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Prenatal and postnatal traffic pollution 
exposure, DNA methylation in Shank3 
and MeCP2 promoter regions, H3K4me3 
and H3K27me3 and sociability in rats’ offspring
Qinfeng Zhou1†, Yu Tian1†, Chenlu Xu1, Juling Wang1 and Yongtang Jin1,2*  

Abstract 

Background: Road traffic air pollution is linked with an increased risk of autistic spectrum disorder (ASD). The aim of 
this study is to assess the effect of exposure to prenatal or postnatal traffic-related air pollution combining concomi-
tant noise pollution on ASD-related epigenetic and behavioral alternations on offspring.

Methods: A 2 × 2 factorial analysis experiment was designed. Wistar rats were exposed at different sites (L group: 
green space; H group: crossroads) and timings (E group: full gestation; P group: 21 days after birth) at the same time, 
and air pollutants of nitrogen dioxide  (NO2) and fine particles  (PM2.5) were meanwhile sampled. On postnatal day 
25, brains from offspring of each group were extracted to determine the levels of DNA methylation in Shank3 (three 
parts: Shank3_01, Shank3_02, Shank3_03) and MeCP2 (two parts: MeCP2_01, MeCP2_02) promoter regions, H3K4me3 
and H3K27me3 after three-chamber social test. Meanwhile, the Shank3 and MeCP2 levels were quantified.

Results: The concentrations of  PM2.5 (L: 58.33 µg/m3; H: 88.33 µg/m3, P < 0.05) and  NO2 (L: 52.76 µg/m3; H: 146.03 µg/
m3, P < 0.01) as well as the intensity of noise pollution (L: 44.4 dB (A); H: 70.1 dB (A), P < 0.001) differed significantly 
from 18:00 to 19:00 between experimental sites. Traffic pollution exposure (P = 0.006) and neonatal exposure 
(P = 0.001) led to lower weight of male pups on PND25. Male rats under early-life exposure had increased levels 
of Shank3 (Shank3_02: timing P < 0.001; site P < 0.05, Shank3_03: timing P < 0.001) and MeCP2 (MeCP2_01: timing 
P < 0.001, MeCP2_02: timing P < 0.001) methylation and H3K4me3 (EL: 11.94 µg/mg; EH: 11.98; PL: 17.14; PH: 14.78, 
timing P < 0.05), and reduced levels of H3K27me3 (EL: 71.07 µg/mg; EH: 44.76; PL: 29.15; PH: 28.67, timing P < 0.001; 
site P < 0.05) in brain compared to those under prenatal exposure. There was, for female pups, a same pattern of 
Shank3 (Shank3_02: timing P < 0.001; site P < 0.05, Shank3_03: timing P < 0.001) and MeCP2 (MeCP2_01: timing P < 0.05, 
MeCP2_02: timing P < 0.001) methylation and H3K4me3 (EL: 11.27 µg/mg; EH: 11.55; PL: 16.11; PH: 15.44, timing 
P < 0.001), but the levels of H3K27me3 exhibited an inverse trend concerning exposure timing. Hypermethylation 
at the MeCP2 and Shank3 promoter was correlated with the less content of MeCP2 (female: EL: 32.23 ng/mg; EH: 
29.58; PL: 25.01; PH: 23.03, timing P < 0.001; site P < 0.05; male: EL: 31.05 ng/mg; EH: 32.75; PL: 23.40; PH: 25.91, timing 
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Introduction
Autistic spectrum disorder (ASD) is a neurodevelop-
mental disturbance characterized by common deficits in 
social interaction, the ability to communicate and repeti-
tive patterns of behavior [1]. There is a non-consensus 
over the ASD onset [2]. Although genetic alterations are 
frequently observed, the cause in most ASDs remains 
elusive, and only approximately 25% of clinical ASD diag-
noses can be accounted for by genetic sequencing analy-
ses [3]. Estimated 40–50% of variance in ASD liability can 
be attributed to environmental factors, such as air pollu-
tion, parental age and nutrition [4].

Traffic pollution, which is an important source of ambi-
ent air and noise pollution, is implicated in ASD [5]. Pre-
dominant epidemiologic studies focus on prenatal air 
pollution exposure contributing to an increased risk of 
ASD, particularly of the first and third trimester [6–8], 
while early-life exposure seems to be associated with 
it [9]. Moreover, mice that were exposed from embry-
onic day 0 to postnatal day 21 to diesel exhaust exhib-
ited autism-like behavioral changes [10]. A comparison 
drawn between maternal exposure and neonatal one has 
yet to be investigated in animals.

The developing central nervous system in prenatal 
and early postnatal phases is particularly vulnerable to 
environmental insults that can lead to epigenetic pertur-
bations [11]. DNA methylation and histone posttransla-
tional modifications (HPTMs) as epigenetic biomarkers 
regulate gene expression and ultimately cellular function 
in the central nervous system (CNS). Also, disturbance 
of these epigenetic mechanisms can translate early exter-
nal insults into long-lasting brain damage [12]. Moreo-
ver, animal studies to determine epigenetic alterations 
are needed due to difficult access to postmortem brains 
of ASD cases, postmortem influences on DNA methyla-
tion and the discordance between peripheral tissues like 
blood and brain.

SH3 and multiple ankyrin repeat domains 3 (Shank3) 
are postsynaptic scaffolding protein that interacts with 
various synaptic molecules. It functions in targeting, 
anchoring and regulating postsynaptic neurotransmit-
ter receptors and signaling molecules [13, 14]. Deficits 
in synaptic maturation, connectivity or stabilization 

represent a core neuropathological mechanism, which 
is likely to underlie the etiology of ASD [15]. Previous 
studies have consistently demonstrated that the loss of 
Shank3 in mice resulted in hallmarks of ASD, including 
repetitive behavior and social interaction deficits [16].

Methyl-CpG-binding protein 2 (MeCP2) can interact 
with DNA and specifically bind to 5mC and 5hmC and 
then regulate the expression of genes in a gene-length-
associated manner [17]. MeCP2 plays an important role 
in neuronal differentiation, synaptogenesis and chroma-
tin structure establishment and maintenance [18], and 
its mutations cause Rett syndrome (RTT) showing ASD-
like behaviors [19, 20]. A significant increase in MeCP2 
promoter methylation in frontal cortex and a correlated 
reduction in MeCP2 protein expression were observed in 
ASD patients [21].

Tri-methylation of lysine 27 on histone H3 
(H3K27me3) has long been linked to transcriptional 
repression, whereas tri-methylation of lysine 4 on histone 
H3 (H3K4me3) has an opposite effect that activates gene 
expression [22, 23]. Aberrant regulation of the histone 
methylation can influence the expression of developmen-
tal genes and then contribute to the pathogenesis of vari-
ous CNS disorders [24].

