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ABSTRACT
The aryl hydrocarbon receptor (AhR) is a ligand-activated tran-
scription factor, expressed in several tissues and involved in the
response to environmental stressors. Studies have already asso-
ciated exposure to environmental factors, such as organic air pol-
lutants, products of the skin microbiota, and solar radiation, with
the development/worsening of skin conditions, mediated by AhR.
On the other hand, recent studies have shown that synthetic and
natural compounds are able to modulate the activation of some
AhR signaling pathways, minimizing the harmful response of these
environmental stressors in the skin. Thus, AhR constitutes a new
therapeutic target for the prevention or treatment of skin condi-
tions induced by the skin exposome. Herein, an overview of po-
tential AhR ligands and their biologic effects in environmentally
induced skin conditions are presented. The literature survey
pointed out divergences in the mechanism of action from a thera-
peutic perspective. Although most studies point to the benefits of
ligand downregulation of AhR signaling, counteracting the toxic
effects of environmental factors on the skin, some studies suggest

the AhR ligand activation as a therapeutical mechanism for some
skin conditions. Furthermore, both agonist and antagonist profiles
were identified in the AhR modulation by the synthetic and natural
compounds raised. Despite that, this target is still little explored,
and further studies are needed to elucidate the molecular mecha-
nisms involved and identify new AhR ligands with therapeutic
potential.

SIGNIFICANCE STATEMENT
The aryl hydrocarbon receptor (AhR) is involved in different skin
physiological and pathological processes, including toxic mecha-
nisms of environmental factors. Synthetic and natural AhR ligands
have demonstrated therapeutic potential for skin conditions in-
duced by these agents. Thus, a comprehensive understanding of
the skin toxicity mechanisms involving the AhR, as well as the use
of AhRmodulators from a therapeutic perspective, provides an al-
ternative approach to the development of new treatments for skin
disorders induced by the exposome.

Introduction
The aryl hydrocarbon receptor (AhR) is a ligand-activated

transcription factor composed of multiple functional domains
that plays a key role in the response to environmental ag-
gressors (Soshilov and Denison, 2014; Esser and Rannug,

2015; Vogeley et al., 2019). In humans, it is expressed in sev-
eral tissues, mainly in barrier organs, such as the skin,
intestines, and lungs (Esser and Rannug, 2015).
The skin is a barrier organ constantly affected by environmen-

tal factors (Krutmann et al., 2021). Some authors have defined
“skin exposome” as the total environmental exposures an indi-
vidual undergoes throughout life that can induce or modify skin
conditions (Krutmann et al., 2017a; Passeron et al., 2020).
Among the exposome factors are organic air pollution, UV radia-
tion (UVR), and the skin microbiome (through its metabolites)
(Furue et al., 2014; Vogeley et al., 2019).
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Studies have shown that AhR is involved in the pathogene-
sis of several skin conditions, many of them induced by exter-
nal factors (Haarmann-Stemmann et al., 2012; Napolitano
and Patruno, 2018). On the other hand, recent works have
shown that synthetic and natural compounds are able to
modulate AhR activation, minimizing its harmful response to
the skin (Tigges et al., 2014; Cernuda and Clement, 2021;
Kim et al., 2019b; Zamarr�on et al., 2019; Kallimanis et al.,
2022).
AhR is a still poorly explored therapeutical target for the

prevention or treatment of skin conditions, and further stud-
ies are needed to discover new ligands with therapeutic po-
tential. Therefore, the present review provides an overview of
the role of AhR in skin physiologic and pathologic processes,
the toxic mechanism of exposome factors through the AhR
pathway, and, finally, discusses the use of synthetic compounds
and natural extracts that potentially modulate AhR activation
as therapeutical alternatives for skin disorders induced by
environmental factors.

The AhR and Its Mechanism of Ligand
Activation

The existence of AhR was first suggested in research on the
induction mechanism of the cytochrome P450 enzymes expres-
sion by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). These find-
ings led to the hypothesis that cytochrome P450 1A1 (CYP1A1)
induction could be mediated by a receptor responsible for
dioxin recognition (Nebert, 2017).
The human AhR has 848 amino acids, containing a basic

helix-loop-helix (bHLH) domain and two Per-Arnt-Sim (PAS)
subdomains. The PAS-A is involved in aryl hydrocarbon receptor
nuclear translocator (ARNT) dimerization and cytosolic complex
interaction, whereas PAS-B is the ligand-binding domain (Haar-
mann-Stemmann et al., 2012). It also has a transactivation do-
main, responsible for the transcription coactivator interactions
(Schulte et al., 2017). Figure 1 shows the functional domains
of AhR with their respective chain position and function.
When inactive in the cytoplasm, AhR constitutes a multipro-

tein complex, responsible for maintaining the three-dimen-
sional structure of the receptor, protecting it from degradation
and allowing proper recognition by ligands (Esser and Rannug,
2015). Some studies have suggested that the proto-oncogene
tyrosine-protein kinase c-Src (c-Src) would also be a component
of the cytosolic complex, and upon AhR ligand activation, this
enzyme would participate in the nongenomic signaling path-
way (Rothhammer and Quintana, 2019; Vogeley et al., 2019).

