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Highlights

e Hypobetalipoproteinemia is defined by permanent, inherited
low LDL-cholesterol levels.

e In two large population cohorts, hypobetalipoproteinemia
increased the risk of cirrhosis complications and/or
liver cancer.

e This risk was observed independently of classical risk fac-
tors for liver disease (obesity, alcohol, diabetes,
viral hepatitis).

e Hypobetalipoproteinemia is a risk factor for liver disease
complications that requires appropriate monitoring.
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Impact and implications

Hypobetalipoproteinemia (HBL) is a lipid disorder characterized by
permanent, inherited low levels (below the 5" percentile) of low-
density lipoprotein-cholesterol. While HBL is associated with a
lower risk of cardiovascular events, some studies suggest that it
may be associated with a potential risk of hepatic steatosis and
hepatic complications. Here, we studied the association between
HBL and hepatic complications (defined as cirrhosis complications
and/or primary liver cancer) in two populations of several hundred
thousand people, both in France (CONSTANCES cohort) and the
United Kingdom (UKBB). The results show that HBL is associated
with a significant and independent excess risk of hepatic compli-
cations, including primary liver cancer. Thus, in people with HBL,
the value of regular liver monitoring must be studied.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). J. Hepatol. 2024, 80, 846-857
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Background & Aims: Beyond cardiovascular disease protection, the health consequences of very low concentrations of low-
density lipoprotein-cholesterol (LDL-C) remain a matter of debate. In primary hypobetalipoproteinemia (HBL), liver steatosis
and cirrhosis have occasionally been reported. Here, we aimed to investigate the association between HBL and the risk of hepatic
complications (cirrhosis complications and/or primary liver cancer) in the general population.

Methods: A cohort study was conducted in the French population-based cohort CONSTANCES. Participants with primary HBL
(LDL-C <5™ percentile for age and sex, [HBL]) were compared with those with normal LDL-C concentrations (40'"-60™ percentile,
[Control]). Participants on lipid-lowering therapies were excluded. For hepatic complications, follow-up events were compared by
calculating the incidence density ratio (IDR). The same analyses were replicated in the UK Biobank (UKBB) cohort.

Results: In the CONSTANCES and UKBB cohorts, 34,653 and 94,666 patients were analyzed, with median ages of 45 and 56
years, mean LDL-C concentrations (HBL vs. control) of 71 vs. 128 mg/dl and 86 vs. 142 mg/dl, and mean follow-up durations of
5.0 and 11.5 years, respectively. The HBL group presented a higher incidence of hepatic complications than the control group:
0.32/ vs. 0.07/1,000 person-years (IDR = 4.50, 95% CI 1.91-10.6) in CONSTANCES, and 0.69/ vs. 0.21/1,000 person-years (IDR =
3.27, 95% CIl 2.63-4.06) in the UKBB. This risk proved to be independent of classic risk factors for liver disease (obesity, alcohol
consumption, diabetes, viral hepatitis), including in a 5-year landmark analysis excluding early events. Sensitivity analyses based
on apoliprotein-B levels (instead of LDL-C levels) or genetically defined HBL showed similar results.

Conclusions: HBL is associated with a markedly increased risk of hepatic complications. HBL must be considered as a
substantial independent risk factor for liver diseases which justifies specific prevention and screening.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Primary hypobetalipoproteinemia (HBL) is a lipid disorder
characterized by inherently and permanently low levels (below
the 5" percentile) of low-density lipoprotein-cholesterol
(LDL-C) and apolipoprotein B (apoB).'? Primary HBL diagnosis
requires elimination of all secondary causes associated with
low LDL-C such as hyperthyroidism, severe malnutrition
including strict vegan diet, critical illness, active cancers and
lipid-lowering therapies.® Primary monogenic HBL are referred
to as familial hypobetalipoproteinemia (FHBL) disorders and are
intricately related to lipoprotein metabolism. A simplified
nomenclature has recently been proposed based on mecha-
nisms that explain low plasma lipids.*° Class 1 FHBL disorders
are due to defects in lipoprotein secretion (FHBL-SD) whereas
Class Il FHBL disorders relate to enhanced lipoprotein catab-
olism (FHBL-EC).
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Most frequently, monogenic FHBL in adults results from
mono-allelic APOB protein-truncating variants (.e. FHBL-
SD2).*® The liver is a key organ in the metabolism of lipopro-
teins since it regulates the balance between the production of
very low-density lipoprotein (VLDL) and the catabolism of LDL.
ApoB is the main protein component of VLDL and is required
for its assembly and secretion by the liver. As such, the
impairment of hepatic VLDL secretion in FHBL-SD2 could
contribute to fat accumulation in the liver and consequently
lead to potentially harmful hepatic consequences.® This would
appear to mean an increased risk of steatotic liver disease and
cryptogenic cirrhosis in individuals with FHBL, especially in
those with short-truncated apoB isoforms.”'® We recently
showed that the risk of liver steatosis and liver injury was more
pronounced in patients with a monogenic origin to their HBL,
compared with those with a polygenic origin."" Apart from
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these small case series of genetic FHBL disorders, we lack
large-scale epidemiological data on the relationship between
primary low LDL-C levels and liver disease. This question is of
major clinical interest because primary HBL is highly prevalent®
and often undiagnosed in adulthood and could therefore
have potentially deleterious consequences for the liver in
many people.

