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Introduction
Particulate matter (PM) is one of  the major air pollutants and a major health concern that continues to 
grow with industrialization and urbanization (1–3). The impact of  PM is notable, given its socioeconomic 
burden and the fact that about 9 million people die of  PM-associated diseases per year worldwide (3–5). 
PM is classified on the basis of  its aerodynamic diameter: PM10 (<10 μm), PM2.5 (<2.5 μm), and PM0.1 
(<0.1 μm) (1, 6). The majority of  the particle mass is in the fraction with less than 2.5 μm, and these 
particles can carry a large amount of  absorbed pollutants, oxidants, and organic compounds (6). Jin et al. 
reported that PM penetrates the epidermis through hair follicles in normal, intact skin and causes cutane-
ous inflammation in a mouse model (7). Furthermore, it has been reported that polycyclic aromatic hydro-
carbons (PAHs), major components of  PM2.5, easily penetrate the skin in animal models because of  their 
lipophilic nature (1, 8–10). At the molecular level, PAHs have been shown to activate aryl hydrocarbon 
receptors (AHRs) while binding to the AHR in cytoplasm, then induce translocation of  AHR to the cell 
nuclei to regulate cellular gene expression (11, 12).

The epidermis, the outermost part of  the skin, provides a physical and functional barrier to prevent 
invasions of  allergens, pathogens, and air pollutants such as PM into the human body (13–15). Recently, 
it has been suggested that a disrupted skin barrier promotes epicutaneous sensitization (14, 16). Epithelial 
barrier dysfunction induces type 2 immune responses and is considered an initial step in developing atopic 
dermatitis (AD) and the atopic march (14, 16, 17). Epidermal barrier proteins such as filaggrin (FLG) play 
pivotal roles in maintaining normal skin barrier function (13, 18, 19). FLG degradation products (FDPs) 
including pyrrolidone carboxylic acid (PCA) and urocanic acid (UCA) are essential for the regulation of  
skin hydration, pH, photoprotection, and normal epidermal barrier function (19, 20). Recent meta-analysis 

The molecular mechanisms that underlie the detrimental effects of particulate matter (PM) on 
skin barrier function are poorly understood. In this study, the effects of PM2.5 on filaggrin (FLG) and 
skin barrier function were investigated in vitro and in vivo. The levels of FLG degradation products, 
including pyrrolidone carboxylic acid, urocanic acid (UCA), and cis/trans-UCA, were significantly 
decreased in skin tape stripping samples of study subjects when they moved from Denver, an 
area with low PM2.5, to Seoul, an area with high PM2.5 count. Experimentally, PM2.5 collected in 
Seoul inhibited FLG, loricrin, keratin-1, desmocollin-1, and corneodesmosin but did not modulate 
involucrin or claudin-1 in keratinocyte cultures. Moreover, FLG protein expression was inhibited in 
human skin equivalents and murine skin treated with PM2.5. We demonstrate that this process was 
mediated by PM2.5-induced TNF-α and was aryl hydrocarbon receptor dependent. PM2.5 exposure 
compromised skin barrier function, resulting in increased transepidermal water loss, and enhanced 
the penetration of FITC-dextran in organotypic and mouse skin. PM2.5-induced TNF-α caused FLG 
deficiency in the skin and subsequently induced skin barrier dysfunction. Compromised skin barrier 
due to PM2.5 exposure may contribute to the development and the exacerbation of allergic diseases 
such as atopic dermatitis.
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(21) and epidemiologic studies (22, 23) showed PM2.5 is significantly associated with the development and 
the exacerbation of  skin diseases such as AD. Our previous epidemiologic studies also showed that PM2.5 is 
associated with the exacerbation of  AD in children (24–26). Therefore, we hypothesized that PM2.5 causes 
FLG deficiency and skin barrier dysfunction.

Most published papers related to PM2.5 have focused on cardiovascular and airway diseases, with very 
few studies examining the effects of  PM2.5 in the skin. To date, limited and conflicting data regarding the 
effects of  PM on skin and skin barrier proteins have been reported (27–29). Given the importance of  poten-
tial detrimental effects of  PM2.5 skin exposure, this study was done to evaluate the effects of  PM2.5 on skin 
barrier function using in vitro and in vivo models. Doses of  PM2.5 chosen for this study reflect physiologic 
concentrations of  ambient PM2.5 in the polluted urban area environment. In this study, we present that 
PM2.5-induced TNF-α causes FLG deficiency via AHR and results in subsequent skin barrier dysfunction.

Results
Skin FDP levels are decreased in subjects who live in a high-PM2.5 environment. During this study, Seoul had PM2.5 
levels of  100~180 μg/m3 and Denver had PM2.5 levels of  25~35 μg/m3 (Real-time Air Quality Index, 
https://aqicn.org; AirNow, https://www.airnow.gov). The major components of  PAHs in Seoul and Den-
ver were similar, and the average levels of  PAHs during the winter season, according to the published data, 
are 16.1 ± 10.1ng/m3 and 3.1 ± 0.4 ng/m3 in Seoul and Denver, respectively (30–32). This shows that the 
levels of  PM2.5 and PAHs were about 5 times higher in Seoul, Korea, as compared with Denver, Colorado, 
USA. In this study, skin tape stripping (STS) samples were collected from the same subjects while they 
lived in Denver and when they subsequently moved to Seoul during the same winter season. STS samples 
were analyzed for FDPs including PCA and UCA, as these FDPs reflect the level of  FLG in the skin (33). 
As shown in Figure 1, the levels of  PCA (Figure 1A, P < 0.05), total UCA (Figure 1B, P < 0.05), cis-UCA 
(Figure 1C, P < 0.05), and cis/trans-UCA (Figure 1E, P < 0.01) were significantly decreased in STS samples 
from Seoul compared to those from Denver in the same subjects. However, no difference was noted in trans-
UCA (Figure 1D). In addition, the clinical rash in a subject who had a history of  severe AD in Seoul had 
cleared after moving to Denver.

