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Heterozygosity of the Alpha 1- Antitrypsin 
Pi*Z Allele and Risk of Liver Disease
Aaron Hakim,1-3* Matthew Moll,3,4* Dandi Qiao,3 Jiangyuan Liu,3 Jessica A. Lasky- Su,3 Edwin K. Silverman,3,4 Silvia Vilarinho,5,6 
Z. Gordon Jiang ,1,2 Brian D. Hobbs,3,4** and Michael H. Cho1,3,4**

The serpin family A member 1 (SERPINA1) Z allele is present in approximately one in 25 individuals of European 
ancestry. Z allele homozygosity (Pi*ZZ) is the most common cause of alpha 1- antitrypsin deficiency and is a proven 
risk factor for cirrhosis. We examined whether heterozygous Z allele (Pi*Z) carriers in United Kingdom (UK) Biobank, 
a population- based cohort, are at increased risk of liver disease. We replicated findings in Massachusetts General 
Brigham Biobank, a hospital- based cohort. We also examined variants associated with liver disease and assessed for 
gene– gene and gene– environment interactions. In UK Biobank, we identified 1,493 cases of cirrhosis, 12,603 Z al-
lele heterozygotes, and 129 Z allele homozygotes among 312,671 unrelated white British participants. Heterozygous 
carriage of the Z allele was associated with cirrhosis compared to noncarriage (odds ratio [OR], 1.53; P  =  1.1×10−04); 
homozygosity of the Z allele also increased the risk of cirrhosis (OR, 11.8; P  =  1.8  ×  10−09). The OR for cirrhosis of 
the Z allele was comparable to that of well- established genetic variants, including patatin- like phospholipase domain 
containing 3 (PNPLA3) I148M (OR, 1.48; P  =  1.1  ×  10−22) and transmembrane 6 superfamily member 2 (TM6SF2) 
E167K (OR, 1.34; P  =  2.6  ×  10−06). In heterozygotes compared to noncarriers, the Z allele was associated with higher 
alanine aminotransferase (ALT; P  =  =  4.6  ×  10−46), aspartate aminotransferase (AST; P  =  2.2  ×  10−27), alkaline phos-
phatase (P  =  3.3  ×  10−43), gamma- glutamyltransferase (P  =  1.2  ×  10−05), and total bilirubin (P  =  6.4  ×  10−06); Z allele 
homozygotes had even greater elevations in liver biochemistries. Body mass index (BMI) amplified the association of 
the Z allele for ALT (P interaction  =  0.021) and AST (P interaction  =  0.0040), suggesting a gene– environment in-
teraction. Finally, we demonstrated genetic interactions between variants in PNPLA3, TM6SF2, and hydroxysteroid 
17- beta dehydrogenase 13 (HSD17B13); there was no evidence of epistasis between the Z allele and these variants. 
Conclusion: SERPINA1 Z allele heterozygosity is an important risk factor for liver disease; this risk is amplified by 
increasing BMI. (Hepatology Communications 2021;5:1348-1361).

The serpin family A member 1 (SERPINA1) 
gene encodes the alpha 1- antitrypsin (AAT) 
protein, an abundant circulating glyco-

protein proteinase inhibitor synthesized primarily 
within hepatocytes.(1,2) The physiologic function of 
AAT is to bind and inactivate neutrophil elastase in 
the lung, protecting alveolar tissue from proteolytic 

degradation.(3) AAT deficiency is a genetic disorder 
characterized by an increased risk for chronic obstruc-
tive pulmonary disease, emphysema, bronchiecta-
sis, and chronic liver disease.(1,2) Point mutations in 
SERPINA1 lead to retention of mutant AAT in the 
liver and hepatocyte toxicity,(4,5) and the resulting lack 
of circulating AAT leads to chronic lung disease.(3)

Abbreviations: AAT, alpha 1- antitrypsin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body 
mass index; FIB- 4, f ibrosis- 4; GGT, gamma- glutamyltransferase; HSD17B13, hydroxysteroid 17- beta dehydrogenase 13; ICD- 10, International 
Classif ication of Diseases, Tenth Revision; LDL- C, low- density lipoprotein cholesterol; Mass, Massachusetts; OR, odds ratio; Pi*Z, heterozygous 
for the SERPINA1 Z allele; Pi*ZZ, homozygous for SERPINA1 Z allele; PNPLA3, patatin- like phospholipase domain containing 3; SERPINA1, 
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The most common cause of AAT deficiency is homo-
zygosity for the SERPINA1 Z allele (rs28929474).(2) 
AAT deficiency is among the most common genetic 
diseases; the SERPINA1 Z allele is present in approx-
imately one in 25 individuals of European ancestry, 
and one in 2,000 persons of European descent are 
homozygotes (Pi*ZZ).(1,2) The pathologic hallmark of 
Pi*ZZ- related liver disease is the presence of intracy-
toplasmic deposition of insoluble AAT globules that 
are periodic acid- Schiff positive, diastase- resistant, 
and visualized with immunochemistry.(4,5)

While the risk of chronic liver disease in patients 
homozygous for the SERPINA1 Z allele has been 
well studied,(6- 10) the risk of liver disease in hetero-
zygous carriers of the SERPINA1 Z allele (Pi*Z) 
remains under investigation. Although initial reports 
found no association between Z allele heterozygotes 
and the risk of liver disease,(11- 14) other case- control 
studies have shown an effect of the Z allele on cystic 
fibrosis- related liver disease,(15) alcoholic and nonalco-
holic fatty liver disease,(16- 18) portal hypertension,(19) 
and liver stiffness and elevated serum transami-
nases.(20) A limitation of these studies is that many 
have been carried out in relatively small sample sizes 

