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ABSTRACT 

 

Airborne particulate matter induces cellular senescence and 

inflammation in human hair follicle 

 

Soomin Kim 

 

Department of Medicine 

The Graduate School, Yonsei University  

 

(Directed by Professor Ju Hee Lee) 

 

 

Particulate matter (PM) is a major contributor to environmental air 

pollution-associated skin damage. However, most published studies are confined 

to the impact of PM on the normal skin. Whereas, the human scalp tissue has 

distinctive immunologic features and contains more abundant hair follicles 

which facilitates penetration of PM upon exposure. In the present study, various 

research techniques was applied such as, ex vivo human scalp tissue, in vitro and 

in vivo study to verify the PM effect on hair follicle. Firstly, I confirmed the 

penetration of PM by scanning electron microscope (SEM) and demonstrated 

the subsequent inflammatory signaling cascade on the molecular level. 

Additionally the expression of NF-κB and pro-inflammatory cytokines has 
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increased upon exposure to PM, which further induced the activation of cellular 

senescence. The senescence of PM exposure gets more impact from p16 than 

p53/p21. RNA sequencing analysis was proceeded to explore a new pathway that 

occurs inflammaging and most of the predictable genes were expressed. Among 

the candidate genes, we found out that miR138 was related to SIRT1 protein 

which adjusts aging and confirmed its activation induced by PM. The miR138 

level increased when it is exposed to PM, and we checked PM control on SIRT1 

protein. In conclusion, the results from this study suggest that the exposure to 

PM in ex vivo scalp tissue and hair follicle-derived cells induces inflammatory 

signaling cascade causing cellular senescence. A better understanding of the 

response to PM in human skin will allow the validation of further mechanism in 

its harmful effects on human health.  

 

 

 

 

 

 

 

 

 

 

 

                                                            

Key words : particulate matter, hair follicle, cellular senescence, inflammaging 
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I. INTRODUCTION 

 

Environmental air pollution is generated by various air pollutants.1 Major air 

pollutants are the solar ultraviolet radiation, particulate matter, nitrogen oxides, 

volatile organic compounds, polycyclic aromatic hydrocarbons, and cigarette 

smoke.2,3 Particulate matter (PM) is one of these various major air pollutants.  

The PM, which is a complex mixture of various types of dust, liquid and 

particulate contaminants, encompasses coarse particulate matter, fine particulate 

matter and ultrafine particulate matter.4,5  

Three types of particulate matters are categorized depending on the diameter 

of particles. The coarse particles (PM10) sizes around 2.5 μm to 10 μm in 

diameter, which contains air pollutants components of dust, industrial emission, 
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urban, traffic and agricultural sources. The fine particles (PM2.5), sizes less 

than 2.5 μm in diameter, which contains air pollutants, originated from 

long-range transport geogenic soil particles, anthropogenic emissions from 

industry emissions. Ultrafine particulate matter (UFP), which may give the 

greatest adverse effects to human health among these three types of particulate 

matters, sizes less than 100 nm in diameter. These three classified particulate 

matters are globally considered as the main environmental problem caused by 

the industrialization and urbanization.5-7 

The skin, as the major external organ in body, is highly exposed to the air 

pollutants.8 It is generally recognized that PM penetrates damaged skin barrier, 

and hard to penetrate healthy skin barrier.9,10 But some researchers found out that 

PM with the size of a 1.5 to 3 μm can penetrate the skin trans-epidermally or more 

effectively through hair follicles.11 In other words, the small size of PM2.5 

enables it to penetrate the skin without difficulty.  

Hair follicles in scalp has larger diameter than hair follicle in normal skin.12 

Hair follicles periodically synthesizes biological fibers and it is composed of a 

complex and various cells such as keratinocytes, like outer root sheath, and 

dermal papilla cells, which are derived from the same mesenchymal cells as the 

dermal fibroblasts.12,13 Intercellular correlation is significant, based on the fact 

that growth and regeneration of a hair follicle is occurred through intercellular 

interaction.14  
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For its own characteristics of the cell, first, dermal papilla cells (DPC), 

which is placed at the base of hair follicles, is a specialized mesenchymal 

component, playing a central role in hair growth and cycling by controlling the 

activity of diverse cells in the follicle.15 Also, the outer root sheath cells (ORS) 

of hair follicles consists various tissue layers mainly composed by 

undifferentiated keratinocytes.16 It is commonly known that the ORS cells can 

make a contribution to the regeneration of the epidermis, although the role of 

the ORS cells for hair growth is not acknowledged.17  

When pollutant like PM penetrates on hair follicle, inflammation induces by 

the oxidative stress, which is produced. Also this phenomenon is associated with 

aging, which is known to cause premature cellular senescence.18,19  

Senescent cells hardly express genes for cell proliferation, but still remain 

metabolically active.20 The incapability of proliferation by senescent cell play a 

role in function of reduced tissue in aging organs. Moreover, senescent cells 

secrete inflammatory cytokines and influence the adjacent tissue 

microenvironment, which may contribute to tissue aging.21  

This study was designed to investigate the mechanisms of cellular 

senescence of PM-induced in hair follicles. I tested the hypothesis that the ROS 

induced increased inflammatory signaling cascade is involved skin aging 

induced by PM. In addition, I examined whether some factors found through 

RNA sequencing can prevent PM-induced signs of skin aging, which could 
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represent a prospective strategy for preventing skin aging due to atmospheric 

pollution. 
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II. MATERIALS AND METHODS 

 

1. Particulate matter treatment 

PM was purchased from the National Institute of Standards and Technology 

(NIST; Standard Reference Material, SRM 1648a). PM was dissolved in 

dimethyl sulfoxide (DMSO) at 1 mg/10 µl and diluted to 50 µg/mL with 

medium just before use. 