PM2.5 inhibits FLG expression and increases transepidermal water loss. To understand the direct relationship 
between increased PM2.5 and FLG breakdown production, we studied human epidermal primary kerati-
nocyte (HEK) cultures in vitro to examine whether exposure to PM2.5 can alter keratinocyte expression of  
FLG. Initially, a cytotoxicity assay was performed to determine optimal sublytic concentrations of  PM2.5 
for experiments. HEKs were differentiated for 3 days and then stimulated with various concentrations of  
PM2.5 for 48 hours. Minimal toxicity (<6% cell death) was noted in cultures stimulated with up to 1000 ng/
mL of  PM2.5 compared with the cells treated with media alone (Figure 2A). However, the percentage of  
cell death was significantly increased in cells treated with 10 μg/mL (P < 0.05) and 50 μg/mL (P < 0.01) of  
PM2.5 compared with cells treated with media alone (Figure 2A). Therefore, less than 1000 ng/mL of  PM2.5 
was used for our remaining experiments.

As depicted in Figure 2, gene expression of  FLG was significantly (P < 0.01) decreased in HEKs treated 
with PM2.5 as low as 5 ng/mL compared with cells treated with media alone (Figure 2B). FLG expression 
was inhibited by Th2 cytokines (P < 0.001) and upregulated by IFN-γ (P < 0.001) (Figure 2B) as shown 
before (34). These findings were also confirmed at protein levels using Western blotting (Figure 2, C and D). 
Cytokine modulation of  FLG protein by Th2 cytokines and IFN-γ have been reported previously (34). FLG 
is produced as an FLG polymer (pro-FLG > 400 kDa) and is proteolyzed to monomeric FLG in the corni-
fied epidermis; this process takes 3~4 weeks (20, 35). In the current study, we stimulated differentiated kera-
tinocytes with PM2.5 for 2 days and evaluated the FLG expression. At this time, as shown in Figure 2C, the 
levels of  large–molecular weight forms of  pro-FLG (>150 kDa) were decreased by PM2.5 treatment, but the 
smaller molecular weight FLG products (<150 kDa) were less affected by PM2.5 treatment, likely due to the 
insufficient time for the full proteolytic processing of  the pro-FLG after PM2.5 treatment. PM2.5 also inhibit-
ed gene expression of  loricrin (LOR), keratin-1, desmocollin-1, and corneodesmosin (Supplemental Figure 
1; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.145185DS1) 
in keratinocytes. However, the gene expression of  involucrin (IVL) and claudin-1 in keratinocytes was not 
affected by PM2.5 (Supplemental Figure 1).

To further evaluate PM2.5-mediated inhibition of  FLG and epidermal barrier function, 3-dimen-
sional organotypic skin cultures were generated and differentiated for 7 days, followed by treatment 
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with a vehicle or PM2.5 (1 ng/mL) for an additional 7 days. Transepidermal water loss (TEWL) and 
FLG expression were evaluated. In H&E staining, the cornified layer of  organotypic skin culture treat-
ed with PM2.5 was less differentiated compared with that of  skin treated with vehicle (Figure 2E), and 
TEWL was significantly (P < 0.05) higher in organotypic skin cultures treated with PM2.5 as compared 
with skin treated with vehicle (Figure 2F). Additionally, the staining intensity of  FLG was significantly 
(P < 0.001) decreased in organotypic skin treated with PM2.5 compared with skin treated with vehicle 
control (Figure 2, G and H). These findings suggest that PM2.5 can cause FLG deficiency and epider-
mal barrier dysfunction.

PM2.5 induces expression of  AHR and causes nuclear translocation of  AHR. It has been reported that PAHs, 
a major component of  PM2.5, induce nuclear translocation of  AHR in stimulated cells and modulate gene 
expression (11, 12). Therefore, we examined whether PM2.5-regulated AHR expression in keratinocytes and 
influenced AHR cellular localization. After 24 hours of  treatment with PM2.5, AHR was mostly localized in 
the nuclei of  keratinocytes (Figure 3A). The AHR staining intensity was significantly (P < 0.01) increased 
in HEKs stimulated with PM2.5 compared with cells stimulated with vehicle (Figure 3B). Organotypic skin 
cultures were also stimulated with PM2.5 for 7 days and then stained for AHR. PM2.5-treated cell cultures 
had nuclear AHR localization (Figure 3C). A significant increase in AHR staining intensity was observed 
in organotypic skin treated with PM2.5 compared with skin treated with vehicle (P < 0.01) (Figure 3D). 
These findings indicate that PM2.5 induces AHR activation in keratinocytes.

PM2.5 induction of  TNF-α and inhibition of  FLG in keratinocyte cultures is AHR dependent. We further exam-
ined whether PM2.5 suppression of  FLG expression is AHR dependent. HEKs were transfected with scram-
bled siRNA or AHR siRNA. This was followed by treatment with PM2.5 or tapinarof, which is known as an 
AHR agonist (36). Gene expression of  AHR was significantly (P < 0.001) inhibited in cells transfected with 
AHR siRNA, as compared with cells transfected with scrambled siRNA (Figure 4A). Additionally, AHR 
gene expression was significantly upregulated by PM2.5 (P < 0.01) or tapinarof  (P < 0.001) in cells trans-
fected with scrambled siRNA but was not modulated in cells transfected with AHR siRNA (Figure 4A). 
Gene expressions of  FLG (Figure 4B) and IVL (Supplemental Figure 2B) were not significantly affected by 

Figure 1. FDP levels decrease in the same subjects after moving from Denver, USA, to Seoul, South Korea, during the same winter season. STS 
samples were collected from 4 normal, healthy subjects and 1 convalescent AD subject. A total of 10 consecutive STS samples were collected from the 
same subjects several months apart while they lived in Denver and Seoul. STS samples were processed, and FDP levels were evaluated using liquid 
chromatography electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS). (A) PCA. (B) Total UCA. (C) Cis-UCA. (D) Trans-UCA. (E) Cis/trans-
UCA. Circles, normal healthy subjects; squares, convalescent AD subjects. n = 5 per group. *P < 0.05, **P < 0.01 by paired 2-tailed Student’s t test.
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AHR siRNA, but LOR gene expression was significantly (P < 0.01) inhibited in cells transfected with AHR 
siRNA, as compared with cells transfected with scrambled siRNA (Supplemental Figure 2A). In HEKs 
transfected with scrambled siRNA, gene expression of  FLG was significantly (P < 0.01) downregulated in 
cells treated with PM2.5 and significantly (P < 0.01) upregulated in cells treated with tapinarof  as compared 
with cells treated with media alone (Figure 4B). However, FLG expression was not modulated by PM2.5 or 
tapinarof  in cells transfected with AHR siRNA (Figure 4B). This finding was confirmed by Western blot 
(Figure 4, C and D). This suggests that PM2.5 inhibition of  FLG is AHR dependent.

