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Abstract

Recent studies have demonstrated that particulate matter (PM) can induce oxidative stress
and inflammatory responses that are related to the development or exacerbation of several
inflammatory dermatoses. However, the effect of PM on acne vulgaris has yet to be deter-
mined. In this study, we induced acne-like inflammation in HEKn cells with several concen-
trations of Cutibacterium acnes (C. acnes) and Staphylococcus aureus peptidoglycan
(PGN) to investigate whether PM exposure exacerbates acne-like inflammation and eluci-
date the underlying mechanisms. To confirm whether PM increases the messenger ribonu-
cleic acid (mRNA) and protein levels of proinflammatory cytokines (IL-1q, IL-13, IL-6, IL-8,
and TNF-a) and cyclooxygenase (COX)-2 expression in C. acnes- or PGN-treated HEKn
cells, we used quantitative real-time polymerase chain reactions, enzyme-linked immuno-
sorbent assays, and western blot assays. The results demonstrated that C. acnes, PGN,
and PM induced the expression of proinflammatory cytokines in a time- and dose-depen-
dent manner at the mRNA and protein levels, respectively. Moreover, PM further increased
the expression of proinflammatory cytokines, COX2, TLR4, and the phosphorylation of NF-
KB in C. acnes- and PGN-treated HEKn cells. In conclusion, our results suggest that PM
may exacerbate acne symptoms by increasing the inflammatory response.

Introduction

Particulate matter (PM) refers to a heterogenous mixture of particles and droplets in the ambi-
ent atmosphere. These may include organic and inorganic particles, such as tobacco smoke,
metals, dust, and pollen [1, 2]. Particles of 10 um (PM;,) or less (PM, s), when inhaled into the
lungs, can cause detrimental health effects. In particular, PM is significantly associated with
cardiovascular and respiratory diseases [3-5]. There is growing evidence that air pollution is
significantly associated with skin aging and inflammatory skin diseases such as atopic dermati-
tis, acne, and psoriasis [6-10]. The mechanisms by which PM may affect human skin involve
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skin barrier disruption and oxidative stress by reactive oxygen species, leading to the activation
of inflammatory cascades [11].

Acne is a common inflammatory disease involving pilosebaceous units and results from
increased sebum production, follicular keratinization, inflammation, and colonization by Cuti-
bacterium acnes (C. acnes) [12, 13]. Although there is a lack of data, the detrimental effects of
air pollutants on the skin and the worsening of acne severity have been recognized by most
skin experts. Several studies have investigated the effects of pollution on acne vulgaris; how-
ever, it has not been proven whether PM aggravates acne inflammation [7, 8, 14]. Therefore,
we aimed to investigate whether PM exposure exacerbates acne-like inflammation and eluci-
date the underlying mechanisms.

Materials and methods
Chemicals and preparation

The standard reference materials (SRM) 1649b were purchased from the National Institute of
Standards and Technology (Gaithersburg, MD, USA) and dispersed in phosphate-buffered
saline (PBS). C. acnes (KCTC 3314) was obtained from the Korean Collection for Type Cul-
tures (KCTC, Daejeon, Korea), and peptidoglycan (PGN) from a Staphylococcus aureus cell
wall component was purchased from Sigma-Aldrich (MO, USA). Specific antibodies against
TLR4 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against phospho-NF-kB p65, NF-kB
p65, and cyclooxygenase (COX)-2 were purchased from Cell Signaling Technology (Danvers,
MA, USA) and Abcam (Cambridge, UK). Human interleukin (IL)-6, IL-8, and tumor necrosis
factor (TNF)-a enzyme-linked immunosorbent assay (ELISA) development kits were pur-
chased from R&D Systems (Minneapolis, MN, USA).

Cell culture

Primary neonatal human epidermal keratinocytes (HEKn, Cascade, Invitrogen, Carlsbad, CA,
USA) were cultured in EpiLife medium (Cascade Biologics, Portland, OR, USA) supplemented
with human keratinocyte growth supplement (HKGS, Cascade Biologics) at 37°C in a humidi-
fied atmosphere with 5% CO,. When the cultures reached 80% confluence, cells were dissoci-
ated into single cells using TrypLE Select Enzyme (Gibco, Waltham, USA) for 5 min at room
temperature. The HEKn cells used in the experiments were between passages three and five.

Bacterial culture

Reinforced clostridial liquid and solid medium (RCM, Difco Laboratories, Detroit, MI, USA)
were used to grow C. acnes for 48-72 h at 37°C under anaerobic conditions (5% H,, 5% CO,,
and 90% N,). C. acnes suspensions were centrifuged at 4,000 rpm for 10 min at 4°C and then
washed three times with cold PBS. Finally, the cell number was estimated by measuring the
optical density of the suspension at 600 nm using a spectrophotometer. As we previously
observed that an ODgq = 1.0 is equivalent to 5.0 x 10° colony forming units (CFU) per 1 mL,
the number of bacterial cells was adjusted with PBS to 5x10® CFU/mL. To obtain heat-killed
bacteria, a C. acnes suspension (5 x 10® CFU/mL) was heated at 80°C for 30 min. Heat-killed
C. acnes were maintained at 4°C and centrifuged at 13,200 rpm for 10 min before use.

