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Abstract
Evidences on the association between exposure to air pollution and liver enzymes was scarce in low pollution area. We 
aimed to investigate the association between air pollution and liver enzyme levels and further explore whether alcohol 
intake influence this association. This cross-sectional study included 425,773 participants aged 37 to 73 years from the 
UK Biobank. Land Use Regression was applied to assess levels of  PM2.5,  PM10,  NO2, and NOx. Levels of liver enzymes 
including AST, ALT, GGT, and ALP were determined by enzymatic rate method. Long-term low-level exposure to  PM2.5 
(per 5-μg/m3 increase) was significantly associated with AST (0.596% increase, 95% CI, 0.414 to 0.778%), ALT (0.311% 
increase, 0.031 to 0.593%), and GGT (1.552% increase, 1.172 to 1.933%); The results were similar for  PM10;  NOX and  NO2 
were only significantly correlated with AST and GGT Significant modification effects by alcohol consumption were found 
(P-interaction < 0.05). The effects of pollutants on AST, ALT, and GGT levels gradually increased along with the weekly 
alcohol drinking frequency. In conclusion, long-term low-level air pollutants exposure was associated with elevated liver 
enzyme levels. And alcohol intake may exacerbate the effect of air pollution on liver enzymes.
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Introduction

Air pollution is a global public health concern, resulting in 
about 8.9 million deaths each year worldwide (Collaborators 
2016). Studies have found air pollution exposure was related to 
various health outcomes, such as respiratory disease (Gordon 

et al. 2014), cardiovascular disease (Miller and Newby 2020), 
and mental disorders (Braithwaite et al. 2019). The mecha-
nisms of health effects induced by air pollution may involve 
multiple mechanisms, such as oxidative stress and inflamma-
tion. Among them, oxidative stress has been found to under-
lie the pathophysiology of various etiologies of chronic liver 
disease (Seen 2021).
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The liver health, which plays an important role in physi-
cal health, can be affected by various factors including 
age, diet, alcohol consumption, obesity. In current studies, 
four liver enzymes in the blood including aspartate ami-
notransferase (AST), alanine aminotransferase (ALT), alka-
line phosphatase (ALP), and gamma-glutamyl transferase 
(GGT) are usually considered as indicators of liver injury 
(Newsome et al. 2018). Recently, experimental researches 
have observed that exposure to air pollution significantly 
increases the serum levels in mice, indicating that air pol-
lutants exposure may lead to liver injury (Maglione et al. 
2020; Orona et al. 2020). Epidemiological researches have 
already assessed the relation between air pollution exposure 
and liver enzyme levels, but the results on the relation turned 
out to be heterogeneous in comparison with each other (Kim 
et al. 2019, 2015; Markevych et al. 2013; Pejhan et al. 2019). 
In addition, these researches on the relationships of air pol-
lution exposure and liver enzymes are mainly conducted 
in Asia regions with high pollutant concentrations such as 
South Korea (Kim et al. 2019) and Taiwan (Zhang et al. 
2019) (during the study time, the average concentrations 
of  PM2.5 were about 50 μg/m3 and 25 μg/m3, respectively), 
while there are few relevant studies in areas with low pollut-
ant concentrations. The liver was also found to suffer from 
greater tissue injury related to air pollution through aggra-
vating liver inflammation after excessive alcohol consump-
tion (Kwon et al. 2014). It suggested that reducing alcohol 
consumption may be beneficial in reducing the impact of air 
pollution on liver enzymes.

Therefore, we conducted a large-scale study in 
Europe with low pollutant concentrations (the average 

concentration of  PM2.5 and  PM10 were only 9.98 μg/m3 
and 16.22 μg/m3, respectively) using the UK Biobank 
health datasets. The present study aimed to investigate 
the associations between long-term low-level ambient 
air pollutants exposure, including particulate matter with 
diameters ≤ 2.5 μm  (PM2.5) and ≤ 10 μm  (PM10), nitrogen 
oxides  (NOx) and nitrogen dioxide  (NO2), and levels of 
AST, ALT, GGT, and ALP, and further explore whether 
alcohol intake influence this association.

Methods

Study samples

The UK Biobank is a community-based cohort that 
enrolled about 0.5 million participants at ages 37 to 
73 years between 2006 and 2010. Information on demo-
graphic, health, and lifestyle of participants was collected 
by a computer-assisted interview and a touch-screen 
questionnaire. The protocol of the study and individual 
tests protocols can be obtained online. The North West 
Multi-centre Research Ethics Committee provided ethical 
approval and all written informed consent were already 
obtained by participants.

