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Populärvetenskaplig sammanfattning 

 

Ah receptorn (AHR) är ett protein som finns i kroppens alla celler och som 

fungerar som ett slags mottagarprotein som kan känna igen och binda till 

olika ämnen. AHR är involverat i flera biologiska processer som sker nor-

malt i kroppen, men dess exakta fysiologiska roll är fortfarande till stor del 

okänd. När ett ämne binder till AHR så aktiveras den, vilket innebär att ut-

trycket av specifika gener uppregleras vilket i sin tur leder till en ökad pro-

duktion av motsvarande proteiner.  

 

Miljögifter, exempelvis dioxiner, kan binda till och aktivera AHR vilket 

kan medföra mycket allvarliga komplikationer såsom hormonell påverkan, 

kloracne samt cancer. Den bakomliggande anledningen till dioxiners toxici-

tet tros vara det faktum att de orsakar ett slags överaktivering av AHR. Även 

kroppsegna ämnen kan aktivera AHR och det ämne som har visat sig binda 

allra starkast till receptorn är FICZ. FICZ kan bildas från aminosyran trypto-

fan och spelar en viktig roll i AHR:s fysiologiska signalering. När detta 

ämne binder till receptorn genereras en övergående respons, dvs. receptorn 

aktiveras för att sedan stängas av. Anledningen till detta är att vissa av de 

enzymer som tillverkas till följd av receptoraktiveringen kan bryta ner FICZ. 

Ett sådant enzym, som således spelar en mycket viktig roll i regelringen av 

AHR signalering, är CYP1A1. 

 

I denna avhandling har vi studerat hur aktiveringen av AHR påverkas då 

CYP1A1 enzymet hämmas. Vi tror att en hämning av detta enzym kan öka 

aktiveringen av AHR till följd av att nedbrytningen av det kroppsegna, akti-

verande ämnet FICZ minskar. En sådan aktivering skulle potentiellt kunna 

vara skadlig då den påminner om den överaktivering som dioxiner orsakar.  

 

Målet med vår forskning är att få en bättre inblick i den fysiologiska 

funktionen av AHR signalering, hur den regleras samt hur yttre faktorer, som 

exempelvis kemikalier, påverkar den. En sådan insikt skulle ge en ökad för-

ståelse för hur toxicitet kan undvikas samt bidra till viktig kunskap kring 

utvecklingen av nya terapeutiska metoder.   
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Abstract  

The aryl hydrocarbon receptor (AHR) best known as a ligand-activated tran-

scription factor that mediates toxic responses to xenobiotics such as dioxins, 

is also activated by certain endogenous compounds. Activation of the AHR 

up-regulates transcription of a large number of genes, including those encod-

ing members of the cytochrome P450 1 family of enzymes (CYP1s). Alt-

hough the AHR has been shown to be involved in several normal processes, 

its physiological role remains elusive. The endogenous ligand 6-

formylindolo[3,2-b]carbazole (FICZ), formed from tryptophan, is present in 

cell culture media and biological specimens. FICZ is an excellent substrate 

for CYP1 enzymes and together FICZ/AHR/CYP1A1 interactions constitute 

an auto regulatory feedback loop that controls AHR signaling.  

A vast number of compounds that inhibit CYP1 enzymes have been re-

ported to be AHR activators, even though they have little or no affinity for 

the receptor. We hypothesized, that their agonistic effects are dependent on 

the presence of background levels of FICZ.  

To test this, AHR signaling in different cell systems exposed to FICZ 

and/or inhibitors was assessed by measuring EROD activity and CYP1A1 

transcription. In addition to a commercial culture medium, a medium free of 

background levels of FICZ was used.  

Activation of AHR by of a diverse set of CYP1A1 inhibitors did require 

FICZ in the culture medium. Furthermore, the compounds tested both pro-

longed and potentiated FICZ-induced receptor signaling. On the basis of 

these observations we propose that a compound may activate AHR signaling 

indirectly by inhibiting CYP1A1 and thereby attenuating the metabolism of 

FICZ. This mechanism was confirmed for certain polyphenols and pharma-

ceuticals. Surprisingly, the activating capacity and potentiating effect of two 

pharmaceuticals on AHR signaling could not be explained by the mechanism 

proposed, and we speculated that in these cases the agonistic effect might 

involve interactions of the cellular antioxidant response with the basic tran-

scription machinery.  

Together, our observations provide a mechanistic explanation as to how 

compounds that inhibit CYP1A1 can activate AHR signaling. They also 

indicate that the general perception of the binding pocket of AHR as promis-

cuous, is probably wrong. The fact that indirect activation of AHR may 

cause sustained signaling requires further studies in vivo not least, in order to 

prevent toxicity.   
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Abbreviations 

 

AHR aryl hydrocarbon receptor 

AHRE AHR response element  

AhRR aryl hydrocarbon receptor repressor 

ARNT aryl hydrocarbon receptor nuclear translocator 

BaP benzo(a)pyrene  

bHLH basic‐helix‐loop‐helix 

CUR curcumin 

CYP cytochrome P450  

DMSO dimethyl sulfoxide 

dFICZ 6,12‐diformylindolo[3,2‐b]carbazole 

EOR ethoxyresorufin 

EROD 7‐ethoxyresorufin‐O-deethylase  

FICZ 6‐formylindolo[3,2‐b]carbazole 

GST glutathione S‐transferase  

HaCaT immortalized human keratinocytes 

HepG2 human hepatoma cell line  

HepG2-XRE‐Luc  HepG2-derived cell line  

H2O2 hydrogen peroxide  

HPLC high‐performance liquid chromatography  

Hsp90 heat chock protein 90 

IPTG isopropyl β-D-1-thiogalactopyranoside 

KTZ ketoconazole  

MNF 3’‐methoxy‐4’‐nitroflavone  

NPR NADPH‐P450 reductase  

OME omeprazole 

PAHs polycyclic aromatic hydrocarbons 

PAS Per‐ARNT‐Sim 

PQ primaquine  

QUE quercetin 

RES resorufin 

ROS reactive oxygen species  

TCDD  2,3,7,8‐ tetrachlorodibenzo-p-dioxin  

Trp tryptophan 

XRE/DRE xenobiotic or dioxin response elements 
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1. Introduction  
 

The aryl hydrocarbon receptor (AHR), first discovered in connection with 

studies on the biotransformation of polycyclic aromatic hydrocarbons 

(PAHs) in the 1970’s (Poland et al., 1976), has been the focus of considera-

ble attention since it was identified as the mediator of dioxin toxicity, be-

coming known as the dioxin-receptor. This receptor has been regarded as 

promiscuous because a large number of compounds with widely varying 

structures have been reported to act as agonists (Denison et al., 2011). Curi-

ously, several of these lack the typical features that AHR ligands are sup-

posed to have in order to fit into the ligand binding pocket.  

 

Accumulating evidence has revealed that the AHR plays roles other than 

as a sensor of xenobiotics. For instance, this protein has been conserved evo-

lutionarily in several different phyla and is expressed in numerous tissues as 

well as during different stages of development (Hahn, 2002, Abbott et al., 

1995, Henry et al., 1989, Omiecinski et al., 1990). Today, it is recognized 

that the AHR is involved in several physiological processes and research in 

this area now focuses on these. Hopefully, elucidating the physiological 

functions of AHR signaling will provide better opportunities to avoid toxici-

ty, as well as contribute to the development of new therapeutic agents.  

 

1.1 The aryl hydrocarbon receptor 

1.1.1 General background  

 

The AHR is a basic helix-loop-helix (bHLH) protein with two α-helices 

connected by a loop belonging to the Per/Arnt/Sim (PAS) family, and func-

tion as a transcription factor as many bHLH proteins do (Murre et al., 1994, 

Jones, 2004). The bHLH motif of AHR enables binding to DNA, as well to 

the arylhydrocarbon receptor nuclear translocator (ARNT), which plays an 

essential role in its activation (Fukunaga et al., 1995). Many PAS proteins 

are often involved in development and growth by monitoring alterations in 

redox potential, the level of oxygen, and light (Taylor and Zhulin, 1999). 

