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Abstract

Background: A coding variant in MTARC1 (rs2642438; p.Ala165Thr) was recently associated 

with protection from cirrhosis in European individuals. However, its impact on overall and cause-

specific mortality remained elusive.

Methods: Using a genome-first approach, we explored a range of metabolic phenotypes and 

outcomes associated with MTARC1 p.Ala165Thr in the UKBiobank and the Penn-Medicine 

BioBank.

Findings: MTARC1 p.Ala165Thr was significantly associated with higher triglycerides, lower 

total cholesterol, lower LDL-C, lower ApoB, lower HDL-C, lower ApoA-I and higher IGF-1. Per 

each minor allele, the risk of NAFLD was reduced by ~15%. The ALT-lowering and NAFLD-

protective effect of MTARC1 p.Ala165Thr was amplified by obesity, diabetes mellitus and 

presence of PNPLA3 rs738409:G. In African-American and Black-British individuals, the allele 

frequency of MTARC1 p.Ala165Thr was lower, but carriers showed the same distinctive lipid 

phenotype. Importantly, MTARC1 p.Ala165Thr carriers did not show higher cardiovascular 

disease burden as evidenced by cardiac MRI and carotid ultrasound. In prospective analyses, the 

homozygous minor allele was associated with up to 39% lower rates of liver-related mortality, 

while no risk of increased overall or cardiovascular death could be observed. Strikingly, liver-

related mortality was more than 50% reduced in diabetic participants or carriers of PNPLA3 
rs738409:G.

Conclusions: Together these data highlight MTARC1 as an important liver disease modifier that 

influences plasma lipids in an allele-dose-dependent manner without increasing cardiovascular 

outcomes. Our results point toward potential mechanisms and reveal a remarkable association with 

liver-related mortality calling for future studies exploring its therapeutic potential.

Funding: This study was funded by the German Research Foundation (DFG).
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Introduction

The non-alcoholic fatty liver disease (NAFLD) pandemic affects nearly 2 billion people 

worldwide1. It is well known that obesity is the most important risk factor for the 

development of NAFLD2. NAFLD is also strongly associated with type 2 diabetes mellitus, 

dyslipidemia, and atherosclerotic cardiovascular disease 1. In addition, several genomic loci 

were revealed to be associated with increased risk of NAFLD (e.g. PNPLA3 rs738409:G)3.

Recently, a coding variant (MTARC1 p.Ala165Thr) was reported to be associated with 

protection against NAFLD and its progression,4-6 as well as protection from alcohol-related 

and all-cause cirrhosis7,8. Other reports indicated that NAFLD severity was reduced in 

MTARC1 p.Ala165Thr carriers9,10. MTARC1, the Mitochondrial Amidoxime Reducing 

Component 1 gene, encodes the mitochondrial amidoxime-reducing component, which is 

involved in metabolic processes in the liver (e.g. activating N-hydroxylated prodrugs or 

reducing nitrite to produce nitric oxide)11. The exact function of the MTARC1 protein is 

unknown and the mechanism by which MTARC1 p.Ala165Thr may protect against liver 

damage remains elusive5. It is unclear whether the variant exerts an effect through 

modulation of specific risk factors (e.g. obesity), or if it exercises a direct hepatoprotective 
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effect. As the published studies were focused on case-control cohorts5,7, it remains unknown 

whether MTARC1 p.Ala165Thr affects liver- related morbidity and cardiometabolic risk 

factors in the general population. In addition, the effects of MTARC1 p.Ala165Thr have so 

far only been described in cohorts of predominantly European ancestry and its impact on 

overall and cause-specific mortality have not been studied yet.

In this study, we performed deeper phenotyping of MTARC1 p.Ala165Thr carriers in 

unselected populations, both in Europeans, African-Americans and Black British 

participants, focusing on liver and cardiometabolic phenotypes as well as survival. After 

demonstrating an increased protective effect of MTARC1 p.Ala165Thr on NAFLD 

development in individuals who are obese or diabetic, we looked at overall and liver-related 

survival in MTARC1 p.Ala165Thr carriers. We found that MTARC1 p.Ala165Thr carriers 

have significantly higher triglycerides (TG), lower HDL-C and apoA-I levels, but also have 

lower LDL-C and apoB levels, while no difference in cardiovascular disease risk was 

observed. While MTARC1 p.Ala165Thr is less common in individuals of African American 

or Black British ancestry, it also has similar protective effects on liver outcomes. We are the 

first to show, that liver-related survival is improved in MTARC1 p.Ala165Thr carriers, 

especially in participants prone to liver disease development. This reduction in liver-related 

survival does not increase the risk of cardiovascular-related death. Together, our study 

reveals a deeper phenotype of MTARC1 p.Ala165Thr carriers, its relationship with clinical 

liver disease, and hints toward potential mechanisms by which MTARC1 could protect from 

NAFLD.

