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Abstract

Background The impacts of long-term exposure to air pollution on the risk of subsequent non-alcoholic fatty liver
disease (NAFLD) among participants with type 2 diabetes (T2D) is ambiguous. The modifying role of Life's Essential 8
(LE8) remains unknown.

Methods This study included 23,129 participants with T2D at baseline from the UK Biobank. Annual means of nitro-
gen dioxide (NO,), nitrogen oxides (NOy), and particulate matter (PM, s, PM,s_;o, PM,,) were estimated using

the land-use regression model for each participant. The associations between exposure to air pollution and the risk
of severe NAFLD were evaluated using Cox proportional hazard models. The effect modification of LE8 was assessed
through stratified analyses.

Results During a median 13.6 years of follow-up, a total of 1,123 severe NAFLD cases occurred. After fully adjusting
for potential covariates, higher levels of PM, s (hazard ratio [HR]=1.12, 95%Cl:1.02, 1.23 per interquartile range [IQR]
increment), NO, (HR=1.15, 95%Cl:1.04, 1.27), and NOy (HR=1.08, 95%Cl:1.01, 1.17) were associated with an elevated
risk of severe NAFLD. In addition, LE8 score was negatively associated with the risk of NAFLD (HR=0.97, 95% CI: 0.97,
0.98 per point increment). Compared with those who had low air pollution and high LES8, participants with a high air
pollution exposure and low LE8 had a significantly higher risk of severe NAFLD.

Conclusions Our findings suggest that long-term exposure to air pollution was associated with an elevated risk
of severe NAFLD among participants with T2D. A lower LE8 may increase the adverse impacts of air pollution
on NAFLD.
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Introduction viral infection, or chronic liver disease [1, 2]. NAFLD

Non-alcoholic fatty liver disease (NAFLD) is character-
ized by the buildup of hepatic fat in the liver (>5%) with-
out notable indications of excessive alcohol use, hepatic
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currently affects more than 25% of people worldwide and
commonly coexists with type 2 diabetes (T2D), obesity,
metabolic dysregulation, and other factors [3, 4]. Among
these comorbidities, T2D significantly contributes to the
pathogenesis of NAFLD and the associated burden of
the disease [5]. Compared to non-T2D individuals, peo-
ple with T2D are at a higher risk of developing NAFLD,
hepatocellular carcinoma, and liver-related mortality [5—
7]. Thus, deciphering modifiable factors affecting NAFLD
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in individuals with T2D is critical to the prevention and
management of NAFLD [1, 8, 9].

Air population has been recognized as a major global
health risk factor [10]. Recent epidemiological studies
have reported that long-term exposure to ambient air
pollutants, such as particulate matter (PM) with diam-
eters<2.5 um (PM,;) and nitrogen dioxide (NO,), was
associated with an elevated risk of NAFLD [11-14].
Although the mechanisms are only partially understood,
air pollution-induced inflammation, oxidative stress,
and endothelial function, which are also the basis for the
development of T2D related to air pollution exposure,
have been implicated in the pathogenesis of NAFLD [15].
Given the complex link between NAFLD and T2D, indi-
viduals with T2D may be more susceptible to the adverse
effects of air pollution on NAFLD [16, 17]. However, epi-
demiological evidence directly linking air pollution to the
risk of NAFLD among this susceptible population is still
very limited.

In addition to environmental factors (e.g., air pollu-
tion), unhealthy lifestyles and unfavorable metabolic sta-
tus play fundamental roles in the development of many
interconnected metabolic diseases, including NAFLD
[18, 19]. Recently, the Life’s Essential 8 (LE8), a compos-
ite index encompassing four lifestyle factors (i.e., nico-
tine exposure, physical activity, sleep health, diet) and
four metabolic factors (body mass index [BMI], blood
pressure, blood lipid status, and glucose level) have been
proposed to better prevention and management of car-
diometabolic diseases [20]. Notably, a lower LE8 has been
related to the increased risk of NAFLD [21, 22]. However,
whether LE8 could modify the association between air
pollution and the risk of NAFLD has not been explored,
especially among individuals with T2D.

To fill these gaps, the present study aimed to explore
the associations of air pollutants with severe NAFLD
among T2D participants and assess the interaction
between LE8 and air pollution in a large prospective
cohort study.

Methods

Study population

The UK Biobank study is an ongoing prospective
cohort study with more than 0.5 million adults (aged
40-69 years) recruited from 22 centers throughout the
United Kingdom from 2006 to 2010 [23]. For the present
study, a total of 26,836 individuals with prevalent T2D
at baseline were identified using algorithms introduced
by a previous study [24]. Specifically, prevalent T2D was
defined based on a combination of self-reported medi-
cal history, abnormal glucose level and glycated hemo-
globin (HbAlc) level at baseline, and hospital inpatient
records. Self-reported medical history was collected
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using a touchscreen questionnaire and verbal interview
conducted by trained staff at the baseline assessment.
T2D patients were also identified based on random glu-
cose levels>11.1 mmol/L or HbAlc levels >48 mmol/
mol [24]. For those who do not provide responses to the
above questions or without available laboratory markers,
information from the hospital inpatient records was used
(Fig. S1). After the exclusion of those with missing data
on air pollution, adjusted covariates (i.e., race, Townsend
Deprivation Index [TDI] score, and education level), and
prevalent liver-relevant diseases (e.g., alcoholic liver dis-
ease, alcohol abuse, NAFLD, cirrhosis, liver failure, etc.
at/before baseline, see Table S1 for details), a total of
23,129 participants were finally included in primary asso-
ciation analyses of air pollution with severe NAFLD.

