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Abstract

Benvitimod has been successfully used in the treatment of psoriasis and atopic dermatitis (AD). However, the mechanism
remains to be clarified. We aim to assess the effects of benvitimod on MC903-induced dermatitis in mice and to investigate
the effects of benvitimod on filaggrin (FLG), involucrin (IVL), and loricrin (LOR) expressions and possible mechanism.
MC903-induced mouse AD model was used to evaluate the effects of benvitimod. Filaggrin, involucrin, and loricrin pro-
tein and mRNA expressions in lesions of mice dermatitis were measured by Western blot and quantitative real-time PCR.
In vitro, normal human epidermal keratinocytes (NHEKSs) were cultured and benvitimod was used to treat NHEKSs primed
with IL-4 and IL-13. Then AHR and OVOLI1 in NHEKs were knocked down to evaluate the role of AHR and OVOL1
in the effects of benvitimod. Topical treatment of benvitimod repaired skin barrier and alleviated skin inflammation in
mouse AD model. This effect was inhibited by pretreatment with an AHR antagonist. Benvitimod upregulated the filag-
grin, involucrin, and loricrin expressions in lesions of mouse AD model. In addition, benvitimod upregulated the filaggrin,
involucrin, and loricrin expressions in NHEKs. Knockdown of AHR or OVO-like (OVOL)1 abrogated the upregulation
of filaggrin, involucrin, and loricrin induced by benvitimod. Benvitimod attenuated MC903-induced mouse dermatitis and
upregulated filaggrin, involucrin, and loricrin expressions via AHR-OVOL1 axis.
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Abbreviations FLG Filaggrin
AD Atopic dermatitis IVL Involucrin
AHR Aryl hydrocarbon receptor LOR Loricrin
ARNT Aryl hydrocarbon receptor nuclear NHEKSs Normal human epidermal keratinocytes
translocator OVOL OVO-like
BVM Benvitimod TSLP Thymic stromal lymphopoietin
CH CH223191 RT-gPCR  Real-time quantitative PCR
CYP1A1  Cytochrome P450 family subfamily A member  siRNAs Small interfering RNAs
1
CYPIB1  Cytochrome P450 family subfamily B mem-
ber 1 Introduction

Atopic dermatitis (AD) is a chronic, inflammatory skin
Qiuyu Jia and Ping Liu contributed equally to this work. disease characterized by recurrent eczematous lesions and
severe pruritus that significantly impact patient’s quality of
life [1-3]. The pathogenesis of AD mainly involves genetic
predisposition, epidermal barrier impairment and immune
dysregulation [2, 4]. Loss-of-function mutations in the
filaggrin (FLG) gene and reduced levels of FLG contrib-
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maintaining the skin barrier [7, 8]. The immune dysregula-
tion in AD is predominantly driven by Th2 inflammation,
with IL-4 and IL-13 being the main cytokines [1, 9, 10].
Previous studies have reported that FLG, IVL, and LOR can
be downregulated by IL-4 and IL-13, leading to skin barrier
dysfunction and the development of AD [8, 11]. Conversely,
epidermal keratinocytes in barrier-disrupted skin promote
type 2 immune deviation [11, 12]. Therefore, breaking
this vicious cycle by repairing the barrier may be a crucial
breakthrough in treating AD.

Benvitimod (BVM, also known as tapinarof) is an aryl
hydrocarbon receptor (AHR)-modulator which has been
reported to be effective for AD [13, 14]. However, the
mechanism by which benvitimod is effective for AD is far
less recognized. It has been reported that benvitimod could
upregulate FLG, LOR, and IVL expressions in vitro [15],
indicating that benvitimod may improve AD by repairing
skin barriers. Moreover, benvitimod has been proven to
activate the AHR, thereby stimulating the expression of
CYP1A1 and CYP1BI in cultured primary human keratino-
cytes [15, 16]. AHR is a cytosolic ligand-activated transcrip-
tion factor that senses diverse endogenous and exogenous
stimuli and is involved in multiple biological processes [17,
18]. AHR is widely expressed in skin and was thought to be
involved in skin barrier function regulation [19, 20]. How-
ever, the impact of benvitimod on the skin barrier of AD in
vivo and the potential involvement of AHR in benvitimod’s
effect on barrier repair remain unclear.

