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Functions of the aryl hydrocarbon receptor (AHR) beyond the 
canonical AHR/ARNT signaling pathway

Natalie C. Sondermanna, Sonja Faßbendera, Frederick Hartunga, Anna M. Hätäläa, 
Katharina M. Rolfesa, Christoph F.A. Vogelb, Thomas Haarmann-Stemmanna,*

aIUF – Leibniz Research Institute for Environmental Medicine, 40225 Düsseldorf, Germany

bDepartment of Environmental Toxicology and Center for Health and the Environment, University 
of California, Davis, CA 95616, USA

Abstract

The aryl hydrocarbon receptor (AHR) is a ligand-dependent transcription factor regulating 

adaptive and maladaptive responses toward exogenous and endogenous signals. Research from 

various biomedical disciplines has provided compelling evidence that the AHR is critically 

involved in the pathogenesis of a variety of diseases and disorders, including autoimmunity, 

inflammatory diseases, endocrine disruption, premature aging and cancer. Accordingly, AHR is 

considered an attractive target for the development of novel preventive and therapeutic measures. 

However, the ligand-based targeting of AHR is considerably complicated by the fact that the 

receptor does not always follow the beaten track, i.e. the canonical AHR/ARNT signaling 

pathway. Instead, AHR might team up with other transcription factors and signaling molecules 

to shape gene expression patterns and associated physiological or pathophysiological functions in 

a ligand-, cell- and micromilieu-dependent manner. Herein, we provide an overview about some 

of the most important non-canonical functions of AHR, including crosstalk with major signaling 

pathways involved in controlling cell fate and function, immune responses, adaptation to low 

oxygen levels and oxidative stress, ubiquitination and proteasomal degradation. Further research 

on these diverse and exciting yet often ambivalent facets of AHR biology is urgently needed in 

order to exploit the full potential of AHR modulation for disease prevention and treatment.
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1. Introduction

Since its initial identification by Alan Poland’s group in 1976, the aryl hydrocarbon receptor 

(AHR) and its signaling pathways have been and still are a highly relevant research 

topic in toxicology [1]. Poland had interest in the mechanisms behind the occurrence of 

industrially acquired acne, called chloracne, in factory workers producing the herbicide 

2,4,5-trichlorophenol (2,4,5-T) [2]. As others before, they found unwanted side products like 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) to be the acnegenic factor [3]. These findings 

ultimately led to the idea to synthesize radiolabeled TCDD, followed by the discovery of 

its receptor molecule AHR [1]. Of note, several investigations of the laboratory of Daniel 

Nebert assessing the inducibility of aryl hydroxylase activity by environmental chemicals 

in genetically different, responsive and non-responsive mouse strains [4–6], preceded this 

landmark discovery. The critical relevance of AHR for the adverse health effects induced 

by dioxins is illustrated by several chemical incidents, such as the Seveso disaster in 1976, 

an explosion of a 2,4,5-T production reactor setting free high amounts of TCDD in a 

densely populated area nearby [7], the widespread usage of TCDD-contaminated defoliants, 

in particular Agent Orange, a mixture of 2,4-dichlorophenoxyacetic acid and 2,4,5-T, during 

Operation Ranch Hand in Vietnam [8] or the dioxin poisoning of the Ukrainian presidential 

candidate Viktor Yushchenko in 2004 [9].

Since its first description as a cellular signaling molecule that mediates the toxicity of 

dioxins and related compounds, the mechanistic details and facets of its major signaling 

route, the so-called canonical AHR signaling pathway, have been elucidated [10–12]. 

Briefly, in the absence of a ligand, AHR is part of a cytosolic multiprotein complex 

consisting of AHR-interacting protein (also known as ARA9 or XAP2), a heat shock protein 

90 dimer and co-chaperone p23. In addition, an association of the protein tyrosine kinase 

c-Src with the cytosolic AHR multiprotein complex has been observed in several cell-types 

[13–15]. Upon ligand-binding, this complex dissociates and AHR translocates into the 

nucleus where it dimerizes with the AHR nuclear translocator (ARNT). The resulting dimer 

then binds to xenobiotic-responsive elements (XRE) in the enhancer region of target genes 

to recruit components of the general transcription machinery and induce their expression 

[10–12]. The probably best examined target genes of the AHR/ARNT complex encode for 

cytochrome P450 (CYP) 1A1, CYP1A2 and CYP1B1, xenobiotic-metabolizing enzymes 

that oxidize the invading (AHR-activating) chemical to enhance its polarity and enable its 

detoxification via the conjugating enzyme system.

However, CYP1-catalyzed reactions may lead to the formation of reactive metabolites and 

the generation of oxidative stress which can harm the tissue by damaging the DNA and/or 

other cellular macromolecules. In fact, AHR-deficient mice were found to be resistant 

against polycyclic aromatic hydrocarbon (PAH)-initiated tumors, a phenomenon which was 

attributed to the attenuated expression of CYP1 isoforms in the respective animals [16,17]. 

Furthermore, gene and protein levels of AHR are frequently elevated in various types of 

cancer, including brain, breast, lung and pancreatic cancer [18]. Also, it was observed that 

transgenic mice expressing a constitutively active AHR develop gastric tumors [19]. Yet, 

the role of AHR in cancer is highly complex since oncogenic as well as tumor-suppressive 

effects of the receptor have been observed [20]. For example, it was shown that AHR-
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deficiency in mice had a promoting effect on liver tumors, indicating that AHR acts as a 

tumor suppressor [21]. Additionally, there is evidence that AHR activation is associated 

with malignant progression and poor survival in glioblastoma patients [22]. However, this 

multilateral role of AHR in cancer is also critical to the design of AHR-targeted cancer 

therapeutics, concerning molecular and pharmacological approaches. Currently, there are 

first clinical trials in progress for the AHR inhibitors BAY2416964 and IK-175 recruiting 

participants with uncurable solid cancers to assess their tolerability and toxicity profile 

[23,24]. However, given the complexity of modulating AHR activity in cancer, it should 

be considered that under certain circumstances, not only AHR antagonists but also agonists 

may be useful as cancer therapeutics [25].

Furthermore, the AHR is expressed by a number of immune cells, e.g. T helper 17 

(Th17) cells and regulatory T (Tregs) cells [10]. Activation of AHR in Th17 cells leads 

to the production of cytokine interleukin (IL)-22 [26] which is linked to pro-inflammatory 

processes such as cutaneous inflammation, psoriasis or Crohn’s disease [27–29]. Since it 

has been demonstrated that TCDD treatment leads to immunotoxicity in Ahr+/+ but not 

Ahr−/− mice, as the latter are resistant to TCDD-induced immunosuppression [30], IL-22 

production appears to be downstream of AHR [31]. Moreover, activation of AHR by its 

ligands modulates T cell differentiation and Treg function, contributing to antigen-presenting 

cell response [32]. A recent study also suggested AHR to be an important regulator for 

inflammatory diseases, showing that it protects against allergic airway inflammation by 

controlling cell autophagy [33]. In May 2022, a cream containing 1 % of the AHR agonist 

tapinarof received its first approval by the US FDA for the topical treatment of the immune-

related skin diseases plaque psoriasis in adults [34]. Thus, concomitant with its effects 

on immune response, AHR may also serve as a target for new therapeutic approaches 

concerning autoimmune disease [35]. A study from August 2022 for example suggests 

that AHR might be an interesting target for the therapy of rheumatoid arthritis, as its 

ubiquitination seems to be involved in an imbalance of Th17/Treg cells [36]. On top of this, 

AHR is also thought to be involved in COVID-19 hypoxia formation via upregulation of 

the expression of mucins and hence accumulation of alveolar mucus affecting the blood-gas-

barrier [37].

Once considered only a mediator of the toxicity of dioxins, the field of AHR research moved 

into many different directions. Meanwhile, the multiple tissue-, organ-, and ligand-specific 

functions and seemingly paradox responses of AHR are still not fully understood. As 

AHR has recently sparked even more clinical intertest as a target [34,38–40], its complex 

non-canonical functions should urgently move more sharply into the focus of basic and 

preclinical research. This review article aims to provide a clear and concise overview of 

some of the most interesting and potentially important non-canonical AHR signaling events 

and functions, specifically taking the impact on the development of new pharmacological 

approaches into account. For that purpose, this review article will first focus on AHR’s 

involvement in major signaling cascades controlling cell function and fate, including 

the epidermal growth factor receptor (EGFR), janus kinase (JAK)/signal transducer and 

activator of transcription (STAT) as well as the nuclear factor kappa-light-chain-enhancer 

of activated B cells (NF-κB). Further, pathways involved in cellular adaptation towards low 

oxygen levels and oxidative stress will be addressed with regard to hypoxia-inducible factor 
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1 alpha (HIF-1α) and nuclear factor erythroid 2-related factor 2 (NRF2). Subsequently, the 

function of AHR beyond its role as a transcription factor will be discussed with a focus on 

E3 ubiquitin ligase activity.

2. EGFR signaling pathways

The EGFR is a receptor tyrosine kinase (RTK) of the ErbB family and plays a key role 

in embryonic development and physiology [41]. As EGFR has an intra- and extracellular 

domain to bind ligands, activation can occur via both ways. This activation includes receptor 

trans-autophosphorylation, the hetero- or homodimerization with a member of the ErbB 

family or another EGFR molecule and the recruitment of signaling proteins or adaptors 

[41]. Its downstream signaling includes the mitogen-activated protein kinase (MAPK) RAS- 

RAF- MEK1/2-ERK1/2 and AKT-PI3K-mTOR pathways as well as protein kinase C (PKC), 

STAT, SRC and NF-κB. Moreover, EGFR is a well-known oncogenic protein and involved 

in the pathogenesis of several cancers, commonly carrying a mutation that leads to a 

constitutive activation of the receptor [42,43]. Thus, EGFR plays an important role in several 

cellular processes such as proliferation, differentiation and apoptosis.

