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PM2.5 promotes apoptosis of human epidermal melanocytes
through promoting oxidative damage and autophagy
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Abstract. Pollutants such as PM2.5 are polluting the environment seriously, causing numerous health
problems. However, the skin toxicity caused by PM2.5 has been little reported so far. CCK-8 was used
to test the effects of PM2.5 on melanin cell proliferation. The effect of PM2.5 on melanocyte apoptosis
was detected by flow cytometry. ELISA was used to detect the expression of oxidative stress-related
factors, including reactive oxygen species (ROS). The expression of autophagosomes was detected
by MDC immunohistochemical staining, and Western blot was used to detect the expression of
autophagy marker LC3II/I. With the increasing concentrations of PM2.5, the proliferation rate and
apoptosis rate of melanocytes decreased significantly, meanwhile the expression of oxidative stress-
related factors ROS, was obviously increased. The expression of LC3II/I induced by PM2.5 venom
was higher than that of the control group in a concentration-dependent manner. However, there
was no statistically significant difference between the water-soluble components of PM2.5 and the
water-insoluble ones. PM2.5 can inhibit the proliferation of melanocytes and induce their apoptosis,
which may be related to the oxidative damage of PM2.5. PM2.5 also induced autophagy in melano-
cytes, which is obviously correlated with its concentration. The mechanism may be a self-protective

response of cells to oxidative stress injury and apoptosis.
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Introduction

The change of skin color caused by the decrease or increase
of pigments is called pigmented dermatosis. Lack of melanin
will contribute to the reduction of pigment, and the general
or localized whitening of the skin has become a major char-
acteristic of this disease (Glassman 2011). The diseases caused
by hyperpigmentation or an increase in nevus cells, such as
freckles or pigment, are called melanin diseases (Kupsa et al.
2019). Nowadays, the incidence of pigment skin diseases is
increasing, and people who are suffering from these diseases
are at younger ages. What's more, environmental factors also
participate in the pathogenesis of melanin diseases.

PM2.5 refers to particles in the air whose dynamic diam-
eter is less than 2.5 um, which can go into the alveoli of the
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human body; such particles are also called inhalable lung
particles (Liu et al. 2020). Despite PM2.5 is smaller than
PM10 in particle size, it possesses a larger relative surface
area, making it easier to absorb and bind to toxically heavy
metal elements, and acidic oxides such as viruses and bacteria
in the air will seriously affect the health of human and other
organisms (Galvao et al. 2020).

In recent years, more and more epidemiological and
toxicological studies have shown that the exposure of
PM2.5 in the air is related to the incidence of a variety of
diseases of residents, such as cardiovascular system (Man-
nucci et al. 2019), reproductive system (Yang et al. 2019),
blood system (Zhang et al. 2019), immune system (Wan et
al. 2019), respiratory system (Yang et al. 2020), etc. Some
studies have also shown that it can sometimes induce
cancer in severe cases (Ning et al. 2019; Su et al. 2019;
Wang et al. 2019b). Existing studies about PM2.5 mainly
focus on the damage of PM2.5 to respiratory system and
cardiovascular system, while there are few studies on its
toxic effect on skin.
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In this paper, we treated and cultured human epidermal
melanocytes in vitro with different concentrations and com-
ponents of PM2.5, and studied the possible mechanism of
PM2.5’s toxic effect on human skin by detecting oxidative
damage and autophagy levels of cells.

Materials and Methods

Cell culture

Human epidermal melanocytes were obtained from the
American Type Culture Collection (ATCC, Manassas, VA,
USA). They were routinely cultured in DMEM (Gibco;
Thermo Fisher Scientific, Inc.) high-sugar medium con-
taining 10% FBS (BI), and placed in a cell incubator at 37°C
relatively saturated with 5% CO, humidity. Then, cells in
logarithmic stage with good growth state were selected for
the experiment.