Results:

MTARC1 and liver disease, liver enzymes, and liver imaging

Of 460,212 White UK Biobank participants, 9% were homozygous for MTARC1 rs2642438 

and 42% were heterozygous (Table 1). We analyzed the association between rs2642438 and 

diagnoses of liver disease in White UKB participants. For both homo-and heterozygous 

carriers of rs2642438, the risk of physician diagnosed NAFLD (ICD-10) was significantly 

reduced (A/A vs G/G: aOR=0.78[0.67-0.91]; and G/A vs G/G: aOR=0.86[0.79-0.94], Table 

2). For each rs2642438 minor allele, the risk of NAFLD development was reduced by up to 

14%. Regarding liver enzymes, mean alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST) values were significantly lower in individuals with MTARC1 
rs2642438 than in non-carriers (all p<0.0001; Table 1). A subgroup of UKB participants 

received a liver MRI. Heterozygous MTARC1 rs2642438 carriers had significantly lower 

proton density fat fraction, a measurement of liver steatosis (p=0.013, Table S1). We also 

determined the association between MTARC1 rs2642438 and clinically relevant diseases 

such as type 2 diabetes and obesity (Figure 2). Among the analyzed parameters, the 

protective association of MTARC1 rs2642438 on NAFLD and ALT elevation were 

significantly more pronounced in the presence of diabetes, obesity or presence of PNPLA3 
rs738409:G (p<.03, Figure S1). For each rs2642438 minor allele, the risk of NAFLD 

development in diabetic individuals was reduced by 21% and in obese and diabetic 

individuals it was reduced by 27%.
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Next, we confirmed the association between rs2642438 and metabolic phenotypes in the 

PMBB, a biobank which contrasts UKB in its higher percentage of diseased participants as 

well as its multiethnicity. Of 6,309 White PMBB participants, 8% were homozygous and 

42% were heterozygous for rs2642438, similar to UKB. In contrast, out of 7,755 African 

American PMBB participants, 1% were homozygous and 16% were heterozygous (Table 3; 

Table S2). In all PMBB participants, the risk of physician diagnosed NAFLD (ICD-9/10) 

was reduced in homozygous and heterozygous carriers of rs2642438 (A/A vs. G/G: 

aOR=0.70[0.50-0.98]; and G/A vs G/G: aOR=0.85[0.69-0.96], Table 3). For each rs2642438 

minor allele, the risk of NAFLD development was reduced by 15% (Table 3).

As 55% of PMBB participants were self-reported African American, we analyzed the 

association between rs2642438 and liver disease in the African American subpopulation 

(Figure 1C). Due to a reduced frequency of MTARC1 p.Ala165Thr in African Americans, 

the number of homozygous carriers was low (1% vs. 8% in Whites). Moreover, PNPLA3 

rs738409:G, which is itself highly associated with NAFLD/NASH development12, was more 

frequent in MTARC1 rs2642438 carriers (Table S2). Still, homozygous MTARC1 rs2642438 

carriage was associated with a significant reduction in NASH (aOR=0.70[0.50-0.98], Table 

S2). Heterozygous MTARC1 rs2642438 carriers had a marked negative association with 

NAFLD frequency (aOR=0.75[0.59-0.96], Table S2). Thus, MTARC1 rS264238 is 

associated with reduced NAFLD in individuals of both Europeans and African Americans.

Plasma lipids and apolipoproteins

Given the strong association between NAFLD and dyslipidemia, we analyzed the 

relationship between MTARC1 rs2642438, plasma lipids and apolipoproteins. In White 

UKB participants, both homo- and heterozygous MTARC1 rs2642438 carriers showed 

significantly higher plasma TG than non-carriers (p<0.0001, Table 1). The TG elevating 

effect was enhanced with higher allele-dose of MTARC1 rs2642438. Consistent with the 

higher TGs, rs2642438 was significantly associated with lower levels of HDL cholesterol 

(HDL-C) and ApoA-I in an allele-dose specific manner (Table 1). On the other hand, both 

homo- and heterozygous MTARC1 rs2642438 carriers had reduced levels of total 

cholesterol, LDL cholesterol (LDL-C) and ApoB (Table 1). No difference was observed in 

plasma levels of lipoprotein(a) [Lp(a)].

Next, we confirmed this association in Black British UKB participants, which had been 

excluded from the previous UKB analyses. Here, out of 7,559 Black British UKB 

participants, only 0.4% were homozygous and 12% were heterozygous for MTARC1 
rs2642438 (Table S3). Still, heterozygous MTARC1 rs2642438 carriage was associated with 

a significant reduction of cholesterol and LDL-C (Table S3). Due to the reduced frequency 

of MTARC1 p.Ala165Thr NAFLD and NASH trended to be reduced in carriers, but did not 

reach statistical significance (Table S3).

