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Introduction and objectives: Tobacco exposure during critical developmental windows may have lasting
health effects, but its role in the development of chronic liver disease (CLD) remains unclear. This study
aimed to examine the association between early-life tobacco exposure and CLD incidence in adulthood.
Materials and methods: We included 429,603 participants without prior liver diseases from the UK Biobank.
Information on in utero tobacco exposure and the age of smoking initiation was extracted, categorized as
never-smokers, adulthood (>18 y), adolescence (15—17 y), and childhood (5—14 y). Composite CLD and indi-
vidual endpoints, including non-alcoholic fatty liver disease (NAFLD), fibrosis/cirrhosis, alcohol-related liver
disease (ALD), viral hepatitis, and liver cancer, were ascertained through electronic health records.
Results: After covariate adjustment, in utero tobacco exposure was associated with a greater risk of incident
CLD (HR 1.27; 95% CI 1.21, 1.34). A significant dose-response association was observed between the age of
smoking initiation and CLD risk; the HRs (95 % Cls) for smoking initiation in adulthood, adolescence, and
childhood were 1.45 (1.36, 1.54), 1.48 (1.40, 1.57), and 1.81 (1.68, 1.96), respectively (P trend <0.001). The
results were similar for NAFLD, fibrosis/cirrhosis, and ALD. Participants with both in utero tobacco exposure
and smoking initiation in childhood had the highest CLD risk (HR 2.22; 95% CI 1.98, 2.48). Among partici-
pants who started smoking in childhood or adolescence, the risk of CLD was substantially reduced in those
with smoking cessation in midlife compared to those who continued smoking. The mediation analysis indi-
cated that metabolic traits including obesity-related traits, lipid profile, and liver function partially explained
the association between early-life tobacco exposure and CLD incidence.
Conclusions: In utero and childhood/adolescence exposure to tobacco smoke was associated with an
increased risk of CLD later in life.
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1. Introduction

Chronic liver disease (CLD), such as viral hepatitis, non-alcoholic
fatty liver disease (NAFLD), alcohol-related liver disease (ALD), cir-
rhosis, and liver cancer, causes over 2 million deaths annually and 4 %
of all deaths worldwide [1-5]. It is also highly disabling and among
the top 10 causes of disability-adjusted life years across all disease
categories, representing a substantial public health burden [6]. With
the increase in alcohol consumption, global population aging, and the
prevalence of metabolic disorders, CLD incidence and mortality are
anticipated to escalate in the coming years [1]. Therefore, identifying
modifiable risk factors is of great importance to develop prevention
and intervention approaches for CLD.

The Developmental Origins of Health and Disease (DOHaD)
hypothesis proposes that early life, such as the prenatal period, child-
hood, and adolescence, is the critical window of vulnerability to envi-
ronmental factors [7]. During this period, harmful exposure could
permanently alter the body’s structure and physiology, resulting in
long-term adverse health consequences [8]. Tobacco smoking is a
dominant behavioral risk factor for premature morbidity and mortal-
ity. Previous studies have associated early-life exposure to tobacco
smoke with various adverse outcomes in adulthood, such as lung
cancer, type 2 diabetes, cardiovascular disease, biological aging, and
dementia [9—13]. However, the effects of in utero exposure to
tobacco smoke and the age of smoking initiation on the risk of CLD
incidence in adulthood remain unknown. Understanding this feature
may have significant public health implications given a non-negligi-
ble situation that >8 % of women in Europe smoke during pregnancy
and nearly 50 million young teens globally have a history of tobacco
use before the age of 15 years [14,15].

In this study, we hypothesized that early-life tobacco exposure
could increase the risk of incident CLD later in life. To test the hypoth-
esis, we extracted information from the UK Biobank cohort to quan-
tify the associations of tobacco exposure during pregnancy and the
age of smoking initiation (childhood, adolescence, or adulthood) with
risks of CLD and its major subtypes in adulthood. Furthermore, we
systematically explored the potential mediation effect of metabolic
markers on the association between early-life tobacco exposure and
CLD incidence.

2. Materials and methods
2.1. Study design and population

The UK Biobank is a prospective, population-based cohort of
>500,000 participants aged 37—73 years recruited between 2006 and
2010 [16]. Participants attended 1 of 22 assessment centers across
the UK, where they completed touchscreen and nurse-led question-
naires, had physical measurements taken, and provided biological
samples. The UK Biobank study was approved by the North West
Multicenter Research Ethics Committee (REC reference 11/NW/0382)
and all participants provided written informed consent. Supplemen-
tary Figure 1 shows the diagram of the analytic cohort. After exclud-
ing participants with baseline CLD and missing data on early-life
tobacco exposure, a total of 429,603 participants were included in
the analysis of in utero tobacco exposure and 429,180 were included
in the analysis of age of smoking initiation.

2.2. Assessment of early-life tobacco exposure

Early-life tobacco exposure, including in utero tobacco exposure
and childhood/adolescence tobacco use, was assessed by self-
reported questionnaires. Exposure to tobacco in utero was collected
by this item: “Did your mother smoke regularly around the time
when you were born?”, with response options of yes or no (Data-
Field 1787). Participants were asked about smoking history (Data-
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Field 20,116), and current or former smokers were further asked the
age of smoking initiation through the following items: age started
smoking in current smokers (Data-Field 3436) and age started smok-
ing in former smokers (Data-Field 2867). Then, participants were
divided into four groups based on smoking status and the age of
smoking initiation: never-smokers, adulthood (>18 years), adoles-
cence (15 to 17 years), and childhood (5 to 14 years), in accordance
with previous studies [9,10].

