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Metabolic dysfunction associated
steatotic liver disease is associated
with an increased risk of multiple
respiratory system diseases

Bofu Liu'?, Yu Jia, Zhihan Gu'?, Yizhou Li3**, Yiheng Zhou? & Yu Cao%25"

Metabolic dysfunction-associated steatotic liver disease (MASLD) represents a significant public health
concern. However, the relationship between MAFLD and different types of respiratory diseases is not
yet fully understood. In UK Biobank prospective cohort, 11 types of respiratory diseases were identified
according to the ICD-10 codes. Cox regression was used to determine the association between MASLD
and respiratory disease risk. A total of 393,416 subjects with an average age of 56.6 years were
included, MASLD patients account for 34.9%. After fully adjustment for confounding factors, 9 out of
11 respiratory diseases were significantly associated with MASLD, including influenza (hazard ratio
(HR): 1.294), pneumonia (HR: 1.258), chronic lower respiratory diseases (HR: 1.297), asthma (HR:
1.222), lung diseases due to external agents (HR: 1.190), interstitial lung diseases (HR: 1.336), diseases
of the pleura (HR: 1.175), pulmonary embolism (HR: 1.225), lung and bronchus cancer (HR: 1.212) and
respiratory system death (HR: 1.108) (P <0.05 for all). The risk of respiratory diseases increases with
the severity of MASLD assessed by fibrosis score. The relationship between the MASLD phenotype and
respiratory diseases is independent of polygenic risk scores and four related risk alleles. These findings
emphasize the value of comprehensive prevention of respiratory diseases by targeting MASLD.

Keywords Metabolic dysfunction-associated steatotic liver disease, Respiratory disease, UK biobank,
Polygenic risk score

Respiratory diseases are a significant global burden, affecting about 500 million adults and having a prevalence
of approximately 7.1%?. They are the third leading cause of death worldwide and are responsible for 4 million
deaths annually®. Respiratory diseases are systemic and interconnected disorders, and all respiratory disease
subtypes are usually attributed to similar risk factors, such as smoking, air pollution, and 0besity3. Therefore,
identifying key risk factors is critical for the comprehensive prevention of systemic respiratory diseases.

Non-alcoholic fatty liver disease (NAFLD) is a common chronic liver disease affecting over 25% of the
global population*. However, the current definition of NAFLD, which relies on exclusionary criteria and lacks
consideration of metabolic factors, has been criticized>°. The alternative term metabolic dysfunction-associated
fatty liver disease (MAFLD) has also been criticized for stigmatization and the confounding of multiple metabolic
and hepatic factors®’. Recently, metabolic dysfunction-associated steatotic liver disease (MASLD) defined as
the presence of steatotic liver disease (SLD) and at least one cardiometabolic risk factor has been proposed®.
Associations between MASLD and the cardiovascular system and urinary system have been shown®!?, but the
adverse outcomes and disease burden associated with this redefinition are still being investigated.

Several clues have suggested that MASLD may be closely related to systemic respiratory diseases. Metabolic
abnormalities including diabetes and obesity are associated with multiple types of respiratory diseases>!!. Besides,
it has been proven that NAFLD is associated with pneumonia, chronic obstructive pulmonary disease (COPD),
asthma, and lung cancer'>!3. Importantly, in our previous studies investigating multisystem diseases and the
trajectory of death in MAFLD, respiratory diseases were found to be crucial mediating factors of death, and
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respiratory system death accounted for approximately 13% of the total death!*. Mechanistically, liver diseases,
metabolic disorders and respiratory diseases share several pathological processes, including liver-lung axis, gut-
liver-lung axis, immune dysfunction, and inflammatory response, oxidative stressls’lﬁ.Despite these findings,
significant gaps remain in our understanding of the relationship between MASLD and respiratory diseases.
Existing studies are often limited by small sample sizes, lack of longitudinal data, and inadequate control for
confounding factors. Furthermore, the specific mechanisms underlying the association between MASLD and
respiratory diseases are not fully understood. Above all, it is necessary to further confirm the association between
NAFLD and systemic respiratory diseases, which could deepen our understanding of the adverse outcomes of
MASLD and benefit certain populations by decreasing respiratory disease-related health burdens.

Thus, in this study, we hypothesized that participants with MASLD are at increased risk of all categories of
respiratory diseases. Therefore, we aimed to explore the relationship between MASLD and 13 types of respiratory
disease according to previous classifications in a large community-based UK Biobank cohort.

Results

Baseline characteristics

A total of 393,416 participants (44.3% males) aged 56.6 + 8.0 years were included in this study according to the
flowchart (Fig. 1). Among them, 137,295 participants were complicated with MASLD. The baseline characteristics
are shown in Table 1. Males, older individuals, non-white and smokers were more likely to have MASLD
(P<0.05). Compared to non-MASLD participants, MASLD participants had higher waist circumference, BMI,
higher prevalence of diabetes and hypertension, and liver function index, such as serum triglycerides, serum
cholesterol, alanine transaminase, aspartate aminotransferase, gamma glutamyltransferase, and air pollution
levels, but lower FEV1/FVC (P<0.05).

