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Abstract Accumulating animal studies have dem-
onstrated associations between ambient air pollu-
tion (AP) and metabolic dysfunction-associated fatty
liver disease (MAFLD), but relevant epidemiological
evidence is limited. We evaluated the association of
long-term exposure to AP with the risk of incident
MAFLD in Northwest China. The average AP con-
centration between baseline and follow-up was used
to assess individual exposure levels. Cox proportional
hazard models and restricted cubic spline functions
(RCS) were used to estimate the association of PM, 5
and its constituents with the risk of MAFLD and the
dose-response relationship. Quantile g-computation
was used to assess the joint effects of mixed expo-
sure to air pollutants on MAFLD and the weights of
the various pollutants. We observed 1516 cases of
new-onset MAFLD, with an incidence of 10.89%.
Increased exposure to pollutants was significantly
associated with increased odds of MAFLD, with haz-
ard ratios (HRs) of 2.93 (95% CI: 1.22, 7.00), 2.86
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(1.44, 5.66), 7.55 (3.39, 16.84), 4.83 (1.89, 12.38),
3.35 (1.35, 8.34), 1.89 (1.02, 1.62) for each interquar-
tile range increase in PM, 5, SO,>~, NO,~, NH,*, OM,
and BC, respectively. Stratified analyses suggested
that females, frequent exercisers and never-drinkers
were more susceptible to MAFLD associated with
ambient PM, 5 and its constituents. Mixed exposure
to SO,°7, NO;~, NH,*, OM and BC was associated
with an increased risk of MAFLD, and the weight of
BC had the strongest effect on MAFLD. Exposure to
ambient PM, 5 and its constituents increased the risk
of MAFLD.

Keywords Long-term exposure - Air pollution -
Fine particulate matter - MAFLD - Cohort study

Introduction

Metabolic dysfunction-associated fatty liver disease
(MAFLD) has been proposed in 2020, which mainly
considers the role of metabolic dysfunction in the
occurrence of fatty liver, and does not need to exclude
other chronic liver diseases or other related factors
(Eslam. et al., 2020; Zheng et al., 2020). MAFLD
may progress to a range of complications, including
liver fibrosis, cirrhosis, hepatocellular carcinoma and
even liver-related death (Adams et al., 2005). The
prevalence and incidence of MAFLD have been grad-
ually increasing (Li et al., 2019), creating a huge bur-
den for individuals and societies. Studies have shown
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that the prevalence of MAFLD is approximately
38.77% worldwide (Chan et al., 2022). China has the
largest number of MAFLD cases in the world, which
was estimated to increase to 314.58 million cases in
2030 (Estes et al., 2018). So researches on various
risk factors for the development of MAFLD is signifi-
cant all over the world, especially in China.

With rapid economic development, the incidence
of MAFLD is associated with lifestyle changes such
as sedentary lifestyles and high-fat diets (Fan et al.,
2017). In addition to these factors, environmental pol-
lution may also play an important role in MAFLD.
Some previous studies have shown that exposure to
fine particulate matter air pollution <2.5 microns in
diameter (PM,;), a complex mixture of chemicals
mainly from fossil fuel combustion sources, may
increase the risk of MAFLD(VoPham et al., 2022;
Wang et al., 2022). PM, 5 is mainly composed of
water-soluble ionic components, carbonaceous com-
ponents and other inorganic compounds. The water-
soluble ionic components mainly include nitrate
[NO;™], sulfate [SO,?7], and ammonium [NH,'],
while the carbonaceous components mainly include
carbon black [BC] and organic matter [OM], which
account for about 70-80% of the PM, s mixture(Zhou
et al,, 2022). An animal experiment showed that
mice exposed to PM, 5 resulted in insulin resistance,
impaired glucose tolerance and systemic inflamma-
tory response (Xu et al., 2016). Meanwhile, some
studies have found that the process of MAFLD is
associated with metabolic disorders (Ge et al., 2016;
Lim et al., 2010; Luukkonen et al., 2016). Previous
animal studies supported that PM, 5 may induce oxi-
dative damage and inflammation through activation
of c-Jun N-terminal kinase (JNK), nuclear factor
kappa B (NF-kB) and Toll-like receptor 4 (TLR4)
(Tan et al., 2009; Xu et al., 2019; Zheng et al., 2013).
And PM, s may trigger fibrosis and hepatic stellate
cells (HSCs) collagen synthesis (Zheng et al., 2015),
all of which may be involved in the development of
MAFLD. To date, epidemiological studies of the
association between PM,s exposure and MAFLD
are limited, and the results of these studies are incon-
sistent. Some previous epidemiological studies have
shown that exposure to PM, 5 can increase the preva-
lence of MAFLD (Guo et al., 2022; Sun et al., 2022a,
2022b), however, there were also some studies have
reported no association was observed between par-
ticulate air pollution and fatty liver (Li et al., 2017;
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Young et al., 2013). Different results may be due to
different exposure levels and sources of study popula-
tions, so it is necessary to conduct prospective cohort
studies on the association between PM, s exposure
and MAFLD in different populations and regions.

