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Abstract: Fine particulate matter (PM2.5) is a common pollutant, and its health risk has attracted much
attention. Studies have shown that PM2.5 exposure is associated with liver disease. The composition
of PM2.5 is complex, and its hepatotoxic effects and lipid metabolism process are not well understood.
In this study, we detected the concentrations of PM2.5 and its components (metals and polycyclic
aromatic hydrocarbon (PAHs)) in the winter in Taiyuan, Shanxi Province, China, from 2017 to 2020
and then assessed the health risks. We also investigated the effects of different components (whole
particles (WP), water-soluble particles (WSP), organic particles (OP)) of PM2.5 on the cytotoxicity and
lipid metabolism in human liver cell line (HepG2) after 24 h of treatment. The changes in cytotoxicity
indexes (LDH, IL-6, reactive oxygen species (ROS)) and lipids (triglyceride (TG), free fatty acid (FFA))
were measured after 24 h. The mRNA expression of lipid metabolism-related factors (SREBP1, CD36,
MTTP) was determined by real-time quantitative RT-qPCR. Finally, the correlation between metals
and PAHs with higher PM2.5 content in 4 years and biomarkers was analyzed. The results showed
that: (1) The PM2.5 pollution was severe in Taiyuan during winter in 2017 and the subsequent four
years. The calculation results of the metal enrichment factor (EF) value and PAHs characteristic ratio
of PM2.5 showed that PM2.5 pollution sources differed in different years. (2) Exposure to metals and
PAHs in PM2.5 did not cause a non-carcinogenic risk. Metals had no cancer risk, while PAHs inhaled
in PM2.5 in 2017 and 2018 had a potential cancer risk. The atmospheric PM2.5 pollution in Taiyuan has
had a downward trend, but the PAHs in the PM2.5 of 2017–18, when the pollution is relatively serious,
have a potential carcinogenic risk. (3) WP, OP and WSP inhibited cell survival rate from 2017 to 2020,
and OP had higher cytotoxicity at the same concentration. (4) WP, OP and WSP increased the levels of
LDH, IL-6, TNF-α, ROS, MDA, TG and FFA, and inhibited SOD activity in a dose-effect relationship.
The organic components in PM2.5 are more toxic to HepG2 cells and affect the expression of lipid
metabolism-related factors at the transcriptional level. (5) The mRNA expressions of factors related
to lipid synthesis, uptake, oxidation and output were up-regulated after treatment with PM2.5 and
its components, suggesting a lipid metabolism disorder. (6) The biomarkers were associated with
certain metals (Zn, Pb, Cu and Cr) and PAHs in PM2.5. These suggested that PM2.5- and PM2.5-bound
organic matter caused HepG2 cytotoxicity and affected lipid metabolism.

Keywords: PM2.5; pollution characteristics; health risk assessment; cytotoxicity; lipid metabolism

1. Introduction

Fine atmospheric particulate matter (PM2.5) is a major air pollutant in many Chinese
cities and an important public health risk factor, adversely affecting climate change, visibil-
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ity, and human health [1]. Studies have shown that the toxicity induced by PM2.5 is related
to its concentration, source and complex composition, and exposure to PM2.5 seriously
harms human health, so it has attracted wide attention [2]. The chemical composition
of PM2.5 mainly includes organic components (such as polycyclic aromatic hydrocarbon
(PAHs) and its derivatives), water-soluble ions (such as SO4

2− NO3−, F− and Cl−), ferrum
(Fe), plumbum (Pb), cuprum (Cu), zinc (Zn), chromium (Cr), molybdenum (Mo), arsenic
(As), nickel (Ni), cadmium (Cd), manganese (Mn) and other metals and insoluble com-
ponents [3–5]. Water-soluble ions in PM2.5 significantly impact weather and visibility [6],
while metals, PAHs, and their derivatives harm human health [2,7,8]. The characteristics
and chemical composition of PM2.5 pollution in different cities and seasons are significantly
different, which leads to complex health hazards and toxicological mechanisms induced
by PM2.5 [9–11]. Taiyuan is a typical resource-based city in northern China. Although the
PM2.5 pollution level in Taiyuan has changed in the last 10 years [12], the PM2.5 pollution
level in Taiyuan is still relatively within the scope of Chinese cities. It is significant to
explore the sources of PM2.5 and its chemical components at different times and carry out
corresponding health risk assessments to further understand the health effects of PM2.5.
Therefore, it is necessary to conduct more and more research on the atmospheric PM2.5
pollution in Taiyuan and strengthen pollution control.

PM2.5 can be deposited in the pulmonary alveoli and enter the blood circulation
through blood–gas exchange [13], reaching all body organs, including the liver. The
liver is an essential metabolic and detoxification organ of the human body, involved in
metabolizing sugars, lipids and proteins. The liver can play a role in lipid metabolism, such
as fat metabolism, detoxification and catabolism. The liver can metabolize and decompose
endogenous and exogenous substances, and lipid metabolism disorders can cause fatty
liver, hepatitis and other liver diseases. Epidemiological studies have shown that PM2.5 is
not only closely related to cardiopulmonary diseases, the immune system and the nervous
system [14–16], but also related to the incidence of liver cancer. Studies have shown that
PM2.5 and its binding compounds are deposited and metabolized in the liver, which may
eventually cause liver damage [17]. Continuous exposure to PM2.5 for 17 weeks increased
steatosis and lipid peroxidation in the liver of diabetic mice [18]. Exposure to PM2.5 in high-
fat mice will increase liver inflammation and eventually lead to liver fibrosis [19]. Zheng
et al. showed that exposure of mice to PM2.5 for 10 weeks can trigger inflammation, reduce
fatty acid oxidation, and lead to steatosis [20]. The composition of PM2.5 is complex, and it
causes different toxicological effects. For example, Xu et al. reported that injecting water-
soluble diesel exhaust particulate matter (DEP) into mice would cause an increase in liver
collagen and high cholesterol in mice [21]. Therefore, when assessing the impact of PM2.5
particles on lipid metabolism, it is necessary to consider the PM2.5 particles themselves and
the impact of PM2.5 components. However, there are limited studies on the effects of PM2.5
and its different components on liver toxicity and lipid metabolism.

Given this, in this study: (1) based on the health risk assessment model, we analyze
the pollution characteristics and pollution sources of different components of atmospheric
PM2.5 in Taiyuan during the winters of 2017–2020 and evaluate the health risks of PM2.5;
(2) using human hepatocellular carcinoma cell line HepG2 as a model in vitro, we investi-
gate the toxic effects of PM2.5 and its components and the effects on lipid metabolism from
the perspectives of oxidative stress, inflammation, lipid molecules and lipid metabolism;
(3) we explore the relationship between metals and PAHs with higher content of PM2.5 and
the above key biomarkers. This research will identify the key components of PM2.5 that
are more toxic to the liver and indicate the mechanism of PM2.5 and its components on
cytotoxicity and lipid metabolism, which will provide new experimental evidence for the
study of PM2.5 liver toxicology.
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2. Materials and Methods
2.1. PM2.5 Sampling and Collection

In this study, PM2.5 samples were collected on the rooftop of a 5-story building of the
College of Environment and Resources, Shanxi University, Taiyuan, Shanxi Province, China,
in winter during 2017–2020. This site is located about 300 m away from a major roadway.
There are no apparent industrial pollution sources around. PM2.5 average concentrations
in the site in the winter from 2017 to 2000 ranged from 73.4 to 82.4 µg/m3, which is typical
of the general urban pollution in Taiyuan. PM2.5 samples were collected for 15 days during
November and December of the winter heating period from 2017 to 2020 to determine the
mean concentrations of metals and PAHs in PM2.5.

