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ARTICLE

Ambient PM2.5 exposure causes cellular senescence via DNA damage,
micronuclei formation, and cGAS activation

Tao Wua,b, Shengmin Xuc, Biao Chena , Lingzhi Baod, Jie Mad, Wei Hana, An Xua, Kwan Ngok Yue,f,
Lijun Wua,c and Shaopeng Chena,d

aHigh Magnetic Field Laboratory, Key Laboratory of High Magnetic Field and Ion Beam Physical Biology, Hefei Institutes of Physical
Science, Chinese Academy of Sciences, Hefei, China; bUniversity of Science and Technology of China, Hefei, China; cInformation
Materials and Intelligent Sensing Laboratory of Anhui Province, Institutes of Physical Science and Information Technology, Anhui
University, Hefei, China; dSchool of Public Health, Wannan Medical College, Wuhu, China; eDepartment of Physics, City University of
Hong Kong, Hong Kong, China; fState Key Laboratory in Marine Pollution, City University of Hong Kong, Hong Kong, China

ABSTRACT
Ambient PM2.5 is one of the environmental risk factors and was correlated with senescence-
related diseases based on the epidemiologic investigation. However, little is known about senes-
cence induced by PM2.5 as well as the underlying mechanisms. In this study, we demonstrated
that PM2.5 exposure aggravated cellular senescence in vivo and in vitro, and disrupted micronu-
clei (MN) played a vital role in this process. Our results suggested that the nuclear envelope
(NE) of PM2.5-induced MN was ruptured. Subsequently, cGAS was found to localize to approxi-
mately 80% of the disrupted MN but few for intact MN. Upon examination of cGAMP and SA-
b-Gal, the cGAS-STING pathway was found activated and related to cellular senescence induced
by PM2.5. Taken together, we reported a novel finding that PM2.5 exposure causes cellular sen-
escence via DNA damage, MN formation, and cGAS activation. These results revealed the poten-
tial toxicity of PM2.5 and its related mechanisms in cellular senescence.

Abbreviations: NE: Nuclear envelope; MN: Micronuclei; HLF: Human lung fibroblast; cGAS: Cyclic
GMP–AMP synthase; SASP: Senescence-associated secretory phenotype; cGAMP: cyclic GMP-AMP
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1. Introduction

Environmental pollutants have been a rising global

threat and burden to human health for many deca-

des, especially in developing countries (Forouzanfar

et al. 2016; Araviiskaia et al. 2019). Among various

air pollutants, particulate matter ([PM2.5], particle

size � 2.5mm) is the most harmful component

consisting of organic matter, metal, dust, and liquid

droplets (Abbas et al. 2013; Peng et al. 2019).

Epidemiological studies have recently shown an

association between ambient PM and senescence-

related diseases, including idiopathic pulmonary

fibrosis (IPF) and chronic obstructive pulmonary dis-

ease (COPD) (Schuliga et al. 2020; Yang, Li, and

Tang 2020; Tahara et al. 2021). However, the effects

of PM2.5 exposure on cellular senescence are not

well understood.

Cellular senescence is known as a stress-induced
irreversible cell cycle arrest which is characterized
by complex characteristics, such as cytokine secre-
tion disorder, expression of senescence associated-
beta-galactosidase (SA-b-Gal), and dysregulated pro-
tein expression (Kamal et al. 2020; Wang, Chen, and
Cai 2021). Senescence occurs when mitotic progres-
sion is progressively interrupted following genomic
instability, especially double-strand breaks (DSBs)
(Van Deursen 2014; Ogrodnik et al. 2019).
Meanwhile, senescent cells are more abundant in
aged and diseased tissues, driving a large number
of age-related pathologies including atherosclerosis
and pulmonary fibrosis (Baker et al. 2016; Childs
et al. 2016; Demaria et al. 2017).

Cyclic GMP–AMP synthase (cGAS) is known as a
cytosolic DNA sensor, and is essential for cellular
senescence (Yang et al. 2017). Through cyclic GMP-
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AMP (cGAMP) synthesis, stimulator of interferon
genes (STING) can be activated, and it upregulates
type I IFNs and the interferon-stimulated gene (ISG),
which gives rise to senescence-associated secretory
phenotype (SASP) and cellular senescence (Ablasser
et al. 2013; Li and Chen 2018). Deletion of cGAS
can also terminate the cellular senescence and
SASP caused by DNA-damaging factors (Yang et al.
2017). Micronuclei (MN) is a small segment of a
chromosome without a centromere after cell div-
ision, and DNA in the MN is tightly segregated
within the nucleus by the nuclear membrane
(Hintzsche et al. 2017). Recent studies found that
self-DNA in the MNs can be surveyed by cGAS,
leading to the activation of subsequent inflamma-
tory signal pathways (Mackenzie et al. 2017). In add-
ition, PM2.5 exposure inhibited the integrin
signaling pathway, causing DNA damage, and MNs
formation (Longhin et al. 2013; Di Domenico et al.
2020; Song et al. 2022). Based on the function of
cGAS in cellular senescence and the findings that
PM2.5 exposure causes DNA damage, MNs forma-
tion and inflammatory response, etc., we speculated
that PM2.5-induced cellular senescence was associ-
ated with DNA damage, MN formation, and
cGAS activation.

To prove our hypothesis, C57 mice and primary
human-derived lung fibroblasts were exposed to ambi-
ent PM2.5 from Taiyuan, a typical seriously polluted
city in China for energy production, chemical and coal
combustion industries. In this work, we showed that
PM2.5 exposure caused cellular senescence in the lung
cells both in vivo and in vitro, and this process was
connected to MNs formation. Disrupted MNs by PM2.5
exposure, in which cGAS accumulated, triggered the
cGAS-STING pathway and contributed significantly to
cellular senescence. As a result, we identified a novel
toxic effect of PM2.5 on lung fibroblasts as well as the
mechanism of PM2.5 on cellular senescence, and these
findings provide alternative perspectives on the health
impacts of PM2.5.

