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A B S T R A C T   

Exposure to ambient particulate matters (PMs) has been associated with a variety of lung diseases, and high-fat 
diet (HFD) was reported to exacerbate PM-induced lung dysfunction. However, the underlying mechanisms for 
the combined effects of HFD and PM on lung functions remain poorly unraveled. By performing a comparative 
proteomic analysis, the current study investigated the global changes of histone post-translational modifications 
(PTMs) in rat lung exposed to long-term, real-world PMs. In result, after PM exposure the abundance of four 
individual histone PTMs (1 down-regulated and 3 up-regulated) and six combinatorial PTMs (1 down-regulated 
and 5 up-regulated) were significantly altered in HFD-fed rats while only one individual PTM was changed in rats 
with normal diet (ND) feeding. Histones H3K18ac, H4K8ac and H4K12ac were reported to be associated with 
DNA damage response, and we found that these PTMs were enhanced by PM in HFD-fed rats. Together with the 
elevated DNA damage levels in rat lungs following PM and HFD co-exposure, we demonstrate that PM exposure 
combined with HFD could induce lung injury through altering more histone modifications accompanied by DNA 
damage. Overall, these findings will augment our knowledge of the epigenetic mechanisms for pulmonary 
toxicity caused by ambient PM and HFD exposure.   

1. Introduction 

Air pollution caused by particulate matter (PM) is one of the most 
serious environmental problems worldwide. Extensive epidemiological 
studies have proved that exposure to PM, especially fine PM (PM2.5) is 
associated with a variety of adverse health outcomes, including pul
monary diseases (Zhou et al., 2020). Long-term exposure to ambient 
PM2.5 was found to be associated with the decreases in FVC, FEV1 and 
MMEF, which indicates a poorer lung function (Guo et al., 2019). It was 
shown that PM2.5 exposure is significantly related to the acute exacer
bation of asthma and chronic obstructive pulmonary disease (COPD) in 
humans (Huang et al., 2018; Reid et al., 2019). In addition, the toxico
logical effects of PM2.5 on lung cells have been revealed by many animal 

and cell researches (Huang et al., 2014; Jiang et al., 2021). However, the 
potential molecular mechanisms of PM2.5-induced pulmonary injury 
remain largely unknown. 

At present, the interactions between lifestyle and environmental 
factors actually play an important role in development of lung diseases. 
The adverse impacts of obesity on lung function have been widely 
acknowledged (Dixon and Peters, 2018; Littleton and Tulaimat, 2017), 
and the consumption of a high-fat diet (HFD) may be a risk factor for 
lung diseases by triggering dyslipidemia and obesity in human pop
ulations (Sacks et al., 2017). Epidemiological and experimental studies 
have demonstrated that obesity could aggravate the negative effects of 
airborne PM exposure on lung function. Kim et al. (2017) found that 
abdominal adiposity intensifies the inverse association of ambient air 
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pollution with lung function in Korean men. Overweight and obesity 
was also associated with exacerbated responses to indoor PM exposure 
among individuals with asthma and COPD, suggesting that obese pop
ulation are more susceptible to PM exposure (Lu et al., 2013; McCor
mack et al., 2015). Another study showed that long-term air pollution 
exposure was associated with lung function impairment, and the asso
ciations were stronger among obese and overweight than normal weight 
participants (Xing et al., 2020). Moreover, it was reported that the diesel 
exhaust particles (DEPs)-exposed obese rats had increased airway re
sponses and inflammation compared to the nonobese rats, indicating the 
co-contribution of DEPs and obesity to asthma (Moon et al., 2014). 