Exposure assessment

Annual average concentrations of ambient air pollu-
tion, including PM, ¢, PM,, PM, :_;;, NO,, and nitrogen
oxides (NOy), were estimated using land use regression
(LUR) models according to the home address of partici-
pants collected at baseline recruitment [25]. LUR models
were conducted with predictor variables, including land
use, population density, and traffic, obtained from the
Geographical Information System [25, 26]. The median
model explained variances (R?) of the LUR models for
PM, s, PM;,, NO,, and NOy ranged from 71%-82% [25,
26]. Data on PM, 5, PM, ;_;,, and NOy levels were availa-
ble only in 2010, while data on NO, level was available in
2005-2007 and 2010, and data on PM,;, was available in
2007 and 2010. Levels of pollutants available for multiple
years were averaged. Meanwhile, a weighted air pollution
score was established to evaluate the overall exposure
to various air pollutants using the following equation:
> (B[i]*i)*S/ > B[i]and i referred to air pollutants [27].

Ascertainment of severe NAFLD

The outcome of this study is severe NAFLD, which was
obtained via links to the hospital and death record.
NAFLD was identified with International Classification
of Diseases-10 (ICD-10) codes K75.8 and K76.0 accord-
ing to previous studies [21, 28, 29] (see Table S2 for
details).

Assessment of LE8

The complete quantitative evaluation of LE8 has been
previously documented [30] and presented in Table S3-
S4. The constituents of LE8 include four health behaviors
(diet, physical activity, tobacco/nicotine exposure, sleep
health) and four metabolic factors (BMI, blood lipids,
glucose, and blood pressure). The healthy diet score was
calculated based on the information collected at base-
line using the Food Frequency Questionnaire (Table S4).
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Information on physical activity (minutes of moderate
or vigorous physical activity per week), tobacco/nicotine
exposure (tobacco use or secondhand smoke exposure),
and sleep health (average hours of sleep per night) were
obtained from self-reported questionnaires at base-
line. BMI and blood pressure (average of all available
blood pressure measurements) were measured at base-
line recruitment. The glucose score was evaluated using
HbA1lc, whereas the lipid score was assessed using non-
high-density lipoprotein cholesterol. The scoring for each
metric of LE8 spans a range from 0 to 100, with higher
scores indicating healthier health-related behaviors and
factors [30]. Overall LE8 was computed as the average of
8 components, with the final value ranging from 0 to 100.

Statistical analysis

Cox proportional hazard models were used to evaluate
the association of air pollutants with severe NAFLD. Sch-
oenfeld residual methods were used to examine propor-
tional hazard assumptions, and no noticeable indication
of a violation was observed in the present study. The air
pollutants were modeled as continuous (per IQR increase
in each air pollutant) and categorical (quartiles) variables.
Linear trend tests by the quartiles of air pollutants were
evaluated using the ordinal variables in the Cox propor-
tional hazard models. The follow-up time was calculated
from the date of baseline recruitment to the date of first
diagnosis of severe NAFLD, death, loss to follow-up, or
censor (31 March 2023), whichever occurred first.

We considered three adjustment models: Model 1 was
adjusted for age, sex, race, TDI score, education, and
assessment center; Model 2 was further adjusted for
health behaviors, including having moderate alcohol con-
sumption, smoking status, regular physical activity, and a
healthy diet, in addition to covariates in Model 1; based
on Model 2, Model 3 was further adjusted for metabolic
risk factors, including BMI, lipid-lowering medication,
and blood pressure medication. In these models, moder-
ate alcohol intake was defined as a maximum of one drink
per day for women and a maximum of two drinks per
day for males [31]; regular physical activity was defined
as engaging in at least 150 min of moderate activity per
week or 75 min of vigorous activity per week; a healthy
diet was characterized as the consumption of a sufficient
quantity of at least half of the ten recommended food cat-
egories [32, 33].

A series of subgroup analyses were performed to
evaluate the potential effect modification by sex, age
(<60 years vs.>60 years), TDI score (above the median
vs. below the median), and education (college or higher
vs. less). In addition, to evaluate interactions between air
pollution and the LE8, we first dichotomized the total
LE8 score, as well as individual metrics, into two groups
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("Low" and "High") according to their medians, and then
explored associations of air pollutants across LE8 score
groups. The significance of potential effect modification
was assessed by including product terms of air pollutants
and examined characteristics in the multivariable Cox
models. A P-interaction <0.1 was regarded as having sug-
gestive interaction.

To further investigate the combined effect of LE8 and
air pollution, we constructed a nine-level variable for
each air pollutant-LE8 pair according to their tertiles (T1,
"Low"; T2, "Moderate"; T3, "High") and modeled it as a
categorical variable, with "Low air pollutant-High LE8"
as a reference, in multivariable Cox regression adjusting
for age, sex, race, TDI score, education, and assessment
center.

Additionally, a set of sensitivity analyses was con-
ducted. (1) Given that participants with T2D have a lower
glucose score, we recalculated a modified LE8 by exclud-
ing the glucose score and repeated the combined effect
analyses. (2) We additionally excluded participants with
self-reported cancer and cardiovascular disease (Table
S5) to estimate the effect of other diseases at baseline. (3)
We excluded those who had developed severe NAFLD
within two years of the air pollution evaluation to pre-
vent the possibility of reverse causation. (4) Cox mod-
els with penalized splines (degree of freedom=3) were
employed to further evaluate the exposure—response
relationship between air pollutants and severe NAFLD.
(5) We treated death as a competing risk analysis using
Fine-Gray subdistribution hazards regression models. (6)
We recalculated the follow-up time from the date of the
first diagnosis of T2D instead of baseline recruitment in
our primary analyses.

All analyses were conducted in R (version 4.1.1). All
statistical tests were two-sided. P-values <0.05 were con-
sidered statistically significant.