2.3. Outcome ascertainment

Information on disease diagnoses was obtained through linkage to
hospital inpatient records from the Health Episode Statistics (England
and Wales) and the Scottish Morbidity Records (Scotland) and
national cancer registry, based on the International Classification of
Diseases, 10th revision (ICD-10) codes. The primary outcome in this
study was CLD incidence, including viral hepatitis (B18-B19), NAFLD
(K76.0, K75.8), fibrosis and cirrhosis (K74), ALD (K70), and liver can-
cer (C22) [17,18]. Individual CLD endpoints were also assessed sepa-
rately. Liver enzyme levels were not used for outcome definition.
Follow-up time in person-years was calculated from the baseline
date to diagnosis of outcome, death, or the censoring date (March 30,
2023), whichever came first.

2.4. Covariates

Potential confounders included in our analysis were as follows:
age at recruitment, sex, self-reported ethnicity (White/others), birth-
place (England or others), drinking status (never, previous, or current
drinking), education level (university or college degree/others),
Townsend Deprivation Index (TDI), physical activity, healthy diet
score, prevalent diabetes (yes/no), hypercholesterolemia (yes/no),
hypertension (yes/no), and body mass index (BMI) at baseline. TDI
was an area-based measure of socioeconomic status derived from the
postcode of residence, with a lower score indicating a higher level of
socioeconomic status. Regular physical activity was defined as at least
150 min/week of moderate activity or 75 min/week of vigorous activ-
ity or an equivalent combination [19]. Healthy diet score was calcu-
lated based on the intake of fresh fruit, vegetables, fish, processed
meat, and unprocessed red meat (Supplementary Table 1) [10]. BMI
was calculated as the weight in kilograms (kg) divided by the height
in meters squared (m?). Because of the high proportion of missing
data on birth weight (44.9 %) and its colinearity with the body shape,
the models were adjusted for available body size (thinner, plumper,
or about average) and height sizes (shorter, taller, or about average)
at age 10 years.

2.5. Assessment of metabolic markers

Blood samples were collected at recruitment and biochemistry
measures were performed and externally validated with stringent
quality control in the UK Biobank. The full details on assay perfor-
mance have been given elsewhere [20]. On the basis of previous stud-
ies [21-23], BMI, waist circumference (WC), and circulating
biomarkers including serum triglycerides (TG), low-density lipopro-
tein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-
C), glycated haemoglobin (HbA;.), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and gamma glutamyltransferase
(GGT), all known risk factors for liver diseases and previously shown
to be associated with tobacco smoking, were selected as possible
mediators in the association between early-life tobacco smoke expo-
sure and CLD in adulthood. HbA. levels were measured using high-
performance liquid chromatography with the VARIANT II Turbo ana-
lyzer (Bio-Rad Laboratories). Serum TG, LDL-C, HDL-C, ALT, AST, and
GGT were measured on a Beckman Coulter AU5800.

61
62
63
64
65
66
67
68

69

70
71
72
73
74
75
76
77
78
79
80
81

82

83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

103

104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119



120

121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184

JID: AOHEP

X Xu,J. Li, Y. Fuet al.
2.6. Statistical analysis

Baseline characteristics of the study participants were described
according to in utero tobacco smoke exposure and the age of smoking
initiation as number (percentage) for categorical variables and mean
(standard deviation) for continuous variables. We used Cox propor-
tional hazards regression models to calculate hazard ratios (HRs) and
95 % confidence intervals (CIs) for CLD incidence in relation to early-
life tobacco exposure. The proportional hazards assumption was veri-
fied using the Schoenfeld residuals method. Three multivariable
models were built. Model 1 was adjusted for sex and age at recruit-
ment. Model 2 was adjusted for model 1 plus ethnicity, birthplace,
TDI, drinking status, healthy diet score, physical activity in the analy-
sis of in utero exposure to tobacco smoke and further adjusted for
body and height sizes at age 10 years in the analysis of the age of
smoking initiation. Model 3 was adjusted for model 2 plus BMI, prev-
alent diabetes, hypertension, and hypercholesterolemia. Model 4 was
adjusted for model 3 plus the use of antihypertensive drugs, lipid-
lowering drugs, insulin and oral hypoglycemic agents. The linear
trend across the age of smoking initiation was tested using the age
group as a continuous variable.

When analyzing the joint effects of in utero tobacco exposure and
the age of smoking initiation, we categorized the participants into
eight groups, and set never-smokers without in utero tobacco expo-
sure as the reference group. To assess the influence of smoking cessa-
tion in adulthood, we categorized participants into seven groups
based on the age of smoking initiation and smoking status at baseline
to investigate their joint effects on CLD incidence, with a reference
group of never-smokers. We further examined the combined associa-
tion of in utero tobacco exposure, age of smoking initiation, and cur-
rent smoking status with CLD incidence.

The mediation effects of metabolic markers on the association
between early-life tobacco exposure and risk of incident CLD in adult-
hood were evaluated using mediation package in R. Indirect, direct,
and total effects for each mediator were computed via combining the
mediator-exposure models and the mediator-outcome models with
adjustment of all the covariates in Model 3. The mediation propor-
tions were then calculated as the ratio of the natural indirect effect to
the total effect. Quasi-Bayesian estimation with 500 iterations was
used to compute the 95 % Cls and P values of the proportion of media-
tion.

