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Exposure to particulate matter (PM) in the air harms human health. Most studies on particulate 
matter’s (PM) effects have primarily focused on respiratory and cardiovascular diseases. Recently, 
IL-32θ, one of the IL-32 isoforms, has been demonstrated to modulate cancer development and 
inflammatory responses. This study revealed that one-point mutated IL-32θ (A94V) plays an important 
role in attenuating skin inflammation. IL-32θ (A94V) inhibited PM-induced COX-2, a pro-inflammatory 
cytokine GM-CSF and CYP1A1 in PM-exposed human keratinocytes HaCaT cells. IL-32θ (A94V) 
modulating effects were mediated via down-regulating ERK/p38/NF-κB/ AP-1 and AhR/ARNT signaling 
pathways. Our study indicates that PM triggers skin inflammation by upregulating COX-2, GM-CSF 
and CYP1A1 expression. IL-32θ (A94V) suppresses the expressions of COX-2, GM-CSF, and CYP1A1 by 
blocking the nuclear translocation of NF-κB and AP-1, as well as inhibiting the activation of the AhR/
ARNT signaling pathway. Our findings offer valuable insights into developing therapeutic strategies 
and potential drugs to mitigate PM-induced skin inflammation by inhibiting the ERK/p38/NF-κB/AP-1 
and AhR/ARNT signaling pathways.
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Abbreviations
PM	� Particulate matter
PM10	� PM of 10 μm or less
PAH	� Polycyclic aromatic hydrocarbon
AD	� Atopic dermatitis
AhRs	� Aryl hydrocarbon receptors
ARNT	� Aryl hydrocarbon nuclear translocator
ROS	� Reactive oxygen species
IL	� Interleukin
COX-2	� Cyclooxygenase-2
GM-CSF	� Granulocyte-macrophage colony stimulating factor
CYP	� Cytochrome P450
qRT-PCR	� Quantitative real-time reverse transcription polymerase chain reaction
ELISA	� Enzyme-linked immunosorbent assay
MAPK	� Mitogen-activated protein kinase
ERK	� Extracellular signal-regulated kinase
JNK	� c-Jun N-terminal kinase
NF-κB	� Nuclear factor-kappa B
PBS	� Phosphate-buffered saline
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Increasing exposure to particulate matter (PM) in the air has become an issue threatening the quality of life, 
as polluted air constrains people’s activities and lifestyles, negatively affects their health, and causes economic 
losses. PM also contributes to skin dysfunction and skin diseases1. Airborne PM smaller than 10 μm (PM10) 
causes skin damage2. The skin is the first protective barrier in humans and is in direct contact with various air 
pollutants. PM contains volatile organic compounds, transition metals, carbonaceous materials, and polycyclic 
aromatic hydrocarbons (PAHs)3. Continuous exposure to environmental pollutants may cause skin damage, such 
as acne, psoriasis, and atopic dermatitis (AD)4. PAHs cause cellular oxidative damage to human keratinocytes 
by impairing redox homeostasis5 and enhancing pro-inflammatory cytokines6. Human skin is composed of 
layers of epidermis, dermis, and hypodermis. The outermost layer of the epidermis is primarily composed of 
keratinocytes (95%). Keratinocytes are important cells in the epidermis as a physical barrier protecting the skin 
from pathogens, microbes, environmental toxicants, and harmful external stimuli, with a modulatory effect on 
skin immune responses7. Aryl hydrocarbon receptors (AhRs) play crucial roles in skin immunity and integrity 
as sensors for environmental chemicals and respond to exogenous and endogenous chemicals by regulating the 
expression of several genes essential for basic skin functions. The AhR signaling pathway is induced by small 
molecules such as environmental toxicants and bacterial pigments. Environmental toxicants such as PAHs may 
interact with the skin surface and be absorbed through the skin8. PAHs are toxic ligands of AhRs and ligand-
activated transcription factors expressed in all skin cell types9. Activation of this receptor is known to upregulate 
several xenobiotics-metabolizing CYP enzymes, such as cytochrome p450s, particularly the isoforms 1A1 and 
1B1 in keratinocytes10–12. CYP enzymes are responsible for the metabolism and detoxification of PAHs, producing 
activated PAHs. Activated PAHs and oxidized metabolites induce oxidative stress mediated via increasing 
reactive oxygen species (ROS)13. In particular, the enzymatic activity of CYP1A1 exacerbates ROS generation12. 
Oxidative stress via activation of the AhR-mediated pathway has been reported to relate to skin inflammation 
and skin diseases such as atopic dermatitis and psoriasis14. PAHs also induce the expression of cyclooxygenase-2 
(COX-2) and pro-inflammatory cytokine granulocyte monocyte colony-stimulating factor (GM-CSF)15,16. PAHs 
activate the AhR and ERK/p38/AP-1/NF-κB signaling pathways, leading to COX-2 expression17. We also found 
that PAHs induce GM-CSF expression in human keratinocytes. GM-CSF drives the development of neutrophils, 
which play an essential role in the inflammation responses18. Increased levels of GM-CSF in inflamed tissues of 
AD patients may contribute to the chronicity of skin diseases19. Therefore, blocking AhR-mediated and ERK/
p38/AP-1/NF- κB signaling pathways, could be attractive therapeutic targets for skin inflammation and skin 
diseases. Interleukin-32 (IL-32) is a cytokine expressed by human natural killer (NK) cells after stimulation 
by mitogen or IL-220. IL-32 has been linked to cancer growth, chronic inflammatory disorders such as Crohn’s 
disease, viral infections, inflammatory bowel disease, and rheumatoid arthritis, according to many studies. 
The IL-32 gene has eight exons with several splicing variants. IL-32α, IL-32β, IL-32γ, and IL-32δ were first 
discovered in NK cells, with IL-32γ having the longest sequence among the IL-32 isoforms20. IL-32ε, IL-32ζ, 
IL-32η, IL-32θ, and IL32sm were additionally identified, and a total of nine isoforms have been reported21. 
Among them, IL-32θ is the only isoform with no exon 6 except for IL-32sm. Recent research has demonstrated 
the anti-inflammatory and tumor-suppressive effects of wild type IL-32θ22,23. Integrin αvβ6 is a part of the αv 
integrin subfamily, which includes αvβ1, αvβ3, αvβ5, αvβ6, and αvβ8, and is found in the lungs, kidneys, and 
skin. This integrin is important for regulating inflammatory responses24. Additionally, integrin αvβ6 mediates 
inflammatory responses by activating two key signaling cascades: the extracellular signal-regulated kinase 
(ERK) pathway and the p38 MAPK pathway, both of which are essential regulators of inflammation25,26. A 
recent study demonstrated that integrin αv inhibition decreased AhR activity and reduced AhR target gene 
CYP1A1 expression27. In a recent study, Park et al. revealed that this integrin could also act as a receptor for 
one-point mutated IL-32θ (A94V)28. Although IL-32θ (A94V) has shown therapeutic benefits, its effect on skin 
inflammation triggered by particulate matter (PMs) remains uncertain. In this study, we revealed for the first 
time that one-point mutated IL-32θ (A94V) has an anti-inflammatory effect in PM10-induced keratinocytes 
mediated via down-regulating PM10-induced activation of ERK/p38/AP-1/NF-κB signaling pathways and 
inhibiting AhR activity. Our results demonstrated that IL-32θ (A94V) down-regulated COX-2, GM-CSF, and 
CYP1A1 expressions mediated via AhR/ARNT and ERK/p38/AP-1/NF-κB signaling pathways.