The aim of the present study was to determine the potential
deleterious effects of primary HBL, defined by spontaneously
low LDL-C (<5" percentile for age and sex), on liver health in
the general population. For this purpose, we first used the
nationwide French CONSTANCES cohort, then the UK Biobank
(UKBB) as a replication cohort, to assess the association
between primary HBL and hepatic complications, defined as
cirrhosis complications and/or primary liver cancer.

Patients and methods

The reporting of this work followed the RECORD recommen-
dations (Supplementary data — RECORD checkilist).

Population-based cohort description

CONSTANCES ("CONSuITANts des Centres d’Examens de
Santé" or Consultants of Health Screening Center (HSC)) is a
population-based general-purpose cohort designed as a
randomly selected sample of French adults aged 18-73 years
on study inception. The design of the cohort has been previ-
ously detailed elsewhere.'®'® Briefly, CONSTANCES includes
more than 219,000 volunteers throughout metropolitan France
from February 2012 to December 2019. Participants were
covered by the national general health insurance scheme or
partner health insurance companies (~85% of the French
population) using a random sampling scheme stratified by
place of residence, age, sex, occupation and socioeconomic
status. Eligible individuals were invited by mail to participate in
the study. On inclusion, the selected participants were invited
to complete questionnaires and to visit an HSC for a compre-
hensive health examination and undergo a fasting blood
sampling. Follow-up included a yearly self-administered ques-
tionnaire and a periodic visit to an HSC. Complementary follow-
up data were collected from the French National Healthcare
Data System (SNDS)."* The CONSTANCES cohort obtained
authorization from the French National Commission for Infor-
mation Technology and Liberties (CNIL) and the institutional
review board of the National Institute for Medical Research
(Inserm). All participants gave written consent for the use of
their data for scientific research. The HYPOBETA.fr study
project was approved by the CONSTANCES scientific com-
mittee on 8 January 2021.

UKBB study population

The UKBB study, previously described in detai is a
population-based prospective cohort conducted in the United
Kingdom in which >500,000 individuals aged 40-69 years were
included from 2006 to 2010. The study was approved by the
Northwest Multi-Centre Research Ethics Committee for the
United Kingdom, from the National Information Governance
Board for Health and Social Care for England and Wales, and
by the Community Health Index Advisory Group for Scot-
land.®'" Eligible participants were invited by email to visit an
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assessment center where they gave their consent to join the
study. Participants then completed a touchscreen question-
naire before undergoing a series of measurements and finally
provided blood and urine samples. Because eligible partici-
pants were initially identified using the National Health Service
(NHS) registry, all hospitalization data of the included partici-
pants were available for follow-up. The present research has
been conducted using the UKBB resource under the applica-
tion number 49823. The records of 77 individuals (last update
February 22, 2022) who withdrew from the UKBB were
removed from the analyses.

Inclusion and exclusion criteria

All participants in the CONSTANCES cohort included before
December 31, 2019 were screened for the HYPOBETA.fr study.
The following exclusion criteria were applied: no baseline
medical data, matching failure with the SNDS database,
inconsistency with SNDS data regarding vital status on inclu-
sion, participant declared as vegan according to baseline self-
questionnaire on food habits (never/almost never consumption
of meat, poultry and fish) or missing data, lipid-lowering therapy
(LLT) declared at baseline, LDL-C not calculable according to
the Friedewald formula (missing total cholesterol, high-density
lipoprotein-cholesterol [HDL-C] or triglycerides [TG], and/or
TG >350 mg/dl). Participants with >1 delivery of LLT identified
in the SNDS in the past 2 years before baseline were
also excluded.

Finally, for the main analysis, only participants with LDL-C
<5" (HBL) or between the 40™ and 60" percentile (controls)
according to sex and age (5-year ranges) were conserved.

The same eligibility criteria were adapted to the available
data in the UKBB.

