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Abstract
Exposure to fine particulate matter (PM2.5) increased the risks of cardiovascular diseases. PM2.5-bound 1-nitropyrene (1-NP) 
and 9-nitroanthracene (9-NA) are released from the incomplete combustion of fossil fuels and derived from polycyclic 
aromatic hydrocarbons (PAHs). The toxicities of 1-NP and 9-NA are mainly reflected in their carcinogenicity and muta-
genicity. However, studies of PM2.5-bound 1-NP and 9-NA on the cardiac genotoxicity are limited so far. In this study, 
histopathology, DNA damage, DNA repair-related gene expression, and oxidative stress were investigated in the hearts of 
male Wistar rats exposed to PM2.5 [1.5 mg/kg body weight (b.w.)] or three different dosages of 1-NP (1.0 × 10− 5, 4.0 × 10− 5, 
and 1.6 × 10− 4 mg/kg b.w.) or 9-NA (1.3 × 10− 5, 4.0 × 10− 5, and 1.2 × 10− 4 mg/kg b.w.). The results revealed that (1) PM2.5, 
higher dosages of 1-NP (4.0 × 10− 5 and 1.6 × 10− 4 mg/kg b.w.) and 9-NA (4.0 × 10− 5 and 1.2 × 10− 4 mg/kg b.w.) caused 
obvious pathological responses and DNA damage (DNA strand breaks, 8-OHdG formation and DNA–protein cross-link), 
accompanied by increasing OGG1 and GADD153 expression while inhibiting MTH1 and XRCC1 expression in rat hearts. 
Also, they elevated the hemeoxygenase-1 (HO-1), glutathione S-transferase (GST), and malondialdehyde (MDA) levels and 
decreased superoxide dismutase (SOD) activity compared with the control. (2) The lowest dosages 1-NP or 9-NA could 
not cause DNA damage and oxidative stress. (3) At the approximately equivalent dose level, PM2.5-induced DNA damage 
effects were more obvious than 1-NP or 9-NA along with positive correlation. Taken together, heart DNA damage caused 
by PM2.5, 1-NP and 9-NA may be mediated partially through influencing the DNA repair capacity and causing oxidative 
stress, and such negative effects might be related to the genotoxicity PM2.5, 1-NP, and 9-NA.

Keywords  Fine particulate matter · 1-Nitropyrene · 9-Nitroanthracene · DNA damage · Oxidative stress · Rat heart

Introduction

Outdoor atmospheric particulate matter is an environmental 
risk factor and has been classified as carcinogenic to humans 
(Group 1) by the International Agency for Research on Can-
cer (IARC) [1]. Fine particulate matter (PM2.5) is a typical 
air pollutant, derived from a wide range of coal combustions, 
diesel exhausts (DEs), biomass burning, etc. The inhalation 
of PM2.5 makes it easier to transfer from lung to the circula-
tory system, and to cause severe cardiopulmonary diseases 
[2]. Epidemiological studies have revealed that exposure to 
PM2.5 is associated with an increased risk of cardiovascular 
diseases [3, 4], such as ischemic heart disease, heart rhythm 
disturbances, and heart failure.

The harm of PM2.5 to human health mainly depends on 
its exposure concentration and compositions. PM2.5 con-
tains complex components with carbon black, water-soluble 
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anions, metals, and organic matters, etc. Among components 
of urban air PM2.5, nitro-polycyclic aromatic hydrocarbons 
(NPAHs) are a class of widespread genotoxic environmental 
contaminants [5], formed by the incomplete combustion in 
the coal, gasoline and biomass burning, or through photo-
chemistry reaction with PAHs and nitrogen oxide in atmos-
phere. It had been proven that many NPAHs are carcinogenic 
and/or mutagenic [6, 7]. In particularly, as the derivatives 
of PAHs, NPAHs exhibit higher direct-acting mutagenic-
ity than that of PAHs [8]. Recently, high concentrations of 
NPAHs in PM2.5 were observed in some cities in China, 
Russia, Korea, and Japan [9]. A research from Jinan of China 
reported that the incremental lifetime cancer risk and total 
risk of NPAHs on hazy days and the dust storm episodes 
were higher than those on clear days [10]. Considering the 
potential adverse health effects of PM2.5 and NPAHs, the 
studies of genotoxic effects of PM2.5-bound NPAHs are very 
necessary and important.

Among NPAHs, higher levels of 1-nitropyrene (1-NP) 
and 9-nitroanthracene (9-NA) have been examined in 
total PM2.5-bound NPAHs [11]. 1-NP has been defined by 
IARC as Group 2A in view of its probably carcinogenicity 
to humans [12]. Toxicology research in vitro pointed out 
that 1-NP may mediate the genotoxic and cytotoxic effects 
through decreasing cell viability and increasing DNA dam-
age, endoplasmic reticulum stress and intracellular reac-
tive oxygen species (ROS) levels [13]. It was reported that 
DE, a significant contributor to the toxicity associated with 
PM2.5, could result in cardiovascular dysfunction [14]. Inter-
estingly, the metabolites of 1-NP were detected in urinary 
samples from the taxi drivers for exposure to DE and had 
been proposed as biomarkers for exposure to DE [15], sug-
gesting potential associations between PM2.5-bound 1-NP 
and adverse cardiovascular effects. 9-NA is predominately 
produced in coal combustion and biomass burning process, 
and its concentration was the highest in all the PM2.5-bound 
NPAHs in Taiyuan, China [16]. Despite that the IARC clas-
sified 9-NA as Group 3, namely that 9-NA has uncertain 
carcinogenicity to humans, 9-NA showed a weak mutagenic 
activity in Salmonella typhimurium strain mutagenic test 
[17].