Therefore, the current study aimed to investigate
the association of PM, 5 and its constituents, as well
as mixed exposure to air pollutants, with the risk of
incident MAFLD based on the “Jinchang Cohort”
platform. This is a prospective cohort of nearly
50,000 adults in the Northwest of China. Jinchang
city, located in Gansu province, is an industrial min-
ing city with significant air pollution issues, primar-
ily due to industrial emissions and an arid climate. In
general, the large sample size and the wide range of
air pollution levels present in the Jinchang cohort are
suitable for this study to examine the effects of PM, 5
and its constituents on MAFLD.

Methods
Study population

The “Jinchang Cohort” is a prospective cohort study
based on 48,001 employees of a large enterprise
named Jinchuan Nonferrous Metals Corporation
(JNMC) in Gansu Province, China. Details of this
cohort have been described elsewhere (Bai et al.,
2022). The baseline survey of the “Jinchang Cohort”
was performed from June 2011 to December 2013,
and the first follow-up was completed in Decem-
ber 2015, with 33,354 participants completing both
the baseline and first follow-up surveys. This study
included all 33,354 participants except for (i) those
without B-ultrasound information at baseline or
follow-up (n=2722), (ii) those had diagnosed with
MAFLD at baseline (n=6919), (iii) those without
valid AP exposure values due to missing address
information (n=8375). Finally, 15,337 participants
were included in the incidence study. The study was
approved by the Ethical Committees of School of
Public Health, Lanzhou University (Ethical Approval
Code: 2017-01), and all participants written an
informed consent.

The epidemiological investigation included basic
demographic characteristics (age, gender, education
attainment, occupation, average monthly income,
etc.), lifestyle (cigarette smoking, alcohol drinking,
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physical activity, etc.), history of diseases (diabetes,
hypertension, etc.), family history, etc. The standard-
ized and structured questionnaires were used to con-
duct the epidemiological investigation by uniformly
trained interviewers through face-to-face interviews.

Physical examinations included height, weight,
waist circumference (WC), blood pressure (BP),
abdominal ultrasound, etc. Biochemical examinations
included fasting plasma glucose, high-density lipo-
protein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), triglycerides (TG), etc. The
physical examinations and biochemical examinations
were completed by professional physical examination
doctors.

Air pollution exposures

The daily ground monitoring data of PM, 5, SO,*7,
NO,~, NH,*, OM, and BC were collected at four dif-
ferent environmental monitoring stations between
January 1, 2011 and December 31, 2015 from Jin-
chang Environmental Monitoring Centre. The mete-
orological data of daily average temperature and
relative humidity were collected from Jinchang Mete-
orological Bureau.

The nearest neighbor model was applied to evalu-
ate the individual exposure to AP, which evaluate
individual exposure levels based on AP levels from
the nearest pollution monitoring station accord-
ing to the residential address(X. Xu et al., 2014).We
used the Google map software to query the latitude
and longitude of the residential address and the four
environmental monitoring stations, and used ArcGIS
10.3 software to calculate the distance between each
residential address and the four environmental moni-
toring stations. The residential addresses were then
matched to the closest environmental monitoring sta-
tion, and the average concentration of AP between
baseline and follow-up for each individual was used
as an evaluation of the individual exposure level.

Assessment of MAFLD

According to the latest diagnostic criteria (Eslam
et al., 2020, 2020), MAFLD was diagnosed in this
study based on B ultrasound-confirmed hepatic stea-
tosis and any one of the following three items: over-
weight/obesity, type 2 diabetes mellitus (T2DM), or
evidence of metabolic dysregulation. The metabolic

dysregulation was defined as the presence of at least
two of the following metabolic risk abnormalities:
(i) WC>90 cm for males and >80 cm for females
(the cut-off for Asians); (ii)) BP>130/85 mmHg
or specific drug treatment; (iii) plasma triglyc-
erides>1.70 mmol/L or specific drug treat-
ment; (iv) plasma HDL-C< 1.0 mmol/L for males
and < 1.3 mmol/L for females or specific drug treat-
ment; (v) prediabetes (FPG levels between 5.6 and
6.9 mmol/L) (vi) homeostasis model assessment
of insulin resistance score>2.5, and (vii) plasma
high-sensitivity C-reactive protein level >2 mg/L.
The study used the first five conditions to diagnose
MAFLD because of the absence of a lack of plasma
levels for insulin and hs-CRP.

Covariates

The following covariates were used as covariates
in the multivariable adjusted models: age, gen-
der, educational attainment (elementary school or
below, junior high school, senior high school, col-
lege or above), occupation (worker, servicer, techni-
cian, manager), average monthly income (less than
¥2000, ¥2000-4999, more than ¥4999), fresh veg-
etable intake (<2.5 kg/week,>2.5 kg/week), fresh
fruit intake (<2.5 kg/week,>2.5 kg/week), ciga-
rette smoking status (never, current, former), alco-
hol drinking status (never, current, former), physical
activity, temperature and relative humidity.

