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ABSTRACT

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor implicated
in a diverse set of physiological functions. The AHR is known to play a role in epidermal
differentiation as well as inflammation through cross-talk between the AHR signaling pathway
and the inflammatory signaling pathway. This research focuses on characterizing partial AHR
agonists that aid in increased expression of epidermal differentiation genes and exhibit antiinflammatory properties. Epidermal differentiation genes encode proteins with skin barrier
functions; therefore, their increased regulation may be important in treating skin diseases, such
as atopic dermatitis. Furthermore, anti-inflammatory ligands would reduce the inflammation
caused by skin diseases and help alleviate the symptoms. A luciferase-based reporter assay under
the control of the AHR was used to test whether a series of indazole derivatives exhibited partial
AHR agonist activity in Hepa 1.1 and Hep G2 40/6 cells. Mouse primary keratinocytes were
used to study the effects of selected partial AHR agonists on AHR target genes, epidermal
differentiation genes, and inflammatory genes. The results indicate that several indazole
derivatives, especially SGA388, upregulated the expression of epidermal differentiation genes
while displaying anti-inflammatory properties in wild-type mouse primary keratinocytes.
Expression of epidermal differentiation genes was not induced by select partial AHR agonists in
Ahr-/- keratinocytes, indicating that epidermal differentiation gene expression is mediated by the
AHR. Furthermore, none of the partial AHR agonists induced significant CYP1A1 enzymatic
activity regardless of their effect on Cyp1a1 gene expression. AHR ligands with this pattern of
gene expression may warrant further analysis as candidate therapeutics in treating chronic
inflammatory skin diseases.
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INTRODUCTION

The Aryl Hydrocarbon Receptor
The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor and a
member of the basic-helix-loop-helix (bHLH) period-ARNT-single minded (PAS) transcription
factor superfamily.1, 2 Ligands of the AHR include environmental contaminants, such as
halogenated aromatic hydrocarbons (HAHs) and polycyclic aromatic hydrocarbons (PAHs), as
well as pharmaceuticals.3 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a well-known HAH
that induces an AHR-dependent toxic response through altered gene expression, and high TCDD
exposure has been shown to cause a painful and disfiguring skin disorder called chloracne.4
Additionally, during the Vietnam War era, TCDD was classified as a “biological weapon” after
devastating health consequences resulting from its contamination of Agent Orange, a heavily
used deforestation chemical.1 TCDD is now known to be a potent tumor promoter whose toxic
effect is primarily mediated by the AHR.3 Along with the response to environmental
contaminants, the AHR responds to various naturally occurring ligands, such as dietary
compounds.3 In its unliganded state, the AHR resides in the cytoplasm of most cells in the body,
with especially high expression in the liver and in barrier organs, such as skin, gut, and lungs.5, 6
Upon ligand-binding and activation, it translocates to the nucleus, where it undergoes
dimerization with the aryl hydrocarbon receptor nuclear translocator (ARNT) in order to
influence gene expression.2, 6 Activation of the AHR is typically recognized by the expression of
genes encoding xenobiotic metabolizing enzymes, such as cytochrome P450 Isozyme 1A1
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(CYP1A1) and cytochrome P450 Isozyme 1B1 (CYP1B1).1, 3 In addition to mediating the
expression of drug metabolizing enzymes, the AHR is also involved in the expression of genes
involved in diverse processes, such as immune function, development, the cell cycle, and cell
differentiation.5 Furthermore, recent research has implicated the AHR in several other
physiological pathways such as endocrine function and cytokine signaling, revealing the need for
further research into the vast roles of this receptor.1

AHR Structure
The AHR is a member of the bHLH/PAS family of transcription factors. The bHLH
domain, two PAS repeats (PAS-A and PAS-B), and a nuclear localization signal (NLS) are all
contained within the N-terminal region of the AHR, and are involved in dimerization with
ARNT and DNA binding upon AHR activation.6 Specifically, the bHLH domain is responsible
for DNA binding, dimerization with ARNT, and chaperone protein association.7 PAS-A is also
responsible for dimerization with ARNT, whereas PAS-B is involved in ligand binding and
chaperone binding.7 The C-terminal region of the AHR contains a glutamine-rich (Q-rich)
domain, which is required for transactivating AHR-responsive genes and coactivator
recruitment.8 Figure 1 summarizes the functional domains found within the AHR.

Figure 1. Functional Domains on the AHR.9
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Canonical AHR Signaling Pathway
In the absence of an agonist, the AHR resides in the cytosol as a heterotetrameric
complex with the proteins heat shock protein 90 (Hsp90), prostaglandin E synthase 3 (p23), and
hepatitis B virus X-associated protein 2 (XAP2).6, 8 These chaperones work to maintain protein
folding, ligand-binding ability, and transformation of the AHR.1 Upon ligand binding and
activation, the AHR undergoes a conformational change that exposes a nuclear localization
sequence.3 Activated AHR then translocates into the nucleus, where it dissociates from the
chaperone complex to form a heterodimer with the ARNT.1, 10 The AHR/ARNT complex then
binds to a dioxin responsive element (DRE) with a core sequence of 5-T/GCGTG-3′.1, 6 The
DRE is a consensus nucleotide sequence containing core recognition elements found in promoter
regions upstream of AHR-responsive genes involved in drug metabolism, such as Cyp1a1, or
growth and metabolism.6, 8, 10 When the DRE is contained within an associated gene repressor,
the result is downregulation of protein production.6 The classical AHR signaling pathway is
illustrated in Figure 2.

Figure 2. AHR Signaling Pathway.11
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AHR activation by TCDD results in upregulation of CYP1A1 enzyme; however, dioxins
are poor substrates for enzymatic oxidation, resulting in sustained high levels of CYP1A1
enzyme expression.6 High CYP1A1 activity can have deleterious effects such as the generation
of reactive oxygen species (ROS) leading to DNA damage and tumor production.6 Also,
CYP1A1 enzyme can catalyze the oxidation of some PAHs, such as benzo[a]pyrene (B[a]P),
into mutagenic metabolites.6, 11 On the other hand, antioxidant AHR ligands, such as coal tar and
soybean tar, have been shown to suppress ROS production in keratinocytes.11 This is
accomplished through activation of nuclear factor-erythroid 2-related factor-2 (NRF2), an
antioxidant master transcription factor.11
The AHR signaling pathway is inhibited by the AHR repressor (AHRR). The AHRR is
an AHR target gene that is targeted through a negative feedback loop.5 The downregulation of
the AHR pathway by AHRR includes competitive inhibition, in which AHRR competes with
AHR for the binding site on ARNT.5 The AHRR/ARNT complex is transcriptionally inactive
and shuts down the rest of the canonical AHR signaling pathway.5