Nucleosome, the fundamental unit of chromatin, is composed of an 
octamer of four core histones (H2A, H2B, H3 and H4) wrapped with 147 
base pairs of DNA. Histones are often subject to various post- 
translational modifications (PTMs) at their N-terminal ‘‘tails”, 
including acetylation (ac), methylation (me), phosphorylation (ph), 
ubiquitination (ub), etc. As one of the most important epigenetic codes, 
histone modifications play pivotal roles in gene transcription, cell cycle, 
DNA damage repair, and cell fate determination (Kouzarides, 2007). The 
histone modification changes associated with PM exposure and lung 
injury have been documented, respectively (Li et al., 2017a). In addi
tion, although there were limited reports on the epigenetic modifica
tions (DNA methylation and miRNA) involved in PM-induced lung 
function impairment (Li et al., 2019, 2020), few studies payed attention 
to the role of histone PTMs (Bhargava et al., 2018). In a recent study, Ji 
et al. (2019) found that PM2.5 increased histone H3K27ac on gene 
promoters of Stat2 and Bcar1, which contributed to lung dysfunction and 
inflammation in mice. PM2.5 exposure was also observed to exacerbate 
asthma in mice through enhancing H3K9 and H3K14 acetylation in IL-4 
gene promoter in CD4+ T cells (Zhou et al., 2019). Furthermore, several 
studies showed that cigarette smoke increased phosphorylation of his
tone H3S10 and acetylation of H3K9 and H4K12, while diesel exhaust 
PM induced COX-2 gene expression by regulating histone acetylation 
levels, which could result in lung inflammation, emphysema and tumor 
promotion (Rajendrasozhan et al., 2010; Ibuki et al., 2014; Cao et al., 
2007). However, these work focused on only single or several specific 
histone marks, and the global response of lung histone PTMs to PM 
exposure was seldom figured out. 

To date, most of the toxicological studies of PM usually use intra- 
tracheal instillation (IT) of PM extracts or inhalation of concentrated 
ambient PM as the exposure manners (Ying et al., 2015; Wang et al., 
2017). The studies of exposure to real-world and non-concentrated PM, 
which is closer to real life, are still rarely carried out (Yan et al., 2014; 
Wei et al., 2016). In view of the evidence above, we hypothesized that 
HFD may aggravate real-world PM exposure-induced lung dysfunction 
through altering the pattern of histone PTMs. Therefore, by using a 
liquid chromatography tandem mass spectrometry (nanoLC/MS)-based 
proteomics approach, the current study aimed to compare the 
PM-induced histone PTM changes in lung between ND- and HFD-fed rats 
at a global level. In addition, the biological responses associated with 
histone PTM changes were also investigated. This study will provide 
novel insights into the epigenetic mechanism of lung toxicity induced by 
the combined exposure of PM and HFD, and aid us in better under
standing the coactions of air pollution and lifestyle on respiratory 
health. 

2. Materials and methods 

2.1. Animals and real-world PM exposure 

Forty Sprague-Dawley (SD) male rats (three-weeks old) were pur
chased from SLAC Laboratory Animal (Shanghai, China). All rats were 
maintained on animal chow with free access to pellet and water in 
plastic cages on standard conditions (21–22 ◦C room temperature, 
40–60% relative humidity with a 12 h light/dark cycle) during the study 
period. After one week acclimation rats were randomly divided into four 

groups (n = 10 per group): (1) ND-control group fed with normal diet 
(ND) and treated with filtered air; (2) ND-PM group fed with ND and 
treated with PM; (3) HFD-control group fed with high-fat diet (HFD) and 
treated with filtered air; and (4) HFD-PM group fed with HFD and 
treated with PM. The caloric supply of HFD was 45.7% from lipids, 
37.9% from carbohydrates and 16.5% from protein. PM-treated rats 
were exposed to continuous, non-concentrated, real-world PM through 
an individually ventilated caging (IVC) air-handling system (Tecniplast 
Inc., Exton, PA, USA), while the control rats were exposed to filtered air 
with the addition of a high-efficiency particulate air (HEPA) filter 
positioned in the inlet valve to remove all the PMs. The system was 
located at a laboratory in North China University of Science and Tech
nology in Tangshan, a northern city in China. The exposure was per
formed 24 h/day and 7 days/week for a total of 6 months (from January 
1, 2016 to June 30, 2016). The PM (PM1.0, PM2.5 and PM10) con
centrations in rat cages were monitored by using a portable air quality 
detector. After exposure the rats were euthanized and lung tissues were 
dissected and stored at − 80 ◦C for further analysis. The protocol for 
animal experiments were approved by the Research Ethics Committee of 
Institute of Urban Environment, Chinese Academy of Sciences. 

2.2. Histone extraction and sample preparation for nanoLC-MS analysis 

Lung histones were acid extracted as described previously with slight 
modifications (Tvardovskiy et al., 2015). In brief, 100 mg of lung tissue 
was homogenized in nuclear isolation buffer (NIB) containing 0.3% 
(v/v) NP-40, protease inhibitors and phosphatase inhibitor. The ho
mogenate was then centrifuged at 1000 g for 5 min and the nuclear 
pellet was collected and washed with NIB without NP-40 for 2 times. 
Histones were extracted by incubation of the nuclear in 0.2 M H2SO4 for 
1 h. After centrifugation at 14,000 g for 5 min, the supernatant (histone) 
was collected and purified by size exclusion chromatography (SEC) 
using PD MiniTrap™ columns (GE Healthcare, USA). The histone con
centration was measured by BCA assay. 