Results

Table 1 displays the baseline characteristics of individuals
in the present study (N=23,129). A total of 1,123 (4.9%)
individuals were identified as having severe NAFLD over
a median follow-up period of 13.6 years. Overall, par-
ticipants had a mean (SD) age of 60 (6.9) years and were
predominantly male (62.2%). Most of the participants
were White (86.3%), less educated (77%), non-smokers
(88.5%), had an unhealthy diet (79.5%), were less likely
to exercise regularly, and drank moderate amounts of
alcohol. Participants with severe NAFLD tended to
be younger (59.2 years vs. 60 years), female (44.1% vs.
37.5%), and White (89% vs. 86.2%), had lower education
levels (18.9% vs. 23.2%), and higher TDI score (0.01 vs.
-0.53). In terms of health behavior, those with severe
NAFLD were less likely to drink alcohol moderately (19%
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Table 1 Baseline characteristics of participants by the status of severe NAFLD

Variables Total participants

(N=23,129)

Non-NAFLD (N=22,006) NAFLD (N=1,123)

Population characteristics and lifestyle factors
Age, mean (standard deviation [SD]), Years 60 (6.9)

Women, Yes, n (%)

White, Yes, n (%)

College/university degree, Yes, n (%)
TDI score, mean (SD)

Moderate alcohol consumption, Yes, n (%)
Smoking status, Never/Previous, n (%)

Regular physical activity, Yes, n (%)
Healthy diet, Yes, n (%)

BMI, kg/m?

Blood pressure medication, Yes
Lipid-lowering medication, Yes
Mean total LE8 scores, mean (SD)
LE8 metrics, median (Q1, Q3)
Tobacco/nicotine exposure score
Physical activity score

8,745 (37.8%)
19,969 (86.3%)
5316 (23%)
-0.5 (3.4)
5774 (25%)
20466 (88.5%)
10076 (43.6%)
4730 (20.5%)
31.6(5.8)
13941 (60.3%)
16005 (69.2%)
56 (11.9)

50 (50, 100)
90 (20, 100)

60 (6.9) 59.2(7.3)
8,250 (37.5%) 495 (44.1%)
18,969 (86.2%) 1,000 (89%)
5,104 (23.2%) 212 (18.9%)
-0.53 (34) 0.01(34)
5561 (25.3%) 213 (19%)
19478 (88.5%) 988 (88%)
9647 (43.8%) 429 (38.2%)
4511 (20.5%) 219 (19.5%)
31.5(5.8) 33.7(5.9)
13223 (60.1%) 718 (63.9%)
15222 (69.2%) 783 (69.7%)
56.2(11.9) 524 (11.8)

50 (50, 100) 50 (50, 100)
90 (20, 100) 80 (0, 100)

25 (25, 50) 25 (25, 50)
100 (70, 100) 100 (70, 100)
30(30, 70) 30(15,70)

80 (40, 80) 80 (40, 80)

30 (25, 50) 30 (25, 50)

40 (30, 40) 40 (30, 40)
10.1(94,10.7) 10.2 (9.6, 10.8)
19.3(18.3,20.7) 19.5 (184, 20.9)
6.2(59,6.7) 6.2 (5.9,68)
29.1(24.1,35.1) 30.3 (255, 36.2)

43.8(36.2,52.3)

45.3(37.5,54.1)

Diet score 25 (25, 50)
Sleep health score 100 (70, 100)
BMI score 30 (30, 70)
Blood lipid score 80 (40, 80)
Blood pressure score 30 (25, 50)
Glucose score 40 (30, 40)
Daily cumulative exposure, (pg/m3), median (Q1,Q3)
PM, 10.1 (94,107)
PM;o 19.3(18.3,20.7)
PMas-10 62(59,67)
NO, 292 (24.1,35.2)
NOy 439(36.2,52.4)

Values are the mean (+ standard deviation, SD) or median (Q1, Q3) for continuous variables and n (percentage, %) for categorical variables; Q1 and Q3 refer to the 25"

and 75 percentile.

vs. 25.3%) and be involved in physical activity regularly
(38.2% vs. 43.8%). As expected, severe NAFLD partici-
pants have unfavorable metabolic profiles and lower LE8
score (52.4 vs. 56.2). The median annual concentrations
of PM, 5, PM,(, PM, 5,0, NO,, and NOx were 10.1 pg/m?,
19.3 pg/m?, 6.2 pg/m?, 29.2 pg/m?, and 43.9 pg/m?> (Table
S6), respectively. Those with severe NAFLD had higher
exposure levels to these five air pollutants. Spearman
correlation coefficients pertaining to different air pollut-
ants are displayed in Table Sé6.

As shown in Table 2, per IQR increase in concentra-
tions of PM, 5 (hazard ratio [HR] =1.12; 95% confidence
interval [CI]: 1.04, 1.2), PM,._,, (1.1 [1.03, 1.18]), PM,,
(1.11 [1.03, 1.2]), NO, (1.13 [1.04, 1.23]), and NO, (1.07
[1.01, 1.13]) were associated with an elevated risk of
severe NAFLD in a linear dose-response manner (all
P-trend <0.05, Model 1). Using penalized spline in Cox

models confirmed that the associations were almost lin-
ear without appreciable threshold (Fig. S2). These associ-
ations largely persisted with further adjustment of health
behavior factors (Model 2) except for those of PM, - ;,
(Table 2). Furthermore, the associations of PM, - (1.12
[1.02, 1.23]), NO, (1.15 [1.04, 1.27]), and NO, (1.08 [1.01,
1.17]) with severe NAFLD remain significant with the
further adjustment of NAFLD related metabolic traits
and risk factors (Model 3) (Table 2), highlighting the
independent effects of these air pollutants on the risk of
severe NAFLD.