 

2. Cell culture 

Human dermal fibroblast (HDF, Thermo Fisher Scientific, MA, USA) were 

maintained using Dulbecco's Modified Eagle's Medium (DMEM, LONZA, 

Walkersville, USA) with 10% fetal bovine serum (FBS, Gibco, NY, USA) and 

1% Penicillin/Streptomycin (P/S, Gibco, USA). Human hair follicle dermal 

papilla cells (HFDPC, PromoCell, Heidelberg, Germany) were cultured with 

follicle dermal papilla cell growth medium (Promocell, Heidelberg, Germany) 

with 5% FBS and 1% P/S and human outer root sheath cells (HORSC, Science 

Cell, CA, USA) were cultured with mesenchymal stem cell medium (ScienCell, 

CA, USA) supplemented with 5% FBS, 1% stem cell growth supplement 

(MSCGS) and 1% P/S. All cell lines were cultured in an incubator with 

humidified air 5% CO2 and atmosphere at 37 °C.  
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3. Cell toxicity  

Cell toxicity was examined using Cell counting kit-8 (CCK-8, Dojindo 

Laboratories, Kumamoto, Japan). In the cell viability assay, HDF were cultured 

at a cell concentration of 1x104 in to 96-well tissue culture plates. PM at 

different concentrations (0-200 μg/mL) was treated to each well (n = 3, for each 

concentration). At 24 h after treatment, CCK-8 assay was used to detect the cell 

proliferation rate. CCK-8 solution was added to the well, further incubated for 3 

h in the incubator. Then, the optical density (OD) was measured at 450 nm 

using micro plate reader.  

 

4. Scanning electron microscopy and energy dispersive spectroscopy  

The cross section of human scalp tissue was coated the gold by an automated 

sputter coater (Smart Coater, JEOL, Tokyo, Japan), and then observed by 

field-emission-scanning electron microscopy (FE-SEM, Hitachi S-4200, Tokyo, 

Japan). The chemical compositions were analyzed by energy dispersive 

spectroscopy (EDS, Hitachi S-4200, Tokyo, Japan). 

 

5. RNA isolation and quantitative PCR  

Total RNA was extracted using the RNeasy Plus Mini Kit (QIAGEN, Hilden, 

Germany), according to manufacturer instructions. RNA was quantified using 

NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, 



9 

 

USA). RNA was reverse transcribed to cDNA using the RNA to cDNA EcoDry 

Premix Kit (Takara Bio, Kusatsu, Shiga Prefecture, Japan). Quantitative reverse 

transcription PCR (qRT-PCR) was performed using the QuantStudio 3 

Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific) in 20 

μL reactions, containing SYBR Green Master Mix (Promega Co., Madison, WI, 

USA) and specific primer pairs (Macrogen, Seoul, Korea). Primer sequences are 

listed in Table 1. Cycling conditions were as follows: 95°C for 10 min, followed 

by 40 cycles of 95°C for 15 s, 60°C for 20 s, and 72°C for 30 s. Amounts 

of mRNA were calculated by the relative quantification (∆∆Ct) method, with 

expression levels normalized to that of the housekeeping gene, glyceraldehyde 

3-phosphate dehydrogenase (GAPDH). 

 

 

Table 1. Primer lists 

Target gene Primer sequences (5’- 3’) or Assay ID 

p21 
Forward: AGGTGGACCTGGAGACTCTCAG  

Reverse: TCCTCTTGGAGAAGATCAGCCG 

p53 
Forward: CCTCAGCATCTTATCCGAGTGG 

Reverse: TGGATGGTGGTACAGTCAGAGC 

p16 
Forward: CTCGTGCTGATGCTACTGAGGA 

Reverse: GGTCGGCGCAGTTGGGCTCC 

SIRT1 
Forward: TAGACACGCTGGAACAGGTTGC 

Reverse: CTCCTCGACAGCTTCACAGTC 

GAPDH 
Forward: TGAGGTCACGGACGATTACT  

Reverse: GTAGGCCCACGAAACAAATGAT 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/messenger-rna
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6. ELISA 

Pre-coated Human ELISA kits (IL1β, IL-6, IL-8 and IL-11, PeproTech, Rocky 

Hill, NJ, USA) were using for analysis cytokine secretion in the culture medium. 

All of the ELISA assay kit according to manufacturer instructions. 