Cell viability assay

Cell viability was assessed using a modified 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tet-
razolium bromide (MTT, M5655, Sigma) assay. The cells were seeded at 70% confluence in
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each well of a 96-well plate. After 24 h, the cells were treated with several concentrations of
heat-killed C. acnes (50, 100, 500, and 1000 Multiplicity of infection (MOI)) and PM (5, 10, 25,
and 50 pg/cm®). After incubation for 3, 6, 12, and 24 h, 10 pL of MTT solution (5 mg/mL in
PBS) was added to each well. Cells were incubated for a further 3 h at 37°C. Supernatants were
removed and 100 pL of dimethyl sulfoxide (DMSO) solution was added to each well. Finally,
spectrophotometric absorbance was measured at 570 nm.

Ribonucleic acid (RNA) isolation and real-time quantitative polymerase
chain reaction (QRT-PCR)

Total ribonucleic acid was extracted from HEKn cells using the TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Next, cDNA was synthesized from total RNA
using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, USA).
Moreover, qRT-PCR assays were performed with a real-time thermal cycler (Applied Biosys-
tems, Foster City, CA, USA) using PowerUp SYBR Green Master Mix (Applied Biosystems).
The PCR data were normalized according to GAPDH levels, and relative quantitation was per-
formed using the comparative 2-AACt method.

Western blot analysis

Cell lysates were centrifuged, and protein concentration was determined using the bicinchoni-
nic acid assay (BCA) method. Equal concentrations of protein were loaded for 8-10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose mem-
branes. After blocking with 5% skimmed milk for 1 h, the membrane was incubated with pri-
mary antibodies (24 h) and anti-rabbit horseradish peroxidase-conjugated antibodies (1 h).
The protein expression of NF-xB, TLR2, and COX2 was detected using the EzZWestLumi plus
system (ATTO, Tokyo, Japan) and ChemiDoc™ XRS image analyzer (Bio-Rad, Hercules, CA,
USA).

ELISA

After exposure to heat-killed C. acnes or PGN and PM 1649b for 24 h, the supernatants were
collected and stored at -70°C until assays were performed. The protein expression levels of IL-
6, IL-8, and TNF-o in HEKn cells were measured using specific ELISA kits, according to the
manufacturer’s recommended protocols.

Statistical analysis

We compared the resulting PM effects in the treatment groups and controls using one-way
analysis of variance and Tukey’s multiple-comparison post hoc test. Differences between
groups were considered significant at P < 0.05, and statistical analyses were performed using
GraphPad Prism 8.0 (GraphPad Software, Inc., CA, USA).

Results
Effect of PM and C. acnes on the viability of HEKn cells

To choose a suitable concentration and time point for HEKn cell treatment, we investigated
the cytotoxicity of several concentrations of C. acnes (50, 100, 500, and 1000 MOI) and PM (5,
10, 25, and 50 pg/cm?) and time points of 3, 6, 12, and 24 h. The data from the MTT assay
showed no significant change in the viability of HEKn cells treated with C. acnes (Fig 1A). In
contrast, significant cytotoxicity was observed after PM treatment in a dose- and time-depen-
dent manner (Fig 1B). As PM-treated cells exhibited < 70% cell viability at concentrations
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Fig 1. Effect of PM and C. acnes on the viability of HEKn cells. Cytotoxicity of heat-killed C. acnes and PM on HEKn cells determined by the MTT
assay. (A) HEKn cells were treated with several concentrations of (A) heat-killed C. acnes (50-1000 MOI) and (B) PM (5-50 pg/ cm?) for 3-24 h. Data
are shown as mean + standard error of the mean (SEM). Statistical significance was determined by repeated measures ANOVA, post hoc Bonferroni
correction, comparing to control (*p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001).

https://doi.org/10.1371/journal.pone.0268595.9001

above 25 pg/cm? for 24 h, the cells were treated with PM at a concentration of 10 pg/cm” in
further experiments.

Proinflammatory cytokine expression induced by C. acnes, PGN, and PM

Proinflammatory cytokines such as IL-1f, IL-6, IL-8, and TNF-a are responsible for the follic-
ular keratinization and inflammation of acne [15]. Quantitative RT-PCR and ELISA analyses
were performed to investigate the effect of C. acnes, PGN, or PM on the expression of proin-
flammatory cytokines. HEKn cells were treated with several concentrations of heat-killed C.
acnes (100, 500, 1000 MOI), PGN (1, 10, and 25 pg/mL), and PM (5, 10, 25 pg/cmz). The rela-
tive mRNA levels of IL-1a, IL-1B, IL-6, IL-8, and TNF-a increased in a dose-dependent man-
ner after treatment with C. acnes, PGN, and PM (S1 Fig). The results of the ELISA assay also
confirmed that treatment with C. acnes, PGN, and PM significantly increased the expression
of IL-6, IL-8, and TNF-a. (S2 Fig). Since IL-8 has a role in the pathogenesis of acne [16], we
selected the concentration of C. acnes of 500 MOI for further experiments based on our ELISA
data.