Furthermore, we conducted a series of stratified analyses to evalu-
ate potential modification by the following characteristics: age at
recruitment (<60 or >60), sex (female versus male), TDI (<median
versus >median), education level (university or college degree/
others), body sizes at age 10 years (thinner, about average, plumper),
height sizes at age 10 years (shorter, about average, higher), and adult
BMI (<25, 2530, or >30 kg/m?). The interaction effects were evalu-
ated by fitting the cross-product term of the stratifying variables
with early-life tobacco exposure.

Several sensitivity analyses were conducted to test the robustness
of the results. First, we additionally adjusted for use of antihyperten-
sive drugs, lipid-lowering drugs, insulin, and oral antidiabetic agents.
Second, missing values for covariates were imputed by multiple
imputation with chained equations to test the influence of missing
covariates. Third, the primary analyses were repeated after excluding
participants who developed CLD within the first 2 years of follow-up
to reduce potential reverse causality or excluding participants with
prevalent diseases (diabetes, hypertension, and hypercholesterol-
emia) at baseline. Fourth, we used a more restrictive definition of
NAFLD, excluding other CLD subtypes, to assess potential outcome
misclassification. Lastly, proportional subdistribution hazards regres-
sion models were used to account for competing risk of death. All sta-
tistical analyses were performed with SAS, version 9.4 (SAS Institute
Inc) and R, version 4.3.1 (R Foundation). A two-sided P value <0.05
was considered statistically significant.
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2.7. Ethical considerations

The UK Biobank received ethics approval from the North West
Multi-Center Research Ethics Committee (reference no 11/NW/
0382). Written informed consent was obtained for all participants
electronically.

3. Results
3.1. Characteristics of the study population

Among the analytic participants, 29.2 % reported a history of in
utero tobacco exposure, and 15.0 %, 15.8 %, and 5.9 % started smoking
in adulthood, adolescence, and childhood, respectively. Table 1 shows
the cohort characteristics according to early-life tobacco exposure.
Compared to those without in utero tobacco exposure, participants
with in utero exposure were slightly younger, less educated, more
likely to be males and drinkers, had higher BMI and TDI, and higher
prevalence of unhealthy diet and chronic diseases. The results were
generally consistent for participants with early initiation of smoking
as compared with never-smokers.

3.2. Early-life tobacco exposure and CLD in adulthood

During a median follow-up period of 14.0 (age of smoking initia-
tion dataset: 14.0) years, we documented 7560 (7804) incident CLD
cases, including 4629 (4748) NAFLD, 1762 (1855) fibrosis and cirrho-
sis, 1346 (1397) ALD, 515 (514) viral hepatitis, and 716 (741) liver
cancer cases. Compared with participants without in utero tobacco
exposure, participants with in utero exposure had an increased risk
of CLD (HR, 1.27; 95% CI: 1.21, 1.34) after adjustment for Model 4
(Table 2). Similar associations were found for individual CLDs with
the exception of viral hepatitis and liver cancer. The adjusted HR
(95% CI) associated with in utero tobacco exposure was 1.24
(1.17,1.32) for NAFLD, 1.24 (1.12, 1.36) for fibrosis and cirrhosis, 1.40
(1.25, 1.56) for ALD, 1.16 (0.95, 1.42) for viral hepatitis, and 1.09
(0.93, 1.28) for liver cancer. Among the smokers (current or former),
the risk of CLD was highest in those who started smoking in child-
hood, followed by those who started smoking in adolescence and
adulthood (Fig. 1, Supplementary Table 2). In comparison with
never-smokers, the HRs (95 % Cls) of CLD incidence for smoking initi-
ation in adulthood, adolescence, and childhood were 1.45 (1.36,
1.54), 1.48 (1.40, 1.57), and 1.81 (1.68, 1.96), respectively (P trend
<0.001). The greatest risks of individual CLDs were also observed
among smokers who started smoking in childhood, with an HR rang-
ing from 1.59 to 2.94. Restricted cubic splines demonstrated a linear
association between younger age of smoking initiation below age 18
and higher CLD risk (Supplementary Figure 2). When analyzing the
joint effects of in utero tobacco exposure and the age of smoking ini-
tiation, participants who experienced in utero exposure and initiated
smoking in childhood had the highest risk of overall CLD incidence
(HR, 2.22; 95 % CI: 1.98, 2.48), as well as NAFLD (1.97; 1.70, 2.28) and
ALD (3.93; 3.10, 4.97) (Fig. 2, Supplementary Figure 3).

3.3. Joint analysis of current smoking status and early-life tobacco
exposure

To evaluate the influence of smoking cessation on the CLD risk
associated with early-life tobacco exposure, we further examined the
combined association of current smoking status and the age of smok-
ing initiation with CLD incidence (Fig. 3). Compared with never-
smokers, the HR (95 % CI) for CLD incidence was 2.30 (2.06, 2.58) and
1.63 (1.49, 1.79) for current and former smokers who initiated smok-
ing in childhood, and 1.89 (1.72, 2.08) and 1.36 (1.27, 1.45) for those
who initiated smoking in adolescence, respectively. The results were
broadly comparable between participants with and without in utero
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Table 1
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Characteristics of study participants according to in utero exposure to tobacco smoke and age of smoking initiation.