This complex dissociates upon a ligand interaction (agonist),
leading to conformational changes and migration of the
ligand-AhR complex to the nucleus, carried by transportins,
where it dimerizes with ARNT. Then, the AhR-ARNT struc-
ture binds to xenobiotic responsive elements (XREs) in the
promoter of target genes (Bisson et al., 2009).
Among cellular responses resulting from the XREs activation,

there is an increase in the expression of cytochrome P450
enzymes, especially CYP1A1 (Liu et al., 2020). As an effect of
the increase in CYP1A1, we can mention the formation of
reactive oxygen species (ROS) from metabolites of polycyclic
aromatic hydrocarbons. These compounds can induce inflam-
matory mediators and direct DNA damage, which ultimately
leads to carcinogenesis (Tsuji et al., 2011; Vogeley et al.,
2019).
AhR has also been shown to interact with other transcription

factors, including nuclear factor j B (NF-jB), nuclear factor
erythroid 2–related factor 2 (Nrf2), and estrogen and androgen
receptors, leading to disturbances in the AhR-independent
genes expression. This mechanism is also known as the nonca-
nonical pathway (Bock, 2019).
The AhR activation leads to a nongenomic response, trigger-

ing an inflammatory cascade initiated by the rapid cytosolic
Ca21 increase and activation of c-Src, which stimulates the epi-
dermal growth factor receptor (EGFR) pathway, increasing
cyclooxygenase-2 (COX-2) expression, with the consequent syn-
thesis of prostaglandins (Esser and Rannug, 2015) as shown in
Fig. 2. The relationship between AhR activation and the induc-
tion of these markers was proven by studies with AhR-deficient
mice exposed to AhR ligands. The expression of CYP1A1 and
COX-2 was shown to be reduced (Fritsche et al., 2007).
Some ligands can bind to the PAS-B domain, leading to dif-

ferent conformational changes in protein structure and trig-
gering distinct responses. After an antagonist binding, for
example, the receptor remains inactive in the cytoplasm
(Soshilov and Denison, 2014).
It should be noted that an antagonist does not exclude

the AhR physiologic role; therefore, the antagonist-receptor
complex is not the same as the AhR absence. The antago-
nist is unlikely to disturb the AhR cytosolic protein
complex, which has physiologic importance (Smith et al.,
2011).
Despite having been initially identified as a transcription

factor that mediates xenobiotics toxicity, AhR exhibit a
highly complex role, being involved in several physiologic and
pathologic processes. Although its knowledge has expanded
in recent years, there is still much to be elucidated about its
signaling and ligand modulation (Esser et al., 2018).

Fig. 1. Functional structure of AhR containing a ba-
sic helix-loop-helix (bHLH) domain, Per-ARNT-Sim
(PAS-A and PAS-B) domains, and transactivation do-
main (TAD), with their respective positions and func-
tions. Numbers at the domain boundaries refer to the
amino acids order.
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Role of AhR in Skin Physiologic and Pathologic
Processes

In the skin, the AhR activation constitutes a common
mechanism of action for several environmental factors.
AhR ligands can originate from airborne particulate mat-
ter, from skin microbiota metabolites, or can also be formed
in situ from UV radiation (Esser and Rannug, 2015). AhR
signaling in the skin interferes with barrier function, cell
differentiation, and skin pigmentation, in addition to medi-
ating oxidative and inflammatory stress, which leads to
other harmful effects (Esser and Rannug, 2015; Schalka
et al., 2022).
All skin cell types express the AhR and, therefore, may

respond to environmental or endogenous ligands. These li-
gands can affect AhR activity in the skin not only through
topical exposure but also systemically (Vogeley et al.,
2019). Figure 3 summarizes the environmental factors
that impact the skin via AhR and the potential consequen-
ces of this pathway activation. AhR induces oxidative
stress and inflammatory responses, which can negatively af-
fect the skin, resulting in pigmentation disorders; skin aging
due to the degradation of extracellular matrix elements; and
aggravation of inflammatory conditions such as acne, psoria-
sis, eczema, dermatitis, and skin sensitivity, and even pro-
motes cutaneous carcinogenesis (Richard et al., 2019; Vogeley
et al., 2019).
The diversity of AhR-mediated responses in different

skin cells makes it an interesting therapeutical target that
is being increasingly investigated (Haarmann-stemmann
et al., 2015; Napolitano and Patruno, 2018).

External Factors That Activate the AhR
Pathway

Organic Air Pollutants. According to the World Health
Organization, about 92% of the world's population lives in cities
with air pollution levels above adequate health limits (https://
www.who.int/news/item/27-09-2016-who-releases-country-
estimates-on-air-pollution-exposure-and-health-impact).
Air pollutants can be classified into particulate matter

(PM) and gases. Particulate matter can be divided according
to the particle diameter into coarse particles, PM 10 (between
10 and 2.5 mm); fine particles, PM 2.5 (between 2.5 and
0.1mm); and ultrafine particles, PM 0.1 (<0.1 mm), which is
mostly composed of organic substances (Kim et al., 2016).
The smaller the particle, the greater the risk to human
health (Krutmann et al., 2014).
Among the organic substances that compose the particles,

there are polycyclic aromatic hydrocarbons, such as benzo[a]-
pyrene (BaP), and persistent organic pollutants. The most
studied persistent organic pollutants are dioxins, benzofur-
ans, and polychlorinated biphenyls, also called dioxin-like
(Mancebo and Wang, 2015). All of these pollutant classes
have already been studied and demonstrated AhR ligand
activity (Kampa and Castanas, 2008).
Several studies have demonstrated the deleterious effects

of these organic pollutants on the skin, impacting health and
quality of life (Krutmann et al., 2014; Mancebo and Wang,
2015; Kim et al., 2016). Pollutants affect the incidence of
inflammatory diseases such as atopic dermatitis, skin sensitiv-
ity (Hidaka et al., 2017), and acne (Krutmann et al., 2017b;
Dr�eno et al., 2018; Liu et al., 2018); pigmentation disorders
(Nakamura et al., 2015; H€uls et al., 2016; Grether-Beck et al.,
2018); and skin aging (Krutmann et al., 2017a; Krutmann
et al., 2021), and also the development of skin cancer (Baudouin
et al., 2002; Vogeley et al., 2019).