Data collection and baseline parameters

Two sources of data were used: (i) baseline clinical and bio-
logical data collected from the CONSTANCES or UKBB
cohorts; and (ji) data on healthcare consumption: French SNDS
for CONSTANCES, drug delivery, declaration of long-term
chronic diseases (eligible for full reimbursement on a list
defined by decree after expertise from the French National
Authority for Health) and diagnoses associated with hospitali-
zation coded using ICD-10", from January 1, 2009 to
December 31, 2019; British NHS for the UKBB, using ICD-9"" or
-10", from December 12, 1980 to February 2, 2021. At baseline
in both cohorts, the participants were interviewed and exam-
ined by a physician who measured weight, height and waist
size and completed the medical questionnaire. The participant
also completed different self-questionnaires (including lifestyle
with the AUDIT [Alcohol Use Disorders Identification Test] score
in CONSTANCES and a food questionnaire).'® A fasting blood
sample was drawn with routine biological analyses including
lipid profile (total cholesterol, TG, HDL-C, and LDL-C calculated
using the Friedewald formula), fasting plasma glucose, hemo-
globin, white cell and platelet counts and alanine aminotrans-
ferase (ALT), and, in the UKBB only, the fibrosis-4 index (FIB-4)
with 1.30 and 2.67 thresholds to determinate low, intermediate
and high risk of advanced liver fibrosis, respectively.’® A
complete description of data collection has been provided
elsewhere for CONSTANCES'*'® and the UKBB.'®
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Outcomes

Two types of outcomes of interest were assessed: hepatic
diseases at baseline and hepatic complications during follow-
up. For baseline, we considered data both from the CON-
STANCES cohort and the SNDS (or the UKBB and the British
NHS, respectively). This could involve two different sources: (1)
diseases declared in the baseline questionnaires of CON-
STANCES or (2) diseases identified as a long-term disease in
the SNDS (ICD-10" classification: for example: “K74”, liver
fibrosis or cirrhosis) as the main diagnosis associated with a
hospital stay (ICD-10™" also), or the delivery of a drug specific
for a disease (ATC code, for example, any starting with “A10”
for drugs used in diabetes). Details of the codes used to define
each condition are provided in the supplementary information.

For participant follow-up events, the same approach was
applied using only SNDS data. For a specific condition,
patients were excluded from the analysis if the condition was
already known at baseline.

Statistical analyses

First, we proposed the comparison of participant history at
baseline with the two groups defined according to their
baseline LDL-C level below 5" percentile (age, sex) [HBL] or
between the 40"-60™ percentiles [control]. Categorical data are
presented with population size (%) and compared using a
prevalence ratio (95% CI) for hepatic diseases (steatosis,
fibrosis, and cirrhosis) and hepatic complications (cirrhosis
complications and primary liver cancer). Quantitative data are
presented as mean (+SD) or median [25"-75" percentile]
according to their distribution assessed from the histogram.
The groups were compared using the mean difference with the
95% CI of the estimation of the mean.

Secondly, we proposed a comparison of hepatic compli-
cations during follow-up. Categorical data are presented with
the number of events and the total of patient-year (PY) follow-
up, then converted to the number of events per 1,000 PY.
These incidence densities were compared using an incidence
density ratio (IDR), with the associated 95% CI. In the UKBB,
this approach was completed by a time-to-event analysis using
Cox models based on proportional hazard hypothesis (tested
using Schoenfeld residuals), comparing HBL vs. control group
for the risk of liver cancer. The adjustment parameters were
chosen according to background knowledge: age, sex, dia-
betes, known alcohol consumption and history of viral hepatitis
B or C. Multivariable models were not applied in the CON-
STANCES population owing to the small number of events.

Four sensitivity analyses were performed, replicating the
study of the main outcomes (hepatic complications and their
composite elements) in other settings: () replication in the
population free of classic risk factors for liver disease at
baseline, excluding individuals with obesity, excessive alcohol
consumption, diabetes mellitus, and viral hepatitis; (i) landmark
analyses excluding patients with hepatic complications
discovered in the 5 years following baseline; (jii) replication by
replacing LDL-C level stratification (<5™ percentile) with base-
line apoB level stratification (<5 percentile also); (iv) replication
by replacing LDL-C level stratification (<5™ percentile) with
genetically confirmed FHBL (i.e. pathogenic or likely patho-
genic APOB truncating variants according to the American
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College of Medical Genetics and Genomics classification). Due
to data limitation, the last three analyses were performed only in
the UKBB population.

All analyses of CONSTANCES were performed on the
“Secured Remote Access Center” (CASD, Malakoff, France)
servers, using R software®®. A two-tailed p value <0.05 was
deemed statistically significant. All analyses of the UKBB were
performed using R studio server interface provided by the
Bioinformatics Core Facility of Nantes: BiRD. Access to data
was limited in time on an annual renewal basis. No imputation
was performed and no correction was applied for multi-
ple testing.

Results

Characteristics of the study populations in the
CONSTANCES cohort

At the time of analysis, data were available for 205,051
participants in the CONSTANCES cohort including 169,093
with complete baseline data and available matching with the
SNDS database for follow-up. After exclusion of patients under
LLT and those on a vegan diet, 138,591 patients were
analyzable for this study (detailed flowchart in Fig. 1).

In a first approach, we established LDL-C reference values
in order to select our study populations and define LDL-C
percentiles for sex and age (by 5-year ranges) (see Table S1).
As illustrated in Fig. S1, LDL-C increases with age, especially in
women from the age of 50 onwards, which is probably linked to
the onset of menopause.