OVO-like (OVOL) proteins are transcribed from ubiqg-
uitously conserved genes encoding a C2H2 zinc finger
transcription factor, which are susceptibility genes for AD
[21, 22]. It has been reported that OVOLI1 is regulated by
AHR [23, 24]. Additionally, other AHR ligands, such as
6-formylindolo(3,2-b) carbazole (FICZ) and Rhodiola cren-
ulata root extract, have been reported to upregulate FLG and
LOR via the AHR-OVOL1 pathway [23, 24]. Nevertheless,
different ligands trigger the interaction of AHR with differ-
ent transcriptional partners, thereby inducing diverse bio-
logical responses [19, 25]. Further investigation is needed to
determine whether benvitimod regulates OVOL1 via AHR
and if OVOLI is involved in the modulation of barrier func-
tion by benvitimod.

In the present study, an MC903-induced mouse model of
AD was used to evaluate the effects of benvitimod on AD.
Additionally, the AHR antagonist CH223191 was added to
investigate the role of AHR in the effects of benvitimod.
Furthermore, AHR and OVOL1 were knocked down to
explore their roles in benvitimod’s effects on the expres-
sions of FLG, LOR, and IVL in cultured normal human epi-
dermal keratinocytes (NHEKS).
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Results

Benvitimod improved MC903-induced mouse
dermatitis

Consecutive application of MC903 induced significant AD-
like dermatitis in mice, characterized by erythema, swelling,
scaling, and epidermal thickening. Topical treatment with
benvitimod for 14 days significantly improved the derma-
titis (Fig. 1A). The effects of benvitimod could be blocked
by AHR antagonist CH223191. As shown in Fig. 1A, red-
ness, scales, and ear swelling were more prominent in
BVM +CH (benvitimod + CH223191) group than in BVM
(benvitimod) group. Histopathology demonstrated that ben-
vitimod treatment inhibited epidermal thickening, spon-
giosis, and dermal inflammatory cell infiltration, whereas
these abnormalities were not inhibited in BVM + CH group,
even the inflammation was more severe in the murine skin
of BVM + CH group than that of AD group (Fig. 1B). The
dermatitis score was considerably reduced in BVM group
compared with AD group, while they were higher in the
BVM +CH group (Fig. 1C). The frequency of scratching
was also significantly decreased after topical treatment with
benvitimod and this effect was inhibited in the BVM + CH
group. (Fig. 1D). Benvitimod improved the ear thickness
significantly compared with AD group and this effect was
also blocked by CH223191 (Fig. 1E).

Benvitimod inhibited downregulation of FLG, IVL
and LOR expressions in MC903-induced mouse
dermatitis via AHR pathway

In animal experiments, benvitimod treatment induced
expression of AHR target genes CYP1Al and CYP1BI1
and this could be blocked by CH223191(Figs. 2A, B). The
marked downregulation of LOR mRNA was observed in
the MC903-induced dermatitis, whereas the mRNA levels
of FLG and IVL were not decreased by benvitimod signif-
icantly compared to the NC group (Fig. 2C-E). FLG and
IVL mRNA levels were upregulated by benvitimod sig-
nificantly compared with AD group, however, benvitimod
showed weak effects on LOR mRNA expression (Fig. 2C-
E). Meanwhile, pretreatment with CH223191 inhibited the
upregulation of FLG, IVL, and LOR mRNA levels induced
by benvitimod (Fig. 2C-E).

