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Type 2 diabetes is a key driver of severe liver disease,
namely cirrhosis, hepatocellular carcinoma, and liver-
related mortality. In Europeans with type 2 diabetes
from the prospective UK Biobank study, abnormal
liver function, cardiovascular disease, micro-
albuminuria, and genetic variants in PNPLA3 and
TM6SF2 genes are the major independent risk factors
for severe liver disease. These findings may contribute
in clinical care to identify and closely monitor in-
dividuals with type 2 diabetes at risk of developing
severe liver disease, requiring more intensive follow-
up strategies.
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Background & Aims: Type 2 diabetes is a major driver of fatty liver disease and its long-term complications. The aim of this
study was to investigate the individual contribution of inborn and acquired risk factors for severe liver disease in individuals
with type 2 diabetes from the UK Biobank study.
Methods: A total of 22,812 UK Biobank participants of European descent without clinical history of liver disease and liver
cancer were prospectively followed for the development of severe liver disease, defined as a composite diagnosis of cirrhosis,
decompensated liver disease, hepatocellular carcinoma, and/or liver transplantation from the National Health Service records.
The contribution of inborn and acquired risk factors to the risk of incident severe liver disease was assessed by Cox pro-
portional hazards models.
Results: During a median follow-up of 8.9 years (IQR 8.1–9.6), there were 279 individuals with severe liver disease, including
255 with cirrhosis and/or decompensated liver disease, 47 with hepatocellular carcinoma, and 5 with liver transplantation;
death from severe liver disease occurred in 83 individuals. Risk factors independently associated with increased risk of
incident severe liver disease included abnormal aspartate aminotransferase (adjusted hazard ratio [aHR] 4.85, 95% CI
2.76–8.54), decrease in serum albumin (aHR 2.39, 95% CI 1.76–3.24) and platelet count (aHR 1.12, 95% CI 1.09–1.16), cardio-
vascular disease (aHR 1.86, 95% CI 1.23–2.79), microalbuminuria (aHR 1.55, 95% CI 1.04–2.30), PNPLA3 rs738409 (aHR 1.67, 95%
CI 1.27–2.18) and TM6SF2 rs58542926 (aHR 1.63, 95% CI 1.12–2.39), while the net effect of male sex was protective (aHR 0.49,
95% CI 0.26–0.94).
Conclusions: These findings may help in clinical care to identify individuals with type 2 diabetes at risk of severe liver disease,
in turn leading to personalised risk prediction and prevention strategies.
Lay summary: Type 2 diabetes is a key driver of severe liver disease, namely cirrhosis, hepatocellular carcinoma, and liver-
related mortality. In Europeans with type 2 diabetes from the prospective UK Biobank study, abnormal liver function, car-
diovascular disease, microalbuminuria, and genetic variants in PNPLA3 and TM6SF2 genes are the major independent risk
factors for severe liver disease. These findings may contribute in clinical care to identify and closely monitor individuals with
type 2 diabetes at risk of developing severe liver disease, requiring more intensive follow-up strategies.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
The growing epidemic of diabetes is a serious global public
health issue with nearly half a billion individuals living with
diabetes and approximately 90% of them have type 2 diabetes.1
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An overwhelming body of evidence supports that type 2 dia-
betes is a key risk factor for fatty liver disease (FLD), which is the
most common chronic liver disease worldwide.2,3 The global
prevalence of FLD in individuals with type 2 diabetes is more
than 2-fold higher than in the general population (55% vs. 25%,
respectively), with the highest rate reported in Europe (68%).2,4

Strikingly, among FLD comorbidities (e.g. obesity, hyperten-
sion, and dyslipidaemia), type 2 diabetes seems to be the
strongest risk factor for the progression of liver disease to its
long-term complications, namely cirrhosis and hepatocellular
carcinoma, and for mortality.2 The risk of life-threatening liver-
related complications increases with the increase in the number
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of features of metabolic syndrome.5 Harmful alcohol consump-
tion is the other major cause of non-viral cirrhosis and hepato-
cellular carcinoma in Europe and worldwide.6–8 In addition to
the well-established metabolic and environmental risk factors, in
recent years common genetic variants in several genes were
found to robustly contribute to FLD and the entire spectrum of its
complications.9,10

Within this context, to identify and closely monitor those who
are at risk of progressive liver disease, it will be key to identify
drivers and predictors of liver damage and fibrosis in individuals
with type 2 diabetes. Björkström et al.11 have recently examined
the contribution of clinical risk factors for developing severe liver
disease (SLD) in a very large cohort of individuals with type 2
diabetes from the Swedish National Diabetes Register. They
found older age, male sex, higher BMI, hypertension, lower
kidney function, microalbuminuria, and smoking as independent
risk factors, whereas statins were protective against SLD. How-
ever, the predictive value of biochemical proxies of liver damage
and function was not examined. Moreover, the contribution of
human genetics and alcohol use in this context remains to be
investigated.