Table 1 shows the characteristics of individuals with HBL
compared with the control population. Median age of the
population was 45 years and 54.5% were women. Mean LDL-C
concentration was 71 (x15) mg/dl in the HBL group compared
to 128 (+16) mg/dl in the control group. Plasma TG concen-
tration was lower (77 (£45) vs. 92 (+44) mg/dl) while HDL-C was
higher (63 (+19) vs. 59 (+14) mg/dl) in the HBL group compared
to the control group. Furthermore, the HBL group had lower
BMI, waist circumference and blood pressure but more
frequent diabetes than those in the control group. Regarding
alcohol consumption, the mean AUDIT score was within the
normal range, although it was higher in the HBL group (mean
difference between groups = 0.45, 95% CI 0.35-0.56).

Primary hypobetalipoproteinemia and baseline hepatic
diseases in CONSTANCES cohort

When looking at the liver enzymes available in the CON-
STANCES cohort, there was no significant difference in ALT
concentrations between the HBL and control groups (Table 1).
On the other hand, the mean gamma-glutamyltransferase value
was modestly but significantly lower in the HBL group, with a
slight difference between the two groups when looking at the
proportion of individuals with gamma-glutamyltransferase
values above normal (7.7% vs. 8.8% in HBL vs. control
group, respectively).

At baseline, it is worth noting that individuals with HBL
presented more frequently with a known liver disease than
those in the control group (Table 2). For example, individuals
with HBL had a two-fold higher prevalence of hepatic disease —
as defined by the ICD-10 classification as the combination of

Journal of Hepatology, June 2024. vol. 80 | 846-857



Participants aged 218 years in the
CONSTANCES cohort
n = 205,051

Research Article

No baseline medical data, n = 4,129 (2.0%)
No pairing with SNDS data, n = 33,227 (16.2%)

Data inconsistency
(death reported before CONSTANCES baseline), n = 6 (0.003%)

CONSTANCES participants identified in the SNDS
database, before selection on CONSTANCES data
n = 169,093 (82.5%)

Exclusion® based on CONSTANCES medical data, n = 25,993 (15.4%)

- 2,530 declared as vegan* or missing data (1.5%)

- 1,5937 declared as currently receiving lipid lowering treatment (13,278) or
missing data (2,659) (9.4%)

- 9,832 with LDL-C not calculable based on Friedewald formula (missing total
cholesterol, HDL-C and/or TG, and/or TG >350 mg/dl) (5.8%)

CONSTANCES participants identified in the SNDS
database, after selection on CONSTANCES data
n = 142,246 (84.1%)

Lipid-lowering treatment delivered in the last 2 years according to the SNDS,
n = 3,655 (2.6%)

Potential participants before selection on LDL-C
percentile for age and sex
n = 138,591 (97.4%)

For selection on LDL-C,
participants were
categorized by sex
and 5-year age ranges

Patients included in the final analysis: 34,653 (25.0%)

* 6,939 below 5" percentile of LDL-C
(1,398 below 1<t percentile)

« 27,714 between 40"-60" percentile of LDL-C

Fig. 1. Flowchart of the HYPOBETA.fr population. $The participants could be excluded for >1 of the detailed reasons. Therefore, the sum might be higher than the
total number of excluded patients. *Defined as the declaration of never/almost never consumption of meat, poultry and fish, including participants who partially
answered for these three food items. HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; SNDS, French National Healthcare

System; TG, triglycerides.

liver steatosis, fibrosis, uncomplicated cirrhosis, metabolic
dysfunction-associated steatotic liver disease (MASLD) and/or
metabolic dysfunction-associated steatohepatitis (MASH) —
than the controls (0.59% vs. 0.29%, p = 0.0002). When
focusing on hepatic complications defined by cirrhosis com-
plications and/or primary liver cancer, the effect was even more
marked with a prevalence ratio of 7.32 in the HBL group
compared with the control group (0.16% vs. 0.02%, p <0.0001).
In addition, there was a more frequent history of viral hepatitis
(hepatitis B and/or C virus infection) in the HBL group (2.16%
vs. 1.08%, p <0.0001).

Journal of Hepatology, June 2024. vol. 80 | 846-857

Primary hypobetalipoproteinemia and incidence of hepatic
complications during follow-up in the
CONSTANCES cohort

As a next step, we compared the incidence of liver-related
events in the two study populations during a mean follow-up
of 5.0 (£1.9) years. As shown in Fig. 2, the HBL group was
characterized by a more frequent occurrence of liver steatosis
and/or fibrosis (IDR 1.96, 95% CI 1.18-3.26) compared to the
control group. Concerning the incidence of hepatic complica-
tions, the IDR rose to as high as 4.09 (95% CI 1.84-9.10).
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Table 1. Characteristics of the HYPOBETA.fr population (n = 34,653), according to baseline LDL-C levels (<5 vs.

40-60™" percentiles).