In all PMBB patients, we confirmed the association of rs2642438 with significantly elevated 

TGs (p<0.05, Table 3). Here, for each rs2642438 minor allele, TGs were elevated by 8 

mg/dl. Moreover, MTARC1 rs264238 was associated with an allele-dose-dependent 

reduction of total cholesterol (Table 3). In African American participants in PMBB, 

homozygous MTARC1 rs2642438 carriers had significantly higher TGs and significantly 
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reduced levels of total cholesterol (p<0.03, Table S2). Thus, MTARC1 rs264238 is 

associated with a distinctive lipid profile in European, Black British and African American 

individuals.

Additional cardiometabolic phenotypes

To enhance our knowledge of metabolic changes associated with MTARC1 rs2642438, we 

analyzed additional metabolic serum markers in the UKB. MTARC1 p.Ala165Thr carriers 

had elevated serum urate and vitamin D levels (p<0.01, Table 1). In addition, individuals 

with MTARC1 rs2642438 were also more likely to have elevated levels of IGF-1 (p<0.0001, 

Table 1). A subset of UKB participants had cardiac MRI and carotid ultrasound performed. 

MTARC1 rs2642438 carriers had no impairment in cardiac output, ejection fraction or 

intima-media thickness compared with non-carriers (Table S4,S5).

MTARC1 rs2642438 is associated with reduced liver-related mortality without elevating the 
cardiovascular risk

In up to 14 years of follow up 28,607 (6%) of the UKB participants and 4170 (30%) of the 

PMBB Participants died (Table 2,S6). We tested whether MTARC1 rs2642438 was 

associated with liver-related, cardiovascular and all-cause mortality. Compared with non-

carriers, in the UKB the hazard ratios for liver-related mortality in MTARC1 rs2642438 

homozygotes were 0.61[0.46-0.81] and 0.85[0.74-0.98] for heterozygotes (Figure 3), while a 

similar trend could be observed in all PMBB participants, in the African-American PMBB 

subgroup and the Black British UKB subgroup (Figure S2,S3). Interestingly, the effect of 

reduced liver-related mortality in homozygotes in white UKB participants was even more 

pronounced in obese (aHR=0.52[0.34-0.80]) and diabetic (aHR=0.44[0.22-0.86]) MTARC1 
rs2642438 homozygotes (Figure 4). In participants, who are carriers of the known risk 

variant PNPLA3 rs738409, MTARC1 rs2642438 homozygotes showed the strongest 

reduction in liver-related death (HR: 0.43 [0.27-0.71], Figure 4). MTARC1 rs2642438 was 

not associated with all-cause and cardiovascular mortality neither in UKB nor in PMBB 

(Figure S4). To further corroborate the lower risk of liver-related mortality without elevated 

cardiovascular mortality, we constructed multivariable cox regression models accounting for 

several potential metabolic confounders (Table S7). In all models, MTARC1 rs2642438 

carriers had significantly lower odds for overall liver-related mortality, while no risk for 

elevated cardiovascular mortality could be observed (Table S7).

Analyzing LoF variants in MTARC1

Lastly, we investigated whether loss of MTARC1 function might be responsible for the 

distinctive lipid phenotype and the protective effect on several metabolic phenotypes. In 

UKB, we leveraged a rare stop gain mutation in the MTARC1 gene (rs139321832, 

p.Arg200Ter), which truncates the enzymatic domain of MTARC1 before the catalytic site 
13, in 83 carriers and in PMBB we found 10 carriers the same MTARC1 LoF variant. In 

UKB the carriers of MTARC1 p.R200Ter showed significantly reduced HDL-C (Table S9), 

compared to non-carriers and in PMBB the carriers of the rare MTARC1 LoF variant 

showed significantly elevated Triglycerides (Table S8). MTARC1 LoF variants in both 

cohorts showed the same directionality as MTARC1 rs2642438 for the other analyzed 

Schneider et al. Page 6

Med (N Y). Author manuscript; available in PMC 2021 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



metabolic phenotypes (Table S8,9). Thus, MTARC1 rs2642438 shows the same 

directionality of changes in metabolic phenotypes as a MTARC1 LoF variant.

Discussion

Here we expand the range of phenotypes associated with MTARC1 rs2642438, a genetic 

variant encoding a missense variant p.Ala165Thr that was previously reported to be 

associated with protection from liver disease. Using analyses in White participants in the 

UKB, we found that carriers of MTARC1 rs2642438 had reduced risk of NAFLD, NASH, 

and liver-related mortality and that the effect is even more pronounced in participants with 

obesity, type 2 diabetes or in presence of the known risk variant PNPLA3 rs738409:G. We 

found that MTARC1 rs2642438 is associated with an allele- dose dependent distinctive 

plasma lipid phenotype of elevated TGs and lower HDL-C as well as reduced LDL-C and 

apoB levels. We replicated these findings in the PMBB and extended these findings to 

African Americans and Black British individuals. Our results extend previous observations 

for this variant to heterozygotes, establishing a clear allele-dose dependent effect. Thus, 

MTARC1 rs2642438 is associated with a range of metabolic phenotypes that may provide 

insight into putative protective mechanisms against NAFLD and its consequences.