Results
Identification of integrin αvβ6 in HaCaT cells
We performed RT-PCR analysis to assess integrin subunits αv and β6 expression in HaCaT cells, revealing that 
integrin subunits αv and β6 were expressed in HaCaT keratinocytes (Fig. 1A). Similar to other α and β isoforms 
of IL-3229, IL-32θ (A94V) has recently been found to bind to the integrin αvβ6 known to play an important role 
in the modulation of the inflammatory responses24,28.

IL-32θ (A94V) inhibited COX-2 and GM-CSF gene and protein expressions in PM10-exposed 
HaCaT cells
To elucidate whether IL-32θ (A94V) would modulate the expression of the inflammatory cytokines and 
mediators regulated via the integrin αvβ6, which are expressed on the HaCaT keratinocytes (Fig. 1A), RT-qPCR 
and western blot analyses were performed to confirm whether IL-32θ (A94V) would inhibit expressions of COX-
2 and GM-CSF. Recent studies demonstrated the anti-inflammatory and tumor-suppressive effects of IL-32θ in 
various cells22,23. As abnormal expressions of COX-2 and GM-CSF are critical events in skin inflammation, we 
investigated the effect of IL-32θ (A94V) on PM10-induced skin inflammation in HaCaT keratinocyte cells. To 
evaluate whether IL-32θ (A94V) would inhibit expressions of COX-2 and GM-CSF in PM10-exposed HaCaT 
cells, the cells were pre-treated with IL-32θ (A94V) and then exposed to PM10. qRT-PCR and western blot 
analyses showed that PM10 induced the mRNA and protein expression of COX-2 and GM-CSF in HaCaT cells 
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(Figs. 1B–F). Moreover, IL-32θ (A94V) attenuated PM10-induced mRNA and protein expressions of COX-2 and 
GM-CSF (Fig. 1B–F). Please note that the original (full length and uncropped) blots of Fig. 1D are included in a 
Supplementary Information file (Supplementary Fig. S1).

IL-32θ (A94V) inhibited MAPKs phosphorylation in PM10-exposed HaCaT cells
The mitogen-activated protein kinases (MAPKs) pathway plays an important regulatory role in the production 
of proinflammatory cytokines and vital signal transduction in response to external stimuli that can lead to 
inflammatory diseases30. IL-32θ (A94V) attenuated PM10-induced phosphorylation levels of extracellular signal-
regulated kinases 1 and 2 (ERK 1/2) and p38 (Fig. 2). Please note that the original (full length and uncropped) 
blots of Fig. 3A are included in a Supplementary Information file (Supplementary Fig. S2 and Fig. S3). These 
results indicate that IL-32θ (A94V) inhibits PM10-activated MAPK (ERK 1/2) and p38 resulting in down-
regulation of COX-2 and GM-CSF (Fig. 1).