Characteristics Data LDL-C 40-60t" LDL-C <5t Difference* p value
availability percentile, n = 27,714 percentile, n = 6,939

Age 100% 45.0 [35.5; 56.5] 45.0 [35.5; 56.5] -0.1 (-0.5 to 0.2) NR
Women 100% 15,109 (54.5%) 3,782 (54.5%) 1.00 (0.98-1.02) NR
Clinical examination
BMI (kg/m°) 98.8% 24.7 (£4.3) 23.4 (£4.2) -1.2 (1.3 to -1.1) <0.0001
BMI (categories) 98.8% <0.0001

<18.5 kg/m? 711 (2.6%) 393 (5.8%)

18.5-24.9 kg/m? 15,893 (58.0%) 4,561 (66.9%)

25-29.9 kg/m? 7,976 (29.1%) 1,380 (20.2%)

>30 kg/m? 2,823 (10.3%) 484 (7.1%)
Waist circ. (cm) 99.6% 83.8 (¢x12.2) 80.7 (x12.1) -3.0 (-8.4 to -2.7) <0.0001
Waist/Hip 99.5% 0.85 (+0.09) 0.83 (+0.09) -0.01 (-0.02 to -0.01) <0.0001
Diabetes 100% 453 (1.63%) 223 (3.21%) 1.97 (1.68-2.30) <0.0001
Arterial hypertension 97.6% 9,178 (33.9%) 1,957 (29.2%) 0.86 (0.83-0.90) <0.0001
Systolic BP (mmHg) 97.5% 128.1 (£15.7) 126.0 (+16.1) 2.2 (-2.6t0 -1.7) <0.0001
Diastolic BP (mmHg) 97.5% 76.2 (+9.5) 74.8 (£9.5) -1.4 (-1.7 to -1.2) <0.0001
Smoking habits 95.9% 0.0009

0-Never 13,093 (49.2%) 3,163 (47.8%)

1-Former 4,742 (17.8%) 1,309 (19.8%)

2-Current 8,781 (33.0%) 2,140 (32.4%)
Alcohol Intake 93.9% 0.060

>1/week 16,187 (62.1%) 4,123 (63.6%)

2-3/month 5,354 (20.5%) 1,261 (19.5%)

1/month or less 3,464 (13.3%) 817 (12.6%)

Never 1,062 (4.1%) 279 (4.3%)
Alcohol consumption 25 units daily 89.5% 177 (0.71%) 81 (1.32%) 1.85 (1.42-2.40) <0.0001
(women) or 26 (men)
AUDIT score (quantities) 89.8% 5[3; 7] 5[4; 7] 0.45 (0.35 to 0.56) <0.0001
AUDIT score (thresholds) 89.8% <0.0001

<8 20,034 (80.4%) 4,736 (76.7%)

8to 12 3,777 (15.1%) 1,012 (16.4%)

213 1,120 (4.5%) 426 (6.9%)
Biology
Total cholesterol (mg/dl) 100% 205.2 (+23.6) 149.6 (+24.4) -55.6 (-56.3 to -55.0) NR
HDL-C (mg/dl) 100% 59.2 (+14.3) 63.3 (+18.8) 4.1 (3.6 to 4.6) <0.0001
Triglycerides (mg/dl) 100% 92.4 (+44.4) 76.8 (+45.3) -15.6 (-16.7 to -14.4) <0.0001
LDL-C (mg/dl) 100% 127.6 (£16.3) 71.0 (£15.0) -56.6 (-57.0 to -56.2) NR
FPG (mg/dl) 99.9% 94 (£12) 94 (+16) 0(-1to0) 0.060
Plasma creatinine (umol/L) 100% 73.8 (x13.5) 73.2 (x15.4) -0.6 (-1.0t0 -0.2) 0.005
eGFR (MDRD, ml/min) 100% 86.7 [77.4; 97.2] 87.8 [78.0; 98.7] 1.1 (0.7 to 1.5) <0.0001
Hemoglobin (g/dl) 98.5% 14.2 [13.4; 15.1] 14.0 [13.1; 14.9] -0.3 (-0.3 to -0.2) <0.0001
White cell count (10°/L) 99.8% 6,102 (+2,469) 5,997 (+1,866) -105 (-157 to -52) 0.0001
Platelets (10%/L) 99.7% 245 (£54) 235 (£58) -10 (-11 to -8) <0.0001
GGT (IU/L) 99.9% 20.0 [14.0; 30.0] 18.0 [13.0; 27.0] -0.9 (-1.9 to 0.0) <0.0001
GGT (>ULN) 99.9% 2,441 (8.8%) 536 (7.7%) 0.88 (0.80-0.96) 0.005
ALT (IU/L) 99.9% 21.0 [16.0; 29.0] 20.0 [15.0; 27.0] -0.3 (-1.7 to 1.0) <0.0001
ALT (>ULN) 99.9% 1,399 (5.1%) 343 (4.9%) 0.98 (0.87-1.10) 0.75

ALT, alanine aminotransferase; AUDIT, Alcohol Use Disorders Identification Test; BP, blood pressure; eGFR, estimated glomerular filtration; FPG, fasting plasma glucose; GGT,
gamma-glutamyltransferase; NR, not relevant. ULN, upper limit normal.
Categorical data are expressed as n (%). Quantitative data are expressed as mean (+SD) or median [25"; 75™ percentiles], according to the distribution.
*The differences are expressed as prevalence ratio (95% ClI) for categorical parameters, and mean difference (95% CI) for all quantitative parameters. p values are calculated using
Fisher’s exact test or Student’s t test for unpaired series.