MTARC1 rs2642438 was recently shown to protect from all-cause cirrhosis and was 

confirmed to protect from alcoholic cirrhosis4,5,7. Moreover, MTARC1 rs2642438 carriers 

displayed less severe NAFLD biopsy histology9,10. MTARC1 is expressed in the liver as 

well as in subcutaneous adipose tissue14, and the MTARC1 protein is located in the outer 

mitochondrial membrane11,14. Murine data suggest that MTARC1 may be involved in 

hepatic drug and lipid metabolism15. In addition, MTARC1 is involved in the regulation of 

nitric oxide (NO) production, which is a vasodilator that can alter intrahepatic vascular 

resistance11.

The protective effect of MTARC1 rs2642438 on liver disease was most pronounced among 

those at the highest risk of NAFLD, namely those with obesity, type 2 diabetes mellitus and 

carriers of PNPLA3 rs738409:G. The same pattern has been described for another recently 

discovered liver-protective variant HSD17B13 rs72613567:TA4. In our study, A-

homozygotes had a 39% lower risk of dying from liver disease compared to non-carriers. 

Among diabetic patients and PNPLA3 rs738409:G carriers, the corresponding associated 

risk reduction was more than 50%. These results are comparable with the effects of the 

HSD17B13 rs72613567:TA16 variant and underline the significance of the MTARC1 
rs2642438 mutation. Mechanistically, these findings are in accordance with data showing 

that activity of the N-reductive enzyme systems, such as MTARC1 are affected by fasting 

(decreased MTARC1 activity) and high-fat-diet (increased MTARC1 activity) in mice and 

upregulated under adipogenic conditions17. A loss of function in MTARC1 as in the 

rs2642438 variant could therefore be particularly beneficial in those at highest risk of liver 

disease. While the functional effect of the p.Ala165Thr variant on MTARC1 protein function 

is uncertain, the direction of effect on NAFLD and all other metabolic phenotypes tested in 

this study is similar to that of true loss-of-function variant in MTARC1, suggesting that it is 

a reduced function allele5,18.
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The plasma lipid phenotype associated with MTARC1 rs2642438 is interesting and may hint 

at a possible physiological mechanism by which MTARC1 could protect from NAFLD. In 

an allele-dose dependent manner, the liver protective MTARC1 rs2642438 is associated with 

increased plasma TGs and decreased LDL-C and apoB. Interestingly, reduced apoB levels 

have been linked to less NAFLD19. This pattern is consistent with the possibility of reduced 

MTARC1 activity leading to increased hepatic secretion of a TG-enriched VLDL without an 

accompanying increase or even possibly a decrease in secretion of apoB. This could result 

from increased loading of hepatocyte TG onto TG-enriched VLDL particles, which would 

be predicted to decrease hepatic fat. A recent study showed, that MTARC1 rs2642438 

carriers had higher concentrations of hepatic polyunsaturated phosphatidylcholines10 and 

higher sphingomyelin levels20 compared to non-carriers. This hepatic lipid profile was 

remarkably similar to that in carriers of HSD17B13 rs72613567:TA21 and, interestingly, 

opposite to that of PNPLA3 rs738409:G carriers22. Increased phosphatidylcholine is known 

to be associated with less NAFLD23 and is also strongly related to the synthesis of VLDL24. 

Phosphatidylcholine is a required component of the VLDL envelope and regulates the size 

and dynamics of lipid droplets24.

We analyzed the interaction between MTARC1 and IGF-1 as IGF-1 might be involved in 

mechanisms of hepatocyte TG secretion25,26. Consistently, we show increased IGF-1 levels 

in MTARC1 p.Ala165Thr carriers, which were associated with higher serum TGs. On the 

other hand, the fact that MTARC1 p.Ala165Thr carriers showed elevated levels of urate is 

surprising, especially given the fact that xanthine oxidase, the leading enzyme in urate 

production, belongs to the same ancient group of molybdenum containing enzymes as the 

MTARC1 complex15. Moreover, we analyzed Vitamin D in MTARC1 p.Ala165Thr carriers 

as Vitamin D is associated with lower risk of NAFLD27 Here, it is unclear whether 

MTARC1 leads to higher vitamin D levels due to its liver protective nature, or if MTARC1 
might even be involved in vitamin D synthesis. Together, these data underline that MTARC1 
is an important metabolic orchestrator.