Inhibition of  FLG expression by keratinocyte-derived cytokines including TNF-α (37), thymic stro-
mal lymphopoietin (TSLP) (38), IL-1β (39), IL-33 (40), and IL-25 (41) has been documented. Hence, we 
further investigated whether PM2.5 modulates the expression of  these cytokines. As depicted in Figure 
4E, the gene expression of  TNFA was profoundly induced by PM2.5. Moreover, TNF-α protein levels 
were significantly (P < 0.05) increased in HEK culture supernatants after 12-hour treatment with PM2.5 
(Figure 4F). Additionally, PM2.5 significantly (P < 0.05) induced gene expression of  TNFA after 6-hour 

Figure 2. Effects of PM2.5 on FLG and skin barrier function in cultured keratinocytes and organotypic skin. (A) The percentage of cell death (lactate 
dehydrogenase release into cell culture media) is increased after exposure to PM2.5. Gene (B) and protein (C and D) expressions of FLG in cultured HEKs 
were evaluated using reverse transcriptase PCR (RT-PCR) and Western blotting, respectively, and demonstrated reduced FLG mRNA and protein expres-
sion in PM2.5-treated cultures. H&E staining (E) and TEWL (F) in organotypic skin. FLG protein expression (G and H) was evaluated in organotypic skin 
using immunofluorescence staining. Arrows point to FLG staining (shown in red). Wheat germ agglutinin–conjugated FITC (green) was used to stain the 
cytoskeleton. Nuclei were visualized with DAPI (blue). Data are representative of 3 independent experimental repetitions using 3 different lots of HEKs. 
The data are shown as the mean ± SEM. n = 3–4 per group. Scale bar: 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001 by 1-way ANOVA with Tukey-Kramer test 
(A, B, and D) and 2-tailed Student’s t test (F and H).
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stimulation and significantly (P < 0.001) inhibited gene expression of  FLG after 24-hour stimulation in 
HEKs (Supplemental Figure 3). TSLP gene was modestly induced, but other keratinocyte-derived cyto-
kines were not significantly changed by PM2.5 (Figure 4E).

We confirmed that in HEKs transfected with scrambled siRNA, gene expression of  TNFA was sig-
nificantly upregulated after PM2.5 (P < 0.001) or tapinarof  (P < 0.01) treatment as compared with cells 
treated with media alone (Figure 4G). In contrast, TNFA expression was not induced by PM2.5 or tapin-
arof  in cells transfected with AHR siRNA (Figure 4G), indicating that PM2.5- and tapinarof-induced 
TNF-α expression in keratinocytes is AHR dependent. Additionally, nuclear factor erythroid 2-related 
factor (NRF2) expression was evaluated because it was previously reported to be induced by AHR ago-
nists such as tapinarof  and was associated with FLG upregulation by this naturally derived AHR agonist 
(36, 42–44). In HEKs transfected with scrambled siRNA, gene expression of  NRF2 was not modulated 
by PM2.5 but significantly (P < 0.001) upregulated in the cells treated with tapinarof  (Figure 4H). NRF2 
gene was not significantly induced by PM2.5 or tapinarof  in the cells transfected with AHR siRNA (Figure 
4H). Gene expressions of  cytochrome P450, family 1, subfamily A, polypeptide 1 (CYP1A1), and gluta-
thione-S-transferase Mu 1 (GSTM1) were also evaluated because they are induced by AHR ligands and 
play key roles in metabolizing PAHs (36, 45). Gene expression of  CYP1A1 was significantly induced by 
both PM2.5 (P < 0.05) and tapinarof  (P < 0.001) in HEKs transfected with scrambled siRNA (Figure 4I), 
but GSTM1 gene expression was only significantly (P < 0.01) induced by tapinarof  in HEKs transfected 
with scrambled siRNA (Supplemental Figure 2C). The induction of  CYP1A1 by PM2.5 and tapinarof  and 
the induction of  GSTM1 by tapinarof  were shown to be AHR dependent, as they were not induced by 
corresponding treatments in cells transfected with AHR siRNA. Furthermore, the lack of  GSTM1 induc-
tion by PM2.5 may result in prolonged detrimental effects of  PM2.5 in the skin.

PM2.5-induced TNF-α inhibits FLG through the MAPK/c-JNK pathway. To determine the role of  TNF-α in 
the regulation of  FLG in PM2.5-treated keratinocyte cultures, HEKs were differentiated and preincubated 
with TNF-α neutralizing Ab (0.1 μg/mL), an isotype control Ab (0.1 μg/mL), vehicle control, or R-7050 (a 
TNF-α receptor type 1 inhibitor) for 24 hours, followed by stimulation with various concentrations of  PM2.5 
for an additional 2 days. FLG gene expression was significantly inhibited by PM2.5 at concentrations as low 

Figure 3. Effect of PM2.5 on AHR in both human primary keratinocytes and organotypic skin. Expressions of AHR (red) in both cultured HEKs (A and B) 
and organotypic skin (C and D) were evaluated using immunofluorescence staining and demonstrated a reduction in FLG expression after PM2.5 exposure. 
Wheat germ agglutinin–conjugated FITC (green) was used to stain the cytoskeleton. Nuclei were visualized with DAPI (blue). Data are representative of 3 
independent experimental repetitions. The data are shown as the mean ± SEM. n = 3 per group. Scale bar: 50 μm. **P < 0.01 by 2-tailed Student’s t test.
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as 5 ng/mL in cells preincubated with the isotype control Ab (P < 0.05, Figure 5A) or vehicle control (P < 
0.05, Figure 5B). In contrast, FLG gene expression was not modulated by PM2.5 in cells preincubated with 
the TNF-α neutralizing Ab (Figure 5A) or R-7050 (Figure 5B). This finding was confirmed at protein levels 
using Western blotting (Figure 5, C and D). Therefore, PM2.5-mediated inhibition of  FLG is regulated by 
PM2.5-induced TNF-α.