According to our previous report [22], inductively coupled plasma mass spectrometry
(ICP-MS) (Agilent, Santa Clara, CA, USA) was used to detect metal components. Sixteen
PAHs in PM2.5 were detected by high-performance liquid chromatography (HPLC) (Agilent,
America), including naphthalene (NAP), acenaphthylene (ANY), acenaphthenene (ACE),
fluorene (FLU), phenanthrene (PHE), anthracene (ANT), fluoranthrene (FLA), pyrene
(PYR), benzo [a] anthracene (BaA), chrysene (CHR), benzo [b] fluoranthrene (BbF), benzo
[k] fluoranthrene (BkF), benzo [a] pyrene (BaP), dibenzo [a,h] anthracene (DahA), benzo
[g,h,i] perylene (BghiP) and indene [1,2,3-c,d] pyrene (IcdP) [23].

The carcinogenic and non-carcinogenic risk indices of metals and PAHs in PM2.5 sam-
ples were analyzed. PM2.5 whole particles (WP), water-soluble particles (WSP) and organic
particles (OP) were extracted and prepared according to the previous methods of our labora-
tory [24], and then all samples were stored at 4 ◦C for the subsequent cell experiments.

2.2. Source Analytic Methods

The enrichment factor (EF) method was used to quantitatively assess the enrichment
degree of metal elements in atmospheric particulate matter to determine its source [25].
The calculation formula is as follows:

EFi =
( Ci

Cr
)environment

(
C′

i
C′

r
)background

(1)

In the Formula (1), EF is the enrichment factor, Ci and Ci
′ are the content and back-

ground values of element i, and Cr and Cr
′ are the content and background values of

reference elements. In this study, the geochemical stable Al element was used as the refer-
ence element, and the EF value of each element was calculated separately. If EFi < 10, it is
considered that the elements are not enriched relative to the crust, and the primary source
is natural, caused by the weathering of soil rocks. EFi > 10 suggests that the elements are
enriched and the primary source is anthropogenic.

Li et al. (2014) reported that the risk of non-carcinogenic effects is significant when the
hazard index (HI) is greater than 1. The HI shows insignificant cancer potency when it is
less than 1.0 [26].

The possible sources of PM2.5-bound PAH pollution are often identified with characteris-
tic ratios of individual PAH concentrations, such as ANT/(ANT + PHE), FLA/(FLA + PYR),
BaA/(BaA + CHR) and IcdP/(IcdP + BghiP) concentration ratio [27].

2.3. Health Risk Assessment

The health risk of metals in PM2.5 was assessed using the US EPA Health Risk As-
sessment model. The metals in PM2.5 mainly enter the human body through hand–oral
ingestion, respiratory inhalation and skin contact to affect human health. Risk assessment
includes non-carcinogenic risk and carcinogenic risk assessment. In this study, the daily
exposure formulas of the three exposure pathways and the selection of parameters in the
formulas refer to the research by Zhang [23].

PAHs are the product of incomplete combustion of carbon-containing substances,
which are toxic and carcinogenic [28]. For non-carcinogenic effects, it can be characterized
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by a Hazard Quotient (HQ); for carcinogenic effects, it can be characterized by a cancer
risk value (R) [23]. HQ value more than 1.0 indicates that there is a non-carcinogenic risk;
otherwise, the non-carcinogenic risk is low. R value more than 1 × 10−6 suggests a risk of
cancer; otherwise, the risk of cancer is very low.

2.4. Cell Culture and Exposure

Human HepG2 cells were donated by Shanxi Medical University (purchased from
stem cell Bank of Shanghai Institute of Cell Biology, Chinese Academy of Sciences). The
medium was high glucose medium (DMEM) (Seven, Beijing, China), 10% fetal bovine
serum (FBS) (Gibco, Waltham, MA, USA) and 1% penicillin/streptomycin (Solarbio, Beijing,
China). The incubator conditions were 37 ◦C, 5% CO2. Cell culture fluid is changed every
3 days. The cells were washed with a phosphate-buffered solution (PBS) (Solarbio, Beijing,
China), digested with 0.25% trypsin (Solarbio, Beijing, China) for passage, and inoculated
into new culture bottles.

According to the experimental requirements, a certain amount of whole particle
(WP) and water-soluble particles (WSP) were dissolved in the sterilized PBS solution, and
ultrasonic shaking was performed for 30 min before use. The negative control groups of cells
treated with WP and WSP were given PBS. During the experiment, the DMEM medium was
diluted to the corresponding working concentration to obtain different concentrations of
PM2.5 working solution. The OP sample was dissolved in a cell culture medium containing
0.1% DMSO (final concentration) to obtain different concentrations of PM2.5 working
solution. A negative control group of cells treated with OP was set as 0.1% DMSO (final
concentration). Cells (n = 6 per group) were treated in different groups.

2.5. Cytotoxicity Study

HepG2 cell suspension was inoculated with 5 × 103 cells per well into 96-well plates
with a total of 100 µL per well and placed in an incubator overnight. They were then treated
with PM2.5 working solution (0, 1, 5, 10, 25, 50, 100, 200, 250, 500 µg/mL) for 24 h; then,
the absorbance value was measured with the full-wavelength scanning multifunctional
enzyme-labeler (Thermo, Waltham, MA, USA) at 450 nm wavelength after analysis using
the cell counting kit-8 (CCK-8) (Beiotai Biotechnology, China). Four concentrations of PM2.5
suspensions (0, 25, 50, 100 µg/mL) with cell survival rates above 70% were selected for the
following cell experiments.

The cells were incubated in different sizes of petri dishes/plates. When the cell fusion
degree reached 80–90%, the cells were treated with WP, OP and WSP working fluids of
different concentrations for 24 h. After the reaction, wash twice with sterilized PBS at
37 ◦C. ROS (Beyotime, Shanghai, China) and TG (Jiancheng, Nanjing, China) contents
were determined directly according to the kit. The protein concentration was determined
using a BCA kit (Beyotime, Shanghai, China) and determined lactate dehydrogenase (LDH)
(Jiancheng, Nanjing, China), interleukin-6 (IL-6) (Jianglai, Shanghai, China), tumor necrosis
factor-alpha (TNF-α) (Jianglai, Shanghai, China), superoxide dismutase (SOD) (Jiancheng,
Nanjing, China), malondialdehyde (MDA) (Jiancheng, Nanjing, China), and free fatty acid
(FFA) (Jiancheng, Nanjing, China) according to the corresponding kits.

2.6. qRT-PCR Analysis

HepG2 cells were treated with WP, OP and WSP at different concentrations for 24 h.
The cell samples in different groups were homogenized in TRIzol reagent (Promega Biotech,
Madison, WI, USA). The quantitative RT-PCR of mRNA expression was performed with an
iCycler iQ Real-Time PCR Detection System (Bio-Rad, Richmond, CA, USA) and the SYBR
Premix ExTaq™ kit (TaKaRa, Dalian, China). The gene primers are displayed in Table S1.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is an internal parameter for mRNA
expression quantification.