The seemingly first AHR-related interaction with the EGFR was described in 1982 

suggesting that benzo[a]pyrene (BaP) and other PAHs may not only activate AHR but 

also inhibit binding of EGFR by its ligand, the epidermal growth factor (EGF) [44]. Since 

then, it has been repeatedly reported that an exposure to AHR agonists interferes with the 

binding of radiolabeled EGF to the plasma membrane [45–47]. The underlying molecular 

mechanism may involve an AHR ligand-mediated enforcement of EGFR internalization 

either by stimulating a phosphorylation of the RTK via c-Src or by inducing the release 

of growth factors that bind to EGFR extracellular domain (ECD). However, in contrast to 

PAHs that, presumably due to recycling of EGFR, only cause a transient decline [46,47], 

TCDD reduces the EGF-binding capacity of the plasma membrane for up to 4 days in 

human keratinocytes [47] and 40 days in rat liver [45]. In 2022, we published a mechanistic 

study which may serve to better understand the interaction between different AHR ligands 

and EGFR internalization [48]. Briefly, we found that treatment of human keratinocytes 

with PAHs, i.e. BaP and benzo[k]fluoranthene, causes a biphasic stimulation of EGFR 

phosphorylation and downstream MEK/ERK signal transduction. Whereas the early peak, 

occurring approximately after 15 min after treatment, this seems to be due to a direct c-Src-

mediated phosphorylation of EGFR at residue Y845 (Fig. 1), the second temporally delayed 

peak of EGFR/ERK activation (approximately 2 h after treatment) involves extracellular 

events, i.e. the release of growth factors. Specifically, this process is driven by the c-Src-

dependent sequential activation of PKC and metalloproteinases resulting in the ectodomain 

shedding of cell surface-bound EGFR ligands, in particular of amphiregulin (AREG) and 

transforming growth factor (TGF)-α (Fig. 1). These polypeptide growth factors then bind 

to the ECD of EGFR and initiate dimerization and autophosphorylation of the RTK at 

various tyrosine residues, including Y1068 and Y1137 [48]. Importantly, bulk RNAseq 

analyses indicated that this second wave of EGFR-dependent signal transduction seems 

to be responsible for the major differences in the gene expression profile in BaP- versus 
polychlorinated biphenyl (PCB) 126-exposed keratinocytes [48]. In fact, we were able to 

show that binding of dioxin-like compounds, including PCB126 and TCDD, induces similar 
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AHR-dependent and c-Src-driven signaling events culminating in the shedding of EGFR 

ligands from the plasma membrane. However, dioxin-like compounds stimulate EGFR 

signal transduction only early (15 min) but not late (2 h) after treatment. In silico as well as 

further experimental work revealed that dioxin-like compounds bind to the ECD of EGFR 

directly and thereby inhibit an activation of the RTK by growth factors [48,49].

Apart from non-canonical signaling events, the ligand-activated AHR has been found to 

induce the expression of several EGFR ligands (Fig. 1), including epiregulin and AREG, 

in an XRE-dependent manner [50,51]. Other investigators reported that tobacco smoke 

induces the expression of AREG in oral epithelial cells via a non-canonical AHR pathway 

involving the cAMP – protein kinase A signaling axis [52]. However, Lemjabbar et al. 
identified tobacco smoke to stimulate the proliferation of lung epithelial cells by promoting 

the metalloprotease-mediated ectodomain shedding of AREG [53]. Hence, depending on 

ligand, cell type and context, AHR may affect EGFR signal transduction via canonical and 

non-canonical signaling events or a combination of both.

The laboratory of Thomas Sutter reported an inhibition of the TCDD-induced expression 

of CYP1A1 and CYP1B1 upon co-treatment of epidermal keratinocytes with EGF. 

Results from further mechanistic experiments indicated that both pathways compete 

for the common transcriptional co-activator CBP/p300. Accordingly, the AHR-mediated 

keratinocyte differentiation was also inhibited by EGF while co-treatment with an EGFR 

inhibitor promoted differentiation [54]. Hence, these results suggest that EGFR activation 

might interfere with activation of AHR or at least its canonical signaling pathway 

via transrepression. This observation is supported by another study, reporting that a 

pharmacological inhibition of EGFR amplifies the TCDD-induced expression of CYP1 

isoforms [55].

Taken together, four different mechanisms of AHR-EGFR-crosstalk have been described 

so far: (I) AHR-dependent activation of EGFR via release of c-Src, (II) AHR-induced 

expression of EGFR ligands leading to EGFR activation, (III) AHR-dependent ectodomain 

shedding of EGFR ligands leading to auto- or paracrine EGFR activation and (IV) the 

competition for common transcriptional co-activators.

2.1. Pathological consequences of crosstalk between AHR and EGFR

The EGFR is an integral part of multiple signaling pathways controlling tissue homeostasis 

and disease. Hence, the crosstalk between EGFR and the chemosensor AHR might be a 

signaling route by which environmental pollutants, drugs or other exogenous chemicals 

harm cellular functions and tissue integrity. In fact, numerous studies have reported that 

a modulation of EGFR function by AHR-stimulating factors drives the pathogenesis of 

diseases, in particular of various types of cancer.

In smokers, the AHR-mediated increased AREG expression results in enhanced cell 

proliferation and contributes to the procarcinogenic effects of tobacco smoke [52,56]. 

Moreover, in breast cancer cells, TCDD increased EGFR ligand expression resulting in 

activation of downstream EGFR signaling and thereby inhibition of apoptosis. Interestingly, 
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this effect could be reversed by addition of the AHR antagonist 3′-methoxy-4′-nitroflavone, 

suggesting an AHR-driven tumor promoting effect [57].

AHR activation and subsequent non-canonical EGFR signaling are also critically involved in 

the cellular UVB stress response. UVB radiation leads to the formation of the endogenous 

AHR ligand 6-formylindolo[3,2-b]carbazole (FICZ) in the skin and further to a c-Src-

dependent EGFR internalization and downstream activation of ERK [58]. In contrast to 

TCDD, which per se activates similar signaling events, FICZ is rapidly metabolized by 

CYP1 isoforms and, accordingly, causes a transient activation of AHR signaling pathways 

[59]. However, amongst others, the UVB-induced activation of this AHR signaling cascade 

leads to an induction of proinflammatory cyclooxygenase-2 (COX-2) [58,60], a modulation 

of DNA damage-dependent stress responses [61,62], and skin tumor formation [62].

Similar to UVB irradiation [60], exposure to cigarette smoke leads to the induction of the 

AHR-dependent genes CYP1A1, CYP1B1 and matrix metalloproteinase-1 (MMP-1) [63]. 

MMP-1 is also induced in the skin of smokers [64] where it leads to collagen breakdown 

in the dermis, tissue remodeling and promotion of skin aging [65]. In line with that, a 

knockdown of MMP-1 resulted in inhibition of the progression of colorectal cancer via 
suppression of the PI3K/AKT signaling pathway downstream of EGFR. This suggests 

an involvement of AHR-induced MMP-1 in the EGFR-regulated promotion of malignant 

behavior in colorectal cancer [66]. It has also been shown that EGF induces MMP-1 

secretion through EGFR-mediated MAPK signaling, again leading to increased proliferation 

[67].

A study from 2022 has shown that BaP exposure leads to aggravated TGF-α and MUC5AC 

expression in an asthma model [68]. MUC5AC is one of the mucins closely related to 

asthma [69] as it leads to pronounced secretion and accumulation of mucus which blocks 

the airway and results in breathing difficulties [70]. It was suggested that BaP-induced AHR 

activation would lead to production of reactive oxygen species (ROS) which activated EGFR 

and MAPK signaling [68]. The AHR-mediated upregulation of mucins and accumulation 

of alveolar mucus was also connected to hypoxia and inflammation in COVID-19 patients. 

Particularly, interferon (IFN)-β and IFN-γ induced mucin expression in an AHR-dependent 

manner. Concomitant with this, AHR inhibition led to improvement of the lung function in 

SARS-CoV-2-infected mice [37].

There already are several therapeutics targeting EGFR and its complex signaling pathways, 

including monoclonal antibodies or inhibitors, which commonly show skin toxicity as a side 

effect. This often forces the discontinuation of the respective drug [42]. Further, it seems that 

many EGFR-dependent effects in diseases are also enforced by AHR-driven EGFR ligand 

expression and/or membrane shedding. Due to the dynamic crosstalk between EGFR and 

AHR, when developing therapeutics targeting EGFR signaling, AHR should also be taken 

into consideration as a possible target or co-target – and vice versa. This could possibly 

lead to reduction of unwanted side effects such as development of drug resistance or other 

adverse reactions directed at specific tissues or cellular compartments.
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3. JAK/STAT pathway

The JAK/STAT pathway transduces signals from the cell surface to the nucleus and, amongst 

others, is critically involved in the regulation of innate and adaptive immune responses 

[71]. Accordingly, an aberrant activation of JAK/STAT signaling is associated with the 

pathogenesis of multiple diseases, including chronic inflammatory diseases, autoimmunity 

and cancer [72–75]. The molecular mechanisms of JAK/STAT signaling pathways are 

well characterized. Briefly, members of the JAK family, i.e. JAK1, JAK2, JAK3 and 

tyrosine kinase 2 in humans, are bound to the intracellular domain of transmembrane 

cytokine receptors or receptor tyrosine kinases (e.g. EGFR). Upon activation by cytokines 

or IFNs, the cytokine receptors dimerize or multimerize, leading to a mutual JAK-mediated 

phosphorylation of specific tyrosine residues in the intracellular domain of the cytokine 

receptors. These novel phosphotyrosine residues serve as docking sites for the Src-homology 

2 (SH2) domain of STAT molecules. After binding to the phosphorylated cytokine receptor, 

JAKs phosphorylate a C-terminal tyrosine residue in the STAT proteins to form another 

SH2-binding motif. The latter is reciprocally recognized by two STAT proteins, leading 

to the formation of a STAT dimer. This dimer translocates to the nucleus and acts as a 

transcription factor by binding to certain DNA motifs in the enhancer region of target genes. 