Current smoker was defined as participant who
had smoked at least 1 cigarette per day for at least 6
consecutive months, former smoker was defined as
participant who had smoked in the past but had not
smoked for more than 6 months, and never smoker
was defined as participant who had never smoked or
smoked but did not meet the standards for smoking.

Current drinker was defined as participant who had
drunk any alcohol once a week for at least 6 months,
former drinker was defined as participant who had
drunk in the past but had not drunk for more than
6 months, and never drinker was defined as partici-
pant who never drunk or drunk but did not meet the
standards for drinking.

Frequent physical activity was defined as partici-
pating in physical activities on average three times
per week for more than 30 min each time, moder-
ate physical activity was defined as participating in
physical activities but did not meet the standards for
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frequent physical activity, seldom physical activity
was defined as never participating in sports activities.

Statistical analysis

For correlation analysis, Pearson correlation was used
to analyze the relationships between PM, 5 constitu-
ents and the total mass of PM, 5. The strength (r) and
significance (P-value) of the relationships are two
important factors. In this study, Pearson correlation
coefficients (r)<0.5, 0.7>r>0.5 and r>0.7 were
considered as weak, moderate and strong associations
respectively (Barzegar et al., 2019).

The concentrations of APs were divided into four
levels according to the quartiles. Cox proportional
hazard regression with time-varying covariates model
was employed to estimate the association of long-
term exposure to PM, 5 and its constituents with the
risk of MAFLD (Zhang et al., 2018). Hazard ratios
(HRs) and 95% ClIs are presented for each inter-
quartile range (IQR) increase in AP levels. Model
1 adjusted for age and gender. Model 2 additionally
adjusted for educational attainment, occupation, aver-
age monthly income, fresh vegetable intake, fresh
fruit intake, cigarette smoking status, alcohol drink-
ing status, physical activity. Model 3 additionally
adjusted for temperature and relative humidity.

Restricted cubic spline functions (RCS) were uesd
to evaluate the exposure-response association of
MAFLD with PM, 5 and its constituents(Desquilbet
& Mariotti, 2010). Stratified analyses were per-
formed to explore the effects of demographics and
lifestyle factors, such as gender (male and female),
age (<45 years and >45 years), occupation (worker
and others), average monthly income (<2000
and >2000), educational attainment (lower than high
school, high school or above), smoking status, drink-
ing status and physical activity. Model 3 was the
model for the exposure-response relationship and
stratified analyses, and the model was adjusted for all
other covariates except those used for stratification in
each stratification.

Quantile g-computation was employed to analyze
the joint effects of AP mixtures on MAFLD by using
the “qgcomp” package in R version. The basic model
of the quantile g calculation is a marginal structural
joint model, which estimates the effect of simulta-
neously increasing all exposures by one quantile.
And it can also estimate empirical weights for each
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exposure from quantiles of the exposures by using a
quantized exposure index (Keil et al., 2020; Y. Sun
et al., 2022a, 2022b). We first estimated the effect
of mixed exposure to SO,>~, NO;~, NH,*, OM and
BC on the occurrence of MAFLD by simultaneously
increasing a quantile. Then we estimated the weights
of the effects of SO42_, NO;™, NH4+, OM and BC on
MAFLD in mixed exposure.

All statistical analyses were performed in R ver-
sion 4.2.2, and a two-tailed p-value <0.05 was con-
sidered as statistically significant.

Results
Descriptive statistics

After the exclusions, 15,337 participants were left as
the analytic sample. During the first follow-up, we
identified 1516 cases of MAFLD, and the incidence
of MAFLD in this study is 10.89%. As summarized
in Table 1, the average age of all participants was
47.56 years, 54.92% (N =28423) of participants were
male, and the average BMI was 23.49 kg/m?. Partici-
pants were more likely to have a junior high school
education, to be workers, to earn an average monthly
income of ¥2000-4999, to never smoke, to never
drink, and to perform frequent physical activity.

Descriptions and correlations of PM, 5 and its
components

Table 2 displays the mean exposure to PM, s and
its constituents over the course of the study period
spanning from 2011 to 2015. The average concen-
trations of PM, 5, SO,>~, NO;~, NH,*, OM, and BC
over the five-year period were 35.57 +11.47 pg/m’,
4.21+2.00 pg/m>, 4.62 +3.34 pg/m?, 3.37 +2.00 pg/
m®, 6.80+3.37 pg/m’ and 1.43+0.69 pg/m’,
respectively.