Replication of the results in the UK Biobank cohort

In order to verify our results obtained in CONSTANCES, we
replicated the analyses in the UKBB cohort. We applied the same
strategy to select the two study populations: primary HBL (LDL-C
<5™ percentile) and control (LDL-C 40-60™" percentile) groups
(flowchart detailed in Fig. S2). We identified 18,914 individuals in
the HBL group (mean LDL-C 86 (+12) mg/dl) and 75,752 in-
dividuals in the control group (mean LDL-C 142 (£9) mg/dl). The
UKBB population was older than the CONSTANCES population,
with a median age of 56 years, while 57.1% were women.
The baseline characteristics of the HBL and control groups in the
UKBB are described in Table 3. The observed differences in the

metabolic phenotype of the HBL individuals were similar to those
observed in CONSTANCES with lower BMI, lower blood pres-
sure and greater prevalence of diabetes than in the control
group. Plasma ALT was more frequently above normal in the HBL
group, with a higher FIB-4 suggesting more frequent liver fibrosis
in HBL (median 1.29 [1.02-1.67]) than in the control group (1.21
[0.96-1.52], p <0.0001).

At baseline, there was a higher prevalence of hepatic dis-
ease (prevalence ratio 3.36, 95% CIl 2.70-4.19), primary liver
cancer (prevalence ratio: 6.01, 95% CI 2.14-16.9) and hepatic
complications (prevalence ratio: 7.83, 95% CI 4.84-12.7) in
individuals with HBL compared to the control group (Table 2).
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Table 2. Hepatic diseases at baseline for the HYPOBETA.fr (n = 34,653) and UKBB (n = 94,966) populations, according to baseline LDL-c levels (<5t

percentile vs. 40-60™").

Hepatic diseases at baseline Data 40'"<LDL-C=<60" LDL-C <5'" Prevalence p value
availability percentiles percentile ratio (95% CI)

HYPOBETA.fr n=27,714 n = 6,939

Viral hepatitis B and/or C 100% 298/27,714 (1.08%) 150/6,939 (2.16%) 2.01 (1.66-2.44) <0.0001

Steatosis, fibrosis, cirrhosis (without 100% 79/27,714 (0.29%) 41/6,939 (0.59%) 2.07 (1.42-3.02) 0.0002

complication), MASLD or MASH

Cirrhosis complication 100% 3/27,714 (0.01%) 8/6,939 (0.12%) 10.6 (2.83-40.1) <0.0001

Liver cancer (excl. hepatitis) 98.7% 3/27,416 (0.01%) 4/6,789 (0.06%) 5.38 (1.21-24.0) 0.045

Liver cancer (any) 100% 3/27,714 (0.01%) 4/6,939 (0.06%) 5.33 (1.19-23.7) 0.047

Hepatic complications: cirrhosis complications 100% 6/27,714 (0.02%) 11/6,939 (0.16%) 7.32 (2.71-19.7) <0.0001

and/or liver cancer

UKBB n = 75,752 n = 18,914 p-value

Viral hepatitis B and/or C+ 100% 46 (0.06%) 55 (0.29%) 4.78 (3.23-7.07) <0.0001

Steatosis, fibrosis, cirrhosis (without 100% 172 (0.23%) 145 (0.77%) 3.36 (2.70-4.19) <0.0001

complication), MASLD or MASH

Cirrhosis complication 100% 19 (0.03%) 41 (0.22%) 8.63 (5.01-14.9) <0.0001

Liver cancer (excl. viral hepatitis) 99.9% 6 (0.01%) 8 (0.04%) 5.35 (1.86-15.4) 0.0017

Liver cancer (any) 100% 6 (0.01%) 9 (0.05%) 6.01 (2.14-16.9) 0.0004

Hepatic complications: cirrhosis complications 100% 25 (0.03%) 49 (0.26%) 7.83 (4.84-12.7) <0.0001

and/or liver cancer

MASH, metabolic dysfunction-associated steatohepatitis; MASLD, metabolic dysfunction-associated steatotic liver disease; UKBB, UK Biobank.

p values are calculated using Fisher’s exact test.

In the longitudinal analyses, we confirmed in the UKBB
cohort, with a longer average follow-up duration (11.5 + 1.0
years) than in CONSTANCES, that the incidence of liver out-
comes was more frequent in the HBL group than in the control
group (Fig. 2). The incidence of liver steatosis and/or fibrosis
was approximately 1.5-fold higher (IDR 1.49, 95% CI 1.28-1.74)
while complications of cirrhosis were more than 4-fold more
frequent (IDR 4.50, 95% CI 3.57-5.67) in the HBL than in the
control group.