The human genome encodes seven mammalian STAT family members, i.e. STAT1, STAT2, 

STAT3, STAT4, STAT5A, STAT5B, and STAT6.

In 2004, two independent studies were first to report an impact of AHR on STAT signaling. 

Nukaya et al. showed that a treatment of B6 mice with 3-methylcholanthrene resulted 

in an AHR-dependent reduction of JAK2 expression in the liver, which was associated 

by a decreased DNA-binding activity of STAT5 [76]. In the other study, Takanage et al. 
reported that the AHR agonist β-naphthoflavone attenuates the astrocytic differentiation 

of glioma cells by inhibiting the expression of IL-6 and downstream STAT3 activation 

[77]. Hence, AHR seems to control the expression of stimulating cytokines and pathway 

components to alter JAK/STAT activity and associated cellular consequences. In fact, AHR 

is known to regulate the expression of various JAK/STAT-stimulating cytokines, including 

IL-2 [78], IL-10 [79], IL-21 [79], IL-22 [31] and others, via different pathways. For 

instance, AHR cooperates with the NF-κB subunit RelA/p65 at the IL-6 promoter [80], 

whereas in lipopolysaccharide (LPS)-treated macrophages AHR sequentially activates c-Src 

and STAT3 to induce the expression of IL-10 [81]. Moreover, due to parameters such as 

physicochemical properties of the ligand, cell type, tissue and microenvironment, AHR may 

either induce or inhibit the expression of these cytokines, as illustrated for instance by 

IL-6 [82,83] and IL-33 [84,85]. Importantly, the interrelationship between AHR and JAK/

STAT signaling pathways is mutual and much more complex than a unilateral regulation of 

mediators and signaling molecules (Fig. 2).

In fact, activated STAT1, STAT2 and STAT3 have been reported to bind to the promoter of 

the AHR gene and induce its transcription (Fig. 2). Upon stimulation of human hepatoma 

cells with IL-6-type cytokines, STAT3 binds to a STAT-responsive element approximately 

2 kilobase pairs 5′-upstream of the transcription initiation site of the AHR gene [86]. This 

STAT-responsive element is not conserved in the murine Ahr gene, but another functional 

STAT-binding motif in it has been identified [87]. In murine astrocytes, IFN-β activates 
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JAK1 and tyrosine kinase 2 resulting in the formation of the IFN-stimulated gene factor 2, a 

trimolecular complex consisting of STAT1, STAT2 and IFN regulatory factor 9, which binds 

to an IFN-response element in the murine promoter sequence of Ahr to induce its expression 

[88]. Another study reported an activation of the AHR system in B cells by IL-4 [89]. 

While the authors found that IL-4 induces AHR expression in a STAT6-dependent manner, 

the underlying molecular mechanism of the observed nuclear translocation and target gene 

induction of AHR in response to the cytokine treatment remains less clear.

However, apart from the transcriptional level, STAT proteins facilitate AHR activation by 

altering tryptophan metabolism (Fig. 2). In human chronic lymphocytic leukemia cells, for 

instance, IFN-γ induces the expression of indolamine-2,3-dioxygenase (IDO) 1 through 

the JAK/STAT1 signaling pathway [90]. IDO1 oxidizes tryptophan to N-formyl-kynurenine 

which is subsequently converted by aryl formamidase to kynurenine (KYN) [91]. KYN 

and several of its metabolites, including kynurenic acid and xanthurenic acid, serve as low 

affinity agonists of AHR [82,92,93]. Importantly, AHR activation by KYN was found to 

resemble the effects of TCDD treatment in mice, i.e. an induction of immunosuppressive 

Treg cells [92,94,95]. In 2011, Michael Platten and his team identified KYN as an 

endogenous AHR ligand that is constitutively generated in human brain tumors and 

responsible for the suppression of antitumor immune responses and the promotion of cancer 

cell survival and motility [22]. In lung cancer, an autocrine signaling loop consisting of the 

stimulation of AHR activity by KYN, an AHR-mediated upregulation of IL-6, a stimulation 

of STAT3 and the associated induction of KYN-producing IDO1 has been described [96]. 

A similar way of interaction has been identified to be responsible for the exhaustion of 

CD8+ T cells in the tumor microenvironment. High levels of IL-2 lead to an activation 

of STAT5, which subsequently induces the expression of tryptophan hydroxylase-1 (TPH). 

This enzyme converts tryptophan to 5-hydroxytryptophan, another metabolite that serves 

as an AHR agonist. The resulting activation of AHR signaling leads to an upregulation of 

inhibitory receptors (e.g. CD39, PD-1) and a downregulation of IFN-γ and tumor necrosis 

factor (TNF)-α levels and thus to dysfunctional CD8+ T cells [97]. Interestingly, Il-2 is an 

established target gene of AHR in mice [78], suggesting that there might be an another 

signaling loop.

Taken together, these studies provide evidence that IL-2-, IL-6- and IFN-triggered JAK/

STAT signaling pathways control the expression and activity of AHR (Fig. 2). Vice versa, 

the AHR system can potentially interfere with JAK/STAT signaling pathways by acting 

as a transcription factor controlling the expression of cytokines, protein kinases, etc. In 

addition, AHR can directly interact with STAT molecules to either induce or repress their 

transcriptional activity (Fig. 2). In peritoneal macrophages, both Ahr- as well as Stat1-

deficiency enhances the induction of pro-inflammatory IL-6 in response to LPS treatment 

[98]. Further mechanistic data, including results from chromatin immunoprecipitation 

assays, point to the idea that a tripartite complex consisting of AHR, STAT1 and NF-κB 

subunit p50 is bound to the Il-6 promoter and represses its transactivation. However, it is 

worth mentioning that meanwhile, additional mechanisms through which AHR may dampen 

IL-6 expression in LPS-exposed macrophages have been identified [99]. In T cells, AHR 

was found to facilitate the polarization towards proinflammatory Th17 cells by inhibiting 

STAT1 phosphorylation which blocks the competing T helper 1 cell differentiation pathway 
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[100]. Remarkably, Th17-polarizing conditions (IL-6 plus TGF-β) induced the AHR-

mediated generation of Th17 cells in the absence of exogenous ligands [100]. Given that, 

later on a critical involvement of STAT3 in the AHR-dependent differentiation of CD4+ T 

cells into Th17 cells has been reported [101], a STAT3- and IDO1-dependent production of 

endogenous tryptophan-derived ligands might serve as an explanation for this observation. 

However, in contrast to the enforced polarization towards Th17 cell differentiation upon 

AHR-mediated STAT1 inhibition, the same mechanism was reported to impair Th17 

differentiation and promote Tregs in a model for idiopathic pneumonia syndrome [102]. 

In this model, AHR represses the transcription of the activator protein-1 (AP-1) subunit 

JUND by preventing the binding of STAT1 to the respective gene promoter, resulting 

in a reduced expression of IL-6 and the associated polarization of CD4+ T cells toward 

Th17 cells. Accordingly, KYN-mediated activation of AHR induces immunosuppression and 

thereby attenuates the pneumonia-related symptoms [102]. This discrepancy between the 

two studies describing the AHR as an inducer of Th17 cells versus an inducer of Tregs 

has been previously discussed [94,95,103] and may not necessarily solely depend on the 

structural and biochemical properties of the AHR ligand but also on the applied dose [104]. 

An inhibitory effect of the IDO1-AHR axis on STAT1 activity has also been observed in 

a mouse model for melanoma, in which IFN-γ induces dormancy in tumor-repopulating 

cells by stimulating an iDO-1-driven activation of AHR [105]. This leads to an upregulation 

of the AHR target and cell cycle inhibitor p27KIP1 [106] which subsequently physically 

interacts with STAT1, thereby causing a switch from the apoptosis to the dormancy program 

in the malignant cells [105].

In summary, the existing body of literature provides compelling evidence for a mutual 

interaction of AHR and STAT family transcription factors on various levels, including 

transcriptional control, induction of signaling mediators and protein–protein interaction. 

STAT proteins may critically contribute to the impact of the AHR on multiple immune 

cells, including macrophages and various T cell populations and thereby determine the 

downstream pro- or anti-inflammatory outcome. In fact, in numerous types of cancer, 

including melanoma, oral squamous cell carcinoma, lung cancer and glioblastoma, AHR 

and JAK/STAT signaling pathways seemingly cooperate to repress anti-tumor immune 

responses and facilitate tumor growth and progression [96,97,101,107,108]. In contrast 

to this clear trend observed in malignant diseases, there is also compelling evidence 

for anti-inflammatory consequences of the AHR-JAK/STAT crosstalk, for instance in 

the context of central nervous system inflammation and inflammatory bowel disease 

[88,109]. In conclusion, the currently rather limited amount of available experimental 

data elucidating the interplay between AHR-dependent and JAK/STAT signaling pathways, 

emphasizes the urgent need for a deeper functional characterization of this crosstalk. This 

is necessary to assess whether targeting of the JAK/STAT system supports or counteracts 

AHR-manipulating therapeutic approaches for certain pathological conditions and vice 
versa.

4. The NF-κB family signaling pathway and crosstalk with AHR

The NF-κB family of transcription factors regulates the expression of numerous cytokines 

and immune response genes [110]. NF-κB is critically involved in biological processes, 
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including apoptosis, cell differentiation, immunity and diseases such as autoimmunity or 

cancer [111]. Considering the physiological and pathological roles of AHR, a significant 

overlap with the NF-κB signaling pathway becomes evident [112]. When considering 

AHR as a transcription factor interacting with NF-κB signaling and modulating immune 

responses, it is crucial to understand its role in diseases based on immune modulatory 

effects.