 

7. Western blot analysis 

Cells were lysed with radioimmunoprecipitation assay (RIPA) buffer, 

containing 1% protease inhibitor, and protein was quantified using a BSA 

protein assay. Equal amounts of protein (20-30 μg) were then separated by 

8-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

and transferred to nitrocellulose blotting membranes (GE Healthcare, Chicago, 

IL, USA). Membranes were blocked with 5% skim milk for 1 h at room 

temperature and probed overnight at 4°C with the primary antibodies (Primary 

antibodies are provided in Table 2). Membranes were rinsed three times with 

tris-buffered saline with tween 20 (TBS-T) and soaked with anti-mouse IgG 

(SC-2005, 1:2000; Santa Cruz Biotechnology) and anti-rabbit IgG (7074S, 

1:2000; Cell Signaling Technology) secondary antibodies for 2 h at room 

temperature. Membranes were rinsed three times with TBS-T, treated with 

chemiluminescence (ECL) reagent (Ab Frontier, Seoul, Korea), and monitored 

using an ImageQuant LAS-4000 Mini luminescence image analyzer (Fujifilm 

Life Sciences, Tokyo, Japan).  
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8. Immunohistofluorescence 

For immunohistofluorescence labeling, cells were fixed for 30 min at RT with 

4% paraformaldehyde, rinsed with DPBS and incubated at 4°C for 17 h with the 

following primary antibody: anti-AhR (84833, 1:100; Abcam, Cambridge, MA, 

USA). Cells were rinsed three times with TBS-T and then incubated for 1 h with 

the secondary antibody: Alexa Fluor-555-conjugated anti-rabbit IgG antibody 

(A27039, 1:1000, Thermo Fisher Scientific, USA). Cell were then rinsed with 

three times with TBS-T, the coverslips were mounted with vectashield mounting 

medium containg DAPI and observed with a laser-scanning microscope (LSM 

700; Carl Zeiss, Jena, Germany) and analyzed with LSM 5 Image Browser 

software.     

 

9. Immunohistochemistry 

Immunohistochemistry was performed on formalin-fixed, paraffin-embedded 

skin tissue sections (4-μm-thick). Sections were boiled in 1× citrate buffer 

(Sigma-Aldrich) for 30 min for antigen unmasking. Slides were incubated with 

3% H2O2 on ice for 10 min followed by a blocking step using 5% bovine serum 

albumin. After washing with phosphate-buffered saline (PBS), p-ERK primary 

antibody (1:400) was applied to deparaffinized slides at 4°C overnight. A 

DAKO peroxidase/DAB detection kit (DAKO, Carpinteria, CA) was used for 

detection. Slides were stained with hematoxylin to visualize nuclei. Results are 

https://www.google.com/search?sxsrf=ACYBGNT_wb83bMthnhPirkk4AZJeW-rHWw:1576642996672&q=Immunohistofluorescence+imaging&spell=1&sa=X&ved=2ahUKEwikg4TurL7mAhXXMt4KHeGTDicQkeECKAB6BAgNECY
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expressed as mean optical density of six different digital images per sample.  

 

10. Senescence-associated β-galactosidase (SA-β-gal) staining assay 

The Senescence β-galactosidase Staining Kit (9860S, Cell Signaling 

Technology) was used according to the manufacturer instructions. Briefly, cells 

were washed and fixed with the provided solutions. Cells were then incubated 

with fresh β-gal solution in a dry incubator for 15-17 h, and with this solution 

still on the plate, cells were visualized under a microscope. 

 

11. RNA sequencing and bioinformatics 

Total RNA samples were converted into cDNA libraries using the TruSeq 

Stranded mRNA Sample Prep Kit (Illumina). Starting with 1000ng of total 

RNA, poly-adenylated RNA (primarily mRNA) was selected and purified using 

oligo-dT-conjugated magnetic beads. This mRNA was physically fragmented 

and converted into single-stranded cDNA using reverse transcriptase and 

random hexamer primers, with the addition of Actinomycin D to suppress 

DNA-dependent synthesis of the second strand. Double-stranded cDNA was 

created by removing the RNA template and synthesizing the second strand in 

the presence of dUTP (deoxyribouridine triphosphate) in place of dTTP 

(deoxythymidine triphosphate). A single A base was added to the 3′ end to 

facilitate ligation of sequencing adapters, which contain a single T base 

http://endic.naver.com/enkrEntry.nhn?entryId=422cafd6fa24486d852074f7ce45d51c


13 

 

overhang. Adapter-ligated cDNA was amplified by polymerase chain reaction 

to increase the amount of sequence-ready library. During this amplification the 

polymerase stalls when it encounters a U base, rendering the second strand a 

poor template. Accordingly, amplified material used the first strand as a 

template, thereby preserving the strand information. Final cDNA libraries were 

analyzed for size distribution and using an Agilent Bioanalyzer (DNA 1000 kit; 

Agilent), quantitated by qPCR (Kapa Library Quant Kit; Kapa Biosystems, 

Wilmington, MA), then normalized to 2 nmol/L in preparation for sequencing. 

Sequencing was done at the Macrogen (Seoul, Korea). All 4 samples were 

sequenced in one lane, producing about 20 million reads per library. Fastq files 

were then mapped to the human transcriptome using HISAT (version 2.1.0) with 

a Bowtie2 aligner settings. Differential Expressed Gene (DEG) were identified 

and analyzed by DESeq2 (version 3.0). 