2. Materials and methods

2.1. Sample preparation and characterization

The PM2.5 was given by Sang, and was collected in
the winter of 2016. By soaking the filter in deion-
ized water for 30min, vortexing it for 5min, and

then sonicating it, the PM2.5-containing filter was
converted to an aqueous suspension (30min). In
order to better understand the real toxicity of
PM2.5, the blank quartz filter membrane was vor-
texed and sonicated as same as the PM2.5 sample.
Then the filter group after being freeze-dried was
also dissolved with PBS and used as the control
group. PM2.5 dissolved in water was freeze-dried to
form PM2.5 powder and then dissolved with PBS
(containing 100U/mL penicillin and streptomycin)
to the required concentration. Before treating cells
or mice, the samples needed to be vortexed and
sonicated for 15min again. The part of metal con-
tents in PM2.5 samples was determined by induct-
ively coupled plasma-mass spectrometry (ICP-MS).

2.2. Isolation and culture of human lung
fibroblasts (HLF)

Primary lung fibroblasts were isolated from the
male human lung tissue who was undergoing sur-
gery. Ethical approval was given by the Institutional
Animal Care and Use Committee of Hefei Institutes
of Physical Science, Chinese Academy of Sciences
(Reference number: SWYX-Y-2021-10). Informed
consent was obtained. The lung fibroblasts were
isolated according to previously reported protocols
(Seluanov et al. 2008). Briefly, following two PBS
washes to remove the erythrocyte, the lung tissues
were immediately cut into tiny pieces and digested
with trypsin for 10min in the incubator. After being
centrifuged for 3min, the digested tissues were
plated onto 10-cm dishes with DMEM (Gibco,
Waltham, MA) supplemented with 10% (v/v) FBS
(Bio-west, Nuaill�e, France) and 1% (v/v) penicillin-
streptomycin (Gibco). Digested tissues were then
maintained in the incubator and after 12 h of cul-
ture, 80% of adherent cells were lung fibroblasts.
The cells were regularly passaged at 70–80% conflu-
ent, and the 4th–12th generations of the cells were
used for subsequent experiments.

The isolated human lung fibroblasts (HLFs) were
grown in DMEM medium with 10% fetal bovine
serum (Bio-west, Nuaill�e, France), 100U/mL penicil-
lin and streptomycin (Beyotime, Haimen, China) in
an incubator (95% humidity and 5% CO2 at 37 �C).
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2.3. PM2.5 exposure

Fibroblasts were randomly assigned to treatment
groups that prepared PM2.5 at doses of 25, 50, 75,
and 100 lg/mL and control groups that were incu-
bated exclusively in DMEM.

The male mice (C57BL/6) used in the study were
approximately six weeks old and housed under
standard conditions. Considering realistic PM2.5
exposures, we treated mice with dosages of 1 and
5mg/kg bw (body weight [bw]) every 2 d for
4weeks. Mice were treated with PM2.5 and con-
trolled by intratracheal instillation. All of the mice
included in the experiment had unrestricted access
to food and water. The Institutional Animal Care
and Use Committee of Hefei Institutes of Physical
Science, Chinese Academy of Sciences, authorized
all procedures (Laboratory Animal Facility License
Number: SYXK-2019-010).

2.4. Real-time quantitative reverse
transcription-PCR

Total RNA was extracted using Trizol Reagent
(Invitrogen, Waltham, MA) in accordance with the
manufacturer’s instructions, and a reverse transcrip-
tion kit was used to create complementary DNA
(cDNA) from the extracted total RNA (Transgene,
Beijing, China). According to the manufacturer’s
instructions, the SYBR Green PCR Kit (Transgene,
China) materials were mixed together and the RT-
PCR with specified primers was performed by a
Real-Time PCR machine (Lightcycler 96, Roche,
Basel, Switzerland). The RT-qPCR reaction settings
were as follows: after 15min at 95 �C, 40 cycles with
annealing temperatures of 58 �C and 55 �C for 20 s
each were run, followed by 30 s at 72 �C. In the
Supporting Information (SI), Table S1 lists the pri-
mer sequences.

2.5. Western blotting

The treated cells were centrifuged at 12,000 g for
15min before being rinsed with ice-cold PBS and
extracted by scraping in ice-cold lysis buffer. Prior
to resolution through sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE), the con-
centration of total protein was measured using a
BCA Protein Assay Kit from Thermo, China. A PDVF
membrane was used to transfer 30 lg of total

protein, which was then blocked with 5% bovine
serum albumin (BSA). The membrane was first incu-
bated with the primary antibody at 4 �C for an over-
night period, followed by an hour at room
temperature with the secondary antibody.
According to the instructions, the following primary
antibodies and complementary secondary antibod-
ies (1:10,000) were used (Supplementary Table 2).
Tanon-5200 (Tanon-5200, Shanghai, China) Imager
and Image Lab Software were used to photograph
the proteins of interest and the enhanced chemilu-
minescence substrate ECL to detect them.

2.6. Immunofluorescence

Fibroblasts were grown on coverslips after being
exposed to PM2.5, and they were then fixed with
4% paraformaldehyde (PFA) for 10min, permeabi-
lized with PBST (PBST includes 0.5% Triton X-100),
and blocked with 5% BSA in PBST for 1 h at room
temperature. The primary antibody was incubated
with the cells in PBST containing 5% BSA for 1 h.
Cells were incubated with the secondary antibody
in PBST for 1 h after being washed with PBST three
times. Before the cells were coverslipped in a fluor-
escence protection agent, they were counterstained
for 10min with Hoechst 33342. The images were
taken with a fluorescence microscope (Leica DM4B,
Wetzlar, Germany).