The reaction parameters of PCR were as follows: predenaturation at 95 ◦C for 3 min,
94 ◦C/20 s, annealing temperature/20 s, 72 ◦C/20 s, 40 cycles.
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2.7. Statistical Analysis

The cell experimental data were expressed as mean ± SD (n = 4) and analyzed by SPSS
19.0 statistical software with one-way analysis of variance (ANOVA) for statistical analysis.
The mean differences between groups were compared by least significant difference (LSD).
p < 0.05 indicated that the data were statistically significant.

In this study, we prepared whole particle (WP) samples from several PM2.5 sampling
membranes each period during the winter in Taiyuan from 2017 to 2020 and treated the cells
with a concentration of 100 µg/mL of WP to measure the levels of some specific biomarkers
related to liver injury. We also obtained the average concentrations of PM2.5 components
(primary metals and PAHs) for four years. Pearson correlation coefficient (r) was used to
analyze correlations between mean concentrations of PM2.5 components (metals and PAHs)
in winter for 4 years and levels of biomarkers in cells treated with WP for the same 4 years.

3. Results and Discussion
3.1. Pollution Concentration and Source Analysis of PM2.5 Components in Taiyuan
during 2017–2020

Although the PM2.5 pollution in Taiyuan has improved in recent years, there is still
some pollution. Therefore, we investigated to analyze the sources and evaluate the carcino-
genic and non-carcinogenic risks of atmospheric PM2.5 in particular areas. We measured
the concentrations of PM2.5 and its components (metals and PAHs) during the 2017–2020
heating period in Taiyuan.

The change in monthly average atmospheric PM2.5 concentration in Taiyuan from
2017 to 2020 is shown in Figure S1. As can be seen from Figure S1, the change curve of
the average concentration of atmospheric PM2.5 in Taiyuan from January to November in
the past four years presents a relatively gentle “U”-shaped change and a slight decline
in December. In addition to 2018, the average monthly concentration of PM2.5 decreased
month by month from the peak in the remaining three years from January. There was a
slight rebound in June 2020. In 2019 and 2020, it fell to the lowest value for the whole year
in August. From October 2017 to 2020, the monthly average concentration of PM2.5 had
increased significantly. Overall, from June to September, the average monthly concentration
of PM2.5 remained low. From November to February, the average monthly concentration
of PM2.5 was within the high concentration range since there was more winter heating
demand. During the heating period, the average monthly concentration of PM2.5 was
higher in 2017 than in the remaining three years, suggesting serious pollution this year.

During the heating period, the average concentration of PM2.5 (82.4 µg/m3) in 2017
was higher than that in the remaining three years, indicating the most serious environmental
pollution in Taiyuan in winter in 2017. In the heating period of 2020, the PM2.5 concentration
was 73.4 µg/m3, close to the national air quality standard (75 µg/m3), indicating that,
although the winter air in Taiyuan has been prevented and controlled, there is still pollution.
Air pollution is a complex phenomenon, and the concentrations of air pollutants at a
particular time and place are affected by many factors. The Taiyuan authority has taken
many measures to control pollutant emissions, and the concentration of PM2.5 has recently
declined from 2017 to 2020. However, the activity level of pollution sources in Taiyuan is
still high, and the loads of central heating and civil heating are large in winter. In addition,
the strong temperature inversion in winter is not conducive to the diffusion of pollutants.
These result in the high level of air pollution still exist in Taiyuan among China cities.

Studies have shown that metals in PM2.5 enter the human body in various ways,
interact with proteins and other biological macromolecules in the body, and cause damage
to the human body [29]. In this study, the metal contents of PM2.5 from 2017 to 2020 were
determined. The EF values results are shown in Table 1. The results showed that the EF
values of metal Cd in 4 years were all greater than 10, suggesting that Cd was enriched
in the atmosphere caused by anthropogenic sources. In 2017 and 2018, except for Cd, the
EF values of the remaining 6 metals (Cr, Ni, Cu, Zn, As and Pb) were all less than 10,
showing that the natural source was the primary source. In addition to Ni in 2019 and
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Cr and Ni in 2020, the EF value of the remaining metals was greater than 10, and the
possibility of anthropogenic emissions was greater. Main anthropogenic sources of these
metals include metallurgical industry, motor vehicles, coal burning, biomass combustion,
soil dust, construction dust, etc. In recent years, the Taiyuan authority has taken effective
measures to control metal pollutant emissions of PM2.5 pollution such as metallurgical
industry, motor vehicles and coal burning, but biomass combustion, soil dust, construction
dust and metallurgical industry pollution still trigger metal emission increases, which is
necessary to strengthen the control further.

Table 1. Content and enrichment factors of metals in PM2.5 in Taiyuan from 2017 to 2020. -: indicates
that it was not detected.

Metals

2017 2018 2019 2020

Contents
(ng/m3) EF Contents

(ng/m3) EF Contents
(ng/m3) EF Contents

(ng/m3) EF

Cr 11 ± 7 0.3 0.9 ± 0.6 0.7 45.5 ± 17.1 13.7 3.2 ± 2.7 2.1
Ni 14 ± 5 0.8 0.04 ± 0.03 0.1 11.3 ± 6.1 7.5 3.9 ± 1.2 5.7
Cu 28 ± 15 2.1 0.06 ± 0.03 0.1 24.9 ± 12.1 20.8 8.9 ± 3.4 16.2
Zn 186 ± 87 4.8 2.9 ± 1.7 2 35.8 ± 8.4 8.49 164.3 ± 82.3 101.2
As 8 ± 6 2 - 11.3 ± 7.9 30.9 -
Cd 2 ± 1 36 0.07 ± 0.05 33.9 2.6 ± 1.9 524.2 1.4 ± 0.9 621.6
Pb 67 ± 32 5.9 0.5 ± 0.2 1.2 103.7 ± 64.7 99.9 23.5 ± 11.7 49.2
Al 39,130 1 1453 1 3546 1 1631.1 1

The concentrations of 16 PAHs in PM2.5 from 2017 to 2020 in Taiyuan were detected.
ANY in 2017, NAP and ACE in 2019 were not detected, and the remaining PAH concentra-
tions were shown in Table 2. The analysis of the characteristic ratio method suggested that
the pollution sources of PM2.5 in the winter of 4 years were mainly coal and biomass com-
bustion and motor vehicle emissions (Tables 2 and S2). For example, the concentration ratios
of ANT/(ANT + PHE), FLA/(FLA + PYR), BaA/(BaA + CHR) and IcdP/(IcdP + BghiP)
in 2017 are 0.16, 0.6, 0.43 and 0.57, suggesting that sources of PM2.5-bound PAHs come
from coal and biomass burning and motor vehicle emissions due to the identified methods,
shown as Table S2. In 2019 and 2020, there were more sources of pollution from oil sources
than in 2017. PM2.5-bound PAH pollution in the winter of 2018 was aggravated, maybe
because of more burning of fossil fuels and biomass (Tables 2 and S2).

Table 2. PM2.5-bound PAHs content and sources in Taiyuan from 2017 to 2020; ND indicates that it
was not detected.