By calculating a composite air pollution score consist-
ing of the above five air pollutants, we observed that a
higher air pollution score was associated with an elevated
risk of severe NAFLD (1.03 [1.01, 1.05]) (Table 2, Model
1) with a significant linear trend (Fig. S2), which was
robust to adjustments of health behaviors factors (1.03
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Table 2 Associations of ambient air pollution with severe NAFLD among participants with T2D
Air pollution Quartile 1 Quartile 2 Quartile 3 Quartile 4 P-trend Per IQR
PMys
Events, N 226 279 294 324 1123
Model 1 Ref 121 (1.01,1.44) 1.25(1.05, 1.49) 1.27(1.06, 1.53) 0.01 1.12(1.04,1.2)
Model 2 Ref 1.15(0.95,14) 1.27 (1.04,1.54) 1.28(1.04,1.57) 0.01 1.11(1.02,1.2)
Model 3 Ref 1.25(1.01,1.56) 1.32(1.06, 1.64) 1.37(1.09,1.72) 0.009 1.12(1.02,1.23)
PM 3510
Events, N 241 295 292 295 1123
Model 1 Ref 1.23(1.04,1.46) 1.24(1.04,1.48) 1.24(1.03,1.49) 0.03 1.1(1.03,1.18)
Model 2 Ref 1.22(1.01,1.48) 1.24(1.02,1.51) 123(1,1.51) 0.06 1.08(1,1.17)
Model 3 Ref 1.29(1.04, 1.58) 1.23(0.99, 1.53) 1.2(0.95,1.51) 0.19 1.08(0.99, 1.18)
PM 19
Events, N 253 261 291 318 1123
Model 1 Ref 1.01(0.85,1.2) 1.12(0.95,1.33) 124 (1.04,1.49) 0.008 1.11(1.03,1.2)
Model 2 Ref 0.97(0.8,1.17) 1.13(0.93,1.36) 1.21(0.99, 147) 0.02 1.1(1.01,1.21)
Model 3 Ref 0.95(0.77,1.18) 1.1 (0.9, 1.36) 1.14(0.92, 1.42) 0.13 1.09(099,1.2)
NO,
Events, N 222 285 306 310 1123
Model 1 Ref 1.25(1.05,1.49) 1.29(1.08,1.54) 1.28 (1.06, 1.56) 0.01 1.13(1.04,1.23)
Model 2 Ref 1.24(1.02,1.51) 1.27 (1.04,1.55) 127 (1.02,1.58) 0.03 1.13(1.03,1.23)
Model 3 Ref 1.31(1.05, 1.62) 1.3(1.04,1.62) 1.3(1.02, 1.65) 0.05 1.15(1.04,1.27)
NOy
Events, N 239 262 301 321 1123
Model 1 Ref 1.08 (0.9, 1.29) 1.22(1.02,1.45) 1.2 (0,99, 1.44) 0.03 1.07 (1.01,1.13)
Model 2 Ref 1.05(0.87,1.28) 1.21(1,1.47) 1.21(0.98, 1.49) 0.04 1.07(1,1.14)
Model 3 Ref 1.05(0.84,1.3) 1.23(0.99,1.52) 1.21(0.96, 1.53) 0.05 1.08(1.01,1.17)
Air pollution score
Events, N 208 298 287 330 1123
Model 1 Ref 141 (1.18,1.69) 1.33(1.11,1.6) 145(1.2,1.76) 0.001 1.03 (1.01, 1.05)
Model 2 Ref 145(1.19,1.76) 136 (1.11, 1.66) 1.5(1.21,1.87) 0.001 1.03 (1.01, 1.05)
Model 3 Ref 1.6 (1.28,2) 147(1.17,1.85) 1.59(1.24,2.02) 0.001 1.03(1.01, 1.05)

Model 1: adjusted for recruitment centers, age, sex, ethnicity, education, and TDI score; Model 2: Model 1 further adjusted for smoking, drinking, having regular

physical activity, and healthy diet; Model 3: Model 2 further adjusted for BMI, lipid-lowering medication, blood pressure medication

[1.01, 1.05], Model 2) and NAFLD related metabolic traits
or risk factors (1.03 [1.01, 1.05], Model 3) with a signifi-
cant linear exposure—response trend (all P-trend <0.05).

Subgroup analyses by various predefined factors are
shown in Fig. S3. Overall, we did not find any significant
effect modification by sex, age, TDI score, and education
(Fig. S3).

Per point increase in LE8 score was negatively associ-
ated with the risk of severe NAFLD (HR=0.97 [0.97,
0.98], per point increase). Compared with participants
in the lowest tertile of LE8, those in the highest tertile of
LES8 had a lower risk of severe NAFLD (0.47 [0.39, 0.57]).

In stratified analyses, we found positive but generally
insignificant associations for air pollutants with severe
NAFLD in each LE8 stratum (Table 3). In contrast, sig-
nificant negative associations of LE8 with severe NAFLD
were observed in each air pollutant stratum (Fig. S4). The

overall interaction between air pollution and LE8 and
most of its components was insignificant (Table 3, Fig.
S3). The associations of PM,, with severe NAFLD were
more pronounced among those who engaged in lower
physical activity levels (P-int=0.07, Fig. S3). The asso-
ciations of NO, and air pollution score with the risk of
severe NAFLD were stronger among participants with a
healthier diet (P-int=0.02 and P-int=0.06, respectively,
Fig. S3). The associations of NO, with severe NAFLD
were more evident among participants with sufficient
sleep (P-int=0.06, Fig. S3).