Based on that, we hypothesize that a certain window 
of traffic pollution exposure can lead to deviations of 
the methylation and protein expression of MeCP2 and 
Shank3, H3K4me3 and H3K27me3, which ultimately 
impairs normal social interaction. Accordingly, we 
designed a 2 × 2 factorial and real-world experiment that 
rats were , respectively, exposed to two sites (green space 
vs. crossroads) and different timings (entire gestation vs. 
three weeks after birth) to investigate the impact of dis-
crete traffic-related air pollution combining simultaneous 
noise pollution on ASD-related epigenetic and behavioral 
alternations.

Methods
Animals and experimental process
Thirty-six pairs of Wistar rats (specific pathogen-free, 
SPF) aged eight weeks old were adopted from the 
Laboratory Animal Center, Zhejiang University and 
then were housed in a room providing a 12-h light/

P < 0.001) and Shank3 (female: EL: 5.10 ng/mg; EH: 5.31; PL: 4.63; PH: 4.82, timing P < 0.001; male: EL: 5.40 ng/mg; EH: 
5.48; PL: 4.82; PH: 4.87, timing P < 0.001). Rats with traffic pollution exposure showed aberrant sociability preference 
and social novelty, while those without it behaved normally.

Conclusions: Our findings suggest early life under environmental risks is a crucial window for epigenetic perturba-
tions and then abnormalities in protein expression, and traffic pollution impairs behaviors either during pregnancy or 
after birth.

Keywords: Traffic pollution exposure, DNA methylation, MeCP2, Shank3, H3K4me3, H3K27me3, Sociability
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dark cycle and HEPA-filtered air via an air circulation 
system. All rats were, respectively, placed into acrylic 
cages with free access to food and water and acclimated 
to the environment for one week prior to co-housing. 
Monogamously pregnant dams (E group) in half were 
exposed from embryonic day 0 (E0) to embryonic day 
20 (E20) at a green space (L group) that is adjacent to a 
lake and in a wood, or a junction (H group) which con-
necting both four-lane roads is more than 3500 vehi-
cles per hour at peak traffic intensity, while the others 
with litters (P group) experienced the same exposure 
from postnatal day (PND) 1 to postnatal day 21. Thus, 
there were four groups with 9 pairs each group, respec-
tively, named EL, EH, PL and PH, and the procedures 
are diagramed in Fig.  1. Exposure lasted for 12  h per 
day (07:30–19:30), which was identical with the light 

condition in the room. Offspring were culled to 5 or 
6 per cage, particularly ones with weakness and low 
birth weight. From all pups after the experiment, ten 
healthy and randomly chosen offspring of both sexes of 
each group experienced a three-day acclimation in the 
Laboratory Animal Center, Zhejiang University, after 
termination of exposure and weaning (PND21). On 
PND25, all the offspring were performed under three-
chamber social test and instantly measured weight and 
then killed. Extracted brains were snap-frozen in liquid 
nitrogen immediately and stored at −  80 ℃. All pro-
cedures involving animals were approved by the Insti-
tutional Animal Care and Use Committee of Zhejiang 
University and completely finished between October 
and November 2018.

Fig. 1 Exposure sites and study design. A Map of exposure places. L: green space; H: intersection B Experimental design. E: exposure from 
embryonic day 0 (E0) to embryonic day 20 (E20); P: exposure from postnatal day (PND) 1 to postnatal day 21
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Traffic‑related air pollution and noise measurement
Particulate matter with aerodynamic diameter < 2.5  µm 
 (PM2.5) was collected using a medium volume filter sam-
pler at the speeds of 100 L per minute (Hengda, Hang-
zhou, China). In the meanwhile, nitrogen dioxide  (NO2) 
was sampled (Sirui, Jiangsu, China). Traffic noise was 
recorded by a hand-held sound meter (Aihua, Hang-
zhou, China). All data were harvested during rush hour 
(18:00–19:00).

DNA and histone extraction
DNA of the frontal cortex separated from the left brain 
was isolated with Rapid Animal Genomic DNA Isola-
tion Kit (Sangon Biotech, Shanghai, China). Histone was 
extracted from the right brain by EpiQuik™ Total Histone 
Extraction Kit (Epigentek, NY, USA), with quantification 
using the BCA Protein Assay Kit (Beyotime, Shanghai, 
China). All procedures were in accordance with the man-
ufacturer’s instructions.

DNA and histone methylation analyses and protein 
expression
CpG islands in close proximity to promoter regions of 
MeCP2 and Shank3 follow inclusion criteria: (1) regions 
within a window of 2000/ + 1000 bp relative to the puta-
tive TSS locations; (2) observed/expected dinucleotide 
ratio ≥ 0.6; (3) length > 200  bp; (4) guanine–cytosine 
content ≥50% [25]. Therefore, there are 5 regions of tar-
get CpG islands (MeCP2_01, MeCP2_02, Shank3_03, 
Shank3_04, Shank3_05) and corresponding 12, 26, 14, 20 
and 26 CpG sites. (Details are listed in Table 1 and Addi-
tional file 1: Table S1.)

Quantitative DNA methylation levels by using Methyl-
Target™ (Genesky Biotech, Shanghai, China) were calcu-
lated, which has been widely published [26, 27]. EZ DNA 
Methylation-Gold Kit (Zymo, CA, USA) was utilized to 
convert all unmethylated cytosine to uracil. The samples 
were then sequenced on an Illumina HiSeq Sequencer 
(CA, USA) following polymerase chain reactions (PCRs) 
to amplify the target DNA sequences. The mean methyla-
tion levels were computed by software Biq-analyzer.

EpiQuik™ Global Tri-Methyl Histone H3-K4/H3-K27 
Quantification Kit (Epigentek, NY, USA) was employed 
based on colorimetric assay to determine the amount of 
H3K4me3 and H3K27me3. Rat MeCP2/Shank3 ELISA 
kit (ELASA LAB, Wuhan, China; Bioswamp, Wuhan, 
China, respectively) was used to quantify the content of 
MeCP2 and Shank3.

Three‑chamber social test
The apparatus (626 cm long × 410 cm wide × 200 cm tall) 
consists of an empty middle chamber and two end com-
partments divided by a partition where a door (195  cm 
long × 100 cm wide) allows rats free access to each part. 
All chambers were thoroughly cleaned with 75% ethanol 
after each test.