AHR Ligands
The AHR is known to respond to xenobiotics; however, recent research has associated
the molecule with various other ligands and physiological responses.1, 6 The two main classes of
AHR ligands are agonists and antagonists, and these molecules can be either synthetic or
naturally occurring; however, some ligands, such as resveratrol and galangin, have been shown
to exhibit both agonist and antagonist activities depending on dose.1 The classic synthetic AHR
agonists include environmental hazards such as TCDD, HAHs, and PAHs.2 TCDD specifically
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has been used as a key comparator agonist in in vitro studies.6 Due to increased metabolic
liability leading to a shorter plasma half-life, β-naphtoflavone (BNF) and 6-formylindolo[3,2b]carbazole (FICZ) have been used as TCDD-alternative activators of the AHR.6 Known AHR
antagonists include the pyrazole CH-223191 and α-naphtoflavone, although the latter has partial
agonist activity.6 Structures of select synthetic AHR ligands are shown in Figure 3.

Figure 3. Select AHR Ligands.12

Naturally occurring AHR ligands are typically found as dietary substances, such as
indole-3-carbinol, curcimin, and quercetin.1 The largest group of naturally occurring dietary
AHR ligands is flavonoids; some are agonist, but most are antagonist.3 A third class of ligands
known as selective AHR modulators (SAhRMs) have been shown to antagonize the agonistinduced, DNA-binding AHR-dependent effects yet still exhibit AHR-dependent antiinflammatory properties; however, the exact mechanism(s) that mediate this activity remains to
be determined.6 In a recent study, SGA360 was identified as a SAhRM due to a lack of agonist
activity in human and mouse reporter cell lines as well as anti-inflammatory properties.10
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Furthermore, the AHR is sometimes referred to as an orphan receptor due to the fact that a highaffinity endogenous ligand has not yet been identified; however, there is evidence suggesting
such a ligand does exist.6 UV radiation resulting in the generation of active tryptophan oxidation
products as well as hyperoxia treatment of rats have both been shown to cause AHR-dependent
CYP1A1 induction without the presence of an exogenous ligand.1 Moreover, FICZ, a UVgenerated ligand, has been identified as a potential endogenous AHR agonist in skin.6

Selective AHR Modulation
Selective AHR modulation through SAhRM activity follows a noncanonical AHR
signaling pathway. In essence, a SAhRM is able to bypass DRE-mediated gene expression and
instead promote DNA-independent AHR activity.13 By bypassing DRE-mediated gene
expression, SAhRMs can activate the AHR without inducing the upregulation of CYP1A1
activity that can lead to ROS production and tumor promotion.6 As a result, SAhRM activity has
been evaluated as a potential therapeutic treatment. An example of a SAhRM is SGA360, which
was shown to repress 12-O-tetradecanoylphorbol-13-acetate (TPA)-mediated inflammatory gene
expression without inducing DRE-mediated gene expression in C57BL6/J mice.10

Role of AHR in the Skin
The skin is a layered organ consisting of tightly connected cells with a vast role of
physiological functions. Skin is comprised of three layers: the subcutis, the dermis, and the
epidermis.5 The dermis is the middle layer, consisting mainly of fibroblasts; however,
macrophages, mast cells, dendritic cells, and αβ T cells are also abundant in the dermis.5 Slightly
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less complex in structure and cell diversity is
the epidermis, which is the main focus of this
research. The epidermis is the outermost skin
layer, primarily consisting of keratinocytes.5
Keratinocytes play a vital role in body
protection by acting as a physical, chemical,
and biological barrier.5 In doing so,
keratinocytes help prevent water loss, fight
invading microbes and viruses through innate

Figure 4. Skin Layer Composition.5

and adaptive immune responses, and protect
against UV-induced DNA damage.5 Figure 4

shows the structure of skin and the level of AHR expression, with darker regions indicating
greater expression.
The AHR has been shown to be highly expressed in all skin cells, suggesting a major role
in the physiological functioning of skin. In skin, the AHR is involved in detoxification, cellular
homeostasis, skin pigmentation, and skin immunity.5 As discussed previously, the AHR is
responsible for the toxic skin response to TCDD and other dioxins in humans, resulting in
chloracne through increased keratinocyte differentiation.4 Furthermore, research has revealed
correlations between skin cancer and exposure to AHR ligands, such as B[a]P in cigarette
smoke.5 In order to function effectively, the skin must maintain a proper balance between
protection from pathogens and damage with suppression of potentially harmful inflammation. As
the AHR is implicated in various physiological functions in skin, it likely plays a large role in
helping the skin maintain this homeostasis as well as in fighting off infections.5
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Chronic Inflammatory Skin Diseases
This research will focus on the role of the AHR in chronic inflammatory skin diseases
and the potential therapeutic benefits of targeting the AHR. Chronic inflammatory skin diseases
include diseases such as atopic dermatitis and psoriasis. Atopic dermatitis causes erythema,
itching, loss of skin barrier function, spongiosis, and keratinocyte apoptosis.14 It is thought to
result from exposure to external irritants or allergens as well as from impaired skin barrier
function, with the level of impaired skin barrier function correlating with risk of acquiring the
disease.14 Psoriasis causes abnormal differentiation, immune activation, and inflammation, and is
associated with a delay in epidermal differentiation.15 A recent study revealed the relationship
between chronic inflammatory skin diseases and AHR activation. In patients with atopic
dermatitis and psoriasis, lesional skin exhibited an increase in the expression of AHR-related
mRNA, such as ARNT.16 Additionally, the study reported that patients with chronic
inflammatory skin diseases have an activated AHR pathway. Specifically, immunofluorescence
staining revealed AHR/ARNT complexes in the nuclei of keratinocytes at the lower epidermis of
lesions in psoriasis patients.16 Furthermore, AHR activation through treatment with TCDD or
polychlorinated biphenyls (PCBs) resulted in an increased expression of inflammatory cytokines
in normal human epidermal keratinocytes (NHEK), whereas antagonist treatment with
CH223191 reduced inflammatory cytokine expression.16 These results suggest that AHRmediated targeting of epidermal differentiation and inflammation can potentially be used as a
treatment for chronic inflammatory skin diseases.