Fig. 3. Summary of external factors that activate the AhR pathway
and the potential consequences of this activation in the skin. Organic
air pollutants, UV radiation, and cutaneous microbiota metabolites
may induce oxidative stress and inflammatory responses in the skin
through activation of the AhR pathway. It may lead to pigment disor-
ders; skin aging; and aggravation of inflammatory conditions such as
acne, atopic dermatitis, psoriasis, and sensibility, as well as skin carci-
nogenesis process.

Fig. 2. Simplified representation of intracellular AhR signaling. Upon
interaction with an agonist ligand, the receptor detaches from the cyto-
plasmatic protein complex, translocates to the nucleus, and dimerizes
with ARNT, binding to XREs, thus promoting transcription of target
genes, such as CYP1A1. AhR ligand activation also triggers c-Src tyro-
sine kinase signaling, leading to the expression of independent AhR
genes, such as COX-2. Together, these signals promote oxidative stress
and inflammation, among other responses. DXN, dioxin; HSP90,
90-kDa heat shock protein; MLZ, malassezin; P23, P23 cochaperone;
PAH, polycyclic aromatic hydrocarbon; XAP2, X-associated protein 2.
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Despite the fact that high acute exposure to organic pollu-
tants causes marked damage to the skin, chronic exposure to
environmental levels of these ligands also exhibits deleterious
effects on the skin as described in epidemiologic studies (H€uls
et al., 2016; Liu et al., 2018).
TCDD-exposed melanocytes showed a raised melanin content

due to increased tyrosinase and tyrosinase-related protein-2
[(TYRP-2); or dopachrome tautomerase (DCT)] expression, indi-
cating that AhR can modulate melanogenesis (Luecke et al.,
2010). This helps to explain the hyperpigmentation seen in indi-
viduals after high exposure to organic pollutants as evidenced in
dioxin accidents (Furue and Tsuji, 2019; Vogeley et al., 2019). A
large epidemiologic study has linked this effect on melanocytes
to normal exposure conditions, noting the correlation between ex-
posure to traffic pollutants and lentigo formation in Caucasians
and Asians (H€uls et al., 2016).
Environmental pollutants also trigger cellular oxidative

stress in the skin via AhR activation (Richard et al., 2019).
The CYP1A1 enzyme overexpressed by active AhR can lead to
the generation of ROS and toxic metabolites such as 7,8-dihy-
droxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE), a
BaP metabolite that can form DNA adducts, promoting muta-
tions (Richard et al., 2019). ROS accumulation in cells also
causes DNA damage and immune system disruption and trig-
gers an inflammatory cascade (Rothhammer and Quintana,
2019; Vogeley et al., 2019).
Cutaneous oxidative stress also increases the expression of

matrix metalloproteinases (MMPs) that degrade collagen,
thus leading to skin aging. ROS activates the signaling path-
way of mitogen-activated protein kinases (MAPKs), inducing
several transcription factors, such as NF-jB and activator
protein 1 (AP-1). As a result, there is an increase in the syn-
thesis of MMPs, mainly MMP-1, MMP-2, MMP-3, and MMP-9
(Tsai et al., 2014).
Furthermore, AhR signaling by pollutants triggers inflam-

matory cascades, leading to an increase in COX-2 and cyto-
kines such as tumor necrosis factor-a (TNF-a), IL-1a, IL-8,
and prostaglandin E2 (PGE-2) (Kim et al., 2016). A study
showed that BaP promotes a dose-dependent increase in
ROS and IL-8 in keratinocytes, and AhR silencing reduces
these markers induced by BaP, indicating that this response
involves the AhR receptor (Tsuji et al., 2011).
In vitro (human keratinocytes) and in vivo (mice) studies

have shown that exposure of keratinocytes to particulate
matter (PM 10) leads to increased COX-2 expression and
PGE-2 synthesis, as well as reduced levels of filaggrin, dis-
rupting the skin barrier. They also showed that pretreatment
with an AhR antagonist had a protective effect against these
changes (Lee et al., 2016).
The impact of air pollution on atopic dermatitis (AD) was

also investigated. The artemin gene, responsible for epider-
mal hyperinnervation (hypersensitivity to pruritus), has been
shown as an AhR target gene. Epidermal levels of CYP1A1
and artemin were significantly higher in atopic patients com-
pared with healthy patients (Furue, 2020). Therefore, pollu-
tants may exacerbate AD symptoms by direct activation of
AhR (Hidaka et al., 2017; Furue, 2020).
UV Radiation. Solar radiation is known to be one of the

main causes of skin damage. The mechanism of this damage
varies from direct action on DNA to the formation of ROS,
causing oxidative stress (Passeron et al., 2020).

UV radiation mechanism of action was initially demon-
strated in studies with rats, where tryptophan photoproducts
showed high AhR affinity. Subsequently, the chemical struc-
ture of the photoproducts 6,12-di-formyl indole [3,2-b] carbazole
and 6-formyl indole [3,2-b] carbazole (FICZ) were identified.
In 2007, FICZ formation was observed in UVB-irradiated kera-
tinocytes, leading to both genomic and cytoplasmatic AhR
responses, with CYP1A1 increase, and c-Src, EGFR and MAPK
signaling that subsequently leads to COX-2 increase (Fritsche
et al., 2007). A mouse study confirmed this UVB-induced signal-
ing, showing the impairment of the response to UV radiation in
AhR knockout animals (Rannug, 2010).
Recently, it was also observed that FICZ, on a nanomolar