In utero exposure to tobacco smoke (429,603)

Age of smoking initiation (429,180)

No Yes Never-smokers Adulthood (>18 years) Adolescence (15—17 years) Childhood (5—14 years)

Number of participants 304,131 125,472 271,923 64,452 67,655 25,150
Sex, female 168,606 (55.4) 67,062 (53.4) 161,226 (59.3) 33,807 (52.5) 30,003 (44.3) 8771 (34.9)
Age at recruitment (years) 56.51(8.27) 55.99 (7.75) 55.83 (8.15) 58.10(7.93) 57.76 (7.68) 55.76 (7.98)
Townsend deprivation index —1.40(3.05) -1.18(3.12) -1.60(2.93) -0.92(3.21) -0.91(3.22) —0.13(3.46)
College or university degree 107,470 (35.3) 34,774 (27.7) 97,216 (35.8) 22,891 (35.5) 12,751(18.8) 3973 (15.8)
Ethnicity, White 280,087 (92.1) 123,304 (98.3) 252,607 (92.9) 61,211 (95.0) 65,966 (97.5) 24,373 (96.9)
Body mass index (kg/m?) 27.17 (4.68) 27.91(4.97) 27.18 (4.78) 27.59 (4.81) 27.98 (4.71) 28.61(5.10)
Body sizes at age 10 years

Thinner 99,324 (32.7) 42,210 (33.6) 88,565 (32.6) 20,134 (31.2) 22,140 (32.7) 8797 (35.0)

About average 154,308 (50.7) 59,052 (47.1) 136,589 (50.2) 32,545 (50.5) 33,246 (49.1) 11,357 (45.2)

Plumper 44,717 (14.7) 22,556 (18.0) 41,117 (15.1) 10,602 (16.4) 11,059 (16.3) 4510(17.9)
Height sizes at age 10 years

Shorter 59,022 (19.4) 27,870(22.2) 54,948 (20.2) 12,659 (19.6) 13,592 (20.1) 5396 (21.5)

About average 162,828 (53.5) 65,030 (51.8) 144,956 (53.3) 33,813 (52.5) 36,771 (54.4) 12,997 (51.7)

Taller 76,982 (25.3) 30,887 (24.6) 66,682 (24.5) 16,962 (26.3) 16,148 (23.9) 6307 (25.1)
Birthplace, England 230,644 (75.8) 101,498 (80.9) 209,783 (77.1) 48,450(75.2) 55,211 (81.6) 20,291 (80.7)
Healthy diet score

0-1 7247 (2.4) 4184(33) 6570 (2.4) 1644 (2.6) 2491 (3.7) 1392 (5.5)

2-3 67,217 (22.1) 30,132 (24.0) 60,466 (22.2) 14,191 (22.0) 17,500 (25.9) 6584 (26.2)

4-5 157,065 (51.6) 59,944 (47.8) 145,542 (53.5) 29,828 (46.3) 28,481 (42.1) 8646 (34.4)
Alcohol drinking status

Never 16,455 (5.4) 3556 (2.8) 18,001 (6.6) 1315 (2.0) 1155 (1.7) 467 (1.9)

Previous 9996 (3.3) 4900 (3.9) 7813 (2.9) 2848 (4.4) 3164 (4.7) 1600 (6.4)

Current 277,324(91.2) 116,909 (93.2) 245818 (90.4) 60,218 (93.4) 63,276 (93.5) 23,035 (91.6)
Regular physical activity 133,654 (43.9) 55,440 (44.2) 118,298 (43.5) 27,677 (42.9) 28,758 (42.5) 10,413 (41.4)
Type 2 diabetes 13,624 (4.5) 6014 (4.8) 10,462 (3.8) 3688 (5.7) 4118 (6.1) 1989 (7.9)
Hypertension 76,470 (25.1) 33,758 (26.9) 65,017 (23.9) 18,455 (28.6) 20,584 (30.4) 8009 (31.8)
Hypercholesterolemia 36,271 (11.9) 15,561 (12.4) 28,141(103) 9548 (14.8) 11,003 (16.3) 4265 (17.0)

Data are mean values (standard deviation) for continuous variables and n ( %) for categorical variables. All P < 0.001 for comparisons across groups.

exposure to tobacco smoke. When considered jointly, the HR (95 % CI)
of current smokers' CLD incidence with smoking initiation in child-
hood and in utero tobacco exposure was 2.79 (2.36, 3.30) (Supple-
mentary Figure 4).

3.4. Mediation analysis

All selected markers were associated with early-life exposure to
tobacco smoke and risk of incident CLD (Supplementary Table 3).
Among the markers, BMI, WC, TG, HDL-C, ALT, AST, and GGT were
identified as significant mediators in the associations of in utero
tobacco exposure with CLD incidence, and the largest proportions of
mediation effects were found for BMI (16.0%) and WC (15.9%)
(Table 3). The association between the age of smoking initiation and
CLD was mediated by BMI, WC, TG, HbA,, and GGT, with WC being

Table 2

the strongest mediator, accounting for 16.7 % of the association with
smoking initiation in childhood and 19.9% of the association with
smoking initiation in adolescence.

3.5. Sensitivity analyses and subgroup analyses

In sensitivity analyses, when we excluded incident cases during
the first 2 years of follow-up or those with prevalent chronic diseases
at baseline, imputed missing values for covariates, or considered the
competing risk of death, the associations between early-life tobacco
exposure and incident CLD remained unchanged (Supplementary
Tables 4-7).