Relationship between MASLD and respiratory diseases

Compared to those without MASLD, individuals with MASLD had generally higher incidences of respiratory
diseases and respiratory death (P<0.05 for all), including acute upper respiratory infections [968 (0.7%) vs.
1505 (0.6%)], influenza [512 (0.4%) vs. 604 (0.2%)], pneumonia [8078 (5.9%) vs. 8700 (3.4%)], other diseases
of the upper respiratory tract[3908 (2.8%) vs. 6196 (2.4%)], chronic lower respiratory diseases [6704 (4.9%)
vs. 8111 (3.2%)], asthma [9932 (7.2%) vs. 13416 (5.2%)], lung diseases due to external agents [1114 (0.8%) vs.
1307 (0.5%)], interstitial lung diseases [1399 (1%) vs. 1365 (0.5%)], diseases of the pleura [5059 (3.7%) vs. 6245
(2.4%)], pulmonary embolism [2456 (1.8%) vs. 2549 (1.0%)], lung and bronchus cancer [1474 (1.1%) vs. 2126
(0.8%)], and respiratory system death [598 (0.4%) vs. 817 (0.3%)]. The findings of the Cox regression analysis for
MASLD and respiratory diseases are shown in Fig. 2. After fully adjusting for variables involving demographics,
physiology, laboratory examination, and chronic medical conditions, 9 out of 11 respiratory diseases were
significantly associated with MASLD. They were, in order, influenza (HR 1.294, 95% CI 1.081-1.549, P=0.005),
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Fig. 1. Study flow chart.
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Characteristics Total Non-MASLD MASLD P value
Sample 393,416 (100%) | 256,121 (65.1%) | 137,295 (34.9%)

Male, n (%) 174,456 (44.3%) | 87,846 (34.3%) | 86,610 (63.1%) | <0.001
Age (years) 56.6+8.0 56.1+8.2 57.4+7.8 | <0.001
Non-white, n (%) 19,277 (4.9%) 10,627 (4.1%) 8650 (6.3%) | <0.001
Deprivation Index -2.3(-3.7,0.2) -2.4(-3.8,0.0) -2.1(-3.6,0.6) | <0.001
Alcohol intake (g/day) 6.9 (0.5, 12.6) 6.9 (1.1, 12.6) 5.7 (0.0, 13.7) | <0.001
Smoking status, n (%) <0.001
Never 218,284 (55.5%) | 149,548 (58.4%) | 68,736 (50.1%)

Former 135,735 (34.5%) | 81,509 (31.8%) | 54,226 (39.5%)

Current 39,397 (10.0%) 25,064 (9.8%) | 14,333 (10.4%)

Waist circumstance (cm) 89.5+13.2 82.6+9.0 102.2+10.1 | <0.001
BMI (kg/m?) 27.2+4.7 25.0+£3.0 31.4+4.5 | <0.001
FEV1/FVC 1.7+£8.7 1.7+8.7 1.8+8.6 0.012
Type 2 diabetes, n (%) 17,263 (4.4%) 5267 (2.1%) 11,996 (8.7%) | <0.001
Hypertension, n (%) 99,249(25.2%) 47,007 (18.4%) | 52,242 (38.1%) | <0.001
Medication

Statins 62,757 (16.0%) 20,829 (8.1%) | 41,928 (30.5%) | <0.001
Antihypertensive drugs 75,884 (19.3%) 39,505 (15.4%) | 36,379 (26.5%) | <0.001
Hypoglycemic drugs 3727 (0.9%) 1023 (0.4%) 1023 (2.0%) | <0.001
Serum triglycerides (mmol/L) 1.5(1.0,2.1) 1.2 (0.9, 1.6) 2.1(1.6,2.9) | <0.001
Serum cholesterol (mmol/L) 57+1.1 56+1.1 58+1.2 | <0.001
Glucose (mmol/L) 51+£1.2 5.0+0.9 53+1.5 | <0.001
Alanine transaminase (U/L) 19.8 (15.3,26.8) | 17.6 (14.0,22.4) | 26.0 (19.9, 35.0) | <0.001
Aspartate aminotransferase (U/L) | 24.2 (20.9, 28.6) | 23.3 (20.3,27.1) | 26.2 (22.4,31.3) | <0.001
Gamma glutamyltransferase (U/L) | 25.4 (18.1, 38.8) | 21.0 (16.2,29.0) | 38.2(27.3,57.8) | <0.001
NOx 43.63+£15.13 43.32+15.11 43.93+£15.13 | <0.001
NO, 26.40+7.51 26.32+7.50 26.47+7.27 | <0.001
PM,, 9.96+1.05 9.92+1.04 10.02+£1.03 | <0.001
PM,, 16.22+1.90 16.18+1.92 16.26+1.88 | <0.001

Table 1. Baseline characteristics in subject with or without MASLD. Values are median (interquartile range)
or n (%). Townsend deprivation index assigned by the postcode of participant location, which reflects the level
of social deprivation in which the participant lives. MASLD, metabolic dysfunction-associated steatotic liver
disease. BMI, body mass index.