In the first adaptation phase, the test rat was placed 
in the middle chamber with two doors open and then 
freely explored the apparatus for 5  min. Following was 
the sociability phase. A strange rat (sex, strain and age-
matched) was randomly placed into a mesh cylinder in an 
end chamber, while a same cylinder without rat was put in 
the opposite end chamber. The test rat was then allowed 
to explore chambers for 10 min. The total amount of time 
spent in interaction with the novel rat and the empty cage 
was recorded (Stoelting, Illinois, USA). Finally, in the 
social novelty phase, another unfamiliar rat (sex, strain 
and age-matched) was placed into the previously empty 
cage, and other conditions remained. Duration of inter-
acting the new rat or the previous one was analyzed.

Statistical analyses
All data were tested for normality using the Kolmogo-
rov–Smirnov test. To investigate the influences of expo-
sure timing and traffic pollution exposure, as well as 
the interaction between them on rats’ weight, the lev-
els of MeCP2 and Shank3 methylation and their protein 
expression, H3K4me3 and H3K27me3, analysis of vari-
ance (ANOVA) with a 2 (E or P) × 2 (L or H) factorial 
design were performed. Simple effect analysis was fur-
ther conducted if there was an interaction to determine 
differences at a certain level, but otherwise a non-interac-
tion model was used to calculate the main effect of every 

Table 1 Details of the CpG regions in the CpG islands of MeCP2 and Shank3 

Chr: chromosome; TSS: transcription start site; Start/End: start/end position on the reference genome; Target strand: the product orientation; Distance 2TSS: the 
distance from the product to the TSS

Target Chr TSS Start End Length Target strand Distance 2TSS

MeCP2_01 X 156650388 156650143 156649855 289 – − 245

MeCP2_02 X 156650388 156650143 156649855 267 – 539

Shank3_01 7 130474287 130473474 130473279 196 – − 813

Shank3_02 7 130474287 130473474 130473279 199 – 697

Shank3_03 7 130474287 130473474 130473279 252 – 557
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variable. Comparisons between traffic pollutants at dif-
ferent places or the times obtained from the behavioral 
experiment were drawn by Student’s t-test or nonpara-
metric Mann–Whitney test. These analyses mentioned 
above were processed on SPSS software (SPSS20.0). The 
figures showing the percent of MeCP2 and Shank3 meth-
ylation were achieved on R (version 3.1.2).

Data in normal distribution were presented as 
mean ± standard deviation (SD) and otherwise as median 
with 25th and 75th percentile. The threshold of signifi-
cance was 0.05 during testing.

Results
Traffic‑related air and noise pollution
Table  2 shows the levels of  PM2.5,  NO2 and noise from 
18:00 to 19:00 at two exposure sites, a green space and 
a crossroads. Between them, there were significant dif-
ferences in each pollutant, with lower concentration of 
 PM2.5 (P < 0.05) and  NO2 (P < 0.01) and reduced intensity 
of noise (P < 0.001) at the green space.

Developmental conditions
No interaction (Fig.  2) was found between exposure site 
and exposure timing in male offspring’s weight (tim-
ing × site P > 0.05), and then, main effect analysis excluding 

the interaction showed H/P rats were lighter than corre-
sponding L/E ones (timing P = 0.001, site P = 0.006).

There was a, however, significant interaction (Fig.  2) 
between them over female offspring’s weight (tim-
ing × site P = 0.003). By single effect analysis, the rats 
under the exposure from PND1 to PND21 were more 
prone to low weight compared with those under the 
exposure from E0 to E20 (12.06 g (6.57, 17.56) P < 0.001) 
at L, and the rats experiencing gestational exposure at L 
outweighed those at H (7.73 g (2.24, 13.23) P = 0.007).

Epigenetic alterations in MeCP2, Shank3, H3K4me3 
and H3K27me3
There was no marked interaction found in each of pro-
moter part of MeCP2 and Shank3 seen in Table 3. Expo-
sure time, ruling out Shank3_01, significantly impacted 
the ratios of methylation of the two genes in promoter 
region, with an increase in both gender when the expo-
sure happened in early life compared with one dur-
ing pregnancy. Moreover, traffic pollution showed a 
close association with the DNA methylation levels of 
Shank3_02 (P < 0.05 in both sexes). The values of every 
CpG site are pictured in Fig. 3, while the results of statis-
tical analyses are presented in Additional file 1: Table S2.1 
and S2.2.

Table 2 Distribution of traffic pollutants’ concentrations (µg/m3) and noise exposure levels (LAeq, dB (A)) from 18:00 to 19:00

Nonparametric Mann–Whitney test performed in  PM2.5; Student’s t-test conducted in  NO2 and noise. L: green space; H: crossroads. *P < 0.05, **P < 0.01, ***P < 0.001

Site Mean SD Min 25% 50% 75% Max

PM2.5* L 71.67 38.47 46.67 50.00 58.33 73.33 156.67

H 101.67 53.37 68.33 71.67 88.33 96.67 220.00

NO2** L 52.76 22.46 33.60 34.09 42.56 67.68 94.64

H 146.03 56.65 92.49 99.53 119.29 203.33 241.04

Noise*** L 44.4 2.0 42.5 42.8 44.0 46.9 47.4

H 70.1 1.0 68.9 69.1 70.0 71.0 71.7

Fig. 2 Mean offspring weight (n = 10 per group, gram). A Female offspring weight and B Male offspring weight. L: green space H: crossroads. E: 
exposure from E0 to E20; P: exposure from PND1 to PND21
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Table 3 Average methylation ratios (%) in Shank3 and MeCP2 promoter regions (n = 10 per group)

F: female; M: male. L: green space; H: crossroads. E: exposure from embryonic day 0 (E0) to embryonic day 20 (E20); P: exposure from postnatal day (PND) 1 to postnatal 
day 21. *P < 0.05, **P < 0.01, ***P < 0.001

Gender EL EH PL PH Timing P value Site P value Timing × site 
P value

MeCP2_01 F 31.3 ± 2.0 31.6 ± 1.3 32.3 ± 1.1 32.6 ± 1.2 0.040 (0.037)* 0.481 (0.475) 0.942

MeCP2_01 M 0.88 ± 0.17 0.84 ± 0.12 1.21 ± 0.33 1.14 ± 0.25  < 0.001 (< 0.001)*** 0.447 (0.441) 0.786

MeCP2_02 F 34.2 ± 1.4 34.3 ± 1.7 36.7 ± 1.7 36.4 ± 1.9  < 0.001 (< 0.001)*** 0.903 (0.902) 0.662

MeCP2_02 M 0.99 ± 0.22 0.97 ± 0.20 1.54 ± 0.38 1.41 ± 0.44  < 0.001 (< 0.001)*** 0.456 (0.451) 0.626