9

Targeting Epidermal Differentiation
In humans, the various skin barrier proteins involved in epidermal differentiation are
mapped to a 2.5 Mbp cluster on chromosome 1q21 called the epidermal differentiation complex
(EDC).11 The EDC contains three clustered families of genes that encode precursor proteins,
calcium-binding S100a proteins, or fused gene proteins evolved from the first two groups.11 The
precursor proteins include skin barrier proteins involucrin and loricrin, and the fused gene
proteins include the terminal differentiation gene hornerin.11 In response to a wound and in order
to maintain continuous skin renewal, normal keratinocyte stem cells at the basal layer begin
differentiating vertically to produce layers of metabolically active spinous and granular cells.5
These spinous and granular cells produce keratin and lipids needed for proper skin functioning
and integrity.5 Once in the stratum corneum, the keratinocytes lose their nuclei and form the
cornified envelope.5 Cross-linking of ceramides and skin barrier proteins, such as involucrin and
loricrin, by transglutaminase-1 and -3 lead to cornified envelope maturation.11 Epidermal
differentiation is highly regulated by calcium, which forms a gradient in the epidermis, with
highest concentration in the stratum granulosum.17 Studies have shown in vitro that keratinocytes
in low calcium media are able to proliferate but unable to differentiate into strata; however, once
medium calcium concentration rises above 0.1 mM, known as the calcium switch, epidermal
differentiation is activated.17
Studies have implicated the AHR in the control of EDC protein expression, suggesting its
value in treating chronic inflammatory skin diseases. As discussed previously, atopic dermatitis
is more likely to affect individuals with impaired skin barrier function. Not surprisingly, patients
with atopic dermatitis were found to have loss of function mutations in the filaggrin gene,
downregulation of precursor protein genes such as involucrin and loricrin, and decreased
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expression of the terminal differentiation protein hornerin.14 These results suggest that drugs that
upregulate the expression of these EDC proteins and stimulate epidermal differentiation could
have clinical significance in treating diseases such as atopic dermatitis. Furthermore, normal
epidermal differentiation requires AHR activation. A recent study revealed a significant
reduction in terminal differentiation gene and protein expression in Ahr-/- keratinocytes as well as
in Ahr+/+ keratinocytes that were treated with the AHR antagonists GNF351 and CH223191 or
the SAhRM, SGA360.18 This loss of skin barrier function due to AHR inactivation resulted in
weaker epidermal connectivity as well as a thinner cornified envelope.18 Additionally, normal
keratinocyte differentiation induced with elevated calcium in the media has been shown to
increase AHR levels and nuclear translocation as well as CYP1A1 gene expression potentially
through the generation of endogenous AHR ligands, suggesting the significance of endogenous
AHR ligands as potential therapeutic treatments.18 These studies support the idea that AHR
ligands that upregulate epidermal barrier protein genes and encourage epidermal differentiation
may be useful in repairing skin afflicted by chronic inflammatory skin diseases.

Targeting Inflammation
Inflammatory signaling is mediated by various transcription factors, including NFkB,
AP-1, STAT3, and C/EBP.1 The AHR has recently been found to cross-feed into several other
signaling pathways, such as NFkB.5 In response to bacterial products, such as lipopolysaccharide
(LPS), toll-like receptor (TLR) signaling is induced. TLR induction increases NFkB nuclear
translocation and activation through a series of phosphorylation and dimerization reactions,
resulting in the prototypic inflammatory response.1 The inflammatory response is known to
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repress drug metabolism as well as the expression of several cytochrome P-450s. Specifically,
IL1B, IL-6, and TNF-α were found to suppress AHR-mediated CYP1A1 activity in Hepa 1
cells.1 Furthermore, cytokine-mediated repression of CYP1A1 activity was found in human
hepatocytes and the brain.1 This research provides evidence of the cross-talk between the AHR
signaling pathway and inflammatory signaling pathways.
It was originally believed that AHR-activating ligands were pro-inflammatory; however,
it was determined that only prolonged exposure to high levels of AHR ligands, such as TCDD,
that result in sustained AHR activation cause prolonged CYP1A1 activity that induces
inflammation through NFkB-linked induction.1 AHR ligands that cause transient or low levels of
AHR activity have actually been found to be anti-inflammatory and result in repression of
NFkB-mediated transcription.1, 6 One study specifically found that in patients with psoriasis,
AHR-activating ligands caused a reduction in inflammation; whereas, AHR antagonists
increased inflammation.19 Also, AHR null mice exposed to cigarette smoke had a significant
influx of lung neutrophils as well as increased TNF-α and IL-6 levels in vivo in broncholveolar
lavage cells compared to wild-type, supporting the idea that the inflammatory response is AHRmediated.1 Moreover, some AHR ligands have been found to inhibit the cytokine-induced
transcription of acute phase response genes Saa1, Saa2, and Saa3 through a noncanonical AHR
signaling pathway.6 Evidence for this includes the ability of SAhRMs, such as SGA360, to
reduce TPA-mediated ear swelling as well as induction of inflammatory genes in wild-type mice,
yet have no effect on Ahr-/- mice.10 The pathogenesis of chronic inflammatory skin diseases is T
cell dependent and relies on adaptive immune cell and epidermal cell cross-talk.10 These diseases
specifically cause an increase in the level of circulating cytokines such as TNF-α and IL1B.10
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Knowing the role of the AHR in mediating inflammation, AHR agonists that cross-feed into the
NFkB signaling pathway could be viable treatments for chronic inflammatory skin diseases.