We further studied the effects of  downstream targets of  TNF-α signaling on the regulation of  FLG by 
PM2.5. HEKs were preincubated with an NF-κB inhibitor (10 nM) or MAPK inhibitors such as ERK1/2 
inhibitor (5 μM), p38 inhibitor (5 μM), or c-JNK inhibitor SP600125 (0.5 μM) for 24 hours. The doses of  
inhibitors used in this study were previously proved to be nontoxic to the keratinocytes (37). Then the cells 
were stimulated with either PM2.5 (10 ng/mL) or a combination of  each inhibitor and PM2.5 (10 ng/mL) for 
an additional 2 days. Gene expression of  FLG was significantly decreased in the cells treated with the com-
binations of  PM2.5 and NF-κB inhibitor (P < 0.01, Figure 6A), ERK1/2 inhibitor (P < 0.01, Figure 6B), or 

Figure 4. PM2.5 modulates expressions of FLG and TNF-α in human primary keratinocytes. Gene expressions of AHR (A), FLG (B), TNFA (G), NRF2 
(H), and CYP1A1 (I) were examined in cultured HEKs using real-time RT-PCR. n = 3–9 per group. (C and D) Protein expression of FLG was evaluated 
in cultured HEKs using Western blotting. n = 4 per group. (E) Gene expressions of keratinocyte-derived cytokines were examined in cultured HEKs 
treated with PM2.5 (10 ng/mL) using real-time RT-PCR. n = 8 per group. (F) Protein levels of TNF-α were evaluated in culture media using ELISA. Data 
are representative of 3 independent experimental repetitions. The data are shown as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by 1-way 
ANOVA with Tukey-Kramer post hoc test.
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p38 inhibitor (P < 0.01, Figure 6C) as compared with the cells treated with media alone. However, FLG gene 
expression was not significantly inhibited in the cells treated with the combination of  PM2.5 and SP600125 
(Figure 6D), indicating that PM2.5 inhibits FLG via c-JNK. This finding is consistent with our previous 
observation that TNF-α downregulates FLG expression through the MAPK/c-JNK pathway (37).

PM2.5 inhibits FLG by inducing TNF-α and increases TEWL in murine skin. Our in vitro experiments have 
demonstrated that PM2.5 inhibits FLG expression in keratinocytes and provided evidence for the involve-
ment of  the AHR/TNF-α pathway in this process. To confirm these effects of  PM2.5 in vivo, vehicle con-
trol (0.2% DMSO in PBS), PM2.5 (100 ng/mL), R-7050 (5 μM), or a combination of  PM2.5 (100 ng/mL) 
and R-7050 (5 μM) was applied on the backs of  hairless mice twice daily for 10 days. No skin lesions, 
such as ulcers or inflammatory lesions, were noted in any mice after 10 days of  treatment (Figure 7A). 
However, the thickness of  epidermis in H&E staining was significantly increased (P < 0.01) in mouse 
skin treated with PM2.5 compared with skin treated with vehicle, R-7050, or the combination of  PM2.5 
and R-7050 (Figure 7, A and B). The TEWL was not significantly different between study groups on days 
0 and 5. However, TEWL on day 10 was significantly (P < 0.01) increased in mice treated with PM2.5 
compared with mice treated with vehicle control, R-7050, or the combination of  PM2.5 and R-7050 (Fig-
ure 7C). These data suggest that PM2.5 causes skin barrier dysfunction in treated mice and that R-7050 
attenuates PM2.5-mediated skin barrier dysfunction. In support of  this observation, we also found that 
the penetration of  FITC-dextran into epidermis was higher in skin treated with PM2.5 than skin treated 
with vehicle control, R-7050, or the combination of  PM2.5 and R-7050 (Figure 7D).

As shown in Figure 7, E and F, the staining intensity of  FLG was significantly (P < 0.001) 
decreased in the skin of  mice treated with PM2.5 as compared with the skin treated with vehicle control.  

Figure 5. PM2.5-induced TNF-α inhibits FLG expression in human primary keratinocytes. Gene expression of FLG (A and B) was examined in cultured 
HEKs using real-time RT-PCR. Protein expression of FLG (C and D) was evaluated using Western blotting. Data are representative of 3 independent experi-
mental repetitions. The data are shown as the mean ± SEM. n = 3 per group. *P < 0.05, **P < 0.01 by 1-way ANOVA with Tukey-Kramer post hoc test.
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On the contrary, the staining intensity of  FLG was significantly (P < 0.01) higher in the skin of  mice treated 
with the combination of  PM2.5 and R-7050 as compared with skin treated with PM2.5 alone (Figure 7, E and 
F), suggesting that blocking of  TNF-α receptor attenuates PM2.5-mediated inhibition of  FLG. Indeed, the 
staining intensity of  TNF-α was significantly increased in the skin of  mice treated with PM2.5 (P < 0.01) and 
the combination of  PM2.5 and R-7050 (P < 0.05) as compared with the skin treated with vehicle or R-7050 
(Figure 7, G and H), indicating that R-7050 does not change TNF-α levels but inhibits TNF-α signaling by 
blocking interaction with the TNF-α receptor. Furthermore, PM2.5 induced nuclear localization of  AHR in 
the skin cells (Figure 7I), and the staining intensity of  AHR was significantly (P < 0.01) increased in the 
skin of  mice treated with PM2.5 as compared with the skin treated with vehicle or R-7050 (Figure 7J). These 
findings confirm that PM2.5 induces nuclear translocation of  AHR in the cells.

Discussion
PM is a ubiquitous atmospheric aerosol and a complex mixture of  various components, which include 
PAHs, nitrate, sulfate, ammonium, elemental carbon, heavy metals, and so on (1, 6). PM is primarily derived 
from either natural or anthropogenic sources, such as forest fires, sea salts, biologic materials (i.e., pollen, 
endotoxin, fungi, bacteria), biomass combustion, vehicle exhaust, and power plants (1, 6). It is also gener-
ated secondarily from precursors emitted in the air, like sulfur oxides, nitrogen oxides, volatile organic com-
pounds, and ammonia (1, 6). Cigarette smoking is another documented source of  PM (46, 47). Additionally, 
wildfire events from mountainous areas such as the northwestern region of  the United States significantly 
increase the levels of  PM2.5 (48, 49). The airborne concentration of  PM2.5 in ambient conditions is about 
50~400 μg/m3 in major cities worldwide, but it reaches up to 800 μg/m3 in big cities (2, 25, 26, 50).