There are growing evidences about toxicological mecha-
nisms of PM2.5 up to now [18]. Most of these studies focused 
on PM2.5-induced oxidative stress, inflammation, and geno-
toxicity mainly using lung tissues or airway epithelial cells 
as experimental materials. Although some experimental 
studies uncovered that the mitochondrial damage, oxidative 
stress, inflammation, and apoptosis were potentially impor-
tant mechanisms for the PM2.5-induced heart injury [19, 20], 
the detailed toxicological studies of PM2.5 in the heart were 
limited currently. With the rapid development of studies 
about the concentration, source apportionment and expo-
sure risk assessment of PM2.5-bound NPAHs in atmosphere 

[8–10, 16, 21], PM2.5-bound NPAHs have aroused people’s 
great concern [22] and the toxicological data on NPAHs are 
urgently needed for accurate risk assessments. As for 1-NP, 
some studies revealed that it caused oxidative stress, abnor-
mal metabolic enzyme expression, inflammation, DNA dam-
age, intracellular Ca2+-level elevation and apoptosis in rat 
lung tissue, human bronchial epithelial cells, human vascular 
endothelial cells or mouse liver cells via activating specific 
signaling pathways [13, 23–27]. Relatively, the toxicological 
data of 9-NA are less. Several studies had shown that 9-NA-
induced weak mutagenic activity in strains TA98 and TA100 
[17], while 9-NA caused oxidative stress and DNA damage 
in rat lungs [28], suggesting that 9-NA should make certain 
toxicity contributions to such adverse effects of PM2.5. Taken 
together, the understanding of the underlying mechanisms 
by which PM2.5 and its component NPAHs induced the heart 
injury is insufficient and more detailed studies are highly 
needed.

The excess ROS may attack DNA molecule and induced 
DNA breaks and oxidative damage, and form DNA oxida-
tion products like 8-hydroxy-2′-deoxyguanosine (8-OHdG). 
When oxidation level exceeds the antioxidative defenses and 
the damaged DNA is not promptly repaired, the DNA injury 
and biological/or pathological consequences tend to be eas-
ily caused [29–32]. For instance, a significant increase in 
DNA damage and oxidative stress was observed in periph-
eral blood leukocytes of coronary artery disease patients 
compared to the levels in healthy controls [30]. Oxidative 
stress-induced DNA damage has been demonstrated to be a 
critical mechanism of action of urban PM2.5 pollution [33]. 
As an important coal-based heavy industry city in Shanxi 
Province of China, Taiyuan has been suffering the serious 
problem of ambient PM2.5 pollution along with PM2.5-bound 
NPAHs pollution, especially during the winter [16, 34]. 
In this study, we determined that the effects of PM2.5 and 
NPAHs representatives (1-NP and 9-NA) on rat heart DNA 
damage were caused by DNA damage susceptibility gene 
activation and DNA repair gene inhibition, and the enhanced 
pathologic responses and oxidative stress were mediated by 
antioxidant enzymes.

Materials and Methods

PM2.5 Sample Preparation

PM2.5 sampling site locates on the campus of Shanxi 
University in Taiyuan, China. PM2.5 concentrations were 
measured using a DustTrakTM II Aerosol Monitor (TSI 
Inc., USA), and daily PM2.5 samples were collected on 
quartz fiber filters (QFFs) using a PM2.5 high-volume 
air sampler (Thermo Anderson, USA), with a pump 
flow rate of 1.13 m3/min. During sampling, PM2.5 daily 
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mass concentrations ranged from 39 to 121 µg/m3. Some 
NPAHs were detected and the mass concentrations of 
Σ-nitropyrene, Σ-nitrofluorene, Σ-nitrochrysene, and 
Σ-nitroanthracene on PM2.5 samples were shown from 0.38 
to 3.04 ng/m3, 0.21 to 0.43 ng/m3, 0.19 to 2.38 ng/m3, and 
9.55 to 16.52 ng/m3, respectively.

PM2.5 filters were cut and surged in Milli-Q water with 
sonication, and the extracting solutions were dried under 
freeze vacuum and made into powder. PM2.5 suspensions 
in physiological saline were prepared under sonication 
prior to animal experiment. 1-NP or 9-NA, purchased from 
AccuStandard Inc., USA, was dissolved in 5% dimethyl-
sulfoxide (DMSO), respectively.

Animal and Treatment Protocols

Male Wistar rats from the Animal Center of Hebei Medical 
University (Shijiazhuang, China) were randomly divided 
into eight parallel groups (n = 5 each group): (1) DMSO 
control (5% DMSO), (2) PM2.5 treatment group (1.5 mg/kg 
b.w. PM2.5), (3)–(5) 1-NP groups (1.0 × 10− 5, 4.0 × 10− 5, 
1.6 × 10− 4  mg/kg b.w. 1-NP in 5% DMSO), (6)–(8) 
9-NA groups (1.3 × 10− 5, 4.0 × 10− 5, 1.2 × 10− 4 mg/kg 
b.w. 9-NA in 5% DMSO). The animals were received 
5% DMSO, PM2.5 suspensions, 1-NP solutions or 9-NA 
solutions with the same volume (0.5 mL) by intratra-
cheal instillation, which were performed respectively for 
1/2 days for consecutive 10 days. All animal handling 
procedures followed the Ethics Committee of Scientific 
Research in Shanxi University, China.