Overview and Significance of Research
The purpose of this research is to characterize partial agonists of the AHR that induce
expression of epidermal differentiation genes and exhibit anti-inflammatory properties in mouse
primary keratinocytes. Keratinocytes respond to persistent TCDD-mediated AHR activation by
proliferating and secreting cytokines; therefore, the use of partial AHR agonists should allow for
beneficial differentiation while avoiding an inflammatory response from prolonged AHR
activation.20 Epidermal differentiation genes encode proteins with skin barrier functions as well
as proteins that are essential in repairing damaged skin. Furthermore, epidermal differentiation is
AHR-mediated, as AHR agonists have been shown to induce expression of several epidermal
differentiation genes. Also, AHR-mediated cross-talk into the inflammatory signaling pathway
can be anti-inflammatory, which may be beneficial in treating chronic inflammatory skin
diseases. The AHR ligand cannot be a SAhRM, because SAhRMs bypass DRE-mediated gene
expression and will, therefore, not induce epidermal differentiation. While SAHRMs have
proven to exhibit AHR-mediated anti-inflammatory properties, the inhibition of AHR-mediated
epidermal differentiation eliminates them as viable options for treating chronic inflammatory
skin diseases. An important part of this research will be finding an AHR ligand that does not
induce excessive CYP1A1 enzyme activity. As previously described, prolonged CYP1A1
activity can be detrimental as it encourages production of ROS as well as tumor promotion;
therefore, the ideal partial AHR agonist will not induce excessive CYP1A1 expression but still
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significantly increase the levels of epidermal differentiation genes and reduce expression levels
of inflammatory genes.
Several AHR ligands will be tested in Hepa 1.1 and HepG2 40/6 cell lines in order to
identify partial AHR agonists through a luciferase reporter assay. The chemical structures of all
AHR ligands used in this experiment are shown in Figure 5. Ligands displaying partial AHR
agonist activity will be selected. Mouse primary keratinocytes will be treated with the select
ligands in order to assess their effects on known AHR target genes Cyp1a1, Cyp1b1, and Ahrr.
Furthermore, the level of CYP1A1 enzyme activity will be measured using a CYP1A1 activity
assay. A Ca2+-induced epidermal differentiation experiment will be used to assess the response
of mouse primary keratinocytes to the partial AHR agonists, and the level of epidermal
differentiation gene expression will be measured for desmocollin-1 (Dsc1), filaggrin (Flg),
hornerin (Hrnr), involucrin (Invol), keratin 1 (K1), and loricrin (Lor). In order to ensure the
changes in epidermal differentiation gene expression are AHR-mediated, Ca2+-induced
epidermal differentiation AHR knockout or heterozygous keratinocytes will be used to assess
differences in gene expression resulting from treatment with the partial AHR agonists. Mouse
primary keratinocytes subject to induced inflammatory gene expression through addition of TPA
will be used to assess AHR-mediated inhibition of inflammatory genes in response to the partial
AHR agonists. The inflammatory genes that will be measured are CD14 antigen (Cd14),
cyclooxygenase-2 (Cox2), chemokine (C-X-C motif) ligand 1 (Cxcl1), chemokine (C-X-C motif)
ligand 2 (Cxcl2), chemokine (C-X-C motif) ligand 5 (Cxcl5), interleukin 1 beta (Il1b), and S100
calcium binding protein A9 (S100a9).
It is hypothesized that the AHR has a beneficial role in the expression of epidermal
differentiation genes and as an anti-inflammatory mediator and that targeting the AHR using

14

partial agonists may help alleviate the symptoms of chronic inflammatory skin diseases.
Identification of partial agonists that induce epidermal differentiation and downregulate the
expression of inflammatory genes while avoiding excessive CYP1A1 activity can have large
implications in pharmaceutical inquiry on treatments for chronic inflammatory skin diseases.
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Figure 5. Structures of AHR Ligands.
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MATERIALS AND METHODS

Animals and Husbandry
C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Ahr-/mice were a gift from Dr. Christopher Bradfield (University of Wisconsin, Madison, WI). Mouse
lines were bred in-house following procurement. Mice were housed and fed in accordance with
the Pennsylvania State University IACUC protocols.

Chemicals and Reagents
TCDD was a generous gift from Dr. Stephen Safe (Texas A&M University). BNF was
purchased from INDOFINE Chemical Company, Inc. (Hillsborough, NJ). The SGA compounds
used in this study were synthesized by Krishne Gowda and Shantu G. Amin (The Pennsylvania
State University College of Medicine, Hershey, PA).

Cell Culture
Hepa 1.1 and HepG2 40/6 cell lines were maintained in α-modified essential media
(Sigma-Aldrich, St. Louis, MO) supplemented with 8% fetal bovine serum (HyClone
Laboratories, Logan, UT) and 1% penicillin (100 units/mL)/streptomycin (100 μg/mL) (SigmaAldrich, St. Louis, MO). Cell culture plates were kept at 37°C with an atmosphere containing 5%
CO2. Mouse primary keratinocytes were isolated from neonatal C57BL/6J (WT, Ahr+/+), Ahr+/-,
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or Ahr-/- pups and cultured as previously described.21 Cell culture plates were kept at 36°C with
an atmosphere containing 7% CO2.

Initial Screening and Luciferase-Based Reporter Assay
Hepa 1.1 and Hep G2 40/6 cells were cultured in 12-well plates and treated with AHR
ligands for 4 h. After treatment, cells were washed with 0.5 mL phosphate-buffered saline (PBS)
and lysed with 200 μL of lysis buffer [25 mM Tris-phosphate, pH 7.8, 2 mM dithiothreitol, 2
mM EDTA, 10% (v/v) glycerol, and 1% (v/v) Triton X-100]. 20 μL of lysate and 80 μL of
Luciferase Reporter Substrate (Promega, Madison, WI) were combined. Luciferase activity was
measured using a TD-20e luminometer (Turner Systems, Sunnyvale, CA).

Treatment of Mouse Primary Keratinocytes
Wild-type mouse primary keratinocytes were cultured in 12 well plates and treated with
AHR ligands for 4 h. Another set of wild-type mouse primary keratinocytes were cultured in 12well plates with either 0.05 mM calcium or 0.12 mM calcium media and treated with AHR
ligands for 12 h. The media was then changed and the treatment was repeated for another 12 h.
Ahr+/- and Ahr-/- mouse primary keratinocytes were cultured in 12-well plates with either 0.05
mM calcium or 0.12 mM calcium media and treated with AHR ligands for 12 h. The media was
then changed and the treatment was repeated for another 12 h. A final set of wild-type mouse
primary keratinocytes were cultured in 12-well plates and pretreated with AHR ligands in
duplicate for 1 h. Following pretreatment, half of the wells were treated with TPA (81 nM) and
the other half with DMSO for additional 4 h.
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RNA Isolation and Quantitative Real-Time PCR
RNA was isolated from mouse primary keratinocytes using Tri Reagent (Sigma-Aldrich,
St. Louis, MO). A High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was
used to prepare cDNA from isolated RNA. Quantitative real-time PCR (qRT-PCR) was run on a
CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA) using PerfeCTa
SYBR Green Supermix for iQ (Quanta Biosciences, Beverly, MA). Primers used for real-time
PCR are listed in Table 1. Gene expression was normalized using ribosomal protein L13a
(Rpl13a).
Gene
Forward Primer (5’–3’)
Control Gene
Rpl13a
TTCGGCTGAAGCCTACCAGAAAGT
Known Target Genes
Ahrr
CAGAAGCGGAGGCTTACCAT
Cyp1a1
CTCTTCCCTGGATGCCTTCAA
Cyp1b1
GCTAGCCAGCAGTGTGATGATATT
Epidermal Differentiation Genes
Dsc1
GATGGCTATGCCCCAGACTAC
Flg
GGACAACTACAGGCAGTCTTGAAGA
Hrnr
TCTCAACGGTTTGGATCTGGCTCA
Invol
CCCTCCTGTGAGTTTGTTTGGTCT
K1
ACATGCAAGACCTGGTGGAGGAGT
Lor
TGGGTTGTGGAAAGACCTCTGGT
Inflammatory Genes
Cd14
TTCAGAATCTACCGACCATGGAGC
Cox2
CTGACCCCCAAGGCTCAAAT
Cxcl1
GCTGGGATTCACCTCAAGAA
Cxcl2
AGACAGAAGTCATAGCCACTCTCAAG
Cxcl5
TGCCCTACGGTGGAAGTCAT
Il1b
AGCTTCCTTGTGCAAGTGTCT
S100a9
TCATCGACACCCTCCATCAA
Table 1. Primers Used in Real-Time PCR.