The PAS domain consisting of two highly conserved repetitive sequences, 

PAS-A and PAS-B, separated by a spacer (Crews et al., 1988, Nambu et al., 

1996), constitutes the ligand binding site of the AHR, as well as contributing 

to the specificity of its heterodimerization (Fukunaga et al., 1995, Gu et al., 

2000).  
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1.1.2 Physiological effects of AHR signaling 

 

Knockout mice lacking the AHR survive and reproduce, but exhibit malfor-

mation of several organs and disturbance of signaling pathways (Fernandez-

Salguero et al., 1995, Schmidt et al., 1996, Mimura et al., 1997). For exam-

ple the liver is reduced in size and characterized by portal fibrosis and non-

closure of the ductus venosus (Fernandez-Salguero et al., 1995, Schmidt et 

al., 1996, Lahvis et al., 2000). Moreover, regulation of the immune system is 

disrupted and fecundity lowered (Fernandez-Salguero et al., 1995, Abbott et 

al., 1999). These knockout animals also do not develop skin cancer upon 

exposure to benzo(a)pyrene (BaP), are resistant to the teratogenic and toxic 

effects of TCDD (Shimizu et al., 2000, Fernandez-Salguero et al., 1996, 

Mimura et al., 1997) and have been reported to be more susceptible to infec-

tion (Shi et al., 2007). It is important to note, that certain discrepancies with 

respect to effects on the development of the immune system, as well as the 

survival of the offspring have been observed in the different strains of AHR
-/-

 

mice (Fernandez-Salguero et al., 1995, Schmidt et al., 1996, Mimura et al., 

1997) (Esser, 2009, Lahvis and Bradfield, 1998). These discrepancies have 

been proposed to be associated with phenotyping at different time-points, as 

well as different experimental approaches to generate the AHR
-/- 

strains 

(Lahvis and Bradfield, 1998).  

 

Additional studies on AHR
-/-

 mice have revealed that this receptor is im-

portant for the proper development of several other organs including the  

heart (Fernandez-Salguero et al., 1996, Mimura et al., 1997), ovaries and 

prostate (Lin et al., 2002), spleen, thymus (Kolluri et al., 1999) and kidneys 

(Lin et al., 2001).  Furthermore, the AHR is involved in cell proliferation 

(Bock and Köhle, 2006); regulation of the cell cycle (Puga et al., 2002); the 

development and regulation of immune cells both in barrier organs and the 

immune system itself (Esser and Rannug, 2015); skin physiology (Fritsche et 

al., 2007); apoptosis (Marlowe et al., 2008); and circadian rhythm (Mukai 

and Tischkau, 2006). Clearly, further elucidation of the extensive role played 

by AHR signaling in normal physiological processes is required to under-

stand the outcome of disrupted signaling.   

1.1.3 Ligand-induced AHR activation 

 

When dormant, the AHR is located in the cytoplasm bound to two molecules 

of heat chock protein 90 (Hsp90), as well as immunophilin-like protein 

hepatitis B virus X-associated protein 2 (XAP2, also referred to as ARA9 or 

AIP1) and co-chaperon p23 (Denis et al., 1988, Meyer et al., 1998, Carver 

and Bradfield, 1997, Perdew, 1988)  (Fig. 1). The different components of 
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this complex have different functions. Interaction with co-chaperon p23 sta-

bilizes Hsp90 in its ATP-binding conformation which prevents AHR from 

binding to DNA and retains it in the cytoplasm (Felts and Toft, 2003, 

Wilhelmsson et al., 1990, Grenert et al., 1997). XAP2 both attenuates pro-

teasomal degradation of the AHR and affect cellular localization of the AHR 

by interacting with the nuclear localization sequence (Beischlag et al., 2008, 

Petrulis, 2002).  

 

Classical (also referred to as ‘canonical’) AHR activation is initiated by 

binding of a ligand which mediates a conformational change, exposing a 

nuclear localization signal in the N-terminal region of the receptor and re-

leasing Hsp90 causing the remaining AHR complex to be translocated into 

the nucleus. Inside the nucleus ARNT, which is also a bHLH-PAS protein, 

heterodimerizes with AHR, which enables binding to AHR responsive ele-

ments (AHREs, also known as dioxin responsive elements (DRE) or xenobi-

otic responsive elements (XRE)) (Beischlag et al., 2008, Mcguire et al., 

1994, Mitchell and Elferink, 2009, Nguyen and Bradfield, 2008). This inter-

action mediates the recruitment of several co-factors, including p/CIP, p300 

and general transcription factors, resulting in up-regualtion of the expression 

of the so-called AHR gene battery (Köhle and Bock, 2007, Tijet, 2005).  

 

The AHR gene battery includes hundreds of genes involved in a wide va-

riety of cellular processes, such as apoptosis, regulation of the cell cycle, and 

the biotransformation of xenobiotics (e.g. cytochrome P450s (CYPs), 

NAD(P)H:quinone oxireductase 1, UDP-glucuronosyltransferases, glutathi-

one S-transferase A1, and aldehyde dehydrogenase (Hankinson, 2005, 

Nebert et al., 2000, Tijet, 2005)) . For example, in mice lacking the AHR the 

levels of constitutive hepatic expression of cytochrome P450 1A2 (CYP1A2) 

is reduced and cytochrome P450 1A1 (CYP1A1) can no longer be induced 

(Lahvis and Bradfield, 1998). CYP1A1 is probably the most well character-

ized of the genes under control of the AHR and its transcriptional up-

regulation and increase in corresponding enzyme activity are often used as 

indicators of AHR activation.  
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1.2 Regulation of AHR signaling 

 

In light of the fact that genome-wide analyses of mouse hepatoma cells have 

revealed approximately 750 genes that are regulated by the AHR (Sartor et 

al., 2009), it is not surprising that several layers of control are required. In-

deed, the machinery that regulates the AHR is extensive and complex and 

not yet fully understood.  

1.2.1 A negative feedback loop involving an endogenous 
ligand 

 

Activation of the AHR depends on the availability and concentration of an 

agonist. If this agonist is also a substrate for the xenobiotic-metabolizing 

enzymes up-regulated via the receptor, AHR signaling will be transient 

(Nebert and Dalton, 2006). CYP1 has been proposed to regulate the levels of 

Figure 1. Classical AHR activation induced by a ligand 
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a putative endogenous AHR ligand (Chang and Puga, 1998), a proposal sup-

ported by the observation that in cells lacking CYP1A1 activity, genes regu-

lated by the AHR are overexpressed and the level of CYP1A1 mRNA is 

similar to that in Hepa-1 cells exposed to TCDD (Gonzalez and Nebert, 

1985, Hankinson et al., 1985, Vasiliou et al., 1992, Puga et al., 1990). More-

over, this substantial up-regulation was reversed by transfection with vectors 

encoding CYP1A enzymes (RayChaudhuri et al., 1990). In addition, in mice 

lacking CYP1 several xenobiotic-metabolizing enzymes are up-regulated 

(Dragin et al., 2008).    

 

Indeed, an autoregulatory loop involving the endogenous AHR ligand 6-

formylindolo[3,2-b]carbazole (FICZ) and CYP1A1 has been demonstrated 

in vitro (Fig. 2). FICZ binds to and activates the AHR resulting in up-

regulation of the AHR gene battery, including CYP1A1. Since FICZ is a very 

good substrate for CYP1 enzymes this activator is cleared metabolically and 

receptor signaling turned off (Wincent et al., 2009).   