The treatment dosage selection and calculation meth-
ods of PM2.5, 1-NP and 9-NA were based on our previous 
studies [24, 28], in which 1.5 mg/kg b.w. of PM2.5 in rat 
was equivalent to air PM2.5 exposure levels of the orange 
alert criterion (500 µg/m3) of haze in China. Meanwhile, 
according to the approximate proportion of mass concen-
tration of NPAHs in wintertime PM2.5 (ranging 9 × 10− 6 
to 1 × 10− 4) [11], three 1-NP or three 9-NA dosages above 
were selected and used to be comparable to dosage of 
1.5 mg/kg b.w. PM2.5 in this study to evaluate 1-NP and 
9-NA toxicity.

After the last treatment, the animals in eight groups were 
euthanized and sacrificed. Heart tissues were excised into 
small pieces. A piece of tissue/per rat was immediately fixed 
in 4% paraformaldehyde in phosphate-buffered saline (PBS, 
pH = 7.4) for the haematoxylin and eosin (HE) staining. 
Then a piece of fresh heart tissue per rat was minced and 
ground to obtain the single cell suspension for the comet 
assay, another partial heart tissue was cut and homogenized 
for ELISA and biochemical analysis, and the rest was 
quickly frozen in liquid nitrogen and then stored at − 80 °C 
for mRNA and protein measurement.

Comet Assay and DPC Measurement

Heart single cell suspensions were prepared for every rat 
sample and the alkaline comet assay was performed fol-
lowing our previous study method [28]. In brief, the slides 
containing “sandwich gel” (first layer: 1% normal melting-
point agarose, second layer: 0.65% low melting-point aga-
rose + cells, third layer: 0.65% low melting-point agarose) 
were prepared. After electrophoresis and staining with 
100 µL 4S Red Plus (Sangon, Shanghai, China 1:10,000 
dilution), the slides were examined and the DNA damage 
markers such as the percentage of tail DNA (% Tail DNA), 
tail length, and olive tail moment (OTM) in the hearts of 
different group were calculated by a Comet Assay Software 
Project (CASP, CASP, version 1.2.3 beta1).

The rat heart samples were homogenized in ice-cold 
physiological saline and then centrifuged for 10 min at 
3000 rpm (4 °C) to obtain the tissue supernatants. The lev-
els of DNA–protein crosslinks (DPCs) in heart supernatants 
were detected by the sodium dodecylsulfate (SDS)–KCl flu-
orescence spectrometry as described previously [35]. The 
heart supernatant was treated with SDS–KCl system and 
then centrifuged to separate the free DNA and the SDS–KCl 
precipitate contains the protein and DPC complexes. After 
staining with Hoechst 33258, fluorescence signals of free 
DNA and DPC samples were measured (Ex: 350 nm, Em: 
460 nm) by using a fluorescence spectrophotometer (Hitachi 
F-4500, Tokyo, Japan). The ratio of the fluorescence of DPC 
to that of the total DNA (free DNA plus DPC) was calcu-
lated, and the results were expressed as percentage of DPC 
on total DNA.

ELISA Assay

After homogenate and centrifugation, the heart tissues 
supernatants in different groups were used to measure the 
levels of 8-oxoguanine-DNA glycosylase (OGG1), heme 
oxygenase 1 (HO-1) and 8-OHdG with special ELISA kits 
(R&D Company Ltd., USA), according to the manufacturer’s 
instructions. The ELISA of 8-OHdG utilizes an 8-hydroxy-
2-deoxy guanosine-coated plate and special HRP-conjugated 
antibody for detection.

Measurement of SOD, MDA, and GST

The biological activities of superoxide dismutase (SOD), 
malondialdehyde (MDA), and glutathione S-transferase 
(GST) in heart supernatants were measured by correspond-
ing kits (Jiancheng Biochemistry, Nanjing, China) and the 
treatment protocols were strictly carried out according to the 
manufacturer instructions.
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Real‑Time Quantitative RT‑PCR

The mRNA extraction and reverse transcription of hearts 
were performed by using the Transzol reagent (Transgen, 
Beijing, China). The Quantitect SYBRGreen I PCR kit was 
employed for conducting real-time PCR by using the iCycler 
iQ Real-Time PCR Detection System (Bio-Rad, Richmond, 
CA, USA). The GenBank accession numbers, sequences, 
annealing DNA temperatures, and special DNA fragments 
of all the primers used in this study are listed in Table 1. The 
relative quantification of the expression of the target genes 
was performed using the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) mRNA as an internal 
control.

Western Blot

Total protein of heart tissues was extracted by protein lysate 
and the protein concentration was measured according to 
the manufacturer’s instructions of protein extraction and 
detection kits (Beyotime, Shanghai, China). The specific 
protocols of western blot of growth arrest and DNA damage 
inducible gene 153 (GADD153), MutT Homolog 1 (MTH1), 
X-ray repair cross-complementing group 1 (XRCC1), and 
β-actin were described in our previous study [28]. The rab-
bit polyclonal antibodies of GADD153, MTH1, XRCC1, 
and β-actin were employed at different dilution ratios of 
GADD153 (Sc-575, dilution ratio 1:100), MTH1 (Sc-
67291, dilution ratio 1:100), XRCC1 (Sc-11429, dilution 
ratio 1:100) (Santa Cruz, CA, USA), and β-actin (AB10024, 
dilution ratio 1:3000, Sangon, Shanghai, China) staying 
overnight at 4 °C. Then the infrared-labeled goat anti-rabbit 
secondary antibody [Alexa Flor 680 goat anti-rabbit IgG 
(H+L) USA] was adopted with a concentration of 1:20,000 
at room temperature for 1.5 h. The relative quantification 
of the protein expression of the target genes was performed 
using the housekeeping gene β-actin protein as an internal 
control, by using the Odyssey Infrared Imaging System (Li-
COR Biosciences, USA).

