP2A5. ARNT as well as USF-1 have functions 

in glucose and lipid metabolism, although it is not known whether ARNT acts as 

a homo- or heterodimer (Gunton et al. 2005, Vaulont et al. 2000, Wang et al. 

2009). This is interesting in the sense that CYP2A5 expression is enhanced under 

fasting conditions (Arpiainen et al. 2008, Bauer et al. 2004). USF-1 is also 

involved in the regulation of stress and immune responses as well as cell cycle 

control (Corre & Galibert 2005), and has been identified in the regulation of other 

Nrf2 target genes, such as HMOX1 and metallothionein I (Li et al. 1998, Sato et 

al. 1990). 

Besides USF-1 and ARNT, other possible E-box binding transcription factors 

should be considered as putative competitors for Cyp2a5 5’ E-box binding. One 

interesting example is the ubiquitously expressed c-Myc that can either agonize or 

antagonize transcription via E-box sites, and is involved in cellular processes such 

as proliferation and apoptosis (Nilsson & Cleveland 2003). c-Myc has regulatory 
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functions in controlling genes involved in metabolic pathways such as the 

synthesis of amino acids and nucleotides, regulation of lipid metabolism, 

glycolysis, and mitochondrial homeostasis (Dang 1999, Nilsson & Cleveland 

2003). Recently, c-Myc was shown to downregulate phase II genes in bronchial 

endothelial cells via a direct association with ARE sites and by forming an 

inhibitory complex with Nrf2 and c-Jun (Levy & Forman 2010). It is tempting to 

speculate that an E-box site could be involved as an extended regulatory unit in 

fine-tuning the activation of the Cyp2a5 5’ ARE site. Future studies should 

consider the putative interplay of the Cyp2a5 5’ promoter E-box and ARE sites. 

The small Maf heterodimerization partner of Nrf2 was not studied in this 

work. However, c-Jun and c-Fos were shown to be capable of binding or 

interfering with the -2.4 kb ARE site in an EMSA assay (I, Fig. 5c) and their role 

in fine-tuning the ARE response seems plausible under favorable conditions. 

Likewise, the role of Bach1 could not be completely excluded although CYP2A5 

would be expected to be a low affinity target of Bach1 (II, Fig. 3b, Fig. 5). In 

lead-exposed hepatocytes, no Nrf2 binding to the Cyp2a5 ARE was detected after 

1 h despite persistent Nrf2 activation beyond 24 h (II, Fig. 2b). It is possible that 

Bach1 or some other inhibitory factor could restrain the -2.4 kb ARE activation in 

the later time points. Alternatively, transcriptional cycling and periodic 

recruitment of transcription factors could be involved (or the involvement of 

putative additional AREs that cooperate and alternate in Nrf2 binding). Thus, 

multiple questions remain to be answered in a more detailed characterization of 

the Cyp2a5 promoter antioxidant response. 

6.5.3 PGC-1α and Nrf2 

In Nrf2-deficient cells, CYP2A5 induction by cAMP and its downstream effector 

PGC-1α was dramatically enhanced (III, Fig. 6a-b), suggesting novel crosstalk of 

the two pathways. Interestingly, both PGC-1α and Nrf2 have dimensions in redox 

and energy homeostasis (Aleksunes et al. 2010, Fernandez-Marcos & Auwerx 

2011, Osburn & Kensler 2008, Shin et al. 2009, St Pierre et al. 2006). PGC-1α, 

which is in control of mitochondrial biogenesis, drives the induction of the 

antioxidative enzymes glutathione peroxidase 1 and superoxide dismutase 2 that 

are necessary to counteract mitochondrial ROS production (St Pierre et al. 2006). 

On the other hand, Nrf2 was found to downregulate multiple hepatic genes 

involved in lipid synthesis and metabolism (Yates et al. 2009), and inhibit hepatic 

lipid accumulation in mice fed with a high-fat diet (Shin et al. 2009, Tanaka et al. 
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2008). An enhanced ROS pulse is crucial for insulin signaling, while the 

development of insulin resistance has been associated with chronic inflammation 

and oxidative stress (Wang & Hai 2011). Under conditions of altered 

phosphorylation signaling, downregulation of Nrf2 signaling was shown to 

contribute to a persistently high level of ROS and insulin desensitization (Beyer et 

al. 2008, Tan et al. 2011). Thus, the exact convergences of Nrf2 and PGC-1α 

signaling need to be elucidated and may help to understand the pathological 

mechanisms behind insulin resistance and type II diabetes. 