 

 

 

 

  

Figure 2. A negative feedback loop controlling AHR signaling  

FICZ activates the AHR and induces the expression of CYP1 

enzymes, thereby inducing its own metabolic clearance.  
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1.2.2 Negative regulators of AHR transactivation  

 

A common mechanism for negative feedback exerted by PAS proteins is to 

up-regulate the expression of repressor genes (Dunlap, 1999), in the case of 

AHR the aryl hydrocarbon receptor repressor (AhRR) and the TCDD-

inducible poly-ADP-ribose polymerase (TiPARP, also known as ADP-

ribosyltranferase diphtheria-like toxin 14). AhRR, another bHLH-PAS pro-

tein shares some structural features with AHR (Mimura et al., 1999, 

Haarmann-Stemmann and Abel, 2006). Among the various mechanistic ex-

planations for the action of AhRR the most widespread is that it competes 

with AHR for binding to ARNT, as well as preventing binding of the AHR-

ARNT heterodimer to AHREs, (Mimura et al., 1999, Baba et al., 2001, 

Kikuchi et al., 2002). Alternatively, Evans and colleagues (Evans et al., 

2008) proposed that other protein-protein interactions still unknown, are also 

involved. Although, most studies on AhRR have been performed in various 

in vitro cell systems Gershwin and colleagues (Gershwin et al., 2016) report-

ed recently that overexpression of AhRR in mice attenuates induction of 

CYP1A1 by TCDD. 

 

TiPARP have been reported to have a negative effect on AHR transacti-

vation and overexpression of the TiPARP gene promotes degradation of the 

AHR. Conversely, ablation of the TiPARP gene results in transcriptional 

activation of genes regulated by the AHR. The molecular mechanism(s) 

underlying these effects remain to be elucidated in detail (Ma et al., 2001, 

MacPherson et al., 2014, MacPherson et al., 2012).  

1.2.3 Receptor degradation by the 26S proteasome 
pathway 

 

A number of transcription factors can be modified by covalent attachment of 

several ubiquitin moieties, resulting in translocation to the 26S proteasome 

where they are degraded (Pahl and Baeuerle, 1996) (Hershko and 

Ciechanover, 1998). In this manner, activation of AHR by TCDD promotes 

its ubiquitination and subsequent degradation (Ma and Baldwin, 2000, 

Davarinos and Pollenz, 1999, Roberts and Whitelaw, 1999).  
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1.2.4 Crosstalk between the AHR and other signaling 
pathways 

 

The AHR crosstalks with several other signaling pathways by interacting 

with, e.g., nuclear receptors and other transcription factors, a process that 

may help coordinate transcriptional regulation of genes encoding xenobiotic-

metabolizing enzymes. Such coordination may be beneficial for the metabo-

lism of both endo- and xenobiotics, e.g., by shortening the halflives of reac-

tive intermediates formed during phase I metabolism (Köhle and Bock, 

2007).   

 

The nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription 

factor that helps protect cells from oxidative stress by binding antioxidant 

responsive elements (AREs) which up-regulates the expression of antioxi-

dant genes. Bidirectional crosstalk between AHR and Nrf2 is indicated by 

observations that the transcription of certain Nrf2-dependent genes relies on 

activation of the AHR and vice-versa (Ma et al., 2004, Miao et al., 2004, 

Shin et al., 2007). Mechanistically, this has been explained by the presence 

of several XREs in the Nrf2 promoter (Miao et al., 2004) as well as Nrf2 

being able to bind AREs in the AHR promoter (Shin et al., 2007).   

 

Reactive oxygen species (ROS) such as O2
-
 and H2O2 play central roles in 

cellular redox signaling and can be generated by nicotinamide adenine dinu-

cleotide phosphate (NADPH) oxidases (NOXs) (Bedard and Krause, 2007). 

ROS derived in this fashion activate the Nrf2-dependent antioxidant re-

sponse, thereby producing a more reducing environment that renders the 

AHR more likely to bind a ligand (Mohammadi-Bardbori et al., 2015). Due 

to interactions between ROS and sulfhydryl groups within the receptor com-

plex, these species may also inhibit transcription of genes regulated by the 

AHR (Denison et al., 1987, Pongratz et al., 1992, Cumming et al., 2004).  

 

Furthermore, the AHR interacts with proteins component of other signal-

ing pathways, including the nuclear factor κB (NFκB) (Zordoky and El-

Kadi, 2009), the retinoic acid receptor (Wanner et al., 1995), growth factors 

and cytokines (Haarmann-Stemmann et al., 2009). In addition, interaction of 

the AHR with the retinoblastoma protein results in cell cycle arrest in the 

Gap 1 phase (Puga et al., 2000). 

 

1.2.4.1  Crosstalk between the AHR and nuclear receptors  

 

The observation that certain AHR agonists exert anti-estrogenic effects are 

indicative of crosstalk between the AHR and estrogen receptor (ER) 
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(Routledge et al., 2000, Kociba et al., 1978, Astroff and Safe, 1990), a pro-

posal supported by subsequent studies (Ohtake et al., 2011). One of the 

mechanisms proposed for such crosstalk is direct interaction between the 

ligand-activated AHR-ARNT heterodimer and the ER in the absence of es-

trogen, resulting in transactivation of genes regulated by the ER (Ohtake et 

al., 2003). Moreover, formation of a nuclear AHR-ERα complex in response 

to TCDD can lead to  proteasomal degradation of both the ER and the AHR 

(Wormke et al., 2003).   

 

Crosstalk between the AHR and other nuclear receptors including the 

constitutive androstane receptor (CAR), the peroxisome proliferator-

activated receptor alpha, the glucocorticoid receptor, the retinoic acid recep-

tors, the progesterone receptor, and the androgen receptor has been reported 

as well (Pohjanvirta, 2012).  

1.2.5 Transcriptional regulation and chromatin remodeling   

 

Transcription factors bind to DNA, but lack the capacity to change the struc-

ture of chromatin, which is accomplished instead by recruitment of various 

co-receptors by the ligand activated receptor (Gronemeyer et al., 2004). His-

tone acetyltransferases (HATs) binds acetyl groups covalently to nucleo-

somes, creating a relaxed form of DNA known as euchromatin that is availa-

ble for recruitment of co-activators, transcription factors and RNA polymer-

ase II, thereby enabling transcription. Conversely, removal of such acetyl 

groups by histone deacetylases (HDACs) creates a more condensed form of 

DNA, attenuating transcription. The transcription of AHR is down-regulated 

by both hypermethylation of DNA and histone deacetylation (Mulero-

Navarro et al., 2006, Garrison et al., 2000). Simultaneous detachment of the 

HDAC1 protein and recruitment of p300 are epigenetic events of importance 

for CYP1A1 transcription in murine and human liver cells (Wei et al., 2004, 

Shimoyama et al., 2014) 

   

The 5’-upstream region of the CYP1A1 gene contains a negative regula-

tory element, several AHREs, and a promoter (Boucher et al., 1995, 

Piechocki and Hines, 1998, Walsh et al., 1996) that harbors a basic transcrip-

tion element (BTE) (Jones and Whitlock, 1990, Yanagida et al., 1990). BTEs 

are also present in the AHR promoter and appear to influence AHR transcrip-

tion (FitzGerald et al., 1996, Fitzgerald et al., 1998). Specificity protein 1 

(Sp1), a zinc finger transcription factor involved in cell growth and differen-

tiation and immunological functions (Cook et al., 1999), interacts with the 

AHR-ARNT complex and enhances the transcriptional activation of 

CYP1A1 by binding to BTEs in its promoter (Imataka et al., 1992, 

Kobayashi et al., 1996). PP2A-mediated dephosphorylation of Sp1 has been 
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suggested to be the mechanism underlying OME-induced up-regulation of 

CYP1A1 transcription in HepG2 cells (Yang et al., 2001, Chu, 2012, 

Shimoyama et al., 2014).  