Shank3_01 F 1.60 ± 0.29 1.74 ± 0.17 1.81 ± 0.19 1.71 ± 0.17 0.199 (0.214) 0.730 (0.739) 0.065

Shank3_01 M 1.66 ± 0.23 1.67 ± 0.17 1.81 ± 0.02 1.76 ± 0.31 0.117 (0.113) 0.791 (0.788) 0.705

Shank3_02 F 0.93 ± 0.05 0.97 ± 0.06 1.08 ± 0.04 1.14 ± 0.08  < 0.001 (< 0.001)*** 0.013 (0.013)* 0.473

Shank3_02 M 0.93 ± 0.05 0.99 ± 0.09 1.06 ± 0.08 1.09 ± 0.06  < 0.001 (< 0.001)*** 0.041 (0.039)* 0.536

Shank3_03 F 1.66 ± 0.13 1.65 ± 0.09 2.48 ± 0.20 2.53 ± 0.20  < 0.001 (< 0.001)*** 0.685 (0.682) 0.612

Shank3_03 M 1.67 ± 0.11 1.70 ± 0.18 2.43 ± 0.26 2.46 ± 0.06  < 0.001 (< 0.001)*** 0.548 (0.543) 0.984

Fig. 3 Methylation ratios of each CpG site in Shank3 and MeCP2 promoter regions. The methylation ratios of each CpG site were obtained by all 
read targets divided by the number of gene segments containing methylation
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Interaction between timing and site was detected 
regarding the levels of H3K4me3 (timing × site P = 0.045) 
and H3K27me3 (timing × site P = 0.016) in male pups. 
The content of H3K27me3 (Fig. 4B) of the EL group was 
markedly decreased compared with that of the group 
of EH or PL (EL: 71.07  µg/mg; EH: 44.76  µg/mg; PL: 
29.15 µg/mg, P = 0.001, P < 0.001, respectively), and there 
was a robust decline concerning the levels H3K27me3 
between the group of EH and PH (EH: 44.76  µg/mg; 
PH: 28.67  µg/mg, P < 0.001). In directly contrast to the 
pattern of H3K27me3, the male content of H3K4me3 
(Fig. 4D) was distinctly different between the group of EL 
and PL, EH and PH, as well as PL and PH (EL: 11.94 µg/
mg; EH: 11.98 µg/mg; PL: 17.14 µg/mg; PH: 14.78 µg/mg, 
P < 0.001, P = 0.002, P = 0.008, respectively). In female 
offspring, the amount of H3K4me3 (Fig. 4C) of rats under 
postnatal exposure was, without interaction between 
them, higher than those under prenatal exposure (tim-
ing P < 0.001). Intriguingly, the content of H3K27me3 
(Fig. 4A) showed an opposite trend in females that there 
was an increase for the PL group compared with the EL 

group (EL: 76.16  µg/mg; PL: 106.61  µg/mg, P < 0.001), 
while a significant drop for the PH group compared 
with the EH group (EH: 45.30 µg/mg; PH: 27.71 µg/mg, 
P = 0.008).

The content of MeCP2 and Shank3
A significant increase in MeCP2 and Shank3 promoter 
methylation in frontal cortex was correlated with a 
reduction in MeCP2 and Shank3 levels (Fig.  5). With 
no interaction detected between exposure site and tim-
ing, female offspring under early-life exposure contain 
less MeCP2 (Fig.  5A, EL: 32.23  ng/mg; EH: 29.58  ng/
mg; PL: 25.01 ng/mg; PH: 23.03 ng/mg, timing P < 0.001; 
site P = 0.034) and Shank3 (Fig. 5C, EL: 5.10 ng/mg; EH: 
5.31  ng/mg; PL: 4.63  ng/mg; PH: 4.82  ng/mg, timing 
P < 0.001; site P > 0.05) compared to those under mater-
nal one, whose trend of the protein expression of MeCP2 
(Fig. 5B, EL: 31.05 ng/mg; EH: 32.75 ng/mg; PL: 23.40 ng/
mg; PH: 25.91  ng/mg, timing P < 0.001; site P > 0.05) 
and Shank3 (Fig.  5D, EL: 5.40  ng/mg; EH: 5.48  ng/mg; 

Fig. 4 Mean methylation of H3K4me3 and H3K27me3 (n = 10 per group). A The methylation of H3K27me3 in female rats. B The methylation of 
H3K4me3 in male rats. C The methylation of H3K27me3 in female rats. D The methylation of H3K4me3 in male rats. L: green space H: crossroads. E: 
exposure from E0 to E20; P: exposure from PND1 to PND21
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PL: 4.82  ng/mg; PH: 4.87  ng/mg, timing P < 0.001; site 
P > 0.05) is the same in males.

Social behavior: three‑chamber social test
In the sociability phase (Fig.  6A, C), the females and 
males exposed to traffic pollution displayed a palpable 
preference for contacting a novel one (N1) rather than 
an empty cylinder. The time that the groups under traf-
fic pollutants exposure spent in two end compartments 
exhibited no significant differences except for the female 
group of PH. In the social novelty phase (Fig. 6B, D), test 
rats were supposed to prefer to interact with the new-
comer (N2), which was observed in the rats at L, though 
not at H.

Discussion
In the present study, the rats exposed at a crossroad or a 
green space for either full gestation or three weeks after 
birth showed significant differences in development, the 

levels of methylation and corresponding protein expres-
sion, and behavior.

In addition to traffic-related air pollution, noise as a 
both physical and psychological stress is also taken into 
account in the study [28]. Different kinds of maternal 
and early-life stress can regulate epigenetics, in particu-
lar DNA methylation, which may regulate gene expres-
sion and in turn affect stress-related hormones, such as 
cortisol and placental corticotropin-releasing hormone 
(CRH) and therefore may influence the newborn’s cogni-
tive development [29, 30]. In mice, chronic traffic noise 
stress causes DNA methylation changes in hippocampus 
and inferior colliculus [31], and a reduction in brain vol-
ume, cortical thickness and hippocampal volume with 
poor performance in novel object recognition test and 
the Morris water task [32]. Thus, noise and air pollu-
tion could have a joint effect on the onset of neurological 
disorders.