pneumonia (HR 1.258, 95% CI 1.201-1.317, P<0.001), chronic lower respiratory disease (HR 1.297, 95% CI
1.235-1.362, P<0.001), asthma (HR 1.222, 95% CI 1.174-1.273, P<0.001), lung disease due to external agents
(HR 1.190, 95% CI 1.055-1.342, P=0.005), interstitial lung disease (HR 1.336, 95% CI 1.195-1.494, P<0.001),
disease of the pleura (HR 1.175,95% CI 1.111-1.243, P<0.001), pulmonary embolism (HR 1.225,95% CI 1.126-
1.332, P<0.001), lung and bronchial cancer (HR 1.212, 95% CI 1.095-1.341, P<0.001 and respiratory system
death (HR 1.108, 95% CI 1.036-1.181, P=0.004). Results of sequentially adjusted models are shown in Table S1.
According to the competitive risk models, the relationship between MASLD and respiratory diseases was almost
consistent (Fig. 3).

To explore the relationship between the severity of MASLD and respiratory disease risk, the population
was stratified based on NFS. Set non-MASLD group as reference, MASLD participants with high levels of
NFS had the largest HR (1.777 (95% CI 1.114-2.835, P=0.016), 1.738 (95% CI 1.548-1.953, P<0.001), 1.470
(95% CI 1.279-1.690, P<0.001), 1.643 (95% CI 1.225-2.205, P=0.001), 1.430 (95% CI 1.080-1.895, P=0.013),
1.307 (95% CI 1.018-1.678, P=0.036), 1.206 (95% CI 0.867-1.677, P=0.265) and 1.149 (95% CI 0.982-1.315,
P=0.096) (Table 2) for risk of influenza, pneumonia, chronic lower respiratory disease, lung disease due to
external agents, interstitial lung disease, pulmonary embolism, lung and bronchus cancer and respiratory system
death respectively, compared with lower NFS level. From the overall trend, the risk of respiratory diseases
increased with increasing MASLD severity.

Subgroup and sensitivity analysis

In our subgroup analysis employing adjusted Cox regression analysis, we observed that the association between
MASLD and respiratory diseases was statistically significant across various subgroups defined by age, BMI, and
sex. Notably, the strength of this association was more pronounced among participants aged <60 years (Table
S$2). Overweight or obese individuals with MASLD had higher risk for lung and bronchial cancer (HR 1.21 vs.
1.13), but a lower risk of pneumonia (HR 1.25 vs. 1.38), chronic lower respiratory diseases (HR 1.28 vs. 1.44),
asthma (HR 1.26 vs. 1.33), diseases of the pleura (HR 1.15 vs. 1.31), and pulmonary embolism (HR 1.22 vs. 1.53)
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Respiratory disease No. of events/total No. (%) Adjusted HR (95% CI) P

Acute upper respiratory infections

Non-MASLD 1505/256121(0.6%) Reference L4 -

MASLD 968/137295(0.7%) 1.034 (0.913-1.172) F—ro—i 0.597
Influenza

Non-MASLD 604/256121(0.2%) Reference [ -

MASLD 512/137295(0.4%)) 1.294 (1.081-1.549) e 0.005
Pneumonia

Non-MASLD 8700/256121(3.4%) Reference L] -

MASLD 8078/137295(5.9%) 1.258 (1.201-1.317) e <0.001
Other diseases of the upper respiratory tract

Non-MASLD 6196/256121(2.4%) Reference ] -

MASLD 3908/137295(2.8%) 1.043 (0.98-1.109) e 0.183
Chronic lower respiratory diseases

Non-MASLD 8111/256121(3.2%) Reference L4 -

MASLD 6704/137295(4.9%) 1.297 (1.235-1.362) in o <0.001
Asthma

Non-MASLD 13416/256121(5.2%) Reference ] -

MASLD 9932/137295(7.2%) 1.222 (1.174-1.273) lag <0.001
Lung diseases due to external agents L4

Non-MASLD 1307/256121(0.5%) Reference -

MASLD 1114/137295(0.8%) 1.19 (1.055-1.342) —— 0.005
Interstitial lung diseases

Non-MASLD 1365/256121(0.5%) Reference ] -

MASLD 1399/137295(1%) 1.336 (1.195-1.494) —— <0.001
Diseases of the pleura

Non-MASLD 6245/256121(2.4%) Reference L4 -

MASLD 5059/137295(3.7%) 1.175 (1.111-1.243) L gl <0.001
Pulmonary embolism

Non-MASLD 2549/256121(1%) Reference . -

MASLD 2456/137295(1.8%) 1.225(1.126-1.332) —e— <0.001
Lung and bronchus cancer

Non-MASLD 2126/256121(0.8%) Reference . -

MASLD 1474/137295(1.1%) 1.212(1.095-1.341) —— <0.001
Respiratory system death

Non-MASLD 817/256121(0.3%) Reference .