 

12. Quantitative analysis of miRNA expression 

RNA samples were treated with the RNase-free DNase kit (Qiagen, USA), and 

further cleaned with the RNeasy MinElute Cleanup kit (Qiagen) according to 

the manufacturer's recommended protocols. RNA quantity was determined on a 

NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, 

USA). We purchased commercially available quantitative real-time reverse 

transcription PCR (qRT–PCR) reagent kits from Applied Biosystems Inc. (ABI; 
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USA), including TaqMan assays for selected human miRNA species (miR138) 

and a control assay (RNU6B), TaqMan MicroRNA Reverse Transcription kit 

(Part no. 4366596), and TaqMan Universal PCR Master Mix (Part no. 4324018). 

All TaqMan assays were performed using a two-step procedure according to the 

supplier's manual.   

 

13. Human scalp tissue culture  

Subcutaneous fat was removed from the scalp tissue. The tissue was cut into 1×1 

cm2 and then it was placed on the dermal-side down in one well of a 6-well 

culture plate containing semi solid DMEM medium. 20 μg/cm2 of PM in DMEM 

medium or control (DMEM medium) was placed on surface of tissues, the 

tissues were cultivated in 37℃ incubator and medium was replaced every 3 days.  

 

14. Mice 

Specific-pathogen free five-week-old female C57BL/6 mice were purchased 

from ORIENT BIO Animal Center (Seongnam-si, Korea). After one-week for 

purification period, mice were anesthetized with isofluran. The hairs on the 

upper back were removed with an electric shaver and depilatory cream. After 

hair removal, 20 μg/cm2 of PM in PBS or control (PBS) was placed on back of 

mice, which was secured with a transparent dressing film (Tegaderm, St. PAUL, 

MN, USA). PM or PBS exposures were repeated every three days and this was 
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progressed for two weeks. 

 

15. Statistical analysis 

Data are displayed as mean ± standard deviation (SD) and statistical analyses 

were performed using GraphPad Prism 5 (version 4.03, GraphPad Software, 

Inc., San Diego, CA, USA). Differences between the two groups were 

determined using a two-tailed Student’s test. Statistical significance was 

assigned to P-values < 0.05. Significance is indicated in the figures as follows: 

* P < 0.05, ** P < 0.01, *** P < 0.005 

 

 

 

 

 

 

 

 

 

 

 

 



16 

 

III. RESULTS 

 

1. Identification of PM exposure in human dermal fibroblast  

Induced PM increased expression of inflammatory cytokines, and then 

conditioned medium was collected to assess the SASP profile the levels of 

interleukin (IL)-6 and IL-8 by ELISA assay.22 The protein concentrations of 

IL-6 and IL-8 significantly increased in PM treated groups after exposure to PM 

for 24 h (Fig 1A).  

2′,7′‐dichlorodihydrofluorescein diacetate (DCFDA) fluorescent staining to 

measure the ROS produced by HDFs in response to treatment after 6 h with 

control or PM, immediately after exposure. We detected increased ROS 

generation in response to PM exposure (Fig 1B).  

PM induced DNA damage can promote expression of p53 and its 

downstream effectors, p21, all of which are involved in cell cycle regulation.23 

As shown the results, increased expression of the p53 and p21 proteins in HDFs 

exposed to PM for 24 h (Fig. 1C). Cellular stressors promote formation of 

senescent cells that secrete a number of factors, including pro-inflammatory 

cytokines, chemokines, and extracellular matrix proteases. This state, PM 

stimulates increased oxidative stress and DNA damage, leading to prolonged 

inflammation. 
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Figure 1. PM have additive effect on ROS generation and induces cellular 

senescence in HDFs. (A) Intracellular production of ROS was measured in 
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HDFs treated with or without PM, using DCFDA, and fluorescence was 

measured by confocal microscopy. (B) HDFs were treated for 6 h with or 

without PM and the secreted levels of IL-6 and IL-8 in conditioned medium 

were determined by ELISA. (C) Expression of the pp53, p53 and p21 proteins 

was measured in HDFs treated for 24 h with or without PM by western blot 

analysis. Blots are shown on the left, and quantification is shown on the right.  

Data are displayed as mean ± standard deviation SD. ***p<0.001, **p<0.01, 

*p<0.05. 
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2. Identification of PM exposure in human dermal papilla cells  

Based on the importance of interaction between cells in the complex 

structure of hair follicle, HDF and DPC were co-cultured and the influence of 

the PM exposure in DPC was checked.24,25 

The protein concentrations of IL-6 and IL-8 were investigated after 12, 24 

and 48 h exposure to PM. As shown in Fig 2A, both IL-6 and IL-8 increased 

time-dependently and IL-6 increased rapidly after 24 h. To detect senescent 

cells, senescence-associated β-galactosidase (SA-β-gal) staining was performed. 