Preparation of PM2.5 toxic solution

PM2.5 was collected from the air in Huanggang city, Hubei
province. Under aseptic conditions, the filter membrane con-
taining PM2.5 was immersed in deionized water and subjected
to ultrasonic concussion for 3 times, each time for 30 min,
and PM2.5 was removed. Then PM2.5 was freeze-dried into
PM2.5 powder and stored in the —80°C refrigerator for later
use. PM2.5 powder was added into serum-free medium to
form mother liquor of 1000 pg/ml, and the mixture was
thoroughly mixed and centrifuged at 13000 x g for 30 min,
then the supernatant with the concentration of 1000 ug/ml
was taken as PM2.5 water-soluble substances stock solution
(water-soluble extracts, hereinafter referred to as W-PM2.5).
Sediment concentration of dissolved isometric DMSO
with the concentration of 1000 pg/ml was taken as PM2.5
water-insoluble substances stock solution (non-water-soluble
extracts, hereinafter referred to as the NW-PM2.5). Before
the treatment, the cells were divided into the Control group,
W-PM2.5 group (1, 10, 100 and 250 pg/ml of W-PM2.5), and
NW-PM2.5 poisoning venom intervention group (1, 10, 100
and 250 pg/ml of NW-PM2.5). For routine culture of mel-
anocytes, 2 ml complete medium was added to the control
group, and 2 ml W-PM2.5 and NW-PM2.5 toxic solution of
preset concentration was added to the experimental group,
respectively, and incubated in the cell incubator for 48 h for
the following experiments.

Cell counting Kit-8 (CCK-8) assay

We divided the cells into Control group, DMSO group
(DMEM+DMSO of the same amount as 250 pug/ml or
100 pg/ml of NW-PM2.5), 250 ug/ml and 100 pg/ml

groups (250 pg/ml and 100 pug/ml of NW-PM2.5, respec-
tively); then CCK-8 technology detected the cell survival
rate. Cells in logarithmic growth phase were placed in
a 96-well plate (103 cells/well), then the cells are treated
respectively. After 0, 24, 48, 72 h of continuous culture,
10 1 CCK-8 solution was added into all wells and incu-
bated in the incubator for 4 hours. The absorption value
of 450 nm was determined by microplate (Bio-Rad, CA,
USA) and the inhibition rate was calculated: Inhibition
rate % = (control group - experimental group)/(control
group - blank group) x 100%.

Flow cytometry

In order to prepare cell suspension, cells in the six-well plate
were collected. They were washed and diluted in a binding
buffer with a 300 ul pre-cooled PBS once. 5 pl Annexin
V-FITC (fluorescein-5-isothiocyanate) was added into the
binding buffer, and the mixture was then incubated in dark-
ness for 10 min. Then 5 ul propidium iodide (PI) was added,
and the mixture was then incubated in darkness for 5 min.
Flow cytometer (FACSCalibur; Becton-Dickinson, Franklin
Lakes, NJ, USA) was used to detect the activity of Annexin
V/PLin 1 h, and corresponding channels were selected for
observation and quantified by Flow Jo software (version
7.6.1; Flow Jo LLC, Ashland, OR, USA).

Reactive oxygen species (ROS) assay

ROS levels of cells were detected using a fluorescent probe,
27’-dichlorodihydrofluorescein (DCHF) (Sigma), which
could be rapidly oxidized into the highly fluorescent 2,7’-di-
chlorofluorescein (DCF) in the presence of intracellular
reactive oxygen species (ROS). ROS expression at 488 nm
was analyzed by flow cytometry (FACSC alibur; Becton-
Dickinson, Franklin Lakes, NJ, USA). The amount of ROS
was quantified as the relative fluorescence intensity of DCF
per cell in the scan area.

Monodansylcadaverine (MDC) staining

Cell resuspension solution was collected and centrifuged
at a condition of 1500 rpm for 5 min. After washing in
the wash buffer, the cells were resuspended and the cell
concentration was adjusted to 10%/ml. The cell suspension
of 90 ul was added into the new EP tube, and 10 ul MDC
dye liquor was added and gently mixed. After staining at
room temperature and out of light for 30 min, cells were
collected and washed by Wash Buffer for 3 times, and then
resuspended by 100 pl collection Buffer. The suspended
droplets were added to the glass slide, covered with glass
slide, and placed under a fluorescence microscope (Leica,
Germany) for observation and photographing. The fluo-
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rescence intensity of each marker was quantified using
the Image ] (1.48. version) software (National Institutes of
Health, Bethesda).