PAHs/Mean
Concentration (ng/m3) 2017 2018 2019 2020

NAP 10.6 ± 8.4 3.01 ± 2.39 ND 0.05 ± 0.03
ACE 0.3 ± 0.2 0.40 ± 0.19 ND 0.19 ± 0.11
FLU 1.7 ± 0.9 0.03 ± 0.02 0.9 ± 0.5 0.04 ± 0.02
PHE 9.0 ± 4.3 15.11 ± 9.06 1.7 ± 1.1 2.63 ± 1.01
ANT 1.7 ± 0.7 2.07 ± 1.54 0.2 ± 0.1 0.09 ± 0.04
FLA 10.2 ± 5.1 23.08 ± 17.76 5.4 ± 2.8 6.39 ± 2.27
PYR 6.7 ± 2.9 26.59 ± 9.15 3.4 ± 1.9 5.15 ± 2.32
BaA 7.7 ± 6.1 14.06 ± 8.40 2.7 ± 1.0 1.92 ± 1.18
ANY ND 5.39 ± 2.13 4.0 ± 2.4 0.71 ± 0.32
CHR 10.1 ± 5.7 8.99 ± 6.59 3.2 ± 1.0 2.62 ± 1.15
BbF 10.9 ± 4.3 15.16 ± 9.15 5.2 ± 1.5 5.30 ± 1.52
BkF 3.2 ± 1.5 15.16 ± 7.40 1.7 ± 0.6 0.79 ± 0.37
BaP 7.1 ± 3.2 12.72 ± 6.18 2.3 ± 0.8 1.86 ± 1.18

DahA 1.5 ± 0.7 1.51 ± 1.16 0.7 ± 0.3 0.04 ± 0.02
BghiP 6.2 ± 3.1 2.67 ± 1.87 3.3 ± 1.2 2.17 ± 0.85
IcdP 8.2 ± 4.6 8.55 ± 7.68 2.1 ± 1.3 3.43 ± 1.50
Total 94.3 ± 40.9 154.5 ± 75.76 34.1 ± 16.5 33.38 ± 13.89

FLA/(FLA + PYR) 0.60 0.46 0.61 0.55
ANT/(ANT + PHE) 0.16 0.12 0.11 0.03
BaA/(BaA + CHR) 0.43 0.61 0.46 0.42

IcdP/(IcdP + BghiP) 0.60 0.76 0.39 0.61
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Domestic and foreign studies have shown that PAHs are attached to PM2.5 and cause
harm to the human body, with carcinogenic and teratogenic effects [30]. In this study,
the concentrations of PAHs during the heating period from 2017 to 2020 were detected.
And their levels were higher than that in southern cities such as Xiamen and Hangzhou,
China [31]. In Taiyuan, a coal and resource-based city, the production process in some
industrial factories and coal combustion in central heating and cooking during the winter
heating caused high-level PAH pollution. This is why PAH pollution in Taiyuan is higher
than in the southern cities.

3.2. Health Risk Assessment of Different Components of PM2.5 in Taiyuan during 2017–2020
3.2.1. Health Risk Assessment of Metals

As shown in Table 3, the 2017–2020 non-carcinogenic risk values for all metals tested in
this study indicate a higher risk for children than adults. For adults and children, the 4-year
non-carcinogenic risk values of metals were 2019 > 2020 > 2017 > 2018, and Pb incurred the
highest risk in 2017 and 2020. Metal Cr had a higher risk value in 2018. In 2019, Zn has a
slightly higher risk value than Pb. However, the non-carcinogenic risk of all metals was
less than 1, illustrating no non-carcinogenic risk.

Table 3. Non-carcinogenic health risks of metals, 2017–2020.

Group Elements
2017 2018 2019 2020

HI HI HI HI

Children

Ni 1.2 × 10−4 2.5 × 10−6 1.2 × 10−2 8.1 × 10−4

Cd 3.1 × 10−4 8.9 × 10−5 7.2 × 10−4 2.5 × 10−4

Cr 3.6 × 10−4 2.3 × 10−4 8.5 × 10−4 3.1 × 10−4

Zn 9.5 × 10−5 1.1 × 10−5 4.2 × 10−2 6.2 × 10−4

Cu 1.1 × 10−4 2.1 × 10−6 3.4 × 10−3 1.8 × 10−3

Pb 2.6 × 10−3 1.7 × 10−4 3.4 × 10−2 7.8 × 10−3

Sum 3.6 × 10−3 5.0 × 10−4 9.3 × 10−2 1.2 × 10−2

Adults

Ni 2.3 × 10−5 2.1 × 10−6 9.5 × 10−3 6.6 × 10−4

Cd 6.2 × 10−5 7.2 × 10−5 5.8 × 10−4 2.0 × 10−4

Cr 7.3 × 10−5 1.9 × 10−4 6.8 × 10−4 2.4 × 10−4

Zn 1.4 × 10−5 6.5 × 10−6 2.3 × 10−2 3.7 × 10−4

Cu 2.3 × 10−5 1.6 × 10−6 2.7 × 10−3 1.5 × 10−3

Pb 3.9 × 10−4 1.0 × 10−4 2.1 × 10−2 4.8 × 10−3

Sum 5.9 × 10−4 3.7 × 10−4 5.7 × 10−2 7.7 × 10−3

Using the carcinogenic risk assessment model of inhalation exposure patterns, we
found that the order of carcinogenic risk values of metals was 2019 > 2020 > 2018 > 2017
(Table 4). The carcinogenic risk of metals peaked in 2019 and declined in 2020. However,
these carcinogenic risk values were below the acceptable range (10−6–10−4) [23], suggesting
that metals in PM2.5 from 2017 to 2020 did not pose a cancer risk.

Table 4. Carcinogenic health risks of metals, 2017–2020.

Elements 2017 2018 2019 2020

Ni 1.4 × 10−11 1.0 × 10−11 5.8 × 10−7 4.0 × 10−8

Cd 1.4 × 10−11 1.4 × 10−10 2.9 × 10−9 10.0 × 10−10

Cr 5.3 × 10−10 1.1 × 10−8 - -
Zn - - 5.1 × 10−8 -
Cu - - 5.1 × 10−9 2.8 × 10−9

Sum 5.6 × 10−10 1.2 × 10−8 6.4 × 10−7 4.4 × 10−8

According to the metal risk assessment model, the non-carcinogenic and carcinogenic
exposure intensity of each metal is consistent with the concentration of metals. The risk of
exposure to metals is higher in children than in adults. However, each metal exposure’s
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carcinogenic and non-carcinogenic risks in 2017–2020 are within the safe range. Exposure
to metals alone or in combination has confirmed that these metals are associated with liver
injury [32].

3.2.2. PAHs Health Risk Assessment

Based on the carcinogenic and non-carcinogenic risk assessment model of PAHs, the
total carcinogenic risk values of 16 PM2.5-bound PAHs through inhalation in Taiyuan in
2017 and 2018 were 6.3 × 10−6 and 1.1 × 10−6 (Table 5), respectively. The risk of cancer was
more remarkable than 1 × 10−6, indicating that at the exposure levels of PAHs in 2017 and
2018, residents in Taiyuan had a potential risk of cancer. There is no cancer risk by PAHs in
2019 and 2020. Table 2 shows that during the sampling period in 2017 and 2018, the BaP
content of PM2.5 was 7.1 ± 3.2 ng/m3 and 12.72 ± 6.18 ng/m3, respectively, exceeding the
Chinese National Standard (2.5 ng/m3). The non-carcinogenic risk values of PM2.5-bound
PAHs from 2017 to 2020 were all below 1.0, indicating that residents in Taiyuan have no
non-carcinogenic health risks at current exposure levels of PAHs.

Table 5. Carcinogenic and non-carcinogenic health assessment of PAHs 2017–2020.