The cell was cultured until the seventh day to induce aging and check the 

effect of PM in the aging process. Consequently, it was found out that aging is 

much more rapid in PM exposed cells. (Fig. 2B) 
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Figure 2. Inflammatory cytokines secretion due to PM exposure and SA 

β-gal activity analysis in DPCs. (A) DPCs were treated for 12, 24 and 48 h 
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with PM and the secreted levels of IL-6 and IL-8 in conditioned medium were 

determined by ELISA. (B) Senescence-associated β-galactosidase (SA-β-gal) 

staining in DPCs treated with PM for 7 days. (C) The quantification is shown on 

the below. Data are displayed as mean ± standard deviation SD. ***p<0.001, 

**p<0.01, *p<0.05. 
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3. PM activate cellular senescence in DPC 

To investigate the effects of PM on the p53, p21 and p16 pathways, 

qRT-PCR and Western blot analysis were performed. In the PM treated group, 

p16 expression was increased time-dependently. The number of cases of p21 

and p53 increased significantly on day 3 but decreased on days 5 and 7. 

In cell aging, the role of the target gene of p16, p21, and p53 is significant.26 

Accordingly, the expression was further tested through western blot. p16 tends 

to increase as time goes by and increases much more in PM treated group rather 

than in the control group. Similarly, p21 and p53 increased over time and 

strongly expressed more in PM treated group than the control group on the 5 

day rather than the 7 day. 

Additionally, GATA4, NF-κB, and FAS protein were confirmed.27,28 As a 

novel senescence and SASP regulator, GATA4 tended to increase over time, but 

there was no meaningful difference between the control group and the PM 

treated group. 

In order to explore the apoptotic change of DPC treated PM, FAS protein, a 

cell surface receptor at the head of a cell signaling dependent apoptotic 

pathway was monitored.  

NF-κB, which plays a crucial role in controlling the SASP was also detected. 

It increased over time until the 5 day but had no difference between the control 

group and the PM treated group. 
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Figure 3. Explore to PM induces cellular senescence of DPCs. (A) qRT-PCR 

analysis of relative p53, p21 and p16 expression is examined in DPCs treated 

for 1, 3, 5 and 7 days with or without PM. (B) Expression of the p53, p21, p16, 

FAS, GATA4 and NF-κB proteins was confirmed in DPCs treated for 1, 3, 5 and 

7 days with or without PM by western blot analysis. (C) Quantification of bolts 

is shown as a graph. Data are displayed as mean ± standard deviation SD. 

***p<0.001, **p<0.01, *p<0.05. 
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4. The evidence of hair follicle penetration of PM 

 

It is commonly known that PM penetrates dermal layer when skin barrier 

such as atopic dermatitis is damaged but cannot penetrate healthy skin. 

However, in case of scalp, which has many hair follicle, things would be 

different. Hair follicle penetration of PM is possible as it has enough size of 

diameter and space that PM can penetrate.29 As it shown in Figure 4A, hair 

follicle penetration of PM was observed by SEM and its penetration was 

verified. To find out that substances shown on the SEM image is real PM, EDS 

analysis was performed to toward susceptible parts and found out that 

aluminum is detected on that part.  
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Figure 4. Particulate matter penetrate into the hair follicle. (A) After 

applying the medium contained 50 µg/mL of PM on human scalp tissue. The 

observation was done through SEM analysis to confirm the penetration of PM. 

(B) EDS analysis was conducted to analyze the components of substances that 

are suspected PM which is observed in the scalp. Magnification is shown in the 

photograph. 
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5. Structural analysis and immunohistochemical analysis of human hair 

follicle. 

 

Human hair follicle was cultured for 5 days with two groups of a control 

group and a pm treated group. The samples of the second and fifth days were 

prep to observe the transition over time. For histological analysis of each human 

follicle, it was observed through H&E staining and there were no structural 

changes within two groups on both the second and fifth days (Fig 5A). To 

evaluate the expression of p53 and β-catenin, immunohistochemical staining 

was performed (Fig 5B and 5C). 

p53 is the major protein that was accidentally found nearly four decades ago 

that well characterized as a tumor suppressor protein and it also constitutes one 

of the major players in cell-cycle regulation, cellular stress response, senescence, 

and apoptosis.30 

In the case of p53, it increased as the time of PM exposure increase and 

compare to the control group, it substantially increased. In the case of β-catenin, 

the major protein that clarifies characteristic of derma papilla cell which is the 

major cell that composes hair follicle, it decreases over time and there were no 

significant differences between groups.31 

 

 

 



28 

 

 

 

 

 

 

Figure 5. Histological images and immunohistochemistry images of human 

hair follicle for comparing control groups and PM treated groups. (A) 

Histological analysis of PM treated human hair follicle used hematoxylin&eosin 
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(H&E) staining. Magnification X200. (B) Immunohistochemistry of human hair 

follicle was conducted to analyze p53 and β-catenin levels. It was detected in a 

peroxidase reaction (brown), and slides were counterstained with hematoxylin; 

magnification X200. Data are representative of two normal tissues and two PM 

treated tissues. (D) Expression of protein (p53 and β-catenin) levels was 

quantified using Image J software. Data are displayed as mean ± standard 

deviation SD. ***p<0.001, **p<0.01, *p<0.05. 
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6. Immunofluorescence analysis of human hair follicle. 