Statistical Analysis

The one-way ANOVA statistical analyses were performed 
using the Statistical Program for Social Sciences 19.0 
(SPSS 19.0) software and statistically significant differ-
ences between the groups were determined using the post-
hoc comparison tests and Fisher’s least significant differ-
ence (LSD) test. The correlation was evaluated by Pearson 
correlation coefficient (r) analysis. Positive correlation is 
indicated by r > 0.8. The level of statistical significance was 
accepted as P < 0.05.

Results

Effects of Histopathology in Rat Hearts Induced 
by PM2.5, 1‑NP and 9‑NA

After treatment with PM2.5 and different concentrations of 
1-NP and 9-NA, 1.5 mg/kg b.w. PM2.5, higher dosages of 
1-NP (4.0 × 10− 5 and 1.6 × 10− 4 mg/kg b.w.) and higher dos-
ages of 9-NA (4.0 × 10− 5 and 1.2 × 10− 4 mg/kg b.w.) induced 
hyperemia and myocardial gap expansion compared with 
those in control (Fig. 1), showing an acute pathological dam-
age in the hearts. Especially, 1.6 × 10− 4 mg/kg b.w. 1-NP 
caused myocardial myofibril disorder, hyperemia, inflam-
matory cell infiltration in myocardium, presenting a patho-
logical damage and inflammatory responses in hearts. No 
obvious pathological responses were observed in the hearts 
of rats in the presence of the lowest dose of 1-NP or 9-NA.

Effects of DNA Damage in Rat Hearts Induced 
by PM2.5, 1‑NP and 9‑NA

From the results of comet assay (Fig. 2), 1-NP or 9-NA at 
the higher dosages caused DNA damage effects in hearts 
of rats. The higher the dose of 1-NP or 9-NA, the more 
serious DNA damage. Further, as shown in Fig. 3, we 
found that there was a significant increase in tail DNA 

Table 1   Primer information 
used in real-time RT-PCR

Genes Accession nos. Sequences

MTH1 NM_057120 Forward primer 5′-AGT​GAA​GAA​ATG​CGC​CCT​CA-3′
Products 148 bp, 60 °C Reverse primer 5′-TGA​GGA​TGG​TGT​CCT​GAC​CA-3′
GADD153 RNU30186 Forward primer 5′-GTC​ACA​AGC​ACC​TCC​CAA​AG-3′
Products 110 bp, 60 °C Reverse primer 5′-CCA​CTC​TGT​TTC​CGT​TTC​CT-3′
XRCC1 NM_053435 Forward primer 5′-GAT​GGG​GAA​CAG​TCA​GAA​GGAC-3′
Products 195 bp, 60 °C Reverse primer 5′-AAT​TGG​CAG​GTC​AGC​CTC​TG-3′
OGG1 NM_030870 Forward primer 5′-CAA​CAT​TGC​TCG​CAT​CAC​TGG-3′
Products 195 bp, 60 °C Reverse primer 5′-ATG​GCT​TTA​GCA​CTG​GCA​CAT​ACA​-3′
GAPDH NM_017008 Forward primer 5′-ATG​TAT​CCG​TTG​TGG​ATC​TGAC-3′
Products 78 bp, 56 °C Reverse primer 5′-CCT​GCT​TCA​CCA​CCT​TCT​TG-3′
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percentage (%), OTM and tail length values in rat heart 
cells treated with PM2.5, 1-NP and 9-NA at all doses 
tested compared to the control (P < 0.05 or < 0.01). 9-NA 
increased OTM while 1-NP and 9-NA enhanced tail length 
in a dose-dependent manner (Fig. 3A, B, r > 0.8), in which 

the change of tail length was significantly correlated with 
9-NA dose (r = 0.963, P = 0.037).

DPC levels were statistically elevated in rat hearts 
treated with PM2.5, three dosages of 1-NP and three dos-
ages of 9-NA (P < 0.01) as shown in Fig. 3C. Similarly, 

Fig. 1   The morphological characteristics in the hearts of rats from 
saline control (A), 1.5 mg/kg b.w. PM2.5 (B), 1.0 × 10− 5 mg/kg b.w. 
1-NP (C), 4.0 × 10− 5  mg/kg b.w. 1-NP (D), 1.6 × 10− 4  mg/kg b.w. 
1-NP (E), 1.3 × 10− 5  mg/kg b.w. 9-NA (F), 4.0 × 10− 5  mg/kg b.w. 

9-NA (G) and 1.2 × 10− 4  mg/kg b.w. 9-NA (H), ×400 magnifica-
tion. The red arrows indicate sites of hyperemia, the blue arrow indi-
cates site of inflammatory cell infiltration, respectively. (Color figure 
online)

Fig. 2   Images of comet assay in the hearts of rats of different groups. ×400 Magnification
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Fig. 3   DNA damage results in 
the hearts of rats of different 
groups; changes of tail DNA % 
and OTM (A), tail length (B) 
and levels of 8-OHdG and DPC 
(C). The values are mean ± SD 
from three individual sam-
ples. Using one-way ANOVA, 
comparing with control 
group, significant difference 
is indicated by *P < 0.05 and 
**P < 0.01. Using Pearson cor-
relation coefficient (r) analysis, 
positive correlation is indicated 
by r > 0.8, significant differ-
ence is indicated by #P < 0.05. 
Control: 5% DMSO, PM2.5: 
1.5 mg/kg b.w. PM2.5 suspen-
sion, 1-NP-1: 1.0 × 10− 5 mg/
kg b.w. 1-NP solution, 1-NP-2: 
4.0 × 10− 5 mg/kg b.w. 1-NP 
solution, 1-NP-3: 1.6 × 10− 4 mg/
kg b.w. 1-NP solution, 
9-NA-1: 1.3 × 10− 5 mg/kg 
b.w. 9-NA solution, 9-NA-
2: 4.0 × 10− 5 mg/kg b.w. 
9-NA solution, and 9-NA-3: 
1.2 × 10− 4 mg/kg b.w. 9-NA 
solution
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the 8-OHdG levels were significantly elevated in the hearts 
of rats induced by PM2.5, three dosages of 1-NP, and two 
higher dosages of 9-NA compared to the control (P < 0.05 
or < 0.01). 9-NA elevated 8-OHdG levels in a dose-depend-
ent manner (Fig. 3C, r = 0.949).

