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Abstract

Background Mitochondrial (MT) dysfunction is a hallmark of liver diseases. However, the effects of functional vari-
ants such as protein truncating variants (PTVs) in MT-related genes on the risk of liver diseases have not been exten-
sively explored.

Methods We extracted 60,928 PTVs across 2466 MT-related nucleus genes using whole-exome sequencing data
obtained from 442,603 participants in the UK Biobank. We examined their associations with liver dysfunction that rep-
resented by the liver-related biomarkers and the risks of chronic liver diseases and liver-related mortality.

Results 96.10% of the total participants carried at least one PTV. We identified 866 PTVs that were positively asso-
ciated with liver dysfunction at the threshold of P value <821e—07.The coding genes of these PTVs were mainly
enriched in pathways related to lipid, fatty acid, amino acid, and carbohydrate metabolisms. The 866 PTVs were pre-
sented in 1.07% (4721) of participants. Compared with participants who did not carry any of the PTVs, the carriers had
a 5.33-fold (95% Cl 4.15-6.85), 2.82-fold (1.69-4.72), and 4.41-fold (3.04-6.41) increased risk for fibrosis and cirrhosis

of liver, liver cancer, and liver disease-related mortality, respectively. These adverse effects were consistent across sub-
groups based on age, sex, body mass index, smoking status, and presence of hypertension, diabetes, dyslipidemia,
and metabolic syndrome.

Conclusions Our findings revealed a significant impact of PTVs in MT-related genes on liver disease risk, highlight-
ing the importance of these variants in identifying populations at risk of liver diseases and facilitating early clinical
interventions.
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Background

Liver disease, along with its most severe complications
such as liver fibrosis, cirrhosis, and liver cancer, contrib-
utes to global mortality [1-3]. As early-stage chronic liver
disease progresses to its end-stage form, the resultant
irreversible liver injury leads to an unfavorable progno-
sis [4]. Therefore, it is essential to investigate the genetic
and environmental factors influencing liver diseases and
to identify at risk populations, particularly those suscep-
tible to end-stage chronic liver disease. This is crucial for
reducing the mortality rates associated with liver disease.

Liver mitochondria play a crucial role in glucose, lipid,
and protein metabolism, as well as in energy generation
[5]. The maintenance of mitochondrial function depends
on various nuclear gene-encoded proteins [6]. Altera-
tions in these regulatory genes can result to either exces-
sive activation or inhibition of mitochondrial function,
leading to changes in mitochondrial dynamics, reduced
fatty acid p-oxidation, and increased levels of reactive
oxygen species [5, 7, 8]. These are recognized as notable
hallmarks in various liver diseases. Kraja and colleagues
have demonstrated that genetic variants in nuclear genes
related to mitochondria can affect body fat content, insu-
lin levels, and higher risks of metabolic diseases and can-
cer [9]. However, a comprehensive understanding of their
impact on liver diseases remains limited.

Protein truncating variants (PTVs), known for their
ability to disrupt transcription and produce truncated
or absent proteins, often leading to function loss, have
exhibited a notable influence on complex traits [10]. Indi-
viduals with PTVs can serve as excellent “natural experi-
ments” for studying the phenotypic consequences of
genetic functional alterations [10]. Researching changes
in liver function and the occurrence of liver diseases
among PTV carriers can provide valuable insights into
the functionality of nuclear genes related to mitochon-
dria and provide clues for drug target discovery and the
identification of populations at risk for liver diseases.

In this study, we identified PTVs in nuclear genes
linked to mitochondrial function that showed strong
associations with liver-related biomarkers using whole-
exome sequencing (WES) data from the UK Biobank.
Furthermore, we demonstrated an increased risk of end-
stage chronic liver disease and liver disease-related mor-
tality among individuals with these PTVs.

Methods

Description of study population

We conducted a genetic association study using WES
and phenotypic data from the UK Biobank [11]. The UK
Biobank is a resource containing dense genomics, life-
style, and phenotyping data from a cohort of 500,938
volunteers, aged 40—69 years at recruitment, across the
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UK. The participants in this study provided electronic
signed consent, completed questionnaires on socio-
demographic, lifestyle, and health-related factors, under-
went physical assessments and medical evaluations, and
contributed DNA samples for future analysis. During
the recruitment phase from 2006 to 2010, blood sam-
ples were collected to evaluate the levels of liver-related
biomarkers, including alanine transaminase (ALT),
alkaline phosphatase (ALP), aspartate transaminase
(AST), gamma-glutamyl transferase (GGT), total bili-
rubin (TBIL), and albumin (ALB), while also serving as
genomic source material for subsequent extraction.

For this study, we selected the final 470 k WES release
(N=469,686) participants with available WES data under
project application number 92718. The study popula-
tion underwent a selection process that excluded indi-
viduals marked as had withdrawn research consent and
self-reported non-Caucasian race (26,911 removed) and
individuals with inconsistent survey gender and genetic
gender (91 removed). Consequently, a total of 442,603
individuals were included in the study.

WES quality control and PTV annotation

The UK Biobank final 470 k WES release was analyzed
utilizing an updated OQFE protocol (https://dnane
xus.gitbook.io/uk-biobank-rap/science-corner/whole-
exome-sequencing-oqfe-protocol/protocol-for-proce
ssing-ukb-whole-exome-sequencing-data-sets) [12]. The
resulting OQFE CRAMs were processed through Deep-
Variant (v0.10.0) for small variant calling to generate per-
sample gVCFs. These gVCFs were then aggregated and
joint-genotyped via GLnexus to create a consolidated
multi-sample VCF (pVCF) for all samples, which was
employed in this study. To maximize data utility and ease
of use, variant calling and hard filtering of variants with
inbreeding coefficient < —0.03 or without at least one var-
iant genotype of DP>10, GQ>20 and, if heterozygous,
AB>0.20 were applied. In this study, we retained biallelic
variants with an average sequencing quality greater than
30 and a minimum average sequencing depth greater
than 10. Variants were then annotated using VEP v.102
[13] and LOFTEE v.1.0.4 plugin [14]. LOFTEE identifies
high confidence loss-of-function (LoF) variants through a
multi-step filtering process. It eliminates low-confidence
LoF variants by excluding those near transcript ends,
affected by non-canonical splice sites, or ancestral states
across primates, among other criteria. Through these
evaluations, we identified reliable LoF variants (referred
to as PTVs in this study) for subsequent analyses. We
extracted variants that were predicted to be PTVs,
flagged as “high confidence” by LOFTEE, and exhibited
a minor allele frequency (MAF) of less than 1% for each
canonical transcript (as defined in Ensembl). Finally, we
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identified 789,840 high-confidence predicted rare PTVs
(minor allele frequency < 1%) within canonical transcripts
of 19,423 genes.

Selection of mitochondrial-related nucleus genes

We compiled a list of mitochondrial-related nucleus
genes from four sources: (1) MitoCarta 3.0 [15], (2) Lit-
erature Lab (Acumenta Biotech), (3) MitoMiner 4.0
[16], and (4) MitoProteome Human Mitochondrial
Protein Database (updated date: 1/18/2022) [17]. The
genes obtained from the first three sources have been
described in a previous study [9]. Briefly, we used two
separate sets of human genes and mouse orthologous
genes from MitoCarta. We identified 36 terms based on
MeSH mitochondria using the Literature Lab, selected
only genes with probability functional scores in the upper
quartile for each term, and accepted genes that had cited
more than 15 abstracts. Using MitoMiner, we identified
MT-related genes with a MT-MitoMiner index>0.70.
We then identified additional MT-related genes using
MitoProteome database. After integrating genes from
all sources and removing duplicates, we finalized a set
of 2622 MT-related genes that are present in the human
nomenclature (see Additional file 1: Table S1).