In the present study, we report that skin FLG levels in the same subjects decreased after they moved 
from Denver, USA, to Seoul, South Korea within the same season, with skin samples assessed only 1–2 
months apart. We speculated that these changes could be driven by air pollution, as the skin FDP levels 
were decreased when the study subjects moved to a high-PM area (Seoul) from the low-PM area (Denver). 
However, the levels of  trans-UCA were not changed in normal healthy subjects, although total-UCA was 
changed in the present study. Therefore, it seems trans-UCA is less affected by environmental factors such 
as PM. This finding is consistent with a recent report that cold and dry air do not change the levels of  trans-
UCA (51). These data have limitations because other environmental factors, such as humidity, temperature, 
and UV radiation, are not the same in Seoul and Denver and may have also contributed to changes in FDP.  

Figure 6. PM2.5 inhibits FLG through the MAPK/c-JNK pathway. Gene expression of FLG was examined using real-time RT-PCR in cultured HEKs stim-
ulated with PM2.5 or combinations of each inhibitor and PM2.5. (A) NF-κB inhibitor. (B) ERK1/2 inhibitor. (C) P38 inhibitor. (D) SP600125 inhibitor. Data 
are representative of 3 independent experimental repetitions. The data are shown as the mean ± SEM. n = 3 per group. **P < 0.01 by 1-way ANOVA with 
Tukey-Kramer post hoc test.
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In this study, we provide experimental evidence that PM2.5 exposure can influence skin barrier function and 
likely is one of  the contributing factors that influenced skin barrier function in our study subjects. We focused 
on the relationship of  PM2.5 and FLG, a critical component of  the epidermal skin barrier (14, 19, 20), because 
it has been suggested that PM2.5 is strongly associated with the development of  inflammatory skin diseases 
(21, 22), and FLG is a key epidermal barrier protein in maintaining skin barrier function (20, 35).

In this study, we demonstrate significant inhibition of  FLG expression in keratinocyte cultures, organo-
typic skin cultures, and the skin of  the animals exposed in vivo to PM2.5. This observation is consistent with 
previous reports (27, 29). However, this is the first study that examined the effects of  PM2.5 on skin both 
in vitro and in vivo. Importantly, the doses of  PM2.5 used in our experiments were not directly cytotoxic 
and reflect the doses of  PM2.5 that are achievable in highly polluted urban areas such as Seoul, Korea, and 
Beijing, China. In contrast, earlier studies examined the effects of  PM in the HaCat tumor keratinocyte cell 

Figure 7. PM2.5 inhibits FLG and causes skin barrier dysfunction in murine skin. Hairless mice were treated with a vehicle, PM2.5, R-7050, or a combination 
of PM2.5 and R-7050 on the back of each mouse twice daily for 10 days. FITC-dextran was applied to the left side of the back of each mouse for 60 minutes 
on day 10 and demonstrated enhanced barrier penetration of the PM2.5-treated skin. (A) Skin appearance and H&E staining (original magnification, ×100) 
of the skin biopsy samples in the study groups. Epidermal thickness (B) and TEWL (C) were evaluated and illustrated increased epidermal thickness 
and TEWL in PM2.5-exposed skin. (D) The penetration of FITC-dextran is enhanced in PM2.5-treated skin and is attenuated by TNF-α inhibitors. Protein 
expressions of FLG (E and F), TNF-α (G and H), and AHR (I and J) were evaluated using immunofluorescence staining. Arrows point to FLG staining (red). 
The dotted line represents a border between epidermis and dermis. Wheat germ agglutinin–conjugated FITC (green) was used to stain the cytoskeleton. 
Nuclei were visualized with DAPI (blue). Data are representative of 2 independent experiments. The data are shown as the mean ± SEM. Each point 
indicates individual mice, n = 7 mice per group. Scale bar: 25 μm. *P < 0.05, **P < 0.01, ***P < 0.001 by 1-way ANOVA with Tukey-Kramer post hoc test. 
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line and human keratinocytes, using doses that far exceed those in the environment. We found that these 
PM2.5 doses were cytotoxic to primary keratinocytes in the current study (27–29).

We demonstrate for the first time to our knowledge that PM2.5-induced TNF-α plays a crucial role in 
PM2.5-mediated inhibition of  FLG. PM2.5-mediated induction of  TNF-α is an earlier event with subsequent 
inhibition of  FLG by TNF-α occurring after. We propose that keratinocytes and neutrophils could be the 
main sources of  TNF-α after PM2.5 exposure. Previous studies reported that PM2.5 induces the recruitment 
of  neutrophils (52, 53), which produces TNF-α (54). Additionally, we demonstrated that FLG and LOR 
were inhibited by PM2.5, which did not affect IVL. This finding implies that PM2.5-induced TNF-α is asso-
ciated with PM2.5-mediated inhibition of  epidermal barrier proteins because we previously reported that 
TNF-α inhibits FLG and LOR but not IVL (37). Moreover, PM2.5 did not inhibit FLG in both keratinocytes 
and mouse skin preincubated with TNF-α neutralizing Ab, R-7050, or SP600125 (c-JNK inhibitor). These 
findings strongly suggest that PM2.5-mediated inhibition of  FLG is via the action of  PM2.5-induced TNF-α. 
Here we documented that PM2.5 regulation of  TNF-α is AHR dependent in vitro and in vivo. Importantly, 
we also provide evidence that TNF-α neutralizing Ab or a small molecule inhibitor of  the TNF-α receptor, 
R-7050, can prevent detrimental effects of  PM2.5 exposure on skin barrier function.