Western blot

The cell proteins in the experimental group and the control
group were extracted. After the concentration of proteins
was determined, the proteins were separated with poly-
acrylamide gel electrophoresis. The primary (Anti-LC3,
1:1,000, cat. no. 14796S, Cell Signaling Technology, Inc.)
and secondary antibodies (1:5000; cat. no. AA24142, Cell
Signaling Technology, Inc.) were added to the membranes,
and imaging was performed after the immune response
was completed. The signals were detected using enhanced
chemiluminescence reagent (GE Healthcare) and Im-
age ] software (version 146; National Institutes of Health,
Bethesda, MD, USA) was used to analyze the fold-changes
of protein levels, and the relative expression level of the
protein was determined by the ratio of the target fragment
to the internal reference (B-actin).

Immunofluorescence

The cells were fixed with cold acetone for 10 min and then
washed with PBS. The cells were then sectioned and a Vec-
tastain ABC Kit (Vector Laboratories, USA) was used for
immunohistochemical analysis according to the instructions.
And the sections were incubated with normal blocking serum
and the primary antibodies LC3 (ab48394; abcam, USA)
overnight. The next day, after cleaning, the sections were
incubated for 1 h at room temperature with a biotinylated
secondary antibody (ab150077; abcam, USA). After that, the
labeled cell sections were fluorescently photographed under
the Olympus BX51 microscope.
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Statistical analysis

The data were expressed as the mean * standard deviation
(SD). The statistical analysis was carried out using one-way
analysis of variance (ANOVA) followed by Tukey’s post
hoc-tests using the SPSS 22.0 (IBM Corp.). p < 0.05 was
considered to indicate statistically significant differences.
All experiments were performed in triplicate.

Results

PM2.5 inhibits the proliferation of human epidermal
melanocytes

Different concentrations (1, 10, 100 and 250 pg/ml) of
W-PM2.5 and NW-PM2.5 poisoning venom were used
to treat human epidermal melanocytes. CCK-8 was used
to measure cell proliferation rate. The results showed that
with the increasing concentrations of PM2.5, the prolif-
eration rate of melanocytes decreased significantly, and
the proliferation rate of melanocytes in NW-PM2.5 group
was greater than that in the W-PM2.5 group (Fig. 1A).
Subsequently, we further tested whether the decreased
cell survival rate in the NW-PM2.5 group was caused by
DMSO. By calculation, we found that the concentration
of DMSO in 1 pg/ml and 10 ug/ml of NW-PM2.5 was less
than 1%, so we will not verify this in the experiment. We
mainly verified whether the concentration of DMSO in
100 pug/ml and 250 pg/ml of NW-PM2.5 had an effect on
cell survival. We divided the cells into Control, DMSO
(DMEM+DMSO of the same amount as 250 pug/ml or
100 pg/ml of NW-PM2.5) and 250 pug/ml or 100 pg/ml,
groups and then CCK-8 technology detected the cell
survival rate. We found that compared with the Control
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Figure 1. PM2.5 inhibits the proliferation of human epidermal melanocytes. A. CCK-8 was used to detect the cell viability after being
induced by different concentrations (0, 1, 10, 100 and 250 pg/ml) of PM2.5. B. CCK-8 was used to detect the cell viability after being
induced by DMSO and NW-PM2.5. DMSO, DMEM+DMSO of the same amount as 100 ug/ml of NW-PM2.5; 100 pg/ml, 100 pg/ml of
NW-PM2.5. C. CCK-8 was used to detect the cell viability after being induced by DMSO and NW-PM2.5. DMSO, DMEM+DMSO of
the same amount as 250 pg/ ml of NW-PM2.5; 250 pg/ml, 250 pg/ml of NW-PM2.5.** p < 0.01, *** p < 0.001 vs. Control group; ** p <

0.01 vs. DMSO group.
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Figure 2. PM2.5 promotes cell apoptosis of human epidermal melanocytes. The apoptosis rate of melanocytes in W-PM2.5 group (A)
and NW-PM2.5 group (B) was detected by flow cytometry. C, D. The statistical analysis diagram of A and B, respectively. * p < 0.05,

** p <0.01, *** p <0.001 vs. Control group.

group, the survival rate of DMSO group decreased slightly.
Compared with the DMSO group, the cell survival rate of
the 250 pg/ml (Fig. 1B) and 100 pg/ml (Fig. 1C) groups
significantly decreased, indicating that NW-PM2.5 can
promote cell death. The results showed that PM2.5 could
inhibit cell proliferation.