We excluded participants with liver diseases at baseline 
(n = 2957), and participants with missing data on air pollu-
tion (n = 41,011) and the four liver enzymes (n = 32,739). 
Finally, 425,773 participants were included. The study 
population flow-chart is described in Fig. 1.

Fig. 1  Flow of participants 
through study
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Assessment of air pollution

Air pollution values were estimated by the Small Area 
Health Statistics Unit. The land use regression model is 
used for centralized calculation of  PM10,  PM2.5,  NO2, and 
 NOx annual concentrations. The annual spatial variations 
of the air pollutants were calculated by the LUR model and 
linked to geocoded residential addresses of UK Biobank 
participants. More detailed descriptions of the development 
of these land-use regression models are available elsewhere 
(Beelen et al. 2013; Eeftens et al. 2012).

Measurement of liver enzymes

The circulating concentrations of GGT, ALP, ALT, and 
GGT were measured by enzyme rate method, more detailed 
descriptions of the assay performance can be obtained else-
where (UK-Biobank 2019). The intra-laboratory mean CV 
of quality-control specimens ranged from 1.3–2.1% of AST, 
1.2–2.9% of ALT, 1.4–2.8% of GGT, and 2.8–3.1% of ALP, 
showing that these data are qualified and available.

Assessment of covariates

In line with previous scientific literature, the following vari-
ables were included as covariates: age (continuous); gender 
(female or male); ethnicity (white or other); education level 
(college or university degree; A/AS levels or equivalent; 
O level/GCSE or CSE equivalent; NVQ or HND or HNC 
or other professional qualification; or None); employment 
status; household income (less than £18,000, £18,000 to 
£52,000, or £52,000 and above); body mass index (BMI) 
was measured as weight (kg) divided by height squared 
 (m2); smoking status (never; previous; current); the amount 
of alcohol drinking was assessed according to the frequency 
of drinking; triglycerides (continuous); Total Metabolic 
Equivalent Task (MET) minutes per week was used to assess 
physical activity, containing walking, moderate and vigor-
ous activity (MET-min/week) according to International 
Physical Activity Questionnaire (IPAQ) guidelines; vascular 
problems were evaluated on the basis of hypertension, heart 
attack, angina, and stroke; diabetes (none or yes).

Statistical analysis

The characteristics of participants were recorded in 
Table 1. Since the distribution of the four liver enzymes 
was right biased, we performed natural logarithmic trans-
formation before analysis. To explore the association 
between air pollutants and liver enzymes, the study used 
the multiple linear regression analyses. We fitted two sta-
tistical models: crude Model (unadjusted for covariates); 
adjusted Model (adjusted for age, gender, employment 

status, ethnicity, education level, BMI, smoke status, 
alcohol drinking, physical activity, household income, 
triglycerides, vascular problems, diabetes). In addition, 
we performed a stratified analysis by alcohol consump-
tion, gender, and age. The interactions between subgroups 
were tested by the Wald test. The outcomes were presented 
as percent changes of liver enzymes with per 5-µg/m3 for 
 PM2.5, per 10-µg/m3 for  PM10 and  NOx, and per-20 µg/m3 
for  NO2. All statistical analyses were performed in the R 
Statistical Software, version 4.0.2. A two-sided P less than 
0.05 was considered significant.

Results

Distribution of air pollutants and characteristics of the 
study participants were showed in Table 1. The final sam-
ple comprised of UK Biobank 425,773 participants. The 
estimate mean (SD) of  PM10,  PM2.5,  NOx, and  NO2 were 
16.22 (1.90), 9.98 (1.06), 43.90 (15.61), and 26.58 (7.62) 
μg/m3, respectively. The Pearson correlation coefficients 
among the four air pollutants are shown in Supplemental 
Fig. 1.

Table  2 shows the relationships of air pollutants 
with liver enzymes. In the crude Model, exposure to 
air pollution was significantly related to increased liver 
enzyme levels, except for the association of ALT with 
 NO2 (P = 0.816). After adjusting for potential confound-
ers, per 5-μg/m3 increases of  PM2.5 were correlated with 
elevated AST (0.596% increase; 95% confidence interval 
(CI), 0.414 to 0.778%), ALT (0.311% increase; 95% CI, 
0.031 to 0.593%), and GGT (1.552% increase; 1.172 to 
1.933%) levels.  PM10 (per 10-μg/m3) were correlated with 
AST (0.451% increase; 0.252 to 0.650%), ALT (0.520% 
increase; 0.212 to 0.828%), and GGT (0.692% increase; 
0.280 to 1.106%) levels.  NOx (per 10-μg/m3) were cor-
related with AST (0.174% increase; 0.125 to 0.223%) and 
GGT (0.369% increase; 0.267 to 0.472%) levels.  NO2 (per 
10-μg/m3) were correlated with AST (0.222% increase; 
0.172 to 0.273%) and GGT (0.301% increase; 0.196 to 
0.406%) levels.