2.7. SA-b-galactosidase staining

The endogenous lysosomal enzyme senescence-
associated b-galactosidase (SA-b-gal) is an import-
ant biomarker for senescence tracking and senes-
cent cells often exhibited overexpression of SA-
b-Gal (Kamal et al. 2020). According to the manu-
facturer’s instructions, a senescence staining kit
(Solarbio, Beijing, China) was applied to detect cel-
lular senescence. Cells were rinsed in 1mL of ice-
cold PBS, fixed for 10min with 3mL of 1% PFA at
room temperature, and then washed once with
PBS. Then the cells were reconstituted in 2mL of
freshly made staining solution, and they were incu-
bated horizontally for 24 h at 37 �C while being
shielded from light and CO2. All the images were
captured using a fluorescence microscope (Leica
DM4B, Germany) after cells were counterstained
with Hoechst 33342 for 10min. The sections (5lm)
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of tissues were stained in SA-Gal staining solution
without CO2 for a whole night before being seen in
bright field.

2.8. Cell cycle detection by flow cytometry

Trypsin was used to separate the cells into single
cell after washing them with ice-cold PBS. The cells
were then fixed with 75% ethanol solution for an
overnight period, washed twice in ice-cold PBS, and
stained for 30min with 50 g/mL Propidium Iodide
(PI) containing 100 g/mL RNase. From the total of
2� 104 cells, the cell cycle was examined using
FACScan BD (Becton Dickinson Biosciences, Franklin
Lakes, NJ).

2.9. Determination of micronucleus frequency

Micronucleus frequency was assessed using micros-
copy after the cells had been fixed with 4% PFA
and stained with Hoechst 33342. The apoptotic
appearance was discarded, and MN were classified
as distinct DNA clumps isolated from pri-
mary nuclei.

2.10. Histology and immunohistochemistry

After being collected, the lung tissues of mice were
fixed in 4% PFA and then embedded in paraffin
blocks. Hematoxylin-eosin (H&E) staining and
Masson staining of tissue sections (5lm) were car-
ried out according to protocol. Sections were sub-
merged in 10mM sodium citrate (pH 6.0) at 95 �C
for 30min to perform antigen retrieval prior to
immunohistochemical labeling. The primary human
cGAS antibodies (1:200, Cell Signaling Technology,
Danvers, MA) were then applied to the sections and
incubated at 4 �C for an overnight period. The
degree of peribronchial and perivascular inflamma-
tion was scored from 0 to 10 using the following
criteria: 0, normal; 1–4, mild; 5–6, moderate; 7–8,
severe; 9–10, very severe. Masson staining was used
to determine collagen deposition around bronchi
and scores from 0 to 3 were applied: 0–1, no or lit-
tle collagen around bronchi; 1–2, a thin layer of col-
lagen deposition; 2–3, a cluster or a thick layer of
collagen deposition. The expression of a-SMA in the
mice lung tissue was quantified by using
Image software.

2.11. siRNA knockdown

After an overnight incubation, cells were plated at
the appropriate density (2.0� 105 fibroblasts per
60mm dish) and transfected with siRNA oligonu-
cleotides targeting cGAS at a final concentration of
10 nM the next day. Hiperfect (QIAGEN, Hilden,
Germany) transfections were carried out in accord-
ance with the manufacturer’s instructions, in DMEM
with 10% serum medium (Gibco, Waltham, MA).
siRNA targeting cGAS (sense, 50-
GCUGUAACACUUCUUAUUA-30) was synthesized
from GenePharma (Shanghai, China).

2.12. EDU assay

The fibroblasts were incubated in DMEM with
10 lM EdU for 2 h following PM2.5 exposure and
nuclei were counterstained with Hoechst 33342.
Then cells were analyzed using a Click-iT EdU Assay
Kit from Invitrogen. The images of cells positive for
EdU were captured randomly by microscopy.

2.13. Cell proliferation assay

Using a CCK8 Cell Proliferation Kit I (Sigma-Aldrich,
St. Louis, MO), cell viability was indirectly evaluated.
Fibroblasts were treated with PM2.5 in the 96-well
cell culture plate for 3 d and the CCK8 reagent was
added to the plate for 10 lL per well. After 1 h incu-
bated in an incubator, quantification was performed
with a spectrophotometer.

2.14. CGAMP ELISA assay

Commercial kits (Cyclic GAMP (cGAMP) ELISA, Arbor
Assays, Ann Arbor, MI ) were used in accordance
with the manufacturer’s instructions to perform
specific sandwich enzyme-linked immunosorbent
assays (ELISA) to quantify the concentrations of
cGAMP in cell supernatants.

2.15. Enzyme activity inhibition of cGAS

RU.521 is a potent and selective cGAS inhibitor and
inhibits cGAS-mediated interferon upregulation. The
activation of cGAS requires the involvement of
dsDNA. RU.521 suppresses cGAS activity by interfer-
ing with its association with dsDNA through bind-
ing to the catalytic pocket of cGAS competitively
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and inhibits its dsDNA-stimulated activity. The cGAS
small-molecule inhibitors RU.521 (Topscience,
Shandong, China) were prepared as 20mM stocks
in 100% dimethyl sulfoxide (DMSO). The cells were
incubated overnight and inhibitors were added to
the concentration of 700 nM accompanied by
PM2.5 exposure.

2.16. Generation of GFP–cGAS cell lines

GFP–cGAS expressing plasmid (pTRIP-CMV-GFP-
FLAG-cGAS) was purchased from Addgene (#86675).
To generate viral particles, the resulting pTRIP vec-
tors and packaging vectors (pMD2.G, psPAX2) were
transfected into 293 T cells using polyethyleneimine
(PEI), a kind of transfection reagent capable of gene
transfection in vitro. After 24 h culture; we collected
the supernatant of the medium. In the presence of
1 lg/mL polybrene, the supernatant was used to
infect the fibroblasts. After infection, the cells
expressing cGAS-GFP were identified by
flow cytometry.