6.6 Coordinated induction of CYP2A5 and HMOX1 

A similar temporal trend in the sequential induction of CYP2A5 and HMOX1 

was detected; while HMOX1 mRNA was rapidly enhanced and trailed by the 

slower CYP2A5 response, the induction of HMOX1 mRNA was mostly 

diminished and CYP2A5 mRNA was maximally upregulated after 12 h – 24 h 

treatments (I, Fig. 1; II, Fig. 1a; III, Fig. 1a). An interesting exception was the 

parallel elevation of HMOX1 and CYP2A5 by lead (II, Fig. 1c). The approximate 

order of magnitude of induction by the different substances in the case of 

CYP2A5 was CoPP > phenethyl isothiocyanate ~ PbCl2 > heme ~MeHg > CdCl2, 

while for HMOX1 it was CdCl2 > heme > phenethyl isothiocyanate ~ PbCl2 ~ 

CoPP > MeHg. Derepression of Bach1 was identified as the principal mechanism 

for HMOX1 induction while CYP2A5 was purely dependent on the presence of 

Nrf2 (II-III) (see Fig. 8), which is consistent with the relative potency of the 

different inducer substances to launch nuclear Nrf2 accumulation (II, Fig. 2, III, 

Fig. 2). Therefore, Cyp2a5 represents an ideal marker gene for the graded Nrf2 

response.  

In the case of heme, Nrf2 was dispensable for HMOX1 activation (III, Fig. 2b) 

while the presence of Nrf2 had a clear additive effect in PbCl2 exposure (II, Fig. 

4b) and a minor effect in the case of CoPP (III, Fig. 2b). This is probably largely 

explained by the relative nuclear Nrf2 level at the time of Bach1 derepression. In 

excessive heme conditions, Bach1 was found to be an effective sensor in contrast 

to Nrf2 (III, Fig. 2), while Nrf2 was a better sensor for heavy metals than heme (II, 

Fig. 2 and Fig. 4; III, Fig. 2). While HMOX1 activity was found to coordinate and 

limit CYP2A5 induction via heme catabolism (III, Fig. 1), other studies have 

suggested that the by-products of heme degradation may support CYP2A5 

induction: Nuclear accumulation of Nrf2 may be enhanced by CO (Lee et al. 
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2006), which might explain the lingering CYP2A5 response. Bilirubin was also 

shown to stabilize CYP2A5 protein as a substrate (Abu-Bakar et al. 2011). 

The finding of Nrf2-independent induction of HMOX1 is surprising in light 

of the extensive literature on HMOX1 elevation by Nrf2 in various cell types 

(Alam et al. 1994, Alam & Cook 2003, Paine et al. 2010, Reichard et al. 2007, 

Shan et al. 2006). Formally, the requirement for Nrf2 in the upregulation of 

Hmox1 by heme has not been established in the liver but was shown for CoPP in 

human hepatoma cell line Huh-7 (Shan et al. 2006), while our studies show that 

CoPP and heme have very different kinetics for activation of the Nrf2 pathway 

(III, Fig. 1a-b and Fig. 2). In accordance with our results, Sun and co-workers 

(2002) observed a tissue-specific pattern for the requirement of Nrf2; Nrf2 was 

redundant in the thymus and liver in comparison to the heart and lung where it 

was more critical for efficient HMOX1 induction. 

Competition between the relative nuclear levels of Bach1 and Nrf2 have been 

a matter of discussion in the literature (Dhakshinamoorthy et al. 2005, Hintze et 

al. 2007), and analogous competition is likely to prevail with ARE transactivator 

candidates, such as Nrf1 (Leung et al. 2003) and the activator protein-1 site 

binding c-Jun, c-Fos and several members of the ATF family (Sykiotis & 

Bohmann 2010) under diverse conditions that differentially activate these 

pathways. In different cell models, transcription factors such as USF and Sp-1 

have also been described to control HMOX1 basal expression and stress 

responses in an inducer-dependent fashion in association with activator protein-1 

elements (Hock et al. 2004, Paine et al. 2010). Since Nrf2 is a relatively poor 

heme sensor, the idea of having multiple potential activators would seem 

beneficial for HMOX1 induction in the liver where heme synthesis is high and 

heme levels need to be robustly controlled. 
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Fig. 8.  The proposed model for the coordinated CYP2A5 and HMOX1 responses by 

excessive heme (data from original publication III and studies by Abu-Bakar et al. 2011, 

Converso et al. 2006 and Stocker et al. 1987). Cellular HMOX1 expression and activity 

in the ER and mitochondria are transcriptionally enhanced via derepression of Bach1 

by heme [1-2]. HMOX1 activity suppresses Nrf2 pathway activation up to heme levels 

that are beyond efficient neutralization and predispose to oxidative stress (III) [3]. 

Under basal conditions, Nrf2 maintains CYP2A5 expression both in the ER and 

mitochondria (III). Enhanced Nrf2 signaling by excessive heme transcriptionally 

upregulates CYP2A5 and preferentially enhances its localization to the ER (III). 