IL-32θ (A94V) inhibited activation of COX-2 and GM-CSF promoters in PM10-exposed HaCaT 
cells
To investigate the effects of IL-32θ (A94V) on COX-2 promoter activity, transfection and dual-luciferase 
reporter assays were performed. HaCaT cells were transfected with luciferase plasmid vectors containing the 
COX-2 promoter for 24  h, pre-treated with IL-32θ (A94V) at the indicated concentration for 1  h, followed 
by treatment with PM10 (400 µg/mL) for 3 h, followed by the luciferase assay. The result showed that IL-32θ 
(A94V) down-regulated the promoter activity of COX-2 (Fig. 3A), confirming that IL-32θ (A94V) inhibited the 
PM10-induced transcriptional activity of COX-2. Furthermore, ChIP was used to study the binding of NF-κB 
p50 and AP-1 c-Jun to the COX-2 and GM-CSF promoters. We designed primer pairs that could detect DNA 
fragments bound to p50 and c-Jun antibodies using NF-κB and AP-1 consensus regions on each promoter of 
COX-2 and GM-CSF (Fig. 3B)31–33. The digested chromatin bound to p50 and c-Jun antibodies was used to 
identify chromatin enrichment using RT-PCR and agarose gel electrophoresis. Primers for the ribosomal protein 
L30 (RPL30) gene were used as a positive control, as shown in lane 2 (Fig. 3C). Although the PCR products were 
found to increase in the positive control, IL-32θ (A94V) attenuated the PM10-activated binding interactions of 
NF-κB p50 and AP-1 c-Jun into the COX-2 promoter (Fig. 3C and D); IL-32θ (A94V) also diminished the PM10-

Fig. 1.  Detection of integrin subunits αvβ6 expression in HaCaT cells and effects of IL-32θ (A94V) on 
expression levels of COX-2 and GM-CSF in the PM10-exposed HaCaT cells. RT-PCR analysis was performed 
to assess integrin subunits αv and β6 expression in HaCaT cells (A) as described in the Methods section. 
HaCaT cells were pre-treated with IL-32θ (A94V) (100 ng/mL) for 1 h, and then treated with PM10 (400 µg/
mL) for 24 h. mRNA levels of COX-2 and GM-CSF were evaluated by RT-qPCR (B and C), and protein levels 
of GM-CSF and COX-2 were evaluated by western blotting (D) and ELISA (F) and in the absence and presence 
of PM10. The band intensities of COX-2 were quantified using ImageJ software (E). GAPDH was used as 
the loading control. The data are presented as the means ± SD (n = 3). P-values were determined by one-way 
ANOVA. *p < 0.05, **p < 0.01, ****p < 0.0001.
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induced binding of NF-κB (p50) to the GM-CSF promoter (Fig. 3C). These results indicated that IL-32θ (A94V) 
could block the binding of the transcription factors (NF-κB p50 and AP-1 c-Jun) to the COX-2 promoter also 
inhibit the binding of NF-κB (p50) to the GM-CSF promoter in PM10-exposed HaCaT cells.

IL-32θ (A94V) inhibited nuclear translocations of NF-κB and AP-1 in PM10-exposed HaCaT 
cells
IκB binds to NF-κB, forming an IκB: NF-κB complex, which can be disrupted in response to external stimuli. 
Upstream signals phosphorylate IκB, and once the complex is disrupted, NF-κB translocates to the nucleus34. 
Transcription factors such as NF-κB play key roles in regulating the transcription of target genes responsible for 
inflammatory responses35. To investigate the effect of IL-32θ (A94V) on PM10-induced phosphorylation of IκB 
and the nuclear translocations of NF-κB and AP-1 in HaCaT cells, the cells were pre-treated with IL-32θ (A94V) 
(100 ng/mL) for 1 h prior to exposure to PM10 (400 µg/mL). We confirmed the phosphorylation level of IκB and 
nuclear translocation of NF-κB (p50) and AP-1 (c-Jun) using nuclear fractionation and western blotting. IL-32θ 
(A94V) attenuated the PM10-induced IκB phosphorylation (Fig. 4A). In addition, as shown in Fig. 4B, PM10-
induced nuclear translocations of p50 and c-Jun were found to be inhibited by IL-32θ (A94V).

IL-32θ (A94V) inhibited COX-2 and GM-CSF protein expressions by blockade of the NF-κB 
and AP-1 pathways in HaCaT cells
Western blotting and ELISA were performed to assess the involvement of NF-κB and AP-1 pathways in PM10-
induced upregulations of COX-2 and GM-CSF in HaCaT cells. Treatment of HaCaT cells with PM10 increased 
COX-2 and GM-CSF expression (Fig. 5). Similar to COX-2 and GM-CSF expression levels of NF-κB inhibitor 
Bay11-7082 or AP-1 inhibitor Tanshinone-treated cells, IL-32θ (A94V) reduced COX-2 and GM-CSF expression 
levels (Fig. 5). Please note that the original (full length and uncropped) blots of Fig. 5A, B are included in a 
Supplementary Information file (Supplementary Fig. S4 and Fig. S5). These findings suggest that IL-32θ (A94V) 
inhibits COX-2 and GM-CSF expressions mediated via NF- κB and AP-1 signaling pathways.