Reverse Complement Primer (5’–3’)
GCATCTTGGCCTTTTTCCGTT
CTCTGTATTGAGGCGGTCCC
GGATGTGGCCCTTCTCAAATG
GGTTAGCCTTGAAATTGCACTGAT
TATGGCAGTCACTTGTCCCAC
CATTTGCATGAAGACTTCAGCG
TGTTGACTGCCTTCTGTCTGTCCA
ACCTGGCATTGTGTAGGATGTGGA
TGGTCACGAACTCATTCTCTGCGT
AGCTGGAACCACCTCCATAGGAA
CAATTGAAAGCGCTGGACCAA
ACCTCTCCACCAATGACCTGA
TCTCCGTTACTTGGGGACAC
CCTCCTTTCCAGGTCAGTTAGC
AGCTTTCTTTTTGTCACTGCCC
GACAGCCCAGGTCAAAGGTT
TTACTTCCCACAGCCTTTGC
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CYP1A1 Activity Assay
Wild-type mouse primary keratinocytes were cultured in 12-well plates with either 0.05
mM calcium or 0.12 mM calcium media and treated with AHR ligands for 12 h. After 12 h, all
wells were retreated with AHR ligands for an additional 12 h except for TCDD wells, which
were treated with DMSO for 12 h. At 24 h, the media was changed and all wells were retreated
as they originally were for another 12 h. The substrate was then added to the media for 4 h. The
media was collected and used to measure CYP1A1 activity according to the manufacturer’s
protocol [Promega (Fitchburg, Wisconsin), P450-Glo CYP1A1 Assay, V8752].

Statistical Analysis
Generation of histograms and statistical analysis was conducted using GraphPad Prism 5
software. Histograms are plotted as means of three biological replicates with error bars
representing the standard deviation between the replicates. Data was analyzed using one-way
ANOVA followed by Tukey’s multiple comparison test, unless otherwise indicated in the text.
Statistical significance is expressed by p-value ≤ 0.05 (*), p-value ≤ 0.01 (**), and p-value ≤
0.001 (***).
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RESULTS

Initial Screening of SGA Compounds
A number of indazole derivatives structurally related to SGA360 were screened using a
luciferase reporter assay, which showed AHR-mediated gene expression following treatment
(Figure 6). TCDD is a potent AHR agonist and SGA 315 has previously been shown to act as a
weak AHR agonist; therefore, these ligands were expected to significantly induce AHR-mediated
gene expression.18 As a SAhRM, SGA360 bypasses DRE-dependent gene expression; therefore,
it was not expected to significantly induce AHR activity mediated through DRE-induced gene
expression. The results of this experiment support expected patterns of gene expression in
response to DMSO, TCDD, SGA315, and SGA360 in both Hepa 1.1 and Hep G2 40/6 cells
(Figure 6). The results also reveal that SGA385, SGA387, SGA388, SGA390, and SGA360f
caused a significant increase in gene expression in Hepa 1.1 cells. Additionally, in Hep G2 40/6
cells, SGA380, SGA381, SGA384, SGA386, SGA387, SGA388, SGA390, SGA360a,
SGA360b, SGA360c, SGA360d, and SGA360f caused a significant increase in gene expression.
Partial AHR agonists were identified as those exhibiting a moderate increase in AHR-mediated
gene expression in Hepa 1.1 and Hep G2 40/6 cells. SGA compounds that showed a significant
increase in gene expression above or near that of TCDD in both Hepa 1.1 and Hep G2 40/6 cells
were eliminated as potential candidates, because TCDD is known to induce significant and
potentially harmful CYP1A1 activity. SGA compounds that showed no increase in gene
expression were also eliminated. Figure 6 reveals that SGA382, SGA385, and SGA360f induced
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partial AHR activity in both Hepa 1.1 and Hep G2 40/6 cells. SGA386 and SGA388 showed
partial agonist activity in Hepa 1.1 cells and full agonist activity in Hep G2 40/6 cells. These
SGA compounds were selected for further characterization.

Figure 6. Luciferase assay screening of SGA compounds in Hepa 1.1 and Hep G2 40/6 cells.
Hepa 1.1 and Hep G2 40/6 cell lines were treated for 4 h with DMSO, TCDD (2 nM), BNF (10 μM),
SGA360 (10 μM), SGA315 (10 μM), and other SGA compounds (10 μM). AHR-mediated gene
expression levels are shown for Hepa 1.1 cells (A and C) and Hep G2 40/6 cells (B and D). Statistical
significance is indicated by an asterisk with * indicating a p-value ≤ 0.05, ** indicating a p-value ≤ 0.01,
and *** indicating a p-value ≤ 0.001 compared to DMSO treatment.
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Expression of Known AHR Target Genes
The SGA compounds selected after the luciferase reporter assay screening were tested in
mouse primary keratinocytes for their effect on known AHR target genes: Cyp1a1, Cyp1b1, and
Ahrr. Potent AHR agonists that follow the canonical signaling pathway are expected to
upregulate the expression of drug metabolizing enzymes, such as Cyp1a1 and Cyp1b1. Ahrr is
activated through a negative feedback loop in order to mediate dioxin toxicity by repressing
AHR-dependent gene expression; therefore, it is expected to be upregulated by potent AHR
agonists, such as TCDD.5 The results of this experiment reveal that TCDD significantly induced
the expression of all three AHR target genes, as expected (Figure 7). The expression of these
target genes requires DRE binding following AHR/ARNT heterodimerization. The SAhRM,
SGA360, bypasses DRE-dependent gene expression, so it is not expected to induce the
expression of these target genes. As expected, SGA360 did not induce expression of Cyp1a1,
Cyp1b1, or Ahrr (Figure 7). The results of this experiment also reveal that only SGA360f
significantly upregulated expression of Cyp1a1. Cyp1b1 expression was significantly
upregulated by SGA360f, SGA385, SGA386, and SGA388, and Ahrr expression was
significantly upregulated by SGA385 and SGA388 (Figure 7).
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Figure 7. Induction of AHR target genes in Ahr+/+ mouse primary keratinocytes.
Ahr+/+ mouse primary keratinocytes were treated for 4 hours with DMSO, TCDD (2 nM), SGA360 (10
μM), SGA315 (10 μM), SGA360f (10 μM), SGA382 (10 μM), SGA385 (10 μM), SGA386 (10 μM), and
SGA388 (10 μM). Gene expression levels normalized to Rpl13a are shown for Cyp1a1 (A), Cyp1b1, (B),
and Ahrr (C). Statistical significance is indicated by an asterisk with * indicating a p-value ≤ 0.05, **
indicating a p-value ≤ 0.01, and *** indicating a p-value ≤ 0.001 compared to “a” DMSO treatment.
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CYP1A1 Activity in Mouse Primary Keratinocytes
Persistent CYP1A1 activity is known to have deleterious effects, such as production of
ROS and tumor promotion; therefore, a CYP1A1 activity assay was used in order to determine if
treatment of mouse primary keratinocytes with any of the partial AHR agonists resulted in
increased CYP1A1 activity. The potent AHR agonist, TCDD, is known to result in increased and
potentially harmful CYP1A1 activity.6 As expected, TCDD induced potent CYP1A1 enzymatic
activity. None of the partial AHR agonists caused significant CYP1A1 activity (Figure 8).