Effect of PM on proinflammatory cytokine expression in C. acnes (500
MOI) or PGN (10 pg/mL) treated HEKn cells
We examined whether PM could upregulate the expression of proinflammatory cytokines (IL-

la, IL-1B, IL-6, IL-8, and TNF-a) in C. acnes- or PGN-treated HEKn cells. HEKn cells were
seeded in six-well plates, allowed to proliferate until 70% confluence, and subsequently
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Fig 2. PM increases the expression of proinflammatory cytokines in C. acnes (500 MOI), or PGN (10 ug/mL) treated HEKn cells. HEKn cells are
co-treated with PM (10 pg/ cm?) and heat-killed C. acnes (500 MOI) or PGN (10 pg/mL) for 24 h. qRT-PCR results demonstrate that PM increases the
mRNA expression of IL-10,, IL-1f, IL-6, IL-8, and TNF-a.in (A) C. acnes and (B) PGN-treated cells. The relative mRNA levels are presented as fold
change compared with untreated cells (0 pg/cm?). ELISA results show that PM also increases the protein expression of proinflammatory cytokines in
(C) C. acnes or (D) PGN-treated cells. Data are shown as mean + SEM. Statistical significance was determined by repeated measures ANOVA, post hoc
Bonferroni correction, comparing to control (*p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001).

https://doi.org/10.1371/journal.pone.0268595.9002

subjected to HKGS starvation for 4 h in EpiLife medium. HEKn cells were co-treated with PM
(10 pg/cm?®) and heat-killed C. acnes (500 MOI) or PGN (10 pg/mL) at 37°C. After 3 h
(mRNA) and 24 h (protein), the supernatants were collected, and the mRNA and protein
expression levels of proinflammatory cytokines were determined using QRT-PCR and ELISA.
The data revealed that PM further increased the expression of proinflammatory cytokines,
such as IL-1a, IL-1B, IL-6, IL-8, and TNF-q, in HEKn cells treated with C. acnes or PGN (Fig
2). This suggests that PM amplifies C. acnes- and PGN-induced inflammation.

Effect of PM on the COX2 expression in C. acnes (500 MOI) or PGN
(10 pg/mL) treated HEKn cells

COX2 is an enzyme associated with inflammation and control of cell growth [17, 18]. In par-
ticular, several studies have demonstrated that COX2 expression is selectively upregulated in
inflammatory acne lesions [19]. Therefore, we investigated whether COX2 expression in
HEKn cells co-treated with C. acnes and PM increased compared to cells treated with C. acnes
alone. Our results showed that C. acnes and PGN induced COX2 expression in HEKn cells. In
addition, PM treatment significantly increased the mRNA and protein expression levels of
COX2 (Fig 3).

PM intensified the inflammation induced by C. acnes and PGN through
activation of the NF-xB signaling pathway

The nuclear factor kappa-B (NF-kB) pathway, which is activated in response to various stimuli,
has been considered a key transcriptional modulator of inflammatory processes. After activa-
tion, NF-«kB penetrates the nucleus and upregulates COX2 gene expression [20]. Recent stud-
ies have reported that C. acnes may trigger inflammation through activation of toll-like
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Fig 3. PM enhances COX2 expression induced by C. acnes (500 MOI) or PGN (10 pg/mL) in HEKn cells. PM (10 pg/cm?) increases the level of
COX2 expression in HEKn cells treated with C. acnes (A) or PGN (B). The mRNA and protein expression levels of COX2 were assessed using qRT-PCR
and western blotting. Data are shown as mean + SEM. P-value determined by repeated measures ANOVA, post hoc Bonferroni correction, comparing

to control (*p < 0.05, “*p < 0.01).
https://doi.org/10.1371/journal.pone.0268595.g003

receptors (TLR2 and TLR4) in keratinocytes, leading to the activation of specific signaling cas-
cades, including the NF-xB and mitogen-activated protein kinase pathways, resulting in the
induction of immune response genes [21]. Thus, to elucidate the possible effects of PM on C.
acnes-induced inflammatory signaling pathways, we evaluated the effects of PM on the expres-
sion of TLR/NF-«B pathway signaling molecules. The phosphorylation of NF-xB and TLR4
was increased by C. acnes and PGN. As shown in Fig 4, PM upregulated the phosphorylation
of NF-«xB1, NF-xB2, and TLR4 expression in HEKn cells. These data suggest that PM amplifies
the inflammatory reaction by increasing the activity of phospho-NF-«B in HEKn cells induced

by C. acnes or PGN.