The activity of NF-κB is induced by many cytokines and inflammatory signals in a time- 

and concentration-dependent manner [113]. Early studies have shown that cytokines also 

affect the activity of AHR-regulated drug-metabolizing enzymes. For instance, treatment 

with TNF-α clearly suppressed the activity of hepatic CYP-dependent drug metabolism in 

mice [114]. Subsequent studies noticed suppression of TCDD-induced Cyp1a1 and Cyp1a2 
mRNA expression after treatment of isolated rat hepatocytes with IL-1β [115]. In line with 

this, the acute phase protein IL-6 suppressed the gene expression of CYP1A1, CYP1A2 
and CYP3A3 in human hepatoma cells [116]. These early observations strongly indicate 

that NF-κB activated by inflammatory cytokines interferes with AHR signaling and thereby 

shapes target gene expression and the associated biological outcome.

The activation of NF-κB changes the expression and activity of AHR and vice versa. One 

of the first studies reporting a crosstalk between AHR and proteins of the NF-κB family 

was published by Tian et al. describing the physical interaction of AHR with NF-κB RelA 

causing a mutual repression of both signaling pathways [117]. In their study, the authors 

treated mouse hepatoma cells with TNF-α to activate NF-κB and focused on the AHR-

mediated induction of CYP1A1 which was significantly repressed after TNF-α treatment. 

Further, they found that TNF-α-induced NF-κB binding activity was suppressed when 

Hepa1c1c7 cells were treated with TCDD. Mechanistically, the ligand-dependent activation 

of AHR induces histone H4 acetylation at the TATA box of the Cyp1a1 promoter region, 

which was inhibited by TNF-α-induced NF-κB activity [118].

Further studies have shown that AHR interacts with the NF-κB component RelA which 

supported the TCDD-mediated induction of IL-6, plasminogen activator inhibitor-2, FAS 

ligand and c-myc [119–122]. Dinatale et al. found that the AHR-mediated amplifying effects 

on NF-κB signaling requires the AHR/ARNT-heterodimer for the synergistic activation of 

IL-6 following IL-1β and TCDD treatment. This may involve the dismissal of co-repressors 

by DNA-bound AHR [119]. The AHR-dependent expression of FasL in thymic stromal cells 

was found to be regulated through TCDD-mediated activation of the NF-κB subunits p50 

and p65 on the Fasl promoter [123]. Another mechanism was described for the expression of 

C-MYC in breast cancer cells, where RelA and AHR together bind to NF-κB elements and 

induce the transcription of C-MYC [122].

Conversely, AHR was also identified to suppress NF-κB-mediated gene expression. For 

instance, the expression of the Ig heavy chain was repressed through the interactions of NF-

κB and AHR at a DNA replication-related element and an overlapping κB element [124]. 

The acute phase protein serum amyloid A was found to be suppressed by the interaction 

of the activated AHR with RelA, but DNA binding was not involved [125]. Alvaro Puga’s 

group concluded that TCDD-mediated activation of AHR and induction of CYP1A1 leads to 
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the generation of an oxidative stress signal which enhances NF-κB and AP-1 DNA-binding 

activity. [126]. Interestingly, the enhanced binding activity of the NF-κB complex was found 

to be formed by p50/p50 complexes which could be responsible for the inhibitory effect 

of AHR on NF-κB activity. Another study reported an inhibition of IgM expression by 

TCDD in LPS-activated B cells, which was associated with an AHR-dependent decreased 

DNA-binding activity of AP-1 but not of NF-κB [127].

Besides RelA, several studies reported an interaction of AHR with the NF-κB member RelB 

[128–131]. We identified RelB to physically interact with AHR and bind on a previously 

unrecognized RelB/AHR-responsive element in the promoter of the IL-8 gene to induce 

its expression [132]. Further, a ligand-independent activation of AHR via protein kinase A 

triggers its nuclear translocation and the induction of IL-8. Therefore, this mechanism was 

described as the non-canonical AHR pathway which involves ligand-independent activation 

and interaction with proteins other than ARNT, such as RelB.

Similarly, the expression of other chemokines including the B-cell activating factor of the 

TNF family, B-lymphocyte chemoattractant and chemokine (C–C–motif) ligand (CCL) 1 

was also found to involve the binding of RelB/AHR-complexes to the promoter of these 

genes, suggesting a new regulatory function of AHR [128]. The RelB/AHR-responsive 

element identified on the promoter of IL-8 is similar to DNA-binding sequences recognized 

by RelB/p52 dimers in regulatory sequences of the above organogenic chemokine genes 

[133]. Moreover, AHR signaling can alter the differentiation of mouse bone marrow-

derived dendritic cells (BMDC), which involves activation of NF-κB RelB and the AHR-

dependent induction of the immune-regulatory enzyme IDO [134,135]. The expression of 

the cytokines IL-10 and CCL18/DC-CK1 was inhibited by TCDD, but IL-10 was induced 

in LPS-activated BMDC and in spleen of B6 mice [135,136]. The induction of IDO as 

well as anti-inflammatory IL-10 in LPS-activated BMDC could critically contribute to the 

immunosuppressive effect of TCDD. In this context, it is interesting to note that IL-10 

was found to protect from colitis [137] and treatment with TCDD may improve colitis 

in mice associated with an increased number of Tregs [138]. Further, the expression of 

IL-12A, a key cytokine for Th1 differentiation, was suppressed when TLR4-activated human 

primary dendritic cells (DCs) were treated with TCDD [139]. This was confirmed in a 

study using mouse peritoneal macrophages showing that activation of AHR decreased 

protein levels of pro-inflammatory IL-6 and IL-12 after activation with LPS/IFN-γ [140]. 

Mechanistically, AHR activation promoted RelA/p65 protein degradation, thus causing 

the decreased cytokine levels. Besides the interaction of AHR with RelB, studies have 

demonstrated that ARNT interacts with RelB to regulate expression of the TNF receptor 

family member CD30 [141]. Since ARNT can dimerize with the AHR repressor (AHRR), 

the study suggests that AHRR may also affect activity of NF-κB RelB and the expression 

of cytokines as shown in transgenic mice overexpressing AHRR [142–144]. Interestingly, 

Ovrevik et al. found that ARNT suppressed the expression of RelB which was associated 

with a decreased expression of IL-8 in human bronchial epithelial BEAS-2B cells [145].

In summary, these studies indicate that the synergistic or inhibitory effects resulting from the 

interaction of AHR with NF-κB signaling may involve various mechanisms. This includes 

physical interaction of members of the AHR pathway with subunits of the NF-κB family and 
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combinatorial effects of AHR and NF-κB elements located on promoters of specific target 

genes.

4.1. Dysregulation of Toll-like receptor responses through AHR signaling

Ligands of the Toll-like receptor (TLR) family are strong activators of NF-κB signaling. 

Multiple studies have shown that AHR may interfere with responses triggered by pathogens 

including the TLR4 ligand LPS [112]. Moreover, AHR-deficiency was found to increase 

the sensitivity of mice towards LPS toxicity including septic shock [120]. Further studies 

showed that exposure of AHR-deficient mice to LPS, cigarette smoke or crystalline silica 

triggers an increased inflammation in the lungs associated with increased NF-κB activity 

[146,147]. On the other hand, exposure to an AHR antagonist significantly inhibited the 

LPS shock in mice, including a reduced lethality and inflammatory signaling [148]. This 

finding is in line with our observation that overexpression of AHRR in mice suppressed 

LPS-induced toxicity and lethality [143]. Possible mechanisms of AHR’s role in LPS shock 

were discussed with regard to the immunosuppressive function of an AHR-iDO-mediated 

pathway, emphasizing the importance of enhanced IDO activity for the establishment of life-

threatening conditions in sepsis [149]. The hypothesis of the AHR-iDO-mediated pathway 

in sepsis is supported by findings showing that AHR activation synergistically increases the 

LPS-induced expression of IDO1 and IDO2 [139,150].

Studies with AHR−/− mice showed that AHR-deficiency modified the expression of LPS-

induced cytokines along with the DNA-binding activity of NF-κB, C/EBPβ and AP-1 in 

lung and liver [151]. The effects of AHR and TLR ligands in humans were examined in 

primary DCs derived from human blood monocytes. It was shown that human DCs are very 

sensitive towards low doses of LPS [139] and that TLR-activated DCs express higher levels 

of AHR and are more sensitive towards the effects of AHR ligands. Treatment with AHR 

ligands led to a synergistic or antagonistic effect of the TLR-triggered response in DCs 

depending on the specific target gene. The effect of AHR ligands in activated DCs involved 

the expression of RelB and were altered by the specific TLR ligand used to activate DCs. 

In a study with BMDC from wildtype and RelB-deficient mice, RelB-involvement in ligand-

dependent effects on AHR signaling was confirmed [150]. Similar results were received 

from a study using BEAS-2B cells [145]. The authors found that AHR suppressed activation 

of RelA stimulated by TNF-α or polyinosinic:polycytidylic acid. However, activation of 

AHR induced IL-8 expression, but AHR suppressed the expression of IL-8 and CCL5 

when cells were activated by the TLR ligand polyinosinic:polycytidylic acid. The authors 

concluded that AHR may stimulate or suppress NF-κB signaling and that anti-inflammatory 

effects of AHR possibly involve additional pathways besides the interaction with NF-κB. 

The dose-dependent induction of IL-8 by TCDD described in human DCs [139] is supported 

by a study demonstrating increased levels of IL-8 in blood of asthmatic children with high 

PCB serum levels [152].