Increasing epidemiologic studies have found an asso-
ciation between air pollution exposure during preg-
nancy and low birth weight [33]. Among them, a study 

Fig. 5 Mean protein expression of MeCP2 and Shank3 (n = 10 per group). A The mean protein expression of MeCP2 in female rats. B The mean 
protein expression of MeCP2 in male rats. C The mean protein expression of Shank3 in female rats. D The mean protein expression of Shank3 in 
male rats. L: green space H: crossroads. E: exposure from E0 to E20; P: exposure from PND1 to PND21
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investigating London’s road traffic air and noise pollution 
suggested that  PM2.5 was adversely affecting fetal growth 
and the impact of road traffic noise on birth weight out-
comes was little after adjusted for primary traffic-related 
air pollutants [34]. In animal studies, Guo and her col-
leagues, however, reported that long-term environmental 
noise exposure was linked with decreased body weight 
gain in developing rats [31]. Moreover, the mice exposed 
from E0 to PND21 to 250–300  µg/m3 diesel exhaust 
were in similar size on PND21 [10]. Taken together, the 
result is inconsistent. We found real-world traffic pollu-
tion exposure and exposure timing both led to aberrant 
weight of 25-day rats, which might be caused by the lack 
of the protection of placental barrier and the effects of 
traffic-related air pollutants and noise, such as oxidative 
stress [35].

We found both male and female offspring under 
early-life exposure had marked higher levels of meth-
ylation at the MeCP2 promoter and the less content 
of MeCP2 when compared with those under exposure 
during full gestation, which implied postnatal time was 
a sensitive window for perturbations of methylation. 

The same result was also observed in the frontal cor-
tex of ASD patients and in the mice that was modified 
on at the ~ 500-bp TSS region of MeCP2 with a range 
of behavioral alterations, such as reduced social inter-
action [21, 36]. In the prenatal period, MeCP2 acts on 
ADAM10/NOTCH signaling via miR-197 to disrupt the 
differentiation of neural progenitor cells into neurons 
[37]. After birth, the aberrant protein transcriptionally 
inhibits the expression of GluA2 and then influences 
homeostatic plasticity, a critical form of synaptic plas-
ticity [38]. Also, the deficiency of MeCP2 reduces the 
strength of excitatory synaptic input [39, 40]. Taken 
together, MeCP2 is associated with normal synap-
tic functions, and deviations from which is a possible 
cause leading to ASD. Moreover, MeCP2 Serine 421 site 
regulates BDNF gene expression to adjust neural activ-
ity, and abnormalities in BDNF level may underlie the 
pathology of ASD [41].

We observed the same change in Shank3 methylation 
and protein expression like MeCP2. In addition, our data 
clearly showed epigenetic dysregulation of Shank3 pro-
moter region after TSS, which was associated with traffic 

Fig. 6 Three-chamber social test (n = 10 per group). Cumulative time spent in the chamber containing a novel rat (N1) and one without it was 
determined to assess sociability (A, C). In the social novelty phase (B, D), this ability was judged by cumulative time spent in the chambers holding 
a unfamiliar rat (N2) and the previous one (N1), respectively. L: green space H: crossroads. E: exposure from E0 to E20; P: exposure from PND1 to 
PND21. Student’s t-test conducted during all testing. *P < 0.05, **P < 0.01, ***P < 0.001.
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pollution exposure. Our findings correspond to previous 
studies.

A study reported an increase in Shank3 methylation 
in the intragenic CpG islands-2, 3 and 4 in postmortem 
brain tissues from 54 ASD patients [42]. Li and his col-
leagues found the rats exposed to high dose of  PM2.5 
from PND8 to PND22 had significantly decreased mRNA 
level and protein expression of Shank3 [43]. The synaptic 
proteins directly contribute to the formation of dendritic 
spine that forms the postsynaptic part of most excita-
tory synapses via remodeling of actin cytoskeleton, and 
synaptic connections that are necessary for construct-
ing functional neural circuits, which is proposed as the 
mechanism of neuronal activities, such as learning and 
memory [15, 38]. Sacai has demonstrated that reduced 
excitatory synaptic transmission can lead to impaired 
social interaction and mild vocalization abnormality 
in pyramidal neurons of mouse prefrontal cortex [44]. 
Abnormalities in the number and shape of dendritic 
spines have been observed in ASD cases, and the conse-
quences on behavioral changes are the main features of 
ASD.

Generally, we observed increased H3K4me3 and 
reduced H3K27me3 in the brains of the PH/PL rats com-
pared to corresponding those in EH/EL groups. A pre-
vious study found higher H3K4me3 levels in bronchial 
epithelial cells both from normal and chronic obstruc-
tive pulmonary disease (COPD)-diseased subjects who 
repeatedly exposed to air pollution [45]. Global levels of 
H3K27me3 of truck drivers were lower than that of office 
workers in blood leukocytes [46]. Moreover, reduced 
H3K27me3 in brains can lead to abnormal expression of 
the Hox genes, which ultimately resulted in neural tube 
defects [47]. The decreased H3K27me3 and elevated 
H3K4me3 were shown in the promoter of Engrailed-2 
(EN-2) that is a candidate gene of ASD with the observed 
EN-2 overexpression [48, 49]. In the context of its over-
expression, GABA cell morphology was impaired, and 
spine density and the number of mature synapses were 
reduced [50, 51]. Intriguingly, the levels of H3K27me3 
of the female group showed an inverse trend regard-
ing the factor of exposure timing. Nugent and his team 
demonstrated that O-linked N-acetylglucosamine trans-
ferase (OGT) regulated the H3K27me3 at a high level in 
the female-specific placenta to create resilience to envi-
ronmental risks for neurodevelopmental vulnerability 
[52]. Thus, excess H3K27me3 is a protective mechanism 
against neonatal risks for females, but it can be disrupted 
by traffic pollution.

Rats at the green space showed obvious sociability 
preference and social novelty, but those at the cross-
road was lack of it. Our findings correspond with that 

of previous studies reporting reduced social novelty 
preference via testing nose to nose sniff rates in male 
adult mice that were subjected to developmental expo-
sure to air pollution [53], and abnormal social novelty 
via three-chamber social test in female adult mice that 
experienced diesel exhaust exposure from E0 to PND21 
[10]. Moreover, adverse effects of traffic-related air 
pollution and noise on cognitive function have been 
reported [54, 55].

There are some limitations in our study. The concentra-
tion of  PM2.5 and  NO2 at the green space was compara-
tively high compared with some epidemiological studies 
conducted in Europe, and the pollutants at the crossroad 
were relatively low despite prolonged exposure days per 
week compared with other animal experiments, which 
may partly attenuated the differences of epigenetic per-
turbations. Although we have used the same exposure 
time for different groups, there are still unknown con-
founders existing in the real-world experiment. Fur-
thermore, our study cannot distinguish the impact of 
traffic-related air pollution from that of traffic noise, and 
thus, the main environmental insult is still elusive. The 
small number of samples can lead to inconsistent interac-
tion between exposure timing and exposure site. In terms 
of the dynamic of methylation, we conducted only a 
behavioral experiment to determine whether or not traf-
fic pollution induces ASD-related behaviors.