Enhanced bilirubin maintenance via a postulated BVR/CYP2A5-coupled reaction [4] 

may then suppress lipid peroxidation and protect the integrity of mitochondrial and 

ER membranes. Abbreviations: ARE; antioxidant response element, Bach1; BTB and 

CNC homology 1, BVR; biliverdin reductase, CYP2A5; Cytochrome P450 2A5, HMOX1; 

heme oxygenase 1, Maf; musculoaponeurotic fibrosarcoma, Nrf2; nuclear factor 

(erythroid-derived 2)-like 2. 
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6.7 Biological significance of Cyp2a5 regulation by Nrf2 

The coordination of CYP2A5 and HMOX1 responses in heme homeostasis and 

their similar subcellular localization consolidate the postulated role for murine 

CYP2A5 (and human CYP2A6) in bilirubin homeostasis and oxidative balance 

(Abu-Bakar et al. 2011, Abu-Bakar et al. 2012a). However, the efficiency of the 

putative biliverdin reductase-coupled reaction remains to be confirmed in vivo 

with separate assessments done in the ER and mitochondrial compartments 

because dually localized CYPs often have altered enzymatic 

properties/efficiencies in the two compartments with respect to each other (Sangar 

et al. 2010). CYP2A5 may have two roles in cellular heme homeostasis; first as a 

heme-sequestering protein that is enhanced even in the presence of simultaneous 

downregulation of the total CYP content (Abu-Bakar et al. 2004, Camus-Randon 

et al. 1996) and, secondly, through its catalytic activity for bilirubin (Abu-Bakar 

et al. 2011). Enhanced maintenance of bilirubin, a potent chain breaking 

antioxidant, then presumably attenuates lipid peroxidation (Stocker et al. 1987, 

Neuzil et al. 1994, Hatfield et al. 2004) in the ER and mitochondria – the two 

subcellular compartments that are critical for apoptotic signaling and regulation of 

cell fate (Schroder 2008, Simmen et al. 2010). 

Nrf2 was found to maintain the constitutive expression of CYP2A5 both in 

the ER and mitochondria (III, Fig. 3c-d), where the presence of excessive heme, 

bilirubin or heme intermediates constitute a threat to mitochondrial integrity and 

function (Converso et al. 2006, Horowitz & Greenamyre 2010, Kumar & 

Badyopadhyay 2005, Onuki et al. 2004, Weiss et al. 2003). As opposed to 

HMOX1, which is induced both in the ER and mitochondria by excessive 

intracellular heme (Converso et al. 2006), enhanced CYP2A5 localization was 

predominantly observed in the ER under similar conditions (III, Fig. 3d). This 

might suggest locally intensified cytoprotection or, alternatively, involve some 

specific function mediated via close interactions between mitochondria and the 

ER domain known as the mitochondria-associated membrane (Simmen et al. 

2010, Bravo et al. 2012). Interestingly, an intensive CYP2A5 signal was often 

found encircling the mitochondrial outer membrane (see III, Fig. 3b). Thus, the 

localization of CYP2A5 to specific ER domains should be carefully examined in 

future studies. 

Mitochondria and ER are also inseparably connected via signaling whereby 

sensing of ER stress can be relayed to mitochondria to either support their 

bioenergetic function and integrity (Zheng et al. 2012, Bravo et al. 2012), or 
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initiate apoptosis (Schroder 2008, Simmen et al. 2010). With respect to this, the 

established regulatory ties of CYP2A5 expression with both Nrf2 (original 

publications I-III) and PGC-1α signaling (Arpiainen et al. 2008, original 

publication III), the master regulator of mitochondrial biogenesis (Fernandez-

Marcos & Auwerx 2011), represent a particularly intriguing subject for further 

studies. The two signaling pathways may cross-talk at least in blockades of heme 

synthesis where the accumulation of heme precursors and heme deficiency may 

involve both oxidative stress (Monteiro et al. 1991, Onuki et al. 2004, Weiss et al. 

2003) and bioenergetic depression (Acharya et al. 2010, Wu et al. 2009). 

Accordingly, the superinduction of CYP2A5 mRNA in response to a 

porphyrogenic stimulus (III, Fig. 4b,d) seems to involve both Nrf2 and PGC-1α 

(III, Fig. 4b). The extensive CYP2A5 response in heme biosynthesis blockades 

may, therefore, further highlight the functional significance of CYP2A5 at the hub 

of crucial cell survival pathways associated with redox, heme and energy 

homeostasis. 