A synergistic induction of CCL20 was observed in peritoneal macrophages exposed to 

LPS and AHR ligands [153]. The authors concluded that this was due to both, LPS-

mediated increase of AHR levels and a potent tandem AHR-binding site upstream from 

the transcriptional start site of CCL20. Recently, we found that both, a XRE consensus 
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site and a RelBAHRE-binding element located on the promoter of the IL-22 gene, are 

necessary to mediate the synergistic effects of AHR and TLR ligands on the expression 

of this cytokine [31]. Furthermore, an exposure to particulate matter (PM) collected from 

traffic-related air pollution and wildfires activated AHR and NF-κB signaling, leading to a 

robust induction of IL-22. The results are in line with a study investigating the expression of 

IL-33 after exposure to PM collected from tunnel dust [154]. IL-33 is a critical factor in the 

development of asthma and was induced in macrophages treated with PM samples derived 

from the tunnel. The analysis of the PM composition indicated that the concentration of 

PAHs and endotoxins are important factors in the AHR-/TLR-dependent induction of IL-33.

As described earlier [153], levels of AHR mRNA and protein were enhanced by various 

TLR ligands in DCs and thymus of B6 mice [155]. A functional NF-κB-binding element 

was identified upstream of the transcription start site of the AHR gene indicating an 

important role of RelA/p50 in the transcriptional regulation of AHR [155]. These results 

demonstrated for the first time that NF-κB RelA is a critical component regulating the 

expression of AHR and downstream target gene expression. These findings have important 

implications regarding the effect of inflammatory stimuli and cytokines that activate NF-κB 

and induce AHR expression during activation and differentiation of immune cells. The 

results may provide a possible mechanism of the rapid increase of AHR levels after T cell 

activation described in previous studies [95,103]. This rapid upregulation of AHR, which 

also occurs upon activation of murine splenocytes, murine B cells [156] and human B cells 

[157], may contribute to the enhanced sensitivity of leukocytes towards a modulation by 

dioxin and dioxin-like compounds. Additionally, the type of TLR response activated through 

the specific TLR agonist may direct the outcome of AHR interaction with NF-κB subunits 

and the regulatory or immunogenic response. Further, this involves not only a single gene, 

but a number or a group of genes will be affected by the AHR/NF-κB-crosstalk. The altered 

innate immune responses and dysregulation of TLR signaling by AHR are likely to be the 

key steps in triggering chronic inflammatory diseases as well as modulation of antiviral 

responses during infection (Fig. 3).

In summary, these findings show that simultaneous activation of AHR and NF-κB signaling 

pathways leads to synergistic or antagonistic effects on specific target genes by integrating 

signals of canonical and non-canonical AHR pathways.

4.2. Consequences of AHR and NF-κB interaction in pathology

Many chemotherapeutics are metabolized by AHR-regulated CYP isoforms [158,159]. 

As described above, inflammatory cytokines can change the expression and activity of 

CYP enzymes and therefore the metabolism of various drugs. Consequently, changes 

in the activity of CYP enzymes may ultimately result in clinical endpoints [160]. For 

instance, altered CYP activities may modify chemotherapeutics exposure and affect the 

treatment response in cancer patients [161]. In fact, AHR-regulated CYP1 isoforms 

are primarily responsible for the metabolism of the anti-cancer drugs vemurafenib and 

imiquimod [162,163]. Alterations in CYP activity also play a critical role in the onset and 

progression of various diseases including cancer, metabolic disorders and hepatic as well as 
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cardiovascular diseases [160,164–167]. Hence, by attenuating CYP expression and enzyme 

activity, inflammatory signaling pathways may contribute to adverse health effects.

Inflammatory DCs and macrophages exhibit an increased expression and activity of AHR. 

Elevated copy numbers of AHR were detected in two disease models, i.e. rheumatoid 

arthritis and allergic airway inflammation [155]. Further, an increased level of IL-8, an 

attractant for neutrophils, was found in the blood of asthmatic children which correlated 

with high PCB serum levels [152]. These data support previous studies showing that AHR 

activation (via TCDD, PCBs) and activation of NFκB through LPS in vitro or under chronic 

inflammatory conditions, like asthma, can synergistically increase target gene expression, 

such as IL-8, in children [168].

The AHR is known to be involved in the pathology of autoimmune diseases, such 

as rheumatoid arthritis, colitis, and systemic lupus erythematosus (SLE) [169–171]. 

Interestingly, AHR activation by apoptotic cells was found to depend on interactions 

between AHR and TLR9 which can inhibit disease progression of SLE in mice [169]. 

Accordingly, the loss of AHR or deficiency of TLR9 might contribute and accelerate SLE 

in this mouse model. On the other hand, a synergistic interaction between the shared epitope 

and the AHR pathway triggered by NFκB signaling has been described to cause a robust 

increase in arthritis severity in mice [172]. These studies underline the importance of the 

crosstalk between AHR and NF-κB as a mechanism in the development of autoimmune 

diseases.

Over the last two decades, numerous reports have shown that the AHR plays an important 

role in regulating immune responses and that exposure to AHR-activating ligands and 

toxicants contributes to the promotion of immune system disorders and the development 

of chronic inflammatory diseases [10,173]. Although AHR ligands and NF-κB stimulation 

through pathogens or other inflammatory stimuli very specifically activate only one of the 

two pathways, there is significant crosstalk when both signaling pathways are activated 

(Fig. 3). The communication between AHR and NF-κB is evidently critical for the 

immune response, but the type and strength may vary depending upon factors like the 

length, intensity and timing of the signal, as well as cell-specific receptor distribution. 

The cross-regulation between these two signaling axes suggests that NF-κB- and AHR-

dependent signaling could be viewed within the context of a unique signaling system. It 

mediates signaling from both pathogen-/inflammatory and ligand-based stimuli that may 

regulate physiological function and which, if dysregulated, may contribute to pathology 

of chronic diseases and impact host defenses against infectious diseases. The NF-κB and 

AHR signaling pathways may run independently in parallel, however, their crosstalk creates 

multiple opportunities for modulating or fine-tuning of responses to different signals. Such 

fine-tuning is important as the immune system has to be active enough to fight pathogens or 

cancer, but should not be hyperactivated and result in chronic inflammatory diseases.

5. HIF-1α and AHR: Interdependence and crosstalk

The Nobel Prize in Physiology or Medicine 2019 was awarded to Gregg Semenza, Sir 

Peter Ratcliffe and William Kaelin for their joint discovery of hypoxia-inducible factor 

Sondermann et al. Page 14

Biochem Pharmacol. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(HIF)-1α and its functionality under cellular oxygen shortage [174–176]. Of note, the 

identified co-factor HIF-1β turned out identical to the already known AHR co-factor 

ARNT. AHR, ARNT, and HIF-1α all belong to the group of basic helix-loop-helix/Per-Arnt-

Sim proteins which act as environment-sensing heterodimeric transcription factors [177] 

governing adaptation to changing external conditions.

HIF-1α function is crucial under physiologic conditions including embryogenesis [178–180] 

or during anaerobic activity [181,182], but also under pathologic conditions like infection 

and cancer [180,183,184]. Under normoxic conditions (~21 % O2), the HIF-1α protein is 

constantly degraded by the proteasome: Oxygen-dependent HIF-prolyl hydroxylases permit 

binding of the von Hippel–Lindau protein to hydroxylated HIF-1α, leading to ubiquitination 

and subsequent degradation by the proteasome [174,176,185]. Under hypoxia (~0,1–1 % 

O2/0 % O2 is termed anoxia), these enzymes are inactive, allowing accumulation of HIF-1α 
and activation via dimerization with ARNT to induce transcription by binding to hypoxia-

responsive elements (HRE) on nuclear DNA (Fig. 4) [175,186].

There is clear long-standing evidence from independent studies that HIF-1α and AHR 

activities are interdependent [187–190] in different tissues, indicating a functional crosstalk 

between their pathways in conditions as diverse as obesity, glioblastoma, prostate cancer, 

nephrocalcinosis, autoimmune hepatitis and affecting processes like T cell and macrophage 

differentiation as well as blood–brain barrier function [87,191–199]. However, this issue 

has rarely been addressed systematically [200]: While a majority of studies suggests 

downregulation of AHR function through HIF-1α activation and vice versa [201–203], 

they almost exclusively investigated the function of TCDD, and more physiologic means 

of AHR activation have been even more scarcely addressed. The modes of interaction 

can be competitive or counteracting, but could possibly also be additive or compensatory 

under certain circumstances (Fig. 4). The specific effect may depend on contextual factors 

ranging from the specific tissue or cell type or pathway trigger to biochemical properties 

like ARNT availability, binding preference and other parameters. Importantly, it has been 

reported that ARNT is influenced by both hypoxia and hypoxia mimetics [204,205]. The 

skin has been a subject to hypoxia research, since especially the avascular epidermis is 

mildly hypoxic with constant low HIF-1α activity [206–208]. Of note, loss of ARNT in 

epidermal keratinocytes causes skin barrier failure in neonatal mice [209–211] associated 

with dysregulation of processes like synthesis of ceramides [212], a group of lipids 

implicated in oxidative stress balance [213] which in turn is also mediated by ARNT [214]. 

Since both keratinocyte-specific HIF-1α−/− and AHR−/− mice are viable without an overt 

phenotype [215–217], these findings underline (I) the importance of cooperative function 

of HIF-1α and AHR in epidermal keratinocytes and (II) may hint toward the involvement 

of other ARNT-dependent factors and/or (III) possible compensatory or aberrant pathway 

activation. Though a majority of studies demonstrates interaction of HIF-1α and AHR via 

ARNT (Fig. 4), others have argued that cells harbor a relative excess of ARNT not limiting 

its availability to dimerization partners [218], which also include HIF-2α, AHRR and others 

[177]. Other molecules proposed in HIF-1α-AHR crosstalk are microRNAs [197] and the 

proteins NCoA-2 [219] and p23 [203].
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Among prototypical targets induced by HIF-1α activity are the vascular endothelial growth 

factor (VEGF), erythropoietin (EPO) and Glut-1 [220,221] which contribute to metabolic 

adaptation to hypoxia and improvement of oxygen availability: VEGF induces endothelial 

vessel growth, EPO is a growth factor for erythrocytes and Glut-1, encoded by the SLC2A1 
gene, is an important membrane transport protein enabling the cellular import of glucose 

and other monosaccharides as well as ascorbic acid. Further, numerous other genes are 

modulated which can be grouped into inflammation/immune defense, proliferation, tumor 

promotion/cancer therapy resistance [222]. Taken together, HIF-1α-dependent processes 

promote cellular survival under stress through oxygen shortage.