with a limited number of subjects with the Pi*Z gen-
otype. More recently, genome- wide association studies 
have demonstrated the association of the SERPINA1 
Z allele with nonalcoholic liver disease, nonalcoholic 
cirrhosis, and alcoholic cirrhosis.(21- 23) However, these 
studies tend to employ an additive (per allele) genetic 
model where effect estimates are influenced by Z 
allele homozygotes and therefore do not specifically 
address risk in heterozygotes. Hence, we carried out 
the largest study to date to evaluate the association 
of Z allele heterozygosity (Pi*Z) and liver disease 
using International Classification of Diseases, Tenth 
Revision (ICD- 10) codes and biomarkers of liver 
injury. As the development of liver disease among 
subjects with Pi*ZZ is variable,(10) we also assessed 
for gene– environment interactions that might amplify 
the phenotypic effect of sequence variation at the 
SERPINA1 Z allele. Finally, we investigated pos-
sible epistatic (nonadditive) interactions between 
established genetic variants associated with liver dis-
ease and the SERPINA1 Z allele. We performed our 
initial evaluation in the United Kingdom Biobank 
(UK Biobank) cohort, a population- based study of 
502,682 individuals that includes more than 18,000 Z  
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allele heterozygotes. We replicated our findings in 
the Massachusetts (Mass) General Brigham Biobank 
cohort, a hospital- based cohort of 43,534 genotyped 
individuals. We provide evidence that the SERPINA1 
Z allele is among the most important genetic risk fac-
tors for liver injury and cirrhosis.

Participants and Methods
population stRatiFiCation 
anD sample Quality ContRol

UK Biobank is a prospective population- based 
cohort study with 502,682 persons, age 40- 69 years, 
for whom extensive baseline questionnaire data, phys-
iologic measures, and biologic specimens have been 
obtained.(24) Participants in the UK Biobank project 
provided written informed consent, and UK Biobank 
protocols are approved by the National Research 
Ethics Service. Analyses in this project were con-
ducted under UK Biobank Resource Project 20915 
and were approved by the Mass General Brigham 
Institutional Review Board. We used genotype data 
from the UK Biobank data set release version 2 and 
the Homo sapiens (human) genome assembly GRCh37 
(hg19) human genome reference for all analyses in 
this study. To minimize variabilities due to population 
structure in our data set, we restricted the analysis 
to include individuals of self- reported white British 
ancestry. We also excluded individuals with more 
genome- wide heterozygosity than expected, an excess 
of missing genotype calls, putative sex chromosome 
aneuploidy, and more than 10 third- degree relatives. 
To select unrelated individuals, we further removed at 
least 1 individual from each related pair with kinship 
coefficient >0.0625, giving preference to inclusion of 
patients with all- cause cirrhosis by ICD- 10 codes. 
After quality control, 312,671 unrelated white British 
subjects were included in the analysis. We replicated 
our findings using Mass General Brigham Biobank, a 
large integrated database with clinical and genetic data 
from 43,534 individuals.(25) To minimize variabilities 
due to population structure, we restricted the analysis 
of Mass General Brigham Biobank to include indi-
viduals of self- reported white ancestry and removed at 
least 1 individual from each related pair with kinship 
coefficient >0.0885; 19,323 subjects with unrelated 
white ancestry were included in the analysis.

single- nuCleotiDe 
polymoRpHism- BaseD 
genotyping

In the UK Biobank cohort, genotyping was per-
formed using either the UK Biobank Lung Exome 
Variant Evaluation (UK BiLEVE) Axiom array or 
the UK Biobank Axiom array. We filtered out variants 
with minor allele frequency lower than 1%, variants 
with imputation quality lower than 0.5, and variants 
not included in the Haplotype Reference Consortium 
(HRC) imputation panel, as recommended by UK 
Biobank at the time of analysis. For Mass General 
Brigham Biobank, genotyping was performed using 
the Illumina MEGA array. Variants were imputed to 
the HRC using the Michigan Imputation Server. The 
SERPINA1 Z allele rs28929474(T) as well as patatin- 
like phospholipase domain containing 3 (PNPLA3) 
I148M rs738409(G), transmembrane 6 superfam-
ily member 2 (TM6SF2) E167K rs58542926(T), 
and the hydroxysteroid 17- beta dehydrogenase 13 
(HSD17B13) splice variant rs72613567(TA) were 
extracted using PLINK 2.0, and genotypes were 
coded using an additive model (0 for reference allele 
homozygotes, 1 for heterozygotes, and 2 for alternate 
allele homozygotes).

iCD- 10- BaseD liVeR Disease 
pHenotypes FoR CiRRHosis, 
alCoHoliC CiRRHosis, anD 
Fatty liVeR Disease

In UK Biobank, ICD- 10 diagnosis codes were col-
lated for each participant across all inpatient hospital 
records dating back to 1997 for England, 1998 for 
Wales, and 1981 for Scotland.(26) In Mass General 
Brigham Biobank, participant samples were linked 
to the electronic medical record dating back to 1992, 
including physician diagnosis according to ICD- 10 
codes.(25) We defined an all- cause cirrhosis phenotype 
by combining the following ICD- 10 codes: K702 
(alcoholic fibrosis and sclerosis of liver), K703 (alco-
holic cirrhosis of liver), K704 (alcoholic hepatic fail-
ure), K740 (hepatic fibrosis), K741 (hepatic sclerosis), 
K742 (hepatic fibrosis with hepatic sclerosis), K746 
(other and unspecified cirrhosis of the liver), K766 
(portal hypertension), I850 (bleeding esophageal var-
ices), I859 (esophageal varices), K717 (toxic liver dis-
ease with fibrosis and cirrhosis of liver), K721 (chronic 
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hepatic failure), K729 (hepatic failure, unspecified), 
and K767 (hepatorenal syndrome). We excluded cases 
of cirrhosis secondary to autoimmune indications, 
including primary biliary cholangitis, primary scleros-
ing cholangitis, and autoimmune hepatitis. We also 
investigated phenotypes for alcoholic cirrhosis and 
all- cause fatty liver disease. For the alcoholic cirrho-
sis phenotype, we combined K702 (alcoholic fibrosis 
and sclerosis of liver), K703 (alcoholic cirrhosis of 
liver), and K704 (alcoholic hepatic failure). For the 
all- cause fatty liver disease phenotype, we combined 
K700 (alcoholic fatty liver), K701 (alcoholic hepatitis), 
K709 (alcoholic liver disease, unspecified), K760 (fatty 
liver, not elsewhere classified), K758 (other specified 
inflammatory liver diseases), and K759 (inflammatory 
liver disease, unspecified).