 

1.3 AHR ligands 

 

The AHR has been regarded as promiscuous, since it is activated by a vast 

number of compounds, several of which do not even fit into its ligand bind-

ing pocket. Structure-activity analyses indicate that the optimal ligand is 

aromatic, planar and hydrophobic, with dimensions of less than approxi-

mately 14 x 12 x 5 Å (Mckinney and Singh, 1981). In the context of being a 

potential AHR ligand it is of importance to distinguish between the concepts 

of binding and activating. A compound that activates the AHR does not 

necessarily have to bind directly to it. Consequently, determination of 

whether a compound is actually a ligand requires performance of a ligand-

binding assay. 

 
In the following section, AHR ligands are designated either as xenobiotic 

ligands or natural and endogenous ligands. Not all of the xenobiotic ligands 

are necessarily only anthropogenic e.g. PAHs are also formed during volca-

no eruptions or forest fires. In the present context any ligand whose primary 

source is non-anthropogenic, is considered to be natural.   

1.3.1 Xenobiotic ligands 

 

Several halogenated aromatic hydrocarbons (HAHs), polychlorinated bi-

phenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) have been 

identified as AHR ligands, among which members of the first group are con-

sidered to be most potent (Poland and Glover, 1977, Denison and Nagy, 

2003). HAHs are prone to bioaccumulate due to their often long half-lives. 

This group of compounds include dioxins, e.g. 2,3,7,8-tetrachlorodibenzo-p-

dioxin (TCDD),  that has been used as a high-affinity model ligand for the 

AHR. TCDD toxicity, which is mediated via this receptor, (Fernandez-

Salguero et al., 1996, Pohjanvirta et al., 1999, Peters et al., 1999) is mani-

fested in vivo as wasting syndrome, teratogenesis, carcinogenesis, disruption 

of immunological processes, chloracne, and death (Hankinson, 1995, Safe, 

1995, Pohjanvirta and Tuomisto, 1994). TCDD is metabolically inert and its 

sustained activation of the AHR has been suggested to contribute to its tox-

icity (Bock and Köhle, 2006).  

  



10 

 

1.3.2 Natural and endogenous ligands 

 

Several naturally occurring and/or endogenous compounds bind to and acti-

vate the AHR to varying extents (Denison and Nagy, 2003, Nguyen and 

Bradfield, 2008). For instance, the indole-3-carbinol (I3C) is a weak ligand 

(Kd= 27 µM ) that can be formed upon autolyze of the glucobrassicin, pre-

sent in Brassica vegetables. Indolo[3,2-b]carbazole (ICZ) and 3,3´-

diindolylmethane (DIM), derived from I3C, bind to the AHR with consider-

ably high affinity (Kd = 190 pM and 90 nM, respectively). Formation of ICZ 

from I3C requires acidic conditions such as those found in the stomach 

(Bjeldanes et al., 1991, Gillner et al., 1993). 

 

Derivatives of arachidonic acid and metabolites of heme have also been 

reported to act as agonists of the AHR (Schaldach et al., 1999, Seidel et al., 

2001, Phelan et al., 1998, Sinal and Bend, 1997). Other proposed ligands 

include several derivatives of tryptophan (Trp), such as indigo and the close-

ly related compound indirubin, as well as tryptamine, indole acetic acid, 

kynurenine, and kynureninic acid (Adachi, 2001, Heath-Pagliuso et al., 

1998, DiNatale et al., 2010). Although these compounds do activate AHR 

signaling, their binding affinities are weak with Kd values in the µM range, 

with the exceptions of 6-formylindolo[3,2-b]carbazole (FICZ) and 6,12-

diformylindolo[3,2-b]carbazole  (dFICZ), both derived from Trp. 

 

FICZ (Kd=0.07 nM) and dFICZ (Kd=0.44 nM) first isolated following ir-

radiation of solutions containing Trp, with ultraviolet light (UV), both com-

pete effectively with TCDD (Kd=0.48 nM) for binding to AHR (Rannug et 

al., 1987, Rannug et al., 1995). FICZ can easily be formed in a variety of 

aqueous solutions containing Trp, eg. in cell culture media, that are exposed 

to UV or visible light (Diani-Moore et al., 2006, Oberg et al., 2005, Rannug 

et al., 1987). Recently, in a publication by Smirnova et al. several routes of 

light-independent FICZ formation from indole-3-acetaldehyde involving 

both enzymatic and non-ènzymatic reactions were characterized (Smirnova 

et al., 2015).  

 

Indeed, FICZ is present even in vivo; sulfate conjugates of this compound 

have been detected in human urine (Wincent et al., 2009), and two inde-

pendent research groups have shown FICZ to be present in diseased skin 

(Schallreuter et al., 2012, Magiatis et al., 2013). FICZ is a very good sub-

strate for CYP1-enzymes which are regulated via the AHR, thus it induces 

its own metabolic clearance and generates a transient AHR activation 

(Wincent et al., 2009). Accumulating evidence indicates that FICZ may in-

fluence several biological processes, including the growth and differentiation 

of a variety of cell types e.g. T-cells, innate lymphoid cells and hematopoetic 
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progenitor cells (Veldhoen et al., 2009, Kimura et al., 2008, Qiu et al., 2012, 

Smith et al., 2013), inflammation, and protection against immune-related 

diseases (Monteleone et al., 2011, Jeong et al., 2012, Wheeler et al., 2013, 

Di Meglio et al., 2014) 

 

These observations that FICZ i) binds to the AHR with the highest affini-

ty known to date; ii) induces its own metabolism via AHR-regulated CYP1 

enzymes; iii) is present in vivo; and iv) influences several physiological pro-

cesses, are strong indications that this compound is an important endogenous 

ligand for the AHR. 

 

1.4 Cytochrome P450 

  

The multi-step biotransformation of xenobiotics usually involves initial acti-

vation by CYPs (phase I) followed by conjugation with a hydrophobic moie-

ty (phase II) that increases water solubility and enables translocation out of 

the cell into the blood via transport proteins (phase III) and, ultimately, elim-

ination from the body. The CYPs, a superfamily of heme containing, mem-

brane-bound enzymes present in all forms of life, also metabolize hydropho-

bic endogenous compounds (Nebert and Gonzalez, 1987). 

1.4.1 CYP - General background 

 

The nomenclature for CYPs is based on similarity in their amino acid se-

quences. CYPs that exhibit at least 40% similarity are assigned to the same 

family designated by an Arabic numeral following the abbreviation CYP. 

Enzymes that share 55% or more similarity belong to the same subfamily 

designated by a letter following this numeral. Finally, each CYP is assigned 

a specific Arabic number placed after the subfamily letter (Nebert et al., 

1987, Nebert and Gonzalez, 1987, Nelson et al., 1996).   

 

With their broad and overlapping substrate specificities, the CYPs metab-

olizes a vast number of xenobiotics, such as pharmaceuticals and environ-

mental contaminants (Lu, 1998). Approximately 75% of all phase I metabo-

lism of pharmaceuticals is mediated by CYPs belonging to families 1-3 

(Božina et al., 2009, Bertz and Granneman, 1997). However, most CYPs are 

actually involved in normal physiological processes, such as the synthesis of 

hydrophobic lipids and/or metabolism of endogenous substrates, including 

arachidonic acid, eicosanoids, retionoids, vitamin D3, bile acids, sterols, fatty 

acids and steroid hormones (Nebert et al., 2000).  

 



12 

 

1.4.2 Catalysis by CYP 

 

A schematic illustration of the catalytic cycle involving CYPs is displayed in 

Fig. 3 and can be summarized as follows: 1.) The substrate (RH) binds to the 

iron-heme center of the enzyme 2.) One electron is transferred from NADPH 

via CYP reductase to reduce the haem iron from the ferric to the ferrous state 

(Fe
3+

 to Fe
2+

) 3.) This allows binding of molecular oxygen 4.) Upon transfer 

of the second electron 5.) the O-O bond is cleaved, and the substrate oxi-

dized and, finally, the product released, along with one molecule of water 

(Denisov et al., 2005, Guengerich, 2001).  