The downregulation of FLG, IVL and LOR protein lev-
els induced by MC903 treatment were recovered by benvi-
timod, and the effects of benvitimod were blocked by AHR
antagonist CH223191 (Fig. 2F).
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Fig. 1 Effects of topical benvitimod on MC903-induced mouse der-
matitis. MC903 was applied on dorsal ears of the BALB/c mice for 10
consecutive days to establish mouse AD model. Then the mice were
divided into 4 groups and treated with benvitimod (BVM) or benvi-
timod+ CH223191 (BVM +CH) for 14 days. (A) Gross appearance
of mice ears in different treatment groups. (B) Histopathology of the

Benvitimod inhibited IL-4/IL-13-induced
downregulation of FLG, IVL and LOR via AHR
pathway in NHEKs

Significant downregulation of FLG, IVL and LOR mRNA
levels and protein levels were observed when NHEKs were
treated with IL-4 and IL-13 (Fig. 3A-D). Additionally, IL-4
and IL-13 downregulated the levels of FLG, IVL and LOR
mRNA in a time-dependent manner (Fig. 3A-C). The mRNA
levels of FLG, IVL and LOR were markedly downregulated
by IL-4 and IL-13 at 1 ng/mL (Fig. 3E-G). Western blotting
results showed that IL-4 and IL-13 significantly downregu-
lated the expression of LOR at 1 ng/mL and significantly
downregulated the expression of FLG and IVL at 10 ng/mL
(Fig. 3H).

Benvitimod recovered the mRNA levels of FLG and
LOR dose-dependently, however the upregulation of IVL
mRNA level induced by benvitimod was not dose-depen-
dent (Fig. 31-K). Benvitimod also upregulated the FLG, IVL

mice ears in different treatment groups. (HE staining, X100, scale bar
=100 pm) (C) Scoring of dermatitis. (D) Frequency of scratching. (E)
Ear thickness (um). n=6; ¥****P<0.0001 (NC: naive control group,
AD: atopic dermatitis group, BVM: benvitimod treatment group,
BVM + CH: AHR inhibition group)

and LOR mRNA levels significantly when NHEKSs were not
pretreated with IL-4 and IL-13 (Fig. 31-K).

Transfection of AHR siRNA into NHEKSs induced down-
regulation of the AHR protein (Figure S1). The FLG, IVL
and LOR mRNA levels were not affected by benvitimod in
AHR-knockdown NHEKs (Fig. 4A—C). In addition, trans-
fection of AHR siRNA also inhibited benvitimod-induced
upregulation of FLG, LOR and IVL protein levels (Fig. 4E).
Moreover, the OVOLI1 expression was upregulated by ben-
vitimod and this effect was abrogated in AHR-knockdown
NHEKSs (Fig. 4D, E), similar to findings in animal experi-
ments (Fig. 2F). Meanwhile, there was an obvious decrease
of OVOL1 expression after silencing AHR in NHEKs
(Fig. 4D, E).

Benvitimod-induced FLG, IVL and LOR upregulation
is OVOL1-dependent

To determine if OVOL1 was involved in the upregulation
of FLG, IVL and LOR induced by benvitimod, we trans-
fected NHEKs with OVOLI1-specific siRNA. The mRNA
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Fig. 2 Effects of benvitimod on
FLG, IVL and LOR expressions
in mouse dermatitis. The mouse
ear dermatitis was treated with
benvitimod (BVM) or benviti-
mod+CH223191 (BVM +CH)
for 14 days. CYP1A1, CYPIBI,
FLG, IVL and LOR mRNA
expressions were measured by
RT-gPCR. (A) CYP1A1l mRNA
expression. (B) CYP1B1 mRNA
expression. (C) FLG mRNA
expression. (D) IVL mRNA
expression. (E) LOR mRNA
expression. (F) CYP1A1,
CYPIBI, FLG, IVL, LOR and
OVOLI protein levels measured
by Western blotting. Data were
representative of repeated six
experiments. n=6; *P<0.05,
**P<0.01, ***P<0.001, and
****P <0.0001
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Fig. 3 Benvitimod inhibited IL-4/
IL-13-induced downregulation of