Significant or moderate correlations were observed
between various PM, s constituents and the total mass
of PM,s (P<0.001). (Pearson correlation coeffi-
cients ranged from 0.59 to 0.98, Fig. 1). The mass of
PM, 5 and its constituents were positively correlated,
confirming emissions from the same source. Indus-
trial emissions may be responsible for PM, 5, but the
sources will be investigated in future studies.
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Table 1 Characteristics of the participants according to the presence of MAFLD

Characteristics Overall (N=15,337) MAFLD (n=1516) Non-MAFLD (n=13821) P value
Gender, n (%) <0.001
Male 8423 (54.92) 964 (63.59) 7459 (53.97)

Female 6914 (45.08) 552 (36.41) 6362 (46.03)

Age, Mean + SD, years 47.56+7.87 49.72+8.14 47.32+7.80 <0.001
Educational attainment, n (%) <0.001
Elementary school or below 1401 (9.13) 180 (11.87) 1221 (8.83)

Junior high school 5082 (33.14) 548 (36.15) 4534 (32.81)

Senior high school 4710 (30.71) 464 (30.61) 4246 (30.72)

College or above 4144 (27.02) 324 (21.37) 3820 (27.64)

Occupation, n (%) <0.05
Worker 12,318 (80.32) 1217 (80.28) 11,101 (80.32)

Servicer 516 (3.36) 68 (4.49) 448 (3.25)

Technician 521 (3.40) 56 (3.70) 465 (3.37)

Manager 1982 (12.92) 175 (11.55) 1807 (13.08)

Average monthly income, n (%), Yuan

<0.001

<2000 5333 (34.77) 455 (30.01) 4878 (35.29)

2000-4999 9575 (62.43) 1010 (66.62) 8565 (61.97)

>4999 429 (2.80) 51 (3.36) 378 (2.73)

Cigarette smoking, n (%) <0.001
Never 8910 (58.09) 788 (51.98) 8122 (58.77)

Current 5224 (34.06) 568 (37.47) 4656 (33.69)

Former 1203 (7.84) 160 (10.55) 1043 (7.55)

Alcohol drinking, n (%) 0.221
Never 11,814 (77.03) 1190 (78.50) 10,624 (76.87)

Current 2893 (18.86) 261 (17.22) 2632 (19.04)

Former 630 (4.11) 65 (4.29) 565 (4.09)

Physical activity, n (%) 0.100
Seldom 1632 (10.64) 148 (9.76) 1484 (10.74)

Moderate 5870 (38.27) 617 (40.70) 5253 (38.01)

Frequent 7835 (51.09) 751 (49.54) 7084 (51.26)

Fresh vegetable intake, n (%) 0.449
<2.5 kg/week 3211 (20.94) 306 (20.18) 2905 (21.02)

>2.5 kg/week 12,126 (79.06) 1210 (79.82) 10,916 (78.98)

Fresh fruit intake, n (%) <0.05
<2.5 kg/week 5932 (38.68) 627 (41.36) 5305 (38.38)

>2.5 kg/week 9405 (61.32) 889 (58.64) 8516 (61.62)

Meat intake, n (%) <0.05
<350 g/week 3648 (23.79) 328 (21.64) 3320 (24.02)

> 350 g/week 11,689 (76.21) 1188 (78.36) 10,501 (75.98)

Milk and dairy products, n (%) <0.001
Never 1427 (9.30) 199 (13.13) 1228 (8.89)

<300 ml/day 8401 (54.78) 825 (54.42) 7576 (54.82)

> 300 ml/day 5509 (35.92) 492 (32.45) 5017 (36.3)

Diabetes, n (%) <0.001
No 840 (5.48) 204 (13.46) 636 (4.61)
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Table 1 (continued)

Characteristics Overall (N=15,337) MAFLD (n=1516) Non-MAFLD (n=13821) P value
Yes 14,497 (94.52) 1312 (86.55) 13,185 (95.4)
BMI, Mean + SD, kg/m? 23.49+2.88 26.03 +2.68 23.21+2.76 <0.001

MAFLD metabolic dysfunction-associated fatty liver disease

“Data presented as means (standard deviation) for continuous variables and numbers (percentages) for categorical variables. Examin-
ing differences between MAFLD and non-MAFLD based on t test (for continuous variables) and X2 test (for categorical variables)

YFrequent physical activity is defined as exercising more than 3 times/week, and more than 30 min each time

Table 2 Statistics of PM, 5 and its constituents during the study period from 2011 to 2015

Pollutants (pg/m?) X+8 Percentiles IQR
Min 25th 50th 75th Max

PM, 5 3557+11.47 12.00 27.00 34.00 43.00 144.00 16.00
S0, 4.21+2.00 0.35 2.75 4.02 5.40 17.83 2.65
NO;~ 4.62+3.34 0.29 2.07 3.46 6.51 23.45 4.44
NH,* 3.37+2.00 0.29 1.84 2.92 4.43 18.17 2.59
OM 6.80+3.37 0.59 4.30 6.32 8.75 29.35 4.45
BC 1.43+0.69 0.13 0.93 1.34 1.82 7.31 0.89

IQOR interquartile range; SD standard deviation; PM, s particulate matter with an aerodynamic diameter less than or equal to 2.5 pm;