Items 2017 2018 2019 2020

R 6.3 × 10−6 1.1 × 10−6 6.4 × 10−7 9.6 × 10−7

HQ 1.0 × 10−2 9.5 × 10−1 5.3 × 10−1 8.0 × 10−1

According to the health risk assessment model based on PAHs, there are no non-
carcinogenic risks in 4 years. In 2017 and 2018, PAHs in PM2.5 were potentially carcinogenic.
Experiments have shown that the combined exposure of four kinds of PAHs at low doses
has adverse effects on male SD rats such as liver injury, oxidative stress and lipid metabolism
disorder to a certain extent [33].

The above results indicate that the sources of PM2.5 in Taiyuan from 2017 to 2020 are
different. However, the common sources of pollution in the four years were transportation
sources and coal burning. Liu et al. analyzed the composition of fine particles in winter in
Taiyuan and found that inorganic sulfate and organic PAHs were important components of
PM2.5 [34].

3.3. Cytotoxicity of PM2.5 Samples during 2017–2020 in HepG2 Cells
3.3.1. Effects of PM2.5 and Different Components on Cell Viability

Atmospheric PM2.5 easily absorbs toxic substances due to its large specific surface
area, seriously damaging human health [35]. Epidemiological studies have shown that
PM2.5 can cause cardiovascular and cerebrovascular diseases, lung diseases and endocrine
disorders [36,37]. Recently, more and more attention has been paid to the role of PM2.5 in
metabolic disorders (such as insulin resistance, neuroinflammation, etc.) [36,38]. However,
the molecular mechanism of lipid metabolism disturbance caused by PM2.5 leading to
nonalcoholic fatty liver disease (NAFLD) is less studied.

Due to different emission sources, regions, weather, time and other factors, the compo-
sition of PM2.5 is different to some extent, and the components of PM2.5 can also interact
with each other to produce secondary pollutants with greater toxicity [39]. The composition
of PM2.5 varies greatly, and they cause different toxicological effects. Therefore, when
assessing the impact of PM2.5 particles on liver injury, it is necessary to consider not only
the PM2.5 particles themselves, but also the impact of each component of PM2.5.

By studying the toxic effects of PM2.5 and its components, we can determine the pri-
mary air pollution sources in a certain period in this area and provide an experimental basis
for air pollution control. Therefore, to explore the main toxic components of PM2.5 particles,
we divided PM2.5 into WP, OP and WSP, and established an experimental model of HepG2
cell infection. In recent years, epidemiological investigations and animal experiments have
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shown that PM2.5 can cause NAFLD, but the differential effects of PM2.5 and its different
components on liver function are rarely reported.

HepG2 cells were treated with three components of PM2.5 (WP, OP and WSP) at
different concentrations for 24 h from 2017 to 2020. Cell viability measured by CCK8 kit
showed that after 24 h exposure, extracts (WP, OP, and WSP) from PM2.5 samples for 4 years
had significant cytotoxic effects on cells at 0, 50, 100, 200, 250, and 500 µg/mL compared to
controls. Both 4-year WP (Figure 1) and WSP (Figure S2A) promoted cell proliferation at
low concentrations (1, 5, 10 µg/mL). However, OP (Figure S2B) inhibited cell proliferation
with increasing concentration and the cell survival rate was lower at the same concentration
for a particular year from 2017 to 2020. Relatively, OP was a key component in inhibiting
cell proliferation. However, there was no significant difference in cell viability between
different components of PM2.5 over the years.
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Figure 1. Toxic effects of different concentrations of PM2.5 whole particle components on HepG2 cells
from 2017 to 2020 (n = 4, compared with control group, * p < 0.05, ** p < 0.01).

Next, LDH is an important enzyme in cells that is rapidly released from cells when
the cell membrane is damaged and is often used to assess cell death or cytotoxicity [40].
In this study, we found that, compared with the control group, LDH activity increased
significantly at WP (Figure 2), WSP (Figure S3A), and OP (Figure S3B) concentrations
of 100 µg/mL from 2017 to 2020. In 2017, WP significantly increased LDH activity at
a 50 µg/mL concentration. Elevating LDH, induced by WP components at 0, 25, and
50 µg/mL, showed significant differences in 2017 and 2019, while at 100 µg/mL, there were
significant differences between 2017 and the other three years. When the WSP component
was 100 µg/mL, LDH activity displayed remarkable differences in 2019. Of note, there was
a significant difference in LDH activity between 2017 and 2019 when OP components were
50 and 100 µg/mL. This may be related to differences in physical and chemical properties
due to different sources of particulate matter in 2019 [41].
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3.3.2. Effects of PM2.5 and Its Components on Inflammatory Factors and Oxidative Stress

Previous studies have illustrated that oxidative stress and abnormal upregulation of
inflammation caused by irritants can aggravate liver dyslipidemia and lipid accumulation,
ultimately promoting NAFLD development [42–44]. Based on this, we evaluated markers
of inflammation, oxidative stress, and lipid metabolism after exposure to HepG2 cells from
different components of PM2.5 in different years to determine their possible relationship.
Figures 3, 4, S3 and S4 show that after exposure to different components of PM2.5 from 2017
to 2020, the levels of inflammatory factors IL-6 and TNF-α in HepG2 cells gradually elevated
with the increase of exposure concentration, suggesting that PM2.5 and its components can
trigger cellular inflammation.

At the same concentration, each component in different years affected inflammatory
factors differently. The key components that contribute to elevated levels of inflammatory
factors also vary. In Figure 3, IL-6 levels in HepG2 cells markedly raised after WP compo-
nents exposure to 50 and 100 µg/mL for 24 h in 2017, 2018 and 2020. In 2019, it was only at
100 µg/mL that it was obviously higher than the control group. Compared with the control
group, 4-year exposure to WSP (Figure S4A) and OP (Figure S4B) for 24 h remarkably up-
regulated intracellular IL-6 levels at 100 µg/mL. In 2020, there was a significant difference
in WSP components at 50 µg/mL. After exposure of the OP component to 50 µg/mL in
2018, the intracellular IL-6 level was observably higher than that of the control group.

When the WP component concentration was 25 µg/mL, there was a significant differ-
ence between 2017 and 2019. After exposure to OP components at concentrations of 25 and
50 µg/mL, there were significant differences in IL-6 levels in 2019 and 2020.

The level of TNF-α in HepG2 cells increased after WP (Figure 4), WSP (Figure S5A)
and OP (Figure S5B) exposure for 24 h. Compared with the control group, 24 h after
WP exposure from 2017 to 2020, intracellular TNF-α levels were markedly raised at
50 and 100 µg/mL concentrations. After 24 h exposure to WSP, the level of TNF-α went
up significantly only when the concentration was 100 µg/mL. After OP exposure, TNF-α
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levels in HepG2 cells increased markedly at a 100 µg/mL concentration at 4 years. At
a 50 µg/mL concentration, there was only a significant increase in HepG2 cells in 2017
and 2020.
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The interannual differences in TNF-α levels in different years after exposure to the
three components are as follows: (1) TNF-α levels induced by WP component at 0 and
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25 µg/mL in 2019 showed significant differences from the other three years. At 25 µg/mL,
TNF-α levels in 2017 differed significantly from those in 2018 and 2020. At 50 µg/mL, TNF-
α levels in 2019 presented a significant difference relative to 2017 and 2018. At 100 µg/mL,
there was only a significant difference in TNF-α levels between 2017 and 2019. (2) TNF-α
levels induced by WSP component at 25 and 50 µg/mL caused significant differences
between 2019 and 2020. At 50 µg/mL, 2020 also differed from 2018. At 100 µg/mL,
intracellular TNF-α levels significantly differed in 2019 compared to 2018 and 2020. (3) OP
components at four concentrations (0, 25, 50, 100 µg/mL) were obviously different in
TNF-α levels in 2019 and the other three years.