level, enhances the UVA-induced oxidative stress in the skin,
demonstrating its photosensitizing action on keratinocytes
associated with UVA, which results in DNA damage and cell
death (Park et al., 2015). Thus, in addition to being gener-
ated in situ from UVB radiation, FICZ acts synergistically
with UVA radiation, enhancing epidermal oxidative stress.
The involvement of AhR in UVB-induced skin pigmentation

was also studied. A study of UVB-exposed mice demonstrated
significantly less pigmentation in AhR-deficient animals than
in wild-type mice. AhR knockout animals also showed reduced
tyrosinase activity in melanocytes but no change in melano-
genic factors release by keratinocytes. It suggests that UVB
melanogenesis induction mediated by AhR occurs directly on
melanocytes (Jux et al., 2011).
Therefore, AhR is involved in UVR-induced modulation of

different processes in the skin, such as oxidative stress, DNA
damage, inflammation, melanogenesis, and apoptosis, thereby
contributing to skin photocarcinogenesis between other out-
comes (Fritsche et al., 2007; Jux et al., 2011; Szelest et al.,
2021).
Skin Microbiome. Healthy human skin has its surface

colonized by a diversity of microorganisms, which generally
coexist harmoniously. The set of these microorganisms is known
as the skin microbiome, and its composition varies according to
pH, humidity, and sebum production. External factors such as
lifestyle habits add to genetic predispositions, shaping the indi-
vidual's skin microbiome (Polak-Witka et al., 2020).
Staphylococcus epidermidis is a gram-positive bacteria

member of the human skin microbiota, which has been shown
to play an important role in cutaneous innate defense. It has
been reported that AhR is crucial for the S. epidermidis–
mediated responses in keratinocytes, although it remains to
be shown which compounds are released by S. epidermidis
and if they directly bind to AhR (Rademacher et al., 2019).
Yu et al. (2019) reported that indole-3-aldehyde (IAId), a

tryptophan-derived AhR ligand produced by the skin micro-
biome, attenuates AD-like dermatitis through the inhibition
of thymic stromal lymphopoietin (TSLP) expression, an in-
flammatory cytokine overexpressed in keratinocytes of AD
patients. Due to an imbalanced skin microbiome, a reduced
level of IAId may lead to skin inflammation in AD patients.
Thus, these results suggest that a deficiency of AhR ligands
produced by the microbiome may influence inflammatory
skin diseases such as AD (Yu et al., 2019).
Therefore, AhR seems not only to sense environmental tox-

ins but also participates in skin-microbiome interactions, and
understanding the molecular mechanism whereby commensal
bacteria modulate host defense may provide novel strategies
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for the prophylaxis or treatment of cutaneous skin conditions
(Rademacher et al., 2019; Yu et al., 2019; Szelest et al., 2021).
Yeasts of the Malassezia genus are one of the only eukaryotic

microorganisms belonging to the skin microbiome and can
become pathogenic under specific conditions (Gaitanis et al.,
2012). Malassezia furfur (formerly Pityrosporum ovale) is a
lipid-dependent species associated with cutaneous pathologies
such as pityriasis versicolor, seborrheic dermatitis, and psoria-
sis (Gaitanis et al., 2012; Mexia et al., 2016). M. furfur produces
indole metabolites from L-tryptophan, with potent AhR agonist
activity. This amino acid is strongly present in sweat, suggest-
ing that these compounds are largely produced and released by
the yeast on the colonized surfaces, especially the scalp (Furue
et al., 2014).
The AhR involvement in Malassezia-induced skin diseases

is supported by studies that detected active metabolites, such
as malassezin, ptiriacitrin, ptiriazepin, indirubin, triptantrin,
and FICZ, in M. furfur strains obtained from patients’ skin
samples (Mexia et al., 2016).
Indeed, metabolites such as malassezin and ptyriacitrin

were identified in the skin of patients with seborrheic dermati-
tis and were virtually undetected in healthy subjects (Gaitanis
et al., 2012). They have also been identified in Malassezia-
containing pityriasis versicolor lesions. It has been shown
that, in the presence of malassezin, melanocytes undergo
apoptosis, which may explain the depigmented areas in
this pathology (Kr€amer et al., 2005; Magiatis et al., 2013).
Regarding scalp psoriasis, the rate of Malassezia-positive

cultures was higher in psoriatic patients compared with healthy
subjects. Refractory scalp psoriasis successfully treated with
imidazoles corroborates the role of Malassezia in the exacerba-
tion of the disease (Polak-Witka et al., 2020). On the other
hand, studies show improvement in psoriatic plaque treated
with indigo naturalis (Strobilanthes formosanus Moore), which
contains indole compounds indigo and indirubin, also produced
by the yeast (Lin et al., 2008). Malassezia also seems to be in-
volved in “head and neck” atopic dermatitis in adults who
respond to antimycotic therapy and exhibit Malassezia anti-
bodies circulating. Although the suggested mechanism does
not involve AhR activation by metabolites, studies are needed
to confirm or discard the AhR pathway involvement in inflam-
matory signaling (Vijaya Chandra et al., 2021).
Therefore, as AhR activation can trigger opposite responses,

such as melanogenesis by TCDD and melanocyte apoptosis by
malassezin, and the role of these indole microbiota metabolites
on the AhR pathway is still not entirely clear. Further studies
are needed to elucidate its mechanisms in cutaneous patho-
physiology and to investigate the potential of AhR as a
therapeutical target for pathologies associated with the skin
microbiome.

AhR Modulation as a Therapeutic Target for
Skin Conditions

The diversity of AhR-mediated responses from the binding
of endogenous and exogenous compounds makes it a poten-
tial therapeutic target for cutaneous conditions (Napolitano
and Patruno, 2018), immunologic diseases (Rothhammer and
Quintana, 2019; Hui and Dai, 2020), and even cancer pro-
gression (Safe et al., 2017; Yang et al., 2019).