Figure 8. Partial AHR agonists do not induce significant CYP1A1 activity in Ahr+/+ mouse
primary keratinocytes.
Ahr+/+ mouse primary keratinocytes in “low calcium” (0.05 mM) (L) or “high calcium” (0.12 mM) (H)
media were treated with DMSO, TCDD (2 nM), SGA360 (10 μM), SGA315 (10 μM), SGA360f (10 μM),
SGA382 (10 μM), SGA385 (10 μM), SGA386 (10 μM), or SGA388 (10 μM) for 12 hours. At 12 h, wells
were retreated as before, except for TCDD wells, which were treated with DMSO. At 24 h, the media was
changed and all wells were retreated as they were originally. At 36 h, the substrate was added and left for
4 h. CYP1A1 activity was measured using media collected. Statistical significance is indicated by an
asterisk with * indicating a p-value ≤ 0.05, ** indicating a p-value ≤ 0.01, and *** indicating a p-value ≤
0.001 compared to “a” high calcium DMSO treatment.
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Expression of Epidermal Differentiation Genes
Epidermal differentiation gene expression is known to be compromised in patients with
chronic inflammatory skin diseases, leading to impaired skin barrier function.14 In order to be
effective, treatments for these diseases should upregulate the expression of epidermal
differentiation genes; therefore, partial AHR agonists were tested in mouse primary keratinocytes
in order to determine their effect on several epidermal differentiation genes. As expected, TCDD
significantly upregulated the expression of all epidermal differentiation genes. Since epidermal
differentiation is DRE-dependent, SGA360 was not expected to induce the expression of these
genes, which was supported by the results. Figure 9 also reveals that SGA360f and SGA386
significantly induced Dsc1; SGA360f and SGA388 significantly induced Flg; SGA385 and
SGA388 significantly induced Hrnr; SGA360f, SGA382, SGA385, SGA386, and SGA388
significantly induced Invol; SGA382 and SGA386 significantly induced K1; and SGA360f,
SGA386, and SGA388 significantly induced Lor.
In order to ensure that the expression of epidermal differentiation genes was mediated by
the AHR, partial AHR agonists were tested on Ahr+/- and Ahr-/- mouse primary keratinocytes.
AHR-knockout primary keratinocytes showed little to no induction of Cyp1a1 or the epidermal
differentiation genes Flg, Hrnr, K1, and Lor (Figure 10). An unpaired, two-tailed Student’s t-test
revealed that the difference in gene expression between each treatment (TCDD, SGA360f, or
SGA388) on Ahr+/- keratinocytes versus Ahr-/- keratinocytes was significant.
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Figure 9. Partial AHR agonists induce the expression of epidermal differentiation genes in Ahr+/+
mouse primary keratinocytes.
Ahr+/+ mouse primary keratinocytes in “low calcium” (0.05 mM) or “high calcium” (0.12 mM) media
were treated with DMSO, TCDD (2 nM), SGA360 (10 μM), SGA315 (10 μM), SGA360f (10 μM),
SGA382 (10 μM), SGA385 (10 μM), SGA386 (10 μM), or SGA388 (10 μM) for 12 h. Media was then
changed and the treatment was repeated for an additional 12 h. Gene expression levels normalized to
Rpl13a are shown for Dsc1 (A), Flg (B), Hrnr (C), Invol (D), K1 (E), and Lor (F). Statistical significance
is indicated by an asterisk with * indicating a p-value ≤ 0.05, ** indicating a p-value ≤ 0.01, and ***
indicating a p-value ≤ 0.001 compared to “a” high calcium DMSO treatment.
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Figure 10. Induction of epidermal differentiation genes is mediated by the AHR.
Ahr+/- and Ahr-/- mouse primary keratinocytes were treated with “low calcium” (0.05 mM) (L) or “high
calcium” (0.12 mM) (H) as well as DMSO, TCDD (2 nM), SGA360f (10 μM), or SGA388 (10 μM) for
12 h. Media was then changed and the treatment was repeated for an additional 12 h. Gene expression
levels normalized to Rpl13a are shown for Cyp1a1 (A), Flg (B), Hrnr (C), K1 (D), and Lor (E). Statistical
significance is indicated by an asterisk with * indicating a p-value ≤ 0.05, ** indicating a p-value ≤ 0.01,
and *** indicating a p-value ≤ 0.001 compared to “a” high calcium DMSO treatment.
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Expression of Inflammatory Genes
Previous studies have revealed that a cross-talk exists between the AHR signaling
pathway and inflammatory signaling pathways, and that AHR activation can be antiinflammatory.5 This suggests that AHR activation could be beneficial in reducing inflammation
caused by chronic inflammatory skin diseases. Mouse primary keratinocytes were treated in
order to test the ability of partial AHR agonists to repress TPA-mediated inflammation. TPA
significantly induced the expression of Cox2, Il1b, and S100a9, but it did not significantly induce
Cd14 expression (Figure 11). SGA360 has been shown to have anti-inflammatory effects;
therefore, it was expected to downregulate the expression of inflammatory genes. The results
show that SGA360 significantly downregulated the expression of Cd14 and S100a9 in TPA+
keratinocytes. Also, TCDD significantly downregulated the expression of Cd14 and Cox2 but
significantly upregulated the expression of S100a9 in TPA+ keratinocytes. Figure 11 also reveals
that SGA382, SGA385, SGA386, and SGA388 significantly downregulated the expression of
Cd14 in TPA+ keratinocytes. Select SGA compounds had no significant effect on the expression
of Cox2; whereas, SGA386 and SGA388 significantly downregulated the expression of Il1b in
TPA+ keratinocytes. Furthermore, SGA382, SGA385, SGA386, and SGA388 significantly
downregulated the expression of S100a9 in TPA+ keratinocytes.
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Figure 11. Partial AHR agonists downregulate the expression of Cd14, Il1b, and S100a9 in Ahr+/+
mouse primary keratinocytes.
Ahr+/+ mouse primary keratinocytes were pretreated for 1 hour with DMSO (Veh), TCDD (2 nM),
SGA360 (10 μM), SGA315 (10 μM), SGA360f (10 μM), SGA382 (10 μM), SGA385 (10 μM), SGA386
(10 μM), and SGA388 (10 μM). Cells were then treated for an additional 4 h with either TPA (81 nM) or
DMSO. Gene expression levels normalized to Rpl13a are shown for Cd14 (A), Cox2 (B), Il1b (C), and
S100a9 (D). Statistical significance is indicated by an asterisk with * indicating a p-value ≤ 0.05, **
indicating a p-value ≤ 0.01, and *** indicating a p-value ≤ 0.001. In graph showing Cd14 expression, “a”
indicates comparison to TPA+ vehicle control. In all other graphs, “a” indicates comparison to TPAvehicle control and “b” indicates comparison to TPA+ vehicle control.