MASLD 598/137295(0.4%) 1.108(1.036-1.181) e 0.004

T 1T T LA L L R R R |
0.5 1.0 1.5 2.0

Fig. 2. Association between MASLD scores and 11 types of respiratory diseases using Cox regression models.
The model was adjusted for sex, age, deprivation index, alcohol intake (g/day), smoking (never, former,
current), BMI, diabetes, hypertension, serum triglycerides, serum cholesterol, glucose, alanine transaminase,
aspartate aminotransferase, FEV1/FVC, NO,, NOx, PM, ., and PM,,.

than normal-weight MASLD (p for interaction <0.05) (Table S3). The gender subgroup analysis revealed that the
risk of all of the 9 respiratory diseases was higher in females with MASLD (Table S4).

According to the sensitivity analyses, after excluding individuals with less than 24 months of follow-up and
additionally adjusting for statins, antihypertensive drugs, and hypoglycemic drugs, the relationships between the
MASLD and 9 respiratory diseases were consistent (Table S5-56).
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Respiratory disease Adjusted HR (95% CI) P

Acute upper respiratory infections

Non-MASLD Reference -

MASLD 1.029 (0.908, 1.166) 0.660
Influenza

Non-MASLD Reference -

MASLD 1.284 (1.068, 1.554) 0.008
Pneumonia

Non-MASLD Reference -

MASLD 1.250 (1.193, 1.309) <0.001
Other diseases of the upper respiratory tract

Non-MASLD Reference -

MASLD 1.036 (0.974,1.103) 0.260
Chronic lower respiratory diseases

Non-MASLD Reference -

MASLD 1.286 (1.224,1.351) <0.001
Asthma

Non-MASLD Reference -

MASLD 1.217 (1.168, 1.267) <0.001
Lung diseases due to external agents

Non-MASLD Reference -

MASLD 1.174 (1.039, 1.325) 0.010
Interstitial lung diseases

Non-MASLD Reference -

MASLD 1.323 (1.181, 1.482) <0.001
Diseases of the pleura

Non-MASLD Reference -

MASLD 1.165 (1.101, 1.233) <0.001
Pulmonary embolism

Non-MASLD Reference -

MASLD 1.218 (1.117,1.328) <0.001
Lung and bronchus cancer

Non-MASLD Reference -

MASLD 1.201 (1.084-1.330) <0.001
Respiratory system death

Non-MASLD Reference

MASLD 1.093 (1.030-1.162) 0.019

T

0.5 1.0 1.5 20

Fig. 3. Association between MASLD and 11 types of respiratory diseases using the Gray-Fine sub-distribution
hazard model. The model was adjusted for sex, age, deprivation index, alcohol intake (g/day), smoking

(never, former, current), BMI, diabetes, hypertension, serum triglycerides, serum cholesterol, glucose, alanine
transaminase, aspartate aminotransferase, FEV1/FVC, NOZ, NOx, PMz.s’ and PMIO'

Genetic risk of MASLD and respiratory diseases

Overall, the relationship between MASLD and respiratory diseases was independent of the polygenic risk
scores and the four risk alleles (Table $7-S10). The association of MASLD with influenza and lung diseases
due to external agents was stronger in participants with high PRS than in those with low-PRS (Fig. 4, P for
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MASLD with
Non-MASLD MASLD with NFS <-1.455 —1.455<NFS<0.676 MASLD with NFS>0.676

Respiratory disease HR and 95% CI | HR and 95% CI P HR and 95% CI P HR and 95% CI P

Acute upper respiratory infections Reference 1.037 (0.908,1.184) | 0.593 | 1.034 (0.883,1.212) | 0.675 | 1.630 (1.127,2.356) | 0.009
Influenza Reference 1.300 (1.069, 1.579) 0.008 | 1.291 (1.04, 1.603) 0.021 | 1.777 (1.114, 2.835) 0.016
Pneumonia Reference 1.260 (1.199, 1.325) | <0.001 | 1.259(1.193,1.33) | <0.001 | 1.738 (1.548,1.953) | <0.001
Other diseases of the upper respiratory tract | Reference 1.069 (1.002, 1.141) | 0.044 | 0.984 (0.909, 1.066) | 0.701 | 1.111 (0.878,1.407) | 0.379
Chronic lower respiratory diseases Reference 1.317 (1.248,1.39) | <0.001 | 1.269 (1.198, 1.346) | <0.001 | 1.470 (1.279,1.69) | <0.001

Asthma Reference 1.273(1.22,1.328) | <0.001 | 1.110(1.055, 1.168
Lung diseases due to external agents Reference 1.217 (1.065, 1.391) 0.004 | 1.157 (1.006, 1.331

)

) | <0.001 | 0.955(0.827,1.103) | 0.532

) | 0.041 | 1.643(1.225,2.205) | 0.001
Interstitial lung diseases Reference 1.302 (1.15, 1.474) | <0.001 | 1.380 (1.213, 1.569) | <0.001 | 1.430 (1.080, 1.895) 0.013

)

)

)