Therefore, the aim of this study was to examine the major
inborn and acquired independent risk factors contributing to SLD
among participants with type 2 diabetes from the prospective
UK Biobank study.
Materials and methods
Study population and data collection
The study design and methods of the UK Biobank have been
described in detail previously.12 Briefly, the UK Biobank is a large
prospective cohort study with approximately 500,000 partici-
pants aged 40–69 years, recruited between 2006 and 2010 from
22 assessment centres across the UK. The UK Biobank study has
been approved by the North West Multicenter Research Ethics
Committee (reference number 11/NW/0382). All participants
provided informed consent to the study.

Potential participants were identified from the National
Health Service patient registers and invited to attend the local
assessment centre. At the baseline assessment visit, they
completed a touch-screen self-administered questionnaire and a
computer-assisted interview regarding medical history, current
pharmacological therapy, sociodemographic characteristics,
smoking status, alcohol consumption, dietary habits, physical
activity, and family history of major diseases. Baseline anthro-
pometric measures (e.g. height, weight, and waist circumference)
were assessed by trained staff using standardised procedures.
Blood samples were collected for genome-wide genotyping and
biochemical analyses, including glycated haemoglobin (HbA1c)
(VARIANT II TURBO Hemoglobin Testing System, Bio-Rad), serum
glucose, alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), albumin and creatinine (AU5800, Beckman Coulter),
and urine albumin (AU5400, Randox Bioscience) and creatinine
(AU5400, Beckman Coulter). The protocol for samples collecting,
processing, and storage was developed using a highly automated
and validated approach.13 Further information about the study
protocol and methods is available in the UK Biobank website
(https://www.ukbiobank.ac.uk/).

Definition of baseline exclusion criteria
Baseline exclusion criteria were as follows: (1) self-reported
history of liver disease; (2) hospital diagnosis of chronic viral
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hepatitis, SLD, and/or other causes of liver disease occurred
before the baseline assessment visit and defined according to the
International Classification of Diseases 10th edition (ICD-10 B18,
B19, C22.0, E83.0, E83.1, I85.0, I85.9, K70.3, K70.4, K70.9, K71,
K72.1, K72.9, K74.1, K74.2, K74.3, K74.4, K74.5, K74.6, K75.2,
K75.3, K75.4, K75.8, K75.9, K76.6, K76.7, K76.8, K76.9, R18,
Z94.4); (3) self-reported history of liver cancer; (4) diagnosis of
liver cancer based on cancer register occurred before the base-
line assessment visit (ICD-10 C22); (5) self-reported non-Euro-
pean ancestry (i.e. all ethnic groups other than White British,
White Irish, and any other White background); (6) participants
with withdrawn consent. A total of 466,783 participants were
included for the final analyses. Details of baseline exclusion
criteria are provided in Tables S1–S3.

Definition of baseline type 2 diabetes
Baseline previously diagnosed type 2 diabetes was defined by at
least 1 of the following criteria: (1) self-reported history of type 2
or unspecified diabetes; (2) hospital diagnosis of type 2 or un-
specified diabetes that occurred before the baseline assessment
visit (ICD-10 E11, E14); (3) current insulin treatment and/or use
of oral hypoglycaemic drugs. Among individuals without a prior
diagnosis of diabetes, undiagnosed type 2 diabetes was defined
by at least 1 of the following criteria: (1) serum glucose level
>−11.1 mmol/L (200 mg/dl); (2) HbA1c >−48 mmol/mol (6.5%). The
threshold of 11.1 mmol/L (200 mg/dl) for serum glucose was
chosen to avoid false positives, as blood samples were collected
not necessarily fasting. The final baseline population included
22,812 participants with type 2 diabetes.

Definition of covariates and comorbidities
Baseline anthropometric measures were assessed by trained staff
using standardised procedures. Height and weight were
measured using the Seca 202 height measure (Seca, Hamburg,
Germany) and the Tanita BC-418 MA body composition analyser
(Tanita Europe, Amsterdam, Netherlands), respectively. BMI was
calculated by dividing the weight (kg) by the square of the height
(m2). Waist circumference was measured at the umbilicus level
using the Wessex non-stretchable sprung tape measure (Wessex,
UK).

Socioeconomic status was defined using the Townsend
deprivation index.14 Data on family history of diabetes, smoking,
alcohol consumption, and physical activity were collected
through a baseline touch-screen questionnaire. A positive family
history of diabetes was defined as participants who had one or
more first-degree relatives (i.e. parents and/or siblings) diag-
nosed as having diabetes. Smoking status was categorised into 2
groups: current smoking and never/former smoking. Frequency
of daily alcohol consumption (g/day) was quantified based on the
average weekly alcohol intake or on the average monthly alcohol
intake (when the average weekly data was missing). Alcohol
grams for each type of drink (i.e. red wine, white wine or
champagne, beer or cider, spirits, fortified wine, and other alco-
holic drinks) were derived from the corresponding reference
alcohol content reported in the National Health Service UK
guidelines (1 unit of alcohol = 8 g of alcohol, https://www.nhs.uk/
live-well/alcohol-support/calculating-alcohol-units/ – accessed
on January 2020). Excessive alcohol consumption was defined
when daily alcohol intake was >−30 g and >−20 g for men and
women, respectively.15 A detailed explanation of the alcohol
consumption extraction pipeline is provided in the supplemen-
tary material. Regarding physical activity, participants were
2vol. 3 j 100262
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Table 1. Baseline characteristics of UK Biobank participants of European descent with type 2 diabetes stratified by incident sever liver disease status.