This has led to a growing search for effective and safe AhR
modulators, although data are still contradictory regarding
the positive effect of AhR activation/inhibition (Haarmann-
Stemmann et al., 2012; Napolitano and Patruno, 2018).
Some synthetic and natural compounds are known to inter-

act with AhR, leading to the inhibition of its genomic signaling
and thus acting as antagonists. Currently, the most well ac-
cepted mechanism is that by competing with agonists for recep-
tor interaction and opposing its cell signaling, these
compounds minimize the negative impact of external factors
mediated by AhR on the skin. In general, the use of AhR li-
gands aims to modulate receptor activation so that physiologic
effects are maintained and toxic effects suppressed (Esser and
Rannug, 2015).

AhR Modulation by Synthetic Compounds

So far, to our knowledge, there is only one synthetic com-
pound developed for topical use targeting AhR modulation.
E/Z-2-Benzylidene-5,6-Dimethoxy-3,3-Dimethylindan-1-one
(BDDI), patented as SymUrban (Symrise, Holzminden,
Germany), was tested on keratinocytes and in the skin of vol-
unteers showing to be safe and effective in preventing AhR-
mediated skin damage by pollutants and UV radiation
(Tigges et al., 2014).
The compound was not cytotoxic in keratinocytes in the con-

centration range studied and showed a reduction in CYP1A1
expression induced by BaP, FICZ, or UVB with BDDI pretreat-
ment in a concentration-dependent manner. It was observed
that the BDDI pretreatment effect is temporary since it is ef-
fective before 1 hour but ineffective before 24 hours. It also
showed effectiveness when applied after UVB irradiation, con-
firming its action as AhR modulation, not as a UVR filter. In
addition, the coexposure to BDDI with TCDD or FICZ pre-
vented the AhR binding to XREs, evidencing the BDDI activity
as an AhR competitive antagonist (Tigges et al., 2014). Finally,
the in vivo protective effect of a formulation containing 0.5%
BDDI on UV-induced expression of CYP1A1, COX-2, and
MMP-1 in the skin of healthy volunteers treated 4 days before
irradiation was investigated. The formulation was able to pre-
vent the increase of these markers induced by radiation, evidenc-
ing its potential for “antiphotopollution” cosmetic formulations
(Tigges et al., 2014).
Some works investigated the action of other synthetic com-

pounds in the modulation of AhR, suggesting a possible thera-
peutic potential, but they were not specifically tested in skin
assays. An example is 2-methyl-2H-pyrazolo-3-carboxylic acid
(2-methyl-4-o-tolylazo-phenyl)-amide (CH223191), a dioxin-
selective AhR antagonist (Kim et al., 2006). Leflunomide, an
anti-inflammatory drug used in the treatment of rheumatoid
and psoriatic arthritis, exhibits an AhR agonist activity (O’Donnell
et al., 2010). The 1-allyl-7-trifluoromethyl-1H-indazol-3-yl]-4-
methoxy phenol (SGA 360) showed anti-inflammatory activity
through selective modulation of the AhR (Murray et al., 2010).
The N-(2-(1H-indol-3-yl)ethyl)-9-isopropyl-2-(5-methyl pyridin-
3-yl)-9H-purin-6-amine (GNF351) was described as a “pure”
nonselective antagonist (Smith et al., 2011). Recently, thiazoli-
dinediones exhibited activity as AhR ligands (Liu et al., 2020).
These findings suggest that AhR modulation by synthetic

substances, already approved for different purposes, constitutes
a potential therapeutic strategy in several conditions, including
the skin. The AhR-selective activation or inhibition is desired
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according to the mechanism involving each disease. Thus, fur-
ther studies may help to understand the molecular interaction
of active compounds with AhR to characterize them as safe and
effective AhR modulators to the skin.

AhR Modulation by Natural Compounds

Naturally occurring AhR ligands mainly belong to the gen-
eral class of polyphenols (Xue et al., 2017; Yang et al., 2019).
Studies on the different effects of polyphenols on the AhR
modulation were extensively reviewed by Xue et al. (2017).
Both agonist and antagonist actions were identified in these
ligands, and both may be interesting from a therapeutic per-
spective, according to the pathology, evidencing the pathway
complexity (Xue et al., 2017).
Recently, the potential of isolated natural compounds or

polyphenol-rich extracts has been demonstrated in the modu-
lation of several environmentally induced skin disorders as
shown in the following studies.
Flavonoids. Flavonoids are a class of polyphenolic com-

pounds derived from plant secondary metabolism whose health
benefits, especially their antioxidant and anti-inflammatory
activities, are widely recognized (Jin et al., 2018). Several
components of this class, such as chrysin, luteolin, apige-
nin, quercetin, rutin, galangin, Baicalein, and Kaempferol,
have already demonstrated AhR ligand activity (Xue et al.,
2017; Jin et al., 2018; Goya-Jorge et al., 2021).
An example is eupafolin, a flavonoid obtained from Phyla no-

diflor leaves, which has been shown to reduce inflammatory
(COX-2 and PGE-2) and oxidative (ROS, NADPH oxidase)
markers in pollutant-exposed keratinocytes. The study con-
firmed that topical treatment with eupafolin inhibits pollutant-
induced COX-2 expression (Lee et al., 2016b). Although the au-
thors did not suggest AhR as a molecular target of eupafolin,
they have demonstrated that its anti-inflammatory effects are
related to MAPK and NF-jB signaling reduction, which are
pathways involved in the AhR activation (Kim et al., 2016).
Afzelin is a Kaempferol-derived flavonoid, from Thesium