2.17. DNA repair assays

The Homologous recombination (HR) and nonho-
mologous end joining (NHEJ) reporters are based
on an engineered GFP gene containing recognition
sites for I-SceI endonuclease for induction of DSBs
(Seluanov, Mao, and Gorbunova 2010). The report-
ers are GFP negative due to an additional exon that
existed in the GFP sequence. Successful repair of
the I-SceI-induced breaks by NHEJ or HR recon-
structs the functional GFP gene. The number of
GFP-positive cells is counted by flow cytometry,
providing a quantitative efficiency of NHEJ and HR.
Human embryonic kidney epithelial cells (293 T)
cells were seeded at 1� 105 cells in a 35 cm dish
and were cultured for 24 h. The cells were trans-
fected with 2 lg of I-SceI (to induce DSBs), 0.2lg of
mCherry (as a reference internally to assess transfec-
tion effectiveness) and 1 lg of HR and NHEJ
reporter. PM2.5 exposures were performed 6h after
transfection for 3 d. Fluorescence-activated cell sort-
ing (FACS) was used to examine the effectiveness
of DSB repair using a BD FACSVerse (BD
Biosciences, Franklin Lakes, NJ). The ratio of GFPþ

cells and mCherryþ cells was used to calculate the
efficiency of HR and NHEJ. More than 10,000 cells

were counted. The operation of transfection was
processed via lipofectamine 2000 transfection
reagent (Invitrogen). Experiments were performed
in triplicates.

2.18. Transmission electron microscopy (TEM)
observation

Mice’s lung tissues were dried, dyed en bloc, fixed
with 2.5% glutaraldehyde, and embedded in beam
capsules. Following that, copper grids were used to
harvest 100 nm-thick sections of the implanted tis-
sue, which were then stained with uranyl acetate
and lead citrate. For observation, a transmission
electron microscope (Talos F200X, Houston, TX)
was utilized.

2.19. Statistical analysis

The results of all quantitative in vitro tests are
shown as the mean± SEM of three separate tests,
and the results of in vivo tests are shown as the
mean± SD of more than three mice per group. The
PM2.5 treatment and control groups were com-
pared using an unpaired, two-tailed Student’s t-test
with a p value <0.05 considered statistically signifi-
cant and two-way ANOVA followed by Student’s t-
test was used for time and dosage-dependent
experiments using the GraphPad Prism version 8.0
(GraphPad Software, Graphpad Software Inc., La
Jolla, CA). When p< 0.05, differences in all tests
were considered significant.

3. Results

3.1. PM2.5 exposure aggravates lung cellular
senescence in vivo

PM2.5 samples in this study were collected from
Taiyuan, a coal hub in Northern China, using quartz
filters (Figure S1(A)). The average particle size of the
PM2.5 sample was measured through a particle siz-
ing system (Malvern Zetasizer Nano ZSE, Malvern,
UK) and the size distribution (< 2.5lm) was consist-
ent with the definition of PM2.5 (Figure S1(B)). The
metal component in the PM2.5 samples were
assayed by ICP-MS and the component distribution
are shown in Figure S1(C,D).

To explore whether PM2.5 induces lung cellular
senescence in vivo, 1 and 5mg/kg bw PM2.5 were
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Figure 1. PM2.5 exposure induced lung cellular senescence and related phenotypes in C57BL/6 mice. (A) Senescent cells in the
lung tissue section were identified with SA-b-gal staining (bw: bodyweight, scale bar: 50lm). Mice were treated with PM2.5 at 1
(Low) and 5 (High) mg/kg bw for 4weeks. ‘Low’ and ‘High’ represent respectively indicate that the treatment concentrations of
PM2.5 in mice of 1 and 5mg/kg bw, respectively. (B) Quantification of SA-b-gal positive cells per field in section of lung tissue.
(C) Histological examination of mice lungs. Tissue sections were stained with H&E, Immunohistochemistry (IHC) (examination of
a-SMA), and Masson’s Trichrome (scale bar: 50lm). (D, E) Quantitative analysis of H&E and Masson staining. (F) Quantitative ana-
lysis of a-SMA using Image software. AOD: average optical density. (G) Image of residual PM2.5 in lung tissues of mice following
the exposure taken by TEM, with red arrows indicating residual PM2.5 in lung tissue. These data for in vivo experiment are
expressed as the mean± SD, n¼ 4–5 mice per group, �p< 0.05, ��p< 0.01, and ����p< 0.0001 compared with filter group by
using two-way ANOVA.
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exposed to mice every 2 d for 4weeks. After expos-
ure, the mice were sacrificed and the lungs were
cut for tissue section (5lm). The results of b-galac-
tosidase staining showed that PM2.5 aggravated
lung cellular senescence of mice, with more severe
senescence at 5mg/kg bw group (Figure 1(A,B)).
Additionally, H&E staining of the mice lungs
revealed that PM2.5 induced significant pulmonary
inflammation (Figure 1(C,D)). We observed that
PM2.5-treated mice presented inflammatory cell
infiltration in the peribronchial areas, alveolar
lesions and damage, and tracheobronchial wall
thickening (as arrows indicated) (Figure 1(C)). In the
meantime, mice exposed to PM2.5 showed a ten-
dency of lung fibrosis at 5mg/kg bw, according to
the results of Masson staining and a-SMA (alpha
smooth muscle actin, used as indications of pul-
monary fibrosis) labeling (Figure 1(C,E,F)).
Peribronchial collagen deposition was also observed
in PM2.5-treated group (The blue area where indi-
cated by the arrow) (Figure 1(C)). Meanwhile, the
expression level of a-SMA (brown area as arrows
indicated) around the parabronchial areas in the
treatment group was higher compared with the fil-
ter group (Figure 1(C)). Importantly, all the altera-
tions in the study from the ’High’ group were more
significant than those in the ‘Low’ groups. In add-
ition, the images taken by TEM also showed that
PM2.5 remained and deposited in the lungs of mice
(Figure 1(G)). These results suggested that PM2.5
exposure induced lung cellular senescence, inflam-
mation, and fibrosis in vivo depending on the dose
of PM2.5 exposure.