Histone was processed for nanoLC-MS analysis as reported previ
ously (Maile et al., 2015). Ten microgram (10 μg) of histone sample was 
buffered to pH 8.5 by addition of 1 M triethylammonium bicarbonate 
and incubated with 1% (v/v) propionic anhydride in acetonitrile for 30 
min at room temperature. The reaction was then quenched with 80 mM 
hydroxylamine (20 min at room temperature). Tryptic digestion was 
performed for overnight with 0.5 μg trypsin (Promega Sequencing 
Grade, USA) at 37 ◦C. After digestion, 1% (v/v) phenyl isocyanate in 
acetonitrile was added to each sample and incubated with shaking for 1 
h at 37 ◦C. The samples were finally diluted with 1% trifluoroacetic acid 
(TFA) and 100 ng of tryptic peptides were loaded for nanoLC-MS 
analysis. 

2.3. NanoLC-MS/MS analysis 

The peptides were analyzed by using a nanoACQUITY UPLC system 
(Waters, Milford, MA, USA) coupled to an Orbitrap Velos Pro mass 
spectrometer (Thermo Fisher, USA). The samples were trapped on a 
Symmetry C18 column (5 µm, 180 µm × 20 mm i.d.) and desalted at 3 
μL/min flow rate for 3 min with 0.1% TFA. The mobile phases were (A) 
0.1% formic acid in water as aqueous phase and (B) 0.1% formic acid in 
acetonitrile as organic phase. The separation was performed on a HSS T3 
column (1.8 µm, 75 µm × 250 mm i.d.) at 0.3 μL/min flow rate with the 
following gradient: 0 min, 2% B; 45 min, 35% B; 70 min, 60% B; 80 min, 
80% B. The column temperature was maintained at 40 ◦C and the in
jection volume was 3 μL. 

Runs were acquired using data independent acquisition (DIA) 
method (Sidoli et al., 2015). A full scan MS spectrum (m/z 300− 1100) 
was acquired in the Orbitrap with a resolution of 120000 (at 200 m/z) 
followed by 16 MS/MS events spanning through the mass range, each 
acquired in the ion trap with an isolation window of 50 m/z. The 
automatic gain control (AGC) target was set to 5 × 105 in the Orbitrap or 
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3 × 104 in the ion trap. Fragmentation was performed using 
collision-induced dissociation (CID) set at 35%. MS/MS was performed 
with an AGC target of 3 × 104 using an injection time limit of 50 ms. 

2.4. Data processing 

The acquired LC-MS raw data were analyzed using EpiProfile 2.0 
software for the identification and quantification of histone modifica
tions (Yuan et al., 2018). The software was run on Matlab platform, and 
the parameters were set as follows: the organism was rat; the source was 
normal histone; and the subtype was set to “N14 light Mods”. To 
quantify the level of a particular histone modification species, the 
relative abundance of a given peptide was calculated by dividing its area 
by the total area of that peptide in all of its modified forms (including 
unmodified form). 

2.5. Western blotting 

Lung histones (10 μg) or total proteins (50 μg) were separated by 
SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) mem
branes. The membranes were blocked with 5% non-fat milk and then 
incubated with primary antibodies of anti-H3, anti-H4, anti-H3K4me2, 
anti-H3K18ac, anti-H3K23me1, anti-H4K8ac, anti-H4K12ac (1:2000 
dilution; Abcam, USA), anti-β-Actin, anti-p53, anti-phosphorylated p53 
(Ser15), anti-Chk1, anti-phosphorylated Chk1 (Ser345) and anti- 
γ-H2AX (1:2000 dilution; Cell Signaling Technology, USA) at 4 ◦C for 
overnight. The membranes were washed with TBST followed by 1 h 
incubation with HRP-conjugated goat anti-mouse IgG or anti-rabbit IgG 
secondary antibody (1:10000 dilution). The blots were developed by 
using an enhanced chemiluminescence (ECL) kit and then visualized on 
Kodak image station 4000MM (Carestream Health, INC). The intensity 
of protein bands was quantified by using Image J software (NIH, USA). 
The levels of modified histones were quantified relative to H3 signal, 
while levels of other target proteins were quantified relative to β-Actin 

level. 