Discussion

Inflammation has been suggested as a key factor involved in the development and aggravation
of acne vulgaris [22]. For example, IL-1 can trigger remodeling of the pilosebaceous units and
promote comedogenesis by follicular hyperkeratinization. In addition, prostaglandin E2,
which is mediated by COX2, has been shown to cause sebaceous gland hyperplasia and sebum
overproduction [22]. Several studies have pointed out that PM can negatively affect the skin
barrier by inducing inflammation and oxidative stress [8, 23]. Since little is known about the
effects of PM on acne, we aimed to investigate whether PM aggravates acne inflammation by

PLOS ONE | https://doi.org/10.1371/journal.pone.0268595  August 10, 2022

6/11


https://doi.org/10.1371/journal.pone.0268595.g003
https://doi.org/10.1371/journal.pone.0268595

PLOS ONE Particulate matter and acne inflammation

(A)

*%

NF-kB1 mRNA levels
(fold change)
NF-kB2 mRNA levels
(fold change)

T 1
PM C.acnes+PM PM  C.acnes+PM

(B) g

TR | gun @9 W9 @9

t-NF-kB " — — —

p-NF-kB ——— L nd

GAPDH s s s

Fig 4. PM significantly induces the activation of the TLR/NF-kB signaling pathway in C. acnes-treated HEKn cells. PM increases the expression of
TLR4 and NF-«B in HEKn cells co-treated with PM (10 pg/cmz) and heat-killed C. acnes (500 MOI). (A) The mRNA expressions of NF-kB1 and NF-
kB2 were analyzed by qRT-PCR. (B) Western blot analysis was employed to measure the protein expression levels of NF-kB and TLR4. Data are shown
as mean + SEM. P-value determined by repeated measures ANOVA, post hoc Bonferroni correction, compared with control (*p < 0.05, “*p < 0.01,
***p<0.001). p-NF-kB, phospho-NF-kB; t-NF-kB, total-NF-kB.

https://doi.org/10.1371/journal.pone.0268595.9004

assessing the proinflammatory cytokine expression in human epidermal keratinocytes. Previ-
ous reports demonstrated that PGN from S. aureus can activate the NF-xB pathway and
induce inflammatory cytokine production via TLR activation [24-26]. Thus, we used PGN to
mimic C. acnes-induced cellular responsiveness in vitro and observe expression of inflamma-
tory cytokines.

Our results showed that PM increased the production of proinflammatory cytokines (IL-
1o, IL-1B, IL-6, IL-8, and TNF-a), and of COX2, and promoted the phosphorylation of NF-kB
induced by C. acnes in HEKn cells. The group treated with both C. acnes and PM showed
increased expression of phospho-NF-«kB and TLR4 compared to the groups treated only with
C. acnes or PGN. Taken together, these results demonstrate that PM has proinflammatory
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properties, with an emphasis on the activation of the TLR/NF-xB pathway, thus aggravating
the C. acnes-induced inflammatory response.

It has been proposed that TLR2 may play a pivotal role in the induction of C. acnes-induced
inflammation, including cytokine production [27, 28]. The expression of IL-6 and TNF-a is
significantly inhibited by a TLR2 inhibitor in human keratinocytes or TLR2-deficient murine
keratinocytes [29]. In addition, TLR2 and TLR4 have been reported to be involved in the
inflammation caused by C. acnes. Nagy et al. showed that C. acnes increased the hBD2 and IL-
8 mRNA levels in keratinocytes and that C. acnes-induced upregulation in gene expression is
dependent on both TLR2 and TLR4 [30]. In our study, C. acnes significantly induced the
expression of TLR4 in keratinocytes, which was further increased by PM. Our findings reveal a
potent role of TLR4 in C. acnes-induced inflammation and suggest that C. acnes mediates dif-
ferent regulatory factors in response to different TLR signaling pathways in keratinocytes.

However, this study has several limitations. While it includes several key factors in the path-
ogenesis of acne, further in vitro research using sebocytes is required, and additional factors
are needed to mimic the in vivo conditions of acne. Although C. acnes is the most well-known
pathogen involved in the pathogenesis of acne, recent studies suggest that other bacteria can
directly and indirectly contribute to the inflammatory process in acne. For example, Staphylo-
coccus epidermidis produce virulence factors that inhibit the growth of C. acnes, and Cutibac-
terium granulosum, which is highly abundant in acne lesions, also generates virulence factors
[29, 31]. Moreover, it has been shown that Malassezia restricta and Malassezia globosa are
abundant in young patients with acne [32, 33]. Therefore, the presence of other microorgan-
isms and their interactions should also be considered.