Diseases of the pleura Reference 1.174 (1.103, 1.249) | <0.001 | 1.176 (1.101, 1.257
Pulmonary embolism Reference 1.208 (1.103, 1.322) | <0.001 | 1.256 (1.136, 1.389) | <0.001 | 1.307 (1.018, 1.678) 0.036
Lung and bronchus cancer Reference 1.215(1.087,1.358) | 0.001 | 1.208 (1.071, 1.363 0.002 | 1.206 (0.867,1.677) | 0.265
Respiratory system death Reference 1.128 (1.039, 1.226) 0.015 | 1.137 (1.010, 1.260) 0.044 | 1.149 (0.982, 1.315) 0.096

<0.001 | 1.453(1.252,1.688) | <0.001

Table 2. Relationship of NFS and MASLD with respiratory diseases by Cox regression analysis. Multivariate
logistic regression model was adjusted by sex, age, deprivation Index, alcohol intake (g/day), smoking (never,
former, current), BMI, diabetes, hypertension, serum triglycerides, serum cholesterol, glucose, alanine
transaminase, aspartate aminotransferase,, FEV1/FVC, NOZ, NOx, PMzs’ and PMw' HR, hazard ratio; CI,
confidence interval. NFS, NAFLD fibrosis score, MASLD, metabolic dysfunction—associated steatotic liver

disease.

Respiratory disease (MASLD vs Non-MASLD) Low-PRS Intermediate-PRS High-PRS P for interaction
Acute upper respiratory infections —— —_—— —e— 0.180
Influenza —— p——t——i — i 0.694
Pneumonia ot o o 0.638
Other diseases of the upper respiratory tract to—i Ho— D‘H 0.065
Chronic lower respiratory diseases o ot o 0.321
Asthma o o o 0.715
Lung diseases due to external agents —a— —e——1 —— 0.790
Interstitial lung diseases —e—i —— —e—i 0.994
Diseases of the pleura ot o ot 0.531
Pulmonary embolism ——i —e—i —e—i 0.667
Lung and bronchus cancer —— —— —— 0.605
Respiratory system death ——i —.—i ——i 0.832

r T 1 r T 1 I T 1

0.5 1.0 15 2.0 0.5 1.0 15 2.0 0.5 1.0 15 2.0

Fig. 4. Association of MASLD and 11 types of respiratory diseases grouped by polygenic risk score (PRS). The
PRS ranged from 0 to 8 and was divided into 3 categories: low, intermediate, and high risk.

interaction <0.05). Among the four risk alleles, MASLD with PNPLA3 rs738409 (C>T) showed significantly
larger HR for influenza (HR: 1.376 vs. 1.275) than those without PNPLA3 rs738409, while MBOAT?7 rs641738
(C>T) showed significant large HR for interstitial lung diseases (HR: 1.551 vs. 1.274) and pulmonary embolism
(HR: 1.503 vs. 1.282) than those without PNPLA3 rs641738.

Discussion

This large-scale prospective cohort study with long-term follow-up was the first to systematically investigate the
association between MASLD and multiple respiratory diseases based on the UK Biobank community-dwelling
population. In this study, the participants with MASLD had elevated risk rates ranging from 10 to 34% for
respiratory disease death and 9 respiratory diseases, including influenza, pneumonia, chronic lower respiratory
diseases, asthma, lung diseases due to external agents, interstitial lung diseases, diseases of the pleura, pulmonary
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embolism, and cancer. However, the relationship between MASLD and acute upper respiratory infections was
not significant. These relationships remained consistent after eliminating the competitive risk of death. Thus, our
findings emphasized that MASLD may be an important predictor and target of almost all types of respiratory
disease.

In subgroup analysis, the association between MASLD and various respiratory diseases appears to be stronger
among younger, thinner, and female individuals. Although the prevalence of SLD is currently the highest in the
elderly, its prevalence in adolescents and middle-aged adults should not be underestimated'”. Younger MASLD
patients generally have more pronounced obesity, liver function abnormalities and genetic susceptibility, which
may lead to more severe complications'®. This is also in accordance with our findings that patients aged <60
years have a higher risk of developing respiratory diseases. It is noteworthy that women with MASLD are more
susceptible to multiple respiratory diseases compared to men. Possible causes include changes in estrogen
levels'®.