Previous studies of MTARC1 were mostly performed in European participants5. Analysis of 

trans-ethnic cohorts may help to clarify whether variation in MTARC1 rs2642438 confers 

NAFLD protection among non-European individuals. Although we found a reduced minor 

allele frequency in our African American and Black British subcohorts, African American 

MTARC1 p.Ala165Thr carriers showed significantly reduced NAFLD/NASH and both 

subgroups showed the distinctive lipid profile. Further studies are warranted to confirm these 

associations and to explore the effect of MTARC1 rs2642438 in other ethnic groups.

Limitations of study

While the UK Biobank was utilized as part of the initial report of the association between 

MTARC1 rs2642438 and cirrhotic liver disease,5 our genotype-first approach revealed 

several new phenotypes that have not been reported, including the favorable effect of 

MTARC1 rs2642438 on liver-related survival. We also used the PMBB to confirm our 

findings in an unrelated bi-ethnic medical biobank. A limitation is that outcomes based on 

ICD codes are likely to suffer from some degree of misclassification or underdiagnosis. In 

particular, we found the numbers of NAFLD classified participants in the UKB to be quite 
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low compared to other cohorts28,29. This might lead to an underestimation of the effect of 

MTARC1 in the general population. However, we were able to show a robust association 

between MTARC1 and obesity, diabetes, steatogenic risk, plasma ALT and NAFLD 

diagnosis in two independent cohorts. Strengths of our study include the long follow-up time 

for a median of 10-12 years and the large number of participants from two unrelated cohorts.

In summary, MTARC1 rs2642438 is associated in an allele-dose dependent manner with 

reduced NAFLD, NASH, and liver-related mortality, especially in subpopulations prone to 

NAFLD development. Furthermore, it is associated with an interesting plasma lipid 

phenotype characterized by elevated TGs but reduced LDL-C and apoB, suggestive of a 

potential physiological mechanism by which MTARC1 influences NAFLD and its 

progression. MTARC1 presents an interesting therapeutic target for NAFLD and its 

consequences without raising the risk of cardiovascular outcomes. Inhibition of MTARC1 
may be expected to increase plasma triglyceride levels even as it reduces hepatic fat.

STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests should be directed to and will be 

fulfilled by the Lead Contact Dr. med. Carolin V. Schneider 

(carolin.schneider@pennmedicine.upenn.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—The datasets used in the current study have not been 

deposited in a public repository, but are available after approval of a reasonable application 

at https://www.ukbiobank.ac.uk for UKB and for PMBB under https://

www.itmat.upenn.edu/biobank/researchers.html. For further information, please contact the 

corresponding author.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The ‘UK biobank’ (UKB) is a population-based cohort study conducted in the United 

Kingdom from 2006 to 2010, which recruited 502,505 volunteers aged 37 to 73 years at 

baseline (Figure 1A). All participants were registered with the UK National Health Service 

and attended an initial examination, which is followed by a long-term follow-up taking place 

continuously. On all analyzed visits, blood samples were taken and physical measures were 

performed. All participants gave informed consent for genotyping and data linkage to 

medical reports. Cardiac MRI and liver MRI were performed in subsets of participants 

(Table S1,S4,S5). Genotyping of the MTARC1 variant rs2642438 was conducted in a total 

of 488,377 White subjects. We excluded participants with chronic hepatitis B or C (n=850) 

or heavy alcohol consumption (>60g alcohol/day for men or >40g alcohol/day for women, 

n=4490) and participants with ethnicity listed as missing/other (n=847).

Additionally, a second group of 7,559 Black British UKB participants without chronic 

hepatitis C and heavy alcohol consumption and with available MTARC1 rs2642438 

genotyping was analyzed (Table S3).
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For both groups, ongoing inpatient hospital records beginning in 1996 until 2018 were used 

to identify diagnoses according to the International Classification of Diseases, Tenth 

Revision (ICD-10) codes. The presence of the following primary ICD10 codes was 

evaluated: Overall liver disease (K70-K76), Alcoholic liver disease (K70), Toxic liver 

disease (K71), Hepatic failure (K72), Chronic Hepatitis (K73), Fibrosis and cirrhosis (K74), 

Inflammatory liver diseases (K75), NASH (K75.8), Other liver diseases (K76), NAFLD 

(K76.0) and Malignant neoplasm of the liver and/or intrahepatic bile duct (C22). The UK 

Biobank receives death notifications (age at death and primary ICD diagnosis that led to 

death) through linkage to national death registries. End of follow-up was defined as death or 

end of hospital inpatient data collection in June 2020. Specific causes of death included 

cardiovascular diseases (I00–I99) and liver diseases (K70–K77 and C22). The study has 

been approved by the UKB Access Committee (Project #59657).