OM organic matter; BC black carbon; S042‘ sulfate; NO;™ nitrate; NH[,+ ammonium

Association of exposure to PM, 5 and its constituents
on MAFLD

The associations between individual air pollutants
and the risk of MAFLD are shown in Table 3. We
found that all PM, 5 and its constituents were posi-
tively associated with the risk of MAFLD in the
fully-adjusted model 3. Regarding the risk of inci-
dent MAFLD, the fully adjusted HRs for the high-
est quartiles compared with the lowest quartiles
were 2.926 (95% CI 1.223, 6.999), 2.856 (95% CI
1.442, 5.659), 7.550 (95% CI 3.385, 16.841), 4.832
(95% CI 1.885, 12.383), 3.350 (95% CI 1.348,
8.342), 1.894 (95% CI 1.019, 1.624) for PM,5,
S0,>~, NO;~, NH,, OM, and BC, respectively. In
the fully adjusted model 3, increased exposure lev-
els to PM, 5 and its constituents were significantly
associated with increased odds of MAFLD. The
HRs of MAFLD were 1.490 (95% CI 1.100, 2.017),
1.543 (95% CI 1.216, 1.958), 1.949 (95% CI 1.477,
2.572), 1.726 (95% CI 1.239, 2.405), 1.528 (95% CI
1.108, 2.105) and 1.311 (95% CI 1.059, 1.624) per
IQR increase in PM, s, SO,*~, NO;~, NH,*, OM,
and BC, respectively.
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We did not observe the significant linear associa-
tions between the concentration of PM, 5 and its con-
stituents and the incidence of MAFLD (both p-lin-
ear<0.001) (Fig. 2).

PM, 5 and its constituents exposure on MAFLD in
subgroup

Figure 3 showed the adjusted HRs and 95%ClIs of
MAFLD associated with each IQR increase in PM, 5
and its constituents by demographic characteristics
and lifestyle factors. Stratified analyses suggested
that the associations between exposure to PM, 5 and
its constituents and MAFLD were modified by sex,
occupation, educational attainment, alcohol drinking
status, and physical activity. For example, the HRs
for the incidence of MAFLD associated with each
IQR increase in PM, s were 0.894 (95% CI 0.619,
1.296) and 3.268 (95% CI 1.884, 5.671) for males
and females; 1.458 (95% CI 1.024, 2.077) and 2.214
(95% CI 1.142, 4.293) for workers and other occupa-
tions; 1.651 (95% CI 1.026, 2.657) and 1.419 (95%
CI0.937, 2.150) for the lower and higher educational
groups, respectively; 1.606 (95% CI 0.481, 5.367),
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Fig. 1 Pearson correlations
between PM, 5 and its con-
stituents in the study sam-
ple. ¥***: P for all pairwise
correlations < 0.001.°Abbre- Phiss 1.00 ‘ 0.98
viation: PM, s, particulate
matter with an aerodynamic
diameter less than or equal ‘
to 2.5 pm; OM, organic

matter; BC, black carbon; S0,
SO42‘, sulfate; NO;™, ‘

nitrate; NH,*, ammonium =
e °

pMZ_S
S0,?

1.00

NH:"

oM

0.982 (95% CI 0.619, 1.557) and 2.064 (95% CI
1.324, 3.218) for the seldom moderate and frequent
physical activity groups, respectively; 1.941 (95%
CI 0.941, 4.114), 0.549 (95% CI 0.103, 2.938), and
1.511 (95% CI 1.072, 2.130) for the current, former
and never drinkers, respectively. Similar effect modi-
fications were also observed for SO42_, NO;™, NH,*,
OM, and BC.

Association of mixed exposure to PM, 5 constituents
on MAFLD

We used Quantile g-calculation to explore the rela-
tionship between mixed exposure of SO42', NO;™,
NH,*, OM, BC and MAFLD, and the Fig. 4 showed
that the risk of MAFLD increased by 33.3% for each
quartile increase of mixed exposure (95% CI: 1.031,
1.724, P<0.05).

In the mixed exposure of SO42_, NO;™, NH4+,
OM and BC, the effect weight of NO;~ and NH,* on
MAFLD was positive, with a total positive weight
coefficient of 0.574. The weight of NO;™ was 75.1%,

|
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‘ 1.00 0.89
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‘ 0.6
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r0.2

1.00 0.97 0.89 0.59

-

.00

-1

and the weight of NH,* was 24.9%. The effect
weights of SO,*~, OM and BC on MAFLD was nega-
tive, with a total negative weight coefficient of -1.720.
The weight of BC, SO42_, and OM were 79.5%,
12.6% and 7.9%, respectively (Table 4 and Fig. 5).
The weight of BC is the highest in the mixed expo-
sure (79.5%).

Discussion
Key findings

To our knowledge, this is the first cohort study
to investigate the association between long-term
exposure to ambient air pollutants and the risk
of MAFLD in Northwest China. In this study,
the results suggested that long-term exposure to
ambient PM, 5 and its constituents (SO,*~, NO;~,
NH,*, OM and BC) was positively associated with
an increased risk of MAFLD after adjustment for
demographics, lifestyles and climate. The risk of
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Table 3 Multivariable-adjusted HR (95% CI) for the associations of PM, 5 and its constituents in quintiles with risk of MAFLD