The co-induction of HMOX1 and CYP2A5 (III, Fig. 4b,d) in ‘heme-deficient’ 

conditions may seem conflicting at first, but it could involve enhanced bilirubin 

production from heme released by intracellular hemoproteins upon ROS-induced 

damage or heme deficiency involving ER stress (Acharya et al. 2010, Correia et 

al. 2011, Correia & Burk 1983, Waheed et al. 2010). Importantly, the relative 

enrichment of CYP2A5 activity typically coincides with the depression of total 

CYP activities during various hepatotoxic conditions (Abu-Bakar et al. 2004, 

Camus-Randon et al. 1996, De-Oliveira et al. 2006). This might be potentially 

seen as a cytoprotective response whereby ‘dispensable’ cellular hemoproteins, 

including selective CYPs, are used as an intracellular reservoir for heme to 

preserve basic cellular functions during oxidative stress and/or depression of the 

regulatory heme pool (Correia et al. 2011). However, more specific studies are 

needed to understand the significance and mechanisms of the selective 

enrichment of CYP2A5 mRNA and activity under such conditions. 

The effect of heme on Cyp2a5 and Hmox1 can be mimicked by heavy metals 

and other toxic environmental chemicals via Bach1 and Nrf2 (Fig. 8) that may 

produce co-induction of HMOX1 and CYP2A5 in quantitatively and/or 

temporally altered ratios with respect to heme, which was seen with different 

heavy metals in this study (II, Fig. 1). Although the Nrf2-mediated CYP2A5 

induction response can be considered as cytoprotective per se (Lau et al. 2008, 

Maher & Yamamoto 2010), a crucial question remains whether the 

aforementioned differential responses remain cytoprotective or whether they have 
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mechanistic relevance in chemical-induced cytotoxicity, e.g. via metabolic 

uncoupling and disruption of the bilirubin homeostasis. 
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7 Summary and conclusions 

Cultured mouse primary hepatocytes were used to characterize the putative 

involvement of the redox-responsive transcription factor Nrf2 in regulation of 

murine Cyp2a5 expression. The following main findings collectively establish the 

key role of Nrf2 in activation of the constitutive and inducible expression of 

hepatic Cyp2a5 in perturbations of cellular redox balance by diverse hepatotoxic 

chemicals, which may also involve altered heme homeostasis. Importantly, the 

similar subcellular localization and coordinated induction of CYP2A5 with the 

heme-catabolizing HMOX1 in alterations of heme metabolism consolidate the 

postulated endogenous function for CYP2A5 in hepatic bilirubin homeostasis and 

redox balance.  

1. Nrf2-mediated transactivation of Cyp2a5 is indispensable for the induction of 

CYP2A5 mRNA and protein by cadmium, lead, methyl mercury and 

phenethyl isothiocyanate, an electrophilic Nrf2 model inducer. Enhanced 

transactivation involves Nrf2 binding to the Cyp2a5 5’-ARE localized at -

2386 to -2377 bp upstream from the transcriptional start site. 

2. In contrast to Hmox1, hepatic Cyp2a5 is constitutively activated by Nrf2 in 

vitro and in vivo: In the absence of Nrf2, the expression of CYP2A5 mRNA 

and protein are suppressed down to 10% and 30%, respectively, of their 

normal levels in the liver. The Cyp2a5 promoter has a low affinity for Bach1 

and no comparable Bach1-mediated transcriptional repression is involved in 

the regulation of Cyp2a5 as opposed to Hmox1. Therefore, Cyp2a5 is more 

intensively modulated than Hmox1 by the overexpression of both Nrf2 and its 

cytoplasmic inhibitor Keap1 in vitro. Hence, CYP2A5 induction could be 

used as a sensitive and specific indicator of hepatic Nrf2 pathway activation, 

e.g. for in vitro screening of drug candidate hepatotoxicity. 

3. CYP2A5 and HMOX1 are coordinately induced by heme present at levels 

that exceed the capacity for its efficient catabolism (>5 µM) and predispose 

cells to oxidative stress. Nrf2 is required for CYP2A5 induction, while Nrf2-

independent activation of HMOX1 efficiently restricts the activation of 

CYP2A5 at lower heme levels. Nrf2 maintains CYP2A5 expression both in 

the ER and mitochondria, but excessive heme preferentially enhances 

CYP2A5 localization to the ER. 

4. Phenobarbital, dibutyryl-cAMP and co-activator PGC-1α induce CYP2A5 

independent of enhanced heme synthesis. However, the acute but not chronic 



 106

CYP2A5 induction by phenobarbital is mediated via Nrf2. CYP2A5 

induction by dibutyryl-cAMP and PGC-1α is sensitized in Nrf2 deficiency, 

which suggests novel cross-talk between the Nrf2 and PGC-1α pathways in 

the liver. 

5. In blockades of heme synthesis by succinylacetone or N-methyl 

protoporphyrin IX, CYP2A5 mRNA is extensively enhanced via Nrf2 and 

additional mechanisms, such as co-activator PGC-1α. In contrast, Nrf2 is 

dispensable for the moderate activation of Hmox1 in porphyrogenic stimulus. 
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