To the best of our knowledge, no previous reports have been published on the direct effect
of PM on acne inflammation. Our results suggest that PM may potentially aggravate acne by
amplifying the inflammatory response via upregulation of the TLR/NF-xB pathway. Based on
our findings, the inhibition of TLR/NF-«B signaling may be a promising target for the preven-
tion and treatment of PM-induced acne exacerbation. Further studies with TLR/NF-«xB path-
way inhibitors and acne microenvironment models are needed to investigate the in vivo effects
of PM on acne inflammation and to elucidate the underlying mechanisms.

Supporting information

S1 Fig. mRNA expression levels of proinflammatory cytokines in C. acnes, PGN, or PM
treated HEKn cells. HEKn cells are treated with various concentrations of (A) heat-killed C.
acnes (100-1000 MOI), (B) PGN (1-25 pg/mL), and (C) PM (5-25 pg/cmz) for 3 h. The
mRNA expression levels of IL-1a;, IL-1B, IL-6, and TNF-o are determined using qRT-PCR.
Data are shown as mean + SEM. Statistical significance was determined by repeated measures
ANOVA, post hoc Bonferroni correction, comparing to control (*p < 0.05, **p < 0.01,
“*p<0.001, ****p<0.0001).

(TIF)

S2 Fig. Protein expression levels of proinflammatory cytokines in C. acnes, PGN, or PM
treated HEKn cells. HEKn cells are treated with various concentrations of (A) heat-killed C.
acnes (100-1000 MOI), (B) PGN (1-25 pug/mL), and (C) PM (5-25 pg/cmz) for 24 h. The pro-
tein expression levels of IL-1, IL-6, and TNF-o are determined using western blot analysis.
Data are shown as mean + SEM. P-value determined by repeated measures ANOVA, post hoc
Bonferroni correction, comparing to control (*p < 0.05, **p < 0.01, ***p<0.001,

45 <0.0001).

(TIF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0268595  August 10, 2022 8/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268595.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268595.s002
https://doi.org/10.1371/journal.pone.0268595

PLOS ONE

Particulate matter and acne inflammation

S3 Fig.
(PNG)

S4 Fig.
(PNG)

S5 Fig.
(PDF)

Author Contributions

Conceptualization: Hyun Ha Noh, Seong Jun Seo.

Data curation: Hyun Ha Noh, Nam Ju Moon.

Formal analysis: Hyun Ha Noh, Sun Hye Shin, Kui Young Park.
Investigation: Hyun Ha Noh, Sun Hye Shin, Yoon Jin Roh, Nam Ju Moon.
Methodology: Yoon Jin Roh.

Project administration: Kui Young Park.

Supervision: Nam Ju Moon, Seong Jun Seo, Kui Young Park.
Visualization: Yoon Jin Roh.

Writing - original draft: Hyun Ha Noh, Sun Hye Shin.

Writing - review & editing: Seong Jun Seo, Kui Young Park.

References

1. Organization WH. WHO. Air quality guidelines for particulate matter, ozone, nitrogen dioxide and sul-
phur dioxide. Global update 2005. World Health Organization http://wwweurowhoint/__data/assets/
pdf_file/0005/786. 2006; 38:E90038.

2. Organization WH. Health aspects of air pollution: answers to follow-up questions from CAFE: report on
a WHO working group meeting, Bonn, Germany, 15-16 January 2004. Copenhagen: WHO Regional
Office for Europe, 2004.

3. Arias-Perez RD, Taborda NA, Gomez DM, Narvaez JF, Porras J, Hernandez JC. Inflammatory effects
of particulate matter air pollution. Environ Sci Pollut Res Int. 2020; 27(34):42390-404. Epub 2020/09/
02. https://doi.org/10.1007/s11356-020-10574-w PMID: 32870429.

4. Brook RD, Rajagopalan S, Pope CA, Brook JR, Bhatnagar A, Diez-Roux AV, et al. Particulate matter air
pollution and cardiovascular disease: An update to the scientific statement from the American Heart
Association. Circulation. 2010; 121(21):2331-78. Epub 2010/05/12. https://doi.org/10.1161/CIR.
0b013e3181dbece1 PMID: 20458016.

5. Schwartz J. Particulate air pollution and chronic respiratory disease. Environ Res. 1993; 62(1):7—13.
Epub 1993/07/01. https://doi.org/10.1006/enrs.1993.1083 PMID: 8325268.

6. BaeYJ, ParkKY, Han HS, Kim YS, Hong JY, Han TY, et al. Effects of Particulate Matter in a Mouse
Model of Oxazolone-Induced Atopic Dermatitis. Ann Dermatol. 2020; 32(6):496-507. Epub 2021/04/30.
https://doi.org/10.5021/ad.2020.32.6.496 PMID: 33911793.

7. English JS, Dawe RS, Ferguson J. Environmental effects and skin disease. Br Med Bull. 2003; 68:129—
42. Epub 2004/02/06. https://doi.org/10.1093/bmb/Idg026 PMID: 14757713.