3.2. PM2.5 exposure aggravates lung fibroblasts
senescence in vitro in a dose and time-
dependent manner

To access the effects of PM2.5 on lung fibroblasts
senescence in vitro, we examined SA-b-Gal activity
of PM2.5 exposed fibroblasts through b-X-Gal stain-
ing. Compared with the filter group, PM2.5 induced
fibroblasts senescence significantly in a time (3 and
9 d, 100 lg/mL) and dosage (25, 50, 75, and 100 lg/
mL, 3 d) dependent manner (Figure 2(A–C)). The
result of EdU assay showed that PM2.5 exposure
caused decreased cell proliferation according to the
fewer EdU positive cells (Red) in PM2.5 treated
group (Figure 2(D,E)). The result of CCK-8 assay

(Figure 2(F)) indicated that the cell viability
decreased significantly after PM2.5 exposure. With
further cell cycle analysis, we demonstrated that
PM2.5 exposure caused cell cycle arrest at G1 phase
(Figure 2(G)). Moreover, we found that the p21 pro-
tein levels (a marker of senescence) also increased
under PM2.5 exposure (Figure 2(H,I)). These results
validated that PM2.5 aggravated lung cellular senes-
cence in vitro correlated with exposure dose
and time.

3.3. PM2.5 triggers DNA damage and cGAS-STING
pathway activation

Accumulation of DNA damage has been proved to
be a key event of senescence (Li and Chen 2018).
To assess the DNA damage caused by PM2.5 expo-
sures, we investigated the ratio of cH2AX foci for-
mation, a marker of DNA DSBs. We quantified the
fraction of fibroblasts positive to cH2AX upon
PM2.5 exposures, and notably, the results showed
that PM2.5 caused increased cH2AX-positive fibro-
blasts-significantly at 100 lg/mL (Figure 3(A,B)).
Accumulated DNA damages often trigger cGAS-
STING pathway activation which is essential for cel-
lular senescence (Pons et al. 2021; Wang et al.
2021). Upon the results of DNA damage caused by
PM2.5, we assumed that PM2.5 would trigger cGAS
activation. To verify whether the cellular senescence
aggravated by PM2.5 is associated with cGAS-STING
pathway, we detected the protein levels of cGAS
and STING following PM2.5 exposure in fibroblasts.
The results showed that PM2.5 caused upregulated
protein levels of cGAS and STING (Figure 3(C,D)).
The expression of cGAS was also upregulated
around the pulmonary bronchi in the mice lung fol-
lowing the PM2.5 treatment at 5mg/kg bw (Figure
3(F)). There is evidence that activated cGAS stimu-
lates the production of cGAMP, which in turn
causes STING to produce IFNs (Ablasser et al. 2013).
To determine whether cGAS is activated, we
detected the production of cGAMP with the ELISA
kit and found that cGAMP production increased by
approximately 2.5 times following PM2.5 exposures
(Figure 3(E)). In addition, PM2.5 exposures also
resulted in the upregulated transcription level of
type I interferon IFI44 and ISG15 which were tightly
correlated with cGAS activation and cellular senes-
cence (Robin et al. 2014; Mackenzie et al. 2017;
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Huijser et al. 2022; Figure 3(G,H)). It was reported
that after the activation of cGAS-STING pathway,
NF-jB pathway can be activated, further causing
some interleukin overexpression, such as IL1b and

IL8 (Liao et al. 2020; Guo et al. 2021b). In our study,
we quantified the gene transcription of IL1b and
IL8 after exposure to PM2.5. Notably, the gene
expression level of IL-1b and IL-8 in the lung

Figure 2. PM2.5 exposure induced lung fibroblasts senescence. (A) Representative images of senescent fibroblasts (blue) were
detected with b-X-gal staining, Scale bar is 100lm. (B) Quantification of senescent fibroblasts with different concentrations of
PM2.5 exposure. (C) Quantification of senescent fibroblasts at various time points post PM2.5 exposure. Two-way ANOVA followed
by Student’s t-test was used for time and dosage-dependent experiments. (D) Representative images of EdU assay, Scale bar is
100lm. (E) Quantification of cell proliferation determined by EdU assay at 100lg/mL for 3 d. (F) Cell viability of fibroblasts
exposed to PM2.5 (100lg/mL for 3 d) was detected by CCK8. (G) Cell cycle of fibroblasts exposed to PM2.5 was analyzed by flow
cytometry. (H) Protein levels of p21 in fibroblasts exposed to PM2.5 at 100lg/mL for 3 d. Beta-actin was loading control. (I)
Quantification of p21 expression. Three independent experiments were processed. These data for in vivo experiment were repre-
sented as the mean± SD and in vitro for mean± SEM, �p< 0.05, ���p< 0.001, and ����p< 0.0001 compared with filter group
by using Student’s t-test.
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Figure 3. PM2.5 exposures induced DSBs and cGAS activation. Fibroblasts were exposed to PM2.5 at 100lg/mL for 3 d. (A)
Representative images of immunofluorescence for cH2AX following the exposure of PM2.5 and (B) Fraction of cH2AX positive
cells. Scale bar is 10lm. (C) Immunoblotting of cGAS and STING following the exposure of PM2.5. Beta-actin was loading control.
(D) Quantification of cGAS and STING expression. (E) Production of cGAMP after PM2.5 exposures. (F) Histological examination of
cGAS (brown) of mice lungs. Tissues sections were stained with Immunohistochemistry (IHC) (scale bar: 50lm). ‘Low’ and ‘High’
represent treatment concentrations of PM2.5 in mice of 1 and 5mg/kg bw, respectively, n¼ 4–5 mice per group. (G, H) Relative
gene expression changes of ISG15 and IFI44 following PM2.5 exposures. (I, J) Relative gene expression changes of IL1b and IL8
following PM2.5 exposures. Three independent experiments were processed. These data are represented as the mean± SEM,�p< 0.05, ��p< 0.01, and ���p< 0.001 compared with filter group by using Student’s t-test.
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fibroblasts exposed to PM2.5 was higher than the
filter group significantly (Figure 3(I,J)). These data
demonstrated that PM2.5 exposure caused DNA
damage and cGAS-STING pathway activation in
fibroblasts.