Altogether, the data obtained in the UKBB were very similar
to those observed in CONSTANCES and suggested that pri-
mary HBL is associated with an increased risk of hepat-
ic complications.

Association between primary HBL and hepatic
complications independently of classic risk factors

The critical question when considering the causal association
between HBL and hepatic complications is the possibility of
reverse causality, given that severe liver disease has been
described as being associated with lower LDL-C concentra-
tions.?" In order to mitigate the hypothesis of such reverse
causality, we first performed the same analyses in our study
population after excluding the individuals with classic risk
factors for liver disease (i.e. obesity, excessive alcohol con-
sumption, diabetes, viral hepatitis) or a personal history of he-
patic complications at baseline. As shown in Fig. 3, the

[0 CONSTANCES Events/PY Events/PY Events/1,000 PY Events/1,000 PY
Outcomes B UK Biobank IDR 95% CI (HBL) (Controls) (HBL) (Controls) p value
O 1.96 1.18-3.26 22/34,002 46/139,318 0.65 0.33 0.0080
Steatosis, fibrosis,
cirrhosis (without complications), MASH or MASLD
m 149 1.28-1.74 222/208,153 609/850,317 1.07 0.72 <0.0001
O 511 1.37-19.0 5/34,309 4/139,812 0.15 0.03 0.0070
Cirrhosis complications
m 450 3.57-5.67 152/208,067 138/850,642 0.73 0.16 <0.0001
O 4.08 1.53-10.8 8/34,226 8/139,806 0.23 0.06 0.0020
Primary liver cancer (any)
}—.—{ 225 1.68-3.01 70/208,333 127/850,892 0.34 0.15 <0.0001
O 4.09 1.84-9.10 12/34,182 12/139,785 0.35 0.09 0.0002
Hepatic complications
m 3.14 2.60-3.79 192/207,999 250/850,593 0.92 0.29 <0.0001
r T T T T T 1
0.50 1.0 2.0 4.0 8.00 16.00 32.0

Incidence density ratio (95% Cl)

Fig. 2. Analysis of liver outcomes during follow-up in the HYPOBETA.fr and UKBB population, LDL-c <5 vs. 40™-60" percentiles. The results are expressed
using incidence densities (events/total person-year) and the related between-group ratios. p values were calculated using Pearson’s chi-squared test. Hepatic
complications are defined as complications of cirrhosis and/or primary liver cancer. IDR, incidence density ratio; LDL-C, low-density lipoprotein-cholesterol; MASH,
metabolic dysfunction-associated steatohepatitis; MASLD, metabolic dysfunction-associated steatotic liver disease; PY, person-year; UKBB, UK BioBank.
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Table 3. Characteristics of the UKBB population (n = 94,666), according to baseline LDL-C levels (<5" vs. 40'™-60™ percentiles).

40*"<LDL-c <60™

LDL-c <5%

Characteristics Data availability Difference* p-value
percentiles (n = 75,752) percentile (n = 18,914)

Age 100% 56.0 [49.0; 62.0] 56.00 [49.0; 62.0] -0.1 (-0.2-0.1) NR
Women 100% 43,244 (57.1%) 10,794 (57.1%) NR NR
Clinical examination
BMI (kg/m?) 99.6% 27.1 (£4.61) 26.2 (+5.14) -0.8 (-0.9 to -0.8) <0.0001
BMI (categories) 99.6% <0.0001

<18.5 kg/m? 358 (0.5%) 281 (1.5%)

18.5-24.9 kg/m? 26,541 (35.1%) 8,662 (46.1%)

25-29.9 kg/m? 32,281 (42.7%) 6,310 (33.6%)

>30 kg/m? 16,348 (21.6%) 3,536 (18.8%)
Waist circ. (cm) 99.8% 88.9 (+13.0%) 86.8 (+14.5%) -2.1(-2.3to -1.9) <0.0001
Waist/Hip 99.8% 0.86 (+0.09) 0.85 (+0.09) -0.01 (-0.01 to 0.01) <0.0001
Diabetes 100% 953 (1.3%) 1,371 (7.2%) 5.44 (5.02-5.90) <0.0001
Arterial hypertension 100% 46,001 (62.8%) 10,283 (58.0%) 0.93 (0.91-0.95) <0.0001
Systolic BP (mmHg) 99.9% 138.9 (£19.5) 135.6 (£19.7) -3.2 (-8.5to -2.9) <0.0001
Diastolic BP (mmHg) 99.9% 82.3 (+10.6) 79.6 (+10.8) -2.7 (2.9 to -2.5) <0.0001
Smoking habits 100% <0.0001

Never 43,624 (57.6%) 10,500 (55.6%)

Former 24,799 (32.8%) 6,204 (32.9%)

Current 7,279 (9.6%) 2, 178 (11 5%)