FLG, IVL and LOR in NHEKs. (A-D)
Normal human epidermal keratino-
cytes (NHEKSs) were treated with IL-4
(10 ng/ml) and IL-13 (10 ng/ml) for
indicated period of time. (A-C) FLG,
IVL and LOR mRNA expressions were
assessed by RT-qPCR. (D) FLG, IVL
and LOR protein levels were measured
by Western blotting (E-H) NHEKs were
treated with 1L-4 and IL-13 at indicated
concentrations for 24 h. (E-G) FLG,
IVL and LOR mRNA expressions were
measured by RT-qPCR. (H) FLG, IVL
and LOR protein levels were measured
by Western blotting. (I-K) NHEKs were
treated with IL-4 and IL-13 (10 ng/mL)
in presence or absence of benvitimod
(BVM) (0.1, 1, and 10 uM) for 24 h, and
FLG, IVL and LOR mRNA expres-
sions were assessed by RT-qPCR. n=3;
*P<0.05, **P<0.01, ***P<0.001, and
***%P <0.0001
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Fig. 4 Effects of benvitimod on
FLG, LOR, and IVL expressions.
(A-E) NHEKSs transfected with
siRNA against AHR (si-AHR)
were treated with IL-4 (10 ng/
mL) and IL-13 (10 ng/mL) for
24 h in the presence or absence of
benvitimod (BVM, 1 uM). (A-D)
FLG, IVL, LOR and OVOL1
mRNA expressions measured

by RT-qPCR. (E) FLG, IVL,
LOR, and OVOLI1 protein levels
measured by Western blotting.
Data were representative of three
experiments. n=3; *P <0.05,
**P<0.01, ***P<0.001, and
**rkP <0.0001
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levels of FLG, IVL and LOR were upregulated by benvi-
timod in NHEKSs treated by control siRNA (Fig. 5A-C).
Upon OVOLI1 knockdown (Figure S1), benvitimod-induced
upregulation of LOR and IVL mRNA expressions were can-
celed completely, and upregulation of FLG mRNA expres-
sion was inhibited partially (Fig. 5A-C). Benvitimod could
reverse the decreased expression of FLG, IVL and LOR
mRNA induced by IL-4 and IL-13 in NHEKSs treated by con-
trol siRNA, and this effect was inhibited after knockdown
of OVOLI (Fig. 5A-C). Benvitimod-induced upregulation
of FLG, IVL and LOR protein levels was also abrogated
in NHEKSs transfected with OVOL1 siRNA compared to
NHEKSs transfected with control siRNA (Fig. 5D). These
results suggested the upregulation of FLG, IVL and LOR
expressions induced by benvitimod is OVOL1-dependent.
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Discussion

Atopic dermatitis (AD) is a highly prevalent inflammatory
skin disease caused by skin barrier dysfunction and chronic
immune activation, primarily involving Th2 and Thl7
inflammation [2, 3]. In MC903-induced dermatitis, a Th2
immune response is triggered and FLG, IVL, and LOR is
downregulated [26, 27]. The therapeutic effects of benvi-
timod on MC903-induced dermatitis was firstly evaluated
in mice in our present study. In this study, we demonstrated
that benvitimod could alleviate symptoms such as scaling
and itching caused by MC903, and it can improve epidermal
thickening, spongiotic edema, and dermal inflammatory cell
infiltration. Previous studies have shown that another AHR
ligand, IAID, can improve dermatitis caused by MC903
through AHR [28], suggesting that benvitimod, as an AHR
ligand, may also exert its effects through AHR. Our research
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indicated that the AHR antagonist CH223191 can block the
therapeutic effect of benvitimod on MC903-induced der-
matitis, further indicating that benvitimod may act through
AHR.