The combined effects of LE8 score and air pollutants
on the risk of severe NAFLD behaved in a dose—response
manner (Fig. 1). Our analysis revealed that individuals
within the high-air pollutants and low-LE8 group had the
highest risk of developing severe NAFLD (except for the
high-PM, . and high-AP). In contrast to the participants
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Table 3 Association of long-term exposure to air pollutants
(per IQR increase) and risk of severe NAFLD according to the LE8
scores

Exposure low LE8 Moderate LE8 High LE8 P-int

PM, 5 1.09 (0.96 1.14(0.97, 0.99 (0.81, 0.8
1.23) 1.34) 1.22)

PM,s_ 1o 1.08 (0.96 1.05(09,1.23) 1.11(0.92, 042
1.22) 1.34)

PM;, 1.11(0.97 1.06 (0.89, 0.97 (0.78, 0.35
1.28) 1.26) 1.21)

NO, 1.2(1.04,138) 1.11(0.93, 1.15(0.93, 0.56

1.32) 1.43)

NOy 1.04 (0.94, 1.09 (0.96, 0.98 (0.82, 0.63
1.16) 1.24) 1.17)

Air pollution 1.03 (1.01, 1.03 (0.99, 1.03 (0.98, 0.58

score 1.07) 1.07) 1.08)

P-int, P values for interaction; estimates refer to per IQR increase in air pollutants;
LE8 were categorized into "Low", "Moderate", and "High" according to their
tertiles. A higher total LE8 score (range 0-100) reflects greater metabolic and
behavioral health. Models were adjusted for recruitment centers, age, sex,
ethnicity, education, and TDI score

in the low air pollution and high LE8 groups, the HRs
(95%CI) for severe NAFLD among participants with low
LES8 in the high PM, ; group was 2.44 (1.75, 3.42), in the
high PM, . ,, group was 3.05 (2.12, 4.41), in the high
PM,, group was 2.36 (1.69, 3.29), in the high NO, group
was 3.07 (2.12, 4.42), in the high NOx group was 2.5 (1.8,
3.49), and in the high air pollution score group was 3.1
(2.15, 4.47).

In sensitivity analyses, recalculated LE8 (excluding glu-
cose score) did not change the combined effects of air
pollution and LE8 on the risks of severe NAFLD (Fig.
S5). There was no significant alteration in the association
between each air pollutant and severe NAFLD when the
individuals with self-reported cancer diseases and car-
diovascular disease (Table S7, Model 1) or those with a
follow-up period of less than two years were excluded
from the analysis (Table S7, Model 2). The results were
also robust in the competing risk model (Table S7, Model
3), and the models using the recalculated the follow-up
time from the date of the first diagnosis of T2D instead of
baseline recruitment (Table S7, Model 4).

Discussion

In this large prospective cohort study, higher levels of
PM, ¢, NO,, NOXx, and air pollution score were associated
with elevated risk of severe NAFLD among participants
with T2D. In addition, individuals with higher levels of
air pollutants (i.e., PM, , PM, = ;5 PM;,, NO,, and NOy,)
and lower LES8 score, had higher risks of severe NAFLD
as compared to those with low levels of air pollutants
and high LE8 score. Although the effect modifications by
LE8 were non-significant, our findings highlighted that a
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healthier LE8 score might attenuate the elevated risk of
severe NAFLD pertinent to air pollution exposure, con-
tributing to promoting potential health policies tailored
to combat the negative impacts of air pollution.

Diabetic status was shown to have the potential to
modify the associations between air pollution and hyper-
tension [34], cardiovascular diseases (CVD) [35], and
chronic obstructive pulmonary disease [17]. Similar evi-
dence of exacerbated detrimental impacts of air pollution
on pathogenesis involved in NAFLD, such as oxidative
stress induction, inflammatory activation, and insulin
resistance, in the context of diabetes has been reported
in experimental studies [9]. Given the pivotal role of T2D
in the etiology of NAFLD [8], these observations collec-
tively indicate the necessity of reducing the risk of diabe-
tes and the overall metabolic disorder to reduce further
the impact of air pollution in general and susceptible
populations.

Our findings provided epidemiological evidence sup-
porting the association of long-term exposure to partic-
ulate matter (i.e., PM,;) and nitrogen oxides (i.e., NO,,
NOx) with the increased risk of severe NAFLD among
participants with T2D. Experimental studies suggested
that PM, ; exposure could impair glucose homeostasis
[36] and promote hepatic fibrogenesis [37], both of which
are known to play significant roles in the pathways asso-
ciated with the progression of NAFLD [38]. Four epide-
miological studies have been conducted to investigate the
potential relationship between air pollution and NAFLD,
and two have explored the modification effect of diabetes
[11-14]. For example, a cross-sectional study involving
90,086 Chinese adults found that higher levels of PM, i,
PM,,, and NO, were associated with the elevated prev-
alence of metabolic dysfunction-associated fatty liver
disease among participants with diabetes [12]. Another
cross-sectional study conducted among US hospitalized
patients found that PM, 5 exposure was positively associ-
ated with prevalent NAFLD in participants with diabetes
[14]. However, no prior longitudinal studies have exam-
ined the correlations between air pollution and the sub-
sequent risk of NAFLD in individuals with T2D.

Our study provided a significant implication on the
potential interaction between LE8 and air pollution in
relation to the risk of severe NAFLD. As an index origi-
nally proposed to quantify overall cardiometabolic health,
LE8 has been closely linked to NAFLD [21]. The present
study, for the first time, assessed the joint associations
of LE8 and each air pollutant with the risk of NAFLD.
When exploring the associations between air pollution
and severe NAFLD across individual LE8 metrics, our
findings highlighted the effect modification by physical
activity, with attenuated associations of PM,, with severe
NAFLD found among groups with high physical activity
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A Subgroup HR (95% CI)
Low PM2.5
High LE8 Ref
Moderate LE8 T ™ 1.37 (0.95, 1.99)
Low LE8 e 1.81(1.27, 2.57)
Moderate PM2.5
High LE8 ™ 1.14 (0.77, 1.68)
Moderate LES S I 1.73 (1.22, 2.46)
Low LE8 T 268(1.93,3.73)
High PM2.5
High LE8 ™ 1.13 (0.76, 1.68)
Moderate LES e R 1.79 (1.26, 2.56)
Low LE8 T 244(1.75,342)
T2 3 4
HR (95% Cl)
C Subgroup HR (95% CI)
Low PM10
High LE8 Ref
Moderate LES — 1.45 (1.02, 2.06)
Low LE8 " 227(1.64,3.15)
Moderate PM10
HighLES  — T Ref
Moderate LES S 1.59 (1.12, 2.26)
Low LE8 I 1.76 (1.25, 2.47)
High PM10
HighLES  — 1 0.99 (0.67, 1.47)
Moderate LE8 — 1.46 (1.02, 2.09)
Low LE8 T " 2.36(1.69,3.29)
1 2 3
HR (95% Cl)
E Subgroup HR (95% Cl)
Low NOx
High LE8 Ref
Moderate LE8 [ ™+ 1.41(0.98, 2.01)
Low LE8 B 1.86 (1.32, 2.62)
Moderate NOx
High LE8 O 1.02 (0.69, 1.52)
Moderate LES S 1.78 (1.26, 2.5)
Low LE8 T " 225(1.62,3.13)
High NOx
High LE8 i 1.1 (0.74, 1.63)
Moderate LES T 1.52 (1.06, 2.17)
Low LE8 T " 25(1.8,349)
1 2 3