assoCiation analysis 
FoR BinaRy liVeR 
Disease pHenotypes anD 
QuantitatiVe tRaits

R version 3.6.0 was used to perform association 
analyses for quantitative (circulating biomarkers of 
liver injury, lipids) and binary (ICD- 10 diagnosis) 
traits using linear and logistic regression, respectively. 
We adjusted for age, sex, body mass index (BMI), 
total number of medications taken by each participant, 
genotyping batch, and first 10 principal components 
of ancestry. Age refers to the age of the participant 
on the day they were enrolled in the Biobank proj-
ect. To account for case- control imbalance for binary 
liver disease phenotypes and lower allele frequencies, 
all logistic regression results were analyzed using the 
Firth penalized likelihood approach.(27) We calcu-
lated per allele odds ratios (ORs) using the standard 
additive model. To estimate risk in heterozygotes, we 
calculated genotypic ORs (i.e., heterozygous versus 
wild type, excluding homozygotes); genotypic ORs 
for homozygotes (i.e., homozygous versus wild type, 
excluding heterozygotes) were also assessed. We log 
transformed alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), alkaline phosphatase 
(ALP), gamma- glutamyltransferase (GGT), and total 
bilirubin, resulting in approximately normal distri-
butions. A Bonferroni- adjusted significance level of 
P < 0.0042 was used for the four genetic variants and 
three models tested.

sensitiVity analysis FoR 
alCoHol use

Given the known important role of alcohol intake 
on liver injury, we performed a sensitivity analysis 
exploring the association of genetic variants of interest 
with biomarkers of liver injury and cirrhosis, adding 
the self- reported number of alcoholic drinks con-
sumed as a covariate. We calculated the average units 
of alcohol consumed per week for each participant in 
UK Biobank, assuming 2 units (16 g) of pure alcohol 
in a pint of beer/cider; 1.5 units (12 g) in a glass of 
red wine, champagne, white wine, fortified wine, and 
“other” alcohol drinks; and 1 unit (8 g) in a measure of 
spirits. For participants who reported consuming alco-
hol monthly rather than weekly, we multiplied by 0.23 
to convert monthly alcohol consumption to weekly.

assessing FoR a SERPINA1 Z 
allele × Bmi inteRaCtion

To evaluate the combined effects of the SERPINA1 
Z allele and BMI on biomarkers of liver injury, we 
performed an interaction analysis using an additive 
model. The additive model included the main effects 
of the Z allele and BMI as well as an interaction term. 
BMI was entered as a continuous variable in all anal-
yses. We also assessed the robustness of the interac-
tion by excluding Z allele homozygotes in a sensitivity 
analysis. To depict the interaction between genotype 
and BMI visually, participants were divided into the 
following four categories of BMI: lean (≤25 kg/m2), 
overweight (25- 30 kg/m2), obese (30- 35 kg/m2), and 
very obese (>35 kg/m2).

analysis oF genetiC 
inteRaCtion BetWeen 
VaRiants assoCiateD WitH 
liVeR inJuRy

We evaluated the combined effects of two genetic 
variants of interest on biomarkers of liver injury by per-
forming an association analysis using linear regression, 
modeling the main effects for each variant of interest, 
as well as a cross- product interaction term, assum-
ing an additive model. We also calculated an overall 
4 degree- of- freedom test for interaction by modeling 
additive and dominance effects at each of the two 
loci as well as modeling four interaction terms and 
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compared this with a null model with lack of epistasis 
implying that all interaction coefficients are 0.(28) All 
models were adjusted for age, sex, BMI, total number 
of medications taken by each participant, genotyping 
batch, and first 10 principal components of ancestry. 
A Bonferroni- adjusted significance level of P < 0.0083 
was used for the six pairs of genetic variants tested.

Results
stuDy population 
CHaRaCteRistiCs, eValuation 
oF CiRRHosis pHenotype

In UK Biobank, we identified 1,493 cases of cir-
rhosis, 12,603 SERPINA1 Z allele heterozygotes, and 
129 SERPINA1 Z allele homozygotes in the 312,671 
unrelated white British subjects included in our analy-
sis. Patients with and without cirrhosis were compared 
(Table 1). Consistent with prior studies,(29,30) patients 
with cirrhosis had elevated ALT, AST, ALP, GGT, 
total bilirubin, direct bilirubin, and fibrosis- 4 (FIB- 4) 

scores and had lower albumin levels, platelet counts, 
total cholesterol, and direct low- density lipoprotein 
cholesterol (LDL- C) (P < 0.001 for all). Patients with 
cirrhosis were also older, were more likely to be men, 
had higher BMI and waist circumference, consumed 
more weekly alcohol among subjects reporting alcohol 
use, and took more medications (P < 0.001 for all). Age 
(OR, 1.04; P < 0.001), male sex (OR, 2.43; P < 0.001), 
BMI (OR, 1.07; P  <  0.001), number of medications 
(OR, 1.2; P < 0.001), and weekly alcohol consumption 
(OR, 1.02; P  <  0.001) were associated with cirrhosis 
by univariate analysis using logistic regression.