Quartile 1 Quartile 2 Quartile 3 Quartile 4 Per IQR P-trend
PM, 5 <35.01 35.01~36.37 36.37~38.91 >39.91
n (%) 446 (11.63) 409 (10.67) 318 (8.29) 343 (8.95)
Model 1 Ref. (1.00) 0.731 (0.532,1.003)  1.125 (0.625,2.028)  1.741 (0.729,4.161) 1.194 (0.873,1.634) 0.267
Model 2 Ref. (1.00) 0.810 (0.590,1.114)  1.251 (0.693,2.260)  2.151 (0.898,5.154) 1.273 (0.931,1.742) 0.131
Model 3 Ref. (1.00) 0.990 (0.716,1.368)  1.842 (1.004,3.381)  2.926 (1.223,6.999) 1.490 (1.100,2.017) <0.05
SO42‘ <415 4.15~431 4.31~4.61 >4.61
n (%) 447 (11.65) 399 (10.41) 328 (8.55) 342 (8.92)
Model 1 Ref. (1.00)0.791 (0.607,1.005)  1.137(0.716,1.806)  2.242 (1.159,4.338) 1.311 (1.032,1.667) <0.05
Model 2 Ref. (1.00) 0.849 (0.659,1.094)  1.213(0.763,1.930)  2.552(1.316,4.949) 1.369 (1.077,1.739) <0.05
Model 3 Ref. (1.00)0.938 (0.717,1.226)  1.370 (0.830,2.262)  2.856 (1.442,5.659) 1.543 (1.216,1.958) <0.001
NO;~ <455 4.55~482 4.82~5.25 >5.25
n (%) 385 (10.03) 424 (11.07) 381 (9.94) 326 (8.50)
Model 1 Ref. (1.00) 0.814 (0.636,1.041)  1.273 (0.811,1.998)  2.965 (1.589,5.531) 1.529 (1.219,1.917) <0.001
Model 2 Ref. (1.00) 0.892 (0.696,1.143)  1.430 (0.908,2.253)  3.440 (1.836,6.445) 1.609 (1.283,2.017) <0.001
Model 3 Ref. (1.00) 1.160 (0.865,1.554)  2.424 (1.389,4.231)  7.550 (3.385,16.841)  1.949 (1.477,2.572) <0.001
NH,* <331 331~3.47 347~3.73 >3.73
n (%) 430 (11.21) 400 (10.43) 340 (8.87) 346 (9.02)
Model 1 Ref. (1.00)0.755 (0.553,1.030)  1.338 (0.741,2.415)  2.554 (1.089,5.988) 1.373 (1.008,1.871) <0.05
Model 2 Ref. (1.00)0.819 (0.599,1.120)  1.473 (0.813,2.667)  2.931 (1.243,6.912) 1.439 (1.055,1.962) <0.05
Model 3 Ref. (1.00) 1.020 (0.725,1.434)  2.085 (1.096,3.964)  4.832 (1.885,12.383)  1.726 (1.239,2.405) <0.001
OM <6.71 6.71-7.09 7.09-7.54 >7.54
n (%) 424 (11.05) 418 (10.91) 316 (8.23) 358 (9.35)
Model 1 Ref. (1.00)0.735 (0.539,1.002)  1.532 (0.848,2.768)  2.589 (1.091,6.144) 1.293 (0.845,1.769) 0.108
Model 2 Ref. (1.00) 0.807 (0.590,1.103)  1.691 (0.933,3.062)  3.033 (1.272,7.232) 1.370 (1.002,1.874) <0.05
Model 3 Ref. (1.00) 0.888 (0.637,1.237)  1.894 (1.010,3.554)  3.350 (1.348,8.324) 1.528 (1.108,2.105) <0.05
BC <141 1.41-1.45 1.45-1.60 >1.60
n (%) 507 (13.22) 309 (8.06) 365 (9.54) 335 (8.72)
Model 1 Ref. (1.00) 0.965 (0.752,1.238)  0.662 (0.429,1.022)  1.256 (0.680,2.323) 1.083 (0.871,1.346) 0.472
Model 2 Ref. (1.00)0.992 (0.773,1.273)  0.702 (0.454,1.084)  1.419 (0.766,2.628) 1.127 (0.906,1.402) 0.282
Model 3 Ref. (1.00) 1.204 (0.934,1.552)  0.902 (0.575,1.415)  1.894 (1.019,3.523) 1.311 (1.059,1.624) <0.05

*Model 1 was adjusted for age and gender

"Model 2 was adjusted for model 1 plus educational attainment, occupation, average monthly income, fresh vegetable intake, fresh
fruit intake, cigarette smoking status, alcohol drinking status, physical activity

“Model 3 was adjusted for model 2 temperature and relative humidity

MAFLD incidence associated with ambient PM,

and its constituents was higher in females, frequent

physical activities people, never-drinkers. Mixed
exposure of SO,*~, NO;~, NH,*, OM and BC was
associated with an increased risk of MAFLD, and
the weight of BC was the strongest to the incidence

of MAFLD.