As research has progressed, the concept of a specific type of MASLD, namely lean MASLD, has been
proposed. Visceral obesity, poor life habits and genetic risk factors are common in patients with lean MASLD,
and those with lean MASLD have been confirmed to have a worse liver status?® Studies show that lean MASLD
patients have higher risks of liver-related events?"?? and liver, pancreatic and colorectal cancers?’, compared to
non-lean MASLD patients. A meta-analysis indicated that the overall mortality risk in lean MASLD patients is
1.6 times higher than in non-lean MASLD patients®*. Despite the worse liver outcomes observed in lean MASLD
patients, their cardiovascular outcomes were comparable to those of non-lean MASLD patients, underlying
clinical management should consider multiple metabolic factors rather than relying solely on body type to assess
cardiovascular risk. Similar to common perceptions, our study also revealed that MASLD patients with lower
BMIs were at higher risks than those with higher BMI. This phenomenon is unlikely to be coincidental, although
a clear and universally accepted cause has yet to be established. However, several potential factors may mediate
this phenomenon, including the following possible reasons. While individuals with lean MASLD exhibit a lower
degree of metabolic derangements compared to their non-lean counterparts, accumulating evidence indicates
that both hepatic inflammation and fibrosis tend to progress more rapidly in lean MASLD patients, which may
be attributed to underlying immune dysfunction. Conversely, obese individuals typically experience chronic
low-grade inflammation; however, their immune systems may achieve a relative degree of stability through
the regulatory effects exerted by adipose tissue?. Besides, individuals with lean MASLD often carry high-risk
genes for fatty liver (such as PNPLA3 rs738409 GG and TM6SF2 rs58542926 TT), leading to increased liver
cell damage and chronic inflammation, which further elevate the risk of respiratory diseases and mortality?*?’.
Additionally, the current BMI formula, which fails to effectively differentiate between fat, muscle, and bone
composition as well as between subcutaneous and visceral fat, may lead to inaccurate assessments of obesity-
related health risks. All of these reasons may result in findings that are counterintuitive or contrary to established
assumptions, potentially contributing to the phenomenon known as the “obesity paradox”. This finding also
suggested that the relationship between metabolic disorders and respiratory diseases is independent of obesity.

Studies have shown that MASLD-related disease and mortality are correlated with the severity of liver
fibrosis?®. In the present study, MASLD subjects with higher NFS were also more likely to have higher risk
of systemic respiratory disease, except for COPD. This means that only subjects with mild liver disease raise
similar risks as severe liver disease. This further emphasizes the significance of MASLD prevention and early
intervention.

MASLD progression is influenced by environmental and genetic factors?. Genome-wide association studies
have advanced the knowledge of MASLD’s genetic basis, with PNPLA3 being a key gene, and TM6SF2, MBOAT7,
and GCKR also playing significant roles®. In this study, association between MASLD and 9 respiratory diseases
were independent of genetic risk. Interestingly, the association of MASLD with influenza and lung diseases due
to external agents was stronger in participants with high-PRS than those of low-PRS.

Some mechanism may explain the association between MASLD and respiratory diseases. First, the liver plays
a crucial role in both innate and adaptive immune responses, which may affect infectious disease development
such as influenza and pneumonia“. Second, research shows that MASLD and COPD share common causes like
oxidative stress and insulin resistance, and are linked by the gut-liver-lung axis*2. The liver-lung axis concept
also shows how liver disease can increase lung inflammation through changes in acute-phase proteins*. Third,
metabolic disorders, which are common in MASLD patients, increase free fatty acids and insulin resistance,
leading to worsened airway inflammation and higher sensitivity®*. Fourth, interstitial lung disease, characterized
by lung inflammation and fibrosis, shares mechanisms like oxidative stress, ER stress, aberrant autophagy process
and lymphocyte infiltration with MASLD, explaining their connection®. The identification of key targets for
intervention may contribute to the integrated management of respiratory diseases.

Strength and limitations

This study advances MASLD understanding by evaluating the associations between MASLD and multiple
respiratory outcomes, including 11 diseases and mortality, in a large cohort. Particularly, this study leverages
the UK Biobank study, with its nationwide recruitment and extensive follow-up data, enables us to access an
extensive array of respiratory disease diagnoses and conduct a prospective analysis of the long-term impact of
MASLD on respiratory diseases. This approach provides compelling evidence of temporal causality regarding
their association. Additionally, the use of polygenic risk scores and whole-genome sequencing data enhances the
study’s ability to quantify genetic risk comprehensively and identify high-risk individuals.

« However, the study is also subject to several limitations. First, the lack of liver biopsy, the diagnostic gold
standard for SLD, is a notable limitation due to its impracticality for large cohorts. This may affect the accu-
racy of SLD diagnosis. Second, the identification of respiratory diseases via ICD codes, although generally
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accurate, may not capture all cases, potentially leading to underestimation or misclassification. Third, the
predominantly European genetic background of the dataset limits the generalizability of the findings to other
ethnic groups. Additionally, the homogeneous sample lacks geographic and ethnic diversity, further con-
straining the external validity of the results. Fourth, potential confounders, such as chronic health conditions
and demographic profiles, may not be fully accounted for, which could influence the study outcomes. Fifth,
the absence of an external database for validation limits the reproducibility of the study findings. Finally, long-
term follow-up, while beneficial for longitudinal analysis, may introduce unadjustable confounding factors,
such as the impact of COVID-19.

Conclusion

The present study systematically analyzed the association between MASLD and 11 respiratory diseases. Among
these, the risk of 9 respiratory diseases was significantly elevated in individuals with MASLD, according to a
large prospective cohort study. The high risk of respiratory diseases associated with MASLD was independent
of genetic susceptibility. These findings emphasize the importance of comprehensive prevention and early
intervention for respiratory diseases by targeting MASLD. Future research still needs to focus on exploring
whether the alleviation or cure of MASLD can mitigate the progression of respiratory diseases and the precise
mechanisms.