SERPINA1 Z allele is 
assoCiateD WitH CiRRHosis

We used UK Biobank to investigate the association 
of the SERPINA1 Z allele with broad categories of 
liver disease, including cirrhosis, alcoholic cirrhosis, and 
fatty liver disease. In an additive model, the SERPINA1 
Z allele was associated with cirrhosis in an allele 
dose- dependent manner (OR, 1.69; P  =  2.3  ×  10−07)  
(Fig. 1). The SERPINA1 Z allele was also associated 

taBle 1. CHaRaCteRistiCs oF suBJeCts WitH anD WitHout CiRRHosis By iCD- 10 CoDes in uK 
BioBanK

No Cirrhosis (n = 311,178) Cirrhosis (n = 1,493) Total (N = 312,671) P Value

Age (years) 56.85 (7.98) 58.98 (7.10) 56.86 (7.98) <0.001

Sex (male) 144,170 (46%) 1,011 (68%) 145,181 (46%) <0.001

BMI (kg/m2) 26.70 [24.12, 29.82] 28.54 [25.43, 32.52] 26.70 [24.12, 29.83] <0.001

Waist (cm) 90.33 (13.39) 99.09 (14.53) 90.37 (13.41) <0.001

Number of Medications 2.00 [0.00, 4.00] 4.00 [2.00, 7.00] 2.00 [0.00, 4.00] <0.001

ALT (U/L) 20.16 [15.47, 27.31] 29.97 [20.40, 48.06] 20.18 [15.48, 27.37] <0.001

AST (U/L) 24.40 [21.00, 28.80] 36.30 [26.10, 57.00] 24.40 [21.00, 28.80] <0.001

GGT (U/L) 26.20 [18.50, 40.70] 75.00 [35.80, 192.38] 26.20 [18.50, 40.90] <0.001

ALP (U/L) 80.30 [67.30, 95.60] 96.93 [77.97, 126.90] 80.30 [67.30, 95.70] <0.001

Total bilirubin (µmol/L) 8.08 [6.45, 10.41] 9.96 [7.49, 14.32] 8.09 [6.45, 10.43] <0.001

Direct bilirubin (µmol/L) 1.61 [1.30, 2.08] 2.26 [1.64, 3.51] 1.61 [1.30, 2.09] <0.001

Platelets (109 cells/L) 247.80 [213.30, 286.50] 204.30 [156.70, 260.00] 247.60 [213.00, 286.30] <0.001

Albumin (g/L) 45.26 (2.59) 43.49 (3.88) 45.26 (2.60) <0.001

FIB- 4 1.24 [0.98, 1.57] 1.91 [1.33, 3.16] 1.25 [0.98, 1.58] <0.001

Weekly alcohol use 12.00 [6.00, 22.00] 20.00 [9.00, 40.00] 12.00 [6.00, 22.00] <0.001

LDL (mmol/L) 3.57 (0.87) 3.16 (0.92) 3.57 (0.87) <0.001

HDL (mmol/L) 1.46 (0.38) 1.35 (0.45) 1.45 (0.38) <0.001

Cholesterol (mmol/L) 5.72 (1.14) 5.15 (1.28) 5.72 (1.14) <0.001

Mean (SD) or number (%) are reported for normal variables and median [interquartile range] for non- normal variables. Comparisons are 
made using the t test for normal variables and the Kruskal- Wallis test for non- normal variables. FIB- 4 is a noninvasive marker of hepatic 
fibrosis calculated by age × AST [U/L] / (PLT [109/L] × ALT1/2 [U/L]).(30) Alcohol use is defined by average units of alcohol consumed 
per week among subjects reporting alcohol use.
Abbreviations: HDL, high- density lipoprotein; PLT, platelet.
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with higher odds of cirrhosis in both heterozygotes ver-
sus noncarriers (OR, 1.53; P = 1.1 × 10−04) and homo-
zygotes versus noncarriers (OR, 11.8; P = 1.8 × 10−09) 
(Fig. 1). The SERPINA1 Z allele was associated with 
alcoholic cirrhosis in a per allele additive model (OR, 
1.89; P  =  2.5  ×  10−04), in heterozygotes versus non-
carriers (OR, 1.83; P = 9.4 × 10−04), and in homozy-
gotes versus noncarriers (OR, 9.21; P  =  4.7  ×  10−03) 
(Supporting Fig. S1). There was no association 
between the SERPINA1 Z allele and fatty liver disease 
(OR, 1.22; P = 0.17) (Supporting Fig. S2).

SERPINA1 Z allele is 
assoCiateD WitH BiomaRKeRs 
oF liVeR inJuRy

Circulating liver enzymes are sensitive biomark-
ers of liver injury. We explored the association of the 
SERPINA1 Z allele with log- transformed ALT, AST, 
ALP, GGT, and total bilirubin in the UK Biobank 
cohort. In an additive model, the SERPINA1 Z allele 
was associated with higher blood levels of ALT, AST, 
ALP, GGT and total bilirubin (Supporting Table S1). 

In heterozygotes versus noncarriers, the SERPINA1 Z 
allele was also associated with higher blood levels of 
ALT, AST, ALP, GGT, and total bilirubin (Table 2). 
Subjects homozygous for the Z allele had even greater 
elevations in circulating biomarkers of liver injury, 
including higher blood levels of ALT, AST, ALP, and 
GGT (Table 2).

ValiDation oF VaRiants 
pReViously assoCiateD WitH 
liVeR Disease

Common polymorphisms in PNPLA3 and TM6SF2 
are important risk factors for liver disease,(31,32) and a 
splice variant in HSD17B13 has been associated with 
protection against liver disease.(21) Consistent with 
prior studies that included an independent analysis in 
UK Biobank,(22) we confirmed that PNPLA3 I148M 
and TM6SF2 E167K were associated with cirrhosis in 
an allele dose- dependent manner and that HSD17B13 
rs72613567(TA) was associated with protection from 
cirrhosis (Fig. 2). For PNPLA3 I148M, the additive 
OR for cirrhosis was 1.48 (P  =  1.1  ×  10−22) (Fig. 2); 