Total (n = 22,812) No severe liver disease (n = 22,533) Severe liver disease (n = 279) p value

Age, years 60.1 ± 7 60.1 ± 7 61.5 ± 6.2 0.002
Men, n (%) 14,273 (63%) 14,066 (62%) 207 (74%) <0.001
Townsend deprivation index -1.5 (-3.3–1.7) -1.5 (-3.3–1.7) -0.6 (-2.8–2.4) <0.001
Family history of diabetes, n (%) 9,692 (43%) 9,591 (43%) 101 (37%) 0.11
Duration of diabetes, years 4.5 (2.5–9.4) 4.5 (2.5–9.4) 6.3 (2.5–9.5) 0.49
BMI, kg/m2 31.6 ± 5.9 31.6 ± 5.9 33.7 ± 6 <0.001
Waist circumference, cm 103.4 ± 14.6 103.4 ± 14.6 110.3 ± 13.7 <0.001
Lifestyle

Current smoking, n (%) 2,505 (11%) 2,472 (11%) 33 (12%) 0.61
Alcohol intake, g/day 5.8 (0–19.4) 5.7 (0–19.4) 9.7 (0–30.9) <0.001
Alcohol intake >−30/20 g/day, n (%) 3,566 (16%) 3,491 (15%) 75 (27%) <0.001
Physical activity >−150/75 min/week, n (%) 7,980 (45%) 7,883 (45%) 97 (45%) 0.99

Clinical chemistry
HbA1c, mmol/mol 50.3 (43.2–59.7) 50.3 (43.2–59.7) 50 (42.5–60.1) 0.59
ALT, U/L 25.3 (18.8–34.7) 25.2 (18.7–34.5) 36.4 (26–53.5) <0.001
AST, U/L 25.2 (21–31.1) 25.1 (21–30.9) 41.8 (29.5–57.7) <0.001
Albumin, g/dl 4.5 ± 0.3 4.5 ± 0.3 4.3 ± 0.3 <0.001
Platelet count, *109/L 247.4 ± 65 248 ± 64.7 198.2 ± 71 <0.001
eGFR, ml/min/1.73 m2 88.3 ± 16.5 88.3 ± 16.5 87.5 ± 19 0.48
Microalbuminuria, n (%) 3,110 (27%) 3,052 (26%) 58 (37%) 0.004
Macroalbuminuria, n (%) 488 (4%) 480 (4%) 8 (5%) 0.64

Comorbidities
Hypertension, n (%) 16,958 (74%) 16,734 (74%) 224 (80%) 0.18
Dyslipidaemia, n (%) 18,213 (80%) 17,996 (80%) 217 (78%) 0.082
Cardiovascular disease, n (%) 5,068 (22%) 4,972 (22%) 96 (34%) <0.001

Drugs
Metformin, n (%) 12,278 (54%) 12,105 (54%) 173 (62%) 0.005
Thiazolidinediones, n (%) 1,726 (8%) 1,695 (8%) 31 (11%) 0.042
Sulfonylureas, n (%) 4,584 (20%) 4,512 (20%) 72 (26%) 0.043
Insulin, n (%) 4,530 (20%) 4,483 (20%) 47 (17%) 0.46
Statins, n (%) 16,500 (72%) 16,304 (72%) 196 (70%) 0.13

Continuous variables are shown as mean ± SD or median and (IQR) if normally distributed or skewed, respectively. Categorical variables are shown as number and (pro-
portion). Values of p are from generalised linear models adjusted for age, sex, and assessment centre. Values of p <0.05 were considered statistically significant.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; eGFR, estimated glomerular filtration rate; HbA1c, glycated haemoglobin.
categorised into 2 groups if they underwent physical exercise or
not according to the UK physical activity recommendations (i.e.
>−150 min/week and >−75 min/week for moderate and vigorous
physical activity, respectively; UK Biobank data-field 22035).

Estimated glomerular filtration rate (eGFR) was calculated
from serum creatinine using the Chronic Kidney Disease Epide-
miology Collaboration (CKD-EPI) equation.16 Albuminuria cate-
gories were defined based on a single sample spot urinary
albumin-to-creatinine ratio (UACR) (i.e. 3–29 mg/mmol and
>−30 mg/mmol for micro- and macro-albuminuria,
respectively).17