Conclusions
The present study explicitly provides evidence about 
the impact induced by traffic pollution and high sensi-
tivity after birth on offspring weight, epigenetic regu-
lation, protein expression and social behaviors. It also 
urges reducing road traffic air and noise pollution and 
neonatal protective measures taken to against environ-
mental risks for public health.

Abbreviations
ASD: Autistic spectrum disorder; NO2: Nitrogen dioxide; PM2.5: Particulate mat-
ter with aerodynamic diameter < 2.5 µm; BMI: Body mass index; HPTMs: His-
tone posttranslational modifications; MeCP2: Methyl-CpG binding protein 2; 
Shank3: SH3 and multiple ankyrin repeat domains 3; H3K4me3: Tri-methylation 
of lysine 4 on histone H3; H3K27me3: Tri-methylation of lysine 27 on histone 
H3; PND: Postnatal day.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13148- 021- 01170-x.

Additional file 1. Table S1. Primers used for the MethylTargetTM assays. 
Table S2.1. Analyses of MeCP2 methylation of each CpG site in promoter 
regions (n = 10). Table S2.2. Analyses of Shank3 methylation of each CpG 
site in promoter regions (n = 10).

https://doi.org/10.1186/s13148-021-01170-x
https://doi.org/10.1186/s13148-021-01170-x


Page 11 of 12Zhou et al. Clin Epigenet          (2021) 13:180  

Acknowledgements
The authors would like to acknowledge Huaizhuang Ye for his guidance and 
contributions to the sampling and quantification of traffic pollutants.

Authors’ contributions
Jin designed the total experiment, supervised the data collection and advised 
on the writing of the manuscript. Zhou performed all the data analyses and 
wrote the final version of the manuscript. Tian conducted animal exposure 
experiment and sampled traffic pollutants. Xu assisted the exposure experi-
ment. Wang helped to determine DNA and histone methylation. All authors 
read and approved the final manuscript.

Funding
The study was supported by the grants from the National Natural Science 
Found Committee, China [81673124].

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All procedures involving animals were approved by the Institutional Animal 
Care and Use Committee of Zhejiang University, and informed consent was 
obtained from the owner.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Environmental Epigenetics Laboratory, Department of Environmental Medi-
cine, School of Public Health, Zhejiang University, 866 Yuhangtang Rd, Hang-
zhou 310058, Zhejiang Province, People’s Republic of China. 2 Department 
of General Practice, Sir Run Run Shaw Hospital, Medical College of Zhejiang 
University, Hangzhou, Zhejiang Province, People’s Republic of China. 

Received: 2 June 2021   Accepted: 13 September 2021

References
 1. Demetriou EA, Lampit A, Quintana DS, Naismith SL, Song YJC, Pye JE, et al. 

Autism spectrum disorders: A meta-analysis of executive function. Mol 
Psychiatry. 2018;23:1198–204. https:// doi. org/ 10. 1038/ mp. 2017. 75.

 2. Bhat S, Acharya UR, Adeli H, Bairy GM, Adeli A. Autism: Cause factors, early 
diagnosis and therapies. Rev Neurosci. 2014;25:841–50.

 3. Hannon E, Knox O, Sugden K, Burrage J, Wong CCY, Belsky DW, et al. 
Characterizing genetic and environmental influences on variable DNA 
methylation using monozygotic and dizygotic twins. PLoS Genet. 
2018;14:1–27.

 4. Edelson LR, Saudino KJ. Genetic and environmental influences on 
autistic-like behaviors in 2-year-old twins. Behav Genet. 2009;39:255–64.

 5. Costa LG, Cole TB, Dao K, Chang YC, Coburn J, Garrick JM. Effects 
of air pollution on the nervous system and its possible role in neu-
rodevelopmental and neurodegenerative disorders. Pharmacol Ther. 
2020;210:107523. https:// doi. org/ 10. 1016/j. pharm thera. 2020. 107523.

 6. Volk HE, Lurmann F, Penfold B, Hertz-Picciotto I, McConnell R. Traffic-
related air pollution, particulate matter, and autism. Arch Gen Psychiatry. 
2013;70:71–7.

 7. Jo H, Eckel SP, Wang X, Chen JC, Cockburn M, Martinez MP, et al. Sex-
specific associations of autism spectrum disorder with residential air pol-
lution exposure in a large Southern California pregnancy cohort. Environ 
Pollut. 2019;254:113010. https:// doi. org/ 10. 1016/j. envpol. 2019. 113010.

 8. Kalkbrenner AE, Windham GC, Serre ML, Akita Y, Wang X, Hoffman K, 
et al. Particulate matter exposure, prenatal and postnatal windows 

of susceptibility, and autism spectrum disorders. Epidemiology. 
2015;26:30–42.

 9. Chen G, Jin Z, Li S, Jin X, Tong S, Liu S, et al. Early life exposure to particu-
late matter air pollution (PM1, PM2.5 and PM10) and autism in Shanghai, 
China: a case-control study. Environ Int. 2018;121:1121–7. https:// doi. org/ 
10. 1016/j. envint. 2018. 10. 026.

 10. Chang YC, Cole TB, Costa LG. Prenatal and early-life diesel exhaust expo-
sure causes autism-like behavioral changes in mice. Part Fibre Toxicol. 
2018;15:1–14.

 11. Cheroni C, Caporale N, Testa G. Autism spectrum disorder at the cross-
road between genes and environment: Contributions, convergences, and 
interactions in ASD developmental pathophysiology. Mol Autism Mol 
Autism. 2020;11:1–18.

 12. Shirvani-Farsani Z, Maloum Z, Bagheri-Hosseinabadi Z, Vilor-Tejedor N, 
Sadeghi I. DNA methylation signature as a biomarker of major neuropsy-
chiatric disorders. J Psychiatr Res. 2021;141:34–49. https:// doi. org/ 10. 
1016/j. jpsyc hires. 2021. 06. 013.

 13. Uchino S, Waga C. Novel therapeutic approach for autism spectrum 
disorder: focus on SHANK3. Curr Neuropharmacol. 2015;13:786–92.

 14. Monteiro P, Feng G. SHANK proteins: Roles at the synapse and in autism 
spectrum disorder. Nat Rev Neurosci. 2017;18:147–57. https:// doi. org/ 10. 
1038/ nrn. 2016. 183.

 15. Masini E, Loi E, Vega-Benedetti AF, Carta M, Doneddu G, Fadda R, et al. 
An overview of the main genetic, epigenetic and environmental factors 
involved in autism spectrum disorder focusing on synaptic activity. Int J 
Mol Sci. 2020;21:1–22.