Fig. 1. Association of SERPINA1 Z allele with cirrhosis phenotype by ICD- 10 diagnostic codes in UK Biobank, using the Firth 
penalized likelihood approach. ORs were calculated with the use of logistic regression, with adjustment for age, sex, BMI, total number 
of medications, genotyping batch, and first 10 principal components of ancestry. Subjects were coded 0 for reference allele homozygotes, 
1 for heterozygotes, and 2 for alternate allele homozygotes. The first panel reflects an additive (per allele) model and the second and third 
panels reflect genotypic ORs for SERPINA1 Z allele heterozygotes (C/T) and homozygotes (T/T), respectively. The table reflects the 
number of subjects with and without cirrhosis for each genotype.
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the OR for cirrhosis in heterozygotes versus noncarriers 
was 1.34 (P  =  8.2  ×  10−08) and in homozygotes ver-
sus noncarriers was 2.51 (P = 2.4 × 10−23) (Fig. 3). For 
TM6SF2 E167K, the additive OR for cirrhosis was 1.34 
(P = 2.6 × 10−06) (Fig. 2); the OR for cirrhosis in het-
erozygotes versus noncarriers was 1.25 (P = 1.5 × 10−03) 
and in homozygotes versus noncarriers was 2.91 
(P = 7.6 × 10−07) (Fig. 3). The PNPLA3 I148M allele 
and TM6SF2 E167K were both also associated with 
alcoholic cirrhosis (additive OR, 1.84; P = 2.0 × 10−18; 
and additive OR, 1.39; P  =  2.9  ×  10−03; respectively) 
(Supporting Fig. S3) and all- cause fatty liver disease 
(additive OR, 1.43; P = 5.6 × 10−13; and additive OR, 

1.22; P = 1.1 × 10−02; respectively) (Supporting Fig. S2).  
The splice variant in HSD17B13 rs72613567(TA) 
was protective against cirrhosis (additive OR, 0.88; 
P = 1.7 × 10−03) (Fig. 2) and fatty liver disease (additive 
OR, 0.85; P = 1.5 × 10−03) (Supporting Fig. S2).

assoCiation oF KnoWn 
genetiC VaRiants WitH 
BiomaRKeRs oF liVeR inJuRy

We explored the association of PNPLA3 I148M, 
TM6SF2 E167K, and HSD17B13 rs72613567(TA) 
with log- transformed ALT, AST, ALP, GGT, and 

Fig. 2. Association of PNPLA3 I148M, TM6SF2 E167K, and HSD17B13 rs72613567(TA) with cirrhosis by ICD- 10 diagnostic codes 
in the UK Biobank additive (per allele) model, using the Firth penalized likelihood approach. ORs were calculated with the use of logistic 
regression, with adjustment for age, sex, BMI, total number of medications, genotyping batch, and first 10 principal components of 
ancestry. Subjects were coded 0 for reference allele homozygotes, 1 for heterozygotes, and 2 for alternate allele homozygotes. The table 
reflects the number of subjects with and without cirrhosis for each genotype.
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total bilirubin in UK Biobank. As expected, PNPLA3 
I148M and TM6SF2 E167K were associated with 
elevated levels of ALT, AST, GGT and total biliru-
bin (Supporting Table S1). Both variants were associ-
ated with decreased ALP (Supporting Table S1). The 
HSD17B13 splice variant rs72613567(TA) was asso-
ciated with decreased circulating levels of ALT, AST, 
GGT, and total bilirubin but was associated with 
increased levels of ALP (Supporting Table S1).

assoCiation oF genetiC 
VaRiants WitH CiRCulating 
lipiDs

The PNPLA3 I148M and TM6SF2 E167K alleles 
that increase the risk of cirrhosis have been reported to 
decrease circulating LDL- C and total cholesterol and 
decrease the risk of cardiovascular disease.(32- 35) This 
raises the possibility that therapeutic strategies targeting 

taBle 2. assoCiation oF genetiC VaRiants WitH BiomaRKeRs oF liVeR inJuRy in SERPINA1 Z 
allele (pi*Z) HeteRoZygotes anD HomoZygotes (pi*ZZ) in uK BioBanK

Pi*Z heterozygotes Measure (U/L) Estimate SE Pr (>|t|)

log ALT 5.43e−02 3.81e−03 4.64e−46

log AST 2.67e−02 2.47e−03 2.23e−27

log ALP 3.46e−02 2.51e−03 3.26e−43

log GGT 2.31e−02 5.28e−03 1.21e−05

log total bilirubin 1.56e−02 3.46e−03 6.35e−06

Pi*ZZ homozygotes Measure (U/L) Estimate SE Pr (>|t|)

log ALT 1.37e−01 3.75e−02 2.66e−04

log AST 1.85e−01 2.43e−02 2.72e−14

log ALP 6.03e−02 2.47e−02 1.45e−02

log GGT 1.81e−01 5.22e−02 5.43e−04

log total bilirubin 4.97e−02 3.41e−02 1.45e−01

Linear regression was performed adjusting for age, sex, BMI, number of medications, batch, and the first 10 principal components of 
ancestry.
Abbreviations: Pr (>|t|), P value for the proportion of the t distribution that is greater than the absolute value of the t statistic; SE, standard 
error.

Fig. 3. Association of PNPLA3 I148M, and TM6SF2 E167K with cirrhosis phenotype by ICD- 10 diagnostic codes in the UK Biobank 
genotypic model, using the Firth penalized likelihood approach. Genotypic ORs are shown for PNPLA3 I148M heterozygotes (C/G) and 
homozygotes (G/G) as well as for TM6SF2 E167K heterozygotes (C/T) and homozygotes (T/T). ORs were calculated with the use of logistic 
regression, with adjustment for age, sex, BMI, total number of medications, genotyping batch, and first 10 principal components of ancestry.



Hepatology CommuniCations, august 2021HAKIM, MOLL, ET AL.