AHR, a ligand-dependent transcription factor, is activated by multiple compounds that can induce 
either epidermal differentiation or oxidative stress (43, 44). It has been reported that tapinarof, an AHR 
agonist, upregulates FLG expression in keratinocytes (36). In the current study, we demonstrated that both 
tapinarof  and PM2.5 induced TNF-α via AHR but modulated FLG expression in opposite ways. To under-
stand this discrepancy, we further investigated the expression of  NRF2 in keratinocytes, a potent suppres-
sor of  ROS (36, 55), in response to these AHR ligands. Interestingly, NRF2 was not induced by PM2.5 but 
was robustly induced by tapinarof  in an AHR-dependent manner. These findings suggest that PM2.5-in-
duced TNF-α inhibits FLG, but the effects of  tapinarof-induced TNF-α on FLG could be negated by the 
action of  tapinarof-induced NRF2. This mechanism is supported by previous studies. Activation of  NRF2 
by AHR ligands such as coal tar abolished IL-4/IL-13–mediated inhibition of  epidermal barrier proteins 
such as FLG and LOR (42, 56). Additionally, activation of  the AHR/NRF2 pathway by ketoconazole 
showed cytoprotective effects and inhibition of  TNF-α–induced production of  ROS (55). Therefore, we 
demonstrate a ligand-dependent dual action of  AHR using 2 agonists.

AHR is essential in maintaining normal skin barrier function and cutaneous homeostasis (57, 58). 
The components of  the PM2.5 might be resistant to degradation, thus, resulting in persistent AHR acti-
vation. Indeed, mice with a constitutively active form of  AHR in keratinocytes (AHR-CA mouse) have 
been shown to develop an AD-like skin disease by induction of  artemin, which causes pruritus and skin 
scratches followed subsequently by skin inflammation and barrier dysfunction (12, 59). Additionally, 
activation of  the AHR/artemin axis in AHRfl/fl mice by air pollutants induces nerve hyperinnervation 
and alloknesis, which causes scratch and exacerbation of  AD skin (12). In contrast to the toxic effects of  
persistently activated AHR, AHR itself  is beneficial for the skin barrier, as the AHR-deficient mice show 
skin inflammation, epidermal barrier dysfunction, and skin dysbiosis (57, 58). Thus, both AHR-CA and 
AHR-deficient mice have detrimental effects on the skin. However, these mice are not a viable condi-
tion of  human skin and do not reflect human skin that is exposed to air pollutants such as PM. Human 
skin exposure to PM could be different from AHR-CA or AHR-deficient mice. In our current study, we 
focused on PM2.5-mediated skin barrier function directly because skin barrier dysfunction is considered 
an initial step of  the development of  AD (14, 19). Additionally, AHR was activated in normal human 
keratinocytes and nonatopic mice skin with physiologic concentrations of  PM2.5 that are achievable in 
the polluted urban area. Therefore, we report that PM2.5 causes skin barrier dysfunction in normal and 
nonatopic skin in naturally occurring environments.

It has been suggested that maintaining normal skin barrier function is critical for the prevention and 
control of  allergic diseases such as AD and food allergy (14, 16, 60–62). It is also well known that FLG 
deficiency and increased TEWL are associated with skin barrier dysfunction and increased allergen sen-
sitization (20, 35, 63–65). In the current study, we demonstrated that PM2.5-induced TNF-α causes FLG 
deficiency, increased TEWL, and enhanced penetration of  FITC-dextran in both organotypic and mouse 
skin. We have also shown that TSLP expression was modestly increased by PM2.5 treatment in the current 
study. Our research team previously reported that increased TSLP expression in unaffected young infants 
was a good predictor of  AD development in this Korean study cohort; however, no mechanism for the 
early TSLP induction in the skin was provided in that study (66). Our observation that PM2.5 exposure may 
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increase TSLP production in the skin suggests that the increased skin TSLP expression in young infants 
could be associated with PM2.5 exposure in high-PM2.5 areas. It is noteworthy that the prevalence of  AD 
in South Korea is nearly 30% compared with less than 20% in the United States (67, 68). We propose that 
air pollution and skin PM2.5 exposure may serve as one of  the environmental factors that compromise skin 
barrier function and may promote allergen sensitization through the skin, thus further promoting incidence 
of  allergic disorders worldwide.

Recently, Chan et al. have reported that TNF-α is highly expressed in Chinese AD skin compared with 
European AD skin (69). The concentrations of  PM2.5 in Asian countries are higher than in European coun-
tries (https://aqicn.org) (25, 70, 71). Our present observation that PM2.5 induces TNF-α expression could 
further explain why TNF-α is higher in Asian AD skin. Additionally, our present findings may also account 
for the previous observation that the Asian AD phenotypes have features of  psoriasis with increased Th17 
polarization, which were linked to TNF-α exposure (72). Furthermore, the incidence and the prevalence of  
AD in Asian countries, such as China and Korea, where there are high-PM2.5 areas, are similar to those of  
European ancestry despite FLG mutations being more uncommon in Chinese and Korean ancestry (20, 67, 
73, 74). Therefore, we hypothesize that PM2.5-associated FLG deficiency and skin barrier dysfunction play 
pivotal roles in the development of  AD in Asian countries.

In summary, our present study demonstrates that PM2.5-induced TNF-α causes FLG deficiency in 
the skin, contributing to skin barrier dysfunction, and results in enhanced skin barrier penetration. We 
document that this process in skin keratinocytes is AHR dependent. Therefore, PM2.5 skin exposure 
may promote the development of  allergic diseases by inducing FLG deficiency and skin barrier dys-
function, allowing antigen penetration through the skin. The study suggests that interventions that will 
prevent skin exposure to PM2.5 may be critical for protection from the detrimental effects of  PM2.5 on 
skin barrier and potential allergic sensitization through the skin. Our in vivo animal model of  PM2.5 
exposure demonstrates that TNF-α receptor inhibitors can be used in vivo to protect from PM-induced 
skin barrier changes in PM-exposed mice and suggests that topical TNF receptor antagonists may be 
considered for skin protection from air pollution.