Figure 2 presents the association between pollutants with 
liver enzymes stratified by alcohol drinking frequency. With 
the increase of drinking frequency, the influence of pollut-
ants on AST, ALT, and GGT levels gradually increased 
(P-interaction < 0.05) while substantial changes of ALP were 
not observed. In addition, the results of stratified analyses 
by age and gender are shown in Supplemental Table 1 and 
Supplemental Table 2, respectively. There were interactions 
of the four air pollutants with gender on all liver enzymes 
levels (all P-interaction < 0.05) while the only significant 
interactions of  NOx,  PM2.5, and  NO2 with age on ALP levels.
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Table 1  Characteristics of 
participants included

SD, standard deviation; A/AS, advanced; CSE, Certificate of Secondary Education; GCSE, General Certificate 
of Secondary Education; HNC, Higher National Certificate; HND, Higher National Diploma; NVQ, National 
Vocational Qualification; BMI, body mass index; PM2.5, fine particulate matter with diameter ≤ 2.5 μm; PM10, 
particulate matter with diameter ≤ 10 μm; NO2, nitrogen dioxide; NOX, nitrogen oxides
Continues variables displayed as mean (SD), and categorical variables are displayed as numbers (percentages)

Characteristics Mean (SD)/number (%)

N = 425,773

Age, years (mean (SD)) 58.00 (8.00)

Ethnicity, n (%)

  White 400,319 (94.5)

  Other 23,398 (5.5)

Gender, n (%)

  Women 230,866 (54.2)

   Men 194,907 (45.8)

Education level, n (%)

  College or university degree 135,484 (32.2)

  O levels, GCSEs, or CSEs 91,940 (21.9)

  A levels or AS levels 47,127 (11.2)

  NVQ, HND, HNC, or other professional 74,381 (17.7)

  None 71,732 (17.1)

Employment, status (%)

  Employed 243,710 (57.5)

  Retired 142,231 (33.6)

  Unemployed, home maker, or other 37,613 (8.9)

Household income, n (%)

  Less than £18,000 82,456(22.7)

  £18,000 to £52,000 187,547 (51.6)

  £52,000 and above 93,112 (25.6)

BMI categories, n (%)

  Normal weight 140,300 (33.1)

  Overweight 180,681 (42.6)

  Obesity 103,073 (24.3)

Smoke status, n (%)

  Never 232,165 (54.8)

  Previous 147,856 (34.9)

  Current 43,572 (10.3)

Alcohol drinking, n (%)

  Daily or almost daily 87,327 (20.6)

  3–4 times/week 98,261 (23.1)

  1–2 times/week 109,320 (25.7)

  One to three times a month 47,222 (11.1)

  Occasional drinkers 48,953 (11.5)

  Never 33,637 (7.9)

Physical activity, MET-min/week (mean (SD)) 2664.08 (2448.54)

Triglycerides, mmol/l (mean (SD)) 9.98 (1.06)

Vascular problems (%)

  None 300,845 (72.7)

  High blood pressure 91,192 (22.0)

  Heart attack, angina, or stroke 10,759 (2.6)

  High blood pressure and heart attack, angina, or stroke 11,219 (2.7)

Diabetes (%)

  None 401,800 (94.8)

  Yes 22,104 (5.2)

Air pollution, µg/m3 (mean (SD))

   PM2.5 9.98 (1.06)

   PM10 16.22 (1.90)

   NOx 43.90 (15.61)

   NO2 26.58 (7.62)
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Discussion

In this large population-based longitudinal study in the 
UK, we found a positive association between air pollut-
ants and liver enzyme (AST, ALT, and GGT) levels. We 
also evaluated the stratified effects of alcohol drinking 
frequency on these associations, and found that with the 
frequency of alcohol drinking, the air pollutants effects on 
AST, ALT, and GGT levels increased.