2.6. DNA damage ELISA assay 

DNA damage assay was performed using DNA oxidative damage 
ELISA kit according to the manufacturer’s protocol (Cayman chemical, 
USA). Briefly, DNA was extracted from 10 mg of rat lung tissue, digested 
using nuclease P1 (Sigma), and incubated with alkaline phosphatase at 
37 ◦C for 30 min. Fifty microliter of DNA samples (5 μg) and standards 
were added to the wells of the plate, and 50 μL DNA damage AChE 
Tracer and ELISA antibody were subsequently added to the wells. The 
plate was then covered with plastic film and incubated for 18 h at 4 ◦C. 
The liquids in the wells were removed and 200 μL Ellman’s reagent was 
added. The plate was covered again with film and incubated in the dark 
at room temperature for 120 min with shaking. The plate was then read 
at a wavelength of 412 nm using a microplate reader. The concentration 
of damaged DNA was calculated according to the plotted standard curve. 

2.7. Statistical analysis 

All data were expressed as mean ± SD and subjected to statistical 
analysis by using the SPSS software (Version 19.0). Significant differ
ences between two groups were determined by the t-test with equal 
variance. Two-way analysis of variance (ANOVA) followed by LSD post 
hoc test was used to analyze the main effects of PM exposure, diet, and 
their interaction (PM × diet). Data were graphically presented using the 
plots for two factors (PM × diet), where two parallel lines indicated no 
interactions while nonparallel lines with a p-value <0.05 indicated a 
significant interaction (Jiang et al., 2020). The Pearson correlations 
between histone PTMs, and between histones and DNA damage levels 
were analyzed by using the MetaboAnalyst software (http://www. 
metaboanalyst.ca/). p < 0.05 was considered statistically significant, 
and the false discovery rate (FDR) was applied to correct for multiple 
hypothesis tests. 

3. Results and discussion 

3.1. Effects of real-world PM exposure on rat body weight, lung weight 
and lung coefficient 

In this study, the real-world PM exposure was mainly performed 
from winter to spring (from January to June), 2016. The daily concen
trations of PM1.0, PM2.5 and PM10 in the rat cages were monitored, and 
the concentrations of the former three months are much higher than 
those of the latter three months (Fig. 1). As shown in Table S1, the rats 
were exposed to 26.95 ± 2.67, 41.03 ± 14.81 and 88.22 ± 41.49 μg/m3 

of PM1.0, PM2.5 and PM10 averaged over the entire study period, 

Fig. 1. Daily concentrations of PM1.0, PM2.5 and PM10 monitored over the entire exposure period.  

Table 1 
Effects of PM exposure on body weight, lung weight and lung coefficient in rats.  

Group Body weight 
(BW, g) 

Lung weight 
(LW, g) 

Lung coefficient 
(LW/BW, %) 

Normal 
diet 
(ND) 

Control  704.78 ± 103.22  1.00 ± 0.30  0.14 ± 0.05 
PM 
exposure  

654.90 ± 69.37  1.13 ± 0.29  0.18 ± 0.07 

High-fat 
diet 
(HFD) 

Control  820.68 ± 74.36  0.88 ± 0.09  0.11 ± 0.01 
PM 
exposure  

750.48 ± 66.52*  1.00 ± 0.14*  0.13 ± 0.02** 

Difference between control and PM exposure groups for HFD-fed rats, 
* p < 0.05, 
** p < 0.01. 
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respectively. However, the PM concentrations were below 5 μg/m3 in 
the control groups (data not shown). Since Tangshan is a heavy industry 
city located in northern China, its air pollution is usually the heaviest in 
winter and spring due to heat supply and weather condition. The PM2.5 
and PM10 concentration is much higher than the WHO air quality 
guideline 10 μg/m3 (for PM2.5) and 20 μg/m3 (for PM10), respectively 
(WHO, 2005). 

During the whole exposure period, PM did not cause any rat mor
tality. In addition, for ND groups, the body weight (BW), lung weight 
(LW) and lung coefficient (LC) of rats were not significantly altered after 
PM exposure. While for HFD groups, the BW was significantly lowered 
while LW and LC were both increased (p < 0.05) in PM-exposed rats 
compared with the controls (Table 1), indicating an adverse effect of PM 
and HFD co-exposure on rat growth and lung development. However, no 
significant interactions between PM and HFD on BW (F=0.247, 
p = 0.623), LW (F = 0.067, p = 0.797) and LC (F = 0.087, p = 0.770) 
were found (Fig. S1). These results suggested that real PM exposure 

could cause lung lesion in HFD-fed rats, however, the effects were not 
synergistically induced by PM and HFD. The histopathological changes 
were often observed in PM-induced lung injuries (Li et al., 2017b; Wong 
et al., 2018), and the increased LW and LC may indicate the lung 
swelling in rats. 