We extracted PTVs in the exon regions of 2622 MT-
related genes. PTVs with a genotype missing rate >20%
and Hardy—Weinberg equilibrium P<10e—5 were
excluded.

Genetic association analyses

We conducted a genetic association analysis using
PLINK 2.0 [18] for the acquired MT-related PTVs and
liver-related biomarkers. Those with more than three
missing liver-related biomarkers were excluded in the
analysis. Given the rarity of PTVs, we decided to use raw
liver-related biomarker measurement values directly with
the application of a linear model. The model was adjusted
for age, sex, and the top 10 genetic principal components
(PCs) as covariates. The corresponding significant PTV
results, those with the smallest P value per trait, were
included in the final list (P value <0.05/60,928 =8.21e —
07).

Among the PTVs showing significant associations,
we specifically focused on the results indicating nega-
tive correlations with ALB and positive correlations with
ALT, AP, AST, GGT, and TBIL.

Enrichment analysis

We conducted enrichment analysis of the corresponding
protein-coding genes of the significant PTVs. R packages
clusterProfiler and topGO were used to perform enrich-
ment analysis of gene ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway [19, 20].
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Definition of liver disease and liver-related mortality

The baseline disease history of liver disease was deter-
mined by identifying ICD-10 descriptions containing
“liver; “hepatic,” or “hepatitis,” coupled with the diagno-
sis occurrence within 6 months of enrollment. For subse-
quent calculations of incidence rates and Cox regression
analysis, participants with pre-existing liver disease were
excluded from the analysis.

This study primarily reported on end-stage liver dis-
eases, including fibrosis and cirrhosis of liver, liver can-
cer, and liver disease-related mortality. To identify the
incidence of fibrosis and cirrhosis of liver, we used ICD-
10 codes K74, K702, K703, K704, and K717. Liver cancer
cases were defined using ICD-10 code C22, encompass-
ing all liver and intrahepatic bile ducts cancers. Liver
disease-related mortality was defined based on primary
cause of death, using UKB data field 40,001, which
includes any ICD-10 descriptions containing “liver,
“hepatic,” or “hepatitis”

This study also reported on other liver diseases, such
as non-alcoholic fatty liver disease (NAFLD), viral hepa-
titis, and autoimmune hepatitis, as secondary outcomes.
NAFLD was defined as ICD-10 K76.0 (fatty [change of]
liver, not elsewhere classified) and K75.8 (non-alcoholic
steatohepatitis, other specified inflammatory liver dis-
eases). Viral hepatitis was defined as ICD-10 B15-B19.
Autoimmune hepatitis was defined as ICD-10 K75.4.

Covariates

We gathered information on age at enrolment, sex, aver-
age annual household income, alcohol intake frequency,
ever smoked, physical activity level, education depriva-
tion score, body mass index (BMI), and disease history
of hypertension, diabetes, dyslipidemia, and metabolic
syndrome. Alcohol intake frequency was categorized
as <once a week or > once a week. Average annual house-
hold income was categorized into five groups: <£18,000,
£18,000-30,999, £31,000-51,999, £52,000-100,000,
and >£100,000. We quantified physical activity level using
number of days per week with moderate physical activ-
ity lasting>10 min. Subsequently, the physical activity
level was categorized into 0—1 day/week, 2—4 days/week,
and 5-7 days/week. The physical activity level group was
treated as a continuous variable (1, 2, 3) and included
in the model. The education deprivation score is a com-
posite index that measures the degree of deprivation
related to education, skills, and training in a specific area.
Hypertension was defined as having a prior diagnosis of
primary hypertension before enrollment. Diabetes was
identified by a random blood glucose concentration of
11.1 mmol/L or higher, a glycated hemoglobin (HbA1lc)
level of 6.5% (48 mmol/mol) or higher at enrollment, or



Yuan et al. BMC Medicine (2024) 22:239

a clinical diagnosis by a doctor. Dyslipidemia was identi-
fied as low HDL cholesterol as HDL < 1.29 mmol/mol for
women or HDL <1.04 mmol/mol for men, and elevated
triglyceride levels as triglyceride levels >1.70 mmol/mol.
Metabolic syndrome was defined as having 3 or more of
the following characteristics: abdominal obesity, defined
as waist circumference greater>88 cm for women
or>102 cm for men, triglycerides>1.70 mmol/mol,
HDL <1.29 mmol/mol for women or HDL < 1.04 mmol/
mol for men, systolic blood pressure (SBP)>130 mm
Hg or diastolic blood pressure (DBP)>85 mm Hg, or a
random blood glucose concentration of 5.56 mmol/L or
higher [21].

Statistical analyses

We implemented a linear regression model to examine
the relationship between MT-related PTVs and liver-
related biomarkers, which were rank-based inverse nor-
malized and adjusted for age, sex, and the first ten PCs
as covariates. To compare incidence rates between PTV
carriers and non-carriers, we utilized Kaplan—Meier
curves and assessed statistical significance with the
log-rank test. Incidence rates of end-stage liver disease
and liver disease-related mortality were calculated per
100,000 person-years for both groups. We used a Cox
regression model to assess the impact of PTVs on the risk
of end-stage liver disease and liver disease-related mor-
tality. This model was adjusted for age, sex, alcohol intake
frequency, smoking history, physical activity level, educa-
tion deprivation score, household income, BMI, hyper-
tension, diabetes, dyslipidemia, and metabolic syndrome.

The Cox model was further stratified by age (under 60
and 60 or older), sex, alcohol intake frequency, smoking
status, BMI (under 30 and 30 or above), hypertension,
diabetes, dyslipidemia, metabolic syndrome, and known
chronic liver disease susceptibility genes. We selected
two genetic variants, PNPLA3 rs738409 C/G and
TM6SF2 rs58542926 C/T, as stratification factors due to
their established association with liver diseases [22—-24].
Hazard ratios (HR) and 95% confidence intervals (CI)
were calculated to quantify the associations.

We conducted a sensitivity analysis restricting con-
sideration to PTVs present in more than 10 individuals.
Furthermore, we employed the rare variant trend test
(RVTT) to assess the relationship between the burden of
qualifying PT'Vs in this study and liver disease status [25].
Briefly, we summarized the counts of PTVs in cases and
controls using a 2xI contingency table, and the classic
Cochran-Armitage trend test was used to calculate the
original z-score. We then applied a permutation-based
approach to determine significance P values. Case—con-
trol labels were permuted 10,000 times to calculate
z-scores for each permutation. P values equaled the ratio
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of permuted z-scores > original z-score to total permuta-
tions. Additionally, we extracted putatively deleterious
variants mapping to the genes harboring the significant
PTVs detected in our analysis and performed the RVTT
to evaluate whether a dosage effect relationship exists
between the cumulative burden of deleterious variants in
these genes and risk of liver disease.

All statistical tests and graphs were performed using
the R software version 4.3.0. P values were two-tailed,
with a significance threshold set at P value <0.05, unless
otherwise specified.

Results

Characteristics of study population

Our final dataset included 442,603 self-reported
white participants (54.27% female) with a mean age of
56.77 years (standard deviation=8.03) from the UK
Biobank (Fig. 1). A total of 60,928 PT Vs across 2466 MT-
related genes were extracted from these participants. A
total of 96.10% (425,346) of participants carried at least
one of these MT-related PTVs. The baseline characteris-
tics of PTV carriers and non-carriers did not exhibit sig-
nificant differences (Table 1).

Association of MT-related PTVs with liver-related
biomarkers

We identified 879 PTVs that were significantly associated
with liver-related biomarkers. Among these PTVs, 866
exhibited positive correlations with liver injury severity,
leading to elevated ALT/AST/ALP/GGT/TBIL levels or a
reduction in ALB levels (Additional file 1: Table S2).