Neutrophil Attracting Chemokines
The partial AHR agonists were also tested for their ability to repress TPA-mediated
induction of a specific set of inflammatory genes: neutrophil attracting chemokines. Figure 12
shows that TPA treatment significantly induced the expression of all neutrophil attracting
chemokines. TCDD significantly downregulated the expression of Cxcl2 and SGA360
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significantly downregulated the expression of Cxcl5 in TPA+ keratinocytes. None of the partial
AHR agonists significantly downregulated the expression of Cxcl1 or Cxcl2 in either TPA+ or
TPA- keratinocytes; however, the expression of Cxcl5 in TPA+ keratinocytes was significantly
downregulated by SGA382, SGA385, SGA386, and SGA388. It is interesting to note that TCDD
significantly induced Cxcl5 expression in the absence of TPA (Figure 12).

Figure 12. Partial AHR agonists downregulate the expression of Cxcl5 in Ahr+/+ mouse primary
keratinocytes.
Ahr+/+ mouse primary keratinocytes were pretreated for 1 h with DMSO (Veh), TCDD (2 nM), SGA360
(10 μM), SGA315 (10 μM), SGA360f (10 μM), SGA382 (10 μM), SGA385 (10 μM), SGA386 (10 μM),
and SGA388 (10 μM). Cells were then treated for an additional 4 h with either TPA (81 nM) or DMSO.
Gene expression levels normalized to Rpl13a are shown for Cxcl1 (A), Cxcl2 (B), and Cxcl5 (C).
Statistical significance is indicated by an asterisk with * indicating a p-value ≤ 0.05, ** indicating a pvalue ≤ 0.01, and *** indicating a p-value ≤ 0.001. “a” indicates comparison to TPA- vehicle control and
“b” indicates comparison to TPA+ vehicle control.
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Summary of Results
The effects of tested AHR ligands on gene expression are summarized in Table 2. As
expected, TCDD significantly induced the expression of all known AHR target genes as well as
the expression of epidermal differentiation genes. TCDD also had some anti-inflammatory
effects in mouse primary keratinocytes. SGA360 did not significantly induce any AHR target
genes or epidermal differentiation genes; however, it exhibited significant anti-inflammatory
activity. SGA315 had minimal effects on AHR target gene, epidermal differentiation gene, and
inflammatory gene expression. SGA360f significantly induced several epidermal differentiation
genes and AHR target genes but had no effect on inflammatory genes. The most promising
results were seen from SGA388, which significantly induced several epidermal differentiation
genes while significantly downregulating the expression of several inflammatory genes.
TCDD
SGA360 SGA315 SGA360f SGA382 SGA385 SGA386 SGA388
Known Target Genes
Ahrr
↑↑↑
↑
↑
Cyp1a1
↑↑↑
↑↑
Cyp1b1
↑↑↑
↑↑↑
↑
↑
↑↑
Epidermal Differentiation Genes
Dsc1
↑
↑
↑↑
Flg
↑↑↑
↑↑↑
↑↑↑
Hrnr
↑↑↑
↑
↑↑↑
Invol
↑↑↑
↑↑↑
↑
↑↑
↑↑
↑↑↑
K1
↑
↑
↑↑↑
↑
Lor
↑↑↑
↑↑↑
↑
↑↑↑
Inflammatory Genes
Cd14
↓
↓↓↓
↓↓
↓↓↓
↓↓↓
↓↓↓
↓↓↓
Cox2
↓
Cxcl1
Cxcl2
↓↓
Cxcl5
↓↓↓
↓↓
↓↓
↓↓
↓↓
↓↓
Il1b
↓
↓
S100a9
↓↓↓
↓↓↓
↓↓↓
↓↓
↓↓↓
Table 2. Upregulation or downregulation of gene expression in response to AHR ligands.
Statistical significance is indicated by an arrow with one arrow indicating a p-value ≤ 0.05, two arrows
indicating a p-value ≤ 0.01, and three arrows indicating a p-value ≤ 0.001.