Baseline dyslipidaemia was defined as self-reported history of
high cholesterol or use of lipid-lowering drugs. Similarly, base-
line hypertension was defined as self-reported history of hy-
pertension or use of antihypertensive drugs. Baseline
cardiovascular disease was defined as self-reported history or
hospital diagnosis of angina, myocardial infarction, stroke, or
transient ischaemic attack (ICD-10 I20–I25, I60–I64, I69, G45).
Genotyping
Detailed information about genotyping and arrays used in the UK
Biobank study has been provided elsewhere.18 Genotype data
were available for approximately 490,000 participants. PNPLA3
rs738409 C>G (p.I148M), TM6SF2 rs58542926 C>T (p.E167K),
MBOAT7 rs641738 C>T, GCKR rs1260326 C>T (p.P446L), and
HSD17B13 rs72613567:TA were assayed using 2 similar geno-
typing arrays (i.e. Affymetrix UK BiLEVE and UK Biobank Axiom
arrays) and coded as 0, 1, or 2 for non-carriers, heterozygous
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carriers, and homozygous carriers of the minor allele, respec-
tively. For PNPLA3 rs738409, TM6SF2 rs58542926, MBOAT7
rs641738, and GCKR rs1260326 the minor allele (i.e. G allele, T
allele, T allele, and T allele, respectively) was the risk-increasing
allele, whereas for HSD17B13 rs72613567 the minor TA allele
had a protective effect.19–23
Follow-up outcome
Follow-up data on health-related events and mortality were
obtained through linkage of the National Health Service records,
including in-hospital admissions, death register, and cancer reg-
ister (UK Biobank data-fields 41270, 40001, 40002, and 40006).
Detailed information regarding the linkage procedure is available
in the UK Biobank website (https://www.ukbiobank.ac.uk/wp-
content/uploads/2011/11/UK-Biobank-Protocol.pdf – accessed on
January 2020). The study outcome was incident SLD, defined as a
composite diagnosis of cirrhosis, decompensated liver disease
(i.e. esophageal varices with or without bleeding, portal hyper-
tension, hepatorenal syndrome, liver failure), hepatocellular car-
cinoma, and/or liver transplantation (ICD-10 C22.0, I85.0, I85.9,
K70.3, K70.4, K72.1, K72.9, K74.1, K74.2, K74.6, K76.6, K76.7, Z94.4)
in any of the aforementioned records. A list of all the diagnoses
used to define SLD is presented in Table S3. Among those with
SLD, individuals were excluded if they received a hospital diag-
nosis of chronic viral hepatitis or other causes of liver disease
(ICD-10 B18, B19, E83.0, E83.1, K71, K74.3, K74.4, K74.5, K75.2,
K75.3, K75.4, K75.8, K75.9) before the diagnosis of the outcome of
interest. The length of follow-up for each participant was
3vol. 3 j 100262

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


Table 2. Genotype frequency of PNPLA3 rs738409, TM6SF2 rs58542926, MBOAT7 rs641738, GCKR rs1260326, and HSD17B13 rs72613567 in UK Biobank
participants of European descent with type 2 diabetes stratified by incident severe liver disease status.

Total (n = 22,812) No severe liver disease (n = 22,533) Severe liver disease (n = 279) p value

PNPLA3 rs738409
CC, n (%) 13,436 (61%)* 13,318 (61%) 118 (45%)
CG, n (%) 7,540 (34%) 7,435 (34%) 105 (40%) <0.001
GG, n (%) 1,133 (5%) 1,092 (5%) 41 (15%)

TM6SF2 rs58542926
CC, n (%) 18,626 (84%)* 18,425 (84%) 201 (76%)
CT, n (%) 3,274 (15%) 3,219 (15%) 55 (21%) <0.001
TT, n (%) 167 (1%) 160 (1%) 7 (3%)

MBOAT7 rs641738
CC, n (%) 6,869 (31%)* 6,797 (31%) 72 (28%)
CT, n (%) 10,765 (49%) 10,629 (49%) 136 (52%) 0.30
TT, n (%) 4,279 (20%) 4,226 (20%) 53 (20%)

GCKR rs1260326
CC, n (%) 8,556 (39%)* 8,455 (39%) 101 (38%)
CT, n (%) 10,320 (47%) 10,200 (47%) 120 (46%) 0.61
TT, n (%) 3,150 (14%) 3,109 (14%) 41 (16%)

HSD17B13 rs72613567
T/T, n (%) 11,525 (52%)* 11,365 (52%) 160 (61%)
T/TA, n (%) 8,770 (40%) 8,682 (40%) 88 (34%) 0.004
TA/TA, n (%) 1,738 (8%) 1,724 (8%) 14 (5%)

Values of p are from generalised linear models adjusted for age, sex, and assessment centre. Values of p <0.05 were considered statistically significant.
* Genotype distribution is in Hardy-Weinberg equilibrium.
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calculated from the date of baseline assessment visit up to the
first date of SLD diagnosis, the date of death, or the date of end of
follow-up for the assessment centre attended (31 January 2018),
whichever occurred first. The study flowchart is provided in
Fig. S1.

Statistical analysis
Continuous variables were shown as mean ± SD if normally
distributed or median (IQR) if skewed. Categorical variables were
shown as number (percentage).