Previous studies have shown that benvitimod can acti-
vate AHR and upregulate the expressions of FLG, IVL, and
LOR in NHEKs [15]. However, there has been no relevant
research on whether benvitimod can exert these effects in
vivo. In our study, we found that benvitimod can restore the
downregulation of FLG, IVL, and LOR in MC903-induced
AD-like dermatitis in mice, which may be mediated by
AHR. Our study further confirmed this conclusion in vivo
and highlighted the important role of AHR in this process.
In addition, the expression of FLG, IVL, and LOR in kera-
tinocytes is also regulated by various cells and factors in
the skin [11, 29, 30]. For example, Th2 cytokines IL-4 and
IL-13 have been reported to downregulate the expression
of FLG, IVL, and LOR in vitro [8, 11]. Our research also
validated this conclusion. However, IL-4 and IL-13 could
not significantly downregulate the expression of FLG, IVL,
and LOR in NHEKSs in the control siRNA group, which is
inconsistent with the results in Fig. 3. This discrepancy may
be due to the different sensitivities of NHEKs to IL-4 and
IL-13 and the required stimulation time after control siRNA
was added. Notably, in our study, the mRNA level of FLG
was not significantly downregulated by MC903 in the AD
group compared to the NC group, which is somewhat incon-
sistent with the protein level. A previous study demonstrated
that FLG, IVL, and LOR were downregulated after MC903
was used for 6 days [31]. In the MC903 model, MC903
stimulates keratinocytes to produce TSLP [26], which fur-
ther stimulates CD4 +T cells to produce 1L-4 and IL-13 [2,
32]. These cytokines can downregulate the expressions of
FLG, IVL, and LOR in keratinocytes [1, 30]. Additionally,
skin treated with MC903 shows increased dermal inflam-
matory infiltrates consisting of eosinophils and CD3+,
CDl11c+, GR-1+, and mast cells, as well as increased levels
of IL-5, IL-31, IL-10, IL-8, IFN-y, and TNF-f [26, 33]. The
immune status at different time points varies, affecting the
regulation of barrier-related factors. The inability of IL-4
and IL-13 to significantly downregulate the expression of
FLG, IVL, and LOR in NHEKSs in the control siRNA group
may be due to the different durations of MC903 stimulation
and the different time points of detection, leading to varying
expression levels of barrier-related factors.

AHR has been reported to be involved in the regulation
of keratinocyte differentiation and barrier function [19, 25].
Upon activation, AHR translocates from the cytoplasm
to the nucleus, forming AHR/ARNT dimers that further
activate the AHR-dependent expression of CYP1Al and
genes encoded in the epidermal differentiation complex
(EDC) region [34]. Different exogenous and endogenous
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AHR agonists induce diverse downstream effects [19, 34],
making the specific role of AHR activation in keratino-
cyte differentiation controversial. A recent study showed
barrier impairment in the epidermis of keratinocytes in
AHR-knockout mice, and AHR-deficient mice had higher
interindividual differences in their microbiome [20]. Con-
sistently, severe functional defects in epidermal barrier have
been observed in mice with targeted ablation of ARNT
(aryl hydrocarbon receptor nuclear translocator) in kera-
tinocytes [35]. It has been reported that the AHR ligand
coal tar induces epidermal differentiation and stimulates
filaggrin expression in keratinocytes by activating AHR
signaling [7]. Additionally, previous studies revealed that
AHR ligands such as FICZ and glyteer can activate AHR
and upregulate FLG expression [24]. Jennifer A. Loertscher
et al. demonstrated that exposure of mouse fetuses to the
AHR ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
in utero results in alterations in keratinocyte terminal dif-
ferentiation [36]. Our research demonstrated that benviti-
mod can upregulate the expression of FLG, LOR, and IVL
in vivo and in NHEKs, which may be mediated by AHR.
Our study indicated that the binding of benvitimod to AHR
has beneficial effects on epidermal differentiation and bar-
rier function overall. In addition to the direct effect of ben-
vitimod on FLG, LOR, and IVL through AHR, the influence
of benvitimod on STAT6 may also have an indirect effect
[8, 37]. Previous studies have shown that IL-4 and IL-13
can downregulate FLG, LOR, and IVL through STAT6 [37].
Our previous research indicated that benvitimod inhibits the
phosphorylation of STAT6 in keratinocytes [37]. Therefore,
it is possible that benvitimod reverses the IL-4 and IL-13
induced downregulation of FLG, IVL, and LOR by inhibit-
ing the phosphorylation of STAT®6.