Human hair follicle was cultured for 5 days with two groups of a control 

group and PM treated group and sampling was done in the 2 and 5 days to 

observe the transition over time. Co-staining of TUNEL and K167 was 

performed to detect the proliferation and apoptosis at cells.32  

As a result, K167 expression was active on the 2 day of the experiment from 

the control group and TUNEL expression increased on the 5 day of the 

experiment from the PM treated group. (Fig 6A) 

To find out the changes of keratin of hair, the major protein of hair 

component, keratin 15 was detected and it was found out that PM doesn’t have 

much impact on keratin expression.33 

As a result of NF-κB detection, which is manifested in the same mechanism 

with inflammation and aging, it was proved out that it is strongly expressed in 

pm treated group and over time. 
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Figure 6. Immunofluorescence images of hair follicle for comparing control 

groups and PM treated groups. Immunofluorescence confocal images are 

obtained for analyzing (A) KI67 (red) & TUNEL (green), (B) Keratin 15 (K15, 

green), and (C) NF-κB (orange) in human hair follicle tissues. Scale bar, 50 μm, 

and 100 μm. The image is representative of two normal tissues and two PM 

treated tissues. (D) Expression of protein (p53 and β-catenin) levels was 

quantified using ZEN black software. Data are displayed as mean ± standard 

deviation SD. ***p<0.001, **p<0.01, *p<0.05. 
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7. Structural analysis and immunohistochemical analysis of mice hair 

follicle. 

To check out the impact that PM affects hair follicle in vivo, it was 

examined in the C57BL/6 mice. After hair removal, 20 μg/cm2 of PM in PBS or 

control (PBS) was placed on back of mice for 14 days. The 7 days and 14 days 

samples were prep to observe the experimental transition over time. 

H&E staining was conducted for structural analysis for the mouse hair 

follicle and there were no structural differences. (Fig 7A) To evaluate the 

expression of p53 and β-catenin, immunohistochemical staining was performed 

(Fig 7B and 7C).   

In the case of p53, it increased as the time of exposure to PM increase, 

especially on the 14 days of PM treated group, its manifestation was increased 

enormously compared to the control group.  

β-catenin, on the other hand, increased over time but there was no difference 

between the two groups. 
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Figure 7. Histological images and immunohistochemistry images of mice 

hair follicle for comparing control groups and PM treated groups. (A) 

Histological analysis of PM treated mouse hair follicle used hematoxylin&eosin 
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(H&E) staining. Magnification X100. (B) Immunohistochemistry of human hair 

follicle was conducted to analyze p53 and β-catenin levels. It were detected in a 

peroxidase reaction (brown), and slides were counterstained with hematoxylin; 

magnification X100 and X200. Data are representative of three normal tissues 

and three PM treated tissues. (D) Expression of protein (p53 and β-catenin) 

levels was quantified using Image J software. Data are displayed as mean ± 

standard deviation SD. ***p<0.001, **p<0.01, *p<0.05. 
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8. Immunofluorescence analysis of mice hair follicle. 

Immunofluorescence analysis was performed to detect the proliferation of 

cell and apoptosis in the mice hair follicle where PM was exposed for 7 to 14 

days. 

In the case of co-staining of TUNEL and KI67, it was confirmed that the 

expression of KI67 in the 14 day group was reduced compared to the 7 day 

group, and the expression of TUNEL showed an increasing tendency. 

In order to confirm the change of Keratin, we detected Keratin 15 and 

confirmed that PM does not have a significant effect on the appearance of     

Keratin 15 as well as the human hair follicle. In the case of detecting NF-κB, it 

is confirmed that it is strongly expressed from the PM treated group and over 

time. 
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Figure 8. Immunofluorescence images of mice hair follicle for comparing 

control groups and PM treated groups. Immunofluorescence confocal images 

are obtained for analyze of (A) KI67 (red) & TUNEL (green), (B) Keratin 15 

(K15, green), and (C) NF-κB (orange) in mice hair follicle tissues. Scale bar, 50 

μm and 100 μm. The image is representative of two normal tissues and two PM 

treated tissues. (D) Expression of protein (p53 and β-catenin) levels was 

quantified using ZEN black software. Data are displayed as mean ± standard 

deviation SD. ***p<0.001, **p<0.01, *p<0.05. 
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9. Transcriptomic analysis of DPCs with or without PM 

For further characterize of DPCs with or without PM, RNA-sequencing 

(RNA-seq) was performed. A total of 1266 genes were identified differentially 

by being expressed between the normal DPCs and PM treated DPCs samples 

that 592 of which were up-regulated, and 674 of which were down-regulated. 

(P < .05, at least two‐fold relative to control). To directly identify individual 

genes in differential expression, genes associated with inflammation and 

senescence in hair follicles were searched. 

A Heat map analysis shows that the genes are involved in inflammation and 

senescence has increased in DPCs. DEGs were applied to DAVID toward GO 

and KEGG pathway analysis to identify the pathways that showed the most 

meaningful involvement with the identified genes. 