 

Among the variety of oxygenations catalyzed by CYPs, including carbon 

hydroxylation and epoxidation (Guengerich and MacDonald, 1990), the 

most common is monooxygenation, in where one atom of molecular oxygen 

(O2) is incorporated into the substrate and the other reduced and incorporated 

into water. The components of this monooxygenase system differ somewhat 

at different subcellular locations, but in microsomal CYPs the electrons from 

NADPH are transferred via the membrane-bound, NADPH-cytochrome 

P450 reductase (NPR, also known as POR or CYPOR) containing 

FAD/FMN.  
 

  A stoichiometric representation of the monooxygenation reaction cata-

lyzed by CYPs can be written as follows; 

 

 

RH + O2 + NAD(P)H + H
+
  ROH + H2O + NAD(P)

+
  

 

            (Sono et al., 1996, White and Coon, 1980) 
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1.4.3 Regulation of CYP 

 

The CYP enzymes are regulated at the transcriptional, translational and post-

translational levels. In addition to the AHR-mediated up-regulation of 

CYP1s described above, the expression of CYP2, CYP3 and CYP4 is also 

regulated via orphan nuclear/steroid receptors, namely the CAR, the preg-

nane x-receptor (PXR), and the peroxisome-proliferator-activated receptor 

(PPAR), respectively (Honkakoski et al., 1998, Issemann and Green, 1990, 

Kliewer et al., 1998). Activation of all of these receptors depend on the ac-

cessibility of agonist, which is often a substrate for the CYP in question 

(Conney, 2003).  

 

Expression of CYPs is down-regulated by reactive oxygen species (ROS) 

and oxidative stress (Barker et al., 1994, Barouki and Morel, 2001). When 

metabolizing certain substrates, CYPs can actually release H2O2 and other 

ROS and in the case of CYP1A1 it has been proposed that a negative feed-

back loop involving repression of the promoter is generated in this manner 

(Perret and Pompon, 1998, Bondy and Naderi, 1994, Morel et al., 1999). At 

the post-translational level phosphorylation influences certain CYP-

catalyzed activities and, in addition some isoforms of CYP may be protected 

Figure 3. The catalytic cycle of CYPs 
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from degradation by their substrates (Oesch-Bartlomowicz and Oesch, 2005, 

Werlinder et al., 2001).  

 

 

1.4.3.1 Inhibition of CYP 

 

Although all steps in the CYP catalytic cycle are susceptible to inhibition, 

binding of either the substrate or molecular oxygen, as well as substrate oxy-

genation are especially vulnerable (Lin and Lu, 1998). Inhibition of CYP can 

be classified as reversible, quasi-irreversible, or irreversible (Correia and 

Ortiz de Montellano, 2005, Halpert, 1995).  

 

Reversible inhibition, which is transient and considered to be the most 

frequent cause of drug-drug interactions (Hollenberg, 2002), can be further 

sub-divided into competitive, noncompetitive, and uncompetitive (Fig. 4). A 

competitive inhibitor competes with a substrate for binding to the active site 

of the enzyme thereby raising the concentration of the substrate required to 

attain half of the maximal reaction rate (Km) without affecting the maximal 

velocity (Vmax). A noncompetitive inhibitor does not bind to the active site of 

the enzyme, but influences activity by binding at another location. Unlike 

competitive inhibition, this may reduce Vmax without altering the Km. Un-

competitive inhibitors bind the enzyme-substrate complex, lowering both the 

Vmax and Km. Mixed inhibition is a combination of competitive and uncom-

petitive inhibition (Nagar et al., 2014).  

 

 

  
Figure 4. Velocity-substrate relationship with uninhibited enzyme 

versus inhibited enzyme  
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In the case of quasi-irreversible inhibition, a compound activated meta-

bolically by CYP binds to the active site of the enzyme in a reversible man-

ner. As is apparent from the term itself, irreversible inhibition, is final in-

volving activation of a compound by CYP to form a reactive metabolite that 

inactivates the enzyme by modifying the haem and/or their groups before it 

can be released from the active site (Lin and Lu, 1998).  

1.4.4 Genetic polymorphism 

 

All of the CYP genes in families 1-3 are polymorphic (Ingelman-Sundberg, 

2004), i.e. exist in at least two variants, each with a frequency of at least 1% 

in the general population. The difference in DNA sequence may change the 

amino acid sequence of the corresponding protein product and thereby po-

tentially alter its activity, as well as individual sensitivity to the toxicity of 

xenobiotics (Meyer and Zanger, 1997). The resulting phenotypes can be 

classified as poor, intermediate, extensive, and ultra-rapid. The 13 alleles of 

CYP1A1 reported to date (http://www.cypalleles.ki.se/) are distributed very 

differently among various ethnic groups (Cosma et al., 1993). A vast number 

of studies have reported about potential associations between certain CYP 

polymorphisms and cancer risk, however, the results are conflicting 

(Agundez, 2004).  

  1.4.5 Family 1 of CYP 

 

The human genome encodes 18 CYP families consisting of a total of 57 

active isoforms (Zhou et al., 2009, Nelson et al., 2004, Nelson, 2009). Of the 

three members of CYP1 (Shimada et al., 1996), CYP1A1 is expressed pri-

marily in extrahepatic tissue such as the lung, placenta and intestine and is 

inducible in the liver (Shimada et al., 1992, Yengi et al., 2003, van de 

Kerkhof et al., 2007, Nishimura et al., 2003, Hakkola et al., 1997, Drahushuk 

et al., 1998). In contrast, CYP1A2 is expressed constitutively in the liver and 

has also been detected in the brain and gastrointestinal tract (Schweikl et al., 

1993, Bhagwat et al., 2000, Tatemichi et al., 1999). Finally, considerable 

levels of CYP1B1 are present in the kidney, prostate, and uterus as well as 

the fetal brain and kidney (Hakkola et al., 1997, Shimada et al., 1996), and 

furthermore the level of this isoform in various malignant tumours is elevat-

ed (Murray et al., 1997), while knock-out of CYP1A1, CYP1A2, or 

CYP1B1 alone has no adverse impact on the phenotype of mice (Dalton et 

al., 2000, Liang et al., 1996) (Buters et al., 1996, Buters et al., 1999), abla-

tion of all three of these CYP1 isoforms is associated with elevated lethality 

among embryos, as well as developmental defects such as cystic ovaries, 

hermaphroditism, and hydrocephalus. The pattern of geneexpression by the 
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triple-knockout animals differs from that of the wild type (Dragin et al., 

2008).  

 

The CYP1 enzymes exhibit partially overlapping substrate specificities. 

CYP1A1 and CYP1B1 metabolize primarily PAHs, whereas arylamines are 

the best substrates for CYP1A2 (Boobis et al., 1994, Hayes et al., 1996, 

Shimada et al., 1989). CYP1A2 also metabolizes several clinical drugs 

(Nebert and Russell, 2002). CYP1 enzymes also participates in the metabo-

lism of estrogens (Lee et al., 2003) and other endogenous compounds, such 

as eicosanoids and FICZ (Nebert and Russell, 2002, Wincent et al., 2009). In 

particular the catalytic efficiency of CYP1A1 with FICZ as a substrate (8.1 × 

10
7
 M

–1
 s

–1
 ) is extremely high, approaching the rate of diffusion (Nebert and 

Russell, 2002, Wincent et al., 2009).   
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2. Aims of the present thesis 
 

 

 

The overall objective of this thesis was to provide new knowledge concern-

ing endogenous AHR signaling and regulation.  