OVO-like (OVOL) proteins are transcribed from ubig-
uitously conserved genes encoding a C2H2 zinc finger
transcription factor [21]. OVOLI1 has been identified as a
susceptibility gene for AD and has been linked to AHR sig-
naling in the skin barrier [21, 22]. OVOL1 knockout mice
showed increased skin permeability to blue dye [21], sug-
gesting that OVOLI1 plays an important role in skin bar-
rier functions. Additionally, activation of AHR induced
by FICZ upregulated OVOL1 expression, leading to the
translocation of cytoplasmic OVOLI1 into the nucleus and
subsequent upregulation of FLG expression [24]. Another
study revealed that Rhodiola crenulata root extract induced
FLG and LOR upregulation in an AHR-OVOL1-dependent
manner [23]. It has been known that different ligands trigger
the interaction of AHR with different transcriptional part-
ners, thereby inducing different biological responses [34].
Our study demonstrated that OVOL1 expression is down-
regulated after AHR knockdown, suggesting that AHR may
influence the baseline expression of OVOLI1 in NHEKS.
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Furthermore, our research showed that after AHR knock-
down, benvitimod’s ability to upregulate OVOL1 was abol-
ished, indicating that benvitimod may upregulate OVOLI1
expression through AHR. Additionally, after OVOLI
knockdown, benvitimod’s upregulation of FLG, LOR, and
IVL was also abolished, indicating that OVOL1 plays a sig-
nificant role in the upregulation of these proteins by benvi-
timod. However, the specific mechanism by which OVOLI1
is crucial for skin barrier function in atopic dermatitis still
requires further investigation.

We acknowledge several limitations in our study. Ben-
vitimod was found to upregulate FLG, IVL, and LOR
expressions in MC903-induced dermatitis of mice, possibly
mediated by AHR. However, various immune cells in the
skin that express AHR, such as CD4+ T cells and ILCs [19,
34], may also be affected by the AHR ligand benvitimod
[15], indicating the need for further research into the role
of benvitimod on other immune cells in the skin. Addition-
ally, we have only studied the impact of the AHR pathway
activated by benvitimod on FLG, LOR, and IVL in kerati-
nocytes. Benvitimod may also affect FLG, LOR, and IVL
through other pathways [11, 29, 38]. For example, a previ-
ous study has shown that benvitimod can induce the secre-
tion of IL-24, leading to the downregulation of FLG and
LOR expression [39]. Therefore, the impact of benvitimod
on FLG, LOR, and IVL through other pathways requires
further research.

In conclusion, this study suggests that benvitimod could
improve MC903-induced dermatitis and upregulate the
expressions of FLG, IVL, and LOR in mice. Furthermore,
benvitimod was found to upregulate FLG, IVL and LOR
expressions in cultured NHEKSs, possibly mediated by
AHR-OVOLI axis. Therefore, benvitimod may help treat
AD by breaking the vicious cycle of barrier dysfunction and
inflammation through skin barrier repair. Further research is
needed to elucidate the specific mechanisms of benvitimod
in treating AD.

Materials and methods
Animal model and treatments

BALB/c mice (8 to 12 weeks old) were purchased from HFK
Bioscience Co. Ltd. (Beijing, China). Mice were maintained
in a 12-hour light/dark cycle under specific pathogen-free
condition. Animal experiments were performed in compli-
ance with the NIH Guide for the Care and Use of Laboratory
Animals and were approved by the Ethics Committee of
Peking University People’s Hospital, Beijing, China (Permit
number: 2020PHE083).

Mouse AD model was established by topical application
of 2 nmol MC903 (dissolved in ethanol; Selleck) on dorsal
ears for 10 consecutive days. Mice in naive control group
received 20 pl ethanol on the dorsal ears. The dermatitis
was confirmed by clinical manifestation and histopathology.

After the establishment of animal model, mice were
divided into naive control group, atopic dermatitis group,
benvitimod treatment group and AHR inhibition group.
Mice in atopic dermatitis group received vehicle on the dor-
sal ears. Mice in benvitimod treatment group and AHR inhi-
bition group received topical 1% benvitimod (Guangdong
Zhonghao Pharma Ltd. China) once a day for 14 days. Mice
in AHR inhibition group were treated with 20 pL. CH223191
(10 mmol/L, Selleck) 30 min before benvitimod application.
On days 14, the ear inflammation was evaluated by dermati-
tis scoring, with erythema/hemorrhage (0—4), scale/dryness
(0—4), edema (0—4), and excoriation/erosion (0—4). The ear
full thickness was measured and scratching frequency per
10 min was also recorded. Then all mice were sacrificed.
Ear tissues were collected for RNA or protein extraction,
and for histopathology.