@ Springer

Potential mechanisms

The evidence of the adverse effects of AP on the risk
of MAFLD could be supported by animal experi-
ments. PM, 5 exposure triggered an inflammatory
response and oxidative stress, which contributed to

abnormal hepatic function (M. X. Xu et al., 2019).
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Fig. 2 Associations between the concentration of PM, s and
its constituents (ug/m®) and incidence of MAFLD. *Adjusting
covariates including age, gender, educational attainment, occu-
pation, average monthly income, fresh vegetable intake, fresh
fruit intake, cigarette smoking status, alcohol drinking status,

A study found that PM, 5 exposure elevated the lev-
els of tumor necrosis factor-aa (TNF-o) and inter-
leukin-6 (IL-6), and caused inflammation in the rat
liver (Zhang et al., 2021). Another study showed that
in male mice, PM, 5 exposure triggered inflamma-
tion through Toll-like receptor (TLR) activation of
Kupffer cells and pro-inflammatory cytokine produc-
tion (Tan et al., 2009). A study showed that continu-
ous PM, s exposure induced the activation of HSCs
by regulating oxidative stress in hepatocytes, which
play a central role in the progression of liver fibrosis
(Leilei et al., 2022). An in vivo study revealed that
C57BL/6 J mice exposed to PM, 5 impaired oxida-
tive homeostasis, and induced hepatic steatosis by
increasing the expression of hepatic Nrf2 and Nrf2-
regulated antioxidant enzyme gene (Ding et al,
2019). Mice exposed to PM, 5 can also induce a non-
alcoholic steatohepatitis (NASH)-like phenotype,
which characterized by hepatic steatosis, inflamma-
tion, and fibrosis (Z. Zheng et al., 2013). However,
the evidence from animal studies may be limited due
to higher concentrations of PM, 5 in the experiment
than in the real world.

Comparison to literature
The epidemiological studies regarding the associa-

tion of air pollution with the risk of incident MAFLD
are relatively limited, and our results are basically

OoM

physical activity, temperature and relative humidity. °PM, s
particulate matter with an aerodynamic diameter less than or
equal to 2.5 pm; OM organic matter; BC black carbon; SO %~
sulfate; NO;™ nitrate; NH,* ammonium

consistent with these studies. A study in southwest
China showed that the risk of MAFLD increased
by 29% (OR=1.29, 95% CI 1.25-1.34) with each
10 pg/m3 increase in ambient PM, 5 concentration
(B. Guo et al.,, 2022). A prospective cohort based
on the UK Biobank suggested that for each IQR
increase in PM, 5, the risk of NAFLD increased by
10% (HR=1.10, 95%CI: 1.05-1.14) (Li et al., 2023a,
2023b). A meta-analysis of observational studies
showed that increases in PM, 5 exposure increased
the risk of fatty liver disease (HR=1.51, 95% CI
1.09-2.08) (Sui et al., 2022). However, some studies
estimated that AP exposure was not associated with
fatty liver (Li et al., 2017; Young et al., 2013). The
inconsistency of the current studies may be due to the
differences in populations, research regions, as well
as the differences in exposure levels, main sources
and exposure assessment methods of ambient PM, s.
Moreover, our findings indicated that the risks
of MAFLD incidence associated with PM, 5 and its
constituents (SO,>~, NO;~, NH,*, OM and BC) were
higher in the female population than in the male pop-
ulation. Although gender has been demonstrated to
be linked to fatty liver, the evidence for PM, 5 on the
risk of MAFLD incidence in the female population
remains unclear, and studies in this regard are some-
what inconsistent (Guo et al., 2022; Tong et al., 2015;
Wang et al., 2022). A study showed that the levels of
genes expression differ between males and females

@ Springer
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«Fig.3 HR (95% CI) of MAFLD associated with each IQR
increase of PM,s and its constituents, stratified by demo-
graphic characteristics and lifestyle factors. *Multivariable Cox
proportional hazard regression adjusting covariates includ-
ing age, gender, educational attainment, occupation, average
monthly income, fresh vegetable intake, fresh fruit intake, cig-
arette smoking status, alcohol drinking status, physical activity,
temperature and relative humidity. All stratified analyses were
adjusted for the remaining covariates. ®Coefficients from Cox
models were presented as adjusted hazard ratios (HRs) and
95% confidence intervals (95% CI) per an IQR increment for
PM, 5 and its constituents

exposed to AP (Vrijens et al., 2017), and females are
more sensitive to liver disease (Tong et al., 2015). A
relevant animal experiment found that female mice
exposed to ambient PM, 5 were more susceptible than
male mice to induce hepatic lipid accumulation by
enhancing the expression of ApoB and microsomal
triglyceride transport protein (Li et al., 2020). In addi-
tion, the animal experiment also suggested that PM, s
exposure inhibited hypothalamus—pituitary—adrenal
(HPA) axis and decreased level of glucocorticoid,
which may be the reason for gender differences in
PM, s-induced metabolic dysfunction.

Notably, we found the associations between PM, s
and its constituents and the risk of MAFLD were
stronger in those with frequent physical activities than
those with fewer physical activities. Several previous
studies have found that lung function improves with
physical activity at low AP levels, but the benefit is
not only lost but even reversed after physical activity
in higher AP concentrations (Laeremans et al., 2018;
Sinharay et al., 2018). During physical activity, more
air pollutants are inhaled with increased respiration
rates, which may exacerbate the adverse effects of AP
on MAFLD. Of course, some studies are inconsistent
in this regard (; Guo et al., 2020; Sun et al., 2020),
some research results in this area are somewhat
inconsistent with this article, and further studies are
still needed to detect it.