3.4. PM2.5-induced MN formation and cGAS
gathered on MNs

HR and NHEJ are the main DNA repair pathway and
the failure of DNA repair causes persistent DNA
damage, which will result in increased MN forma-
tion (Feng et al. 2022). In addition, persistent DNA
damage triggers signaling cascades that cause cell
senescence (Swift, Sell, and Azizkhan-Clifford 2022).
To test the effects of PM2.5 exposure on the HR
and NHEJ repair efficiency, 293 T cells containing
reporters (Seluanov, Mao, and Gorbunova 2010)
were exposed with PM2.5. Compared with the filter
group, PM2.5 exposures were found to significantly
inhibit the DNA repair efficiency of HR but not
NHEJ (Figure 4(A,B)). Moreover, PM2.5 exposure
downregulated the protein level of Rad51 (Figure
4(C,D)), which was in coordination with the results
of DNA repair efficiency. It was reported that per-
sistent DNA damage promotes the MN formation
closely (Paz et al. 2018; Clay et al. 2021). In this
work, we determined that PM2.5 treatment led to
the formation of a large number of MN (Figure
4(E,F)). In addition, not only in the primary nucleus,
cH2AX foci was also observed in �80% MNs follow-
ing PM2.5 exposures (Figure 4(G,H)). Activation of
cGAS upon PM2.5 exposure was detected, but the
trigger of cGAS activation was not clearly under-
stood. To determine whether cGAS would gather in
MN, GFP-cGAS-expressing fibroblasts were con-
structed and treated with PM2.5. Consequently, we
found that cGAS is localized to about 80% of MNs
under PM2.5 exposure (Figure 4(I,J)). The results
confirmed that PM2.5 exposure caused MNs forma-
tion and frequent localization of cGAS to MNs.

3.5. Rupture of nuclear envelope (NE) on MNs
caused cGAS gathering

It was intriguing that although cGAS accumulated
on the majority of MNs, there were few MNs with-
out cGAS accumulation following PM2.5 exposures.
To investigate the reason for the discrepancy, cGAS-

GFP-expressing fibroblasts were employed for the
localization of cGAS under PM2.5 exposures and the
nuclear membrane of fibroblasts were then labeled
with a component of nuclear lamina, lamin A/C.
The results showed that cGAS only localize to some
MN with incomplete nuclear membrane which was
characterized by one or several discontinuous holes
in the nuclear membrane (Figure 5(A)). Although
cGAS gathered in the majority of MNs with discon-
tinuous nuclear rim of lamin A/C, some MNs with
continuous nuclear rim accumulated cGAS as well.
Further examination of another lamina component
lamin B1 in fibroblasts subjected to PM2.5 expo-
sures, surprisingly, revealed that almost all MNs
with discontinuous nuclear rim of lamin B1 gath-
ered cGAS (Figure 5(B,C)). Moreover, we co-stained
the cells with lamin B1 and nuclear protein retino-
blastoma (Rb), which was used for detecting integ-
rity of nuclear envelopes (NEs). The results showed
Rb only existed in MN with intact nuclear mem-
brane in PM2.5-exposed fibroblasts (Figure S1(A)).

In order to explore the discrepancy different
nuclear lamina in cGAS localization to MNs, we co-
stained fibroblasts with lamin A/C and lamin B1
under PM2.5 exposure. The results showed that
some MNs exhibited continuous nuclear rim of
lamin A/C but not lamin B1, and they did not exist
in PM2.5-exposed fibroblasts at the same time
(Figure 6(A)). Statistical results demonstrated that
MNs had a higher proportion of disrupted MN
according to the labeled lamin B1, up to approxi-
mately 90%, than lamin A/C in PM2.5-exposed fibro-
blasts (Figure 6(B,C)). Furthermore, we investigated
the protein levels of lamin B1 and lamin A/C with
western blotting, and found that PM2.5 exposure
significantly decreased the protein level of lamin B1
(Figure 6(D,E)). Meanwhile, the protein level of
lamin A and lamin C decrease rarely (Figure 6(D,E)).
These data suggested that PM2.5-induced MN dis-
ruption was correlated with lamina rupture in MNs,
especially lamin B1.