3.2. Profiles of histone PTMs in rat lung 

A nanoLC/MS-based proteomics analysis was performed to profile 
the histone PTMs in rat lung of the four groups. By Epiprofile software 
analysis, a total of 93 PTMs exist on histones H1, H2A, H3, H4 and 
noncanonical variants were identified and quantified, with 14 on H1, 34 
on H2A, 36 on H3 and 9 on H4. However, no quantifiable PTMs were 
found on H2B. The detected PTMs were mono-methylation (me1), di- 
methylation (me2), tri-methylation (me3) and acetylation (ac), mainly 
on the N-terminal regions of histone sequence (Table S2). Moreover, it 
has been shown that PTMs can co-occur in combinational patterns on 

Table 2 
Regulated individual and combinatorial histone PTMs in rat lung exposed to real-world PM.  

Histone PTMs Normal diet (ND) High-fat diet (HFD) 

Control (C, %) PM exposure (P, %) Ratio (P/C) p valuea Control (C, %) PM exposure (P, %) Ratio (P/C) p valuea 

H3K4me2  0.65 ± 0.04  0.40 ± 0.07 0.62*  0.030  0.75 ± 0.16  0.70 ± 0.03 0.93  0.732 
H3K18ac  3.76 ± 0.14  4.24 ± 0.25 1.13  0.103  3.58 ± 0.15  4.34 ± 0.38 1.21*  0.049 
H3K23me1  0.52 ± 0.08  0.49 ± 0.09 0.94  0.698  3.44 ± 0.15  0.59 ± 0.06 0.17* *  0.000 
H4K8ac  3.35 ± 0.15  3.70 ± 0.15 1.10  0.103  3.31 ± 0.11  4.20 ± 0.39 1.27*  0.048 
H4K12ac  4.60 ± 0.07  5.06 ± 0.09 1.10  0.020  3.69 ± 0.29  5.13 ± 0.30 1.39*  0.016 
H3K9acK14ac  0.31 ± 0.02  0.29 ± 0.02 0.94  0.503  0.27 ± 0.01  0.33 ± 0.02 1.22*  0.035 
H3K18acK23ac  1.39 ± 0.05  1.42 ± 0.17 1.02  0.778  1.24 ± 0.12  1.74 ± 0.06 1.40* *  0.009 
H3K27me1K36me1  2.66 ± 0.03  2.45 ± 0.27 0.92  0.503  2.48 ± 0.02  3.14 ± 0.17 1.27* *  0.009 
H3K27me3K36me2  4.58 ± 0.18  4.13 ± 0.43 0.9  0.503  5.94 ± 0.31  4.35 ± 0.21 0.73* *  0.009 
H4K5acK16ac  0.35 ± 0.02  0.29 ± 0.05 0.83  0.503  0.10 ± 0.04  0.33 ± 0.03 3.30* *  0.009 
H4K12acK16ac  1.91 ± 0.05  1.93 ± 0.05 1.01  0.778  1.44 ± 0.14  2.05 ± 0.17 1.42*  0.019  

a p value was corrected by FDR, * p < 0.05, * * p < 0.01. 

Fig. 2. Regulated individual histone PTMs in rat lungs following real-world PM exposure. (A, D, G, J, M) The relative abundance of H3K4me2, H3K18ac, H3K23me1, 
H4K8ac and H4K12ac in rat lungs. (B, E, H, K, N) Interaction between PM and HFD on H3K4me2, H3K18ac, H3K23me1, H4K8ac and H4K12ac. (C, F, I, L, O) The 
changes of histone PTMs were verified by Western blotting, and the levels of target histones were quantified relative to H3 or H4. Values were expressed as 
mean ± SD (n = 3), *p < 0.05, ** p < 0.01. NC, ND-control; NPM, ND-PM exposure; HC, HFD-control; HPM, HFD-PM exposure. 
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the same peptide to form specific histone codes, the so called combi
natorial PTMs (Tvardovskiy et al., 2017). In this study, we also detected 
39 combinatorial PTMs with 8 on H2A, 20 on H3 and 11 on H4 
(Table S2). 