The normal oxygen level is tissue-specific and low tissue oxygen availability is not 

necessarily pathologic: Intermediate O2 levels are termed physoxia (range ~ 1–13 % O2, 

medium values ~ 5 % O2) [223]. HIF-1α is typically stabilized under hypoxic conditions 

(below 1 % O2) which arise during high cell proliferation or metabolic activity including 

embryogenic development, inflammatory processes, physical strain and tumor growth. 

Further, numerous diseases ranging from respiratory infection over allergic asthma to 

COPD, besides consuming chronic diseases or placental insufficiency, can increase oxygen 

demands and/or restrict oxygen availability to the organism. Moreover, ischemia caused by 

vessel occlusions or tissue damage can induce regional hypoxia.

The HIF-1α pathway can also be upregulated under normoxic (resp. physoxic) conditions 

[224] through numerous triggers including LPS [225] or pro-inflammatory cytokines, such 

as IL-6, IL-18 and TNF-α, as well as thrombin [226], glucose [227], angiotensin II [228], 

cholesterol [229], hyperthermia [230] and UVB radiation [231–233]. A state of normoxic 

pathologic HIF-1α activation, which occurs in conditions including type II diabetes and 

cancer, is sometimes referred to as pseudohypoxia. The associated increase in cellular 

glycolysis is termed the Warburg effect [234,235]. The contextual nature of the HIF-1α 
pathway trigger will also activate specific other pathways with important implications 

regarding functional crosstalk.

In this regard, crosstalk of HIF-1α with AHR could be particularly important during UVB-

dependent processes like DNA repair, apoptosis and proliferation in epidermal keratinocytes 

which are essentially dependent on AHR activity [58,61,62]. Intriguingly, HIF-1α may have 

contrastive effects on non-melanoma skin cancer (arising from keratinocytes) as opposed 

to melanoma [236–238], which is not fully investigated to date. Moreover, during UVB-

induced immunosuppression to contact hypersensitivity, AHR and HIF-1α appear to take 

opposing roles in keratinocytes [216,239].

Experimentally, hypoxic stabilization of HIF-1α can be achieved by hypoxia mimetics 

like cobalt chloride or dimethyloxalylglycine [240] which inhibit the HIF-1α-degrading 

hydroxylases. Also, several HIF inhibitors are available, of which some are specific for 

HIF-1α [241,242], but others may also target HIF-2α [243]. It should not be neglected that 

some ligands of AHR vs HIF-1α may have unexpected indirect effects to modulate the other 

pathway [244].
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The HIF-1α target EPO has a long history of therapeutic use for anemia [245], but 

also in sports doping [246]. Newer drugs include HIF stabilizers like roxadustat and 

similar HIF-prolyl hydroxylase inhibitors [247,248], which also achieve erythropoiesis 

besides other hypoxia-mimetic effects. Another presumably hypoxia-mimetic drug class are 

SGLT2 inhibitors, which palliate diabetic kidney disease and heart failure while improving 

erythropoiesis [249]. HIF-1α modulation is of particularly high relevance for ophthalmology 

of both the anterior (cornea) and posterior (retina) eye segments [250,251] and it should 

be noted that also the AHR is implicated in ocular diseases with some implications for 

HIF-1α crosstalk, e.g. in the context of cigarette smoking [252]. Blockade of the HIF-1α 
target VEGF by bevacizumab (Avastin®) is approved for treatment of several advanced solid 

tumors (lung, colon, breast, kidney, ovary, uterus) [253] and the similar drug ranibizumab 

(Lucentis®) is in use for ocular diseases involving pathologic angiogenesis [254,255]. 

Numerous novel approaches of HIF inhibition for advanced or refractory cancers are in 

clinical development stages [256]. Since AHR activation is implicated in tumor development 

due to its pro-proliferative impact [20], it would be worthwhile to further assess the role 

of HIF-1α-AHR interaction not only in cancer pathogenesis but also with regard to therapy 

schemes. Another field of possible future therapeutic HIF-1α utilization is the promotion of 

neuronal/axonal regeneration [257,258], in which AHR kinetics are also implicated [259].

An interesting approach to non-pharmacologic application of the HIF-1α pathway is 

hypoxic preconditioning: While uncontrolled chronic or also episodic hypoxia can be 

harmful, e.g. due to chronic heart failure resp. obstructive sleep apnea, controlled 

intermittent hypoxic training has proven beneficial health effects on the cardiovascular 

system and even confers protection against tissue damage from ischemic events [260,261]. 

These are similar to the effects of high-altitude training in professional sports. While HIF-1α 
is activated during ischemic events, reperfusion therapy is accompanied by additional 

secondary tissue damage involving inflammatory processes and ROS release in the impacted 

tissue. Novel literature suggests that AHR activation may play a pivotal role in this 

pathogenesis and suggests that AHR inhibition may pose a therapeutic strategy to mitigate 

ischemia–reperfusion damage in brain, myocardium and kidney [262–264].

6. NRF2 signaling

Living organisms have a fine-tuned system for maintaining a well-defined low steady-state 

level of oxidative stress, i.e. ROS production and elimination are well balanced. The term 

“oxidative stress” was first defined as a technical term by Helmut Sies in 1985 [265]. 

In this context, the formation of ROS can be initiated by aerobic metabolic processes, 

endogenous defense mechanisms, exogenous noxious agents and photobiological processes. 

Thereby, the main sources of ROS are leakage of the mitochondrial respiratory chain as 

well as CYP-mediated oxidations (phenomenon of “uncoupling”) [11]. Aldo-keto reductases 

(AKRs), a family of cytosolic NADPH-dependent oxidoreductases, were also suggested 

to be involved in the metabolic activation of PAHs and an associated generation of 

ROS. Moreover, several other enzymes were described and summarized in a review by 

Haarmann-Stemmann and co-workers to stimulate ROS production in an AHR-dependent 

manner (e.g., NADPH oxidases, COX-2) [11]. Klicken oder tippen Sie hier, um Text 

einzugeben.Interestingly, already in the beginnings of the 1990s, there was evidence 
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that AHR activation is involved in the generation of ROS as well as the antioxidant 

stress response [266,267] (Fig. 5). Besides phase I xenobiotic-metabolizing enzymes, also 

phase II detoxifying enzymes (i.e. glutathione S-transferase, UDP-glucuronosyltransferase, 

sulfotransferase and N-acetyltransferase) are induced by canonical AHR/ARNT signaling. 

Moreover, there is evidence that AHR interacts with several regulators of the antioxidant 

stress response affecting the induction of antioxidants as well as antioxidative enzymes (i.e. 

catalase, glutathione peroxidase, superoxide dismutase and other peroxidases).

These regulators include transcription-factors such as NF-κB [268], AP-1 [269], β-catenin 

[270], proliferator-activated receptor γ (PPARγ) [271] and the master regulator NRF2, 

which is a member of the Cap-N-Collar protein family [272]. In addition to several 

enzymes introduced above, other cytoprotective proteins such as heme oxygenase-1 and 

NADPH:quinone oxidoreductase-1 (NQO-1) are under the control of the NRF2/Kelch-like 

ECH-Associated Protein 1 (KEAP1) signaling pathway [273]. Under basal conditions, 

NRF2 is bound in the cytosol to the adaptor protein KEAP1 [274,275]. Here, KEAP1 

serves as an adapter protein linking NRF2 to a cullin-3-mediated ubiquitination and thus 

proteasomal degradation [276]. In addition, activation of NRF2 occurs predominantly by a 

conformational change of KEAP1. Thus, it has been shown that the redox-sensitive cysteine 

residues of KEAP1 are able to react with and oxidize ROS, thereby preventing a cullin-3-

mediated ubiquitination and proteasomal degradation of NRF2 [277]. Moreover, ROS have 

been described to activate specific kinases (PKC, PI3K, MAPK) that phosphorylate NRF2, 

resulting in an attenuation of NRF2-KEAP1 interaction and inhibition of proteasomal 

degradation of NRF2 (Fig. 5) [278,279]. Upon activation, NRF2 shuttles into the nucleus 

and forms a heterodimer with so-called small musculoaponeurotic fibrosarcoma (MAF) 

proteins. This dimer then binds to the antioxidant response element (ARE) in the promoter 

region and enhances target gene expression (Fig. 5) [280].

Metabolic activation of procarcinogens initiated by AHR and downstream CYP1 

monooxygenases is well known to play a significant role in the human body regarding 

the development of malignant diseases. Besides this, several enzyme systems involved in the 

metabolism of xenobiotics initiated by AHR activation lead to the generation of ROS and 

thus to oxidative stress, activating the NRF2-signaling pathway (Fig. 5).