In UK Biobank participants with type 2 diabetes, the following
risk factors for SLD were tested: age (continuous), sex, family
history of diabetes, duration of diabetes (continuous), hyper-
tension, dyslipidaemia, BMI >−30 kg/m2, waist circumference >−94
cm and >−80 cm (for men and women, respectively24), alcohol
consumption (complete abstinence, low-moderate intake, and
excessive intake [i.e. >−30 g/day and >−20 g/day for men and
women, respectively15]), current smoking status, physical activ-
ity >−150 min/week and >−75 min/week (for moderate and
vigorous physical activity, respectively), HbA1c (continuous), ALT
>30 U/L and >19 U/L (for men and women, respectively25), AST
>30 U/L and >19 U/L (for men and women, respectively), serum
albumin (continuous), platelet count (continuous), eGFR <60 ml/
min/1.73 m2, micro- and macro-albuminuria (i.e. UACR 3–29 mg/
mmol and >−30 mg/mmol, respectively17), PNPLA3 rs738409,
TM6SF2 rs58542926, MBOAT7 rs641738, GCKR rs1260326,
HSD17B13 rs72613567, use of oral hypoglycaemic drugs, insulin
treatment, and use of statins. The association of the above-
mentioned risk factors with incident SLD was assessed by Cox
proportional hazards models, including age, sex, BMI, duration of
diabetes, alcohol intake, and all predictor variables with a value
of p <0.05 in the univariate model. The contribution of genetic
factors was estimated by assuming an additive or recessive
model, separately. Missing data for any of the covariates were
removed from the analyses.

Two sensitivity analyses were performed: (1) excluding par-
ticipants with excessive alcohol consumption at baseline; (2)
stratifying by sex.
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Cumulative incidence curves were computed using the Aalen-
Johansen estimator, with mortality and liver diagnoses other
than FLD entered as the competing events for SLD and analysed
according to the different genetic variants. Comparisons were
carried out using the log-rank test.

All analyses were performed using R statistical software,
version 3.6.1 (R Foundation for Statistical Computing, Vienna,
Austria).
Results
Baseline characteristics, genotyping, and incidence of SLD
A total of 22,812 participants of European descent from the UK
Biobank with type 2 diabetes were included in the analyses (see
Fig. S1 for selection criteria). We defined SLD as diagnosis of
cirrhosis and its complications, namely hepatic decompensation,
hepatocellular carcinoma, and liver transplantation. The baseline
characteristics of the study participants stratified by incident SLD
status are shown in Table 1 (see Table S4 for baseline charac-
teristics of the entire UK Biobank population stratified by type 2
diabetes status). In the overall cohort, 2 out of 3 participants
were men and approximately half of them had a positive family
history of diabetes. The mean ± SD age was 60.1 ± 7 years and
BMI was 31.6 ± 5.9 kg/m2, indicating that a large number of in-
dividuals with type 2 diabetes are obese and overweight. The
median (IQR) duration of diabetes was 4.5 (2.5–9.4) years
whereas HbA1c was 50.3 (43.2–59.7) mmol/mol.

Individuals with development of SLD during follow-up were
older, had higher BMI and waist circumference, higher alcohol
intake, higher transaminases, lower serum albumin, lower
platelet count, and higher prevalence of cardiovascular disease
compared with those without. Moreover, they were more likely
to be treated with metformin, thiazolidinediones, and sulfonyl-
ureas. There were no differences in glycaemic control, duration
of diabetes, family history of diabetes, and use of insulin therapy
between the 2 groups.

Minor allele frequencies of known genetic variants associated
with SLD in the general population were consistent with
4vol. 3 j 100262
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Fig. 1. Cumulative incidence of severe liver disease for PNPLA3 rs738409, TM6SF2 rs58542926, MBOAT7 rs641738, GCKR rs1260326, and HSD17B13
rs7261356 across genotypes in the entire cohort with type 2 diabetes. Blue, green, and red lines represent non-carriers, heterozygous carriers, and homozygous
carriers of the minor allele, respectively. Values of p are from the log-rank test for trend. SLD, severe liver disease.
previous reports in Europeans19,21,23,26,27 and genotype fre-
quency distribution of these variants was in Hardy-Weinberg
equilibrium. Genotype frequency stratified by incident SLD sta-
tus is shown in Table 2. As expected, there was an enrichment of
the minor allele for the PNPLA3 rs738409 and the TM6SF2
rs58542926 variants in individuals who developed SLD
compared with those without, whereas the HSD17B13
rs72613567 variant was less common in this group.

During a median (IQR) follow-up of 8.9 (8.1–9.6) years, there
were 279 individuals with SLD, including 255 with cirrhosis and/
or decompensated liver disease, 47 with hepatocellular carci-
noma, and 5 that underwent liver transplantation; death from
SLD occurred in 83 individuals.

Cumulative incidence of SLD for the different genetic variants
across genotypes in the entire cohort is shown in Fig. 1.