To date, research on the role of air pollution exposure in 
the serum liver enzyme levels is limited and inconsistent. 
Several studies have concluded that exposure to environ-
mental pollution was linked with elevated liver enzyme 
levels, which are in agreement with our findings (Kim 
et al. 2019, 2015; Li et al. 2022; Pejhan et al. 2019; Zhang 
et al. 2019). A population-based longitudinal study found 
that long-term exposure to ambient air pollution including 
 PM2.5,  PM10,  NO2, CO, and  O3 was significantly associ-
ated with increased serum liver enzyme levels in older 
adults (Li et al. 2022). Another study in Korea also found 
a positive significant association of  PM10,  NO2, and CO 
with levels of ALT and AST (Kim et al. 2019). And a 
Taiwanese study in adults reported significant effect of 
 PM2.5 on elevated GGT, ALT, and AST levels (Zhang et al. 
2019) However, a study conducted in Germany reported 

completely different results that there was no any signif-
icant association of  PM2.5,  PM10, or  NO2 with ALT or 
AST (Markevych et al. 2013), and a panel study of elderly 
Koreans found no significant association of  O3 with AST 
or ALT. The inconsistency among these researches was 
probably owing to discrepancies in the research popula-
tion, research site, exposure levels, and/or exposure assess-
ment strategies.

The mechanisms underlying the deleterious association of 
air pollution with the liver remain unknown. The oxidative 
stress response is one of the most well-known mechanisms; 
it has been shown to be a reliable mechanism by which air 
pollution contributes to cardiovascular disease (Brook et al. 
2010), respiratory disease (Barreiro et al. 2005), diabetes 
(20), and mental illness (Buoli et al. 2018, 2017). Studies 
have also found exposure to air PM can increase generation 
of reactive oxygen species (ROS) (Cichoz-Lach and Micha-
lak 2014, Giacco and Brownlee 2010), disrupt the hepatic 
redox steady state, and enhance oxidative stress (Yang et al. 
2020), which could promote hepatic inflammatory infiltra-
tion and hepatocellular injury, and further induce chronic 
organic damage (Danielsen et al. 2010; Xu et al. 2019). 
Another potential mechanism is that air pollutants may pro-
mote liver injury etiopathogenesis through direct and indi-
rect inflammatory responses (Chan et al. 2020; Robinson 

Table 2  Percent change in liver 
enzyme levels with per unit 
increase in the concentrations of 
air pollutants

AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; GGT , gamma-
glutamyl transferase
Estimate per 5-μg/m3 change of  PM2.5 level, per 10-μg/m3 change of  PM10 and  NO2 levels, per 20-μg/m3 
change of  NOX level
P-value for trend calculated treating the air pollution concentrations as a continuous variable
Adjusted model was adjusted for age, gender, ethnicity, education level, employment status, household 
income, BMI, smoke status, alcohol drinking, physical activity, triglycerides, vascular problems, diabetes

Liver enzyme Air pollutant Crude Adjusted

Estimate (95%CI) P-value Estimate (95%CI) P-value

AST PM2.5 0.363 (0.193, 0.533)  < .001 0.596 (0.414, 0.778)  < .001
PM10 0.304 (0.115, 0.493) 0.002 0.451 (0.252, 0.650)  < .001
NOx 0.112 (0.066, 0.158)  < .001 0.174 (0.125, 0.223)  < .001
NO2 0.107 (0.060, 0.154)  < .001 0.222 (0.172, 0.273)  < .001

ALT PM2.5 0.681 (0.399, 0.965)  < .001 0.311 (0.031, 0.593) 0.030
PM10 0.652 (0.337, 0.967)  < .001 0.520 (0.212, 0.828) 0.001
NOx 0.128 (0.052, 0.205) 0.001 0.068 (-0.008, 0.145) 0.079
NO2 0.009 (-0.069, 0.087) 0.816 0.076 (-0.002, 0.155) 0.056

GGT PM2.5 3.185 (2.790, 3.581)  < .001 1.552 (1.172, 1.933)  < .001
PM10 1.769 (1.336, 2.205)  < .001 0.692 (0.280, 1.106) 0.001
NOx 0.748 (0.643, 0.852)  < .001 0.369 (0.267, 0.472)  < .001
NO2 0.590 (0.483, 0.697)  < .001 0.301 (0.196, 0.406)  < .001

ALP PM2.5 0.914 (0.742, 1.087)  < .001 0.133 (-0.051, 0.317) 0.158
PM10 0.778 (0.586, 0.970)  < .001 0.151 (-0.051, 0.352) 0.143
NOx 0.190 (0.144, 0.237)  < .001 0.039 (-0.011, 0.089) 0.130
NO2 0.137 (0.089, 0.184)  < .001 0.019 (-0.032, 0.071) 0.458
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et al. 2016). Evidence showed that inhaled PM can translo-
cate in the lungs to activate immune cells, so as to stimulate 
the secretion of inflammatory cytokines (Kawaratani et al. 
2013). Kim et al. had proposed that PM may be translocated 
into the extra-pulmonary circulation and organ including the 
liver, directly stimulating the immune response in the liver 
and causing damage (Kim et al. 2014). In addition,  PM2.5 has 
been reported to increase lipid peroxidation to affect liver 
health (Bourdon et al. 2012).