Fig. 2.  Effects of IL-32θ (A94V) on PM10-induced phosphorylation of MAPKs in HaCaT cells. HaCaT cells 
were pre-treated with IL-32θ (A94V) (100 ng/mL) for 1 h, and then treated with PM10 (400 µg/mL) for 24 h. 
The levels of phosphorylation of MAPKs were analyzed by western blot (A), and the band intensity was 
quantified using ImageJ software (B, C). GAPDH was used as the loading control. The data are presented as the 
means ± SD (n = 3). P-values were determined by one-way ANOVA. *p < 0.05, **p < 0.01.
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IL-32θ (A94V) suppressed CYP1A1 expression in PM10-exposed HaCaT cells
Exposure to environmental toxicants such as polycyclic aromatic hydrocarbons (PAHs) exert their effects by 
binding to aryl hydrocarbon receptors (AhRs) and translocating them into the nucleus. After translocation, they 
form a complex with an aryl hydrocarbon nuclear translocator (ARNT). This complex binds to xenobiotic response 
elements (XREs), induces the expression of xenobiotic-metabolizing enzymes such as CYP1A1 and CYP1B1, 
affecting metabolization of heterogeneous substances that can induce ROS production and inflammation36. 
IL-32θ (A94V) suppressed CYP1A1 expression in PM10-exposed HaCaT cells (Fig. 6), supporting that IL-32θ 
(A94V) inhibits ROS production and inflammation response. Please note that the original (full length and 
uncropped) blots of Fig. 6C are included in a Supplementary Information file (Supplementary Fig. S6). Although 
IL-32θ (A94V) decreased CYP1A1 expression levels, it did not significantly affect CYP1B1 expression (data not 
shown).

IL-32θ (A94V) inhibited expressions of COX-2 and GM-CSF by blockade of the AhR/ARNT 
pathway in HaCaT cells
AhR is a transcription factor that responds to endogenous and exogenous ligands, including environmental 
toxicants, such as PAHs and dioxins in PM. PM activates AhRs, causing them to translocate to the nucleus 
and bind to DNA elements11. Recent studies have suggested that AhRs are involved in oxidative stress and skin 
inflammation37. Western blotting revealed that PM10 induces AhR/ARNT activation in the nucleus (Fig. 7A). 
Moreover, IL-32θ (A94V) significantly attenuated PM10-induced COX-2 and GM-CSF expressions similar to a 
selective AhR antagonist (CH223191) in HaCaT cells (Fig. 7B and C). Please note that the original (full length 
and uncropped) blots of Fig. 7B are included in a Supplementary Information file (Supplementary Fig. S7). These 
data indicated that COX-2 and GM-CSF expressions are up-regulated in response to PM10 and suppressed by 
IL-32θ (A94V) via AhR signaling pathway.

Discussion
Research on PM10 effects has primarily focused on the respiratory, pulmonary, and cardiovascular diseases. Even 
though the skin is directly exposed to air pollutants, the extent of their harmful effects on the skin is still being 
investigated. Therefore, this study was focused on the association between exposure of PM10 to skin inflammation. 
Air pollutants significantly affect inflammatory skin diseases by causing oxidative stress, triggering inflammation, 
and altering immune responses. In this study, we found that PM10 increased the expression of COX-2 and GM-
CSF in human keratinocyte HaCaT cells. Surprisingly, IL-32θ (A94V) demonstrated anti-inflammatory effects 
in PM10-exposed HaCaT cells. The role of COX-2 in the pathogenesis of skin disorders is crucial because agents 