Risk factors for SLD
Risk factors independently associated with increased risk of
incident SLD in European participants with type 2 diabetes are
shown in Table 3 and included: AST >30/19 U/L (adjusted hazard
ratio [aHR] 4.85, 95% CI 2.76–8.54), decrease in serum albumin
(aHR 2.39, 95% CI 1.76–3.24) and platelet count (aHR 1.12, 95% CI
1.09–1.16), cardiovascular disease (aHR 1.86, 95% CI 1.23–2.79),
microalbuminuria (aHR 1.55, 95% CI 1.04–2.30), PNPLA3
rs738409 (aHR 1.67, 95% CI 1.27–2.18 and aHR 2.32, 95% CI
1.36–3.96 for the additive and recessive models, respectively),
and TM6SF2 rs58542926 (aHR 1.63, 95% CI 1.12–2.39 and aHR
4.33, 95% CI 1.74–10.80 for the additive and recessive models,
respectively), whereas the net effect of male sex was protective
(aHR 0.49, 95% CI 0.26–0.94). In sensitivity analyses, after
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excluding participants with excessive alcohol consumption and
stratifying by sex, results were substantially similar to the main
model except that in women higher BMI was positively corre-
lated with SLD (aHR 1.41, 95% CI 1.03–1.93) (Tables S5 and S6).
Discussion
In this work we investigate for the first time in the UK Biobank
the acquired and inborn independent risk factors for SLD among
Europeans with type 2 diabetes. Among the acquired, we
demonstrate that abnormal AST levels, decrease in serum albu-
min and platelet count, cardiovascular disease, and micro-
albuminuria are independent markers of SLD. Among the inborn,
genetic variants in PNPLA3 and TM6SF2 genes increase the risk of
SLD in this population.

In our analyses, we started by: (1) selecting individuals with
type 2 diabetes as those with diagnosis of type 2 or unspecified
diabetes and/or self-reported history of these conditions, and (2)
excluding at baseline those with diagnosis of all major causes of
liver disease and liver cancer and/or self-reported history of
these conditions. Then, we prospectively examined the incidence
of SLD, defined as a composite diagnosis of severe chronic liver
disease including non-viral cirrhosis, decompensated liver dis-
ease, hepatocellular carcinoma, and liver transplantation.

Our results provide several clues regarding the risk prediction
of SLD in individuals with type 2 diabetes. Indeed, biochemical
proxies of hepatocellular damage, that is transaminases, are the
strongest predictor of SLD with an elevation above the upper
normal limit associated with an approximately 5-fold increased
risk. Interestingly, abnormal AST seems to predict adverse liver
5vol. 3 j 100262



Table 3. Risk factors for severe liver disease in UK Biobank participants of European descent with type 2 diabetes (n = 22,812).

Variable HR (95% CI) p value aHR (95% CI) p value

Age, years 1.03 (1.02–1.05) <0.001 1.01 (0.98–1.05) 0.39
Male sex 1.76 (1.35–2.31) <0.001 0.49 (0.26–0.94) 0.031
Family history of diabetes 0.76 (0.60–0.98) 0.031 0.74 (0.50–1.10) 0.13
Duration of diabetes, years 1.01 (0.99–1.03) 0.18 1.00 (0.97–1.03) 0.97
Comorbidities

Hypertension 1.44 (1.07–1.93) 0.016 0.70 (0.42–1.18) 0.18
Dyslipidaemia 0.89 (0.67–1.18) 0.42
BMI >−30 kg/m2 1.84 (1.42–2.38) <0.001 1.02 (0.64–1.64) 0.93
Waist circumference >−94/80 cm 2.80 (1.69–4.64) <0.001 1.19 (0.49–2.92) 0.70
Cardiovascular disease 1.94 (1.52–2.49) <0.001 1.86 (1.23–2.79) 0.003

Lifestyle
Low–moderate alcohol intake* 0.71 (0.53–0.94) 0.018 0.80 (0.49–1.31) 0.38
Excessive alcohol intake* 1.63 (1.19–2.23) 0.003 1.59 (0.93–2.71) 0.091
Current smoking status 1.13 (0.79–1.63) 0.51
Physical activity >−150/75 min/week 1.00 (0.83–1.21) 0.99

Clinical chemistry
HbA1c, mmol/mol 1.00 (0.99–1.01) 0.74
ALT >30/19 U/L 2.26 (1.76–2.90) <0.001 1.37 (0.83–2.24) 0.22
AST >30/19 U/L 5.18 (4.09–6.55) <0.001 4.85 (2.76–8.54) <0.001
Albumin, per 0.5 g/dl decrease 2.45 (2.01–2.99) <0.001 2.39 (1.76–3.24) <0.001
Platelet count, per 10*109/L decrease 1.16 (1.13–1.18) <0.001 1.12 (1.09–1.16) <0.001
eGFR <60 ml/min/1.73 m2 1.68 (1.12–2.51) 0.012 1.22 (0.66–2.25) 0.52
Microalbuminuria 1.70 (1.23–2.35) 0.001 1.55 (1.04–2.30) 0.03
Macroalbuminuria 1.37 (0.67–2.79) 0.38

Genetic risk factors
PNPLA3 rs738409 genotype

Additive model 1.92 (1.61–2.30) <0.001 1.67 (1.27–2.18) <0.001
Recessive model 3.47 (2.49–4.84) <0.001 2.32 (1.36–3.96)† 0.002