A total of 4721 individuals, representing 1.07% of the
study population, were found to carry at least one of the
866 PTVs. Of these, 1.04% (4590 individuals) carried a
single PTV, while 0.03% (131 individuals) carried two or
more PTVs. All PTV carriers were heterozygous. Table 1
presents the baseline characteristics and liver-related
outcomes of both PTV carriers and non-carriers. In
comparison to non-carriers, PTV carriers exhibited sig-
nificantly higher proportions of males (50.8% vs. 45.7%, P
value <0.001), obesity (25.7% vs. 24.2%, P value=0.014),
hypertension (27.8% vs. 25.3%, P value<0.001), diabetes
(6.9% vs. 5.5%, P value<0.001), dyslipidemia (51.8% vs.
49.5%, P value=0.003), and metabolic syndrome (26.8%
vs. 24.9%, P value=0.003). Additionally, PTV carriers
had lower mean age and physical activity levels, as well
as a higher mean education deprivation score. Regarding
liver-related outcomes, in comparison to non-carriers,
PTV carriers exhibited significantly higher proportions
of NAFLD, viral hepatitis, liver fibrosis, liver cancer, and
liver-related death. Notably, individuals carrying multi-
ple PTVs had a significantly higher proportion of males,
NAFLD, viral hepatitis, liver fibrosis, liver cancer, and
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Fig. 1 Study design. WES, whole-exome sequencing data; MT, mitochondrial; PTV, protein truncating variant; ALT, alanine aminotransferase; ALP,
alkaline phosphatase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transferase; TBIL, total bilirubin; ALB, albumin

liver-related death compared to all PTV carriers and
non-carriers.

The 866 PTVs were identified across 661 genes, as
depicted in Fig. 2. TNN displayed the highest num-
ber of significant associations in PTVs (11 PTVs), fol-
lowed by ATM (8 PTVs), VPS13B (7 PTVs), ABCAI3 (6
PTVs), FSIP2 (6 PTVs), OBSCN (5 PTVs), and SYNE2 (5
PTVs). Notably, PTVs located within MRPL18, SLC27A1,
FGFR10OP2, and MRPS27 was associated with five liver-
related biomarkers.

Analysis of the 866 PTVs revealed 228 with positive
correlations to ALT, 258 to AST, 123 to ALP, 332 to GGT,
184 to TBIL, and 7 with negative correlations to ALB, as
shown in Fig. 1. The overlap of PTVs among these bio-
markers suggests underlying genetic connections. Spe-
cifically, 116 PTVs were common between ALT and AST,
while 58, 49, and 47 PTVs were shared between GGT and
AST, ALT, and ALP, respectively.

We treated the presence MT-related PTVs as binary
variables and normalized the liver-related biomarkers.
A linear regression model was then applied to assess the
association between MT-PTVs and liver biomarker lev-
els (Table 2). The findings demonstrated a significant
increase in ALT, ALP, AST, GGT, and TBIL levels in indi-
viduals carrying MT-PTVs (P value <0.001).

Enrichment analysis of significant PTVs

Genes harboring significant PTVs underwent com-
prehensive GO and KEGG enrichment analyses. The
KEGG analysis indicated that these genes were predomi-
nantly involved in metabolic pathways, including those
of lipids, fatty acids, amino acids, and carbohydrates, as

well as reactive oxygen species, apoptosis, and pathways
associated with neurodegenerative and alcoholic liver
diseases (Fig. 3A). GO terms for biological processes
(BP) were chiefly enriched in mitochondrial (MT) gene
expression, organic acid catabolism, and various meta-
bolic processes, alongside cellular respiration and energy
derivation pathways (Fig. 3B). Cellular component (CC)
terms were related to mitochondrial structure (Fig. 3C),
and molecular function (MF) terms were linked to ligase
activity (Fig. 3D). Furthermore, trait-specific enrichment
analyses revealed distinct functional pathways for each
trait, as detailed in Additional file 1: Fig. S1.

Association between PTVs and the risk of chronic liver
disease and liver-related mortality

After excluding participants with a history of liver dis-
ease and those with outcome events within 6 months of
the survey, the remaining baseline population carrying
PTVs were 4231 for liver fibrosis, 4238 for liver cancer,
and 4243 for liver disease-related mortality. We observed
a significantly increased risk of liver fibrosis (Fig. 4A),
liver cancer (Fig. 4B), and liver disease-related mortal-
ity (Fig. 4C) in PTV carriers compared to non-carriers
of PTVs. For liver fibrosis, the incidence rate was 178.52
per 100,000 person-years in PTV carriers, whereas for
PTV non-carriers, it was 32.37 per 100,000 person-years.
Similarly, the incidence rates of liver cancer and liver
disease-related mortality were higher in PTV carriers, at
42.42 and 82.20 per 100,000 person-years, respectively,
compared to 14.31 and 16.44 per 100,000 person-years in
non-carriers (Fig. 5).



Yuan et al. BMC Medicine (2024) 22:239 Page 6 of 13

Table 1 Baseline characteristics and liver-related outcomes of MT-related PTV carriers and non-carriers

Characteristic MT-related PTVs PTVs linked to liver biomarkers
Non-carriers Carriers Non-carriers Carriers Multi-PTV carriers
(n=17,257) (n=425,346) (n=437,882) (n=4721) (n=131)

Sex, n (%)

Female 9320 (54.0) 230,877 (54.3) 237,872 (54.3) 2325 (49.2) 43 (328)®

Male 7937 (46.0) 194,469 (45.7) 200,010 (45.7) 2396 (50.8) 88 (67.2)
Age, n (%)

<60 9557 (554) 236,150 (55.5) 242,975 (55.5) 2732 (57.9° 81(61.8)

>60 7700 (44.6) 189,196 (44.5) 194,907 (44.5) 1989 (42.1) 50(38.2)
Alcohol intake frequency, n (%)

< 1/week 12,324 (71.5) 302,990 (71.3) 311,945 (71.3) 3369 (71.5) 95 (72.5)

> 1/week 4921 (28.5) 122,055 (28.7) 125,630 (28.7) 1346 (28.5) 36 (27.5)
Ever smoked, n (%)

No 6730 (39.1) 166,275 (39.2) 171,191 (39.2) 1814 (38.5) 42 (32.3)

Yes 10,476 (60.9) 257,603 (60.8) 265,184 (60.8) 2895 (61.5) 88 (67.7)
Body mass index (BMI), n (%)

<30 12,965 (75.4) 321,431 (75.8) 330,908 (75.8) 3488 (74.3) 99 (75.6)

>30 4232 (24.6) 102,539 (24.2) 105,562 (24.2) 1209 (25.7) 32(24.4)
Physical activity level, n (%)

0-1 day/week 3424 (20.9) 84,410 (20.8) 86,302 (20.8) 1032 (23.1)° 36 (28.3)°

2-4 days/week 6467 (39.4) 160,822 (39.7) 165,547 (39.7) 1742 (39.0) 39 (30.7)

5-7 days/week 6502 (39.7) 159,636 (394) 164,447 (39.5) 1691 (37.9) 52 (40.9)
Average annual household income, n (%)

<£18,000 3233 (21.8) 1,522 (22.3) 83,839 (22.2) 916 (22.8) 7(32.7)

£18,000-30,999 3840 (25.9) 93,240 (25.4) 96,053 (25.5) 1027 (25.5) (23 0)

£31,000-51,999 3863 (26.0) 96,275 (26.3) 99,060 (26.3) 1078 (26.8) 6 (23.0)

£52,000-100,000 3102 (20.9) 75,310 (20.6) 77,618 (20.6) 794 (19.7) (1 6.8)