 

The mechanism of classical AHR signaling has been thoroughly investi-

gated, most often with the metabolically inert TCDD as a model agonist. To 

better understand the physiological significance of the AHR, the endogenous 

agonist FICZ was utilized here. 

 

The specific aims of this thesis were as follows: 
 

     

 

 to determine whether inhibitors of CYP1A1 influence the metabolic 

turnover of FICZ  

 

 to characterize the effects of various CYP1A1 inhibitors on AHR 

signaling  

 

 to provide a mechanistic explanation for induction of AHR signaling 

by non-classical AHR activators  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 



18 

 

3. Comments on methodology and 
instrumentation  

 
 

Cell cultures 

Immortalized human keratinocytes (HaCaT) 

The immortalized human keratinocyte cell line HaCaT was generated by 

spontaneous transformation, as first described by Boukamp and colleagues 

(Boukamp, P., 1988). These cells were cultured in DMEM medium supple-

mented with 10% fetal bovine serum (FBS), and 100 µg/ streptomycin, and 

100 IU/ penicillin per mL.  

 

    HaCaT cells grown to approximately 100% confluence prior to exposure 

were used to study EROD activity, the metabolic clearance of FICZ, and 

endogenous gene expression (Paper I-III).  

 

Human hepatoma cell line (HepG2) 

HepG2 derived from a human hepatocellular carcinoma were utilized to 

construct a luciferase reporter cell line, i.e. HepG2-XRE-Luc cells contain-

ing two XREs that control a pTX.DIR-luciferase reporter (Berghard et al., 

1993) for investigating transcriptional activation of CYP1A1 (Paper II). 

HepG2-Xre-Luc cells were cultured in RPMI 1640 or DMEM containing 

10% FBS and antibiotics 800 µg/ geneticin, 100 µg/ streptomycin, and 100 

IU/ penicillin per mL.  

 

Human epidermal keratinocytes, adult (HEKa) cells 

Primary cultures of HEKa cells isolated from adult skin were grown in me-

dium 154 supplemented with 0.2% (vol/vol) bovine pituitary extract; 5 μg 

bovine insulin, 0.18 μg hydrocortisone, 5 μg bovine transferrin, 0.2 ng hu-

man epidermal growth factor, 10 μg gentamicin, and 0.25 μg amphotericin B 

per milliliter, and with 0.04 mM calcium chloride.  

 

    All cells were cultured under an atmosphere of 5% CO2 at 37ºC. 

 

    A custom-made DMEM-like culture medium free from tryptophan was 

used to explore the AHR-mediated effects of background levels of FICZ in 

cell culture media. Immediately prior to each exposure, this medium was 

supplemented with recrystallized tryptophan free from any contamination by 

FICZ (Paper I & II).  

 

To avoid sequestration of test compounds by serum components 

(Hestermann et al., 2000), the media utilized for exposure did not contain 

FBS  (Paper II & III).  
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In vivo system 

Female C57BL/6J mice were used to characterize systemic activation of 

AHR by FICZ in vivo (Paper I). 

 

Activation of AHR 

CYP1A1-dependent ethoxyresorufin-O-deethylase (EROD) activity, the 

real-time quantitative polymerase chain reaction (RT-qPCR), and a reporter-

based cell system (luciferase assay with HepG2-XRE-Luc cells) were used 

to assess activation of AHR.  

 

In the EROD assay, conversion of ethoxyresorufin (EOR) to the fluores-

cent product resorufin is monitored at excitation/emission wavelengths of 

535/590 nm. This reaction is catalyzed predominantly by CYP1A1 (to some 

extent also by CYP1A2/1B1) and increased activity indicates activation of 

AHR while a decrease can be due either to inhibition of CYP1A1 and/or of 

the corresponding transcription.  

 

For RT-qPCR endogenous gene expression was determined by extracting 

total RNA from cells, transcribing this RNA into complementary DNA 

(cDNA), and quantifying the DNA in a real-time PCR instrument. The data 

generated were analyzed with the Pfaffl model or 2
-ΔΔCT

 method and the 

levels of expression calculated relative to that of a housekeeping gene (β-2-

microglobulin, B2M) (Pfaffl, 2001, Livak and Schmittgen, 2001).  

 

With the HepG2-XRE-Luc cells, the induction of the reporter gene, 

which is proportional to the induction of CYP1A1, can be monitored as an 

increase in luminescence following addition of the substrate, D-luciferin. 

   

High performance liquid chromatography (HPLC)  

FICZ in cell media or lysates was quantified by HPLC analysis at excita-

tion/emission wavelengths of 390/525 nm. Homogenized cell lysates were 

extracted in-line using a column of restricted access material (RAM) before 

injection and separation on a reversed phase C18 analytical column. The 

levels of FICZ in the samples were normalized against the total protein con-

tent as determined by the Bradford assay (Paper I-III). 

 

Inhibitors of CYP1A1 

Paper I focuses on the impact of 3’‐methoxy‐4’‐nitroflavone (MNF), UBV 

and H2O2 on AHR signaling.  UBV and H2O2 are strong oxidants and MNF 

has been reported to act as both antagonist and agonist of AHR signaling 

(Laignelet et al., 1989, Vrzal et al., 2009). Inhibition of CYP1A1 by certain 

pharmaceuticals (trioxalen, ketoconazole, and ellipticine) and naturally oc-

curring compounds (genistein, diosmin, α-naphtoflavone, cycloheximide, 

and α-tocopherol) was also evaluated along with the ability of these same 

compounds to activate AHR signaling in a DMEM medium free from FICZ.  
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In paper II the polyphenols quercetin (QUE), resveratrol (RES), and curcu-

min (CUR), which have been reported to possess both agonistic and antago-

nistic effects on AHR signaling, were examined. Humans are exposed to 

these polyphenols mainly through our dietary intake of fruits and vegetables 

(Zhang et al., 2003).  

 

    Paper III focuses on the three commonly prescribed pharmaceuticals keto-

conazole (KTZ), omeprazole (OME), and primaquine (PQ). These agents, 

which differ with respect to their chemical structures and therapeutical tar-

gets, all activate the AHR and inhibit CYP1A1 activity (Diaz et al., 1990, 

Fontaine et al., 1998, Paine et al., 1999, Shiizaki et al., 2008, Suzuki et al., 

2000, Werlinder et al., 2001). Ketoconazole, an antifungal imidazole deriva-

tive, is used to treat inflammatory skin conditions such as psoriasis, atopic 

dermatitis, and acne (Farr et al., 1985, De Pedrini et al., 1988, Back et al., 

1995) Omeprazole, a proton pump inhibitor, is effective against gas-

troesophageal reflux, various types of ulcers and other conditions caused by 

secretion excess of acid (Mctavish et al., 1991, Massoomi et al., 1993). Pri-

maquine is an anti-malaria agent that clears the dormant liver stage of the 

pathogenic parasites (hypnozoite) causing the disease (Hill et al., 2006). 

 

    Chemical structures of some of the CYP1A1 inhibitors of papers I-III are 

displayed in Fig. 5.  

 

Preparation of recombinant CYP1A1  

Inhibition assays and kinetic studies were performed either with human su-

persomes containing CYP1A1 and NPR (purchased from Sigma) or recom-

binant enzymes expressed and prepared from E. coli (Papers I & II). In the 

latter case, a bicistronic vector containing the CYP1A1 and NPR genes was 

insterted into E. coli DH5α according to the method described by 

Guengerich (Guengerich et al., 1996).  The bacteria were cultured for 30 

hours and transcription induced by addition of isopropyl β-D-1-

thiogalactopyranoside (IPTG), followed by preparation of membrane frac-

tions containing the enzymes. CYP1A1 was quantified spectrophotometri-

cally on the basis of its reduced CO-difference spectra at 450 nm (Omura 

and Sato, 1964). 