chinense, with anti-inflammatory, antibacterial, and antican-
cer properties described. Afzelin was able to inhibit the syn-
thesis of IL-1a in particulate matter–exposed keratinocytes.
This compound reduced ROS generation and p38 MAPK acti-
vation, and, once again, the AhR pathway was not addressed,
although this is a possible afzelin mechanism of action (Kim
et al., 2019a).
Green tea (Camellia sinensis) is another rich source of poly-

phenols that has been commercially used. Among its major
components are epigallocatechin and epigallocatechin gallate
(EGCG), which belong to the family of flavonoids (Boo, 2019).
Previous studies have shown that both the extract and the
isolated catechins are able to prevent AhR activation in vitro
(Palermo et al., 2003). Recently, EGCG showed a protective
effect against particulate matter–induced damage in keratino-
cytes, reducing ROS generation, and TNF-a, IL-1b, IL-6, IL-8
and MMP-1 expression (Seok et al., 2018). Another study has
confirmed the EGCG protective effect on fibroblasts, also
exposed to particulate matter, reducing MMPs and NF-jB
expression via MAPKs and increasing cell viability (Wang
et al., 2019). Such results have suggested EGCG as a potential
antipollution active compound for topical use, and although it
was not directly demonstrated by these studies, its mechanism
of action may involve AhR modulation.

Stilbenes. Stilbenes are a class of polyphenols whose AhR
activity has been investigated in skin conditions. Resveratrol
is the best-known compound in the class, and its high antiox-
idant activity is recognized and widely used by the cosmetic
industry (Ratz-Łyko and Arct, 2019).
Resveratrol reduced AhR activation and pollutant-induced

ROS generation in keratinocytes, thus inhibiting subsequent
responses through COX-2, PGE2, MMP-1, MMP-9, and IL-8
markers (Shin et al., 2020). In another study, resveratrol re-
stored survival rates of pollution-exposed keratinocytes, re-
ducing ROS and IL-6 levels. However, AhR involvement was
not directly investigated (Boo, 2019). Previous studies have
shown the protective effect of resveratrol in other tissues ex-
posed to pollutants (BaP) by AhR pathway modulation (Revel
et al., 2001, 2003).
Tapinarof (GSK289451) is a stilbene produced by an ento-

mopathogenic nematode symbiotic bacteria, whose topical ap-
plication was effective in the treatment of inflammatory skin
conditions such as psoriasis and AD, both in preclinical and
clinical studies (Smith et al., 2017; Peppers et al., 2019; Rob-
bins et al., 2019). Tapinarof was able to control proinflamma-
tory cytokine expression (such as IL-17A) in lymphocytes and
skin explants and increases the expression of filaggrin, hor-
nerin, and involucrin, involved in skin barrier function. It
promotes AhR nuclear translocation in keratinocytes and in-
creases CYP1A1 expression in skin explants and CD41 T
cells in a dose-dependent manner. Such properties are AhR
mediated since the compound potently interacts with the
receptor compared with resveratrol, and tests with mice
showed that Tapinarof was able to protect the skin from imi-
quimod-induced inflammation, but this effect was not ob-
served in AhR knockout animals, confirming its mechanism
of action (Smith et al., 2017).
Tapinarof also has antioxidant properties, as well as sev-

eral polyphenols, and the ability to activate the Nrf2 path-
way, which other AhR agonists (such as TCDD) cannot do,
indicating that AhR/Nrf2 dual activation may be the key to
the differential therapeutic role of AhR agonists such as tapi-
narof versus toxicants, such as organic pollutants (Smith
et al., 2017).
In addition, other polyphenols have already been studied

for AhR action in other cellular assays than the skin and,
consequently, may also be promising in future investigations
for cutaneous use. Among them are quercetin (Ramadass
et al., 2003), harmaline and harmalol (El Gendy et al.,
2012), Ginsenosides (Hu et al., 2013), curcumin and deriva-
tives (Nakai et al., 2018), and others.
Natural Extracts. Camellia japonica flower extract has

demonstrated a protective effect of pollutant-induced damage
on fibroblasts, preventing MMP-1 expression and AhR activa-
tion, and also exhibits antioxidant activity. The extract was
standardized in gallic acid, but the phenolic composition was
not determined, so the extract efficacy was not attributable
to the interaction of a specific AhR ligand (Kim et al., 2019b).
Despite that, studies indicate that the extract contains flavo-
noids, such as quercetin and rutin, whose AhR modulation
has already been reported (Xue et al., 2017; Boo, 2019).
Pycnogenol (Horphag Research, Geneva, Switzerland) is

a standardized extract of the bark of Pinus pinaster,
mainly composed of catechin and epicatechin, indicating
that its mechanism of action on the skin may occur through
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TABLE 1
Overview of potential AhR ligands and their biologic effects in environmentally induced skin conditions

Compound Experimental Model Biologic Result Ref

Synthetic Compound
BDDI Keratinocytes (NHEK);

keratinocytes (HaCaT);
human skin Biopsies

(in vivo Topical
treatment).

Reduction of BaP-, FICZ-, and
UVB-induced CYP1A1 expression

in a dose-dependent manner;
BDDI coexposure with TCDD or

FICZ prevented AhR/ARNT
binding to XREs;

In vivo reduction of UVB-induced
expression of CYP1A1, COX-2, and

MMP-1.

Tigges et al.,
2014

Natural compounds
Eupafolin Keratinocytes (HaCaT);

Topical treatment of
BALB/c nude mice

(in vivo).

Inhibition of PM-induced
intracellular ROS, NADPH oxidase

activity, COX-2 and PGE2
expression, and MAPK and NK-jB

activation;
In vivo inhibition of COX-2

expression in PM-treated mice.