Keratinocyte culture

Human skin specimens were obtained from circumecision.
After digestion with Dispase (Sigma-Aldrich, St. Louis,
MO) at 4 °C for 16-20 h, the epidermis was peeled off and
disaggregated with trypsin (0.25 mg/mL) at 37 °C for 5 min.
NHEKSs were cultured in Keratinocyte Medium (ScienCell,
USA) at 37 °C with 5% CO,. The culture medium was
replaced every 2 days. When NHEKSs reached 70-90% con-
fluence, they were disaggregated with trypsin/0.01% ethyl-
enediaminetetraacetic acid and subcultured. The fourth to
sixth passage NHEKSs were used for experiments.

In each experiment, NHEKs (1x10° per well) were
seeded in 6-well culture plates, allowing to attach for 24 h
before experiments.

This study was approved by the Ethics Committee of
the Peking University People’s Hospital (Permit number:
2020PHB353-01) and conducted in accordance with the
Declaration of Helsinki principles. All subjects provided
written informed consent.

Transfection of siRNAs against AHR and OVOL1

Small interfering RNAs (siRNAs) against AHR or OVOLI1,
and scrambled siRNA that did not specifically degrade RNA
(control siRNA) were purchased from Tsingke (China).
AHR and OVOLI1 siRNAs or the control siRNA were trans-
fected into cells with Lipofectamine RNAIMAX (Invitro-
gen) according to the manufacturer’s instructions. After
incubation for 24 h, siRNA-transfected NHEKSs were used
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for experiments. SIRNA sequences against AHR or OVOL1
for transient silencing were 5'-GGAACACCUACAUCUA
GAA-3"and 5'-AGUGUCACAACGACGUCAA-3'".

Histopathology

Mice ear tissues were fixed in 4% phosphate-buffered for-
malin solution, embedded in paraffin, cut into 5-pm-thick
sections, and stained with hematoxylin and eosin.

Quantitative real-time PCR

Total RNA was extracted from skin tissues and NHEKSs
using a tissue RNA purification kit (EZBioscience, USA)
and performed according to the manufacturer’s protocol.
EZscript reverse transcription mix (EZBioscience) was
used to synthesize cDNA. mRNA levels were measured
with the 7500 Fast Real Time PCR Detection System
(Applied Biosystems, CA, USA) and SYBR Green qPCR
master mix (EZBioscience). Fold changes in expression
were normalized to the glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) mRNA level. Relative expression was
calculated using the comparative threshold cycle (Ct) and
27AAC method.
Primer sequences are shown in Table S1.

Western blotting

Total protein was extracted from mouse skin tissues and cul-
tured NHEKSs using tissue protein extraction kit (Solarbio,
Beijing, China). The protein concentrations were measured
with a BCA Protein Assay Kit (Beyotime, Jiangsu, China).
Equal amounts of protein were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and then trans-
ferred onto a polyvinylidene difluoride membrane. After
blocking with 5% dry skim milk, the membrane was incu-
bated overnight at 4 °C with primary antibodies (Primary
antibodies are listed in Table S2). Anti-rabbit IgG (1:2,000,
Cell Signaling Technology) or anti-mouse IgG (1:2,000,
Cell Signaling Technology) were used as secondary anti-
bodies. Specific bands were observed using the ChemiDoc
Touch Imaging System (Bio-Rad) with standard chemilu-
minescence (Beyotime). Results were analyzed with ImageJ
software (National Institutes of Health, MD, USA) and nor-
malized to GAPDH.

Statistical analysis
The statistical significance of differences between groups
was examined by Student’s unpaired two-tailed t-test (for

two groups) or one-way ANOVA (multiple groups) using
GraphPad PRISM 9.0 software (GraphPad Software, La
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Jolla, CA, USA). A p-value less than 0.05 was considered
significant.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00403-
024-03268-7.
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