Participants in the Penn Medicine BioBank (PMBB) were recruited from clinical practice 

sites throughout the University of Pennsylvania Health System. Participants consented for 

access to EHR data. Whole exome sequences were generated from DNA extracted from 

stored buffy coats by the Regeneron Genetics Center and mapped to Genome Reference 

Consortium Build 38 (GRCh38). For subsequent phenotypic analyses, we removed samples 

with low exome sequencing coverage (i.e., less than 75% of targeted bases achieving 

20×coverage; n=46), high missingness (i.e., greater than 5% of targeted bases; n=14), high 

heterozygosity (n=97), dissimilar reported and genetically determined sex (n=104), genetic 

evidence of sample duplication (n=89), and cryptic relatedness (i.e., closer than third-degree 

relatives; n=145) with overlap among categories, leading to a total of 455 removed from our 

database. For the PMBB cohort, ICD-9 and ICD-10 diagnosis codes were extracted. In total, 

the MTARC1 variant rs2642438 was analyzed in a total of 15,859 unrelated subjects (Figure 

1B). We excluded participants with chronic hepatitis B or C (n=593) or subjects with 

alcohol-related conditions or dependence (n=301), such as alcoholic liver disease (571.0, 

K70.0), alcoholic hepatitis (571.1, K70.1), alcoholic fibrosis and sclerosis of the liver 

(571.2, K70.3), alcoholic cirrhosis of liver and/or ascites (571.2, K70.2), alcoholic hepatic 

failure, coma, and unspecified alcoholic liver disease (571.3, K70.4, K70.40, K70.41, 

K70.9), and alcohol dependence (303.0, 303.9, F10.229, F10.20) and participants with 

ethnicity listed as other or missing ethnicity (n=901). Daily alcohol consumption data was 

not available in PMBB. Self-reported Ethnicity was assessed at baseline using 

questionnaires and EHR data. Ongoing inpatient and outpatient records between the baseline 

examination and July 2020 were used to identify diagnoses according to ICD-10 codes. The 

same ICD10-diagnoses as in the UKB cohort were used. In addition, the following ICD-9 

codes were used and translated into ICD-10 codes: Hepatic failure (570), chronic hepatitis 

(571.4), fibrosis and cirrhosis (571.5) and NAFLD (571.81/571.89). Additionally, serum 

parameters were extracted for participants from the time of enrollment in the PMBB until 

June 1, 2020; if multiple measurements were available the median value was chosen. 

Measurements above the 20xULN were excluded. In addition, values for age, sex, BMI and 

diabetes mellitus were also extracted from the EHR. The PMBB receives death notifications 

(age at death and primary ICD diagnosis that led to death) through linkage to the EHR. End 

of follow-up was defined as death or end of hospital inpatient data collection at the end of 
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May 2020. Specific causes of death included cardiovascular diseases (I00–I99) and liver 

diseases (K70–K77 and C22).

METHOD DETAILS

To examine whether MTARC1 deficiency may also protect against the analyzed phenotypes, 

we leveraged a rare stop codon in MTARC1 (Arg200Ter, rs139321832) in UKB and PMBB 

(Table S8,9). This stop codon truncates the enzymatic domain of MTARC1 before the 

catalytic site 13 The same exclusion criteria as mentioned above were used. 83 carriers were 

analyzed in UKB and 10 carriers in PMBB.

QUANTIFICATION AND STATISTICAL ANALYSIS

All continuous variables were analyzed by unpaired, two-tailed t-tests or Mann-Whitney U 

test, and by an appropriate multivariable model. The results are presented as mean±standard 

deviation (normal distribution). All categorical variables were displayed as relative (%) 

frequencies and the corresponding contingency tables were analyzed using the Chi-square 

test. Odds/hazard ratios (ORs/HRs) were presented with their corresponding 95% 

confidence intervals(CI) given in brackets. HRs were calculated using Cox proportional 

hazard regression models. Multivariable logistic regression was performed to test for 

independent associations. All multivariable analyses were adjusted for age, sex, BMI and 

principal components of ancestry 1-4. The reference groups in this association study for 

analyzing any specific ICD10 code are participants without the specific ICD10 code. A FDR 

adjusted significance level of p <= 0.03 was calculated using the Benjamini-Hochberg 

method30.

Differences were considered to be statistically significant when p<0.05. The data were 

analyzed using R version 4.0.2 (R Foundation for Statistical Computing; Vienna, Austria), 

SPSS Statistics version 26 (IBM; Armonk, NY, USA) and Prism version 8 (GraphPad, 

LaJolla, CA, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Overview of the analyzed cohorts.
A) UK Biobank participants of European ancestry aged 37 to 73 years

B) Penn medicine BioBank (PMBB) participants of 55% African American ancestry aged 

25 to 105 years

C) African American Penn medicine BioBank (PMBB) participants

D) Black British UK Biobank participants
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Figure 2: Frequency of NAFLD or elevated ALT for each MTARC1 genotype among various 
MTARC1 genotypes in the UKB (A,C) and PMBB cohorts (B,D).
Relative frequencies (%) are shown and visualized by a color coding (right panel). 