Moreover, the DNA damage effects were compared and 
evaluated in the hearts of rats treated with PM2.5, 1-NP and 
9-NA when 1-NP (4.0 × 10− 5 mg/kg b.w.) or 9-NA dos-
age (4.0 × 10− 5 mg/kg b.w.) was comparable to dosage of 
1.5 mg/kg b.w. PM2.5 in this study. The results of comet 
assay showed that tail lengths were 5.50, 4.38, and 4.11 µm, 
tail DNA content were 3.46%, 2.66%, and 2.49%; OTM val-
ues were 1.52, 1.24, and 1.19 in the hearts in the presence of 
1.5 mg/kg b.w. PM2.5, 4.0 × 10− 5 mg/kg b.w. of 1-NP, and 
4.0 × 10− 5 mg/kg b.w. of 9-NA. It suggested that the order 
of DNA strand breaks in hearts was PM2.5 > 1-NP > 9-NA, 
from high to low. The results of DPC and 8-OHdG proved 
that the three pollutants caused similar DNA injury effects.

Effects of Oxidative Stress Markers in Rat Hearts 
Induced by PM2.5, 1‑NP, and 9‑NA

As shown in Table 2, PM2.5 (1.5 mg/kg b.w.) and the high-
est dose 9-NA (1.2 × 10− 4 mg/kg b.w.) caused significant 
increases in the levels of GST, MDA, and HO-1 while inhib-
ited SOD activity in the hearts of rats compared with the 
control (P < 0.05 or < 0.01). As for 1-NP, MDA and HO-1 
levels were promoted obviously whereas SOD activity was 
increased in the presence of higher doses 1-NP (4.0 × 10− 5 
and 1.6 × 10− 4 mg/kg b.w.) compared to the control (P < 0.05 
or < 0.01). Heart GST activity induced by 1.6 × 10− 4 mg/
kg b.w. 1-NP was markedly higher than that of the control 
(P < 0.01). The changes of GST, HO-1, MDA, and SOD 
levels in the presence of lowest dose 1-NP (1.0 × 10− 5 mg/
kg b.w.) or lowest and higher dose 9-NA (1.3 × 10− 5 and 

4.0 × 10− 5 mg/kg b.w.) were not statistically significant com-
pared with the control group (P > 0.05).

Based on the results of correlation analysis, 9-NA caused 
the changes of GST (r = 0.993, P = 0.007), HO-1 (r = 0.985, 
P = 0.015), MDA (r = 0.977, P = 0.023), and SOD (r = 0.987, 
P = 0.013) levels with a dose–effect relationship, respec-
tively. Furthermore, the levels of GST (r = 0.968, P = 0.032) 
and MDA (r = 0.973, P = 0.027) were strongly correlated 
with 1-NP doses.

Effects of DNA Damage and Repair Relative Gene 
Expression in Rat Hearts Induced by PM2.5, 1‑NP 
and 9‑NA

In Fig. 4A, there was a significant increase in GADD153 
and OGG1 mRNA and protein levels of rat hearts exposed to 
PM2.5, higher dosages 1-NP (4.0 × 10− 5 and 1.6 × 10− 4 mg/
kg b.w.) and higher dosages 9-NA (4.0 × 10− 5 and 
1.2 × 10− 4 mg/kg b.w.) compared to the control (P < 0.05 
or < 0.01). Also, the protein levels of OGG1 in hearts in the 
presence of 1.0 × 10− 5 mg/kg b.w. 1-NP and 1.3 × 10− 5 mg/
kg b.w. 9-NA were obviously higher than that of the con-
trol (P < 0.01). The mRNA and protein expressions of 
GADD153 as well as the OGG1 mRNA in rats treated 
with 1.0 × 10− 5 mg/kg b.w. 1-NP or 1.3 × 10− 5 mg/kg b.w. 
9-NA were not significantly changed relative to the control 
(P > 0.05). 1-NP or 9-NA enhanced OGG1 expression in a 
concentration-dependent manner (r > 0.84); 1-NP increased 
GADD153 protein levels showing a dose–effect relationship 
(r > 0.80).

In Fig. 5A, the DNA damage repair gene MTH1 and 
XRCC1 mRNA and protein levels were suppressed obvi-
ously in the presence of PM2.5 and higher doses 1-NP 
(4.0 × 10− 5 and 1.6 × 10− 4 mg/kg b.w.) compared to the con-
trol (P < 0.05 or < 0.01). As for 9-NA, the highest dosage 

Table 2   SOD, GST, and HO-1 activities and MDA contents in hearts treated with PM2.5, 1-NP, or 9-NA

The values are mean ± SD from five individual samples. Using one-way ANOVA, comparing with control group, significant difference is indi-
cated by *P < 0.05 and **P < 0.01. Using Pearson correlation coefficient (r) analysis, positive correlation is indicated by r > 0.8, significant dif-
ference is indicated by #P < 0.05 and ##P < 0.01