HR (95% CI)
Fig. 1 Combined effects of LE8 and air pollution on the risk of severe NAFLD among T2D participants. Both LE8 and pollution indexes were
categorized into "Low", "Moderate", and "High" according to their tertiles. A higher LE8 score indicates healthier health-related behaviors and factors,
whereas higher air pollutants reflect higher exposure levels. Models were adjusted for recruitment centers, age, sex, ethnicity, education, and TDI
score; AP, air pollution score; Ref, reference
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score. This finding aligns with other studies investigating
the effect of modification of physical activity in the rela-
tionship between air pollution and CVD risk, in which
regular physical exercise may safeguard against the detri-
mental cardiovascular consequences of air pollution [39,
40]. Nevertheless, some studies have shown that the posi-
tive associations of air pollution with stroke and elevated
blood pressure were particularly notable among those
engaging in high levels of physical activity [41, 42]. The
observed disparity may be explained by variations in air
pollution levels among individuals with different levels of
physical activity, indicating that the beneficial effects of
physical exercise may be attenuated in extreme levels of
air pollution exposure.

We also found that the association between NO, and
severe NAFLD was stronger among participants with
healthier diets, especially those who consume more veg-
etables and fruit but less processed meat, refined grain,
and sugar. This finding is unexpected and in contrast to
the known beneficial effects of a healthier diet. Further
replications are needed to determine whether the present
observations are results by chance. Another unexpected
result was that the association of NOy with the risks of
severe NAFLD was more evident among participants
with sufficient sleep. As a recently added CVH metric,
sleep health demonstrated a positive association with
NAFLD [21]. One plausible explanation is that adequate
sleep duration is positively associated with extended
outdoor activities, potentially increasing the duration of
exposure to ambient air pollution. This extended expo-
sure could, in part, contribute to the observed risk asso-
ciated with NOx exposure in individuals who obtain
sufficient sleep. Nevertheless, further investigation
is warranted to validate these results and explore the
underlying mechanism.

Our study has several limitations. First, air pollution
exposure and LE8 were not assessed during the follow-
up, limiting the capacity to determine the effects of lon-
gitudinal dynamic change of both air pollutants and
LE8 on NAFLD. Second, the current study used hospital
inpatient data and death registry records to ascertain the
outcome, which may be restricted to more advanced or
severe NAFLD. Consequently, there is a possibility that
asymptomatic NAFLD cases may have been overlooked,
and the potential health risks associated with air pollu-
tion may have been underestimated. Third, the studied
population was from the UK, where air pollution levels
are quite low; the observed associations should be inter-
preted cautiously when extrapolated to areas with com-
paratively higher air pollution levels. Finally, although
we have thoroughly considered typical risk factors and
potential confounding variables, residual confounding
cannot be fully excluded.
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Conclusions

In this large population-based cohort study, we found
that long-term exposure to ambient PM,;, NO,, and
NOx was associated with an increased risk of severe
NAFLD among individuals with T2D. Our results indi-
cated that individuals with higher air pollution lev-
els but lower LE8 score tended to have higher risks of
NAFLD than those with low air pollution exposure lev-
els and high LE8 score. Due to the observational nature
of the present study, our main findings need to be vali-
dated in experimental or intervention settings to assess
the causality.

Abbreviations

LE8 Life's Essential 8

NAFLD  Non-alcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis
NO, Nitrogen dioxide

NOy Nitrogen oxides

PM Particulate matter

T2D Type 2 diabetes

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512889-024-18641-4.

[ Supplementary Material 1. }

Acknowledgements
Not applicable.

Authors’ contributions

All authors contributed to the study conception and study design. Ruxianguli
Aimuzi analyzed the data and drafted the manuscript. Zhilan Xie helped with
the data curation and data analyses. Yimin Qu and Yu Jiang critically revised
the manuscript.

Funding

The Discipline Construction Project of the School of Population Medicine and
Public Health, Chinese Academy of Medical Sciences and Peking Union Medi-
cal College (2021-EFT-Z-016) partly funded the study.

Availability of data and materials

Data are accessible with license from the UK Biobank. Detailed Information
about how to acquire access to UK Biobank can be found at https.//www.
ukbiobank.ac.uk/.

Declarations

Ethics approval and consent to participate

The research was conducted using the UK Biobank Resource under Applica-
tion Number 76248, approved by the North West Multi-Centre Research Ethics
Committee.

All participants signed the written informed consent before enroliment.

Consent for publication
Not applicable.

Competing interests

The authors declare no competing interests.

Received: 26 January 2024 Accepted: 17 April 2024
Published online: 20 May 2024


https://doi.org/10.1186/s12889-024-18641-4
https://doi.org/10.1186/s12889-024-18641-4

Aimuzi et al. BMC Public Health

(2024) 24:1350

References

1.

20.

21.

22.