Fig. 3.  Effects of IL-32θ (A94V) on COX-2 and GM-CSF promoter activities in the PM10-exposed HaCaT 
cells. The COX-2 promoter activity was analyzed by dual-luciferase reporter assay (A). HaCaT cells were 
transfected with COX-2 promoter for 24 h, then pre-treated with IL-32θ (A94V) (100 ng/mL) for 1 h, and then 
treated with PM10 (400 µg/mL) for 24 h. DNA interactions of NF-κB and AP-1 were accessed by a chromatin 
immunoprecipitation (ChIP) assay. The consensus binding site sequences of COX-2 and GM-CSF are shown 
(B). RT-PCR analyses were performed to indicate the DNA interactions of NF-κB on COX-2 and GM-CSF 
promoters (C) and the DNA interaction of AP-1 (c-Jun) on COX-2 promoter (D). HaCaT cells were pre-
treated with IL-32θ (A94V) (100 ng/mL) for 1 h and then treated with PM10 (400 µg/mL) for 3 h. The data are 
presented as the means ± SD (n = 3). P-values were determined by one-way ANOVA. *p < 0.05 (A).
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targeting COX-2 are widely used for their anti-inflammatory effects as reported38. GM-CSF also plays a key 
role in various biological functions, such as mediating inflammation and pain, suggesting it can be a potential 
target for treating many inflammatory and autoimmune conditions39. The increased production of GM-CSF 
may contribute to the rise in eosinophils and the deposition of eosinophil granule proteins, which play a role in 
chronic allergic diseases such as atopic dermatitis (AD)19. Our RT-PCR analysis confirmed the expression of the 
integrin subunits αv and β6 in HaCaT keratinocytes (Fig. 1A). Interestingly, IL-32θ (A94V) has recently been 
shown to bind to the integrin αvβ6, a key modulator of inflammatory responses24,28, similar to other IL-32α 
and β isoforms29. Furthermore, we demonstrated that IL-32θ (A94V) significantly reduced the production of 
COX-2 and GM-CSF (Fig. 1B and D). PM10, such as PAHs, may cause inflammation by activating the MAPK 
signaling pathway40. Thus, our results suggest that the inhibitory effect of IL-32θ (A94V) on the PM10-induced 
phosphorylation of ERK1/2 and p38 MAPKs (Fig. 2). The NF-κB and AP-1 signaling pathways are regulated by 
MAPKs and may be involved in regulating the production of COX-2 and GM-CSF. As shown in Fig. 4, IL-32θ 
(A94V) inhibited PM10-induced IκB phosphorylation and the nuclear translocation of both NF-κB and AP-1 
in HaCaT cells. Our experiments using NF-κB and AP-1 inhibitors confirmed that PM10 induces the nuclear 
translocation of these transcription factors, highlighting their key role in the PM10-induced upregulation of 
inflammatory mediators COX-2 and GM-CSF. Moreover, IL-32θ (A94V) attenuated these signaling pathways 
similarly to the effects of the AP-1 and NF-κB inhibitors (Fig. 5). We also performed a luciferase assay using 
COX-2 luciferase reporter plasmid to detect the activity of the COX-2 promoter in PM10-induced HaCaT cells 
and found that the activity of the COX-2 promoter induced by PM10 was attenuated by IL-32θ (A94V) (Fig. 3A). 
Additionally, ChIP assays revealed that IL-32θ (A94V) attenuated binding activities of AP-1 (c-Jun) and NF-κB 
(p50) to the consensus binding sites on the COX-2 promoter, and NF-κB (p50) to the GM-CSF promoter in 
PM10-exposed HaCaT cells (Fig. 3B and D).

Additionally, it was reported that exposure to environmental toxicants found in PM, such as PAHs, activates 
AhR translocation from the cytosol to the nucleus and it forms a dimer with ARNT and upregulates CYP 
enzymes. PM-induced CYP enzymes, such as CYP1A1, metabolize PAHs to produce metabolites that can 
cause cell damage and generate reactive oxygen species (ROS) resulting in inflammation41. AhR functions as 
an important regulator of cellular homeostasis during inflammation, particularly in barrier organs, such as the 
skin and gut42. Recently, an increasing number of studies have highlighted the regulatory roles of AhR in skin 
physiology43. AhR is involved in triggering multiple inflammatory responses upon exposure to PM17. However, 
whether AhR inactivation can inhibit skin inflammation remains unclear. In the present study, we demonstrated 
that IL-32θ (A94V) inhibited the AhR/ARNT signaling pathway and suppressed the expression of CYP1A1 
(Figs. 6 and 7). Furthermore, to explore the role for AhR signaling in PM-induced upregulation of productions 
of COX-2 and GM-CSF, we utilized the AhR antagonist CH223191. Compared to PM10 alone, treatment with 

Fig. 4.  Effects of IL-32θ (A94V) on phosphorylation levels of IκB and nuclear translocation of NF-κB (p50) 
and AP-1 (c-Jun) in HaCaT cells. HaCaT cells were pre-treated with IL-32θ (A94V) (100 ng/mL) for 1 h and 
then treated with PM10 (400 µg/mL) for 3 h. The level of phosphorylation of IκB was analyzed by western blot 
(A). The nuclear p50 and c-Jun levels were determined by western blotting (B). Data represents one of three 
independent experiments.
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IL-32θ (A94V) reduced PM10-induced expressions of COX-2 and GM-CSF in HaCaT cells, similar to the effects 
of the selective AhR antagonist (Fig. 7). Collectively, our findings reveal that PM10 induces skin inflammation 
through multiple mechanisms, including enhanced COX-2 and GM-CSF production and increased CYP1A1 
expression in human keratinocytes, leading to compromised skin barrier function. Importantly, we identified 
that the one-point mutated IL-32θ (A94V) demonstrates significant therapeutic potential by exerting anti-
inflammatory effects through modulation of the ERK/p38/AP-1/NF-κB signaling pathways and the AhR/ARNT 
pathway (Fig. 8). These discoveries pave the way for developing innovative therapeutic approaches using IL-
32θ (A94V) to address PM10-induced skin inflammation and associated conditions, potentially offering more 
effective strategies to maintain skin barrier function and reduce inflammation in humans.

While our use of human keratinocytes HaCaT cells provided valuable initial insights into skin immunological 
and inflammatory processes, the inclusion of multiple cell lines in future studies would broaden our 
understanding of these mechanisms. To bridge the gap between laboratory conditions and real-world scenarios, 
future investigations could explore varying PM concentrations and exposure durations. Building upon our 
encouraging in vitro findings, additional studies utilizing reconstructed human skin (RHS) models and diverse 
in vivo conditions would further validate our observations. Our results suggest that deeper investigation of these 
aspects could significantly advance the development of safer, more effective treatments for skin diseases.