We performed a series of stratified analyses according to charac-
teristics (Supplementary Tables 8—9). Significant modification effects
of age and body and height sizes at 10 years on the association

Associations of in utero exposure to tobacco smoke with incidence of CLD and CLD subtypes.

Without in utero With in utero tobacco

HR(95%Cl)in HR(95%Cl)in HR(95%Cl)in HR(95%Cl)in

tobacco exposure® exposure” Model 1 Model 2 Model 3 Model 4
CLD 4797/4147,050 2673/1706,001 1.41(1.35,1.48) 1.38(1.31,1.45) 1.27(1.21,1.34) 1.27(1.21,1.34)
NAFLD 2934/4154,441 1695/1710,250 1.42(1.34,1.51) 1.39(1.30,1.47) 1.25(1.17,1.33) 1.24(1.17,1.32)
Fibrosis and cirrhosis 1116/4165,957 646/1716,964 1.43(1.30,1.58) 1.35(1.22,1.49) 1.24(1.12,1.37) 1.24(1.12,1.36)
ALD 790/4167,128 556/1717,255 1.67 (1.50,1.87) 1.46(1.31,1.63) 1.40(1.25,1.56) 1.40(1.25, 1.56)
Viral hepatitis 367/4167,984 148/1718,595 0.97 (0.80,1.18) 1.17(0.96,1.42) 1.17 (0.96,1.42) 1.16(0.95, 1.42)
Liver cancer 495/4169,253 221/1719,050 1.16(0.99, 1.36) 1.14(0.97,1.34) 1.09(0.93,1.28) 1.09(0.93,1.28)

2 Data are cases/person-years.

Abbreviations: ALD, alcoholic liver disease; CI, confidence interval; CLD, chronic liver disease; HR, hazard ratio; NAFLD, non-alcoholic fatty liver dis-

ease.
Model 1 was adjusted for age at recruitment and sex.

Model 2 was additionally adjusted for ethnicity, birthplace, Townsend deprivation index, drinking status, diet score, and physical activity based on

model 1.

Model 3 was additionally adjusted for BMI, diabetes, hypertension, and hypercholesterolemia based on model 2.
Model 4 was additionally adjusted for the use of antihypertensive drugs, lipid-lowering drugs, insulin and oral hypoglycemic agents based on model
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Fig. 1. Associations of age of smoking initiation with incidence of CLD and CLD subtypes. The heat maps show the HRs for overall CLD (A), NAFLD (B), fibrosis and cirrhosis (C), ALD
(D), viral hepatitis (E), and liver cancer (F) incidence in relation to age of smoking initiation. Model 1 was adjusted for age and sex. Model 2 was additionally adjusted for body and
height sizes at age 10 years, ethnicity, birthplace, Townsend deprivation index, drinking status, diet score, and physical activity based on model 1. Model 3 was additionally adjusted
for BMI, diabetes, hypertension, and hypercholesterolemia based on model 2. Model 4 was additionally adjusted for the use of antihypertensive drugs, lipid-lowering drugs, insulin
and oral hypoglycemic agents based on model 3. ALD, alcoholic liver disease; CLD, chronic liver disease; HR, hazard ratio; NAFLD, non-alcoholic fatty liver disease. **P<0.01.

***P<0.001.

between in utero exposure to tobacco smoke and CLD were found (all
P interaction <0.05). For example, the HR estimates were greater in
younger participants (<60 years) with in utero tobacco exposure
than in older participants. There was also a stronger association in
participants who were thinner or shorter at age 10 years than in
those with other body or height sizes. Besides, we observed signifi-
cant interactions between the age of smoking initiation and body size
at 10 years and adult BMI on CLD incidence (all P interaction <0.05).

4. Discussion

In this large cohort study, tobacco exposure in early-life stages,
including the fetal periods, childhood, and adolescence, was signifi-
cantly associated with an increased risk of CLD in adulthood.

Participants with both in utero exposure and smoking initiation in
childhood had the highest CLD risk. Furthermore, BMI, WC, serum
lipids, HbA, and liver enzyme levels partially mediated the associa-
tions between early-life tobacco exposure and incident CLD. These
findings not only revealed a risk pattern overlooked by previous
studies confined to adult smoking or a narrow focus on NAFLD, but
also confirmed the long-term health effects of early-life exposure and
extended the findings to CLD incidence.

Accumulative evidence indicates that early-life adverse exposure
might have a profound and lasting impact on disease susceptibility in
adulthood [7,24,25]. Cigarette smoking, a major environmental risk
factor for premature morbidity and mortality, has been linked with
onset and progression of liver diseases [26], but how its occurrence
in a critical developmental window may affect the incidence of CLD

A B c
3 34 o 37 Age of smoking initiation
5 ,é ®  Never-smokers
13, - E Z - E _g g { { T ®  Adulthood
(g s s E ¢ [} 2‘5 s E [} g E ° _ * ®  Adolescence
P s % (] [ E 2 b © - .
£ |-l-e 14-o g1 ®  Childhood
T é =
=
£
0—— T (U \ é 0 T
No Yes No Yes No Yes
In utero exposure to tobacco smoke In utero exposure to tobacco smoke In utero exposure to tobacco smoke
D E F
54 G 3
£ 5
a “ T & 47 § . .
2 = 5 2 \ l
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é ° é E ® 3 1 * %’ Lo !
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In utero exposure to tobacco smoke