1356

PNPLA3, TM6SF2, or other variants associated with 
liver disease may adversely impact cardiovascular risk. 
We evaluated the association of PNPLA3 I148M, 
TM6SF2 E167K, HSD17B13 rs72613567(TA), and 
the SERPINA1 Z allele with total cholesterol and 
direct LDL- C in UK Biobank (Supporting Table S2). 
Both PNPLA3 I148M and TM6SF2 E167K were 
associated with decreased cholesterol and direct LDL- 
C. The splice variant in HSD17B13 that protects 
against cirrhosis was associated with increased total 
cholesterol but was not associated with direct LDL- 
C. The SERPINA1 Z allele was not associated with 
either total cholesterol or LDL- C.

Bmi anD tHe SERPINA1 Z allele 
inteRaCt to inCRease tHe 
RisK oF liVeR inJuRy

To determine if the effect of the Pi*Z variant on 
hepatocellular injury is modified by BMI, we analyzed 
the relationship between the SERPINA1 genotype 
and ALT and AST after stratifying participants in 
UK Biobank into four categories based on BMI (Fig. 
4). In all four BMI groups, the mean ALT or AST of 
Z allele heterozygotes was in between the levels of the 
reference allele homozygotes and Z allele homozy-
gotes (Fig. 4). We performed linear regression analysis 
modeling the main effects for the Pi*Z variant and 
BMI as well as an interaction term (Z allele × BMI), 
assuming an additive model. We observed an interac-
tion of BMI and the SERPINA1 Z allele in associa-
tion with increased ALT (P interaction = 0.021) and 
AST (P interaction = 0.0040), using BMI as a contin-
uous variable. Significant BMI and Z allele interaction 
was also observed in a sensitivity analysis excluding 
Z allele homozygotes (P interaction = 0.026 for ALT 
and P interaction = 0.0088 for AST).

genetiC inteRaCtion 
BetWeen pnpla3, tm6sF2, 
HsD17B13, anD SERPINA1 
VaRiants

We investigated possible epistatic interactions 
between genetic variants associated with liver disease 
in UK Biobank. By testing for interaction between 
the two variants in association with log- transformed 
ALT and AST levels, we found that HSD17B13 
rs72613567(TA) modified the risk of liver injury 

associated with PNPLA3 I148M. Each HSD17B13 
rs72613567(TA) allele mitigated increases in ALT 
(P interaction  =  2.0  ×  10−10) and AST (P interac-
tion  =  5.9  ×  10−14) associated with each PNPLA3 
I148M allele (Supporting Table S3). The interac-
tions remained significant when using an overall 4 
degree- of- freedom test for genetic interaction,(28) with 
P = 3.0 × 10−11 for interaction in association with ALT 
and P = 2.6 × 10−14 for interaction in association with 
AST (Supporting Table S4). We also found evidence 
of epistasis between PNPLA3 I148M and TM6SF2 
E167K, such that each TM6SF2 E167K allele enhanced 
the increase in ALT (P interaction = 4.3 × 10−04) and 
AST (P interaction = 2.6 × 10−05) levels associated with 
each PNPLA3 I148M allele (Supporting Table S3). 
This interaction remained significant in an analysis 
using a 4 degree- of- freedom test, with P = 4.7 × 10−05 
in association with ALT and P = 9.5 × 10−06 in associ-
ation with AST (Supporting Table S4). There was no 
evidence of epistasis between the Z allele and other 
well- established genetic risk factors for liver injury.

sensitiVity analysis FoR 
alCoHol Consumption

Given the impact of alcohol intake on liver damage, 
we performed a sensitivity analysis in UK Biobank, 
analyzing the association of genetic variants of inter-
est with biomarkers of liver injury and cirrhosis while 
accounting for weekly alcohol consumption. The 
results were consistent across all analyses, suggesting 
that PNPLA3 I148M, TM6SF2 E167K, HSD17B13 
rs72613567(TA), and the SERPINA1 Z allele have an 
impact on liver disease independent of alcohol con-
sumption (Supporting Table S5; Supporting Fig. S4).

ValiDation oF FinDings in an 
inDepenDent Hospital- BaseD 
CoHoRt

In the Mass General Brigham Biobank cohort, we 
identified 929 cases of cirrhosis, 615 SERPINA1 Z 
allele heterozygotes, and 13 SERPINA1 Z allele homo-
zygotes in 19,323 unrelated white ancestry subjects. As 
expected, patients with all- cause cirrhosis had elevated 
ALT, AST, ALP, and FIB- 4 scores and had lower albu-
min levels, platelet counts, total cholesterol, and LDL- C 
(P  <  0.001 for all) (Table 3). Patients with cirrhosis 
were also more likely to be men, were older, and had 
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higher BMI (P  < 0.001 for all). In this hospital- based 
cohort, the proportion of individuals with cirrhosis was 
higher compared to UK Biobank (Table 3). Age (OR, 
1.01; P  < 0.001), male sex (OR, 1.55; P  < 0.001), and 
BMI (OR, 1.04; P < 0.001) were associated with cirrho-
sis by univariate analysis using logistic regression. The 
SERPINA1 Z allele, PNPLA3 I148M, and TM6SF2 
E167K were all associated with cirrhosis in an allele dose- 
dependent manner. The OR for the SERPINA1 Z allele 

in association with cirrhosis was 1.64 (P = 3.5 × 10−02), 
compared to 1.48 (P = 2.0 × 10−06) for PNPLA3 I148M 
and 1.33 (P = 2.8 × 10−02) for TM6SF2 E167K (Fig. 5). 
SERPINA1 Z allele heterozygotes had a trend toward 
increased risk of cirrhosis (OR, 1.55; P = 8.3 × 10−02), 
while Pi*ZZ homozygous individuals had a significantly 
increased risk of cirrhosis (OR, 7.2; P  =  5.0  ×  10−02) 
(Supporting Fig. S5). PNPLA3 I148M and TM6SF2 
E167K were associated with all- cause fatty liver 