 16. Guo B, Chen J, Chen Q, Ren K, Feng D, Mao H, et al. Anterior cingulate 
cortex dysfunction underlies social deficits in Shank3 mutant mice. Nat 
Neurosci. 2019;22:1223–34. https:// doi. org/ 10. 1038/ s41593- 019- 0445-9.

 17. Fagiolini M, Patrizi A, LeBlanc J, Jin LW, Maezawa I, Sinnett S, et al. Intel-
lectual and developmental disabilities research centers: a multidiscipli-
nary approach to understand the pathogenesis of methyl-CpG binding 
protein 2-related disorders. Neuroscience. 2020;445:190–206. https:// doi. 
org/ 10. 1016/j. neuro scien ce. 2020. 04. 037.

 18. Karaca KG, Brito DVC, Oliveira AMM. MeCP2: A critical regulator of 
chromatin in neurodevelopment and adult brain function. Int J Mol Sci. 
2019;20:4577.

 19. Guy J, Cheval H, Selfridge J, Bird A. The role of MeCP2 in the brain. Annu 
Rev Cell Dev Biol. 2011;27:631–52.

 20. Lavery LA, Zoghbi HY. The distinct methylation landscape of maturing 
neurons and its role in Rett syndrome pathogenesis. Curr Opin Neurobiol. 
2019;59:180–8. https:// doi. org/ 10. 1016/j. conb. 2019. 08. 001.

 21. Nagarajan RP, Hogart AR, Gwye Y, Martin MR, LaSalle JM. Reduced MeCP2 
expression is frequent in autism frontal cortex and correlates with aber-
rant MECP2 promoter methylation. Epigenetics. 2006;1:172–82.

 22. Zhang T, Cooper S, Brockdorff N. The interplay of histone modifications—
writers that read. EMBO Rep. 2015;16:1467–81.

 23. Liu X, Wang C, Liu W, Li J, Li C, Kou X, et al. Distinct features of H3K4me3 
and H3K27me3 chromatin domains in pre-implantation embryos. Nature. 
2016;537:558–62. https:// doi. org/ 10. 1038/ natur e19362.

 24. Zheng H, Huang B, Zhang B, Xiang Y, Du Z, Xu Q, et al. Resetting epige-
netic memory by reprogramming of histone modifications in mammals. 
Mol Cell. 2016;63:1066–79.

 25. Zhou S, Cai B, Zhang Z, Zhang Y, Wang L, Liu K, et al. CDKN2B methylation 
and aortic arch calcification in patients with ischemic stroke. J Atheroscler 
Thromb. 2017;24:609–20.

 26. Qi R, Luo Y, Zhang L, Weng Y, Surento W, Xu Q, et al. Decreased functional 
connectivity of hippocampal subregions and methylation of the NR3C1 
gene in Han Chinese adults who lost their only child. Psychol Med. 
2020;27:1–10.

 27. Li D, Bai Y, Feng Z, Li W, Yang C, Guo Y, et al. Study of promoter methyla-
tion patterns of HOXA2, HOXA5, and HOXA6 and its clinicopathological 
characteristics in colorectal cancer. Front Oncol. 2019;9:1–14.

 28. Ouis D. Annoyance from road traffic noise: a review. J Environ Psychol. 
2001;21:101–20.

 29. Weinstock M. The long-term behavioural consequences of prenatal stress. 
Neurosci Biobehav Rev. 2008;32:1073–86.

 30. Davis EP, Sandman CA. The timing of prenatal exposure to maternal 
cortisol and psychosocial stress is associated with human infant cognitive 
development. Child Dev. 2010;81:131–48.

https://doi.org/10.1038/mp.2017.75
https://doi.org/10.1016/j.pharmthera.2020.107523
https://doi.org/10.1016/j.envpol.2019.113010
https://doi.org/10.1016/j.envint.2018.10.026
https://doi.org/10.1016/j.envint.2018.10.026
https://doi.org/10.1016/j.jpsychires.2021.06.013
https://doi.org/10.1016/j.jpsychires.2021.06.013
https://doi.org/10.1038/nrn.2016.183
https://doi.org/10.1038/nrn.2016.183
https://doi.org/10.1038/s41593-019-0445-9
https://doi.org/10.1016/j.neuroscience.2020.04.037
https://doi.org/10.1016/j.neuroscience.2020.04.037
https://doi.org/10.1016/j.conb.2019.08.001
https://doi.org/10.1038/nature19362


Page 12 of 12Zhou et al. Clin Epigenet          (2021) 13:180 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 31. Guo L, Li PH, Li H, Colicino E, Colicino S, Wen Y, et al. Effects of environ-
mental noise exposure on DNA methylation in the brain and metabolic 
health. Environ Res. 2017;153:73–82. https:// doi. org/ 10. 1016/j. envres. 
2016. 11. 017.

 32. Jafari Z, Kolb BE, Mohajerani MH. Chronic traffic noise stress accelerates 
brain impairment and cognitive decline in mice. Exp Neurol Elsevier. 
2018;308:1–12.

 33. Shah PS, Balkhair T. Air pollution and birth outcomes: a systematic review. 
Environ Int. 2011;37:498–516. https:// doi. org/ 10. 1016/j. envint. 2010. 10. 
009.

 34. Smith RB, Fecht D, Gulliver J, Beevers SD, Dajnak D, Blangiardo M, et al. 
Impact of London’s road traffic air and noise pollution on birth weight: 
retrospective population based cohort study. BMJ. 2017;359:1–13.

 35. Costa LG, Cole TB, Coburn J, Chang YC, Dao K, Roqué PJ. Neurotoxicity of 
traffic-related air pollution. Neurotoxicology. 2017;59:133–9.

 36. Lu Z, Liu Z, Mao W, Wang X, Zheng X, Chen S, et al. Locus-specific DNA 
methylation of Mecp2 promoter leads to autism-like phenotypes in mice. 
Cell Death Dis. 2020;11:85. https:// doi. org/ 10. 1038/ s41419- 020- 2290-x.

 37. Wang YM, Zheng YF, Yang SY, Yang ZM, Zhang LN, He YQ, et al. Micro-
RNA-197 controls ADAM10 expression to mediate MeCP2’s role in the dif-
ferentiation of neuronal progenitors. Cell Death Differ. 2019;26:1863–79.

 38. Takumi T, Tamada K, Hatanaka F, Nakai N, Bolton PF. Behavioral neurosci-
ence of autism. Neurosci Biobehav Rev. 2020;110:60–76. https:// doi. org/ 
10. 1016/j. neubi orev. 2019. 04. 012.