Lee et al., 2016a

Afzelin keratinocytes (HaCaT); Inhibition of PM-induced
intracellular ROS, p38 MAPK, AP-
1 activation, and IL-1a expression.

Kim et al., 2019a

EGCG Primary human
epidermal

keratinocytes

Inhibition of PM-induced
intracellular ROS, and TNF-a, IL-

1b, IL-6, IL-8 and MMP-1
expression.

Seok et al., 2018

Human dermal
fibroblasts (HDF)

Increase of cell viability and
reduction of PM-induced MMP

expression and NF-jB and MAPKs
activation.

Wang et al., 2019

Resveratrol Keratinocytes (NHEK) Inhibition of PM-induced
intracellular ROS and COX-2,

PGE-2, MMP-1, MMP-9, and IL-8
expression

Shin et al., 2020

Keratinocytes (HaCaT)
3D skin model

Inhibition of PM-induced
intracellular ROS and IL-6

expression.
Restored survival rates of PM-

exposed keratinocytes.

Boo, 2019

Tapinarof
(GSK289451)

Skin-resident immune
cell (from human skin

explants);
keratinocytes (HaCaT);
imiquimod-treated mice

(psoriasis model)

Induction of CYP1A1 expression in
CD41 T cells and induction of
nuclear translocation of AhR/

ARNT in HaCaT cells, both in a
dose-dependent manner.

Induction of filaggrin, hornerin,
and involucrin expression in

keratinocytes.
Reduction of imiquimod-induced

inflammatory cytokines.
Reduction of IL-17A levels in vitro,
ex vivo, and in IMQ-treated mice.

Smith et al., 2017

Natural extracts
C. japonica flower

extract
Keratinocytes (NHDF)
Human skin explants

(ex vivo)

Inhibition of pollutant-induced
XRE activity and CYP1A1
expression and reduction of

intracellular ROS and MMP-1
expression in NHDFs;

Reduction of pyknotic nuclei cells
and MDA levels, prevention of

DEJ detachment, and
improvement of ECM density in
urban pollutant-exposed skin

explants.

Kim et al., 2019b

D. antarctica extract Queratin�ocitos (HaCaT)
fibroblastos (HDF)

Reduces UV-induced cellular
death.

Inhibits TCDD-induced nuclear
translocation of AhR and increases
loricrin synthesis in keratinocytes.

Zamarr�on et al.,
2019

D. antarctica extract
(Edafence)

Clinical study
(topical formulation)

Improvement of the skin
appearance and barrier function
and reduction of TEWL and lipid
peroxidation in individuals under

high air pollution conditions.

Mataix et al.,
2020

AhR Modulation in Environmentally Induced Skin Conditions 261



AhR modulation. Among the main effects of Pycnogenol
supplementation are the prevention of UV damage, regula-
tion of skin pigmentation, and improvement of extracellu-
lar matrix elements and barrier function (Grether-Beck
et al., 2016). A clinical study has shown that daily oral in-
take of Pycnogenol for 12 weeks benefits the skin of Chi-
nese outdoor workers highly exposed to particulate matter.
It prevents transepidermal water loss and skin darkening
and improves viscoelastic properties. These effects were
not seen in the placebo-treated group (Zhao et al., 2021).
Deschampsia antarctica is an Antarctica-native grass whose

aqueous extract has shown photoprotective and antioxidant
activity. This is partly due to photostabilizing compounds,
dehydrins, and phenolics, such as luteolin and apigenin.
(Mataix et al., 2020). The protective effect of the commercial
extract (Edafence Cantabria Laboratories, Madrid, Spain)
was investigated on keratinocytes and fibroblasts exposed to
UVA, UVB, and TCDD. The extract attenuated UV-induced
DNA damage and proapoptotic signaling. In addition, it pre-
vented the AhR activation and loricrin reduction by TCDD
(Zamarr�on et al., 2019). Clinical studies of cosmetic formula-
tions containing D. antarctica extract have also been con-
ducted under relatively high air pollution conditions, in
which a reduction of transepidermal water loss, a decrease in
lipid peroxidation, and improvement in the barrier function
and skin appearance were observed. Together, these results
suggest the potential of the extract in skin protection against
environmental stressors, both for its antioxidant activity and
AhR modulation ability (Mataix et al., 2020).
The food supplement Zeropollution (Monteloeder S.L, Ali-

cante, Spain) is a blend of four natural extracts that promote
ROS reduction in UV and pollutants concomitantly exposed
keratinocytes. In a study with pollutant-exposed skin explants,
the supplement reduced malondialdehyde (MDA) levels, a
marker of oxidative stress, IL-1a expression, and the AhR acti-
vation decrease (Cernuda and Clement, 2021). The supplement
extracts are polyphenol-rich, with a minimum content
of some compounds: Rosmarinus officinalis leaf extract

standardized at 4.5% carnosic acid plus carnosol, Olea Euro-
paea leaf extract standardized at 4.5% oleuropein and 1.5% hy-
droxytyrosol, Lippia citriodora leaf extract standardized at
6.5% verbascoside, and Sophora japonica extract standardized
at 3.5% quercetin (Cernuda and Clement, 2021). In a clinical
study with pollution-exposed Caucasian and Asian individuals
treated with the supplement, an improvement in different skin
parameters was observed, such as decreased wrinkles and dark
spots, increased elasticity and firmness, and an improvement in
skin hydration. Both intergroup and intragroup analyses indi-
cate that the treatment improved all parameters in both studied
populations, neutralizing the pollution skin damage, also by oral
use (Nobile et al., 2021).
Recently, R. officinalis leaf extracts were investigated as

AhR antagonists through different cellular models. Metha-
nolic extract inhibits AhR activation by TCDD, FICZ, indiru-
bin, and pityriazepin in human keratinocytes, supporting its
potential use for skin protection against environmental pollu-
tants, UV radiation, and Malassezia metabolites. Despite
that, in vivo studies are needed to confirm this effect (Kalli-
manis et al., 2022). An overview of the studies of potential
AhR ligands in skin conditions is provided (Table 1).