Abbreviations: ALT, alanine aminotransferase; BMI, body mass index (kg/m2); DM, 

diabetes mellitus.
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Figure 3: Prospective liver-related and cardiovascular mortality as a function of MTARC1 
rs2642438 genotype in the UKB.
Liver-related mortality was defined as death due to liver diseases or hepatocellular 

carcinoma. (A) Liver-related mortality in the UKB population as a function of MTARC1 
genotype. Participants were followed prospectively from the time of study entry until death 

or end of follow-up. (B) Cardiovascular mortality in the UKB population as a function of 

MTARC1 genotype. Hazard ratios were calculated by Cox regression, adjusted for age, sex, 

BMI, and PC1-4. Hazard ratios: 3A) HR homozygotes vs. non-carrier: 0.61[0.46-0.81]; HR 

heterozygotes vs. non-carrier: 0.85 [0.74-0.98].
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Figure 4: Liver disease related hazard in UKB cohort stratified by MTARC1 rs264238 and 
presence of diabetes, obesity and presence of PNPLA3 rs738409:G.
Liver-related mortality was defined as death due to liver diseases or hepatocellular 

carcinoma. A) Liver-related mortality in non-obese participants as a function of MTARC1 
genotype. B) Liver-related mortality in obese participants as a function of MTARC1 
genotype. C) Liver-related mortality in non-diabetic participants as a function of MTARC1 
genotype. D) Liver-related mortality in diabetic participants as a function of MTARC1 
genotype. E) Liver-related mortality in PNPLA3 rs738409:G non-carriers (genotype C/C) as 

a function of MTARC1 genotype. D) Liver-related mortality in PNPLA3 rs738409:G-

carriers (genotype G/C and G/G) as a function of MTARC1 genotype. Participants were 

followed prospectively from the time of study entry until death or end of follow-up. Hazard 

ratios were calculated by Cox regression, adjusted for age, sex, BMI, and PC1-4. HR 

homozygous vs. non-carriers: A) HR: 0.70 [0.48-1.02], B) HR: 0.52 [0.34-0.80], C) HR: 
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0.67 [0.49-0.91], D) HR: 0.44 [0.22-0.86], F) HR: 0.43 [0.27-0.71]. HR heterozygous vs. 

non-carriers: D) HR: 0.59 [0.35-0.81], F) HR:0.76 [0.62-0.94].
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Table 1:

Characteristics of rs2642438 homozygous or heterozygous Carriers compared with non-carriers in UKB.

Non carriers
(G/G)

n=227 685

Heterozygotes
(G/A)

n=191 936

Homozygotes
(A/A)

n=40 591

p-Value
G/G vs
G/A

p-Value
G/G vs A/A

Characteristics Univ. Univ.

Age (years) 56.6±8.1 56.8±8.0 56.8±8.0 .11 .089

Women (%) 55 54 54 .18 .11

BMI (kg/m2) 27.4±4.8 27.4±4.8 27.4±4.8 .24 .55

Alcohol (g/d) 8.9±10.1 9.0±10.2 9.2±10.1 .038 .00002

Diabetes mellitus (%) 5 5 5 .59 .085

Ethnicity (% white) 100 100 100

 

Frequency of well-known NAFLD influencing genes*

HSD17B13 rs72621367:TA 0.55±0.63 0.55±0.63 0.55±0.63 .10 .18

PNPLA3 rs738409:G 0.43±0.58 0.43±0.58 0.43±0.58 .34 .26

 

Liver status Multiv, Multiv.

ALT (U/l) 23.7±14.5 23.3±13.9 22.8±13.4 1.8*10-25 7.2*10-38

AST (U/l) 26.2±10.8 26.0±10.2 25.9±9.9 .0001 3.3*10-9

GGT (U/l) 37.1±41.9 36.8±41.0 36.8±37.5 .009 .11

Bilirubin (mg/dl) 0.54±0.26 0.53±0.26 0.53±0.26 .000009 .000009

AP (U/l) 83.9±26.3 83.3±26.0 82.6±26.8 2.8*10-16 3.7*10-22

 