 39. Qiu Z. Deciphering MECP2-associated disorders: disrupted circuits and 
the hope for repair. Curr Opin Neurobiol. 2018;48:30–6. https:// doi. org/ 10. 
1016/j. conb. 2017. 09. 004.

 40. Wood L, Gray NW, Zhou Z, Greenberg ME, Shepherd GMG. Synaptic 
circuit abnormalities of motor-frontal layer 2/3 pyramidal neurons in an 
RNA interference model of methyl-CpG-binding protein 2 deficiency. J 
Neurosci. 2009;29:12440–8.

 41. Martinowich K, Hattori D, Wu H, Fouse S, He F, Hu Y, et al. DNA methyl-
ation-related chromatin remodeling in activity-dependent BDNF gene 
regulation. Science. 2003;302:890–3.

 42. Zhu L, Wang X, Li XL, Towers A, Cao X, Wang P, et al. Epigenetic dysregula-
tion of SHANK3 in brain tissues from individuals with autism spectrum 
disorders. Hum Mol Genet. 2014;23:1563–78.

 43. Li K, Li L, Cui B, Gai Z, Li Q, Wang S, et al. Early postnatal exposure to 
airborne fine particulate matter induces autism-like phenotypes in male 
rats. Toxicol Sci. 2018;162:189–99.

 44. Sacai H, Sakoori K, Konno K, Nagahama K, Suzuki H, Watanabe T, et al. 
Autism spectrum disorder-like behavior caused by reduced excita-
tory synaptic transmission in pyramidal neurons of mouse prefron-
tal cortex. Nat Commun. 2020;11:1–15. https:// doi. org/ 10. 1038/ 
s41467- 020- 18861-3.

 45. Leclercq B, Platel A, Antherieu S, Alleman LY, Hardy EM, Perdrix E, et al. 
Genetic and epigenetic alterations in normal and sensitive COPD-
diseased human bronchial epithelial cells repeatedly exposed to air 
pollution-derived PM2.5. Environ Pollut. 2017;230:163–77. https:// doi. org/ 
10. 1016/j. envpol. 2017. 06. 028.

 46. Zheng Y, Sanchez-Guerra M, Zhang Z, Joyce BT, Zhong J, Kresovich JK, 
et al. Traffic-derived particulate matter exposure and histone H3 modifi-
cation: a repeated measures study. Environ Res. 2017;153:112–9.

 47. Yu J, Wang L, Pei P, Li X, Wu J, Qiu Z, et al. Reduced H3K27me3 leads to 
abnormal Hox gene expression in neural tube defects. Epigenet Chroma-
tin. 2019;12:1–19. https:// doi. org/ 10. 1186/ s13072- 019- 0318-1.

 48. James SJ, Shpyleva S, Melnyk S, Pavliv O, Pogribny IP. Complex epigenetic 
regulation of Engrailed-2 (EN-2) homeobox gene in the autism cerebel-
lum. Transl Psychiatry. 2013;3:e232.

 49. Ito H, Morishita R, Nagata K. Autism spectrum disorder-associated genes 
and the development of dentate granule cells. Med Mol Morphol. 
2017;50:123–9.

 50. Provenzano G, Gilardoni A, Maggia M, Pernigo M, Sgadò P, Casarosa S, 
et al. Altered expression of gabaergic markers in the forebrain of young 
and adult engrailed-2 knockout mice. Genes (Basel). 2020;11:384.

 51. Soltani A, Lebrun S, Carpentier G, Zunino G, Chantepie S, Maïza A, et al. 
Increased signaling by the autism-related Engrailed-2 protein enhances 
dendritic branching and spine density, alters synaptic structural match-
ing, and exaggerates protein synthesis. PLoS ONE. 2017;12:e0181350.

 52. Nugent BM, O’Donnell CM, Epperson CN, Bale TL. Placental H3K27me3 
establishes female resilience to prenatal insults. Nat Commun. 2018;9:1–
10. https:// doi. org/ 10. 1038/ s41467- 018- 04992-1.

 53. Sobolewski M, Anderson T, Conrad K, Marvin E, Klocke C, Morris-Schaffer 
K, et al. Developmental exposures to ultrafine particle air pollution 
reduces early testosterone levels and adult male social novelty prefer-
ence: risk for children’s sex-biased neurobehavioral disorders. Neurotoxi-
cology. 2018;68:203–11.

 54. Tzivian L, Jokisch M, Winkler A, Weimar C, Hennig F, Sugiri D, et al. Associa-
tions of long-term exposure to air pollution and road traffic noise with 
cognitive function—an analysis of effect measure modification. Environ 
Int. 2017;103:30–8. https:// doi. org/ 10. 1016/j. envint. 2017. 03. 018.

 55. Nephew BC, Nemeth A, Hudda N, Beamer G, Mann P, Petitto J, et al. Traf-
fic-related particulate matter affects behavior, inflammation, and neural 
integrity in a developmental rodent model. Environ Res. 2020;183:109242.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.envres.2016.11.017
https://doi.org/10.1016/j.envres.2016.11.017
https://doi.org/10.1016/j.envint.2010.10.009
https://doi.org/10.1016/j.envint.2010.10.009
https://doi.org/10.1038/s41419-020-2290-x
https://doi.org/10.1016/j.neubiorev.2019.04.012
https://doi.org/10.1016/j.neubiorev.2019.04.012
https://doi.org/10.1016/j.conb.2017.09.004
https://doi.org/10.1016/j.conb.2017.09.004
https://doi.org/10.1038/s41467-020-18861-3
https://doi.org/10.1038/s41467-020-18861-3
https://doi.org/10.1016/j.envpol.2017.06.028
https://doi.org/10.1016/j.envpol.2017.06.028
https://doi.org/10.1186/s13072-019-0318-1
https://doi.org/10.1038/s41467-018-04992-1
https://doi.org/10.1016/j.envint.2017.03.018

	Prenatal and postnatal traffic pollution exposure, DNA methylation in Shank3 and MeCP2 promoter regions, H3K4me3 and H3K27me3 and sociability in rats’ offspring
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Animals and experimental process
	Traffic-related air pollution and noise measurement
	DNA and histone extraction
	DNA and histone methylation analyses and protein expression
	Three-chamber social test
	Statistical analyses

	Results
	Traffic-related air and noise pollution
	Developmental conditions
	Epigenetic alterations in MeCP2, Shank3, H3K4me3 and H3K27me3
	The content of MeCP2 and Shank3
	Social behavior: three-chamber social test

	Discussion
	Conclusions
	Acknowledgements
	References