8. KimKE, Cho D, Park HJ. Air pollution and skin diseases: Adverse effects of airborne particulate matter
on various skin diseases. Life Sci. 2016; 152:126-34. Epub 2016/03/29. https://doi.org/10.1016/j.Ifs.
2016.03.039 PMID: 27018067.

9. SongS, LeeK, Lee YM, Lee JH, Lee SI, Yu SD, et al. Acute health effects of urban fine and ultrafine
particles on children with atopic dermatitis. Environ Res. 2011; 111(3):394—-9. Epub 2011/03/04. https://
doi.org/10.1016/j.envres.2010.10.010 PMID: 21367405.

PLOS ONE | https://doi.org/10.1371/journal.pone.0268595  August 10, 2022 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268595.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268595.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268595.s005
http://wwweurowhoint/__data/assets/pdf_file/0005/786
http://wwweurowhoint/__data/assets/pdf_file/0005/786
https://doi.org/10.1007/s11356-020-10574-w
http://www.ncbi.nlm.nih.gov/pubmed/32870429
https://doi.org/10.1161/CIR.0b013e3181dbece1
https://doi.org/10.1161/CIR.0b013e3181dbece1
http://www.ncbi.nlm.nih.gov/pubmed/20458016
https://doi.org/10.1006/enrs.1993.1083
http://www.ncbi.nlm.nih.gov/pubmed/8325268
https://doi.org/10.5021/ad.2020.32.6.496
http://www.ncbi.nlm.nih.gov/pubmed/33911793
https://doi.org/10.1093/bmb/ldg026
http://www.ncbi.nlm.nih.gov/pubmed/14757713
https://doi.org/10.1016/j.lfs.2016.03.039
https://doi.org/10.1016/j.lfs.2016.03.039
http://www.ncbi.nlm.nih.gov/pubmed/27018067
https://doi.org/10.1016/j.envres.2010.10.010
https://doi.org/10.1016/j.envres.2010.10.010
http://www.ncbi.nlm.nih.gov/pubmed/21367405
https://doi.org/10.1371/journal.pone.0268595

PLOS ONE

Particulate matter and acne inflammation

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

Vierkotter A, Schikowski T, Ranft U, Sugiri D, Matsui M, Kramer U, et al. Airborne particle exposure and
extrinsic skin aging. J Invest Dermatol. 2010; 130(12):2719-26. Epub 2010/07/29. https://doi.org/10.
1038/jid.2010.204 PMID: 20664556.

Dijkhoff IM, Drasler B, Karakocak BB, Petri-Fink A, Valacchi G, Eeman M, et al. Impact of airborne par-
ticulate matter on skin: a systematic review from epidemiology to in vitro studies. Part Fibre Toxicol.
2020; 17(1):35. Epub 2020/07/28. https://doi.org/10.1186/s12989-020-00366-y PMID: 32711561.

Williams HC, Dellavalle RP, Garner S. Acne vulgaris. The Lancet. 2012; 379(9813):361-72. https://doi.
0rg/10.1016/S0140-6736(11)60321-8 PMID: 21880356

Perry A, Lambert P. Propionibacterium acnes: infection beyond the skin. Expert Rev Anti Infect Ther.
2011;9(12):1149-56. Epub 2011/11/26. https://doi.org/10.1586/eri.11.137 PMID: 22114965.

Krutmann J, Moyal D, Liu W, Kandahari S, Lee GS, Nopadon N, et al. Pollution and acne: is there a
link? Clin Cosmet Investig Dermatol. 2017; 10:199-204. Epub 2017/06/06. https://doi.org/10.2147/
CCID.S131323 PMID: 28579815.

Kurokawa |, Danby FW, Ju Q, Wang X, Xiang LF, Xia L, et al. New developments in our understanding
of acne pathogenesis and treatment. Experimental dermatology. 2009; 18(10):821-32. https://doi.org/
10.1111/j.1600-0625.2009.00890.x PMID: 19555434

Ghezzi P, Dinarello CA. IL-1 induces IL-1. lll. Specific inhibition of IL-1 production by IFN-gamma. J
Immunol. 1988; 140(12):4238—44. PMID: 3131429

Hla T, Bishop-Bailey D, Liu CH, Schaefers HJ, Trifan OC. Cyclooxygenase-1 and -2 isoenzymes. Int J
Biochem Cell Biol. 1999; 31(5):551-7. Epub 1999/07/10. https://doi.org/10.1016/s1357-2725(98)
00152-6 PMID: 10399316.