Lipid metabolism

Triglycerides (mg/dl) 154±89 156±91 157±91 .000008 1.1*10-9

HDL cholesterol (mg/dl) 57±15 56±15 55±15 9.2*10-18 1.6*10-26

LDL cholesterol (mg/dl) 138±34 137±34 136±34 9.8*10-15 5.3*10-20

Cholesterol (mg/dl) 221±44 219±44 220±44 3.7*10-19 2.4*10-25

Apolipoprotein A1 (g/l) 1.54±0.27 1.54±0.27 1.53±0.27 2.5*10-19 1.1*10-29

Apolipoprotein B (g/l) 1.04±0.24 1.03±0.24 1.03±0.24 5.9*10-7 1.7*10-8

Lipoprotein A (nmol/l) 44.05±48.9 44.04±49.4 44.08±49.4 .99 .90

 

Additional serum parameters

Urate (umol/L) 308.2±80.0 309.0±80.4 310.2±80.4 .011 .00001

Vitamin D (nmol/L) 49.2±20.9 49.5±21.0 49.8±21.2 .000005 4.7*10-8

IGF-1 (nmol/l) 21.3±5.8 21.5±5.6 21.6±5.6 3.2*10-14 2.2*10-16

Quantitative measures are expressed as means and standard deviations or as relative frequencies (%). All multivariable analyses were adjusted for 
age, sex, BMI, and PC1-4.
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*
(0=non carrier, 1=heterozygous, 2=homozygous). A FDR adjusted significance level of p <= 0.03 was used.
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Table 3:

Baseline characteristics of homozygous (G/G) or heterozygous rs2642438 carriers (G/A) compared with non-

carriers (A/A) in PMBB.

Non carriers
(G/G)
n=9 581

Heterozygotes
(G/A)
n=3 889

Homozygotes
(A/A)
n=594

p-Value
G/G vs G/A

p-Value
G/G vs
A/A

Characteristics Univ. Univ.

Age (years) 60.6±17.3 65.9±13.9 69.5±15.4 1.7*10-64 4.1*10-13

Women (%) 57 48 41 2.0*10-18 1.9*10-37

BMI (kg/m2) 29.0±5.9 30.0±6.1 28.4±5.3 3.5*10-21 6.8*10-21

Diabetes mellitus (%) 26 24 22 .048 .040

Ethnicity (% Whites) 33 68 88 4.6*10-306 5.0*10-185

 

Frequency of well-known NAFLD influencing genes*

HSD17B13 rs72621367:TA 0.55±0.63 0.56±0.63 0.57±0.63 .51 .95

PNPLA3 rs738409:G 0.35±0.58 0.41±0.58 0.46±0.58 .47 .67

 

Liver status Multiv. Multiv.

ALT (U/l) 24.4±36.1 23.6±17.8 23.9±17.0 .001 .034

ALT ≥ULN (%) 7 7 6 .22 .064

AST (U/l) 25.3±44.8 24.0±15.7 24.0±17.9 .006 .12

AST ≥ULN (%) 6 6 6 .021
a .86

 

Lipid metabolism

Triglycerides (mg/dl) 112±78 119±69 128±69 .041 .029

HDL cholesterol (mg/dl) 50±15 50±17 48±16 .37 .062

LDL cholesterol (mg/dl) 100±33 95±32 90±34 .057 .052

Cholesterol (mg/dl) 174±39 169±39 163±38 .035 .011

 

ICD10 coded diagnoses

Toxic liver disease (K71) 0.7 0.6 0.5 .20 .22

Hepatic failure (K72) 1.0 0.9 1.0 .99 .77

Chronic Hepatitis (K73) 0.7 0.05 0.0 .59 .99

Fibrosis and cirrhosis (K74) 0.4 0.4 0.2 .90 .23

Inflammatory liver diseases (K75) 2.2 1.8 1.3 .019
b .10

 NASH (K75.8) 2.2 2.0 1.9 .065 .28

Other liver diseases (K76) 4.0 3.5 2.2 .14 .052

 NAFLD (K76.0) 3.0 2.5 1.5 .021
c

.030
d
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Quantitative measures are expressed as means and standard deviations or as relative frequencies (%). All multivariable analyses were adjusted for 
age, sex, BMI, and PC1-4.

*
(0=non carrier, 1=heterozygous, 2=homozygous);

a
aOR=0.81[0.67-0.97]

b
aOR=0.71 [0.54-0.94]

c
aOR=0.85[0.69-0.96]

d
aOR=0.70[0.50-0.98]. A FDR adjusted significance level of p <= 0.03 was used.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Bacterial and virus strains

Biological samples

Chemicals, peptides, and recombinant proteins

Critical commercial assays

Deposited data

Experimental models: cell lines
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: organisms/strains

Oligonucleotides

Recombinant DNA

Software and algorithms

SPSS IBM; Armonk, NY, USA SPSS 26 IBM; Armonk, NY, USA

Prism version 8, GraphPad, LaJolla, CA, USA Prism GraphPad, LaJolla, CA, USA

R version 4.0.2- R R Foundation for Statistical Computing; Vienna, Austria

Other
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