>£100,000 805 (5.4) 20,031 (5.5) 20,628 (5.5) 208 (5.2) 5(4.4)
Education deprivation score,  8.18 (2.54-19.12) 8.25(2.70-19.42) 8.24 (2.70-19.40) 8.67 (2.90-20.57) 10.15 (3.00-24.53)
median (P25-P75)
Hypertension, n (%)

No 12,818 (74.3) 317,498 (74.6) 326,907 (74.7) 3409 (72.2)° 92 (70.2)

Yes 4439 (25.7) 107,848 (25.4) 110,975 (25.3) 1312 (27.8) 39 (29.8)
Diabetes, n (%)

No 16,291 (94.4) 402,089 (94.5) 413,986 (94.5) 4394 (93.1)° 118(90.1)°

Yes 966 (5.6) 23,257 (5.5) 23,896 (5.5) 327 (6.9) 13(9.9)
Dyslipidemia, n (%)

No 7833 (50.1) 194,308 (50.4) 200,074 (50.5) 2067 (48.2)° 51 (41.1)7

Yes 7802 (49.9) 190,871 (49.6) 196,450 (49.5) 2223(51.8) 73 (58.9)
Metabolic syndrome, n (%)

No 12,914 (74.8) 319,387 (75.1) 328,846 (75.1) 3455 (73.2)° 87 (66.4)°

Yes 4343 (25.2) 105,959 (24.9) 109,036 (24.9) 1266 (26.8) 44 (33.6)
PNPLA3 rs738409, n (%)

CcC 10,720 (62.2) 261,778 (61.6) 269,616 (61.6) 2882 (61.1) 76 (58.0)

CG/GG 6517 (37.8) 163,066 (38.4) 167,745 (38.4) 1838 (38.9) 55 (42.0)
TM6SF2 1558542926, n (%)

CcC 14,771 (85.6) 364,128 (85.6) 374,898 (85.6) 4001 (84.7) 109 (83.2)

CT/TT 2486 (144) 61,216 (144) 62,982 (14.4) 720 (15.3) 22 (16.8)
Liver-related outcome, n (%)

NAFLD 225(1.3) 5541 (1.3) 5631 (1.3) 135 (2.9)° 9(6.9*

Viral hepatitis 34(0.2) 899 (0.2) 897 (0.2) 36 (0.8)° 4(3.1)%
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Table 1 (continued)
Characteristic MT-related PTVs PTVs linked to liver biomarkers

Non-carriers Carriers Non-carriers Carriers Multi-PTV carriers
(n=17,257) (n=425,346) (n=437,882) (n=4721) (n=131)
Autoimmune hepatitis 10(0.1) 312(0.1) 315(0.1) 7(0.1) 0(0.0)
Fibrosis/cirrhosis 95 (0.6) 2437 (0.6) 2397 (0.5) 135 (2.9)° 18 (13.7)%®
Liver cancer 27(0.2) 917(0.2) 909 (0.2) 35(0.7)° 4(3.0)®
Liver-related death 35(0.2) 1088 (0.3) 1062 (0.2) 61(1.37° 7 (5.3)®

2 Statistical significance (P value < 0.05) when compared with PTV non-carriers; Pstatistical significance (P value < 0.05) when compared with PTV carriers, chi-square
test was used for comparison of categorical variables, and Kruskal-Wallis test was used for comparison of continuous variables. Abbreviations: MT, mitochondrial; PTV,
protein truncating variant; P25-P75, first and third quartile; NAFLD, non-alcoholic fatty liver disease
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We used the Cox regression model to assess the impact
of PTVs on the risk of end-stage liver disease and liver
disease-related mortality (Fig. 5). The results revealed
that PTVs were associated with a HR of 5.33 (95% CI
4.15-6.85) for liver fibrosis, 2.82 (95% CI 1.69-4.72) for
liver cancer, and 4.41 (95% CI 3.04-6.41) for liver dis-
ease-related mortality.

The RVTT was used to assess the relationship between
the burden of PTVs in this study and liver disease risks.
Tendency of dose—response effects were observed for the
effect of PT'Vs to liver fibrosis (original z-score= —22.35,
P value<0.001), liver cancer (original z-score= —6.93, P
value <0.001), and liver disease-related mortality (original

z-score= —13.73, P value <0.001). We subsequently con-
ducted the RVTT on the 661 genes to evaluate the rela-
tionship between the cumulative burden of deleterious
variants in genes and risk of liver-related outcomes. We
identified YWHAE as significantly associated with liver
fibrosis, AVIL, FIS1, MUCI1, ACOT7, CLUH, HNF4A, and
TNFSFI0 with liver cancer, and AVIL with liver disease-
related mortality (FDR-adjusted P values < 0.05).

We further analyzed the association between liver
injury biomarker-specific PTVs and pathway-specific
PTVs with liver disease outcomes (Additional file 1:
Fig. S2). Among liver injury biomarker-specific PTVs,
PTVs in GGT significantly increased the risks of liver
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Table 2 Differences in liver-related biomarker levels between
PTV carriers and non-carriers

PTV carriers Beta Pvalue

median (P25-P75)

PTV non-carriers
median (P25-P75)

Biomarker

(n=437,882) (n=4721)
ALT 20.13(15.42-27.34)  22.28(1640-33.81) 030 <0.001
AST 2440 (21.00-28.80) 25.80(21.70-32.80) 035 <0.001
ALP 80.30 (67.20-95.70)  83.80 (69.00-102.20) 0.26  <0.001
GGT 26.10(18.40-40.70)  30.70 (20.50-5848) 034 <0.001
TBIL 8.08 (6.44-10.42) 8.395 (6.62-11.43) 0.16  <0.001
ALB 4521 (43.51-46.93) 4542 (4345-47.16) 002 0.555

The effect of PTVs on liver-related biomarkers was analyzed using linear
regression. Age, sex, and the top 10 genetic principal components were
included in the model as covariables. Abbreviations: PTV protein truncating
variant, P25-P75 first and third quartile, ALT alanine aminotransferase, ALP
alkaline phosphatase, AST aspartate aminotransferase, GGT gamma-glutamyl
transferase, TBIL total bilirubin, ALB albumin

fibrosis (HR=7.41, 95% CI 5.38-10.20), liver can-
cer (HR=3.89, 95% CI 2.01-7.53), and liver disease-
related mortality (HR=5.47, 95% CI 3.33-9.00), while
ALP PTVs substantially elevated the risk liver fibro-
sis (HR=13.91, 95% CI 8.49-22.80) and liver disease-
related mortality (HR=5.83, 95% CI 2.18-15.59). For
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pathway-specific PTVs, those involved in butanoate
metabolism (HR=17.22, 95% CI 2.42-122.43), fatty acid
degradation (HR=18.31, 95% CI 2.57-130.35), and pyru-
vate metabolism (HR=7.22, 95% CI 2.32-22.42) consid-
erably increased the risk of liver fibrosis. PTVs in carbon
metabolism (HR=11.03, 95% CI 1.55-78.55) significantly
increased the risk of liver cancer. PTVs in pathways the
valine/leucine/isoleucine degradation (HR=11.40, 95%
CI 1.60-81.15), pyruvate metabolism (HR=14.18, 95%
CI 4.55-44.13), PPAR signaling pathway (HR=7.91, 95%
CI 1.97-31.74), and carbon metabolism (HR=7.75, 95%
CI 1.09-55.15) significantly increased the risk of liver dis-
ease mortality.

In addition, we examined the effects of PTVs on other
liver diseases. Overall, PTVs significantly increased the
risks of NAFLD (HR=2.05, 95% CI 1.62-2.60) and viral
hepatitis (HR=2.10, 95% CI 1.04—4.23), while the result
for autoimmune hepatitis was not significant (Additional
file 1: Fig. S3). AST-specific PTVs (HR=2.20, 95% CI
1.54-3.15) and GGT-specific PTVs (HR=1.82, 95% CI
1.24-2.65) increased the risk of NAFLD, while ALT-spe-
cific (HR=4.14, 95% CI 1.03-16.63) increased the risks
of viral hepatitis. For pathway-specific PTVs, 5 pathway-
specific PT'Vs considerably increased the risk of NAFLD.