Vane JR, Bakhle YS, Botting RM. Cyclooxygenases 1 and 2. Annu Rev Pharmacol Toxicol. 1998;
38:97-120. Epub 1998/05/23. https://doi.org/10.1146/annurev.pharmtox.38.1.97 PMID: 9597150

Bakry OA, El Farargy SM, El Kady N, Dawy HFA. Immunohistochemical Expression of Cyclo-oxyge-
nase 2 and Liver X Receptor-alpha in Acne Vulgaris. J Clin Diagn Res. 2017; 11(9):WC01-WC7. Epub
2017/12/07. https://doi.org/10.7860/JCDR/2017/28754.10577 PMID: 29207817.

Grange PA, Chereau C, Raingeaud J, Nicco C, Weill B, Dupin N, et al. Production of superoxide anions
by keratinocytes initiates P. acnes-induced inflammation of the skin. PLoS Pathog. 2009; 5(7):
e1000527. Epub 2009/07/25. https://doi.org/10.1371/journal.ppat. 1000527 PMID: 19629174.

Farrar MD, Ingham E. Acne: inflammation. Clin Dermatol. 2004; 22(5):380—4. Epub 2004/11/24. https://
doi.org/10.1016/j.clindermatol.2004.03.006 PMID: 15556722.

Neufang G, Furstenberger G, Heidt M, Marks F, Muller-Decker K. Abnormal differentiation of epidermis
in transgenic mice constitutively expressing cyclooxygenase-2 in skin. Proc Natl Acad Sci U S A. 2001;
98(13):7629-34. Epub 2001/06/21. https://doi.org/10.1073/pnas.121574098 PMID: 11381142.

Krutmann J, Liu W, Li L, Pan X, Crawford M, Sore G, et al. Pollution and skin: from epidemiological and
mechanistic studies to clinical implications. J Dermatol Sci. 2014; 76(3):163—-8. Epub 2014/10/04.
https://doi.org/10.1016/j.jdermsci.2014.08.008 PMID: 25278222.

Chen Q, Koga T, Uchi H, Hara H, Terao H, Moroi Y, et al. Propionibacterium acnes-induced IL-8 pro-
duction may be mediated by NF-kappaB activation in human monocytes. J Dermatol Sci. 2002; 29
(2):97—-103. Epub 2002/06/29. https://doi.org/10.1016/s0923-1811(02)00013-0 PMID: 12088610.

Romics L, Dolganiuc A, Velayudham A, Kodys K, Mandrekar P, Golenbock D, et al. Toll-like receptor 2
mediates inflammatory cytokine induction but not sensitization for liver injury by Propioni- bacterium
acnes. J Leukoc Biol. 2005; 78(6):1255—-64. Epub 2005/10/06. https://doi.org/10.1189/jIb.0804448
PMID: 16204620.

Sato T, Shirane T, Noguchi N, Sasatsu M, Ito A. Novel anti-acne actions of nadifloxacin and clindamycin
that inhibit the production of sebum, prostaglandin E(2) and promatrix metalloproteinase-2 in hamster
sebocytes. J Dermatol. 2012; 39(9):774-80. Epub 2012/03/08. https://doi.org/10.1111/j.1346-8138.
2012.01525.x PMID: 22394009.

Kim J, Ochoa MT, Krutzik SR, Takeuchi O, Uematsu S, Legaspi AJ, et al. Activation of toll-like receptor
2 in acne triggers inflammatory cytokine responses. J Immunol. 2002; 169(3):1535—-41. Epub 2002/07/
28. https://doi.org/10.4049/jimmunol.169.3.1535 PMID: 12133981.

Shibata M, Katsuyama M, Onodera T, Ehama R, Hosoi J, Tagami H. Glucocorticoids enhance Toll-like
receptor 2 expression in human keratinocytes stimulated with Propionibacterium acnes or proinflamma-
tory cytokines. J Invest Dermatol. 2009; 129(2):375-82. Epub 2008/08/16. https://doi.org/10.1038/jid.
2008.237 PMID: 187041083.

Xia X, Li Z, Liu K, Wu Y, Jiang D, Lai Y. Staphylococcal LTA-Induced miR-143 Inhibits Propionibacter-
ium acnes-Mediated Inflammatory Response in Skin. J Invest Dermatol. 2016; 136(3):621-30. Epub
2016/01/08. https://doi.org/10.1016/.jid.2015.12.024 PMID: 26739093.