 

Enzyme kinetics 

Kinetic studies designed to characterize the nature of the inhibitory effect on 

CYP1A1 activity were performed (Papers II & III). Since CYP1A1 is sub-

ject to substrate inhibition at high concentrations of EOR the concentration 

of this substrate was ≤ 0.2 µM in order to ensure Michelis Menten kinetics. 

To determine inhibition constants (Ki), half maximal inhibitory concentra-

tions (IC50) and the type of inhibition exerted, varying concentrations of the 

compound and EOR were titrated against one another. To avoid errors due to 

uneven weighting of data points in connection with linear regression the data 
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were fitted by non-linear regression using analytical software (GraphPad 

Prim version 5.02).  
 

 

 

 

 

 

Figure 5. Chemical structures of some of the CYP1A1 inhibitors/ AHR 

activators studied in paper I-III 
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4. Results and Discussion 
 

4.1 Inhibition of CYP1A1  

 

Several compounds have been reported to have an inhibitory effect on 

CYP1A1 transcription and/or catalytic activity. The compounds tested in 

papers I-III  were selected because they have all been reported to i) activate 

AHR signaling, ii) inhibit CYP1A1 activity and iii) have structures that de-

viate from that of a classic AHR ligand.  The selected compounds were 

MNF, UVB, and H2O2 as well as eight other compounds including some 

naturally occurring substances and pharmaceuticals (Paper I), the polyphe-

nols QUE, RES and CUR (Paper II), and the pharmaceuticals KTZ, PQ and 

OME (Paper III). 

 

     0.2 mM H2O2 or 0.5 µM MNF reduced CYP1A1 activity by approximate-

ly 90% and 70% respectively compared to an uninhibited control. Moreover, 

in agreement with previous reports all of the polyphenols and pharmaceuti-

cals chosen were found to inhibit CYP1A1 activity. Among the polyphenols, 

QUE, with an IC50 value of 1.2 µM was the most efficient inhibitor followed 

by CUR and RES with IC50 values of 7.3 µM and 11.8 µM, respectively. The 

corresponding values for KTZ and PQ were 5 µM and 15 µM, respectively, 

while OME was a weaker inhibitor, with an IC50 of 274 µM. 

  

In the third study, we further characterized the type of inhibition that was 

elicited by the different drugs. Both KTZ and PQ were shown to be competi-

tive inhibitors of CYP1A1 activity, in agreement with earlier reports 

(Korashy et al., 2007, Werlinder et al., 2001). However, OME displayed 

mixed-type inhibition in contrast to the findings of Shiizaki and colleagues 

that this compound is a competitive inhibitor (Shiizaki et al., 2008). Here, 

we tested more concentrations of both the substrate and inhibitor, and took 

the shortcomings associated with linear regression plots such as Lineweaver-

Burke into consideration, employing non-linear regression instead to deter-

mine the type of inhibition, as well as for calculating kinetic parameters.  

 

Inhibition of CYPs can lead to a variety of outcomes. When CYP1A1 cat-

alyzes the first step in the biotransformation of PAHs, reactive electrophilic 

intermediates that may form DNA adducts and potentially cause cancer are 

generated (Shimada, 2006). Accordingly, it has been argued that inhibition 

of CYP1A1 may protect against PAH-induced toxicity and cancer. However, 

experiments with triple-knockout mice revealed that CYP1 enzymes actually 

protect against BaP-induced toxicity (Nebert et al., 2004, Uno et al., 2004). 

Furthermore, ablation of all three CYP1 genes led to severe malformations, 
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elevated embryo lethality and a gene expression profile similar to that of 

mice exposed to TCDD (Dragin et al., 2008). Together, these observations 

indicate that the CYP1 enzymes indeed have important physiological roles to 

play, probably via the AHR. 

 

 

4.2 Indirect activation of AHR as a consequence of 

inhibition of FICZ metabolism 

 

The endogenous AHR ligand FICZ is a substrate for all human CYP1 en-

zymes, in particular CYP1A1. This suggests a negative feedback loop in 

which i) FICZ binds to and activates the AHR, ii) expression of CYP1A1 is 

up-regulated, iii) the newly synthesized CYP1A1 degrades FICZ, and iv) 

AHR activation is attenuated (Wincent et al., 2009). The AHR is involved in 

several biological processes, and elevation of the level of FICZ through in-

hibition of CYP1A1 might disrupt these processes and, potentially, result in 

adverse outcomes.  

 

To examine whether the various CYP1A1 inhibitors tested in papers I-III 

exert an impact on intracellular levels of FICZ, HaCaT cells were exposed to 

this natural ligand together with the inhibitor and the level of FICZ was de-

termined by HPLC at different time-points. In the absence of inhibitor, FICZ 

entered the cells rapidly, and underwent rapid metabolism, so that its levels 

were already below the limit of detection at 3 hours. Inhibition of CYP1A1 

by UVB, H2O2, or, in particular, MNF slowed down this metabolic clearance 

of FICZ as did QUE, RES, CUR and KTZ. The observations indicate that 

inhibitors of CYP1A1 prolong the intracellular presence of FICZ. 

 

Unexpectedly, neither OME nor PQ influenced intracellular levels of 

FICZ. However, since the IC50 for OME was relatively high (274 µM), the 

25 µM concentration utilized as the highest concentration in the cell experi-

ments, may not have been sufficient to inhibit the CYP1A1-dependent me-

tabolism of FICZ. Due to the limitations imposed by our desire not to have 

more than 0.2% DMSO in the exposure medium, and the solubility of OME 

(19 mg/mL in DMSO), it was not possible to increase this concentration. 

Furthermore, we chose to use concentrations of OME that correspond to 

those detected in plasma of patients taking this pharmaceutical at recom-

mended doses. In addition, EOR was used in the kinetic studies to calculate 

the Ki/IC50 values and since FICZ is a better substrate for CYP1A1 competi-

tive inhibitors such as PQ or KTZ would probably demonstrate higher IC50 

and Ki values when competing with FICZ instead of EOR. Finally, possible 
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differences in the cellular uptake of the pharmaceuticals might have affected 

the outcome as well.   

 

FICZ is formed from Trp via spontaneous and/or enzyme-catalyzed reac-

tions (Smirnova et al., 2015) and this compound has been detected in cell 

culture media (Oberg et al., 2005). This was confirmed in paper I, where 

background level of 0.1 pM FICZ was observed in commercial DMEM cul-

ture media. We hypothesized that the capacity of compounds lacking struc-

tural features characteristic of “classical” ligands to activate the AHR, re-

flects inhibition of CYP1A1 and consequently reduced metabolic clearance 

of background levels of FICZ present in cell culture medium. Indeed, when 

HaCaT cells cultured in FICZ-free medium were exposed to the 11 different 

agents tested in paper I, little or no EROD activity was observed, which sup-

ports the hypothesis. On the basis of the findings in paper I, we proposed an 

indirect mechanism of AHR activation suggesting that any compound that 

inhibit CYP1A1, may potentially activate AHR signaling as a consequence 

of the prolonged presence of FICZ (Fig. 6). This mechanism was further 

supported by the observations that QUE, RES, and CUR did not activate 

AHR signaling in FICZ-free media (Paper II). 

 

 Altogether, the results documented in papers I-III, suggests that a great 

number of compounds activate the AHR indirectly and are not bona fide 

ligands. Certainly, this suggestion challenges the widespread perception of 

AHR being a promiscuous receptor. One should, however, not rule out that 

some compounds actually are weak AHR ligands and might activate AHR 

signaling both directly and indirectly.  
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4.3 Potentiation of FICZ-induced AHR activation 

 

In HaCaT cells exposed to FICZ in combination with UVB, H2O2, or MNF, 

the induction of CYP1A1 transcription and/or EROD activity observed with 

FICZ alone was initially attenuated, but later potentiated (Paper I). Thus, 

these agents did not only activate AHR signaling, but their presence also 

increased the magnitude and duration of receptor signaling induced by FICZ. 