A KEGG B GO: BP
Neurodegeneration diseases MT gene expression
Valine/leucine/isoleucine degradation MT translation
Alzheimer disease{ I Amino acid metabolic{ [T
Carbon metabolism { [N Organic acid catabolic| NI
Pyruvate metabolism{ [N Carboxylic acid catabolic{ [ININGSGE
Amyotrophic lateral sclerosis { NG adi Small molecule catabolic{ GGG :
){Reactive oxygen species{ I Pladj1uosted Purine ribonucleotide metabolic{ [ INGTGTGNGEG P-adjusted
Aminoacyl-tRNA biosynthesis { [N (-log10) Cellular respiration{ N (Hog10)
PPAR signaling pathway | I Cellular response to chemical stress{
Parkinson disease { [IIIINIEGNGEE 10 Fatty acid metabolic{ I NIININGINGG 24
Butanoate metabolism{ Il 8 Fatty acid oxidation{ [ NNEEN 20
Apoptosis{ NN Ribose phosphate metabolic{ IIININGTG
Fatty acid degradation{ Il 6 Regulation of MT organization { | I NN 16
Thermogenesis{ NG Ribonucleotide metabolic{ NG
Alcoholic liver disease { I Energy derivation by oxidation of { |
3 20 70 50 organic compounds 5 20 20 50
Count Count
C GO: CC D GO: MF
MT matrix Ligase activity
MT inner membrane{ GGG Flavin adenine dinucleotide binding
organelle outer membrane{ NN aminoacyl-tRNA ligase activity
outer membrane{ I Ligase activity, carbon/oxygen bonds
- MT outer membralne [ ] Catalytic activity, acting on a tRNA{ [
protein—containing complex{ NN ) Catalytic activity, acting on RNA{ I o
Peroxisome{ I P-adjusted Electron transfer activity{ NN P-adjusted
Microbody{ I (Hlog10) Iron-sulfur cluster binding{ NN (-log10)
Organellar ribosome{ Il 80 Metal cluster binding{ [N 12.5
MT ribosome{ I 60 Magnesium ion binding{ [INGTGNNGTGzNG ’
MT intermembrane spaceq{ [l Organic acid binding{ [INEEEGEG_G_— 10.0
Organelle envelope lumen{ I 40 Carboxylic acid binding{ NG 75
Nucleoid{ Il 20 Oxidoreductase activity, CH-OH donors{ [N 0
MT nucleoid| Il NADP binding| I 5
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Fig. 3 Functional enrichment analysis of PTVs linked to liver-related biomarkers. A The top 15 pathways of Kyoto Encyclopedia of Genes

and Genomes pathway analysis (KEGG) based on PTVs linking to liver-related biomarkers. The top 15 terminologies of biological process (BP) (B),
cellular component (CC) (C), and molecular function (MF) (D) in gene ontology (GO) analysis based on PTVs linked to liver-related biomarkers.
Abbreviations: MT, mitochondrial; NADP, nicotinamide adenine dinucleotide phosphate
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Fig.4 Cumulative incidences of liver diseases between mitochondrial-related PTV carriers and non-PTV carriers. Kaplan—-Meier curves showing
that mitochondrial-related PTV carriers had significantly increased risk of fibrosis and cirrhosis of liver (A), liver cancer (B), and liver disease-related

mortality (C) when compared with non-PTV carriers

Sensitivity analysis

We performed a sensitivity analysis considering only
PTVs present in more than 10 individuals. We found
that 89 PTVs occurred in 10 or more individuals, with
a total of 2859 individuals carrying the 89 PTVs. These
PTVs significantly increased the risks of liver fibrosis
(HR=2.11, 95% CI 1.34-3.32), liver cancer (HR=2.16,
95% CI 1.19-3.91), and liver disease-related mortality
(HR=2.10,95% CI 1.12-3.92).

Stratification analysis
To investigate the influence of PTVs on the risk of end-
stage chronic liver disease and liver disease-related
mortality across various subgroups, we conducted a
comprehensive stratification analysis. This analysis was
based on factors such as age, sex, alcohol consumption,
smoking, BMI, hypertension, diabetes, dyslipidemia
and metabolic syndrome (Fig. 5), and the presence
of PNPLA3 rs738409/TM6SF2 rs58542926 variants
(Additional file 1: Fig. S4). The results indicated that
PTVs significantly increased the risk of all three liver
disease outcomes across different factor groups. Spe-
cifically, PTVs significantly elevated the risk of liver dis-
ease in elders, males, smokers, those with a BMI > 30,
those with hypertension/diabetes/metabolic syndrome,
and individuals carrying rs738409/rs58542926 variants.
Interaction analyses revealed significant interactions
between obesity (coefficient= —0.71, P value=0.008)
with PTVs in the context of liver fibrosis. In non-obese
individuals, PTVs conferred a 7.24-fold (95% CI 5.29—
9.91) increased risk of liver fibrosis, while in obese
individuals, the risk increase was 3.55-fold (95% CI
2.34-5.39).

Discussions
To the best of our knowledge, this is the first large-scale
cohort study to investigate the relationship between MT-
related PTVs and liver-related biomarkers, and their
impact on liver disease risk. Our findings establish a sig-
nificant correlation between MT-related PTVs and the
occurrence of end-stage chronic liver disease and liver
disease-related mortality. These results highlight the cru-
cial role of mitochondrial dysfunction in liver injury and
disease susceptibility and emphasize the clinical signifi-
cance of MT-related PTVs in assessing liver disease risk.
Previous studies have reported that genetic variants
influencing liver-related biomarkers tend to cluster in
pathways related to lipid and carbohydrate metabo-
lism and were associated with intrahepatic and extra-
hepatic diseases [26—28]. Our study confirms these
findings. Additionally, we identified PTVs that clustered
in pathways associated with neurodegeneration diseases,
organic acid catabolic, cellular respiration, energy deri-
vation pathways, and mitochondrial composition. These
pathways participate in various physiological processes
in the liver [29-31]. Abnormal expression of their related
proteins may cause abnormal liver function and liver
injury, leading to abnormal expression of liver-related
biomarkers. They may play important roles in the patho-
genesis of liver diseases. The analysis of pathway-specific
PTVs and their association with liver diseases revealed a
significant increase in the risk of liver fibrosis attributed
to PTVs in butanoate metabolism, fatty acid degrada-
tion, and pyruvate metabolism pathways. PTVs related
to carbon metabolism increased the risk of liver cancer.
PTVs related to butanoate metabolism, fatty acid degra-
dation, and pyruvate metabolism prominently increased
liver-related mortality risks. Our findings suggested the
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non-PTV carrier PTV carrier
Subgroup G i : C. T 5 HR (95%Cl) P-value
(Count) (/10*5pys) (Count) (1105pys)

Fibrosis and cirrhosis of liver
Whole population 1591/397798 32.37 92/4231 178.52 — 5.33 (4.15,6.85) 3.44e-39
Age

<960 762/227170 26.76 47/2518 150.28 —— 5.09 (3.56,7.27) 4.36e-19

=60 829/170628 40.09 4511713 222.13 — 5.62(3.96,7.99) 6.12e-22
Sex

Female 599/212590 22.63 34/2055 133.65 —— 573 (3.69,8.89) 7.23e-15

Male 992/185208 43.73 58/2176 222.28 —— 5.14 (3.79,6.97)  6.49e-26
Alcohol intake frequency