Oxidative stress is the critical mechanism of NAFLD. Various hepatotoxic substances
will lead to the production of ROS in hepatocytes. Then, the interaction of oxygen free
radicals with cell membranes will result in lipid peroxy reaction to form lipid free radicals,
which will jointly cause liver cell damage [45,46]. As displayed in Figure 5, after 24 h
exposure to WP at different concentrations, ROS levels in HepG2 cells raised to 100 µg/mL
in 2020 compared with the control group. In the other three years, there was a markedly
when WP concentration went up at 25, 50 and 100 µg/mL. Besides, in Figure 5, WP was
markedly augmented at 25 µg/mL after action compared to the control group. In 2020, due
to reduced pollution, it did not become significant until 100 µg/mL. The effects of WSP
and OP also cause significant changes in ROS.
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Figure 5. Effects of different concentrations of PM2.5 whole particle components on intracellular ROS
levels of HepG2 from 2017 to 2020 (n = 4, compared with the control group, * p < 0.05, ** p < 0.01;
compared between years, # p < 0.05, ## p < 0.01).

Statistical significance in ROS levels, especially after the WSP treatment, existed in dif-
ferent years. After 24 h exposure to WSP at different concentrations (Figure S6A), ROS levels
in HepG2 cells elevated at 50 and 100 µg/mL in 2018 compared with controls. ROS levels
in HepG2 cells augmented at 100 µg/mL in 2020. After 24 h of OP exposure (Figure S6B),
ROS levels in HepG2 cells increased at 25, 50, and 100 µg/mL in 2017 compared with
controls. ROS levels mounted up dramatically at 100 µg/mL in 2018. In 2019 and 2020,
the ROS levels in HepG2 cells were elevated at 50 and 100 µg/mL. After WSP exposure
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in 2017, intracellular ROS levels were lower than in the remaining three years. ROS levels
were higher after exposure to WP components in 2018 and 2020. In 2017 and 2019, it was
higher after total particle exposure. After OP component exposure, intracellular ROS levels
in 2019 were lower than those in the other three years.

In Figure 6, after 24 h exposure to WP at different concentrations, SOD activity
in HepG2 cells decreased at 50 and 100 µg/mL at 4 years compared with control. At
100 µg/mL, there is a significant difference between 2019 and 2020. Besides, after 24 h expo-
sure to WSP at different concentrations (Figure S7A), SOD activity in HepG2 cells decreased
significantly at 100 µg/mL in 2020 compared with the control group. At 100 µg/mL, there is
a significant difference between 2018 and 2019. Additionally, after 24 h exposure to different
concentrations of OP (Figure S7B), SOD activity in HepG2 cells decreased significantly at
25, 50 and 100 µg/mL in 2017 compared with control. In 2018, SOD activity significantly
reduced at 50 and 100 µg/mL. SOD activity in HepG2 cells decreased significantly at
100 µg/mL OP in 2019 and 2020. When the concentration of OP is 0, there is a significant
difference between 2019 and the other three years. At 25 µg/mL of OP, SOD activity in
2019 was significantly different from that in 2018 and 2020. At 100 µg/mL of OP, there was
a significant difference in SOD activity between 2017 and 2018, 2018 and 2020, 2017 and
2019, 2019 and 2020.
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As for intracellular MDA content, (1) Figure 7 showed that MDA content in HepG2
cells elevated dramatically at 50 and 100 µg/mL in 2017, 2019 and 2020 after WP exposure at
different concentrations for 24 h. When WP exposure concentration was 100 µg/mL in 2018,
MDA content in HepG2 cells went up. (2) In Figure S8A, MDA content in HepG2 cells was
remarkably raised at 100 µg/mL at 4 years after exposure to WSP at different concentrations
for 24 h. (3) In Figure S8B, after exposure to OP at different concentrations for 24 h, MDA
content in HepG2 cells at 50 and 100 µg/mL in 2017, 2018 and 2019 were observably
augmented. In 2020, HepG2 cells’ MDA content went up significantly at 100 µg/mL. After
WP, WSP exposure in 2019, the intracellular MDA content was reduced. However, MDA
content after OP exposure was greater than that in the other three years.
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Figure 7. Effects of different concentrations of PM2.5 total particle components on MDA content
in HepG2 cells from 2017 to 2020 (n = 4, compared with the control group, * p < 0.05, ** p < 0.01;
compared between years, # p < 0.05, ## p < 0.01).

WP, OP and WSP significantly increased intracellular MDA content, indicating that
many lipid free radicals formed in cells after exposure to PM2.5. The decrease in intracellular
SOD content suggested that the activity of the major antioxidant enzyme SOD decreased
under the action of PM2.5, revealing that PM2.5 and its components not only promoted the
formation of oxygen free radicals and lipid free radicals, but also inhibited the antioxidant
system of cells (Figures 6, 7, S7 and S8). Xie et al. found that after PM2.5 acted on HepG2
cells, intracellular ROS level and MDA content increased while SOD activity reduced,
which was consistent with our results [47].

3.3.3. Effects of PM2.5 and Different Components on Cellular Lipids

As a raw material of lipids and a product of lipolysis, FFA is a potential mediator
in the development of NAFLD. Under physiological conditions, FFA can be lipidated to
produce TG (a major component of lipids) and can also be oxidized to provide energy [48].
However, hepatic FFA overload may promote oxidative stress and produce ROS, which
may be key to the progression of simple steatosis to steatohepatitis [49].

As for intracellular TG content after PM2.5 exposure, (1) WP significantly elevated
TG content in HepG2 cells at 50 and 100 µg/mL after exposure for 24 h compared with
the control for 4 years (Figure 8). (2) After exposure to WSP (Figure S9A), TG levels in
HepG2 cells in 2017 and 2020 were markedly augmented at 50 and 100 µg/mL. In 2018 and
2019, TG levels rose, obviously only at 100 µg/mL. (3) After exposure to OP (Figure S9B),
TG levels increased remarkably in 2017 at concentrations of 50 and 100 µg/mL. TG levels
at 25 µg/mL exposure in 2018 were observably higher than those in the control. In 2019
and 2020, TG content increased significantly at 100 µg/mL. After exposure to the WP
component, TG content was lower in 2019 compared to three years. On the contrary, TG
content was higher in 2019 after WSP exposure.