Methods

Study design and population

Since its inception in 2006, the UK Biobank has effectively garnered a broad participant base from various UK
regions, leveraging postal invitations supported by the National Health Service®. The project enlisted 502,655
individuals aged 39 to 69 years from a range of communities between March 13th, 2006 and October 1st, 2010.
The research protocol received green light from the North-West Research Ethics Committee. All subjects
provided informed consent in writing, ensuring that the study conformed to the ethical standards set by the
Helsinki Declaration. The West China Hospital of Sichuan University’s Human Ethical Committee sanctioned
the use of the data (2023 —1829).

In this study, we initially included 502,897 participants during the baseline visit of the UK Biobank study
(2006-2010). The exclusion criteria were as follows: (1) withdrawal from the study (n=242); (2) without
complete data for MASLD diagnosis (n=40559); (3) alcoholic or other causes of induced SLD (1n=26100); (4)
history of respiratory disease at baseline (n=42432); and (5) >20% missing covariates (n=148). Thus, a total of
393,416 participants were included in our study. To further investigate the influence of genetic factors on the
association between MASLD and respiratory disease, individuals with missing genetic data (n=9,643) were
excluded and a sub-cohort was established (n=383,773) (Fig. 1).

Determination of MASLD

In accordance with the consensus established through a Delphi process among various healthcare organizations,
MASLD is characterized by the simultaneous presence of SLD and a minimum of one cardiometabolic hazard,
as indicated®: (1) a body mass index equal to or exceeding 25 kg/m? or a waistline not less than 94 cm for men
or 80 cm for women; (2) levels of fasting glucose at or above 5.6 mmol/L or HbAlc surpassing 5.7%, or an
established case of type 2 diabetes, or the application of therapies for diabetes management; (3) a blood pressure
measurement at or above 130/85 mmHg or the implementation of blood pressure-lowering medications; (4)
triglycerides at or over 150 mg/dL or engagement with treatments aimed at reducing lipid levels; and (5) low-
density lipoprotein cholesterol falling below 40 mg/dL in males or 50 mg/dL in females or the utilization of
medications to reduce lipid levels. The exclusion criteria included individuals exhibiting excessive alcohol
consumption (a weekly intake beyond 210 g for men or 140 g for women), those diagnosed with simultaneous
liver conditions, or those prescribed drugs known to induce steatosis, including but not limited to methotrexate,
amiodarone, glucocorticoids, or tamoxifen.

SLD was characterized through the estimation of the fatty liver index (FLI), taking into account factors
such as body mass index, triglyceride levels, gamma-glutamyl transferase readings, and waist circumference
measurements. An FLI value of 60 or higher indicated the presence of SLD, demonstrating 87% sensitivity and
86% specificity in diagnosis®’. The FLI is recognized as a reliable substitute for liver biopsy and is especially
beneficial for use in extensive research studies where invasive methods are impractical®.

Calculation of liver fibrosis scores

To assess the extent of liver fibrosis and thus gauge the intensity of MASLD, the NAFLD Fibrosis Score (NFS)
served as a diagnostic tool. The NFS was calculated using the following formula: NFS = -1.675 + [0.037 X age
(years)] + [0.094 x BMI (kg/m2)] + [1.13 x T2D (yes=1, no=0)] + [0.99 x AST/ALT ratio] - [0.013 x platelet
count (109/L)] - [0.66 x albumin (g/dL)]. The criteria for delineating the severity range from a lower threshold
of -1.455 to an upper threshold of 0.676 *.

Genotyping

Genotypic determination and imputation methods were performed via the Axiom and BiLEVE arrays from the
UK. Single nucleotide polymorphisms (SNPs) implicated in GWAS for MASLD (P<5x 1078), such as rs641738
C>T in MBOAT7% (22-44%)*, rs1260326 T>C in GCKR* (13-45%)%, rs58542926 T>C in TM6SF2* (6-
34%)%, and rs738409 C>G in PNPLA3 (17-42%)%, were included in this analysis. Allelic variants of the
SNPs received values of 2 for homozygous, 1 for heterozygous, and 0 for noncarrier statuses of participants. The
computation of polygenic risk scores (PRS) utilized the following equation: (1 x SNP1+p2 x SNP2 +.+fn x
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SNPn) x (total count of SNPs/combined p coefficients), with B sourced from initial GWAS data. The {8 coefficients
for each SNP in this study are derived from previously published studies*”. This PRS provided insights into an
individual’s genetic susceptibility to MASLD. We categorized PRS into groups indicating either low or high
genetic susceptibility to the disease.

Outcome

Hospital documentation, which included details on admissions and fatalities from all National Health Service
(NHS) institutions across the UK, underwent meticulous categorization following the International Classification
of Diseases, Tenth Revision (ICD-10) as set out by the World Health Organization. Anonymous numeric codes
for participant identification were employed to securely link individuals to their respective records. According to
previous reports, the discharge coding accuracy of medical conditions of inpatients in the UK was verified, with
a primary diagnosis accuracy of 96% and an average diagnostic accuracy of 80.3%*.