PM2.5 promotes the apoptosis of human epidermal
melanocytes

Then we further examined the effect of PM2.5 on apoptosis
by flow cytometry. As shown in Figure 2A and C, with the
increasing concentrations of W-PM2.5, the apoptosis rate of
melanocytes increased significantly. In NW-PM2.5 group,
PM2.5 concentration of 1, 10, 100, 250 ug/ml can obviously
induce cell apoptosis in a concentration-dependent man-
ner compared with the Control group (Fig. 2B and D). The
results showed that PM2.5 could inhibit cell proliferation
and promote cell apoptosis.

PM2.5 can induce oxidative stress in human epidermal
melanocytes

In order to explore the mechanism where PM2.5 induced
cell apoptosis, we examined the levels of indicators related
to oxidative stress. We found that after PM2.5 induction, the
expression of ROS in melanocytes increased significantly in
adose-dependent manner both in W-PM2.5 group (Fig. 3A)
and NW-PM2.5 group (Fig. 3B). It suggests that PM2.5 may
induce oxidative stress in human epidermal melanocytes,
and thus promote apoptosis.

PM2.5 induces autophagy in human epidermal
melanocytes

The increase of ROS expression is generally accompanied
by an increase in autophagy, so we measured the expression
level of autophagy in cells induced by PM2.5. As shown in
Fig. 4A and B, the melanin nuclei of melanocytes are of dif-
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Figure 4. PM2.5 induces autophagy in human epidermal melanocytes. Expressions of autophagosomes in W-PM2.5 group (A) and
NW-PM2.5 group (B) were detected by MDC staining. The scale was 20 um. C, D. Cell quantification in MDC staining experiments.
The bright green particles are autophagosomes (for color figures see online version of the manuscript). * p < 0.05, *** p < 0.001 vs.
Control group.
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Figure 5. PM2.5 induces autophagy in human epidermal melanocytes. The expression of autophagy marker protein LC3 in W-PM2.5
group (A) and NW-PM2.5 group (B) was detected by immunohistochemistry. C, D. Relative quantification of cells in immunofluores-
cence staining assay. Blue fluorescence indicated nuclear staining and red fluorescence indicated LC3 staining (for color figures see online

version of the manuscript). * p < 0.05, *** p < 0.001 vs. Control group.

in the W-PM2.5 group. Immunohistochemistry technique
was used to detect the expression of autophagy marker
protein LC3. It can be seen that LC3 expression was very
weak in the control group. However, in the experimental
group treated with different concentrations of W-PM2.5
(Fig. 5A and C) and NW-PM2.5 (Fig. 5B and D) at 1, 10,
100, and 250 pg/ml, LC3 showed positive or even strong
positive expression after fluorescence staining, and its red
fluorescence intensity increased with the increasing con-
centration of the toxic solution, indicating that the level of
autophagy increased significantly. Subsequently, the expres-
sion of LC3 was further detected by Western blot. We found
that compared with the control group, the expressions of
LC3 in the remaining groups increased with the increasing
concentrations of PM2.5 both in W-PM2.5 group and NW-
PM2.5 group (Fig. 6). Moreover, it can be seen that with the
same concentration, NW-PM2.5 has a stronger promoting
effect on LC3 expression than W-PM2.5 group. The results

showed that PM2.5 could induce excessive autophagy of
human epidermal melanocytes, thus triggering apoptosis.

Discussion

Nowadays, there are more and more studies on the harm of
PM2.5 to cardiovascular system and respiratory system, but
there are few studies discussing about the harm of PM2.5
to skin (Pun et al. 2017; Li et al. 2018c¢). Therefore, in this
paper, human epidermal melanocytes were selected and
treated with different concentrations of PM2.5 in vitro to
study the specific effect of PM2.5 on human epidermal mel-
anocytes. Our experimental results showed that PM2.5 can
inhibit the proliferation of human epidermal melanocytes
and promote apoptosis. That is to say, PM2.5 can cause cel-
lular damage to melanocytes, but the specific mechanism
is not clear.
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Figure 6. PM2.5 induces the expression of autophagy-related protein in human epidermal melanocytes. The expression of autophagy marker
protein LC3 was detected by Western blot. ** p < 0.01, *** p < 0.001 vs. Control group.