Apart from the described indirect crosstalk of AHR and NRF2 (Fig. 5), Miao and colleagues 

showed that the NRF2 gene is a direct target of the canonical AHR signaling pathway 

containing multiple XREs in its promoter region [281]. Consequently, knockdown of AHR 
results in a decreased expression of NRF2 and thereby attenuates the induction of the 

antioxidant stress response. In contrast to this, it was reported that NRF2 expression and 

activity controls AHR expression [282,283]. Besides this, expression of genes encoding 

phase II detoxifying enzymes are induced in response to various environmental factors 

to counteract the deleterious effects of potentially reactive intermediates. Especially the 

NRF2/KEAP1 signaling pathway is responsible for their induction. However, there appears 

to be some overlap with target genes of AHR that include NQO1 [284], glutathione S-

transferases (GST) [285,286] and some glucuronosyltransferases [287–289]. In addition, 

Tsuji et al. could prove that treatment of keratinocytes with ketoconazole not only results 

in an activation of AHR and the corresponding stimulation of CYP1A1 gene expression 
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but also in an increased induction of NRF2 and NQO1 expression. Interestingly, the NRF2 

activity stimulated by AHR in ketoconazole-treated primary keratinocytes was independent 

of ROS [290]. Instead, an involvement of EGFR, a downstream signal transduction of 

the MEK/ERK signaling pathway and a corresponding phosphorylation of NRF2 and an 

attenuation of the NRF2/KEAP1 interaction was suggested [272]. In addition, in a recent 

study we found that PAHs induce AKR1C3 expression in an AHR-EGFR-, MEK/ERK- 

and NRF2-dependent manner. Specifically, we showed that BaP upregulates AKR1C3 

expression via the AHR-EGFR-NRF2 axis, independently of CYP1A1 activity and the 

associated production of ROS and genotoxic metabolites [48]. But there are also studies 

showing that it is possible to inhibit AHR activity while stimulating the NRF2/KEAP1 

antioxidative system that especially seemed to be important when it comes to metabolic 

activation of PAHs [291–296]. Interestingly, a treatment with chrysoeriol and curcumin 

resulted in an inhibition of CYP1A activities and reduced the formation of DNA-adducts 

induced by BaP metabolites as well as 7,12-dimethylbenz[a]anthracene in MCF-7 breast 

cancer cells [291,292]. Another study demonstrated that curcumin altered BaP-induced 

activation and DNA-binding of AHR. In fact, they observed enhanced NRF2 stimulation and 

an associated increased gene expression of GST and NQO1 with improved detoxification 

of BaP [293]. There are far more publications pointing to this antithetical activation of 

AHR and NRF2. In addition, cinnamaldehyde was shown to have an inhibitory function 

on AHR while having antioxidative capacity, mediated by a stimulation of NRF2 and 

heme oxygennase-1 expression [297]. This described dual function may point to a suitable 

modulation of AHR and NRF2 signaling, probably as a good tool to protect tissues, in 

particular those which are frequently exposed to environmentally or lifestyle-derived AHR 

ligands (e.g. liver and skin) against the metabolic activation and thus tumor-initiating 

potency of pro-carcinogenic chemicals. Beyond that, it might also be beneficial for the 

treatment of disorders related to oxidative stress such as dioxin intoxication, acne and 

vitiligo as suggested by Furue and co-workers [297]. Beside this, others could show that 

ROS inhibits the catalytic activity of CYP1A1 and therefore might inhibit the metabolic 

degradation of AHR ligands. Specifically, it was shown that arsenic-treated mice as well 

as cells and a corresponding increase of ROS resulted in an accumulation of FICZ and an 

accompanied upregulation of Cyp1a1 gene expression [298,299]. In addition, increasing 

ROS levels induced by glutathione deprivation or in the absence of functional NRF2 

correlate with an increased expression and activity of AHR in normal and malignant 

mammary cells. AHR activation thereby fosters the expression of AREG and therefore 

activation of the EGFR. Subsequent experiments revealed that AHR inhibition sensitized 

human breast cancer cells to erlotinib and might be an attractive target to change the 

tumor microenvironment [300]. However, it should be considered that erlotinib itself is a 

substrate for CYP1A1, so inhibition of AHR/upregulation of CYP1A1 might reinforce an 

accumulation of erlotinib and would result in an improved impact of erlotinib [301].

Several MAF-proteins, belonging to the family of leucine zipper nuclear transcription 

factors, were described to have a different impact on transcription of different eukaryotic 

genes. Thereby, it was demonstrated by Dhakshinamoorthy et al. that overexpression of 

c-MAF has a negative influence on the gene expression of ARE mediated detoxifying 

enzymes in HepG2 cells. In particular, it was demonstrated that by forming homodimers 
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or heterodimers with MAFG, c-MAF represses ARE-mediated NQO1 expression [302]. 

Interestingly, an interaction between AHR and c-MAF could also be reported. There, 

Apetoh et al. demonstrated that the AHR interacts with c-MAF to promote IL-27-induced 

differentiation of Type 1 regulatory T cells [79]. For this reason, it might be possible that 

the activity of NRF2 could be influenced by an interaction of AHR and c-MAF. Thus, it 

would be conceivable that other transcription factors and/or signaling pathways may have an 

impact on the interaction of AHR- and NRF2-signaling pathway and not only in terms of the 

antioxidant stress response.

7. The AHR as a ligand-dependent E3 ubiquitin ligase

While the AHR is infamous for its function as a ligand-activated transcription factor, some 

studies regarding the toxicity of dioxins and related compounds have shown that the AHR 

also mediates estrogenic [303,304], anti-estrogenic [305,306] and androgenic effects [307]. 

The underlying mechanisms were unclear and could not be explained exclusively by CYP1-

mediated degradation of steroid hormones or the CYP19A (aromatase)-catalyzed synthesis 

of the estrogen receptor (ER)-ligand 17β-estradiol. In 2003, Ohtake and co-workers showed 

that dioxins exert estrogenic effects through the association of ligand-activated AHR/ARNT 

to unliganded ER [308]. Additionally, Wormke et al. revealed that TCDD induces the 

proteasome-dependent degradation of endogenous ER-α [309]. Based on this observation, a 

novel ubiquitin ligase complex was identified. This complex is initiated by ligand activation 

of the AHR and targets sex steroid receptors [310]. Nevertheless, mechanistic insights into 

the regulation of both AHR functions remained unclear until 2017, when Luecke-Johansson 

and co-workers described how the AHR switches between its functions as a transcription 

factor and an E3 ubiquitin ligase [311].

One of the most important regulators of cellular homeostasis is the ubiquitin proteasome 

system which specifically degrades targeted proteins [312,313]. In a first step, an activating 

enzyme (E1) transfers a ubiquitin molecule to a ubiquitin-conjugating enzyme (E2). 

Ubiquitin protein ligases (E3) recognize specific degradation signals and are therefore 

responsible for substrate specificity. With the help of an E3 ligase, the E2 enzyme conjugates 

one or more ubiquitin molecules to the target protein, followed by proteasomal degradation 

[312,313]. The AHR-associated E3 ligase complex, denoted CUL4BAHR, is composed of 

the scaffold protein Cullin 4B (CUL4B), damaged-DNA binding protein 1, RING-box 

protein 1, transducin-β-like protein 3 and the proteasomal 19S particle [310]. Upon ligand-

activation of the AHR, it initiates assembly of the CUL4BAHR complex and serves as 

a substrate-specific adapter protein within the complex (Fig. 6). Then, the availability of 

ARNT determines the functionality of AHR: when ARNT is available, the AHR functions 

as a ligand-activated transcription factor and activates the canonical AHR signaling pathway. 

However, when ARNT is occupied by other proteins, such as the AHRR, the AHR functions 

as an E3 ligase and induces assembly of the CUL4BAHR complex [311]. Subsequently, 

substrate proteins are targeted for proteasomal degradation (Fig. 6). Target proteins of the 

CUL4BAHR complex include ER-α, ER-β and androgen receptor (AR) [310,314]. It was 

also shown that PPARγ, a transcription factor and important regulator of adipogenesis, 

is targeted by the CUL4BAHR complex for proteasomal degradation [315]. Moreover, 

β-catenin, which is a transcription factor downstream from the WNT signaling pathway, 
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has been reported as target protein [316]. Canonical WNT/β-catenin signaling pathway 

is a key regulator of embryonic development and adult tissue homeostasis [317]. While 

β-catenin degradation by the CUL4BAHR complex was shown in mouse intestine, other 

working groups could not find evidence for β-catenin degradation in mouse hepatoma 

cells despite evidence of physical interaction of AHR and β-catenin. This suggests that 

AHR/β-catenin interaction, or rather the AHR function as an E3 ligase, may not only 

be ligand-dependent but also tissue-specific. Interestingly, the AHR was found to induce 

the ubiquitin-proteasomal and lysosomal degradation of RelA/p65 in mouse peritoneal 

macrophages [140]. However, whether this process involves AHR’s function as a E3 

ubiquitin ligase requires further investigation.

Importantly, upon its ligand-induced nuclear translocation and the subsequent transactivation 

of target genes, AHR itself becomes degraded [318,319]. Even though this has been 

known for many years, details about the degradation process only became evident in 

2021. Rijo and co-workers demonstrated that the CUL4BAHR complex and TCDD-inducible 

poly(ADP-ribose) polymerase collaborate in ligand-induced AHR degradation. Knockdown 

of CUL4B in mouse embryonic fibroblasts partially prevented AHR degradation by TCDD, 

while additional knockdown of TCDD-inducible poly(ADP-ribose) polymerase completely 

abolished ligand-induced AHR degradation [320].

Due to the fact that the canonical transcriptional activity and E3-ligase activity of the AHR 

are in a close relation with each other, it should be considered that molecular targeting 

of the AHR by classical chemical ligands does also affect other signaling pathways, 

such as ER, AR, PPARγ and WNT/β-catenin signaling. A dysregulation of these major 

signaling pathways may contribute to the development of diseases, such as cancer [321–

324]. However, the bifunctionality of the AHR gives rise to the opportunity of utilizing 

the E3 ligase activity of AHR as a new target. Faber et al. summarize the targeted 

modulation of the AHR in inflammatory gastrointestinal indications and give guidance for 

drug development in their latest review [39]. Particularly, the Proteolysis targeting chimera 

(PROTAC) technology is a promising tool that may substitute classical small molecule-based 

inhibitors [39,325,326]. PROTACs are (hetero-)bifunctional molecules consisting of two 

domains that are joined by a linker. One domain interacts with an E3 ubiquitin ligase 

and the other binds the protein of interest (POI), bringing the E3 and POI into spatial 

proximity, resulting in the targeted degradation of the POI by the proteasome [326,327]. 