Conclusions
Our study shows that IL-32θ (A94V) mitigates skin inflammation caused by PM10 exposure by suppressing the 
expression of COX-2, GM-CSF, and CYP1A1. This suppression occurs through the modulation of both ERK/
p38/NF-Κb and AP-1 signaling cascades, alongside the AhR/ARNT pathway in HaCaT human keratinocyte 

Fig. 5.  Modulating effects of IL-32θ (A94V), NF-kB inhibitor, or AP-1 inhibitor on PM10-induced COX-2 and 
GM-CSF expression in HaCaT cells. HaCaT cells were treated with PM10 (400 µg/mL) for 24 h in the presence 
or absence of NF-κB inhibitor Bay11-7082 (10 µM), AP-1 inhibitor Tanshinone (5 µM), or IL-32θ (A94V) (100 
ng/mL). COX-2 protein level was analyzed by western blot (A). The secreted GM-CSF levels were determined 
by ELISA (B and C). The data are presented as the means ± SD (n = 3). P-values were determined by one-way 
ANOVA. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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cells. As the adverse effects of fine dust on human health become increasingly apparent, these insights offer 
promising directions for developing innovative treatments for PM10-related skin disorder.

Methods
Cell culture
The human skin keratinocyte HaCaT cells were obtained from Bogoo Biological Technology (Shanghai, China). 
The cells were cultured and maintained in Dulbecco’s modified Eagle’s medium (Welgene Incorporation, Daegu, 
Korea) supplemented with 10% fetal bovine serum (Hyclone Laboratories, Logan, UT, USA), penicillin (100 U/
mL), and streptomycin (100 µg/mL). Cells were incubated in a 5% CO2-containing atmosphere at 37 °C and 
subjected to a maximum of 20 passages.

Raw materials and reagents
ERM-certified FDP reference material ERM-CZ100 (PM10-like), an ingredient of PM10, was purchased from 
Merck (Darmstadt, Germany), suspended in phosphate-buffered saline (PBS), and homogenized by sonication 
for 60 min at room temperature to achieve a stock concentration of 50 mg/mL. IL-32θ (A94V) recombinant 
protein was purified as recently reported28.

RNA extraction and RT-PCR
HaCaT cells (2 × 105 cells/well) were seeded into 6-well plates pre-treated with IL-32θ (A94V) for 1 h and then 
treated with PM10 for 24 h. The treated cells were collected and lysed using the easy-BLUE™ Total RNA extraction 
kit (iNtRon Biotechnology, Seoul, South Korea) according to the manufacturer’s instructions. For RT-PCR, RNA 
(1 µg) was reverse transcribed into cDNA using oligo (dT) primers and M-MuLV reverse transcriptase (New 
England Biolabs, Ipswich, MA, USA). The RNA was converted into cDNA using ProStar (Stratagene, La Jolla, 
CA, USA). The synthesized cDNA was amplified using a PCR Thermal Cycler Dice (Takara, Otsu, Shiga, Japan). 
The following sets of primers were used: Integrinαv: 5′- ​A​G​G​A​G​A​A​G​G​T​G​C​C​T​A​C​G​A​A​G​C​T (forward) and 
5′-​G​C​A​C​A​G​G​A​A​A GTCTTG CTAA GGC (reverse); Integrinβ6:5′-​T​C​T​C​C​T​G​C​G​T​G​A​G​A​C​A​C​A​A​A​G​G-3 
(forward) and 5′-​G​A​G​C​A​C​T​C​C​A​T​C​T​T​C​A​G​A​G​A​C​G-3′ (reverse); glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH): 5′-TGA TGA CAT CAA GAA GGT (forward) and 5′-TCC TTG GAG GCC ATG TAG GCC 
(reverse). GAPDH was used as an internal control. The PCR products were separated on a 2% agarose gel.

Fig. 6.  Effects of IL-32θ (A94V) on mRNA and protein level of CYP1A1 in the PM10-exposed HaCaT cells. 
HaCaT cells were pre-treated with IL-32θ (A94V) (100 ng/mL) for 1 h and then treated with PM10 (400 µg/
mL) for 24 h. The mRNA level of CYP1A1 was analyzed by RT-PCR (A), and the band intensity was quantified 
using ImageJ software (B). The protein level of CYP1A1 was determined by western blotting (C), and the band 
intensity was quantified using ImageJ software (D). The data were presented as the means ± SD (n = 3). P-values 
were determined by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.
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qRT-PCR
The IL-32θ (A94V)-treated cells were harvested, and RNA was extracted using an easy-BLUE™ Total RNA 
extraction kit (iNtRon Biotechnology) according to the manufacturer’s instructions. The cDNA products 
were obtained using M-MuLV reverse transcriptase (New England Biolabs, Beverly, MA, USA). RT-PCR was 
performed with a relative quantification protocol using Rotor-Gene 6000 series software 1.7 (Qiagen, Hilden, 
Germany) and Sensi FAST™ SYBR NO-ROX Kit (BIOLINE, London, UK). The expression of all target genes 
was normalized to that of the housekeeping gene GAPDH. Each sample was run with the following primer sets: 
COX-2:5′-CGG TGA AAC TCT GGC TAG ACA G -3′ (forward) and 5′-GCA AAC CGT AGA TGC TCA GGG 
A-3′ (reverse); GM-CSF: 5′-AAA TGT TTG ACC TCC AGG AG-3′ (forward) and 5′-TGA TAA TCT GGG 
TTG CAC AG-3′ (reverse); GAPDH: 5′-TGA TGA CAT CAA GAA GGT (forward) and 5′-TCC TTG GAG 
GCC ATG TAG GCC (reverse). GAPDH was used as an internal control.