GO analysis revealed that in biological process terms, the DEGs were 

mainly enriched in “cellular process,” “single-organism process,” and 

“single-organism cellular process.” In cell component terms, DEGs were mainly 

enriched in “cell,” “cell part,” and “intracellular.” In molecular function terms, 

DEGs were mainly enriched in “binding,” “protein binding,” and “ion binding”.  
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Figure 9. Transcriptomic characterization of DPCs with or without PM. (A) 

Differentially expressed genes expression profile analysis. Expression profiles 

are presented by a heatmap and the color scale shown at the right side where 

blue indicates down-regulation and red indicates up-regulation of gene 

expression compared to the control. Control (normal DPCs) and PM (PM 

treated DPCs) represents two replicas. (B) Gene ontology analysis was 

performed for the three main categories. 
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10. Micro RNA 138 associated with SIRT1 

To reveal the role of miR138 in both DPCs and ORSs, qRT-PCR was 

performed. In both cells, the miR138 level tends to increase in PM treated group 

more than the control group and it is strongly marked on the third and 5 day.         

Several proteins were selected to explore which pathway miR138 that increases 

by the effect of PM pass through among hair follicles. 

SIRTI, one of the substitute proteins, is known to inhibit cellular aging.34 To 

verify SIRTI expression in PM treated DPCs, Western blot was progressed and 

immunohistochemistry analysis was performed at human and mouse hair 

follicles. In consequence, SIRTI protein expression in DPC has reduced over 

time in PM treated group. It was also confirmed in human and mouse hair 

follicles. 
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Figure 10. Detection of miR138 in both DPCs and ORSs and SIRT1 

expression in hair follicle. qRT-PCR analysis of relative miR138 expression is 

examined in both DPCs and ORSs treated for 1, 3, 5 and 7 days with or without 

PM. (B) Expression of SIRT1 protein was confirmed in DPCs treated for 1, 3, 5 
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and 7 days with or without PM by western blot analysis. Blots are shown on the 

left, and quantification is shown on the right. (C) Immunohistochemistry 

analysis was performed in both human hair follicles and mouse hair follicles. 

The follicles were cultured with or without PM for 2 and 5 days. Data are 

displayed as mean ± standard deviation SD. ***p<0.001, **p<0.01, *p<0.05. 
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IV. DISCUSSION 

Through many different ways, such as inhalation, ingestion, and dermal 

contact, people nowadays can be exposed to various air pollutants. Previous 

researches have established a direct interrelation between augmented PM level of 

environmental air and adverse health. Recent epidemiological and clinical studies 

gradually take an interest in skin outcomes from PM exposure.35  

However, there is a little study that has tested the PM in normal skin such as 

scalp and skin with different characteristics. The scalp is also one of the skin 

parts that can have a direct effect from PM and it can be deeply affected by PM 

as it has numerous hair follicles. 

Based on this research plan, this study has performed in vivo and in vitro 

experiment and ex vivo for tissue culture model to fulfill the goal to clarify the 

phenomena of the toxic pathways in the hair follicle that occurred by PM 

exposure. 

The fact that PM penetration in the hair follicle of the scalp is possible as its 

diameter is larger than the hair follicle of the normal skin was confirmed in 

research findings. 

PM that has been penetrated meets with dermis foremost and PM trace 

metals, which have been known to be redox-active, can promote tissue 

inflammation from chemical reactions inducement, reactions that form free 

radicals such as hydroxyl.36  
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In the cellular signaling mechanism, which works on oxidative 

stress-induced inflammation through aging, NF-kB performs the key part. As it 

is generally known that the NF-kB signaling pathway downstream is activated 

for induction of IL-6, this study presents the data, the demonstration on the 

result that PM induces IL-6 and IL-8 secretion in primary cells, and this 

secretion has mediated NF-κB and cellular senescence signaling pathways.22,26  

Through ELISA assay, we discovered that IL-6 and IL-8 are secreted in the 

PM exposed cells and NF-κB increases in the cell, ex-vivo culture, and 

especially in vivo.  

PM generates inflammation and senescence at the same time as low-grade 

inflammation is associated with accelerated immunosenescence.37 A complex 

phenotype acquisition of senescent cells has been done, though its regulation is 

incompletely understood.  

Together with increased cell size, resistance to apoptosis, and an essentially 

permanent growth arrest, senescent phenotypes deal with the expression of a 

senescence-associated β-galactosidase activity (SA-βgal).38 A remarkably 

increased expression of a lot of secreted proteins is also called the 

senescence-associated secretory phenotype (SASP) and that expression is the 

gene expression where senescent cells have shown multiple changes. Including 

inflammatory cytokines, growth factors, and proteases, the SASP might explain 

the externally paradoxical characteristics of senescence.27,39 
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Senescence progress in two distinct signaling cascade, p53/p21 and p16, and 

these two pathways are known to induce senescence independently.  

One of the functions of activated p53 is to regulate an entangled 

anti-proliferative transcriptional program. p53 in senescence can also block 

CDK2 activity that results in cell cycle exit by inducing the transcription of the 

cyclin-dependent kinase inhibitor (CDKi) p21.  

Significantly, p53 induction can activate DNA repair processes and enact a 

quiescent state when the senescence triggering stress is transient.40  

Cells can continue cycling within a resolution of the stress. Persistent stress 

or additional signals can contribute to a long-lasting arrest by activating p16, 

which is an inhibitor of CDK4 and CDK6. Researchers have been suggesting 

that the limited role of p21 as an onset of senescence might happen, and on the 

other hand, p16 possibly signifies the existence of distinctively regulated phases 

of senescence and sustains a durable growth arrest.37  

In this study, two signalings were investigated and it was proved out that 

they are independent. As it is shown in the result when PM-exposed cell and 

control cells are compared, p53/p21 tended to increase or decrease and in the 

case of p16, it increased more over time. 