PROTAC technology even allows the targeting of so far undruggable proteins and, in 

contrast to gene editing approaches, it usually does not cause misinterpretations arising 

from genetic compensation or spontaneous mutations. Just recently, the first PROTACs, for 

instance targeting AR in prostate cancer (ARV-110), ER in breast cancer (ARV-471) and 

Bruton’s tyrosine kinase in B cell malignancies (NX-2127), have entered clinical testing 

in humans [327]. First PROTACs targeting the AHR [328], but also first attempts to use 

the AHR as an E3 ligase to degrade target proteins [329], have already been described. As 

the AHR has been recognized as a pharmacological target by many researchers in recent 

years, approaches such as PROTACs hold great promise for future research of new treatment 

strategies for various diseases.
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8. Conclusion

While the canonical pathway of AHR is well documented, gaps remain in the bigger picture 

of AHR-related crosstalk with other signaling proteins. The multiple non-canonical events 

and functions of AHR are expressed by diverse organ-, tissue- and ligand-specific effects. 

As described in this review article, AHR is indirectly involved in processes concerning 

proliferation, differentiation, apoptosis, adaptation to low oxygen levels, oxidative stress, 

ubiquitination and proteasomal degradation. Even though this already covers a broad 

spectrum of unquestionably relevant functions, even more AHR crosstalk events have been 

observed. One of them is the TGF-β/SMAD pathway which seems to negatively regulate 

canonical AHR signaling [330]. Another interesting non-canonical AHR crosstalk concerns 

the circadian signaling pathways. Here, ligand-activated AHR can influence the amplitude 

and phase of rhythms in circadian clock genes, hormones and behavior [331]. Moreover, 

AHR expression and activity has a critical impact on the self-renewal and maintenance of 

stem cells and their subsequent differentiation in a tissue-specific manner. Specifically, AHR 

controls the expression of several pluripotency factors (e.g. OCT4, NANOG) and interacts 

with multiple signaling pathways (e.g. Wnt/β-catenin, Notch) and epigenetic gene regulatory 

mechanisms (e.g. DNA methylation) [332–334]. However, deepening the knowledge on 

non-canonical AHR signaling and further unravelling the potentially even more faceted 

network following upon AHR activation could contribute to a better understanding of many 

different physiological and pathological processes. Importantly, this would especially benefit 

the development of new AHR-targeted therapeutic approaches.
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Abbreviations:

AHR aryl hydrocarbon receptor

AHRR aryl hydrocarbon receptor repressor

AKR aldo-keto reductase

AP-1 activator protein-1

AR androgen receptor

ARE antioxidant response element

AREG amphiregulin

ARNT aryl hydrocarbon receptor nuclear translocator

BaP benzo[a]pyrene
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BMDC bone marrow-derived dendritic cell

CCL chemokine (C-C-motif) ligand

COX-2 cyclooxygenase-2

CUL4B cullin 4B

CYP cytochrome P450

DC dendritic cell

ECD extracellular domain

EGF epidermal growth factor

EGFR epidermal growth factor receptor

EPO erythropoietin

ER estrogen receptor

FICZ 6-formylindolo[3,2-b]carbazole

GST glutathione S-transferase

HIF-1α hypoxia-inducible factor 1α

HRE hypoxia-responsive element

IDO indolamine-2,3-dioxygenase

IFN interferon

IL interleukin

JAK janus-kinase

KEAP1 Kelch-like ECH-associated protein 1

KYN kynurenine

LPS lipopolysaccharide

MAF musculoaponeurotic fibrosarcoma

MAPK mitogen-activated protein kinase

MMP-1 matrix metalloproteinase-1

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells

NQO1 NADPH:quinone oxidoreductase-1

NRF2 nuclear factor erythroid 2-related factor 2

PAH polycyclic aromatic hydrocarbon
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PCB polychlorinated biphenyl

PHD2 prolyl hydroxylase domain-containing protein 2

PKC protein kinase C

PM particulate matter

POI protein of interest

PPARγ peroxisome proliferator-activated receptor γ

PROTAC proteolysis targeting chimera

ROS reactive oxygen species

RTK receptor tyrosine kinase

SLE systemic lupus erythematosus

STAT signal transducer and activator of transcription

2,4,5-T 2,4,5-trichlorophenol

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

TGF transforming growth factor

Th17 T helper 17 cells

TLR Toll-like receptor

TNF tumor necrosis factor

TPH tryptophan hydroxylase-1

Tregs regulatory T cells

VEGF vascular endothelial growth factor

XRE xenobiotic-responsive element
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Fig. 1. Ligand-activated AHR activates EGFR and downstream signaling.
The ligand-driven dissociation of AHR complex leads to the release of c-Src which can 

(I) directly activate the epidermal growth factor receptor (EGFR) by phosphorylating its 

intracellular domain, and (II) sequentially activate protein kinase C (PKC) and sheddases 

resulting in ectodomain shedding of cell surface-bound EGFR ligands. In addition, nuclear 

AHR transactivates genes encoding EGFR ligands, such as amphiregulin (AREG) and 

epiregulin (EREG) (III). Independently from its mode of activation, i.e. ligand-binding or 

intracellular phosphorylation, the EGFR monomer changes its conformation from tethered to 

untethered and forms a hetero- or homodimer leading to activation of downstream signaling 

pathways like MAPK, PI3K or JAK/STAT.
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Fig. 2. Crosstalk of JAK/STAT and AHR.
AHR and the signal transducer and activator of transcription (STAT) can induce and repress 

each other. The phosphorylated STAT forms a dimer which can translocate into the nucleus 

and induce transcription of target genes including AHR, indoleamine 2,3-dioxygenase (IDO) 

and tryptophan hydroxylase (TPH). IDO and TPH catalyze the metabolism of tryptophan 

(Trp) into kynurenine (KYN) and 5-OH-Trp, respectively, which can serve as AHR agonists. 

AHR activation leads to expression of several cytokines, e.g. IL-2 and IL-6, which bind to 

cytokine receptors and thereby stimulate the sequential phosphorylation of Janus kinases 

(JAK) and STATs resulting in the release of STATs from the cell surface receptor. 

Interestingly, AHR can also form a cytosolic heterodimer with a phosphorylated STAT 

molecule, i.e. STAT, which is thought to repress the formation and nuclear translocation of 

the phosphorylated STAT dimer.
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Fig. 3. Dysregulation of Toll-like receptor responses through AHR signaling.
In the macrophage, interaction between AHR and nuclear factor kappa-light-chain-enhancer 

of activated B cells (NF-κB) can regulate immune response and inflammation via 

transcriptional inhibition and activation of cytokines and chemokines. If the Toll-like 

receptor (TLR) is bound by ligands or pathogens it leads to the nuclear translocation of 

NF-κB, whereas ligand-binding of AHR leads to the nuclear translocation of AHR. When 

both NF-κB and AHR are activated, a dysregulation of transcription of cytokines can occur, 

e.g. leading to an increase of interleukin (IL)-1β and -8 and a decrease of IL-12A and -6. 

This favors occurrence of chronic inflammatory and infectious diseases.
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Fig. 4. Crosstalk of HIF-1α and AHR.
Activated AHR and hypoxia-inducible factor 1 alpha (HIF-1α) both translocate into the 

nucleus and dimerize with ARNT which results in binding to either xenobiotic response 

elements (XRE) or hypoxia responsive elements (HRE) in the enhancer/promoter region of 

respective target genes. Under normoxic conditions, prolyl hydroxylase domain-containing 

protein 2 (PHD2) executes hydroxylation of HIF-1α resulting in constant proteasomal 

degradation of HIF-1α. Under hypoxia, HIF-1α can accumulate and then translocate into 

the nucleus where it then dimerizes with ARNT. Depending on cell-type and tissue, a 

competition for ARNT may result in the suppression of the AHR pathway when the HIF-1α 
pathway is activated or vice versa.
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Fig. 5. NRF2-AHR-crosstalk.
Ligand-activation of AHR results in its nuclear translocation where it dimerizes with 

ARNT and, amongst others, induces the transcription of xenobiotic-responsive element 

(XRE)-regulated phase I and II detoxifying enzymes, and NRF2. Phase I detoxifying 

enzymes convert AHR ligands into reactive metabolites which again can lead to the 

formation of reactive oxygen species (ROS). ROS can trigger the dissociation of the 

cytosolic NRF2-KEAP1-complex resulting in the nuclear translocation of NRF2 and 

its subsequent dimerization with small Maf proteins. This results in the expression of 

antioxidative response elements (ARE)-controlled phase II detoxifying enzymes, as well 

as AHR. Moreover, the AHR and NRF2 target gene batteries partially overlap, the gene 

expression of NQO1, GST or UGT1A1, for instance, is under control of both pathways.
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Fig. 6. AHR acts as a ligand-dependent E3 ubiquitin ligase.
Upon ligand-activation, AHR and the E3 ubiquitin ligase Cullin 4B (CUL4B) can from 

a cytosolic complex which ubiquitinates and thereby targets various proteins, including 

androgen receptor (AR), estrogen receptor (ER), peroxisome proliferator-activated receptor 

γ (PPARγ) and β-catenin, to proteasomal degradation. This process presumably takes place 

when the AHR binding partner ARNT is absent.

Sondermann et al. Page 50

Biochem Pharmacol. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	EGFR signaling pathways
	Pathological consequences of crosstalk between AHR and EGFR

	JAK/STAT pathway
	The NF-κB family signaling pathway and crosstalk with AHR
	Dysregulation of Toll-like receptor responses through AHR signaling
	Consequences of AHR and NF-κB interaction in pathology

	HIF-1α and AHR: Interdependence and crosstalk
	NRF2 signaling
	The AHR as a ligand-dependent E3 ubiquitin ligase
	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.