In addition, we found that stronger associations
between PM,s and its constituents and MAFLD
among never-drinkers than ever-drinkers, and a pre-
vious study suggested a negative correlation between
alcohol consumption and fatty liver disease (Moriya
et al., 2011). Interestingly, some previous studies have
shown that alcohol consumption is a risk factor for
MAFLD (Guo et al., 2022; Kim et al., 2015; Li et al.,
2023a, 2023b). Many studies indicated that modest
alcohol consumption may ameliorate metabolic risk

factors for fatty liver through a protective mechanism
on insulin resistance(Sookoian et al., 2014; Yamada
et al., 2018). And in this study, the definition of cur-
rent drinkers was that the participants had drunk any
alcohol once a week for at least 6 months, which
included of moderate drinkers. A study showed that
compared with non-drinkers, modest drinkers (par-
ticipants who drank <2 drinks) had lower odds of
being diagnosed with NASH, and within the range
of moderate alcohol consumption, the odds of NASH
decreased as the frequency of alcohol consumption
increased (Dunn et al., 2012). A prospective popula-
tion study observed that the estimated relative risk
of liver disease was minimized by drinking 1 to 6
glasses of alcohol per week (Becker et al., 1996).

The result of our current study showed that each
quartile increase in mixed exposure of SO,*~, NO,™,
NH,*, OM and BC could be related to a 33% increase
in the risk of MAFLD, but the effect was not stronger
than the effect of single pollutant. This is inconsist-
ent with a study conducted in the United States (Sun
et al., 2022a, 2022b), which estimated the combined
effects of mixed exposure of SO42_, NO5~, NH4+, OM
and BC on gestational diabetes mellitus (GDM) and
found that the effects of mixed exposure were higher
than those when various pollutants were exposed
alone. Mixed exposure and MAFLD remain unclear
due to the limited relevant studies and the wide vari-
ation in the major constituents and exposure levels of
PM, 5 across studies. In real life, people are simulta-
neously exposed to a mixture of air pollutants from
various sources, so it is important to further investi-
gate the joint effects of AP exposure on health. Our
results show that the weight of BC (79.5%) on the
occurrence of MAFLD was stronger when multiple
air pollutants were mixed. A study found that in the
multi-pollutant model with SO,>~, NO,~, NH,", OM
and BC, BC (48%) had the greatest risk contribution
to GDM (Sun et al., 2022a, 2022b). Another study in
China has found that long-term exposure to PM, s,
especially BC, was significantly associated with met-
abolic syndrome. And the influence of BC was robust
in both the multi pollutant model (PM, s mass, SO,*",
NO;~, BC and oil particles) and the PM, s-constituent
joint model (Li et al., 2023a, 2023b). BC is produced
by the combustion of fossil fuels, biofuels, etc. and its
toxicity may be related to BC from incomplete com-
bustion (Jiang et al., 2020). BC from traffic sources
could be very small (50 nm) and more likely to enter
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Table 4 HR (95% CI) for incidence of MAFLD associated with AP in multi-pollutant models

Pollutants weight Coefficient p Effect of Mixtures y 95% CI HR (95% CI) P
(log HR)
BC 0.795 -1.367 —0.945 (—1.196,-0.695) 0.389(0.302,0.499) <0.001
S0, 0.126 —-0.217
OM 0.079 —-0.136
NO;~ 0.751 0.431
NH,* 0.249 0.143

the bloodstream and even migrate into the alveolar
region (Hopkins et al., 2018), inducing inflamma-
tion, oxidative stress and genotoxicity (Bourdon et al.,
2012).

Limitations of this study
Several limitations also need to be considered in this

prospective cohort study. First, the exposure con-
centration of air pollutants in the research object

@ Springer

was estimated according the distance between the
residential address and the environmental monitor-
ing site, which did not take into account the mobil-
ity and indoor or workplace AP levels of the study
subjects, so there may be some measurement bias in
the estimation of individual exposure levels. Second,
although we adjusted for potential confounders, some
unmeasured residual confounders cannot be avoided.
Finally, the current follow-up period for this study is
limited, with a mean of 2.28 years.
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Conclusions

In conclusion, long-term exposure to ambient PM, s
and its constituents (SO42_, NO;7, NH4+, OM and
BC) was associated with the risk of MAFLD in the
Northwest Chinese population. In addition, we also
found females, frequent physical activities people and
never-drinkers were more susceptible to the devel-
opment of MAFLD related to ambient PM, 5 and its
constituents. Mixed exposure of SO,*~, NO;~, NH,™,
OM and BC increased the risk of MAFLD, but the
effect was not stronger than that of single exposure of
various pollutants, and BC had the largest weight in
the mixed exposure. More studies are needed to con-
firm our findings in the future, such as further stud-
ies on the joint health effects of exposure to mixed
air pollutants from different sources. Our findings
suggest that targeted abatement policies are needed
to reduce PM, 5 associated BC in order to reduce the
incidence of MAFLD.
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