Groups SOD (U/mg prot) GST (U/mg prot) MDA (nmol/mg prot) HO-1 (ng/mg prot)

Control 38.0 ± 3.8 23.4 ± 3.8 1.06 ± 0.11 33.6 ± 5.1
PM2.5 (1.5 × 10− 5 mg/kg b.w.) 32.0 ± 3.8* 32.5 ± 4.4* 1.34 ± 0.18* 44.9 ± 6.0**
1-NP-1 (1.0 × 10− 5 mg/kg b.w.) 34.3 ± 2.4 26.3 ± 6.1 1.21 ± 0.25 37.0 ± 5.3
1-NP-2 (4.0 × 10− 5 mg/kg b.w.) 32.3 ± 5.7* 28.5 ± 8.1 1.35 ± 0.20* 41.6 ± 6.0*
1-NP-3 (1.6 × 10− 4 mg/kg b.w.) 30.0 ± 5.5** 34.6 ± 7.0** 1.70 ± 0.23** 46.6 ± 6.5**
1-NP dose–effect relationship (r) − 0.843 0.986# 0.973# 0.926
9-NA-1 (1.3 × 10− 5 mg/kg b.w.) 36.4 ± 3.7 25.0 ± 7.1 1.12 ± 0.24 35.5 ± 5.2
9-NA-2 (4.0 × 10− 5 mg/kg b.w.) 35.5 ± 2.6 27.4 ± 5.4 1.24 ± 0.20 39.3 ± 5.2
9-NA-3 (1.2 × 10− 4 mg/kg b.w.) 32.1 ± 3.4* 32.6 ± 6.4* 1.40 ± 0.05* 45.0 ± 5.3**
9-NA dose–effect relationship (r) − 0.987# 0.993## 0.977# 0.985#
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pollutant (1.2 × 10− 4 mg/kg b.w.) significantly inhibited 
MTH1 and XRCC1 mRNA and protein expression in rat 
hearts compared with the control (P < 0.05 or < 0.01). The 
higher dosage 9-NA (4.0 × 10− 5  mg/kg b.w.) markedly 
decreased MTH1 protein expression in the hearts relative 
to the control (P < 0.05). No significant changes of the 
MTH1 and XRCC1 gene expression were observed in the 
rats exposed to the lowest dosage of 1-NP or 9-NA, versus 
the control (P > 0.05). 1-NP or 9-NA decreased MTH1 and 
XRCC1 expression levels showing a dose–effect relationship 
(|r| > 0.82); a significant correlation was apparent between 
9-NA doses and MTH1 mRNA expression (r = −0.986, 
P = 0.014).

The images of representative protein bands of GADD153, 
MTH1, XRCC1, and β-actin in western blot were shown in 
Figs. 4B and 5B.

Comparison of Heart DNA Damage Effects 
in Rats Exposed to PM2.5 (1.5 mg/kg b.w.), 1‑NP 
(4.0 × 10− 5 mg/kg b.w.), or 9‑NA (4.0 × 10− 5 mg/kg 
b.w.)

To compare the relevance in DNA damage induced by PM2.5 
(1.5 mg/kg b.w.) or higher dosage 1-NP (4.0 × 10− 5 mg/

kg b.w.) or higher dosage 9-NA (4.0 × 10− 5 mg/kg b.w.), 
the correlations of three DNA damage markers includ-
ing DNA tail length, 8-OHdG and DPC with PM2.5, 1-NP 
(4.0 × 10− 5 mg/kg b.w.) or 9-NA (4.0 × 10− 5 mg/kg b.w.) 
were analyzed. The results showed that PM2.5, 1-NP or 9-NA 
respectively induced an increase in the DNA damage levels 
(Table 3). PM2.5 and 1-NP exposure had significantly cor-
relation in DPC levels (r = 0.997, P = 0.047). The correlation 
of DNA tail length or DPC levels between PM2.5 and 9-NA 
was significant (for tail length: r = 0.999, P = 0.03; DPC lev-
els: r = 0.999, P = 0.022).

Discussion

Ambient PM2.5 presents an air exposure hazard and is a 
complex mixture of different chemicals like metals, PAHs 
and NPAHs, which is suggested to be a key determinant of 
the adverse health effects. Epidemiological studies had con-
firmed that PM2.5 exposure increased the risks of incidence 
and mortality of heart failure and myocardial infarction [36, 
37]. Exposures to ambient PM2.5 were associated with ele-
vated resting heart rate and blood pressure [38, 39]. Of note, 
PM2.5 exposure significantly increased heart rate in a general 

Fig. 4   Expression of mRNA 
and protein of GADD153 and 
OGG1 in rat hearts treated 
with PM2.5, 1-NP or 9-NA (A), 
and protein bands (B). The 
values are mean ± SD from five 
individual samples. Using one-
way ANOVA, comparing with 
control group, significant differ-
ence is indicated *P < 0.05 and 
**P < 0.01. Using Pearson cor-
relation coefficient (r) analysis, 
positive correlation is indicated 
by r > 0.8. The grouping in the 
figure is the same as the Fig. 3
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adult population along with elevated urinary 8-OHdG, a bio-
marker of DNA oxidative stress [40]. These data suggest that 
the adverse cardiac effects from PM2.5 pollution are more 
susceptible to individuals who suffer excessive DNA oxi-
dative damage. However, the precise mechanisms of PM2.5 
on DNA injury in the hearts remain obscure. In current 
study, our results further revealed that the histopathological 
changes and DNA damage were mediated by DNA repair 

genes and oxidative stress induced by PM2.5, 1-NP or 9-NA 
in the hearts of rats, considering carcinogenicity of PM2.5 
and 1-NP [1, 12] and weak mutagenicity of 9-NA [17].