The classification of hospital admission data revealed 14 distinct respiratory system conditions identified
in prior research®: acute upper respiratory infections (J00-J06), influenza (J09-J11), pneumonia (J12-J18),
other diseases of the upper respiratory tract (J30-J39), chronic lower respiratory diseases (J40-J44, J47), asthma
(J45-J46), lung diseases due to external agents (J60-J70), interstitial respiratory diseases (J80-J84), diseases of
the pleura (J90-J94), pulmonary embolism (126), and lung and bronchus cancer (C34). Due to the low incidence
(<0.1%), several respiratory diseases including necrosis of the lower respiratory tract (J85-J86, 0.02%), acute
bronchitis (J20, 0.01%), and other respiratory diseases principally affecting the interstitium (J80-J84, 0.01%)
were excluded. Finally, a total of 11 types of respiratory diseases and respiratory system death were analysed.
The prominent cause of mortality related to respiratory diseases was documented in the UK Biobank dataset
(J00-J99).

The follow-up period for each respiratory condition commenced on the participation date within the study
and concluded upon the earliest report of the illness, death, or at the termination of the study monitoring (first
of November 2023), depending on which occurred first.

Covariate assessment

A number of confounding factors were identified based on existing studies, and information was collected
during the initial thorough evaluation at the time of participants’ enrollment in the UK Biobank. We established
participant ages by determining the duration from their date of birth until the enrollment date. The Townsend
Deprivation Index was used to gauge socioeconomic hardship. We classified smoking history into three
categories: non-smokers, ex-smokers, and current smokers. The total alcohol consumption was calculated
by tallying the daily average intake across alcoholic beverages. Body mass index (BMI) was calculated using
measured height and weight. Hypertension was defined as a systolic blood pressure of > 140 mmHg or a diastolic
blood pressure of 290 mmHg, or the use of antihypertensive medications. Diabetes was defined as a fasting
blood glucose level of > 126 mg/dL, a non-fasting blood glucose level of >200 mg/dL, or the use of hypoglycemic
medications. The lung function testing procedures followed the UK Biobank’s manual and involved spirometry
conducted by skilled technicians. Participants performed two, occasionally three, six-second blows within
roughly six minutes, using the highest valid measurement. Lung function assessments relied on forced expiratory
volume in 1 s (FEV1), forced vital capacity (FVC), and their ratio, with an FEV1/FVC less than 70% indicating
impaired lung function®. Data on prescription medications were obtained through a structured verbal interview
conducted by a trained nurse. This included detailed information on the type and number of medications taken
by participants, with specific categories comprising: statins, antihypertensive drugs and hypoglycemic drugs. The
2010 annual average concentrations of air pollutants, including NO,, nitrogen oxides (NO,), PM, ., and PM, ,
were estimated using a land use regression (LUR) model developed by the European Study of Cohorts for Air
Pollution Effects (ESCAPE) .The methodologies pertaining to the acquisition and analysis of blood specimens
have been thoroughly described and corroborated previously®!. Comprehensive data on blood biomarkers were
obtained from the UK Biobank database, including measurements of glucose, triglycerides, total cholesterol,
high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, glycosylated hemoglobin, alkaline
phosphatase, alanine aminotransferase, aspartate aminotransferase, and glutamyl transpeptidase.

Statistical analysis

Initial data were stratified and presented according to MASLD occurrence and liver fibrosis severity. The medians
(25th and 75th percentiles) of nonparametric variables were calculated via the Mann-Whitney U or Kruskal-
Wallis H test for statistical comparison. The means + SDs denote parametric variables, which were assessed using
independent sample t tests or one-way ANOVA. Categorical variables are presented as frequencies (percentages)
and were compared through chi-square tests.

The relationship between MASLD and respiratory diseases was investigated using Cox regression to estimate
hazard ratios (HRs) and 95% confidence intervals (CIs). A subcohort excluding individuals with a preexisting
respiratory condition at baseline was formed to study these specific outcomes. Model 1 was a univariable analysis,
Model 2 was adjusted for sex, age, deprivation Index, alcohol intake, smoking, BMI, diabetes, hypertension, and
Model 3 was further adjusted for variables including serum triglycerides, serum cholesterol, glucose, alanine
transaminase, aspartate aminotransferase,, FEV1/FVC, NO2, NOx, PM2.5, and PM10.

To eliminate the competitive risk of death, a Gray-Fine subdistribution hazard model was conducted to
evaluate the association between MASLD and 11 respiratory diseases.

Age (<60 vs. >60), sex (female vs. male), and BMI (=25 vs. <25 kg/m?) were used to delineate subgroup
differences, as assessed by the Cox regression models referenced above. The analysis incorporated MASLD
severity and genetic predisposition. Cox regression models were also used to calculate the risk of respiratory
disease across participants with various liver fibrosis scores and PRS, considering those without MASLD as
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the reference group. A sensitivity analysis was performed using Cox regression models, adjusting for statins,
antihypertensive drugs, and hypoglycemic drugs, while omitting individuals with respiratory diagnoses within
two years post-enrollment.

P values <0.05 were considered statistically significance. SPSS 26.0 (IBM Corp) and R 3.5.0 were used to

conduct the analyses.

Data availability

The data and materials can be obtained at https://ukbiobank.dnanexus.com/panx/projects.
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