Fig. 4. ALT and AST by BMI and SERPINA1 genotype in UK Biobank. Circles and bars depict medians and interquartile ranges, 
respectively. The ALT-  and AST- increasing effect of the SERPINA1 Z allele was amplified by increasing BMI (P for interaction 
SERPINA1 Z allele × BMI on ALT = 0.021; P for interaction SERPINA1 Z allele × BMI on AST = 0.0040). Significant interaction was 
also observed in a sensitivity analyses excluding Z allele homozygotes (P interaction = 0.026 for ALT; P interaction = 0.0088 for AST).
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disease (additive OR, 1.25; P  = 1.9 × 10−05; and addi-
tive OR, 1.26; P = 4.9 × 10−03; respectively), while the 
SERPINA1 Z allele was not associated with fatty liver 
disease (additive OR, 1.17; P = 0.35) (Supporting Fig. 
S6). The SERPINA1 Z allele was also associated with 
higher blood levels of log- transformed ALT and ALP, 
and similar associations were demonstrated for PNPLA3 
I148M and TM6SF2 E167K in association with ALT 
and AST (Table 4). Our study was not sufficiently 
powered to detect gene– environment interactions in the 
Mass General Brigham Biobank cohort.

Discussion
In this study, we provide evidence from both a large 

population- based cohort and a hospital- based cohort 
that the SERPINA1 Z allele is associated with cirrhosis 
and biochemical tests of liver injury. We also validate 
several genetic variants previously associated with liver 
disease, including PNPLA3 I148M, TM6SF2 E167K, 
and HSD17B13 rs72613567(TA). Our findings suggest 
that the SERPINA1 Z allele is among the most import-
ant genetic risk factors for cirrhosis and liver injury in 
subjects of European ancestry. This study adds to a grow-
ing body of literature illustrating a liver disease burden 
in Z allele heterozygotes,(16- 18) including a recent large 
cross- sectional analysis of the European Alpha- 1 Liver 
Cohort.(20) Our analysis included 12,603 SERPINA1 
Z allele heterozygotes from a population- based cohort 
and 615 Z allele heterozygotes from a hospital- based 
cohort, collectively representing the largest study associ-
ating the Z allele with liver disease outcomes. In contrast 
to prior case- control studies in Z allele heterozygotes, 
a major strength of using UK Biobank is that partic-
ipants were not recruited on the basis of having liver 
disease, enabling a population- based assessment of the 
role of Z allele heterozygosity on liver phenotypes. Our 
study also complements prior genome- wide association 
studies that have identified the SERPINA1 Z allele as a 
risk factor for liver disease. While these studies tend to 
employ an additive (per allele) genetic model,(21,22) our 
study provides the specific assessment of a heterozygous 

taBle 3. CHaRaCteRistiCs oF suBJeCts WitH anD WitHout CiRRHosis By iCD- 10 CoDes in mass 
geneRal BRigHam BioBanK

No Cirrhosis (n = 18,394) Cirrhosis (n = 929) Total (N = 19,323) P Value

Age (years) 63.00 [49.00, 73.00] 65.00 [57.00, 73.00] 63.00 [50.00, 73.00] <0.001

Sex (male) 8,620 (47%) 536 (58%) 9,156 (47%) <0.001

BMI (kg/m2) 26.58 [23.40, 30.55] 28.25 [24.55, 32.79] 26.61 [23.41, 30.66] <0.001

ALT (U/L) 22.48 [17.00, 31.25] 35.85 [24.91, 56.85] 23.00 [17.05, 32.36] <0.001

AST (U/L) 24.00 [19.91, 30.09] 40.23 [28.36, 61.44] 24.33 [20.00, 31.00] <0.001

ALP (U/L) 73.00 [60.43, 89.44] 95.39 [75.06, 131.14] 74.00 [61.00, 91.00] <0.001

Platelets (109 cells/L) 242.90 [205.00, 285.23] 209.31 [159.74, 259.42] 241.45 [203.00, 284.42] <0.001

Albumin (g/dL) 4.26 [3.99, 4.47] 3.93 [3.57, 4.25] 4.25 [3.97, 4.47] <0.001

FIB- 4 1.29 [0.90, 1.81] 2.17 [1.39, 3.57] 1.32 [0.92, 1.87] <0.001

LDL (mg/dL) 97.33 [77.00, 119.00] 88.80 [70.52, 110.71] 97.00 [76.50, 118.50] <0.001

HDL (mg/dL) 53.00 [43.00, 65.76] 46.00 [37.67, 57.33] 52.67 [42.59, 65.17] <0.001

Cholesterol (mg/dL) 183.17 [160.32, 206.99] 174.00 [149.75, 196.29] 182.50 [159.50, 206.36] <0.001

Median [interquartile range] or number (%) are reported. Comparisons are made using the Kruskal- Wallis test. FIB- 4 is a noninvasive 
marker of hepatic fibrosis calculated by age × AST [U/L] / (PLT [109/L] × ALT1/2 [U/L]).(30)

Abbreviations: HDL, high- density lipoprotein; PLT, platelet.

taBle 4. assoCiation oF genetiC VaRiants 
WitH BiomaRKeRs oF liVeR inJuRy in tHe 

aDDitiVe (peR allele) moDel in mass 
geneRal BRigHam BioBanK

Variant Measure (U/L) Estimate SE Pr (>|t|)

PNPLA3 I148M log ALT 3.69e−02 8.43e−03 1.21e−05

log AST 2.67e−02 6.19e−03 1.61e−05

log ALP 4.13e−03 6.21e−03 5.06e−01

TM6SF2 E167K log ALT 2.75e−02 1.38e−02 4.63e−02

log AST 2.15e−02 1.01e−02 3.38e−02

log ALP −1.51e−02 1.02e−02 1.38e−01

SERPINA1 Z allele log ALT 8.18e−02 2.70e−02 2.44e−03

log AST 3.34e−02 1.99e−02 9.23e−02

log ALP 7.07e−02 1.99e−02 3.74e−04

Linear regression was performed adjusting for age, sex, BMI, batch, 
and the first 10 principal components of ancestry.
Abbreviations: Pr (>|t|), P value for the proportion of the t distri-
bution that is greater than the absolute value of the t statistic; SE, 
standard error.
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versus wild- type model, where effect estimates are not 
influenced by the disease or biomarker status of the Z 
allele homozygotes. We demonstrate that Z allele het-
erozygotes have an intermediate liver phenotype com-
pared to Pi*ZZ homozygous individuals. Our data also 
confirm the marked susceptibility of Pi*ZZ individuals 
to end- stage liver disease.