Previous studies indicated that PM2.5 exposure increased 
DNA strand breaks in human peripheral blood lympho-
cytes and 8-OHdG levels in human urinary [40, 41], and 
that PM2.5 or 1-NP/9-NA caused heart DNA damage in rat 
lungs, human bronchial epithelial cells or endothelial cells, 
and rat alveolar macrophages [13, 24, 28, 42, 43]. However, 
the data of PM2.5 or 1-NP/9-NA-induced heart DNA dam-
age are limited so far. The present study found that PM2.5, 
1-NP and 9-NA caused DNA strand breaks, DPC formation 
and 8-OHdG level elevation in the hearts of rats, and led to 
heart injury, which was mediated by oxidative stress and 
DNA damage and repair gene. To the best of our knowledge, 
this is the first report on rat heart DNA damage effects and 
regulation mechanism of PM2.5, 1-NP and 9-NA in a typi-
cally polluted areas, China.

Firstly, oxidative damage mediated by ROS can be one of 
the main mechanisms of DNA damage [44]. ROS can inter-
act with the DNA molecule and cause several types of DNA 

Fig. 5   Expression of mRNA 
and protein of MTH1 and 
XRCC1 in rat hearts treated 
with PM2.5, 1-NP or 9-NA (A), 
and protein bands (B). The 
values are mean ± SD from five 
individual samples. Using one-
way ANOVA, comparing with 
control group, significant differ-
ence is indicated *P < 0.05 and 
**P < 0.01. Using Pearson cor-
relation coefficient (r) analysis, 
positive correlation is indicated 
by r > 0.8, significant difference 
is indicated by #P < 0.05. The 
grouping in the figure is the 
same as the Fig. 3

Table 3   Comparison of heart DNA damage effects in rats exposed 
to PM2.5 (1.5  mg/kg b.w.), 1-NP (4.0 × 10− 5  mg/kg b.w.), or 9-NA 
(4.0 × 10− 5 mg/kg b.w.)

Using Pearson correlation coefficient (r) analysis, positive correlation 
is indicated by r > 0.8, significant difference is indicated by #P < 0.05

Index r

PM2.5 to 1-NP-2 PM2.5 to 9-NA-2

Tail length (µm) 0.969 0.999#

8-OHdG (pg/mg prot) 0.966 0.997
DPC (%) 0.997# 0.999#
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damage including DNA strand breaks, modification of DNA 
bases, 8-OHdG formation, DNA–protein cross-linkage, and 
damage to the DNA repair system. The research revealed 
that DE particles increased ROS and lipid peroxidation lev-
els and induced DNA strand breaks in the heart of mice 
[45]. Further, the studies revealed the pollutants-produced 
excess ROS induced oxidative stress, which mediated DNA 
damage in mouse hearts [46]. Some ROS inhibitors and anti-
oxidative enzymes or antioxidants pre-treatment effectively 
attenuated the pollutant-induced ROS generation, inhibit-
ing DNA damage [46–48]. The up-regulated expression of 
antioxidant enzyme genes like catalase, glutathione peroxi-
dase and SOD may reduce the levels of intracellular ROS 
and DNA damage in the cells [48]. For example, SOD may 
catalyze the dismutation of the superoxide radical ( O∙−

2
 ) 

into hydrogen peroxide and molecular oxygen, while GST 
may scavenge hydrogen peroxide and reduce the oxidation 
of organic hydrogen, quenching of ROS [49]. HO-1 is the 
rate-limiting enzyme of heme degradation and prevents the 
accumulation of free heme in cell membranes, alleviating 
heme-induced oxidative stress [50]. HO-1 is also an induci-
ble antioxidant enzyme and may be activated when oxidative 
stress occurs in the cells under the oxide stimulus. Generally, 
the delicate balance between ROS and antioxidant defense 
system affects the development of oxidative stress. When 
excessive ROS attack the lipids in cytomembrane, it would 
trigger lipid peroxidation reaction and the accumulation 
of MDA (a typical lipid peroxidation product); when ROS 
attack DNA molecules, it would induce DNA strand damage 
and DNA oxidation damage (8-OHdG production). When 
ROS attack protein molecules, it would result in protein oxi-
dative damage and DPCs [51, 52]. PM2.5 had been proven to 
generate ROS, such as O∙−

2
 and •OH and may trigger poten-

tial oxidative damage [53]. Our results (Figs. 2, 3; Table 2) 
observed that PM2.5 induced heart pathological injury and 
DNA damage (DNA strand breakages and the increases of 
8-OHdG and DPC levels). In this process, the pollutants 
inhibited O∙−

2
 scavenging activities of SOD activities and 

enhanced the levels of MDA, inducing lipid peroxidation, 
one of oxidative stress responses. Increased GST and HO-1 
activity can be interpreted as an adaptive response to oxida-
tive stress. The results indicated that the intensified oxidative 
stress not only triggered myocardial pathological injury and 
mediated DNA damage in heart of rats exposed to PM2.5. 
1-NP and 9-NA had similar effects on pathological injury, 
DNA damage, and oxidative stress in the hearts of rats. It 
was reported that 1-NP increased intracellular ROS levels 
and induce DNA damage and 8-OHdG formation [13, 54], 
and 1-NP and 9-NA caused lung DNA damage and oxida-
tive stress [24, 28], which are consistence with our results.