Methods
Preparation of  PM2.5 and determination of  PM2.5 concentration for experiments. The PM2.5 were provided by 
the Seoul Metropolitan Government Research Institute of  Public Health and Environment (Seoul, 
Korea). The air samplers were placed 10.3 m above the ground in the central area of  Seoul. Twenty-
four-hour integrated PM2.5 samples were collected on quartz filters (8 × 10 in., Tissuquartz 2500QAT-
UP, Pall Life Sciences) by negative pressure using a high-volume sampler (model HV-1000F, Sibata 
Scientific Technology) at 1000 L/min flow rate during the winter season between December 2017 and 
January 2018. The quartz filters were precombusted in a muffle furnace at 600°C for 2 hours to remove 
any contaminants on the filters before sampling. The collected filters were then stored at –20°C until 
particle extraction was performed. For the experiments, the filter papers were cut into small pieces 
and suspended in PBS with 10% DMSO. The outdoor concentrations of  PM2.5 in cities such as Seoul, 
Korea, and Beijing, China, reach up to 200 μg/m3 (about 0.2 ng/mL) and 800 μg/m3 (about 0.8 ng/
mL), respectively (https://aqicn.org) (2, 25, 70, 75). PAHs penetrate into the epidermis easily (8–10) 
and are stable for 3~6 weeks in vivo (76). Additionally, PM2.5 can be accumulated in the skin because 
they remain in the skin up to 7 days (8, 10). Thus, the concentration of  PM2.5 in the human skin is esti-
mated to be higher than that of  PM2.5 in outdoor air. Therefore, 1~10 ng/mL and 100 ng/mL of  PM2.5 
were used for our present in vitro and in vivo experiments, respectively. These doses were confirmed to 
be not cytotoxic using lactate dehydrogenase (LDH) release assay as described below.

Collection and analysis of  STS samples. To examine the effects of  air pollution in the skin, STS samples 
were collected from 5 subjects (4 normal, healthy subjects and 1 convalescent AD subject; mean age = 35 
± 7.4 years; 4 males and 1 female). All subjects had lived in Denver, Colorado, USA, for at least 1 month 
when initial STS samples were collected, and then STS samples were collected again from the same sub-
jects after they moved to and stayed in Seoul, Korea, for at least 1 month. They received similar medical 
care at both locations and utilized similar skincare routines during the study period. All samples were 
collected during the same winter season. The concentration of  PM2.5 is typically higher in Seoul (100~180 
μg/m3) and lower in Denver (25~35 μg/m3) during winter (https://aqicn.org). A total of  10 consecutive 
D-Squame tape discs (CuDerm) were applied to the volar side of  the forearms of  subjects as previously 
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described (77). STS samples were processed and analyzed for FDP, cis/trans-UCA, and PCA using an 
LC-ESI-MS/MS as previously described (17).

Cell culture. HEKs (Life Technologies, Thermo Fisher Scientific) were used to examine the effects of  
PM2.5 exposure in vitro. HEKs were derived from neonatal foreskin and were grown in serum-free EpiLife 
cell culture medium (Life Technologies, Thermo Fisher Scientific) containing 0.06 mmol/L CaCl2, 1% 
human keratinocyte growth supplement S7 (Life Technologies, Thermo Fisher Scientific), and 1% genta-
micin/amphotericin. To investigate the effects of  the PM2.5 on the expression of  FLG, AHR, TNF-α, and 
other keratinocyte-derived cytokines, HEKs were differentiated in the presence of  1.3 mmol/L of  CaCl2 for 
3 days. Then cells were stimulated with PM2.5 (5 and 10 ng/mL), IL-4 (10 ng/mL), and IL-13 (10 ng/mL) 
or IFN-γ (10 ng/mL) for various time periods up to 48 hours.

To examine whether PM2.5 induces nuclear translocation of AHR, HEKs were seeded into the 8-well Nunc 
Lab-Tek II Chamber Slides (Thermo Fisher Scientific) and stimulated with PM2.5 (1 ng/mL) for 24 hours. To 
examine whether PM2.5 inhibition of FLG is TNF-α dependent, the cells were preincubated with the isotype 
control Ab (0.1 μg/mL) (R&D Systems, Bio-Techne), TNF-α neutralizing Ab (0.1 μg/mL) (R&D Systems, Bio-
Techne), vehicle control (medium with 0.1% DMSO), or the TNF-α receptor 1 inhibitor, R-7050 (5 μM) (Tocris), 
for 24 hours. Then the cells were stimulated with PM2.5 (5 and 10 ng/mL) for an additional 2 or 4 days. HEKs 
were preincubated with NF-κB activation inhibitor (10 nM, MilliporeSigma) or MAPK inhibitors (MilliporeSig-
ma), including ERK1/2 inhibitor (5 μM), p38 inhibitor (5 μM), or c-JNK inhibitor SP600125 (0.5 μM), for 24 
hours, followed by cell stimulation with PM2.5 (10 ng/mL) or combinations of each inhibitor and PM2.5 (10 ng/
mL) for an additional 2 days. EpiLife cell culture medium with 0.1% DMSO was used as a vehicle control for all 
in vitro experiments, as PM2.5 was diluted with EpiLife cell culture medium with 0.1% DMSO.

LDH assay. HEKs were plated at 2 × 105 cells per well in a 24-well plate and differentiated in the pres-
ence of  1.3 mmol/L of  CaCl2 for 3 days. To examine cell toxicity of  the PM2.5, cells were treated with var-
ious concentrations of  PM2.5 for 48 hours, and LDH release was then determined using the CytoTox-One 
Homogeneous Membrane Integrity Assay (Promega) according to the manufacturer’s instructions. Fluo-
rescence was measured on a DTX880 Multimode Detector (Beckman Coulter) with an excitation wave-
length of  560 nm and an emission wavelength of  590 nm. Samples were tested in triplicate and fluorescence 
results were normalized by subtracting a PBS blank and compared with the keratinocyte LDH release in 
response to treatment with 1% Triton X-100 solution (maximum LDH release).

RNA preparation and real-time RT-PCR. RNeasy Mini Kits (Qiagen) were used according to the man-
ufacturer’s protocol to isolate RNA from keratinocytes. RNA was reverse-transcribed into cDNA using 
SuperScript VILO MasterMix according to the manufacturer’s protocol (Life Technologies, Thermo Fisher 
Scientific). cDNA was analyzed by real-time RT-PCR using an ABI Prism 7300 sequence detector (Applied 
Biosystems, Thermo Fisher Scientific). Primers and probes for 18S RNA, AHR, FLG, LOR, IVL, keratin-1, 
desmocollin-1, corneodesmosin, claudin-1, TNFA, TSLP, IL1B, IL33, IL25, NRF2, and CYP1A1 were pur-
chased from Applied Biosystems, Thermo Fisher Scientific.