3.3. HFD and PM co-exposure altered more histone PTMs in rat lung 

Since H3 and H4 are the two most important core histones, whose 
biological functions were widely studied, their regulations in response to 
PM exposure were mainly investigated in this work. To find out the 
differential histone PTMs in rat lung responsive to PM exposure, the 
relative abundance of both individual and combinatorial PTMs were 
compared between control and PM-exposed groups. To ensure the ac
curacy of PTM quantification, only the PTMs quantifiable in all the 
twelve samples (four groups with three replicates each) and with rela
tive abundance ≥0.1% were selected for further analysis. As a result, 
among the retained 32 individual PTMs (Table S3), only one in ND 
groups while four in HFD groups showed significant expression differ
ences (p < 0.05, ratio ≥1.2 or ≤0.8) in PM-exposed rats compared with 
the controls (Table 2 and Fig. S2). Specifically, only H3K4me2 was 
decreased in ND rats with PM exposure (Fig. 2A), and H3K23me1 were 
down-regulated (Fig. 2G) whereas H3K18ac, H4K8ac and H4K12ac were 
up-regulated by PM exposure in HFD rats (Fig. 2D, J and M). Moreover, 
the factorial analysis showed a significantly synergistic interaction be
tween PM and HFD on H3K23me1 (F = 389.099, p < 0.001) and 
H4K12ac (F = 10.156, p = 0.013) (Fig. 2H and N) but not on H3K4me2 
(F = 2.680, p = 0.140), H3K18ac (F = 0.668, p = 0.437) and H4K8ac 
(F = 2.879, p = 0.128) (Fig. 2B, E and K). These results indicated that 
although H3K23me1 and H4K12ac were not significantly changed by 
PM in ND rats, co-exposure to PM and HFD would synergistically 

regulating these two histone PTMs. To validate the MS results, the levels 
of the five changed individual PTMs were further analyzed by Western 
blotting. In good accordance with the MS results, H3K4me2 was 
decreased by PM in ND rats (Fig. 2C); H3K23me1 was decreased (Fig. 2I) 
while H3K18ac, H4K8ac and H4K12ac were increased in HFD rats with 
PM exposure (Fig. 2F, L and O), thus confirming the regulations of these 
PTMs in rat lung exposed to PM. 

It is known that histones H3K4me2, H3K18ac, H4K8ac and H4K12ac 
are all associated with active transcription (Li et al., 2007). Cao et al. 
(2018) reported that lysine–specific demethylase 2 (LSD2) decreased 
TFPI‑2 expression by the demethylation of H3K4me2, thus contributing 
to the proliferation of small cell lung cancer (SCLC) cells. In contrast, 
KDM1A (also called LSD1) reduced H3K4me2 and repressed the tran
scription of TIMP3, which promoted non-small cell lung cancer (NSCLC) 
cell invasion (Kong et al., 2016). We found here that H3K4me2 was 
decreased in ND rat lung, which may indicate the carcinogenesis risk 
induced by PM exposure. Interestingly, H3K4me2 was not significantly 
changed by PM in HFD rats. Since HFD was prone to increase H3K4me2 
in control rats (Table 2), it is speculated that HFD may have an antag
onistic action against PM on H3K4me2, thereby attenuating the decrease 
of H3K4me2 induced by PM exposure. Additionally, the elevated 
H3K18ac and increased association of H3K18ac around the transcription 
start site of ΔNp63, EGFR and STAT6 were observed in airway epithelial 
cells of asthmatic subjects (Stefanowicz et al., 2015). It was found that 
the up-regulation of H4K8ac and H4K12ac in human bronchial epithe
lial cells (BEAS-2B) account for the epithelial-mesenchymal transition 
(Liang et al., 2018). H4K12ac was also increased in the lung of smokers 
and COPD patients compared with nonsmokers (Sundar and Rahman, 
2016). Therefore, the up-regulation of H3K18ac, H4K8ac and H4K12ac 
suggested that PM exposure may cause respiratory diseases in HFD-fed 