TM6SF2 rs58542926 genotype
Additive model 1.69 (1.32–2.17) <0.001 1.63 (1.12–2.39) 0.011
Recessive model 3.59 (1.70–7.62) <0.001 4.33 (1.74–10.80)† 0.002

MBOAT7 rs641738 genotype
Additive model 1.09 (0.92–1.30) 0.30
Recessive model 1.05 (0.78–1.42) 0.75

GCKR rs1260326 genotype
Additive model 1.04 (0.87–1.24) 0.67
Recessive model 1.12 (0.80–1.56) 0.52

HSD17B13 rs72613567 genotype
Additive model 0.74 (0.60–0.91) 0.004 0.74 (0.54–1.03) 0.076
Recessive model 0.66 (0.38–1.13) 0.13

Drugs
Metformin 1.40 (1.10–1.78) 0.006 1.46 (0.96–2.23) 0.076
Thiazolidinediones 1.51 (1.04–2.20) 0.03 1.48 (0.82–2.67) 0.19
Sulfonylureas 1.40 (1.07–1.83) 0.014 1.32 (0.87–1.99) 0.19
Insulin 0.83 (0.61–1.14) 0.26
Statins 0.91 (0.70–1.17) 0.45

HRs with 95% CIs were calculated by Cox proportional hazards models. Age, sex, BMI, alcohol intake, duration of diabetes, and all predictor variables with a value of p <0.05 in
the univariate model were included in the multivariate model.
aHR, adjusted HR; ALT, alanine aminotransferase; AST, aspartate aminotransferase; eGFR, estimated glomerular filtration rate; HbA1c, glycated haemoglobin; HR, hazard ratio.
* Low–moderate (<20/30 g/day) and excessive (>−20/30 g/day) alcohol intake tested against abstainers.
† aHR calculated assuming recessive model instead of additive model.

Research article
outcomes more accurately than abnormal ALT. High AST levels
may indicate mitochondrial damage as a result of alcohol abuse
and they correlate with liver fibrosis better than ALT.28 As a
result, transaminases remain, also in individuals with type 2
diabetes, a main screening test to define the risk level of devel-
oping life-threatening liver-related complications. However, it
should be borne in mind that chronic liver damage and advanced
fibrosis may develop even with normal liver enzymes.29

Biochemical proxies of reduced liver function (low albumin)
and portal hypertension (low platelet count) are strong markers
of SLD in individuals with type 2 diabetes. This is likely because
of the fact that they mirror the presence of an underlying and
unknown advanced liver disease. Consistent with the present
study, where we have excluded at baseline only those with self-
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reported or diagnosed SLD, FLD may progress to advanced
fibrosis without having being diagnosed.30,31 This may suggest
that, during follow-up of individuals with type 2 diabetes, special
attention is required towards lowering of platelet count and al-
bumin levels. Indeed, in individuals with diabetes low albumin
levels may be more frequently attributed to proteinuria attrib-
utable to advanced chronic kidney disease.

Excess alcohol intake is well-known to cause liver damage
and to exacerbate liver injury induced by other causes. Moreover,
it is also associated with development of type 2 diabetes and
with worse glycaemic control.32 Here we find an almost doubling
of the risk of SLD in individuals with type 2 diabetes and
excessive alcohol consumption even if not statistically signifi-
cant, which is consistent with the risk observed in the general
6vol. 3 j 100262



population.33 Notably, low-moderate alcohol intake appears not
to increase the risk of SLD. Future studies are warranted to prove
if a complete abstinence is not required to prevent liver disease
progression among individuals with type 2 diabetes.

Cardiovascular disease represents the first cause of death in
individuals suffering from FLD.5 Consistently, cardiovascular
disease resulted as a strong risk factor for developing SLD in our
cohort, as well as the presence of microalbuminuria. These data
support the notion that individuals with type 2 diabetes and
cardiovascular/kidney complications should be screened for liver
disease. Taking all this together, liver disease may be considered
among diabetes-related complications.

Unfavourable genetics is a robust independent risk factor for
SLD. Of note, this is the first prospective study specifically eval-
uating the impact of genetic risk variants on the risk of devel-
oping advanced liver disease in individuals of European descent
with type 2 diabetes. In particular, our data demonstrate that
PNPLA3 rs738409 and TM6SF2 rs58542926, the two strongest
genetic variants increasing the risk of SLD in the general popu-
lation,19,20 confer also a strong susceptibility to SLD in those with
type 2 diabetes. Notably, unlike traditional risk factors that may
vary over time, the risk conferred by genetic variants is very
stable and constitutes a lifetime burden. As a consequence, ge-
netic testing for PNPLA3 rs738409 and TM6SF2 rs58542926
might be useful to identify individuals with type 2 diabetes at
high-risk for progressive liver disease, thus requiring more
intensive follow-up strategies or specific lifestyle changes (e.g.
reduction in alcohol and fructose intake).