PLOS ONE | https://doi.org/10.1371/journal.pone.0268595  August 10, 2022 10/11


https://doi.org/10.1038/jid.2010.204
https://doi.org/10.1038/jid.2010.204
http://www.ncbi.nlm.nih.gov/pubmed/20664556
https://doi.org/10.1186/s12989-020-00366-y
http://www.ncbi.nlm.nih.gov/pubmed/32711561
https://doi.org/10.1016/S0140-6736%2811%2960321-8
https://doi.org/10.1016/S0140-6736%2811%2960321-8
http://www.ncbi.nlm.nih.gov/pubmed/21880356
https://doi.org/10.1586/eri.11.137
http://www.ncbi.nlm.nih.gov/pubmed/22114965
https://doi.org/10.2147/CCID.S131323
https://doi.org/10.2147/CCID.S131323
http://www.ncbi.nlm.nih.gov/pubmed/28579815
https://doi.org/10.1111/j.1600-0625.2009.00890.x
https://doi.org/10.1111/j.1600-0625.2009.00890.x
http://www.ncbi.nlm.nih.gov/pubmed/19555434
http://www.ncbi.nlm.nih.gov/pubmed/3131429
https://doi.org/10.1016/s1357-2725%2898%2900152-6
https://doi.org/10.1016/s1357-2725%2898%2900152-6
http://www.ncbi.nlm.nih.gov/pubmed/10399316
https://doi.org/10.1146/annurev.pharmtox.38.1.97
http://www.ncbi.nlm.nih.gov/pubmed/9597150
https://doi.org/10.7860/JCDR/2017/28754.10577
http://www.ncbi.nlm.nih.gov/pubmed/29207817
https://doi.org/10.1371/journal.ppat.1000527
http://www.ncbi.nlm.nih.gov/pubmed/19629174
https://doi.org/10.1016/j.clindermatol.2004.03.006
https://doi.org/10.1016/j.clindermatol.2004.03.006
http://www.ncbi.nlm.nih.gov/pubmed/15556722
https://doi.org/10.1073/pnas.121574098
http://www.ncbi.nlm.nih.gov/pubmed/11381142
https://doi.org/10.1016/j.jdermsci.2014.08.008
http://www.ncbi.nlm.nih.gov/pubmed/25278222
https://doi.org/10.1016/s0923-1811%2802%2900013-0
http://www.ncbi.nlm.nih.gov/pubmed/12088610
https://doi.org/10.1189/jlb.0804448
http://www.ncbi.nlm.nih.gov/pubmed/16204620
https://doi.org/10.1111/j.1346-8138.2012.01525.x
https://doi.org/10.1111/j.1346-8138.2012.01525.x
http://www.ncbi.nlm.nih.gov/pubmed/22394009
https://doi.org/10.4049/jimmunol.169.3.1535
http://www.ncbi.nlm.nih.gov/pubmed/12133981
https://doi.org/10.1038/jid.2008.237
https://doi.org/10.1038/jid.2008.237
http://www.ncbi.nlm.nih.gov/pubmed/18704103
https://doi.org/10.1016/j.jid.2015.12.024
http://www.ncbi.nlm.nih.gov/pubmed/26739093
https://doi.org/10.1371/journal.pone.0268595

PLOS ONE

Particulate matter and acne inflammation

30.

31.

32.

33.

Nagy |, Pivarcsi A, Koreck A, Szell M, Urban E, Kemeny L. Distinct strains of Propionibacterium acnes
induce selective human beta-defensin-2 and interleukin-8 expression in human keratinocytes through
toll-like receptors. J Invest Dermatol. 2005; 124(5):931-8. Epub 2005/04/28. https://doi.org/10.1111/].
0022-202X.2005.23705.x PMID: 15854033.

Christensen GJ, Scholz CF, Enghild J, Rohde H, Kilian M, Thurmer A, et al. Antagonism between
Staphylococcus epidermidis and Propionibacterium acnes and its genomic basis. BMC Genomics.
2016; 17:152. Epub 2016/03/01. https://doi.org/10.1186/s12864-016-2489-5 PMID: 26924200.

Numata S, Akamatsu H, Akaza N, Yagami A, Nakata S, Matsunaga K. Analysis of facial skin-resident
microbiota in Japanese acne patients. Dermatology. 2014; 228(1):86—92. Epub 2013/12/21. https://doi.
org/10.1159/000356777 PMID: 24356463.

Song YC, Hahn HJ, Kim JY, Ko JH, Lee YW, Choe YB, et al. Epidemiologic Study of Malassezia Yeasts
in Acne Patients by Analysis of 26S rDNA PCR-RFLP. Ann Dermatol. 2011; 23(3):321-8. Epub 2011/
09/18. https://doi.org/10.5021/ad.2011.23.3.321 PMID: 21909202.

PLOS ONE | https://doi.org/10.1371/journal.pone.0268595  August 10, 2022 11/11


https://doi.org/10.1111/j.0022-202X.2005.23705.x
https://doi.org/10.1111/j.0022-202X.2005.23705.x
http://www.ncbi.nlm.nih.gov/pubmed/15854033
https://doi.org/10.1186/s12864-016-2489-5
http://www.ncbi.nlm.nih.gov/pubmed/26924200
https://doi.org/10.1159/000356777
https://doi.org/10.1159/000356777
http://www.ncbi.nlm.nih.gov/pubmed/24356463
https://doi.org/10.5021/ad.2011.23.3.321
http://www.ncbi.nlm.nih.gov/pubmed/21909202
https://doi.org/10.1371/journal.pone.0268595