Fig. 3. Regulated combinatorial histone PTMs in rat lungs following real-world PM exposure. (A, C, E, G, I, K) The relative abundance of H3K9acK14ac, 
H3K18acK23ac, H3K27me1K36me1, H3K27me3K36me2, H4K5acK16ac and H4K12acK16ac in rat lungs. (B, D, F, H, J, L) Interaction between PM and HFD on 
H3K9acK14ac, H3K18acK23ac, H3K27me1K36me1, H3K27me3K36me2, H4K5acK16ac and H4K12acK16ac. Values were expressed as mean ± SD (n = 3), 
*p < 0.05, ** p < 0.01. 
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rats. In support of our findings, previous studies have pointed out that 
PM exposure altered various histone PTMs, which then resulted in lung 
dysfunction and tumor promotion (Ji et al., 2019; Zhou et al., 2019; 
Ibuki et al., 2014). Intriguingly, we also found a noncanonical histone 
PTM, H3K23me1 was remarkably depleted (5.89-folds) by PM in HFD 
group (Fig. 2G). Up to now, the biological functions associated with 
H3K23me1 are largely unclear, although it is known that H3K23me2 is 
related to transcriptional repression and H3K23me3 blocks DNA dam
age (Vandamme et al., 2015; Papazyan et al., 2014). In view of the 
significant interactions between PM and HFD, it is proposed that PM and 
HFD co-exposure synergistically altered H3K23me1 and H4K12ac, 
which may lead to lung dysfunction. However, the relationship between 
reduced H3K23me1 and lung toxicity still needs further studies. 

Based on the screening criteria for differential individual PTMs, it 
was observed that among the 26 quantified combinatorial PTMs 

(Table S4), six in the HFD groups differentially expressed in rat lung 
after PM exposure while no significant changes were found for all the 
PTMs in ND groups (Table 2 and Fig. S3). The abundance of five PTMs 
H3K9acK14ac, H3K18acK23ac, H3K27me1K36me1, H4K5acK16ac and 
H4K12acK16ac were significantly elevated (Fig. 3A, C, E, I and K) while 
only H3K27me3K36me2 was lowered (Fig. 3G) by the combined expo
sure of PM and HFD. In addition, there was a significant interaction 
between PM and HFD on all the six combinatorial PTMs (p < 0.05) 
(Fig. 3B, D, F, H, J and L). Among them, PM and HFD have a synergistic 
interaction on H3K18acK23ac (F = 8.716, p = 0.018), 
H3K27me3K36me2 (F = 7.342, p = 0.027) and H4K12acK16ac 
(F = 13.049, p = 0.007) (Fig. 3D, H and L), suggesting that PM and HFD 
may affect lung function by co-regulating these histone PTMs. 

The coexisting histone PTMs can affect the relative abundance of 
each other by attracting or repelling different histone modifying 

Fig. 4. Heat map of Pearson correlations between individual histone PTMs. Pairs with significant correlation (p < 0.05) are outlined by black boxes.  
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enzymes, generating a PTM crosstalk, which is emerging as an important 
regulatory mechanism for modulating chromatin states and transcrip
tional activity (Lee et al., 2010). It has been documented that H3K9ac, 
H3K14ac, H3K18ac, H3K23ac, H4K5ac, H4K12ac, H4K16ac and 
H3K36me1/2 are all associated with active gene expression while 
H3K27me1/3 is related to repressive gene expression. In addition, 
among the individual PTMs (Table S3), we observed significant positive 
correlations between H3K18ac and H3K23ac (r = 0.82), between 
H4K5ac and H4K16ac (r = 0.61) and between H4K12ac and H4K16ac 
(r = 0.76), however, H3K27me1 and H3K36me1 were negatively asso
ciated (r = − 0.84) (Fig. 4 and Table S5), suggesting that H3K18ac and 
H3K23ac, H4K5ac and H4K16ac, and H4K12ac and H4K16ac exhibit a 
positive crosstalk while H3K27me1 and H3K36me1 have a negative 
crosstalk, and each two PTMs would have synergic effects when they 
coexisted (Tvardovskiy et al., 2017). H3K36 methylation was found to 
antagonize PRC2-mediated methylation of H3K27 (Yuan et al., 2011). 
Therefore, we propose that the combinatorial PTMs H3K27me1K36me1, 
H3K18acK23ac, H4K5acK16ac and H4K12acK16ac are all associated 
with active gene transcription, and the synergistically elevated 
H3K18acK23ac and H4K12acK16ac might contribute to lung toxicity in 
rats with combined exposure of PM and HFD. However, the interactions 
(not synergistic) on H3K27me1K36me1 and H4K5acK16ac need further 
elucidation. Consistent with our results, the up-regulations of H3K18ac, 
H3K23ac, H4K5ac, H4K12ac and H4K16ac were reported to promote 
the development of lung diseases (Stefanowicz et al., 2015; Hu et al., 
2020; Liang et al., 2018; Chun et al., 2015). Taken together, based on the 
above results we found that PM exposure only altered one individual 
histone PTM in lung for ND rats while changed four individual and six 
combinatorial PTMs for HFD rats (Table 2). Moreover, the alterations of 
these PTMs are all associated with lung dysfunction, we thus suggest 
that together with HFD, PM may induce lung injury by modulating more 

histone modifications in rats. 