Discussion
The skin is continuously exposed to several environmental

aggressors, such as UV radiation, airborne particulate matter
(containing organic pollutants), and skin microbiota metabo-
lites. The search for alternatives to prevent skin damage in-
duced by the exposome is increasing. Studies on environmental
stressors’ damage exhibit the AhR activation as a common
mechanism. Therefore, the modulation of AhR activation con-
stitutes an interesting therapeutical alternative, although still
poorly explored in cosmetics.
Considering that the work focuses on AhR as a target for

skin conditions induced by environmental factors, the control
of receptor superactivation by these aggressors is suggested
as the desired mechanism. Thus, the use of antagonists or

TABLE 1 continued

Compound Experimental Model Biologic Result Ref

R. officinalis,
O.Europaea, L.
citriodora, and
S.japonica leaf
extracts
(Zeropollution)

Keratinocytes (HaCaT),
Human skin explants

(ex vivo)

Reduction of intracellular ROS in
keratinocytes exposed to UV and
urban dust (pollutants). Reduction
of pollutant-induced MDA and IL-
1a levels and AhR activation in

skin explants.

Cernuda and
Clement, 2021

Clinical study
(oral supplementation)

Improvement of elasticity,
firmness, and skin moisturization
and decrease of wrinkle depth,

TEWL, and dark spots
pigmentation in Caucasian and
Asian individuals exposed to air

pollution.

Nobile et al.,
2021

Pycnogenol
(extract of P.
pinaster)

Clinical study
(oral supplementation)

Prevention of skin dehydration,
TEWL, and skin darkening and
improvement of viscoelastic
properties in outdoor workers

under high air pollution conditions

Zhao et al., 2021

R. officinalis leaf
extract

Spontaneous
immortalized

keratinocytes (SIK 28)

The extract inhibits AhR
activation by TCDD and

Malassezia metabolites (FICZ,
indirubin, and pityriazepin) in

human keratinocytes.

Kallimanis et al.,
2022

AP-1, activator protein 1; DEJ, dermal epidermal junction; ECM, extracellular matrix element; HaCaT, human keratinocyte cells; IMQ, imiquimod; MDA, malondial-
dehyde; NHDF, normal human dermal fibroblast; NHEK, normal human epidermal keratinocytes; TEWL, transepidermal water loss; TNF-a, tumor necrosis factor-a.
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partial agonists as competitor ligands constitutes the main
strategy of AhR modulation against skin exposome damage.
On the other hand, the study of Smith et al. (2017) proposes
AhR agonism as a therapeutic mechanism for inflammatory
cutaneous conditions, such as psoriasis and AD. The authors
suggest that the AhR/Nrf2 dual activation triggers antioxi-
dant and immunomodulatory responses on the skin and im-
mune cell types, which leads to an anti-inflammatory effect
and improvement of barrier function, which are unbalanced
in these pathologies, as the key to the differential therapeutic
role of these agonists compared with toxicant agonists. It is
worth highlighting the differences in this study since the
investigated compound was not exposed together to environ-
mental xenobiotics and thus was not able to identify its possi-
ble activity in counteracting these aggressions.
Furthermore, it is important to understand the differences

and similarities between selective AhR modulators (SAhRM)
and AhR antagonists in a particular biologic context. If the
aim is blocking an XRE-mediated toxic response such as the
induction of inflammatory cytokines, both an antagonist and
an SAhRM may exhibit the same inhibitory activity. However,
if the goal were to block all direct AhR-mediated events, an
AhR antagonist and a SAhRM would produce very different
outputs. Thus, the suitable alternative depends on what you
want to modulate, and the definition of agonist and antagonist
for AhR ligands has been questioned in literature, proposing
“modulator” as the appropriate term (Dolciami et al., 2020).
The discussed studies have shown the protective effect of syn-

thetic and natural compounds against environmentally induced
damage in the skin, either by biochemical markers or by clinical
parameters. However, most do not investigate the molecular
mechanism of this effect; hence, further studies are needed
to confirm the AhR involvement and specific ligand-binding
modes that leads to differential AhR signaling, supporting
the search for new safe and effective AhR modulators for
cutaneous application.
Regarding synthetic compounds, considering that several

drugs approved for other purposes also act on AhR, it is inter-
esting to investigate them in cutaneous models, to support
its approval for use in topical products, since this represents
less time and cost-development strategy.
Concerning natural compounds, most of the studies investi-

gated extracts’ efficacy, with uncharacterized phytochemical
profiles, and unstudied isolated compounds, making it difficult
to correlate their effects with the AhR pathway. Moreover, the
patentability limitation of natural compounds perhaps de-
creases their industrial interest in drug development (Hui and
Dai, 2020). On the other hand, consumer interest in natural
products and the growing relevance of sustainability in the de-
velopment of pharmaceutical and cosmetic formulations make
natural sources more attractive.
Synthetic and natural ligands, as well as plant extracts,

have demonstrated therapeutic potential for skin conditions
induced by external stressors. Thus, this review provides a
comprehensive understanding of the skin toxicity mechanism
of external factors involving the AhR, as well as compounds
with preventive efficacy described. It also emphasizes the ne-
cessity of more investigations of AhR modulation mechanisms,
elucidating the mode of action of these compounds, being use-
ful for future studies of AhR ligands as active ingredients for
topical formulations.
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