<1/weel 1082/284907 30.68 71/3013 193.97 —— 6.21(4.70,8.21)  9.19e-38

21/week 504/112624 36.39 2011213 134.48 —_— 3.29(1.85,5.85) 5.23e-05
Ever smoked

No 445/156533 22.81 30/1651 147.54 — 6.08 (3.86,9.56)  6.03e-15

Yes 1135/239935 38.50 61/2570 196.30 —— 5.06 (3.75,6.84)  3.98e-26
Body-mass index

<30 833/300940 22.35 60/3114 157.83 —.— 7.24 (5.29,9.91) 3.9e-35

23 746/95606 63.58 32/1095 241.05 —_— 3.55(2.34,5.39) 2.83e-09
Hypertension

No 856/298973 23.05 59/3092 155.67 —— 6.38 (4.62,8.83) 3.94e-29

Yes 735/98825 61.17 33/1139 242.04 —— 4.28 (2.88,6.35) 5.14e-13
Diabetes

No 1232/376724 26.40 75/3947 155.16 — 5.80 (4.39,7.65) 2.53e-35

Yes 359/21074 144.16 17/284 531.93 —_— 3.79(2.12,6.78)  6.94e-06
Dyslipidemia

No 545/182426 24.11 39/1822 175.70 — 7.21(4.94,10.51) 1.02e-24

Yes 900/177893 41.02 47/2017 191.45 —.— 4.43(3.17,6.20) 3.37e-18
Metabolic syndrome

No 898/299979 24.14 54/3091 142.76 —.— 5.49 (3.98,7.59) 4.56e-25

Yes 693/97819 57.97 38/1140 277.20 —e 4.85(3.34,7.05) 1.37e-16
Liver cancer
Whole population 704/397865 14.31 22/4238 42.42 —— 2.82(1.69,4.72) 7.59e-05
Age

360 219/227196 7.69 4/2522 12.71 —_— 2.22(0.82, 6.00) 0.115

260 485/170669 2343 18/1716 88.29 —_— 3.14(1.72,5.73)  0.000188
Sex

Female 272/212641 10.27 6/2061 2343 —m—m—a— 1.22(0.30, 4.91) 0.781

Male 432/185224 19.03 16/2177 60.94 —_— 3.55(2.04,6.18)  7.86e-06
Alcohol intake frequency

<1/week 479/284936 13.57 14/3017 37.99 —_— 2.69 (1.43, 5.05) 0.00204

21/week 224/112661 16.15 8/1216 53.52 —_— 3.12(1.28,7.62) 0.0123
Ever smoked

No 203/156555 10.40 11/1653 53.79 —_— 4.00(1.77,9.06)  0.000882

Yes 500/239980 16.94 11/2575 35.15 —_— 2.35(1.21, 4.56) 0.0114
Body-mass index

<30 444/300985 11.90 11/3120 28.74 —_— 2.25(1.06, 4.76) 0.0337

230 258/95627 21.95 11/1096 82.36 —_— 3.56 (1.75,7.24)  0.000447
Hypertension

No 425/299011 11.44 14/3096 36.74 —_— 3.04 (1.56, 5.90) 0.00103

Yes 279/98854 23.18 8/1142 58.15 —_— 2.52(1.12,5.68) 0.0258
Diabetes

No 567/376785 12.14 14/3954 28.78 —_— 2.23(1.15,4.31) 0.0177

Yes 137/21080 54.81 8/284 248.05 —_— 4.60(2.01,10.50)  0.000292
Dyslipidemia

No 263/182458 11.62 11/1825 49.28 —_— 3.92(1.94,7.95) 0.000149

Yes 381/177924 17.35 11/2021 44.47 —_— 2.11(1.00, 4.47) 0.0512
Metabolic syndrome

No 413/300022 11.09 11/3096 28.92 —_— 2.11(1.00, 4.47) 0.0502

Yes 291/97843 24.31 11/1142 79.53 —_— 3.27 (1.62, 6.63) 0.001
Liver disease-related death
Whole population 829/398056 16.44 44/4243 82.20 —— 4.41(3.04,6.41) 6.33e-15
Age

<960 329/227254 11.40 19/2523 59.47 —_— 4.21(2.36, 7.52) 1.2e-06

260 500/170802 23.19 25/1720 115.86 —_— 4.56 (2.80,7.42) 1.08e-09
Sex

Female 293/212695 10.87 12/2061 45.99 —_— 3.77 (1.77,8.02) ~ 0.000561

Male 536/185361 22.84 32/2182 116.64 — 4.67 (3.04,7.18) 2.07e-12
Alcohol intake frequency

<1/week 596/285072 16.51 36/3021 94.59 —— 4.80(3.15,7.30) 2.55e-13

21/week 230/112716 16.12 8/1217 51.95 —_— 3.38 (1.50, 7.64) 0.0034
Ever smoked

No 226/156607 11.38 13/1654 62.10 —_—— 4.25(1.99,9.08)  0.000187

Yes 601/240118 19.78 31/2579 95.48 —— 4.45(2.90,6.83) 8.94e-12
Body-mass index

<30 484/301112 12.69 24/3124 60.97 —_— 4.20 (2.50, 7.04) 5.4e-08

230 341/95688 28.14 20/1097 144.02 —_— 4.61(2.69,7.91) 2.9e-08
Hypertension

No 478/299110 12.62 28/3099 71.73 —_— 5.60 (3.57,8.80)  7.03e-14

Yes 351/98946 28.01 16/1144 110.41 —_— 2.99 (1.53,5.81) 0.00128
Diabetes

No 660/376941 13.82 31/3958 61.99 —_—— 3.84 (2.42,6.07) 9.52e-09

Yes 169/21115 63.31 13/285 369.05 —s—— 6.00(3.14,11.45) 5.55e-08
Dyslipidemia

No 311/182529 13.46 17/1828 73.78 —_— 4.83(2.71,8.63) 1.01e-07

Yes 445/178024 19.69 25/2022 97.88 —_—— 4.15(2.55,6.76)  1.06e-08
Metabolic syndrome

No 487/300159 12.80 23/3100 58.78 —— 3.69 (2.20, 6.18) 7.1e-07

Yes 342/97897 27.62 21/1143 145.85 —— 4.92(2.92,829) 2.04e-09

Fig. 5 Impact of mitochondrial-related PTVs on the risks of end-stage liver diseases and liver-related mortality. The impact of PTVs on the risk

of end-stage liver diseases (fibrosis and cirrhosis of liver and liver cancer) and liver disease-related mortality was evaluated using a COX regression
model. The model was adjusted for age, sex, alcohol intake frequency, ever smoked, physical activity level, education deprivation score, household
income, BMI, hypertension, diabetes, and dyslipidemia. The incidence rates (per 100,000 person-years, /10A5pys) of diseases were also calculated
in the whole population and subgroups. Abbreviations: PTV, protein truncating variant; HR, hazard ratio; Cl, confidence interval

significant role of these pathways and genes in liver func-
tion and the development of liver disease.

A previous study reported associations between
genetic variations in nuclear genes related to mitochon-
drial function and body mass index, waist-to-hip ratio,
extreme obesity, blood glucose, insulin, and glycated
hemoglobin levels [9]. As is well known, these factors
are important risk factors for liver diseases. However,
impacts on liver disease were not assessed in the study.

Here, we demonstrated that MT-related PTV carriers
have heightened chronic liver disease risk. We also found
that the prevalence of metabolic diseases was signifi-
cantly higher in PTV carriers compared to non-carriers.
We speculate that individuals carrying MT-related PTVs
may have impaired mitochondrial function or reduced
adaptability to metabolic changes, rendering them more
susceptible to metabolic disease, as well as to chronic
liver disease. Metabolic abnormalities such as changes
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in fatty acid and glucose metabolism exert continuous
pressure on liver mitochondria in the early stages of liver
injury [5]. Persistent disruption in liver metabolism leads
to chronic mitochondrial dysfunction and chronic liver
diseases, eventually progressing to end-stage liver dis-
ease [5]. Individuals caring PTVs concurrently with obe-
sity, diabetes, or metabolic syndrome displayed markedly
increased liver disease and mortality risk, underscoring
the vulnerability of metabolic homeostasis in this popu-
lation and reveals potential mechanisms underlying their
susceptibility to liver disease.