It is reported that cell growth suppression by p53/p21 pathway can be 

recovered when p53 is inactivated, but the p16 pathway can’t be recovered 

regardless of p16 inactivation.41 Therefore, a sustained increase in p16 is 
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regarded as a meaningful result.  

To screen the genes that are related to PM inflammaging, RNA-sequencing 

analysis was done using the next generation sequencing (NGS). We analyzed 

PM-exposed cell and control cells, and as a result, the level of various genes of 

inflammation and senescence has increased, but most of them were expected. 

Genes of more than 3 fold change had a screening and I tried to investigate 

the correlation between miR138 and SIRT1 in the cell that compose hair 

follicles based on the research that among the candidate genes, miR138 

suppress the expression of SIRT1, the senescence regulator.34,35 

First, miR138 expressed more at the PM-exposed cells than at the control 

cells. Continually, as a result of checking the expression of SIRT1 in vitro, in 

vivo, and ex vivo, we confirmed that expression decreases in the PM-exposed 

group. 

As a result of verifying the expression of SIRT1 after treating an inhibitor of 

miR138 to deeply investigate the relation between miR138 and SIRT1, it was 

weak but increased compared to the group that hasn’t treated inhibitor. Based on 

these results, miR138 can be an influential candidate that controls the 

senescence by PM. 
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V. CONCLUSION 

This is the first report that verified a link between PM and senescence 

signaling pathways in the hair follicles. The fact that in the hair follicles, 

potential mechanisms of PM can cause cellular senescence is explained by the 

present study. PM exposure on hair follicles had a relation with increased 

NF-κB activation, induction of cellular senescence, and up-regulation of 

pro-inflammatory and immunomodulatory cytokines IL-6 and IL-8. 

To resolve such issues, the miR138-SIRT1 cascade in hair follicle could work 

in the mitigation of harmful PM effect as a therapeutic strategy. 
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ABSTRACT (IN KOREAN) 

 

 

 

미세먼지에 의하여 유도된 모낭 내 세포노화 및 염증발현  

 

 

<지도교수 이주희> 

 

연세대학교 대학원 의학과 

 

김 수 민 

 

 

미세먼지는 피부에 자극성 피부염 같은 문제를 일으키거나 악화

시킬 수 있다. 특히 면역력이 약한 노인이나 어린이, 민감성 피부

인 사람은 피부 트러블 증상이 더욱 심해질 수 있다. 피부에 달라

붙은 미세먼지는 피부에서 발생한 유분이나 화장품과 엉겨 붙어 노

폐물 축적을 가속화시킨다. 특히 머리카락 지름보다 훨씬 작은 미

세먼지의 유해 물질들이 모공 깊은 곳까지 침투해서 각종 피부 문

제와 질환을 일으킨다. 두피 모공 사이에도 들어가 모낭 세포의 활

동을 떨어뜨려서 탈모를 일으킬 수 있다. 최근 미세먼지가 피부세

포에 일으키는 영향에 대해 많이 보고되지만 모낭 세포에서의 영향

은 보고된 바가 없다.  
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본 연구에서는 미세먼지를 모낭세포와 두피조직에 노출시켜 염증이 

발생하는 기전을 확인하고, 이로 인하여 노화가 진행되는 것을 

밝히고자 하였다. 모낭을 구성하는 세포가 미세먼지에 노출되면 ROS 

(Reactive oxygen specises)가 증가하는 것을 확인하였고, 동시에 

염증 관련 사이토카인이 발현하는 것을 알 수 있었다. 이러한 

염증으로 인하여 p21/p53 그리고 p16과 같은 노화 관련 표현형의 

발현이 미세먼지에 노출된 시간이 길어짐에 따라 증가하는 것을 

확인하였다.  

in vivo와 ex vivo 수준에서 미세먼지에 의한 영향을 확인하고자 

사람의 두피조직과 B6 마우스를 미세먼지에 일정 시간 노출시켰다. 

조직의 면역조직화학염색 결과, 미세먼지에 노출된 조직일수록 염증 

과정에 관여하는 많은 유전자들을 조절하는 핵심 전사 인자인 

nuclear factor kappa B(NF-κB)의 발현이 증가한 것을 확인 하였다.  

미세먼지로 인한 염증 발생의 기전에 관여하는 바이오마커를 찾고

자 RNA sequencing 분석을 하였다. 미세먼지에 노출된 실험군에서 높

게 발현된 여러 가지 유전자 중에서 miRNA138이 항스트레스, 항노화

의 기능을 가진 SIRT1 단백질을 억제하는 것을 확인하였다. 

이번 연구결과를 통해 미세먼지가 두피의 모낭으로 침투하여 염증

을 발생시키고 노화를 유발할 수 있다는 것을 증명하였으며, 향후 

miRNA138의 발현 억제를 통해 SIRT1의 활성화를 조절하여 미세먼지로 

인한 모낭의 노화를 제어하는데 적용할 수 있음을 제시하였다. 
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