In utero exposure to tobacco smoke

In utero exposure to tobacco smoke

Fig. 2. The joint effects of in utero exposure to tobacco smoke and age of smoking initiation on incidence of CLD and CLD subtypes. The HRs (95 % CIs) of overall CLD (A), NAFLD (B),
fibrosis and cirrhosis (C), ALD (D), viral hepatitis (E), and liver cancer (F) incidence associated with joint categories of in utero exposure to tobacco smoke and the age of smoking ini-
tiation. All models were adjusted for age, sex, ethnicity, birthplace, Townsend deprivation index, body and height sizes at age 10 years, drinking status, diet score, physical activity,
BMI, diabetes, hypertension, and hypercholesterolemia. ALD, alcoholic liver disease; CLD, chronic liver disease; HR, hazard ratio; NAFLD, non-alcoholic fatty liver disease.
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Overall Without in utero exposure With in utero exposure
Smoking  Age of smoking Cases/total HR (95% CI) Cases/total HR (95% CI) Cases/total HR (95% CI)
status initiation
Never 3,778/271,923 & 1 (reference) 2,159/172,407 1 (reference) 1,131/67.214 ¢ 1 (reference)
Previous
Adulthood 966/46,644 L4 1.29 (1.20, 1.39) 553/28,785 Lyl 130 (1.18, 1.43) 239/10,641 e 1.21(1.05, 1.40)
Adolescence 1,171/50,701 ® 1.36 (1.27, 1.45) 593/27.851 S 1.36 (1.24, 1.50) 378/14.764 . 1.31(1.16, 1.47)
Childhood 541/16,900 gl 1.63 (1.49,1.79) 229/8,101 a gl 1.57(1.37,1.81) 226/6,296 = 1.63(1.41,1.89)
Current
Adulthood 502/17,808 o 1.84 (1.67,2.02) 276/10,380 o 1.89 (1.66,2.15) 145/4.436 —e— 1.88(1.58,2.24)
Adolescence 504/16,954 . 1.89(1.72,2.08) 220/8.485 . 1.80(1.56,2.07) 188/5,349 * 2.00(1.70,2.34)
Childhood 342/8.250 pe 230 (2.06,2.58) 129/3.467 —e—  2.32(1.93,2.78) 153/3.307 —e—  232(1.95,2.77)

1 1 1 1
1.0 15 20 25 30

1 1 1 1 —r T 1 1
1.0 15 20 25 30 10 L5 20 25 3.0

Fig. 3. The joint effects of current smoking status and age of smoking initiation on CLD incidence. The HRs (95 % Cls) of CLD incidence according to joint categories of current smok-
ing status and the age of smoking initiation among overall population and stratified by in utero exposure to tobacco smoke. All models were adjusted for age, sex, ethnicity, birth-
place, Townsend deprivation index, body and height sizes at age 10 years, drinking status, diet score, physical activity, BMI, diabetes, hypertension, and hypercholesterolemia. CI,

confidence interval; CLD, chronic liver disease; HR, hazard ratio.

later in life remains unclear. In our study, we found that intrauterine
tobacco exposure and smoking initiation in childhood and adoles-
cence were pronouncedly associated with higher risks of CLD as well
as major subtypes including NAFLD, ALD, cirrhosis, viral hepatitis,
and liver cancer in adulthood. The CLD risk increased as the age of
smoking initiation decreased. Similar to our results, a prospective
cohort study of 1315 participants from the Young Finns Study found
a positive association between childhood passive smoking and
increased risk of adult NAFLD [27], even though the results might not
be directly comparable to our estimates derived from active smoking.
In addition, we detected a joint effect of in utero tobacco exposure
and smoking in childhood/adolescence on increased CLD incidence.
Our findings demonstrate the crucial role of early-life tobacco expo-
sure in the development of CLD, highlighting the importance of

Table 3

reducing early-life tobacco exposure to prevent liver diseases later in
life.

The association between early-life tobacco exposure and CLD is
biologically plausible, involving different pathophysiological path-
ways including oxidative stress, inflammation, and oncogenic signals
[26]. Maternal smoking during pregnancy could indirectly cause
exposure to tobacco smoke in utero, which may interfere with liver
development by altering hypoxemia and the structure and function
of the placenta [28,29]. Meanwhile, toxins contained in tobacco
smoke, such as nicotine, carbon monoxide, heavy metals, and polycy-
clic aromatic hydrocarbons, could cross the placental barrier and
induce generation of reactive oxygen species, inflammation, and
endothelial dysfunction, leading to permanent metabolism altera-
tions, thereby enhancing susceptibility to CLD in adulthood [30,31].

Mediators linking the associations of in utero exposure to tobacco smoke and age of smoking initiation with CLD incidence.

Total effect (95 % CI)

Natural direct effect 8 (95 % CI)

Natural indirect effect 8(95%CI)  Proportion mediated % (95 % CI)

In utero exposure to tobacco smoke?