3.6. Inhibition of cGAS decreased cellular
senescence caused by PM2.5

To further confirm whether cellular senescence
induced by PM2.5 was caused by cGAS activation,
we interfered cGAS expression with siRNA (10 nM)
and the inhibition efficiency of cGAS by siRNA was
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Figure 4. PM2.5 induced MN formation and cGAS gathered on MNs. Fibroblasts were exposed to PM2.5 (concentrations: 100lg/
mL) for 3 d (Figure C–J). (A, B) Effect of PM2.5 exposures on the efficiency of HR and NHEJ in 293 T cells at 100lg/mL for 3 d. (C,
D) Expression of Ku70 and Rad51 following exposures to PM2.5. Beta-actin was used as loading control. (E) Representative images
of MNs after PM2.5 exposures and the nucleus were stained with Hoechst 33342. (F) MN formation rate was evaluated by the
fluorescence microscope. (G) Immunofluorescence of cH2AX in the MNs following the exposure to PM2.5. (H) Statistical analysis of
the proportion of MNs with cH2AX positive foci under treatment of PM2.5. (I) The localization of cGAS in cGAS-GFP-expressing
HLF cells exposed to PM2.5. (J) Proportion of MNs containing cGAS-GFP was calculated statistically. Three independent experi-
ments were processed. These data are represented as the mean± SEM, ns: not significant, �p< 0.05, ��p< 0.01, and ���p< 0.001
compared with filter group by using Student’s t-test (Figure 4(A,B,F,H,J)) and two-way ANOVA (Figure 4(D)). Scale bar is 10lm.
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detected (Figure S2(A,B)). The results indicated that
cellular senescence was significantly reduced after
cGAS inhibition in PM2.5-exposed fibroblasts (Figure
7(A,B)). Furthermore, we suppressed the cGAS
enzyme activity with a small molecule selective
inhibitor, Ru.521, which had been identified as a

selective inhibitor suppressing dsDNA-dependent
activation of cGAS (Vincent et al. 2017). The activa-
tion of cGAS requires the involvement of dsDNA
and RU.521 suppresses cGAS activity by interfering
with its association with dsDNA through binding to
the catalytic pocket of cGAS competitively and

Figure 5. The localization of cGAS to MNs was associated with MN disruption. (A) cGAS-GFP expressing HLF cells were treated
with PM2.5 for 3 d and MN membrane was labeled with lamin A/C. Scale bar was 10lm. (B) Fibroblasts exposed to PM2.5
(100lg/mL for 3 d) were co-stained with lamin B1 and cGAS. Scale bar is 10lm. (C) Proportion of MNs with anti-cGAS was calcu-
lated statistically. Three independent experiments were processed. These data are represented as the mean± SEM, ����p< 0.0001
compared with filter group by using Student’s t-test.
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inhibits its dsDNA-stimulated activity. As shown in
Figure 7(C,D), cellular senescence induced by PM2.5
decreased significantly following treatment of
Ru.521. In addition, we found that after knocking
down the expression of cGAS by siRNA, the gene
transcription levels of cGAS, ISG15, and IFI44 also
decreased significantly (Figure 7(E–G). Altogether,
our findings demonstrated that PM2.5 caused cellu-
lar senescence in which cGAS played a key role.

4. Discussion

Epidemiological investigations demonstrated a close
correlation between PM2.5 and respiratory diseases
which were related to cellular senescence (Zhao

et al. 2019). However, whether PM2.5 causes cellular
senescence is not yet fully understood from in vitro
and in vivo studies. Using PM2.5 samples collected
from Taiyuan, a coal hub in Northern China, we
investigated the effects of PM2.5 exposures on cel-
lular senescence both in vivo and in vitro.

Cellular senescence is a strengthening age-
related process that contributes to senescence
related diseases and is originally described as a per-
sistent block of the cell cycle by Hayflick (Ogrodnik
et al. 2019). Some respiratory diseases, such as IPF
were found to be closely related to cellular senes-
cence induced by cGAS activation in the clinic
(Schuliga et al. 2020). In addition, pathological fibro-
blast populations involve cellular senescence, and

Figure 6. MNs disruption was related to lamin B1 downregulation. Fibroblasts were exposed to PM2.5 at 100lg/mL for 3 d. (A)
Fibroblasts exposed to PM2.5 were co-stained with lamin A/C and lamin B1. Scale bar is 10lm. (B, C) Proportion of intact and dis-
rupted MN under PM2.5 exposures according to the labeled lamin B1 and lamin A/C. (D, E) Immunoblotting and quantification of
lamin B1 and lamin A/C in fibroblasts treated with PM2.5. Three independent experiments were processed. These data are repre-
sented as the mean± SEM, ��p< 0.01 and ����p< 0.0001 compared with filter group by using Student’s t-test and Two-way
ANOVA (Figure E), ns: not significant.
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senescence modifies the release of many kinds of
cytokines and growth factors in fibroblasts (Wu,
Tang, and Kapoor 2021). Recent studies showed
that an increase in senescence involving epigenetic
regulatory mechanisms and mitochondrial damage
upon PM2.5 exposure (Ryu et al. 2019; Herath et al.
2022). In this study, we determined that PM2.5
exposures aggravated cellular senescence elevated

by increased SA-b-gal activity in vitro in a time and
dose dependent manner. To detect cellular senes-
cence caused by PM2.5 in vivo, we treated mice
with 1 and 5mg/kg bw which simulated the envir-
onmental PM2.5 concentrations under normal and
severely polluted conditions. Similarly, in vivo
experimental results suggested that PM2.5 expo-
sures aggravated cellular senescence in mice in a

Figure 7. PM2.5-stimulated senescence in fibroblasts in a cGAS-dependent manner. HLF cells were exposed to PM2.5 at 100lg/
mL for 3 d. (A) Cellular senescence caused by PM2.5 after knockdown of cGAS with b-X-gal staining. (B) Statistical analysis of the
ratio of senescent cells with knockdown of cGAS. (C) Cellular senescence induced by PM2.5 after inhibition of cGAS enzyme activ-
ity by Ru.521 with b-X-gal staining. (D) Statistical analysis of the ratio of senescent cells with inhibition of cGAS enzyme activity.
(E–G) Relative gene expression of cGAS, ISG15, and IFI44 in PM2.5-exposed cells after knockdown of cGAS. Three independent
experiments were processed. These data are represented as the mean± SEM, �p< 0.05 compared with filter group by using
Student’s t-test. Scale bar is 100lm.
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dose dependent manner as well. Based on the
above results, we confirmed that PM2.5 aggravate
cellular senescence, involving the exposure time
and dosage.