A negative interaction was observed between MT-
related PTVs and obesity in relation to liver fibrosis risk.
For metabolic abnormalities such as obesity, one of the
major causes leading to liver disease is chronic mitochon-
drial dysfunction [32]. Our finding suggests that the pres-
ence of MT-related PTVs may predispose individuals to
mitochondrial dysfunction, which may mask or override
the incremental risk typically associated with obesity. The
mitochondrial dysfunction in individuals carrying PTVs
may have already reached a threshold of mitochondrial
burden, wherein additional metabolic stressors, such as
obesity, do not proportionally increase the risk of liver
fibrosis. These findings confirm the role of mitochondrial
dysfunction in liver disease mechanisms triggered by
diverse environmental factors [5]. Notably, in individu-
als with inherent mitochondrial dysfunction (those with
MT-related PTVs), various risk factors showed distinct
effects, as demonstrated in this study, emphasizing the
importance of lifestyle changes and early interventions
within this high-risk group. Healthcare providers should
be aware that traditional risk factors, such as obesity, may
not exert the same degree of impact on the progression
of liver disease in individuals carrying PTVs. Therefore,
addressing other modifiable factors becomes even more
crucial in formulating preventive strategies for this high-
risk population.

This study has some limitations. First, the study pop-
ulation was exclusively European Caucasians in the UK
Biobank, which may introduce the potential for popula-
tion-specific heterogeneity of PTVs. Although we found
that these PTVs were prevalent (1.48 to 11.04%) in other
populations in UK Biobank, the sample size and case
number of liver disease in this population limited validat-
ing the results in this study. Therefore, validation through
large-scale cohorts with diverse populations is warranted
in future research. Second, a higher percentage of PTVs
associated with liver biomarkers was observed in males,
potentially influencing the results. We propose that
unique genetic predispositions in males, possibly affected
by hormonal or environmental factors, may account for
this discrepancy. In addition, the lack of long-term fol-
low-up information in the study limits the understanding
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of disease progression, but our findings provide clues that
the PTVs may have unfavorable effects on liver disease
progression because these genetic variants have a broad
impact on a spectrum of liver diseases from NAFLD to
liver cancer. Lastly, given that the PTVs in this study are
novel rare variants, applying eQTL and pQTL analyses
to clarify the effects of these variants on downstream
molecular expression presents a challenge. Consequently,
the findings of this study necessitate future experimen-
tal validation, as well as investigation through additional
large-scale cohorts.

Conclusions

Our analysis provides compelling evidence for the asso-
ciation between MT-related PTVs and liver-related
biomarkers, suggesting that these PTVs could serve as
significant indicators for liver disease risk stratification.
Integrating the knowledge of PTVs identified in this
study into clinical practice can enhance risk assessment,
early detection, and personalized management of liver
diseases, ultimately improving patient prognosis. How-
ever, further research is required to confirm these results
in diverse populations and to clarify the mechanisms by
which PT Vs contribute to liver damage.
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GGT  Gamma-glutamyl transferase
GO Gene ontology

HR Hazard ratios
KEGG  Kyoto Encyclopedia of Genes and Genomes
MF Molecular function

MT Mitochondrial

PTV Protein truncating variant
TBIL Total bilirubin

WES Whole-exome sequencing

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512916-024-03466-0.

Additional file 1: Table S1 List of mitochondrial-related nuclear genes

in the study. Table S2 Mitochondrial-related protein truncating variants
that were positively associated with liver dysfunction. Fig. ST Functional
enrichment analysis of significantly associated PTVs for each liver-related
biomarker. Fig. S2 Impact of biomarker-specific and pathway-specific PTVs
on the risks of end-stage liver diseases and liver-related mortality. Fig. S3
Impact of PTVs on the risks of non-alcoholic fatty liver disease, viral hepa-
titis, and autoimmune hepatitis. Fig. S4 Stratified analysis of the impact of
PTVs on mitochondrial-related PTVs on the risks of end-stage liver diseases
and liver-related mortality based on liver disease susceptibility genes.



https://doi.org/10.1186/s12916-024-03466-0
https://doi.org/10.1186/s12916-024-03466-0

Yuan et al. BMC Medicine (2024) 22:239

Acknowledgements

The authors thank all the investigators and participants from the UK Biobank
for this unique data set. The authors acknowledge the use of the Fudan
University Taizhou Institute of Health Sciences High-Performance Computing
Facility for carrying out this work.

Authors’ contributions

HY, ZL, CS, and XC conceived the study. HY and ZL performed the main data
analysis and wrote the draft of the manuscript. MC, QX, and YJ contributed to
the data analysis and manuscript revision. TZ, CS, and XC reviewed and revised
the manuscript. All authors read and approved the final manuscript.

Funding

This study was supported by the National Natural Science Foundation of
China (grant numbers: 82204125 and 82122060) and the Science and Technol-
ogy Support Program of Taizhou (T5202224).

Availability of data and materials

All UK Biobank information is available online on the webpage www.ukbio
bank.ac.uk/. Data access is available through applications. This research was
conducted using the UK Biobank Resource under application number 92718.

Declarations

Ethics approval and consent to participate

All participants from the UK Biobank have provided written informed consent
to participate in the respective cohorts. UK Biobank has ethical approval from
the Northwest Multi-Centre Research Ethics Committee (IRAS project ID:
299116). The UK Biobank protocol is available online (http://www.ukbiobank.
ac.uk/wp-content/uploads/2011/11/UK-Biobank-Protocol.pdf).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

IState Key Laboratory of Genetic Engineering, Human Phenome Institute,
Zhangjiang Fudan International Innovation Center, and School of Life Sci-
ences, Fudan University, No. 2005 Songhu Road, Shanghai 200438, China.
2Department of Epidemiology, School of Public Health, Fudan University,

No. 130 Dongan Road, Shanghai 200032, China. *Fudan University Taizhou
Institute of Health Sciences, Taizhou, China. *National Clinical Research Center
for Aging and Medicine, Huashan Hospital, Fudan University, Shanghai, China.
>Yiwu Research Institute of Fudan University, Yiwu, China.

Received: 13 January 2024 Accepted: 5 June 2024
Published online: 11 June 2024

References

1. Sepanlou SG, Safiri S, Bisignano C, lkuta KS, Merat S, Saberifiroozi M,
Poustchi H, Tsoi D, Colombara DV, Abdoli A, et al. The global, regional,
and national burden of cirrhosis by cause in 195 countries and territories,
1990-2017: a systematic analysis for the Global Burden of Disease Study
2017. Lancet Gastroenterol Hepatol. 2020;5(3):245-66.

2. Cheemerla S, Balakrishnan M. Global epidemiology of chronic liver
disease. Clin Liver Dis (Hoboken). 2021;17(5):365-70.

3. Huang DQ, Singal AG, Kono Y, Tan DJH, El-Serag HB, Loomba R. Changing
global epidemiology of liver cancer from 2010 to 2019: NASH is the fast-
est growing cause of liver cancer. Cell Metab. 2022,34(7):969-977.e962.

4. Peng JK, Hepgul N, Higginson IJ, Gao W. Symptom prevalence and quality
of life of patients with end-stage liver disease: a systematic review and
meta-analysis. Palliat Med. 2019;33(1):24-36.