Secondly, DNA damage susceptibility genes and DNA 
repair genes play a key role in the regulation of the gen-
otoxic effect of DNA damaging agents. On the one hand, 

GADD153, a DNA damage susceptibility gene, can be 
highly promoted in the process of DNA damage initiated by 
the genotoxic agents [55]. For example, quinone thioether 
caused DNA single-strand breaks and increase the expres-
sion of GADD153 in renal proximal tubular epithelial cells 
via a ROS regulation pathway [56]. DNA damage in the 
lungs of rats exposed to PM2.5 and some NPAHs provided 
the initial signal for GADD153 activation [24, 28]. In line 
with the above reports, our data showed that PM2.5, 1-NP, 
or 9-NA caused DNA injury and up-regulated GADD153 
gene in hearts of rats, indicating that DNA is sensitive to 
PM2.5, 1-NP or 9-NA, and is prone to damage. On the other 
hand, DNA repair genes play a critical role in protecting the 
human DNA from damage caused by potent carcinogens 
in the environment [31–33, 57, 58]. Among DNA repair 
genes, OGG1 is a base excision repair (BER) enzyme, which 
may excise 8-oxo-7,8-dihydro-2-deoxyguanine (8-oxoG), 
a pro-mutagenic lesion induced by oxidative stress [57]. 
OGG1 deficiency increased the susceptibly to particles and 
exacerbated the DNA damage effect [57]. MTH1, another 
BER enzyme, may effectively hydrolyze 8-oxo-dGTP to 
8-oxodGMP, and then prevent 8-oxo-dGTP from incorporat-
ing into DNA molecules [32]. Additionally, XRCC1 acts as a 
scaffolding protein in the converging BER and single-strand 
break repair (SSBR) pathways [58]. If DNA repair genes 
were inhibited and unable to effectively exert DNA repair 
roles, DNA damage such as DNA strand breaks, 8-OHdG 
formation along with the unrepaired or mispairing bases 
would occur, then leading to cell genotoxicity or possibly 
disease. Based on our results, higher expression of OGG1 in 
rat hearts is helpful for enhancing the capability of removing 
8-oxoG, whereas the decreases of MTH1 and XRCC1 gene 
expression may impair BER and SSBR repair, and ultimately 
leading to DNA strand breaks and 8-OHdG formation. Given 
heart DNA damage happened, it may be speculated that inhi-
bition ability of MTH1 and XRCC1 in hearts incurred by 
PM2.5, 1-NP or 9-NA is higher than enhancement ability of 
OGG1. These results suggest a novel mechanism of PM2.5 
and NPAHs-caused heart DNA damage, in which PM2.5 and 
NPAHs increase the susceptibility to heart DNA damage 
through enhancing GADD153 expression and augment the 
risks of heart DNA injury through special DNA repair sign-
aling mechanisms involved in OGG1, MTH1, and XRCC1. 
Given the complexity of DNA repair roles, the underlying 
molecular mechanisms of PM2.5 and NPAHs-induced heart 
genotoxicity need to be deeply investigated.

Finally, we focused on the correlation comparison 
of heart DNA damage effects in rats exposed to PM2.5 
(1.5  mg/kg b.w.) and 1-NP (4.0 × 10− 5  mg/kg b.w.) or 
9-NA (4.0 × 10− 5 mg/kg b.w.) under the approximately 
equivalent dose levels. Combined with the data in Fig. 3, 
the sequence of DNA damage degrees (DNA tail length, 
tail DNA content, OTM and DPC) from high to low was 
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as follows: PM2.5 > 1-NP (4.0 × 10− 5 mg/kg b.w.) ≈ 9-NA 
(4.0 × 10− 5 mg/kg b.w.). The numerical values of 8-OHdG 
levels in rat hearts exposed to PM2.5, 4.0 × 10− 5 mg/kg b.w. 
1-NP or 4.0 × 10− 5 mg/kg b.w. 9-NA were similar. It hinted 
that PM2.5-caused heart toxicity was higher than that of 
1-NP or 9-NA under the experimental conditions, which 
may be caused by the complex chemical compositions of 
PM2.5, especially toxic organic matters. At the same time, 
we noticed that the increases of OTM, tail length and DPC 
levels between PM2.5 and 1-NP or 9-NA exposure had posi-
tive correlations, and the values of r were more than 0.8. 
We hypothesize that 1-NP or 9-NA in PM2.5 may relate to 
PM2.5-induced heart DNA damage. Oh et al. [59] reported 
that the effects of OTM of NPAH fractionated extracts 
in BEAS-2B cells were lower than that of crude extract 
of PM2.5 and NPAH extracts were the biologically active 
fractions of PM2.5 for the genotoxic effects [59], which is 
consistent with our results above. Further studies about the 
contributions of NPAHs to PM2.5-induced genotoxicity in 
the heart are very conducive to understand the toxicology 
mechanisms for PM2.5 cardiac toxicity.

Conclusions

(1)	 PM2.5, 1-NP, and 9-NA under the experimental condi-
tions caused DNA damage effects involved in DNA 
strand breaks, 8-OHdG formation and DPC increase.

(2)	 PM2.5, 1-NP, and 9-NA significantly promote oxidative 
stress accompanied by the increases of GST, HO-1, and 
MDA levels and the suppression of SOD activity.

(3)	 PM2.5, 1-NP, and 9-NA significantly activated DNA 
damage susceptibility gene GADD153 and decreased 
the DNA repair gene MTH1 and XRCC1 expression, 
such inhibition effects exceeded the scavenging role of 
OGG1 to damaged DNA.

(4)	 The heart DNA injury effect induced by PM2.5 was 
greater than that of 1-NP or 9-NA under the compara-
ble exposure levels, and PM2.5-induced DNA damage 
had a marked positive correlation with 1-NP or 9-NA, 
which implies that PM2.5-bound 1-NP or 9-NA may 
account for some of the DNA damage caused by PM2.5.
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