As with the development of chronic lung dis-
ease,(36,37) the development of liver disease among 
Pi*ZZ homozygous or Pi*Z heterozygous subjects is 
variable,(10) and other genetic and environmental risk 
factors may contribute to this variability. A recent 
study demonstrated that adiposity amplifies the risk of 

fatty liver disease conferred by multiple loci, including 
PNPLA3 I148M, TM6SF2 E167K, and glucokinase 
regulator (GCKR) P446L.(38) We evaluated the com-
bined effect of the SERPINA1 Z allele and BMI on 
biomarkers of liver injury and demonstrated an interac-
tion of BMI with the SERPINA1 Z allele in association 
with ALT or AST in UK Biobank. This finding should 
be validated in an independent cohort. Potential mech-
anisms for the SERPINA1 Z allele and BMI interaction 
effect include obesity- induced endoplasmic reticulum 
stress(39) and autophagy dysregulation,(40) which may 
aggravate proteotoxic stress from the accumulation of 
misfolded mutant AAT in the endoplasmic reticulum 

Fig. 5. Association of PNPLA3 I148M, the SERPINA1 Z allele, and TM6SF2 E167K with cirrhosis by ICD- 10 diagnostic codes in 
the Mass General Brigham Biobank additive (per allele) model, using the Firth penalized likelihood approach. ORs were calculated with 
the use of logistic regression, with adjustment for age, sex, BMI, genotyping batch, and first 10 principal components of ancestry. Subjects 
were coded 0 for reference allele homozygotes, 1 for heterozygotes, and 2 for alternate allele homozygotes. The table reflects the number 
of subjects with and without cirrhosis for each genotype.
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of hepatocytes.(4,5) Additional research will be required 
to further delineate the mechanism of the synergistic 
relationship between the SERPINA1 Z allele and BMI.

There are no pharmacologic interventions currently 
approved for liver disease associated with AAT defi-
ciency, although several approaches have demonstrated 
preclinical proof- of- concept and have entered early 
stage clinical trials.(2) Our data suggest that therapeu-
tic silencing of the SERPINA1 Z allele(41) may have 
benefit in patients with liver disease from homozy-
gous AAT deficiency and also in heterozygous carri-
ers of the Z allele. Whereas the PNPLA3 I148M and 
TM6SF2 E167K variants that increase the risk of cir-
rhosis have a protective effect on circulating lipids and 
reduce risk of coronary artery disease,(32- 35) the lack 
of association of the SERPINA1 Z allele with total 
cholesterol or LDL- C in UK Biobank suggests that 
therapeutic targeting of SERPINA1 may not necessar-
ily lead to excess cardiovascular risk.

We hypothesized that genetic interactions may play 
an important role in disease susceptibility. We found 
that HSD17B13 rs72613567(TA) mitigated the risk of 
liver injury conferred by the PNPLA3 I148M variant; 
prior studies have demonstrated that the splice variant 
in HSD17B13 is associated with decreased PNPLA3 
messenger RNA expression.(21) We also found evidence 
of a genetic interaction between PNPLA3 I148M and 
TM6SF2 E167K in association with aminotransferase 
levels. PNPLA3 I148M and TM6SF2 E167K are both 
associated with reduced hepatic secretion of triglyceride- 
rich lipoproteins.(32,34) There was no evidence of epis-
tasis between the Z allele and other well- established 
genetic risk factors for liver injury, suggesting that these 
known genetic variants act in an additive manner with 
the Z allele to increase risk for liver injury.

Collectively, these findings may have implications for 
individuals heterozygous for the SERPINA1 allele. In 
current clinical practice, measuring serum AAT levels 
is a cost- effective method of identifying subjects who 
are Pi*ZZ homozygous and ruling out severe AAT 
deficiency.(1,2) The use of serum AAT to identify sub-
jects who are Pi*Z heterozygous is more challenging as 
their AAT protein levels are often within the reference 
range.(42) Moreover, the occurrence of insoluble AAT 
aggregates on liver biopsy is highly variable in subjects 
who are Pi*Z heterozygous.(20) As such, individuals 
who are Pi*Z heterozygous may be clinically indistin-
guishable through conventional diagnostic approaches. 
Identification of the 2%- 4% of individuals of European 

ancestry that carry the Pi*Z allele may require geno-
typing or protein phenotyping in clinical practice.

Our results should be interpreted in the context of 
several important limitations. Further research will be 
needed to confirm these results across multiple eth-
nicities. Among liver disease cases analyzed in this 
study, the presence of hepatitis B or hepatitis C was 
not systematically assessed. ICD- 10 diagnostic codes 
are known to be imprecise in the context of clinical 
care; further studies on the impact of the SERPINA1 
Z allele locus on biopsy- confirmed liver disease are 
warranted. Future studies should also assess the inci-
dence of liver- related outcomes in SERPINA1 Z allele 
carriers using time- to- event or longitudinal analysis.

In conclusion, while severe AAT deficiency from 
SERPINA1 Z allele homozygosity (Pi*ZZ) is a 
proven genetic risk factor for developing cirrhosis, we 
provide evidence that Z allele heterozygotes also have 
a significantly increased risk of liver injury and cir-
rhosis and that this risk may increase synergistically 
in the setting of a higher BMI. We suggest that the 
SERPINA1 Z allele is among the most important 
genetic risk factors for liver injury and cirrhosis. We 
also provide preliminary evidence of genetic inter-
actions between variants in PNPLA3, TM6SF2, and 
HSD17B13. Further studies may determine the rel-
evance of these findings to patient risk stratification, 
disease prevention, and therapeutic intervention.
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