Studies also explored the impact of more alcohol con-
sumption on the effects of air pollution on the liver and the 
results showed that more alcohol consumption can exacer-
bate the effect of air pollution on the liver, leading to abnor-
mal liver enzyme levels (Kim et al. 2019, 2015; Li et al. 
2022). Similar results were also found in the stratified analy-
sis of our study. There was a greater relationship between air 

pollution and liver enzymes among participants who drank 
more than once a week. Excessive alcohol consumption can 
enhance oxidative stress by increasing the generation of ROS 
(Kessova et al. 2003; Sid et al. 2013), inflammatory response 
and lipid peroxidation, leading to the amplification of the 
adverse effect of air pollution on liver enzymes. Thus, both 
air pollution exposure and alcohol consumption are corre-
lated with elevated liver enzyme levels, and there may exist 
a synergistic impact on liver enzymes. These finding sug-
gested that in order to prevent the increase of liver enzymes 
caused by air pollution, intervention for alcohol abstinence 
is necessary. Our researches findings also observed some 
evidence on the effect modification by gender. The effects 
of air pollution on liver enzyme levels were stronger in men 
than in women. It is known that significant differences exist 
in the lifestyles between men and women. Men were found 

Fig. 2  Associations between 
air pollution and liver enzymes 
in subgroups stratified by 
alcohol drinking. a Represents 
non-drinker, b represents 
alcohol drinking less than once 
a week, c represents alcohol 
drinking at least once a week. 
P-interaction was evaluated 
for the product term between 
air pollutants and alcohol con-
sumption. Model were adjusted 
for age, gender, ethnicity, 
education level, employment 
status, household income, BMI, 
smoke status, alcohol drinking, 
physical activity, triglycerides, 
vascular problems, diabetes. 
Abbreviations: AST, aspartate 
aminotransferase; ALT, alanine 
aminotransferase; ALP, alkaline 
phosphatase; and GGT, gamma-
glutamyl transferase.  PM2.5, fine 
particulate matter with diam-
eter ≤ 2.5 μm;  PM10, particulate 
matter with diameter ≤ 10 μm; 
 NO2, nitrogen dioxide;  NOx, 
nitrogen oxides
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to smoke more, to consume more alcohol than women, and 
are more likely to be dangerous drinkers (Erol and Karpyak 
2015). Moreover, the liver has been regarded as a sexually 
organ, which can express sex hormone receptors, and women 
have higher levels of estrogen than men, which can reduce 
liver injury (Toyoda et al. 2011).

There are several strengths in our study. Based on a good 
quality control cohort, our study has strengths including 
exceptionally large sample sizes in the UK biobank, the 
well-validated air pollution metrics and various available 
and acceptable liver enzymes data (Huang et al. 2021; Liu 
et al. 2022; Strak et al. 2021). Furthermore, our analysis was 
conducted on the whole population rather than the specific 
population. Thus, our findings have good statistical power 
and generalizability. There are also some limitations. First, 
owing to the cross-sectional design, this study cannot affirm 
the causal relationship between air pollution and alcohol 
consumption on liver enzymes. Second, common to most 
previous ambient air pollution studies, air pollution exposure 
was estimated based on a single place of residence, which 
cannot rule out the potential exposure misclassification 
caused by outside activities. Lastly, despite adjusting some 
potential confounding variables for the analysis, residual 
confounding from other unmeasured or unavailable factors 
cannot be excluded.

Conclusions

To the best of our knowledge, this is the first large-scale research 
to explore the effect of air pollution on liver enzyme levels in the 
UK. In summary, the current study found that low air pollution 
exposures, even within the regulatory limits, were associated 
with increased levels of liver enzymes including AST, ALT, 
and GGT, suggesting that exposure to ambient air pollution 
contributes to hepatocellular injury in adults. Furthermore, the 
association was stronger among those who drink alcohol more. 
Notably, our study included nearly 0.5 million individuals and 
used air pollution data based on the UK Biobank, which has 
been consistently low for many years. All of these is completely 
different from previous literatures. The results obtained in this 
way have added to the currently new evidence-base.

These findings indicated that reducing personal ambient air 
pollution exposure may help prevent hepatocellular injuries and 
liver diseases, which can help clinical practitioners and public 
health policy makers develop targeted measures accordingly. 
More epidemiology researches should be conducted to validate 
this finding. Meanwhile, toxicological experiments are needed 
to elucidate potential biological mechanisms.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11356- 023- 28659-7.
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