Surprisingly, increased BMI was not associated with increase
in the risk of SLD in the overall cohort. This may be because the
mean BMI of the cohort was in the range of class I obesity and
the net contribution of obesity to SLD is likely diluted by the
absence of normal-weight individuals. Notably, obesity had a
greater impact on SLD risk in women than in men, supporting
the presence of sexual dysmorphism underlying human disease.
Indeed, this could be a result of the complex interaction between
genetic factors, sex, and its related biological components. In
agreement, data in the literature report a stronger association
between increased BMI and diabetes risk in women than in
men.34 However, tailored studies with larger sample size, spe-
cifically focusing on sex differences in liver disease, are needed to
ascertain this issue.

To date, there is a lack of prospective cohort studies evalu-
ating the contribution of multiple risk factors for advanced liver
disease in type 2 diabetes. In a large prospective cohort study of
over 400,000 Swedish participants with type 2 diabetes, Björk-
ström et al.11 have recently shown that risk factors independently
associated with SLD were older age, male sex, higher BMI, hy-
pertension, lower eGFR, microalbuminuria, and smoking,
whereas use of statins conferred decreased risk. However, in this
study the contribution of biochemical proxies of liver function
and damage, alcohol consumption, and genetic variations was
not investigated.

We confirm the role of microalbuminuria as independent risk
factor for SLD. Additionally, we show that microalbuminuria is
correlated with increased risk of SLD especially in men, in line
with the well-documented higher frequency of albuminuric
renal impairment in men with type 2 diabetes compared with
women.35 Notwithstanding the significantly higher incidence of
SLD in men, we find that male sex is protective against SLD. This
is likely because we included the main mediators of the
JHEP Reports 2021
association between male sex and SLD in the multivariate Cox
regression analysis. Further studies specifically aimed at evalu-
ating the effect of sex on the risk of SLD are required to verify this
finding. We do not find age, high BMI, hypertension, low eGFR,
and smoking associated with SLD. These results might be
explained by the fact that we included in the multivariate model
additional stronger risk factors for SLD, such as biochemical
proxies of liver damage, harmful alcohol consumption, and ge-
netic variants. Alternatively, these data might be attributable to
the different category of variables included in the multivariate
model (binary vs. continuous) or to the relatively lower sample
size of our study compared with that by Björkström et al.11

Another major difference between the study by Björkström
et al.11 and our study is that we included alcoholic-related di-
agnoses in the definition of SLD. This is because metabolic and
alcoholic liver disease share similar molecular path-
ways10,19–21,27,36 and also because a clear distinction is often
difficult to assess in the real life. Moreover, the sensitivity anal-
ysis excluding participants with excessive alcohol consumption
showed similar results to the main model.

Additionally, in both studies HbA1c was found to be not
related to increased risk of SLD. Because of the well-established
association of HbA1c with higher risk of chronic micro- and
macro-vascular complications of type 2 diabetes,37 this finding
might be explained by the fact that HbA1c does not accurately
reflect glycaemic control in individuals with diabetes and
cirrhosis.38–40

The major strengths of our study are the following: (1) the
large sample size, including more than 20,000 individuals with
type 2 diabetes from the general population; (2) the prospective
study design; (3) the use of standardised procedures and cen-
trally validated protocol for blood samples collecting, processing,
and storage of the UK Biobank. Furthermore, this is the first
prospective study collectively examining the impact of indices of
liver function and damage, alcohol consumption, and genetic
variants on the risk of developing SLD in European individuals
with type 2 diabetes.

This study also has limitations. First, some cases of asymp-
tomatic liver disease (e.g. compensated cirrhosis or early stages of
hepatocellular carcinoma) may have been underdiagnosed.
Similarly, some cases of chronic viral hepatitis may be unknown
or sometimes the viral aetiology of cirrhosis may be not specified
in hospital records. However, we tried to reduce this bias by
linking liver-related diagnoses from multiple registers (i.e. hos-
pital records, death register, and cancer register). Second, we
included participants with previous history and/or hospital
diagnosis of unspecified diabetes, those treated with insulin, and
those with undiagnosed diabetes based on circulating glucose
and/or HbA1c tests. As a result, although type 2 diabetes accounts
for approximately 90% of people with diabetes,1 few participants
may be affected by type 1 diabetes or latent autoimmune diabetes
of adulthood. Third, since we had only 1 baseline urine sample to
establish albuminuria categories, the diagnosis of moderately and
severely increased albuminuria could be overestimated, although
an Italian multicentre prospective cohort study of over 15,000
patients with type 2 diabetes reported similar rates.41 Finally, the
results were obtained in Europeans and further studies are
needed to validate them in other ethnic groups.

In conclusion, we demonstrate that in Europeans with type 2
diabetes: (1) abnormal AST levels, decrease in serum albumin
and platelet count, cardiovascular disease, and microalbuminuria
7vol. 3 j 100262
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are independent markers of SLD; (2) genetic variants in PNPLA3
and TM6SF2 genes increase the risk of SLD. Our findings may help
to identify individuals with type 2 diabetes at-risk for SLD by
JHEP Reports 2021
identifying acquired and inborn risk factors. This may contribute
to estimate a personalised risk prediction and to implement
strategies to prevent SLD.
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