ELISA
HaCaT cells (3 × 105 cells/well) were plated in 6-well plates for 24  h and pre-treated with IL-32θ (A94V) or 
the AhR antagonist CH223191, NF-κB inhibitor Bay11-7082,  or AP-1 inhibitor Tanshinone for 1  h prior to 
treatment with PM10 (400 µg/mL), respectively. The protein levels of GM-CSF in the cell culture media were 
determined by ELISA (R&D Systems, Minneapolis, MN, USA). A flat-bottom 96-well plate was coated with 
mouse monoclonal anti-human GM-CSF at 2 µg/mL in PBS. After blocking with bovine serum albumin (BSA) 
in PBS, 100 µL of the sample was added to each well. Subsequently, the wells were incubated for 2 h at room 
temperature with 100 µL of biotinylated goat anti-human GM-CSF at 10 ng/mL (1% BSA in PBS), followed 
by incubation with streptavidin-conjugated horseradish peroxidase in PBS containing 0.1% BSA and 0.05% 
Tween-20. The color developed after the addition of tetramethylbenzidine, and the reaction was stopped by 

Fig. 7.  Effects of IL-32θ (A94V) on PM10-induced activation of AhR/ARNT in HaCaT cells. HaCaT cells 
were pre-treated with IL-32θ (A94V) (100 ng/mL) for 1 h and then treated with PM10 (400 µg/mL) for 3 h. 
Representative western blotting of AhR protein in the nucleus after pre-treatment with IL-32θ (A94V) in the 
presence or absence of PM10 (A). To assess whether AhR inactivation can inhibit skin inflammation, HaCaT 
cells were pre-treated with AhR antagonist CH223191 before PM10 treatment. The protein levels of COX-2 
and GM-CSF were determined by western blotting and ELISA (B and C). The data were presented as the 
means ± SD (n = 3). P-values were determined by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001 (C).

 

Scientific Reports |         (2025) 15:1994 9| https://doi.org/10.1038/s41598-024-83159-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


adding 2.5 N H2SO4 solution. The color was quantified using an Apollo LB 9110 microplate reader at 450 nm 
(corrected by absorption at 570 nm).

Nuclear and cytoplasmic fractionation
HaCaT cells were pre-treated with IL-32θ (A94V) (100 ng/mL) for 1 h, and then treated with PM10 (400 μg/
mL) for 3 h before fractionation using NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher 
Scientific Inc., Waltham, MA, USA) according to the manufacturer’s instructions. Equal quantities of protein 
from these extracts (50 μg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 
transferred to polyvinylidene difluoride membranes. The subsequent steps for the procedure were followed as 
described for western blotting. Primary antibodies against p50 and c-Jun were used in the nuclear fractions. 
PARP was used as a nuclear protein marker.

Western blotting
HaCaT cells (4 × 105 cells/well) were plated in 6-well plates for 24 h and pre-treated for 1 h with IL-32θ (A94V) 
(100 ng/mL) followed by treatment with PM10 (400 µg/mL) for 24 h. The cells were lysed in a buffer containing 50 
mM Tris (pH 7.4), 150 mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate (SDS), 0.25% sodium deoxycholate, 
1 mM ethylenediaminetetraacetic acid, 1 mM ethylene glycol tetraacetic acid, 1 mM orthovanadate, aprotinin 
(10 µg/mL), and 0.4 mM phenylmethylsulfonyl fluoride at 4 °C for 2 h. The cells were lysed, and the protein 
content was estimated using the Bradford assay reagent (Bio-Rad Laboratories, Hercules, CA, USA) and a UV 
spectrophotometer, as previously reported44. Proteins (30 µg) were separated on 10% sodium dodecyl sulfate-
polyacrylamide gels and transferred onto polyvinylidene fluoride membranes. Membranes were blocked with 
5% skimmed milk for 1 h at room temperature and incubated with primary antibodies against MAPKs, including 
phospho-ERK (Cell Signaling Technology, Danvers, MA, USA, Cat#9101S), ERK (Santa Cruz Biotechnology, 
Dallas, Texas, Cat#sc-94), phospho-p38 (Cell Signaling Technology, Cat#9211S), p38 (Cell Signaling Technology, 
Cat#8690S), COX-2 (Santa Cruz Biotechnology, Cat#sc-376861), CYP1A1 (ABclonal, Woburn, MA, USA, 
Cat#A22182), AhR (Santa Cruz Biotechnology, Cat#sc-133088), ARNT (ABclonal, Cat#A19532), PARP (Cell 