As for FFA content, (1) in Figure 9, FFA content in 4-year HepG2 cells at 50 and
100 µg/mL after WP exposure for 24 h rose remarkably compared with the control. (2) After
exposure to WSP (Figure S10A), FFA content in HepG2 cells significantly augmented at
100 µg/mL for 4 years. (3) After exposure to OP (Figure S10B), FFA levels in 2017 elevated
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significantly at concentrations of 25, 50, and 100 µg/mL. FFA content increased dramatically
at 100 µg/mL in the remaining three years compared with the control. After 100 µg/mL
WP exposure, intracellular FFA levels decreased yearly from 2017–2020. After OP exposure,
intracellular FFA levels were higher in 2017 compared to the other three years.
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As seen in Figures 8, 9, S9 and S10, after exposure to different components, the
intracellular TG content varied significantly between years, especially WSP, while FFA
content varied little between years. Due to the important role of FFA in lipid metabolism,
increased FFA content and flux in the liver can reflect metabolic dysfunction. Therefore,
lipid accumulation, especially TG accumulation caused by imbalances in lipogenesis and
lipolysis, as well as metabolic changes associated with FFA, including lipid synthesis,
lipid uptake, lipid oxidation, and lipid output, are critical to understanding the molecular
mechanisms of PM2.5-induced lipid dysregulation [50].

3.3.4. Effects of PM2.5 and Its Components on Lipid Metabolism in Cells

Hepatic dysfunction caused by oxidative stress and inflammatory response can in-
terfere with lipid metabolism, which may promote the process of hepatic dyslipidemia
and increase the risk of NAFLD. Therefore, we evaluated changes in mRNA levels of
lipid synthesis, uptake, oxidation, and output, which are indicators of lipid metabolism in
the liver.

Figures 10 and S11–S13 present gene expression related to lipid metabolism after
exposure to different components of PM2.5 in 2017. As exposure levels raised, compared
to control, the mRNA expressions of lipid synthesis genes (SREBP1, ACC, FASN, SCD1),
lipid uptake genes (CD36, FABP1, FAPT2, FAPT5), lipid oxidation genes (PPAR-α, CPTα,
ACOX1), and lipid transport genes (APOB, MTTP) were up-regulated. The mRNA expres-
sion of some genes (SREBP1, ACC, FASN, SCD1, CD36, FABP1, FAPT2, FAPT5, PPAR-α,
ACOX1, APOB, MTTP) at high concentrations (50 or 100 µg/mL) of PM2.5 were significant
(p < 0.05 or p < 0.01), suggesting that PM2.5 may cause lipid metabolism disturbances. It is
worth noting that the mRNA expression of lipid oxidation genes of WP and OP components
in 2018 and three components (WP, WSP and OP) in 2019 elucidated at 100 µg/mL. The
mRNA expression of some lipid oxidation genes decreased after exposure to OP and WSP
at a concentration of 100 µg/mL in 2020. The mRNA expression of the lipid transport gene
MTTP also lessened after WP exposure.
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In this study, we first analyzed the mRNA expression levels of genes related to lipid
synthesis treated with PM2.5 and its components. SREBP1 regulates the expression of ACC,
FASN and SCD1 [51,52]. ACC is a rate-limiting enzyme that catalyzes the first step of fatty
acid anabolism [53]. FASN is a crucial enzyme in de novo synthesis of fatty acids [54].
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SCD1 is a rate-limiting enzyme that catalyzes the synthesis of unsaturated fats [55]. Our
results found that the mRNA expression of lipid synthesis genes (SREBP1, ACC, FASN,
SCD1) augmented observably under the influence of PM2.5 and its components from 2017
to 2020 compared with the control group. These results indicate that exposure to PM2.5 and
its components induces lipid synthesis in HepG2 cells, and the greater the concentration of
PM2.5 and its components, the greater the impact on lipid synthesis, which is consistent
with previous findings [56].

CD36, FABP1, FAPT2 and FAPT5 are key gene molecules that regulate FFA uptake in
the liver [57]. CD36 is a membrane protein with multiple metabolic functions that mediates
FFA transmembrane transport to hepatocytes via FATPs [58,59]. FABP can enhance fatty
acid intake [60]. In this study, the mRNA expression of lipid uptake genes (CD36, FABP1,
FAPT2, FAPT5) was obviously raised under the influence of PM2.5 and its components
compared with the control group during 2017–2020. This suggests that exposure to PM2.5
and its components affects lipid uptake in HepG2 cells. Studies have illustrated that
activated CD36, FABPs and FATPs promoted lipid uptake and transport, while alleviated
gene expression can improve lipid accumulation in hepatocytes [59,61], which is consistent
with our results.

The activation of PPARα target gene promotes the oxidation of fatty acids, promotes
decomposition, and reduces the synthesis and secretion of TG. CPT1α and ACOX1 are
key rate-limiting enzymes in lipid oxidation, catalyzing mitochondrial and peroxisomal β
oxidation [62]. The over-expression of lipid oxidation genes and the dysfunction of lipid
oxidation can cause the production of excessive ROS, which may induce diseases through
oxidative stress [59].In this study, under the influence of PM2.5 and its components, mRNA
expressions of lipid oxidation genes (PPAR-α, CPT1α and ACOX1) were significantly
elevated in 2017 compared with the control group, which was consistent with the results of
Ding et al. [58]. We also found that the mRNA expression of the above lipid oxidation genes
decreased from 2018 to 2020. Giving that the mRNA expressions of PPAR-α, CPT1α and
ACOX1 decreased under short-term exposure to PM2.5, which is related to lipidolysis [51].
And the inhibited lipolytic genes and the weakened oxidation capacity promote lipid
deposition, related to down-regulated PPARα and its regulated CPT1 and ACOX1 [50].
Thus, the research results on the role of lipid oxidation in NAFLD are not uniform, and
further research is needed.

Elevated very low-density lipoprotein (VLDL) in plasma is also a characteristic of
NAFLD [63]. VLDL are endogenous triglycerides mainly synthesized by liver cells. New-
born VLDLs produced in the liver are surrounded by phospholipids, cholesterol esters, and
specific apolipoproteins, of which APOB is the most important [64]. APOB cotranslates
lipidization in the endoplasmic reticulum lumen via MTTP and further lipidization in the
Golgi apparatus [65]. Excess TG can be secreted as VLDL to relieve TG accumulation [66].
In this study, mRNA expression of lipid exporting gene MTTP was significantly reduced
in cells after WP treatment in 2020. As a lipid transporter, MTTP is mainly involved in
VLDL transport and secretion formed by the combination of free fatty acids and APOB [67].
When MTTP is reduced or dysfunction occurs, the output of TG in hepatocytes diminishes,
and lipid droplet formation increases, resulting in hepatic lipid deposition [68]. In the
present study, from 2017 to 2019, the mRNA expression of lipid export genes (APOB and
MTTP) was markedly raised after PM2.5 and its components were treated compared with
the control, indicating that more lipids were removed from liver tissues. Still, the role of
lipid synthesis may be more significant, leading to intracellular FFA and TG accumulation.

3.4. Correlation Analysis

We also investigated the correlation between metals and PAHs in PM2.5 with HepG2
cytotoxicity, lipid and lipid metabolism biomarkers during 2017–2020. Based on the above
results of toxicology, lipid and lipid metabolism indexes caused by the main components
of PM2.5 in Taiyuan from 2017 to 2020, we selected metals (Zn, Pb, Cu and Cr) and PAHs
(FLA, PYR, CHR, BbF and IcdP) with high pollutant concentrations and biomarkers (IL-6,
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TNF-α, ROS, SOD, MDA, TG and FFA) with significant changes and differences when the
whole particle exposure concentration was 100 µg/mL in the present results (Tables 6–9),
and conducted correlation statistical analysis.

Table 6. Correlation analysis of major metals and biomarkers of cytotoxicity and lipid in pollutants
from 2017 to 2020.; Pearson correlation coefficient (r) was used to compare correlations among
indicators, *: p < 0.05.