Similar prolonged potentiating effects were observed in paper II where the 

cells were co-exposed to FICZ and polyphenols. Again, inhibition of 

CYP1A1 and the consequently reduced turnover of FICZ represent a plausi-

ble mechanism underlying these effects. In addition, the AHR is more sensi-

tive to ligand-induced activation following treatment with oxidants (Luecke 

et al., 2010). UVB, H2O2, and the polyphenols are all oxidative (Halliwell, 

2008, De Marchi et al., 2009) which may explain the potentiation observed 

at later time-points, when most of the FICZ had been eliminated by metabo-

lism.   

Figure 6. Indirect mechanism of AHR activation  

Any compound that inhibits CYP1A1 transcription and/or function  

may potentially act as an indirect activator of the AHR due to reduced 

metabolic clearance of FICZ. 
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Paper III presents a more detailed investigation of the impact of combined 

exposure on AHR signaling. The effect on CYP1A1 transcription and EROD 

activity caused by each pharmaceutical alone was added to the effect gener-

ated from exposure to FICZ, and this value was statistically compared to the 

effects obtained from combined exposure. As displayed in Fig. 7A, co-

exposure to FICZ and KTZ or PQ up-regulated transcription of CYP1A1 

synergistically, as compared to the sum of effect from pharmaceutical and 

FICZ per se. In contrast, co-exposure to 10 µM OME and FICZ actually 

reduced the transcription of CYP1A1 compared to the sum of each com-

pound alone. Regarding the effect on EROD activity, all three of these com-

pounds were synergistic with FICZ, although as in the case of CYP1A1 ex-

pression, co-exposure with OME was inhibitory at earlier time-points (Fig. 

7B). 
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 B. 

Figure 7.  Synergistic effects when co-exposing HaCaT cells to FICZ and 

pharmaceutical 

HaCaT cells were exposed to FICZ or pharmaceutical alone or simultane-

ously and the relative level of CYP1A1 mRNA (A.) and EROD activity 

(B.) was measured at the indicated time-points. At each time-point, co-

exposure (green square) was statistically compared to the calculated sum 

of the effect from FICZ and pharmaceutical alone (black circle). Statisti-

cal significance was calculated using 2-way ANOVA with Bonferroni 

posttests and a synergistic response from co-exposure is denoted with 

asterisk (p> 0.05).  
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Altogether, since the capacity of KTZ to activate the AHR was dependent 

on the presence of FICZ in the culture medium (Paper I), and because KTZ 

initially attenuated the induction of EROD activity by FICZ as well as re-

duced FICZ metabolism in HaCaT cells, KTZ probably activates the AHR, 

as well as potentiates its signaling via the indirect mechanism we propose.  

 

Although PQ and OME inhibit recombinant CYP1A1 these compounds 

did not influence the metabolic turnover of FICZ or cause any early inhibi-

tion of FICZ-induced transcription or CYP1 activity of in HaCaT cells. 

Thus, our proposed mechanism of indirect activation cannot explain the ago-

nistic effects of OME or PQ. Both of these compounds have been reported 

not to bind to the AHR  (Backlund and Ingelman-Sundberg, 2004, Fontaine 

et al., 1999), but it has also been suggested that they do bind (Quattrochi and 

Tukey, 1993, Backlund and Ingelman-Sundberg, 2004). However, the bind-

ing properties were observed at considerably higher concentrations than the 

ones used in this study and can therefore not explain the activating capacity 

we observed. Furthermore, if activation by OME or PQ simply was due to 

binding, they should not act synergistically with FICZ. 

 

The transcription factor Sp1 interacts with the active AHR/ARNT com-

plex, possibly by chromosomal looping (Imataka et al., 1992, Kobayashi et 

al., 1996). Recently, OME was found to activate protein phosphatase 2 

(PP2A), which catalyzes dephosphorylation of Sp1, resulting in activation of 

CYP1A1 transcription (Shimoyama et al., 2014). This dephosphorylation by 

PP2A is influenced by intracellular levels of Ca
2+-

, as well as by antioxidants 

(Shimoyama et al., 2014, Rhee et al., 2000, Rusnak and Reiter, 2000, Rao 

and Clayton, 2002). Up-regulation of the antioxidant genes HO-1, and 

GCLM by PQ or KTZ was observed here, probably as a result of enhanced 

generation of ROS. Speculatively, induced interaction of Sp1 with 

AHR/ARNT-dependent transcription might explain the activation of AHR 

signaling by OME and PQ that was observed in paper III. 

 

The toxicity of TCDD is generally believed to be mediated via sustained 

activation of the AHR and overexpression of the genes it regulates, as a con-

sequence of TCDD being metabolically inert. We have described potentia-

tion and prolongation of FICZ-induced AHR signaling, by a variety of com-

pounds, reminiscent of the sustained response exerted by TCDD. Exposure 

to AHR agonists in combination with inhibitors of CYP1 results in develop-

mental toxicity in vivo (Billiard et al., 2006, Wassenberg and Di Giulio, 

2004, Timme-Laragy et al., 2007, Jonsson et al., 2016). Together, these ob-

servations make it tempting to speculate that compounds that activate AHR 

signaling via our indirect mechanism may cause dioxin-like effects as a re-

sult of disrupted AHR signaling. 
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5. Concluding remarks 
 

The AHR participates in several biological processes, including the func-

tions of the immune system and is an important factor during normal devel-

opment. However, up to date there is a gap of knowledge concerning a pos-

sible physiological role(s) of the receptor, and a better understanding of the 

effects of endogenous AHR signaling and its regulation is needed. The pre-

sent investigation focused on activation of AHR signaling by the endoge-

nous ligand FICZ, and the influence of CYP1A1 inhibitors on this activation. 

 

We found that inhibitors of CYP1A1 slow down the intracellular turnover 

of FICZ. Moreover, the ability of a number of compounds to activate AHR 

signaling in cells was shown to be dependent on the presence of FICZ in the 

culture medium. On the basis of these findings we propose that inhibitors of 

CYP1A1 attenuate metabolism of FICZ, thereby indirectly activating the 

AHR. This indirect mechanism was consistent on actions of different groups 

of CYP1A1 inhibitors, such as oxidants, polyphenols, and pharmaceuticals. 

Surprisingly, not all such inhibitors appeared to act via this mechanism, 

causing us to speculate that in such cases the level of exposure was too low 

or that the cells did not take up the compound in sufficient amounts. At the 

same time, the possibility that these compounds activate the AHR via anoth-

er mechanism, perhaps through interactions with the process of transcription, 

cannot be ruled out. 

 

The work of this thesis has contributed to increased knowledge about 

AHR signaling, and how it can be affected by disrupting a negative feedback 

loop regulating the receptor. Our proposed mechanism of indirect activation 

can explain how numerous compounds that differ structurally from a classi-

cal ligand can nonetheless activate the AHR. We are aware that this proposal 

challenges the general perception of the AHR as being a promiscuous recep-

tor.  

 

The current work raises new questions, emphasizing that regulation of the 

AHR is complex and far from fully understood. Several of the CYP1A1 

inhibitors tested caused a prolonged and enhanced activation of this receptor 

via our indirect mechanism. Such sustained activation is reminiscent of the 

response evoked by the extremely potent toxin TCDD, a response believed 

to be the underlying cause of TCDD toxicity mediated via the AHR. In light 

of the large number of compounds that can inhibit CYP1A1 and potentially 

prolong AHR signaling, there is an urgent need for better understanding of 

the effects of indirect activation in vivo.  
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Improved insight into, and understanding of the extensive role played by 

the AHR in normal physiological processes may help reduce toxicity, as well 

as suggest novel therapeutic approaches. 
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