Fig. 8.  Schematic overview of the proposed inhibitory signaling pathway of IL-32θ (A94V) on the production 
of COX-2, GM-CSF, and CYP1A1, mediated by targeting AhR and integrin for the treatment of skin 
inflammatory diseases. Upon binding to ligands such as PMs (PAHs), AhRs translocate to the nucleus and 
bind to ARNT. This complex then attaches to XREs on DNA, upregulating the expression of COX-2, GM-CSF, 
and CYP1A1. Additionally, PMs (PAHs) induce the expressions of COX-2 and GM-CSF by stimulating the 
ERK/p38/ NF-κB/AP-1 pathways in HaCaT cells. IL-32θ (A94V) inhibits the expression of COX-2, GM-CSF 
and CYP1A1 by targeting both the AhR/ARNT pathway and the ERK/p38/NF-κB/AP-1 pathways mediated 
through integrin signaling.
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Signaling Technology, Cat#9542S), and GAPDH (Santa Cruz Biotechnology, Cat#sc-47724) for 1  h at room 
temperature. After incubation, the membranes were incubated with the mouse-IgGκ light chain binding protein 
conjugated to horseradish peroxidase (HRP) (m-IgGκ BP-HRP) or goat anti-rabbit IgG-heavy and light chain 
antibody conjugated to HRP for 1  h at room temperature. Finally, the protein bands were visualized using 
an enhanced chemiluminescence western blotting detection kit (WesternBright™ ECL, Advansta, CA, USA). 
Densitometric graphs from three independent experiments were generated using ImageJ software version 1.5. 
The band intensities were normalized to those of GAPDH.

Luciferase assay
The pGL3-luciferase reporter plasmid containing COX-2 was constructed as previously described45. In brief, 
the targeted COX-2 promoter region (-486 to + 106 bp) was amplified by PCR from THP-1 genomic DNA. 5’-
CGG GGT ACC AAG ACG TAC AGA CCA GAC AC-3’ (forward) and 5’-GGA AGA TCT GGT AGG CTT 
TGC TGT CTG AG-3’ (reverse). The PCR product was digested with Kpnl and Bg/ll restriction enzymes, and 
the digested fragment was ligated into the pGL3 basic vector, as previously described45. Then, the pGL3-COX-2 
promoter construct (1 µg) was transfected into the cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA), as previously reported. The transfected cells were pre-treated with IL-32θ (A94V) for 1 h and treated with 
PM10 (400 µg/mL) for 3 h. Luciferase assays were performed using a Dual-Luciferase Reporter Assay System 
(Promega, Madison, WI, USA). Firefly luciferase activity was measured using VICTOR X3 (PerkinElmer Inc., 
Waltham, MA, USA) and normalized to Renilla luciferase activity.

Chromatin immunoprecipitation assay
Following the manufacturer’s instructions, a chromatin immunoprecipitation (ChIP) assay was performed using 
a Simple ChIP Enzymatic Chromatin IP kit (Cell Signaling Technology). HaCaT cells (2 × 106 cells/well) were 
pre-treated with IL-32θ (A94V) for 1 hour and then exposed to PM10 for 3 hours and cross-linked with 1% 
(vol/vol) formaldehyde (Sigma) for 10 minutes at room temperature. Glycine was added to stop cross-linking, 
and the cells were washed with PBS three times. The cells were lysed with buffer A/B, and the chromatin was 
digested with micrococcal nuclease for 20 min at 37°C. Chromatin digestion was stopped by adding 0.5  M 
EDTA, and the nuclei were sonicated three times with 20-sec pulses at 30 to break the nuclear membrane. The 
cross-linked chromatin was incubated with 1 µg of anti-p50 (Cell Signaling Technology) and anti-c-Jun (Cell 
Signaling Technology) overnight at 4°C with rotation. Histone H3 monoclonal antibody and normal rabbit IgG 
were used as the positive and negative controls, respectively. After incubation with 30 µL of ChIP-grade protein 
G agarose beads for 2 hours at 4°C, the cross-links were reversed and eluted from the beads and digested with 
proteinase K for 2 hours at 65°C. After the reversal of the crosslinks, the DNA was purified using a spin column 
and amplified by RT-PCR. PCR was performed using the following primers that amplify the binding site of NF-
κB in the COX-2 promoter: 5’-TCTAA ​A​G​A​C​G​T​A​C​A​G​A​C​C​A​G​A​C​A​C-3’ (forward) 5’-​G​T​T​T​C​C​G​C​C​A​G​A​T​G​
T​C​T​T​T​T​C​T​T-3’ (reverse), AP-1 in the COX-2 promoter: 5’-CAC CGG GCT TAC GCA ATT TT-3’ (forward) 
5’-ACG CTC ACT GCA AGT CGT AT-3’ (reverse), NF-κB in the GM-CSF promoter: 5’-TTG TTC AGC TGT 
TCT GTT CA-3’ (forward) 5’-​T​T​G​G​T​G​T​C​C​A​A​G​A​C​A​A​T​G​C​A-3’ (reverse), As controls, we used PCR primers 
for detection of the ribosomal protein L30 (RPL30) gene according to the manufacturer’s instructions.

Statistical analysis
Data are presented as mean ± SD. GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA) was used for 
the statistical analysis. One-way analysis of variance (ANOVA) followed by Tukey’s honest significant difference 
test was performed. Statistical significance was set at p < 0.05.

Data availability
All data supporting the findings from this study are available from the corresponding author upon reasonable 
request.
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