Chalasani N, Younossi Z, Lavine JE, Charlton M, Cusi K, Rinella M, Harrison
SA, Brunt EM, Sanyal AJ. The diagnosis and management of nonalcoholic
fatty liver disease: Practice guidance from the American association for
the study of liver diseases. Hepatology. 2018;67(1):328-57.

Powell EE, Wong VWS, Rinella M. Non-alcoholic fatty liver disease. The
Lancet. 2021;397(10290):2212-24.

Riazi K, Azhari H, Charette JH, Underwood FE, King JA, Afshar EE, Swain
MG, Congly SE, Kaplan GG, Shaheen AA. The prevalence and incidence
of NAFLD worldwide: a systematic review and meta-analysis. Lancet
Gastroenterol Hepatol. 2022;7(9):851-61.

Cotter TG, Rinella M. Nonalcoholic fatty liver disease 2020: the state of the
disease. Gastroenterology. 2020;158(7):1851-64.

Younossi ZM, Golabi P, de Avila L, Paik JM, Srishord M, Fukui N, Qiu Y, Burns
L, Afendy A, Nader F. The global epidemiology of NAFLD and NASH in
patients with type 2 diabetes: a systematic review and meta-analysis. J
Hepatol. 2019;71(4):793-801.

Stepanova M, Rafig N, Younossi ZM. Components of metabolic syndrome
are independent predictors of mortality in patients with chronic liver
disease: a population-based study. Gut. 2010;59(10):1410-5.

Rafig N, Bai C, Fang Y, Srishord M, McCullough A, Gramlich T, Younossi

ZM. Long-term follow-up of patients with nonalcoholic fatty liver. Clin
Gastroenterol Hepatol. 2009;7(2):234-8.

Buzzetti E, Pinzani M, Tsochatzis EA. The multiple-hit pathogenesis of non-
alcoholic fatty liver disease (NAFLD). Metabolism. 2016;65(8):1038-48.
Byrne CD, Targher G. NAFLD: a multisystem disease. J Hepatol. 2015;62(1
Suppl):S47-64.

Liu C, Chen R, Sera F, Vicedo-Cabrera AM, Guo Y, Tong S, Coelho M, Saldiva
PHN, Lavigne E, Matus P, et al. Ambient particulate air pollution and daily
mortality in 652 cities. N Engl J Med. 2019;381(8):705-15.

. SunS,Yang Q, Zhou Q, Cao W, Yu S, Zhan S, Sun F. Long-term exposure

to air pollution, habitual physical activity and risk of non-alcoholic

fatty liver disease: a prospective cohort study. Ecotoxicol Environ Saf.
2022;235:113440.

Guo B, Guo Y, Nima Q, Feng Y, Wang Z, Lu R, Baimayangji, Ma Y, Zhou

J, Xu H, et al. Exposure to air pollution is associated with an increased

risk of metabolic dysfunction-associated fatty liver disease. J Hepatol.
2022;76(3):518-25.

Li FR, Liao J, Zhu B, Li X, Cheng Z, Jin C, Mo C, Wu X, Li Q, Liang F. Long-
term exposure to air pollution and incident non-alcoholic fatty liver
disease and cirrhosis: a cohort study. Liver Int. 2022;43(2):299-307.
VoPham T, Kim NJ, Berry K, Mendoza JA, Kaufman JD, loannou GN.
PM(2.5) air pollution exposure and nonalcoholic fatty liver disease in the
Nationwide inpatient sample. Environ Res. 2022;213:113611.

Thiering E, Heinrich J. Epidemiology of air pollution and diabetes. Trends
Endocrinol Metab. 2015;26(7):384-94.

Guo B, Guo Y, Nima Q, Feng Y, Wang Z, Lu R. Baimayangji, Ma Y, Zhou J, Xu
H: Exposure to air pollution is associated with an increased risk of meta-
bolic dysfunction-associated fatty liver disease - ScienceDirect. J Hepatol.
2022;76(3):518-25.

Zanobetti A, Schwartz J. Are diabetics more susceptible to the

health effects of airborne particles? Am J Respir Crit Care Med.
2001;164(5):831-3.

Younossi ZM, Zelber-Sagi S, Henry L, Gerber LH. Lifestyle interven-

tions in nonalcoholic fatty liver disease. Nat Rev Gastroenterol Hepatol.
2023;20(11):708-22.

Yuan S, Chen J, Li X, Fan R, Arsenault B, Gill D, Giovannucci EL, Zheng JS,
Larsson SC. Lifestyle and metabolic factors for nonalcoholic fatty liver dis-
ease: Mendelian randomization study. Eur J Epidemiol. 2022;37(7):723-33.
Lloyd-Jones DM, Allen NB, Anderson CAM, Black T, Brewer LC, Foraker RE,
Grandner MA, Lavretsky H, Perak AM, Sharma G, et al. Life's essential 8:
updating and enhancing the american heart association’s construct of
cardiovascular health: a presidential advisory from the American heart
association. Circulation. 2022;146(5):e18-43.

He P, Zhang Y, Ye Z, LiH, Liu M, Zhou C, Yang S, Gan X, Zhang Y, Qin X. A
healthy lifestyle, Life's Essential 8 scores and new-onset severe NAFLD: a
prospective analysis in UK Biobank. Metabolism. 2023;146:155643.

Wang L, Yi J, Guo X, Ren X. Associations between life's essential 8

and non-alcoholic fatty liver disease among US adults. J Transl Med.
2022;20(1):616.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

Page 9 of 10

Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, Downey P,
Elliott P, Green J, Landray M, et al. UK biobank: an open access resource
for identifying the causes of a wide range of complex diseases of middle
and old age. PLoS Med. 2015;12(3):e1001779.

Eastwood SV, Mathur R, Atkinson M, Brophy S, Sudlow C, Flaig R, de
Lusignan S, Allen N, Chaturvedi N. Algorithms for the capture and
adjudication of prevalent and incident diabetes in UK Biobank. PLoS ONE.
2016;11(9):e0162388.