32

DISCUSSION
The purpose of this study was to characterize partial AHR agonists that increase the
expression of epidermal differentiation genes while decreasing the expression of inflammatory
genes. Partial AHR agonists that upregulate the expression of epidermal differentiation genes can
have therapeutic effects on patients with chronic inflammatory skin diseases, as epidermal
differentiation genes are known to encode proteins with skin barrier functions.5 Also, partial
AHR agonists that downregulate inflammatory gene expression may alleviate this symptom of
chronic inflammatory skin diseases. Moreover, reducing the expression of Cyp1a1 should also
reduce its harmful effects, such as production of ROS that can lead to oxidative DNA damage.5
Therefore, the goal was to identify a partial AHR agonist that does not induce excessive Cyp1a1
gene expression or CYP1A1 protein activity but still significantly upregulates epidermal
differentiation gene expression and downregulates inflammatory gene expression. The results of
this study support the original hypothesis that the AHR plays a favorable role in modulating the
expression of epidermal differentiation genes and inflammatory genes. In wild-type mouse
primary keratinocytes, several partial AHR agonists caused significant upregulation of epidermal
differentiation genes and downregulation of inflammatory genes while avoiding excessive
CYP1A1 activity. These findings suggest that targeting the AHR with partial agonists can be
effective in treating chronic inflammatory skin diseases.
The purpose of the initial DRE-driven luciferase assay screening was to identify partial
AHR agonist candidates that could then be used for future characterization. Partial AHR agonists
were identified as compounds that induced a significant but low level of gene expression, as this
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suggested beneficial regulation of the expression of AHR-mediated genes as well as avoidance
of persistent and harmful CYP1A1 activity. Of the partial AHR agonists selected, SGA360f
significantly upregulated Cyp1a1 gene expression and SGA360f, SGA385, SGA386, and
SGA388 significantly upregulated Cyp1b1 gene expression (Figure 7). CYP1A1 and CYP1B1
are xenobiotic metabolizing enzymes mediated by the AHR.22 While they play beneficial roles in
drug metabolism, a drawback of these enzymes is their carcinogenic effects if expressed at high
levels. CYP1A1 is known to be higher expressed in keratinocytes than CYP1B1, which is
primarily expressed in Langerhans cells.5 Since this study targeted keratinocytes, a CYP1A1
activity assay was used in order to assess the potential drawbacks of using partial AHR agonists
as therapeutic treatments. Fortunately, none of the partial AHR agonists significantly induced
CYP1A1 activity in mouse primary keratinocytes, suggesting that these compounds, if used as
treatments for chronic inflammatory skin diseases, should not produce the same deleterious
effects as AHR activation by potent agonists such as TCDD or B[a]P.
Epidermal differentiation genes were shown to be highly expressed by several partial
AHR agonists. SGA360f and SGA388 showed the most significant upregulation of these genes,
with SGA360f significantly inducing Dsc1, Flg, Invol, and Lor; and SGA388 significantly
inducing Flg, Hrnr, Invol, and Lor (Figure 9). While none of the partial AHR agonists
significantly induced expression of all epidermal differentiation genes, it may be possible to
combine treatments in order to maximize the therapeutic value. This approach could lead to
greater alleviation of the symptoms of chronic inflammatory skin diseases. The potential benefits
of SGA360f and SGA388 can be inferred by considering the function of proteins encoded by the
epidermal differentiation genes influenced. DSC1 is a desmosomal cadherin isoform found in
suprabasal differentiated skin layers involved in terminal differentiation and keratinization.23
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Deletion of Dsc1 in mice was shown to result in weakened skin adhesion that resulted in
epidermal fragility as well as abnormal epidermal differentiation observed as epidermal
hyperproliferation.23 This suggests that DSC1 plays a significant role in maintaining proper skin
adhesion and tissue architecture.23 In differentiating keratinocytes, the primary function of FLG
is to aggregate keratin into filaments in order to stabilize a structural protein network.22
Furthermore, degraded FLG provides precursors for the synthesis of a natural moisturizing factor
in the skin’s cornified layer.22 HRNR is an essential component of skin cornified envelopes
playing a role in terminal differentiation.11 It has been shown that patients with atopic dermatitis
have reduced levels of HRNR, suggesting that drugs that increase its expression could have
therapeutic value.24 INVOL is a structural protein in the cornified envelope as well as an early
epidermal differentiation marker, and it plays a key role in providing structural support to skin.15
Lastly, LOR is also a major component of the cornified envelope, imparting protective skin
barrier functions.25 Evidently, the upregulation of these genes is expected to have profound
therapeutic benefits for patients with chronic inflammatory skin diseases.
One interesting finding was that in the absence of TPA, TCDD still significantly induced
Cxcl5 expression (Figure 12). This supports previous research showing that TCDD exposure
produced an increase in CXCL5 expression of over 1700-fold in mouse adipose tissue.26 In
response to several partial AHR agonists, mouse primary keratinocytes exhibited a
downregulation of various TPA-induced inflammatory genes. Unfortunately, Cox2, Cxcl1, and
Cxcl2 were not significantly downregulated by any of the partial AHR agonists. Furthermore,
although SGA360f had favorable effects on the expression of epidermal differentiation genes, it
did not significantly downregulate the expression of any inflammatory genes. The most
promising results were seen by SGA386 and SGA388 which significantly downregulated the
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expression of Cd14, Cxcl5, Il1b, and S100a9 (Figure 11, 12). The results of this research support
previous research identifying S100A9 as a marker of inflammation as it was significantly
upregulated in the skin of patients with atopic dermatitis.27 Furthermore, another study showed
that CXCL5, a chemokine involved in innate and adaptive immunity, and IL1B, a proinflammatory cytokine, were upregulated several hundred-fold in a mouse model of atopic
dermatitis.26, 28 Since proteins encoded by these genes produce an inflammatory response and
have been shown to be upregulated in patients with chronic inflammatory skin diseases, the
downregulation in gene expression resulting from treatment with partial AHR agonists could
have significant therapeutic value in treating these diseases.
One drawback in this research is that it focused primarily on measuring gene expression
levels by qRT-PCR. As was evident in the CYP1A1 activity assay, while gene expression levels
suggest increased protein activity, they cannot predict post-transcriptional regulatory control. In
fact, studies have shown that mRNA measurements by qRT-PCR can only predict about 40% of
cellular protein levels.29 For example, SGA360f was shown to significantly induce Cyp1a1 gene
expression (Figure 7); however, it did not significantly induce CYP1A1 activity (Figure 8). This
research would be enhanced by including activity assays for all epidermal differentiation and
inflammatory gene products and/or immune-based assays, such as ELISA assays. This would
provide more convincing evidence for the benefits of partial AHR agonists in treating chronic
inflammatory skin diseases. Furthermore, future research can focus specifically on the effects of
promising partial AHR agonists on in vivo mouse models of atopic dermatitis. With these results,
pharmaceutical companies can determine whether partial AHR agonists are viable therapeutic
drug candidates.
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In conclusion, partial AHR agonists, especially SGA388, have shown promising results
in terms of their effects on the expression of epidermal differentiation genes and inflammatory
genes while avoiding unfavorable CYP1A1 activity. While it is not evident that these gene
expression levels correlate with protein activity, this pattern of gene expression encourages
further research on the subject. Overall, this research suggests that the AHR can play a role in
resolving chronic inflammatory skin diseases and that targeting the AHR with partial agonists
warrants further research as a viable treatment for these diseases.
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