Though PM2.5 was found to aggravate cellular
senescence, the particular mechanisms underlying
were not clear. Aberrant activation of DNA damage
response was demonstrated to result in MN forma-
tion and cell cycle arrest, leading to cellular senes-
cence finally (Zhao et al. 2020). These results
determined that PM2.5 exposures notably led to
DSBs significantly. It was reported that cGAS is a
DNA sensor that can be activated by environmental
stimulates (Sharma et al. 2021). Considering the
abundant DNA damages caused by PM2.5, We
assumed PM2.5 causes cGAS activation and
detected the activation of cGAS upon PM2.5 expo-
sures. Our results suggested that the cGAS and
cGAMP were upregulated and increased, and the
cGAS-STING pathway was triggered following by
upregulation of IFI44 and ISG15 which were tightly
correlated with cellular senescence. Through cGAS
inhibition and suppression of the cGAS enzymic
activity, we determined that PM2.5 exposures
aggravated the senescence of fibroblasts in a cGAS
dependent manner.

Nevertheless, we knew little about the specific
causes of cGAS activation. It was reported that DNA
fragments in MN could be recognized by cGAS
accompanied with the activation of downstream
inflammatory pathways (Mann and Kranzusch 2017).
MN formation was generally thought to result from
DSBs in which HR and NHEJ were important factors
affecting DNA repair efficiency (Terradas, Martin,
and Genesca 2016). We determined that PM2.5
treatment led to a large number of MN formation
in which inhibition of HR repair efficiency by PM2.5
exposure played a vital role. Additionally, DNA dam-
ages were found in about 80% of MNs after PM2.5
exposures. DNA damages on MNs were reported to
exacerbate micronucleus instability and DNA in the
MN could be exposed to cytoplasm (Zhang et al.
2015). This led us to the conjecture that PM2.5
might induce MNs formation and that MNs were a
potential source of immunostimulatory and cyto-
solic DNA to activate cGAS. To examine the localiza-
tion of cGAS, we established GFP-cGAS-expressing
HLF cells and exposed them to PM2.5.
Subsequently, cGAS was observed to gather in the

majority of MNs and the statistical results showed
that about 80% of MNs accumulated cGAS. The
results confirmed that MNs caused by PM2.5 expo-
sures were the crucial source of cGAS.

It was puzzling that although cGAS accumulated
on most MNs, there was no cGAS accumulation on
a tiny minority of MNs following PM2.5 exposures.
Research from a previous study demonstrated that
NE rupture in primary nuclei was associated with
disorganization in the nuclear lamina of cells (Hatch
et al. 2013). According to the previous finding,
those MNs gathered cGAS might have defects in
the nuclear lamina assembly. To detect the integrity
of lamina, we labeled cGAS and lamin A/C in fibro-
blasts exposed to PM2.5, and found that although
cGAS gathered in most MNs with the discontinuous
nuclear rim of lamin A/C, indicating disruption of
MNs, a few MNs with the continuous nuclear rim of
lamin A/C still accumulated cGAS. Further labeling
of lamin B1 showed that almost every MN with dis-
continuous nuclear rim of lamin B1 gathered cGAS.
Co-staining of laminB1 and lamin A/C showed that
MNs with continuous nuclear rim of lamin A/C pre-
sented discontinuous nuclear rim of lamin B1.
Statistical results showed that both lamin B1 (about
90%) and lamin A/C (about 40%) had different
degrees of rupture, and the rate of lamin B1 disor-
ganization was closely related to the rate of cGAS
gathering (about 80%). Consistent with the localiza-
tion of lamina, the protein levels of lamin B1
decreased significantly and lamin A/C did not
downregulate that much. Thus, we demonstrated
that disrupted MNs were a source of cGAS activa-
tion to aggravate cellular senescence and lamin B1
triggered MNs disruption upon PM2.5 exposures.

In this study, we analyzed some metal element
components of PM2.5. The components of particle-
bound chemicals change depending on emission
sources, places, seasons, and climates (Li et al.
2022b). Numerous studies have indicated that the
biological effects of PM are closely associated with
heavy metals (Zhou et al. 2022). It was reported
that Cr, As, and Pb were the major elements that
contributed to the average non-carcinogenic risk,
while Cr, As, and Cd were the elements with the
highest carcinogenic risk (Li et al. 2022a). In add-
ition, study showed that heavy metals significantly
induced cellular senescence with activation of NF-
kappa B pathway and mitochondrial dysfunction
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(Luo et al. 2021). In our investigation, high levels of
heavy metals (such as Mn, Cr, As, and Pb) were
found in the PM2.5 samples, which may be the
major factor of its cytotoxicity in cell senescence
and the combinations of different heavy metals
content deserve further study for the accurate tox-
icity of PM2.5 components.

5. Conclusion

In conclusion, this study confirmed that PM2.5
exposures aggravated lung cellular senescence
depending on the cGAS-STING pathway activation,

which typically involves recognition of disrupted
MNs by cGAS (Figure 8). Different from the previous
studies, PM2.5-induced senescence in our study
involved the recognition of self-DNA and triggered
autoimmune activities through cGAS activation. The
findings provided new insights into understanding
the potential toxicity of PM2.5 and a novel mechan-
ism in PM2.5-induced cellular senescence.

Ethics approval

Ethical approval was given by the Institutional Animal Care
and Use Committee of Hefei Institutes of Physical Science,

Figure 8. The schematic diagram of PM2.5-induced cellular senescence by MN disruption and cGAS-STING pathway activation.
PM2.5 caused DNA DSBs and MNs formation. Following the formation of MNs, the nuclear membrane of some MNs disrupted
under PM2.5 exposure and cGAS localize to the disrupted MNs. Subsequently, cGAS-STING pathway was activated and cellular sen-
escence is induced in PM2.5-exposed fibroblasts.
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