Eeftens M, Beelen R, de Hoogh K, Bellander T, Cesaroni G, Cirach M,
Declercq C, Dédelé A, Dons E, de Nazelle A, et al. Development of land
use regression models for PM(2.5), PM(2.5) absorbance, PM(10) and
PM(coarse) in 20 European study areas; results of the ESCAPE project.
Environ Sci Tech. 2012;46(20):11195-205.

Rob B, Gerard H, Danielle V, Marloes E, Konstantina D, Xanthi P, Ming-Yi T,
Nino K, Tamara S, Alessandro M, et al. Development of NO2 and NOx land
use regression models for estimating air pollution exposure in 36 study
areas in Europe - The ESCAPE project. Atmos Environ. 2013;72:10-23.
Wang M, Zhou T, Song Y, Li X, Ma H, Hu Y, Heianza Y, Qi L. Joint exposure
to various ambient air pollutants and incident heart failure: a prospective
analysis in UK Biobank. Eur Heart J. 2021;42(16):1582-91.
Petermann-Rocha F, Wirth MD, Boonpor J, Parra-Soto S, Zhou Z, Mathers
JG, Livingstone K, Forrest E, Pell JP, Ho FK, et al. Associations between

an inflammatory diet index and severe non-alcoholic fatty liver disease:
a prospective study of 171,544 UK Biobank participants. BMC Med.
2023;21(1):123.

Petermann-Rocha F, Gray SR, Forrest E, Welsh P, Sattar N, Celis-Morales C,
Ho FK, Pell JP. Associations of muscle mass and grip strength with severe
NAFLD: A prospective study of 333,295 UK Biobank participants. J Hepa-
tol. 2022;76(5):1021-9.

Wang X, Ma H, Li X, Heianza Y, Manson JE, Franco OH, Qi L. Association

of cardiovascular health with life expectancy free of cardiovascular
disease, diabetes, cancer, and dementia in UK adults. JAMA Intern Med.
2023;183(4):340-9.

Zhang YB, Chen C, Pan XF, Guo J, Li Y, Franco OH, Liu G, Pan A. Associa-
tions of healthy lifestyle and socioeconomic status with mortality and
incident cardiovascular disease: two prospective cohort studies. BMJ
(Clinical research ed). 2021;373:n604.

Han H, CaoY, Feng C, Zheng Y, Dhana K, Zhu S, Shang C, Yuan C, Zong G.
Association of a healthy lifestyle with all-cause and cause-specific mortal-
ity among individuals with type 2 diabetes: a prospective study in UK
Biobank. Diabetes Care. 2022;45(2):319-29.

Said MA, Verweij N, van der Harst P. Associations of combined genetic
and lifestyle risks with incident cardiovascular disease and diabetes in the
UK biobank study. JAMA Cardiol. 2018;3(8):693-702.

Li D, Wang JB, Yu ZB, Lin HB, Chen K. Air pollution exposures and blood
pressure variation in type-2 diabetes mellitus patients: A retrospective
cohort study in China. Ecotoxicol Environ Saf. 2019;171:206-10.

O'Neill MS, Veves A, Zanobetti A, Sarnat JA, Gold DR, Economides PA,
Horton ES, Schwartz J. Diabetes enhances vulnerability to particulate air
pollution-associated impairment in vascular reactivity and endothelial
function. Circulation. 2005;111(22):2913-20.

Zheng Z, Xu X, Zhang X, Wang A, Zhang C, Hittemann M, Grossman LI,
Chen LC, Rajagopalan S, Sun Q, et al. Exposure to ambient particulate
matter induces a NASH-like phenotype and impairs hepatic glucose
metabolism in an animal model. J Hepatol. 2013;58(1):148-54.

Zheng Z, Zhang X, Wang J, Dandekar A, Kim H, Qiu'Y, Xu X, Cui Y, Wang

A, Chen LG, et al. Exposure to fine airborne particulate matters induces
hepatic fibrosis in murine models. J Hepatol. 2015;63(6):1397-404.

Pafili K, Roden M. Nonalcoholic fatty liver disease (NAFLD) from patho-
genesis to treatment concepts in humans. Mol Metab. 2021;50:101122.
Endes S, Schaffner E, Caviezel S, Dratva J, Stolz D, Schindler C, Kiinzli N,
Schmidt-Trucksass A, Probst-Hensch N. Is physical activity a modifier of
the association between air pollution and arterial stiffness in older adults:
The SAPALDIA cohort study. Int J Hyg Environ Health. 2017,220(6):1030-8.
Hou J, Duan', Liu X, Li R, Tu R, Pan M, Dong X, Mao Z, Huo W, Chen G,

et al. Associations of long-term exposure to air pollutants, physical activ-
ity and platelet traits of cardiovascular risk in a rural Chinese population.
Sci Total Environ. 2020,738:140182.

LiN,Chen G, Liu F, Mao S, Liu Y, Liu S, Mao Z, Lu Y, Wang C, Guo Y, et al.
Associations between long-term exposure to air pollution and blood



Aimuzi et al. BMC Public Health (2024) 24:1350

pressure and effect modifications by behavioral factors. Environ Res.
2020;182:109109.

42. LinH, GuoY, DiQ, Zheng Y, Kowal P, Xiao J, Liu T, Li X, Zeng W, Howard
SW, et al. Ambient PM(2.5) and stroke: effect modifiers and popula-
tion attributable risk in six low- and middle-income countries. Stroke.
2017;48(5):1191-7.

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

Page 10 of 10



	Air pollution, life’s essential 8, and risk of severe non-alcoholic fatty liver disease among individuals with type 2 diabetes
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study population
	Exposure assessment
	Ascertainment of severe NAFLD
	Assessment of LE8
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