BMI (kg/m?) 536e-03 (4.50e-03, 6.26e-03)  4.50e-03 (3.66e-03,5.39¢-03)  8.58e-04 (7.93e-04, 9.21e-04) 16.0(13.5,19.3)
WC (cm) 5.33e-03 (4.50e-03, 6.33e-03)  4.48¢-03 (3.63e-03,5.48¢-03)  8.47e-04 (7.86e-04, 9.18¢-04) 15.9(134,19.2)
GGT (U/L) 507e-04 (4.17e-04, 5.94e-04)  4.72e-03 (3.82e-03,5.58e-03)  3.55e-04 (3.14e-04, 3.94e-04) 6.99 (5.85, 8.45)
ALT (U/L) 543e-03 (4.51e-03,6.31e-03)  5.16e-03 (4.25¢-03, 6.04e-03)  2.64e-04 (2.23e-04, 3.04e-04) 4.85 (4.00,5.91)
AST (U/L) 537e-03 (4.44e-03,625¢-03)  5.22e-03 (4.29¢-03, 6.08¢-03)  1.51e-04 (1.11e-04, 1.88¢-04) 2.80(2.03,3.64)
TG (mmol/L) 539¢-03 (4.46e-03, 6.28e-03)  5.13e-03 (4.21e-03, 6.01e-03)  2.59e-04 (2.24e-04, 2.91e-04) 4.80(3.99,5.87)
HDL-C (mmol/L) 553e-03 (4.55e-03, 6.45e-03)  5.45¢-03 (4.47¢-03, 6.38e-03)  7.92e-05 (5.58e-05, 1.06e-04) 1.43(0.96, 2.04)

Age of smoking initiation”

BMI (kg/m?)
Adulthood 3.33e-03 (2.41e-03, 4.39e-03) 3.32e-03 (2.43e-03, 4.35e-03)
Adolescence 4.59e-03 (4.18e-03, 5.09e-03) 4.17e-03 (3.73e-03, 4.70e-03)
Childhood 9.69e-03 (8.613—03, 1.08e-02)  8.68e-03 (7.61e-03, 9.73e-03)
WC (cm)
Adulthood 3.35e-03 (2.40e-03, 4.42e-03) 2.95e-04 (2.04e-03, 3.96e-03)
Adolescence 4.56e-03 (3.71e-03, 5.14e-03) 3.64e-03 (2.80e-03, 4.19e-03)
Childhood 9.14e-03 (8.16e-03, 1.04e-02) 7.58e-03 (6.60e-03, 8.73e-03)
GGT (U/L)
Adulthood 2.76e-03 (1.86e-03, 3.76e-03) 2.51e-03 (1.61e-03, 3.47e-03)
Adolescence 4.,03e-03 (2.92e-03, 5.00e-03) 3.61e-03 (2.47e-03, 4.56e-03)
Childhood 9.19e-03 (7.31e-03, 1.13e-02) 8.38e-03 (6.49e-03, 1.05e-02)
TG (mmol/L)
Adulthood 2.93e-04 (1.80e-04, 3.93e-04) 2.74e-04 (1.62e-04, 3.63e-04)
Adolescence 4.37e-04 (3.18e-04, 5.52e-04) 3.97e-04 (2.79e-04, 5.11e-04)
Childhood 9.58e-04 (7.67e-04, 1.72e-03) 8.90e-04 (7.04e-04, 1.10e-03)
HbA . (mmol/mol)
Adulthood 3.17e-04 (2.05e-04, 4.32e-04) 3.16e-04 (2.04e-04, 4.31e-04)
Adolescence 4.70e-04 (3.47e-04, 5.90e-04) 4.68e-04 (3.46e-04, 5.69e-04)
Childhood 9.88e-04 (8.11e-04, 1.16e-03) 9.83e-04 (8.07e-04, 1.15e-03)

4.11e-06 (—5.26e-05, 4.94e-05)
4.13e-04 (3.49e-04, 4.59e-04)
1.01e-03 (8.73e-04, 1.11e-03)

4.06e-04 (3.31e-04, 4.60e-04)
9.22e-04 (8.81e-04, 1.00e-03)
1.55e-03 (1.41e-03, 1.80e-03)

2.65e-04 (2.06e-04, 3.06e-04)
4.28e-04 (3.76e-04, 4.73e-04)
8.17e-04 (7.34e-04, 8.98e-04)

1.90e-04 (1.56e-04, 2.26e-04)
3.98e-04 (2.53e-04, 4.46e-04)
6.87e-04 (6.01e-04, 7.70e-04)

7.96e-06 (1.96e-06, 1.51e-05)
1.12e-05 (4.34e-06, 1.89e-05)
4.78e-05 (2.63e-06, 7.46e-05)

0.21(-1.84, 1.84)
9.18(7.29,11.0)
10.5(9.41,11.9)

11.8(9.70,17.1)
19.9(18.3,24.7)
16.7 (15.4,19.3)

9.07 (7.16,14.5)
10.7 (8.54, 14.5)
8.89(7.30,11.3)

6.47 (4.57,10.4)
9.10(7.15,12.7)
7.16 (6.01, 8.86)

0.25 (0.06,0.51)
0.24(0.10,0.44)
0.48 (0.27,0.79)

Abbreviations: ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; BMI, body mass index; Cl, confidence interval; CLD, chronic liver disease; GGT,

Gamma glutamyltransferase; HbA, glycated haemoglobin A;.; HDL-C, high-density lipoprotein cholesterol; TG, triglyceride; WC, waist circumference.

2 The models were adjusted for age at recruitment, sex, ethnicity, birthplace, Townsend deprivation index, drinking status, diet score, physical activity, BMI, diabe-

tes, hypertension, and hypercholesterolemia.