Western blot. For Western blot, 15 μg of  total proteins extracted from HEKs were separated on 
4%–20% SDS-polyacrylamide gel (Bio-Rad) and transfected to the cellulose membrane. The blots were 
blocked with Super Block (Scyteck Laboratories) and incubated with primary Abs. The Abs against 
FLG (catalog sc-66192, Santa Cruz Biotechnology) and β-actin (catalog SAB3500350, MilliporeSigma) 
were used as primary Abs. The densitometry of  the detected protein bands was calculated using ImageJ 
software, version 1.49 (NIH).

TNF-α protein measurement. TNF-α protein expression levels in cell culture supernatant were mea-
sured using an ELISA kit (R&D Systems, Bio-Techne) per the manufacturer’s instructions. Expression 
levels of  TNF-α were determined by comparison to a standard curve generated by serial dilution of  a 
manufacturer-provided standard.

Organotypic skin culture. To produce organotypic skin culture using HEKs, NIH 3T3 J2 murine 
embryonic fibroblasts (ATCC, CCL-92) and culture insert (BD Biosciences) were used. Murine fibro-
blasts were cultured in DMEM containing 4.5 g/L glucose (Corning). A mixture of  fibroblasts and rat 
tail type I collagen (Corning) were plated onto the culture inserts as a dermal equivalent. HEKs (2 × 
106/culture insert) were then plated on top of  the dermal equivalent, air-lifted after 1 day, and cultured 
for 7 days in DMEM containing 1% of  gentamicin/amphotericin and growth factors such as adenine, 
insulin, apo-transferrin, and triiodothyronine (Corning). The air-liquid interface organotypic skin cul-
tures were stimulated with a vehicle control (culture medium with 0.1% DMSO) or PM2.5 (1 ng/mL) 
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applied to the surface of  the air-liquid interface culture for an additional 7 days, and then the skin was 
fixed with 4% buffered formalin for immunostaining.

Small interfering RNA silencing experiments. Control and AHR siRNA duplexes were purchased from 
Horizon Discovery. HEKs were plated in 6-well or 24-well plates the day before transfection. The 5 pmol 
siRNA duplexes were transfected into HEKs using Lipofectamine 2000 (Life Technologies, Thermo Fisher 
Scientific) according to the manufacturer’s instructions. The following day, the cells were differentiated in 
the presence of  1.3 mmol/L of  CaCl2 for 3 days, and the cells were then incubated with medium, PM2.5 
(10 ng/mL), or an AHR agonist, tapinarof  (0.1 μM, MedChemExpress), for an additional 2 or 4 days for 
RT-PCR or Western blotting, respectively.

Murine model to examine the effects of  PM2.5 in the skin. Hairless mice (Crl: SKH1-Hrhr, female, 12 weeks old, 
strain 477, Charles River Laboratories) were used for animal experiments. To investigate whether PM2.5 inhibits 
FLG and whether this process is TNF-α dependent, mice (n = 7 per group) were treated with a vehicle (PBS 
with 0.2% DMSO), PM2.5 (100 ng/mL), R-7050 (10 μM), or combination of PM2.5 (100 ng/mL) and R-7050 
(10 μM). Stimulants were applied on the back of each mouse twice daily for 10 days. R-7050 was applied 1 hour 
before PM2.5 treatment each time. FITC-dextran (MilliporeSigma) was applied for 60 minutes on the left side of  
the back of each mouse on day 10 to examine the penetration of FITC-dextran into the skin. Skin punch biopsies 
(4 mm) were collected and stored at –80°C immediately. Frozen sections were prepared to assess FITC-dextran 
penetration into the skin. All mice were euthanized on day 10, and 2 skin biopsies (4 mm) were also obtained 
from each animal. The skin biopsies were submerged immediately into either Tri-Reagent (Molecular Research 
Center, Inc.) or 10% buffered formalin for real-time RT-PCR and immunostaining, respectively.

Immunofluorescence staining. Cells grown in chamber slides, organotypic skin sections, or mouse skin sections 
were fixed and blocked. Slides were then stained with Abs against AHR (catalog orb35828, Biorbyt), human 
FLG (catalog ab81468, Abcam), mouse FLG (catalog 905804, BioLegend), and TNF-α (catalog 11948, Cell Sig-
naling Technology). Nuclei were visualized with DAPI, and wheat germ agglutinin–conjugated FITC was used 
to stain the cytoskeleton. Frozen slide sections were generated from mouse skin biopsies treated with FITC-dex-
tran using the Tissue-Tek OCT compound (Scigen Scientific) and Cryomold Intermediate (Thermo Fisher 
Scientific). The slides were visualized with fluorescence microscopy (Leica). Images were collected at original 
magnification ×400, and the levels of MFI were measured with Slidebook 6.0 (Intelligent Imaging Innovations).

Measurement of  TEWL. TEWL was measured using a device from GPower Inc. in both organotypic 
skin cultures and mouse skin. To measure TEWL in organotypic skin, culture medium was removed 
from the culture chamber and insert. Then, the excess medium from the organotypic skin was allowed 
to air-dry for 10 minutes. TEWL from the organotypic skin cultures was measured every other day from 
day 8 to 14 of  culture. TEWL from mouse skin was measured on days 0, 5, and 10 on the back of  each 
mouse. All TEWL measurements from both organotypic and mouse skin were collected in triplicate, and 
the average values were used for graphs.

Statistics. Statistical analysis was conducted using GraphPad Prism, version 8.4.2. In cases where 2 
groups were compared, data were analyzed using a paired or unpaired 2-tailed Student’s t test. Statistical 
differences between 3 or more groups were determined by using 1-way ANOVA, and significant differences 
were determined by a Tukey-Kramer post hoc test. All error bars represent mean ± SEM. Statistical signif-
icance was defined as P < 0.05.

Study approval. STS sample collection was approved by the Institutional Review Boards at both Nation-
al Jewish Health, Denver, Colorado, USA (IRB no. HS-3146), and Samsung Medical Center, Seoul, Korea 
(IRB no. SMC-2018-03-041). All subjects gave written informed consent prior to participation in the study. 
Animal experiments were approved by the Institutional Animal Care and Use Committee of  Samsung 
Medical Center (IRB no. SMC-2020-03-25001).
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