3.4. Combined exposure of PM and HFD caused lung toxicity by inducing 
DNA damage 

There are numerous studies suggest that histone modifications play 
vital roles in several chromatin-based processes, including DNA damage 
response. It has been demonstrated that H3K18ac, H4K8ac and H4K12ac 
are associated with DNA damage repair (Peterson and Laniel, 2004). 
Vazquez et al. (2016) reported that SIRT7 promotes DNA damage repair 
by H3K18 deacetylation at double-strand break (DSB) sites while DNA 
damaging agents increase H3K18ac level (Zhang et al., 2016). Besides, 
H4K8ac and H4K12ac are also recruited to DSBs for repair process when 
DNA damage occurred (Dhar et al., 2017). Interestingly, we observed 
the increase of H3K18ac, H4K8ac and H4K12ac in HFD-fed rats 
following PM exposure (Fig. 2), which may indicate the DNA damage in 
lungs. Moreover, many experimental data have revealed that PM2.5 
exposure can induce DNA damage in lung cells (Wu et al., 2017; Yang 
et al., 2015; Li et al., 2017c). Therefore, we further investigated the DNA 
damage response of rat lung under PM stress. DNA damage triggers DNA 
repair process and results in accumulation of phosphorylated p53 
(p-p53) and phosphorylated Chk1 (p-Chk1) to participate in DNA repair, 
and γ-H2AX is also a marker of DNA damage (Delia and Mizutani, 2017). 
As can be seen in Fig. 5A, the total p53, p-p53, total Chk1, p-Chk1 and 
γ-H2AX were all found to be significantly up-regulated in lung of 
HFD-fed rats with PM exposure, however, this was not observed in 
ND-fed rats (Fig. S4). In addition, the level of damaged DNA was found 
to be significantly elevated in HFD rats with PM exposure but not in ND 
rats (Fig. 5B), and the result also showed a synergistic interaction be
tween PM and HFD on DNA damage (F = 11.125, p = 0.003) (Fig. 5C). 
These results suggested that DNA damage occurred in rat lung following 

Fig. 5. Co-exposure of PM and HFD induced DNA damage in rat lung. (A) Western blot analysis of p53, p-p53, Chk1, p-Chk1 and γ-H2AX in lung of HFD-fed rats. The 
relative intensity of the target protein was normalized to β-Actin level. Values were expressed as mean ± SD (n = 3), *p < 0.05, **p < 0.01. (B) DNA damage levels in 
rat lungs. Values were expressed as mean ± SD (n = 6), **p < 0.01. (C) Interaction between PM and HFD on DNA damage level. (D) Heat map of Pearson correlations 
between DNA damage and histone PTMs. *p < 0.05, **p < 0.01. 
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co-exposure of PM and HFD. Furthermore, it was shown that DNA 
damage level was positively correlated with H3K18ac (r = 0.62), 
H4K8ac (r = 0.65) and H4K12ac (r = 0.86) in HFD rats, respectively 
(Fig. 5D and Table S6), which confirmed the associations between DNA 
damage and these histone PTMs. Since H4K12ac was co-regulated by PM 
and HFD, it is proposed that PM exposure combined with HFD would 
cause lung injury by inducing DNA damage, which was especially 
involved in the enhanced H4K12ac. 

4. Conclusion 

In summary, by using a LC/MS-based proteomics approach, the 
present study comprehensively characterized the histone PTMs of rat 
lung for the first time. A set of individual and combinatorial PTMs were 
significantly altered in response to long-term, real-world PM exposure, 
which may contribute to lung dysfunction in rats. It was found that PM 
induced much more PTM changes in HFD than in ND rats, and co- 
exposure of HFD and PM may cause lung injury through synergisti
cally regulating specific histone PTMs (H3K23me1, H4K12ac, 
H3K18acK23ac and H4K12acK16ac), accompanied by the activation of 
DNA damage response (Fig. 6). These findings could shed new light on 
the molecular mechanism of PM and HFD interaction-induced lung 
toxicity from an epigenetic aspect. Of note, since the real-world PM 
contains various PMs with different sizes and the exposure is thus a 
mixed one, it is difficult to determine the contribution of a specific PM to 
the lung histone modification changes. Moreover, further attentions 
should be payed to the functional characterization of combinatorial 
histone PTMs. 
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