> The models were adjusted for age at recruitment, sex, ethnicity, birthplace, Townsend deprivation index, body and height sizes at age 10 years, drinking status,

diet score, physical activity, BMI, diabetes, hypertension, and hypercholesterolemia.
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Furthermore, it has been shown that telomere shortening, a bio-
marker of cellular aging that is related to tobacco exposure in early
life [10,32], increases the risk of multiple liver diseases [33]. In addi-
tion to direct liver damage due to tobacco smoke during childhood
and adolescence, starting smoking at a younger age may predispose
individuals to a longer trajectory of tobacco use and heavier con-
sumption, ultimately raising the risk of CLD in their lives [34,35]. Fur-
thermore, cigarette smoking tends to be frequently accompanied by
other unhealthy behavioral factors (e.g., alcohol consumption), which
could interact synergistically to affect liver-related outcomes.

From public health perspective, elucidating how smoking cessa-
tion influences disease risk conferred by early-life tobacco exposure
is of great significance. We hereby analyzed the joint association of
current smoking status and early-life exposure to tobacco smoke
with liver diseases and found that individuals with persistent expo-
sure to smoking across childhood and adulthood had the highest risk
of CLD, whereas this risk was remarkably lower among those who
initiated smoking in childhood but quit later. Consistently, in the
Young Finns Study, individuals with passive smoking throughout
childhood and adulthood period had 2 times higher risk of NAFLD
than those without passive smoking in either childhood or adulthood
[27]. According to data from the Korean National Health Insurance
Service, earlier smoking cessation was associated with greater cancer
risk reduction including liver cancer [36]. Of note, compared with
never-smokers in this study, individuals who were exposed to
tobacco early in life but quit later still showed an elevated risk of
CLD. These findings suggest that prevention of smoking should start
as early as possible and maintain throughout lifetime to reduce CLD
incidence.

In mediation analyses, we found that the association between
early-life tobacco exposure and CLD incidence was partially mediated
by obesity-related traits, glycemic status, liver function, and lipid pro-
file, with the largest mediation effect found for BMI and WC. Mende-
lian randomization analyses have identified causal relationships of
smoking initiation with higher BMI and WC in adulthood [37], which
might be related to smoking-induced dysregulation of adipose tis-
sue-derived endocrine hormones [38]. Moreover, serum lipids have
been suggested to play roles in the association between smoking and
incident NAFLD in both human and animal studies [39,40]. Elevated
levels of HbA ;. are associated with smoking [41], and may contribute
to liver steatosis and fibrosis either directly by stimulating receptor
for advanced glycation end products or indirectly by promoting hyp-
oxia and suppressing NO release [42]. Furthermore, liver enzymes
including GGT, ALT and AST are well-established predictors of liver
injury caused by various exogenous chemicals such as tobacco sub-
stances [43]. These metabolic traits may represent functional inter-
mediates ranging from early epigenetic reprogramming to adult liver
diseases.

Our study adds to the current epidemiological evidence by dem-
onstrating for the first time that in utero and childhood/adolescence
tobacco exposure was associated with increased CLD risk in adult-
hood. Besides, the identification of mediating markers offers valuable
insights into the potential mechanism underlying the link between
early-life tobacco exposure and CLD incidence. The strength of our
study included comprehensive analysis of liver diseases in a large-
scale cohort with long follow-up, temporality from early-life tobacco
exposure to adult outcome, and consideration of various potential
confounders and mediators. However, some limitations should be
acknowledged. First, more detailed tobacco exposure information on
the duration and pack-years of smoking, second-hand smoke, and
environmental tobacco was not assessed due to the lack of data in
the UK Biobank, which limits our ability to perform more in-depth
analyses such as assessing the dose-response relationship. Second,
information on early-life tobacco exposure was retrospectively col-
lected through self-reported questionnaires, rendering the data
prone to recall bias. The offspring’s report of in utero tobacco
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exposure has been depicted to be a good proxy measure for the
mother’s own report [44]. It is expected that the misclassification of
exposure is likely to be non-differential between groups and would
attenuate the association toward null findings. Third, medical condi-
tions were obtained from hospital inpatient records and cancer regis-
try, where there was possibility of missed diagnoses of CLD (e.g.,
non-severe NAFLD) from primary care or outpatient clinic. Fourth,
residual and unmeasured confounding by early-life factors such as
parental socioeconomic status, maternal weight change, and lifestyle
habits during pregnancy may exist. However, the results were robust
when we adjusted for adult covariates and potential mediators. Fifth,
the UK Biobank participants were mostly White British and were
generally healthier with higher socioeconomic status compared with
the whole UK population, thus the generalizability of our results to
other populations should be cautiously interpreted. Lastly, due to the
observational nature of the study, causal associations cannot be
inferred.

5. Conclusions

In summary, leveraging data from a large prospective cohort, we
found that exposure to tobacco smoke in the fetal period, childhood,
and adolescence was associated with an increased risk of CLD in
adulthood, while subsequent smoking cessation substantially
reduced the risk. Moreover, obesity-related traits, glycemic status,
liver function, and lipid profile significantly mediated the association
between early-life tobacco exposure and CLD incidence. Our findings
highlight the importance of reducing tobacco exposure from the pre-
natal period throughout childhood, adolescence, and adulthood to
prevent liver diseases. Further studies are warranted to confirm our
findings and elucidate the underlying mechanisms.
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