Studies on the pathogenesis of PM2.5 have shown that
oxidative damage is one of the most common and important
determinants of its toxicity to cells that will ultimately lead to
different pathological damage (Chenxu et al. 2018; Li et al.
2018a,2018Db). The surface of PM2.5 is rich in metal ions such
as iron, copper, zinc and manganese, as well as organic com-
pounds such as polycyclic aromatic hydrocarbons (PAHs),
which can stimulate the body to generate free radicals,
consume antioxidant components and cause oxidative stress
(Feng et al. 2016). Long et al. (2019) showed that PM2.5 can
induce the production of ROS in vascular endothelial cells,
and lead to oxidative stress, including decreased superoxide
dismutase activity, release of lactate dehydrogenase, and
increased membrane permeability. Besides, Wang et al.
(2019a) reported that PM2.5 inhibits SOD1 expression by up-
regulating microRNA-206 and promotes ROS accumulation
and disease progression in asthmatic mice. Our results also
showed that the expressions of oxidative stress-related fac-
tors in melanocytes were significantly increased after PM2.5
treatment. It indicated that PM2.5 can cause oxidative stress
reaction in melanocytes and induce stress damage in cells.

Oxidative stress can induce autophagy by producing
a large amount of ROS (Li et al. 2015). Autophagy refers to
the process in which the intracellular substrates degraded
in the cell (such as organelles, proteins, etc.) are wrapped in
adouble-layer membrane structure to form autophagosomes
and transport to lysosomes for membrane fusion (Gao 2019).
A series of hydrolases in lysosomes digest the cell's own
proteins or organelles to maintain cell metabolism and the
regeneration of some organelles (Yu et al. 2018). Autophagy
is mediated by a series of autophagy-related genes, among
which the expression of LC3II/I is a representative indica-
tor of the intensity of autophagy (Schaaf et al. 2016). Some
scholars believe that autophagy is the basic stress response of
cells to ensure cell survival under harsh conditions. Modest
autophagy activities can timely remove damaged organelles,

proteins and other harmful components produced by dam-
aged cells, provide emergency substrates and energy, and
gain time and conditions to repair damaged DNA (Parzych
and Klionsky 2014). However, excessive autophagy will in-
duce programmed cell death (Bialik et al. 2018). Therefore,
autophagy can not only promote the health of the body,
but also be closely related to the pathogenesis of tumors,
infectious diseases and immune diseases (Saha et al. 2018).

Studies have shown that the autophagy process of deficient
melanocytes is similar to that of melanocytes from skin
lesions in patients with vitiligo, suggesting that abnormal
melanocyte autophagy may be associated with the onset of
vitiligo (Yang et al. 2018). In addition, autophagy can regulate
the formation of melanin in melanocytes and the generation
of melanosome to adjust the skin color of the body (Kim et
al. 2019). Hirone and Eyru (1978) observed skin lesions of
patients with simple freckles by electron microscopy. They
also found that large granules of pigment generated by the
autophagy of melanocytes occurred in melanocytes and cor-
neum cells. After 0.05% of H,O, induction, the autophagy of
human melanocyte proceeded, with the result of decreased
dendritic retraction rate of melanocyte, and increased expres-
sions of autophagy-related proteins — Beclinl and LC3II/L
Gong et al. therefore, speculated that the autophagy pathway
could protect melanocytes from damage (Gong et al. 2015).
These studies indicate that autophagy plays an important role
in the pathogenesis of pigmentary dermatosis. We detected
the expression of autophagy in PM2.5-induced melanocytes.
We found that after PM2.5 induction, the expression of
autophagosome and autophagy marker protein LC3-II /I
in melanocytes increased, and the autophagy response was
significantly enhanced. Moreover, at the same concentration,
the effects of NW-PM2.5 and W-PM2.5 on cell proliferation,
apoptosis and autophagy are different. Which one has the
greatest influence and what is the mechanism? Our laboratory
will further study it in the following experiments.
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Conclusion

In conclusion, our experimental results showed that
PM2.5 can inhibit the proliferation of human epidermal
melanocytes and promote apoptosis, which may be related
to the fact that PM2.5 can induce oxidative stress injury and
excessive autophagy of melanocytes.
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