Items IL-6 ROS SOD MDA TG

Zn 0.113 0.178 0.483 −0.382 0.548
Pb 0.894 0.928 −0.830 −0.814 −0.461
Cu 0.928 0.960 * −0.559 −0.733 −0.058
Cr 0.713 0.736 −0.965 * −0.712 −0.766

Table 7. Correlation between major PAHs and cytotoxic and lipid biomarkers in pollutants from
2017 to 2020.; Pearson correlation coefficient (r) was used to compare correlations among indicators,
*: p < 0.05.

Items TNF-α MDA TG FFA

FLA 0.113 0.981 * 0.403 0.511
PYR −0.027 0.969 * 0.296 0.381
CHR 0.770 0.668 0.787 0.972 *
BbF 0.418 0.929 0.613 0.762
IcdP 0.702 0.815 0.844 0.871

Table 8. Correlation analysis of major metals in pollutants and biomarkers of cellular lipid metabolism
from 2017 to 2020.; Pearson correlation coefficient (r) was used to compare correlations among
indicators, *: p < 0.05.

Items SREBP1 FABP1 FAPT2 FAPT5 PPARα CPT1α ACOX APOB MTTP

Zn 0.539 0.443 −0.880 −0.132 0.703 0.564 0.918 0.952 * −0.554
Pb −0.707 0.631 −0.543 −0.908 −0.503 −0.768 −0.248 −0.220 0.674
Cu −0.519 0.865 −0.765 −0.940 −0.296 −0.499 0.051 0.148 0.493
Cr −0.800 0.298 −0.191 −0.725 −0.659 −0.919 −0.540 −0.576 0.767

Table 9. Comparison of correlations between major PAHs and biomarkers of cellular lipid metabolism
in pollutants from 2017 to 2020.; Pearson correlation coefficient (r) was used to compare correlations
among indicators.

ACC FASN SCD1 CD36 FABP1 FAPT2 FAPT5

FLA −0.476 −0.594 −0.374 −0.455 −0.006 0.624 0.275
PYR −0.301 −0.346 −0.219 −0.250 −0.398 0.882 0.528
CHR −0.647 −0.806 −0.553 −0.665 0.503 0.178 −0.168
BbF −0.531 −0.647 −0.431 −0.512 0.054 0.602 0.210

The results showed (Table 7) that Zn, Pb, Cu and Cr in PM2.5 with high levels were
correlated with IL-6, ROS, SOD and MDA to varying degrees. Liu et al. revealed that the
combined exposure of Cr, Mn, Cd, Zn, Cu, and Pb led to an increase in MDA content and
a decrease in SOD content in HepG2 cells [69]. Masashi et al. found that Cu exposure
induced the secretion of pro-inflammatory cytokines and increased neuroinflammation [70].
This suggests that PM2.5-bound metals are associated with oxidative stress in hepatocytes.

As can be seen from Table 6, Pb, Cu and Cr are positively correlated with IL-6 and
ROS, and negatively correlated with SOD and MDA. There was a significant correlation
between Cu and ROS. There was a significant negative correlation between Cr and SOD. Cr
was negatively correlated with TG. The correlation between Zn and biomarkers was weak.
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Table 7 shows that TNF-α is positively correlated with CHR and IcdP. MDA was positively
correlated with FLA, PYR, CHR, BbF and IcdP, and significantly positively correlated with
FLA and PYR. TG and FFA were positively correlated with CHR, BbF and IcdP. FFA was
significantly correlated with CHR.

Tables 8 and 9 screen out several lipid metabolism genes related to the main com-
ponents of pollutants (metals and PAHs) in 2017–2020. Table 8 shows that metal Pb and
Cr are negatively correlated with SREBP1, FAPT5 and CPTα. FAPT5 was also negatively
correlated with Cu. Zn was positively correlated with PPARα and ACOX, and significantly
positively correlated with APOB. FAPT2 was negatively correlated with Zn and Cu. In
addition, FABP1 was positively correlated with Pb and Cu. MTTP was positively correlated
with Pb and Cr. As can be seen from Table 9, the overall correlation between PAHs and
lipid metabolism genes was weak. Among them, FASN was negatively correlated with
CHR. FAPT2 was positively correlated with PYR.

Liu et al. found that Cr participated in lipid metabolism by enhancing the activities of
plasma lecithin cholesterol acyltransferase (LCAT) and liver endothelial cell lipase (HEL) in
hyperlipidemia rats [71]. Similarly, we found that Cr was negatively correlated with TG.
Also, FLA (PAH monomer) exposure to cells will produce toxic effects on them, namely,
decreased cell survival rate, cell membrane damage, and decreased MDA content [72]. In
this study, MDA is correlated with FLA, PYR, CHR, BbF and IcdP (Table 8). TG and FFA
were correlated with CHR, BbF and IcdP. Of note, Tables 8 and 9 showed the correlation be-
tween the main components of pollutants (metals and PAHs) and several lipid metabolism
genes from 2017 to 2020. The results showed that Pb and Cr were negatively correlated
with SREBP1, FAPT5 and CPTα. FAPT5 was also negatively correlated with Cu. Zn was
positively correlated with PPARα and ACOX, and significantly positively correlated with
APOB. FAPT2 was negatively correlated with Zn and Cu. In addition, FABP1 was positively
correlated with Cu. MTTP was also positively correlated with Cr. A study revealed that
exposure to Cr, Cu and Zn caused lipid peroxidation and liver damage [73]. Another study
found that high levels of Cr, Cu and Pb may be associated with changes in the risk of
NAFLD [74]. Some compounds were positively correlated with biomarkers, indicating that
compounds could up-regulate related-gene expression. Other components were negatively
associated with biomarkers, suggesting that compounds could down-regulate related-gene
expression. This hints that the interaction between compounds and genes can lead to
abnormal genetic changes, which in turn affect the function of liver tissue and cause liver
toxicity. The relationships between PM2.5-bound metals or PAHs and lipids metabolism
still need further study.

4. Conclusions

The present study showed that PM2.5 pollution still appeared in Taiyuan during heat-
ing in recent years. Among them, 2017 was the most polluted year. Coal, biomass burning
and motor vehicle emissions were the primary sources of pollution for four years. There is
no carcinogenic and non-carcinogenic risk of PM2.5-metals from 2017 to 2020. PM2.5-bound
PAHs in 2017 and 2018 had a potential cancer risk and there were no non-carcinogenic
risks in 4 years. On the other hand, different concentrations of PM2.5 components (WP,
WSP, and OP) in 4 years caused oxidative stress and inflammatory response in HepG2 cells,
accumulation of TG and FFA, eventually leading to lipid metabolism disorders. Exposure
to WP, WSP, and OP induced abnormal changes in intracellular mRNA expression of lipid
genes. Relatively speaking, OP is a key component of cellular hepatotoxicity. Besides, some
metals and PAHs in PM2.5 were correlated with cytotoxic biomarkers and lipid metabolism
genes in HepG2 cells.

Consequently, the study of PM2.5 pollution levels, components, sources and health
risks under different spatial and temporal conditions is of positive significance for evaluat-
ing the characteristics of PM2.5 pollution. Exploring the liver toxicology of PM2.5 based on
liver cytotoxicity and lipid metabolism disorders and discovering the key components of
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PM2.5 will be of great scientific value in elucidating the relationship between PM2.5 and
liver diseases.
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