5. Morio B, Panthu B, Bassot A, Rieusset J. Role of mitochondria in liver meta-
bolic health and diseases. Cell Calcium. 2021;94:102336.

6. El-Hattab AW, Craigen WJ, Scaglia F. Mitochondrial DNA maintenance
defects. Biochim Biophys Acta Mol Basis Dis. 2017;1863(6):1539-55.

20.

21.

22.

23.

24.

25.

26.

27.

Page 12 of 13

Ramanathan R, Ali AH, Ibdah JA. Mitochondrial dysfunction plays central
role in nonalcoholic fatty liver disease. Int J Mol Sci. 2022,;23(13):7280.
Lee HY, Nga HT, Tian J, Yi HS. Mitochondrial metabolic signatures in
hepatocellular carcinoma. Cells. 2021;10(8):1901.

Kraja AT, Liu C, Fetterman JL, Graff M, Have CT, Gu C, Yanek LR, Feitosa
MF, Arking DE, Chasman D], et al. Associations of mitochondrial and
nuclear mitochondrial variants and genes with seven metabolic traits.
Am J Hum Genet. 2019;104(1):112-38.

. DeBoever C, Tanigawa Y, Lindholm ME, McInnes G, Lavertu A, Ingels-

son E, Chang C, Ashley EA, Bustamante CD, Daly MJ, et al. Medical
relevance of protein-truncating variants across 337,205 individuals in
the UK Biobank study. Nat Commun. 2018;9(1):1612.

. Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, Motyer

A, Vukcevic D, Delaneau O, O'Connell J, et al. The UK Biobank
resource with deep phenotyping and genomic data. Nature.
2018;562(7726):203-9.

. Backman JD, Li AH, Marcketta A, Sun D, Mbatchou J, Kessler MD,

Benner C, Liu D, Locke AE, Balasubramanian S, et al. Exome sequenc-
ing and analysis of 454,787 UK Biobank participants. Nature.
2021;599(7886):628-34.

. Mclaren W, Gil L, Hunt SE, Riat HS, Ritchie GR, Thormann A, Flicek P,

Cunningham F. The Ensembl Variant Effect Predictor. Genome Biol.
2016;17(1):122.

. Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alfoldi J, Wang Q,

Collins RL, Laricchia KM, Ganna A, Birnbaum DP, et al. The mutational
constraint spectrum quantified from variation in 141,456 humans. Nature.
2020;581(7809):434-43.

. Rath S, Sharma R, Gupta R, Ast T, Chan C, Durham TJ, Goodman RP,

Grabarek Z, Haas ME, Hung WHW, et al. MitoCarta3.0: an updated mito-
chondrial proteome now with sub-organelle localization and pathway
annotations. Nucleic Acids Res. 2021;49(D1):D1541-d1547.

. Smith AC, Robinson AJ. MitoMiner v4.0: an updated database of mito-

chondrial localization evidence, phenotypes and diseases. Nucleic Acids
Res. 2019;47(D1):D1225-d1228.

. Cotter D, Guda P, Fahy E, Subramaniam S. MitoProteome: mitochondrial

protein sequence database and annotation system. Nucleic Acids Res.
2004;32(Database issue):D463-467.

. Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second-

generation PLINK: rising to the challenge of larger and richer datasets.
Gigascience. 2015;4:7.

Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS. 2012;16(5):284~7.

A A, JR: topGO: enrichment analysis for gene ontology. R Package Version
2440 2021,

Saklayen MG. The global epidemic of the metabolic syndrome. Curr
Hypertens Rep. 2018;20(2):12.

Schwantes-An TH, Darlay R, Mathurin P, Masson S, Liangpunsakul S,
Mueller S, Aithal GP, Eyer F, Gleeson D, Thompson A, et al. Genome-wide
association study and meta-analysis on alcohol-associated liver cirrhosis
identifies genetic risk factors. Hepatology. 2021;73(5):1920-31.

Yang J, Trépo E, Nahon P, Cao Q, Moreno C, Letouzé E, Imbeaud S, Gustot
T, Deviere J, Debette S, et al. PNPLA3 and TM6SF2 variants as risk factors
of hepatocellular carcinoma across various etiologies and severity of
underlying liver diseases. Int J Cancer. 2019;144(3):533-44.

Emdin CA, Haas M, Ajmera V, Simon TG, Homburger J, Neben C, Jiang

L, Wei WQ, Feng Q, Zhou A, et al. Association of genetic variation with
cirrhosis: a multi-trait genome-wide association and gene-environment
interaction study. Gastroenterology. 2021;160(5):1620-1633.e1613.
Bendapudi PK, Nazeen S, Ryu J, Séylemez O, Robbins A, Rouaisnel B,
O'Neil JK, Pokhriyal R, Yang M, Colling M, et al. Low-frequency inherited
complement receptor variants are associated with purpura fulminans.
Blood. 2024;143(11):1032-44.

Chambers JC, Zhang W, Sehmi J, Li X, Wass MN, Van der Harst P, Holm H,
Sanna S, Kavousi M, Baumeister SE, et al. Genome-wide association study
identifies loci influencing concentrations of liver enzymes in plasma. Nat
Genet. 2011;43(11):1131-8.

Chen VL, Du X, Chen Y, Kuppa A, Handelman SK, Vohnoutka RB, Peyser PA,
Palmer ND, Bielak LF, Halligan B, et al. Genome-wide association study of
serum liver enzymes implicates diverse metabolic and liver pathology.
Nat Commun. 2021;12(1):816.


http://www.ukbiobank.ac.uk/
http://www.ukbiobank.ac.uk/
http://www.ukbiobank.ac.uk/wp-content/uploads/2011/11/UK-Biobank-Protocol.pdf
http://www.ukbiobank.ac.uk/wp-content/uploads/2011/11/UK-Biobank-Protocol.pdf

Yuan et al. BMC Medicine (2024) 22:239 Page 13 of 13

28. LiuZ Suo C, Jiang Y, Zhao R, Zhang T, Jin L, Chen X. Phenome-wide asso-
ciation analysis reveals novel links between genetically determined levels
of liver enzymes and disease phenotypes. Phenomics. 2022,2(5):295-311.

29. Ozaki M. Cellular and molecular mechanisms of liver regeneration: pro-
liferation, growth, death and protection of hepatocytes. Semin Cell Dev
Biol. 2020;100:62-73.

30. YanS,Yang XF, Liu HL, Fu N, Ouyang Y, Qing K. Long-chain acyl-CoA
synthetase in fatty acid metabolism involved in liver and other diseases:
an update. World J Gastroenterol. 2015;21(12):3492-8.

31. Mansouri A, Gattolliat CH, Asselah T. Mitochondrial dysfunction and
signaling in chronic liver diseases. Gastroenterology. 2018;155(3):629-47.

32. Ortiz M, Soto-Alarcén SA, Orellana P, Espinosa A, Campos C, Lopez-Arana
S, Rincon MA, lllesca P, Valenzuela R, Videla LA. Suppression of high-fat
diet-induced obesity-associated liver mitochondrial dysfunction by
docosahexaenoic acid and hydroxytyrosol co-administration. Dig Liver
Dis. 2020;52(8):895-904.

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



	Protein truncating variants in mitochondrial-related nuclear genes and the risk of chronic liver disease
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Description of study population
	WES quality control and PTV annotation
	Selection of mitochondrial-related nucleus genes
	Genetic association analyses
	Enrichment analysis
	Definition of liver disease and liver-related mortality
	Covariates
	Statistical analyses

	Results
	Characteristics of study population
	Association of MT-related PTVs with liver-related biomarkers
	Enrichment analysis of significant PTVs
	Association between PTVs and the risk of chronic liver disease and liver-related mortality
	Sensitivity analysis
	Stratification analysis

	Discussions
	Conclusions
	Acknowledgements
	References