Prefer not to answer 50 (0.1%) 2 (0.2%)
Alcohol Intake 100% <0.0001

Daily or almost daily 15,125 (20.0%) 3,879 (20.5%)

3-4 times a week 18,164 (24.0%) 4,151 (21.9%)

1-2 times a week 20,094 (26.5%) 4,718 (24.9%)

1-3 times a month 8,624 (11.4%) 2,033 (10.7%)

Special occasion 8,206 (10.8%) 2,262 (12.0%)

Never 5,463 (7.2%) 1,823 (9.6%)

Prefer not to answer 76 (0.1%) 48 (0.3%)
Weekly average consumption 100% 1,413 (1.9%) 414 (2.2%) 1.17 (1.05-1.30) 0.0002
(alcohol unit)
Alcohol consumption >5 units 100% 8,580 (11.3%) 2,314 (12.2%) 1.07 (1.02-1.12) <0.0001
per day
Alcohol consumption >14 100% 1,413 (1.9%) 414 (2.2%) 1.17 (1.05-1.30) 0.0002
(women) or >21 (men) units per
week
Biology
Total cholesterol (mg/dl) 100% 226 (+18) 158 (+22) -67.9 (-68.3 to -67.6) NR
HDL-c (mg/dl) 91.4% 57 (x15) 57 (x17) -0.4 (-0.7 to -0.1) 0.0013
Triglycerides (mg/dl) 99.9% 148 (+85) 111 (£76) -37.7 (-38.9 to -36.4) <0.0001
LDL-c (mg/dl) 100% 142 (£9) 86 (+12) -56.0 (-56.2 to -55.8) NR
FPG (mg/dI) 92.3% 90 (x15) 92 (+26) 2.7 (2to0 3.1) <0.0001
Plasma creatinine (umol/L) 99.9% 71.4 (+15.0) 72.0 (+21.5) 0.6 (0.3 to 0.9) <0.0001
eGFR (MDRD, ml/min) 99.9% 86.4 [76.8; 96.8] 86.9 [76.8; 98.3] 0.8 (0.5t0 1.1) <0.0001
Hemoglobin (g/dl) 97.5% 14.1 [13.3; 15.0] 13.8 [13.0; 14.7] -0.3 (-0.4 to -0.3) <0.0001
White cell count (108/L) 97.4% 6,780 (+2,060) 6,780 (+2,330) 100 (-30 to -40) 0.6706
Platelets (10%/L) 97.5% 254.2 (+58.8) 244.3 (65.4) -9.9 (-10 to -8.9) <0.0001
GGT (IU/L) 99.9% 24.7 [17.8; 37.7] 22.4 [16.2; 34.9] -0.5 (-1.2 t0 0.2) <0.0001
GGT (>ULN) 99.9% 11,029 (14.6%) 2,547 (13.5%) 0.93 (0.89-0.97) 0.0001
ALT (IU/L) 99.9% 19.3 [15.0; 26.0] 18.2 [14.1; 25.0] -0.5 (-0.7 to -0.2) <0.0001
ALT (>ULN) 99.9% 2,544 (3.4%) 723 (3.8%) 1.11 (1.04-1.23) 0.0017
FIB-4 97.1% 1.21 [0.96; 1.52] 1.29 [1.02; 1.67] 0.16 (0.12 to 0.20) <0.0001
FIB-4 (thresholds) 97.1% <0.0001

<1.30 43,035 (58.5%) 9,280 (50.6%)

1.30-2.67 29,246 (39.7%) 8,269 (45.1%)

>2.67 1,307 (1.8%) 775 (4.2%)
Apolipoprotein B (mg/dl) 99.5% 106 [100; 111] 67 [60; 73] -39 (-39 to -39) <0.0001

ALT, alanine aminotransferase; BP, blood pressure; eGFR, estimated glomerular filtration rate; FIB-4, fibrosis-4 index; FPG, fasting plasma glucose; GGT, gamma-

glutamyltransferase; NR, not relevant. ULN, upper limit normal.
Categorical data are expressed as n (%). Quantitative data are expressed as mean (+SD) or median [25";

75™ percentiles], according to the distribution.

*The differences are expressed as prevalence ratio (95% ClI) for categorical parameters, and mean difference (95% CI) for all quantitative parameters. p values are calculated using
Fisher’s exact test or Student’s t test for unpaired series.

increased risk of hepatic complications remained significant in
the UKBB cohort, but not in the CONSTANCES cohort, prob-
ably owing to a lack of statistical power (lower number of
events). It is important to note that with this approach, only
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cirrhosis complications were significantly more frequent,

whereas this was not the case for primary liver cancer.
However, in a time-to-event Cox analysis for primary liver

cancer, a hazard ratio (HR) of 3.15 (95% CI, 2.61-3.80) was
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[0 CONSTANCES Events/PY Events/PY Events/1,000 PY Events/1,000 PY
Outcomes Bl UK Biobank IDR 95% CI (HBL) (Controls) (HBL) (Controls) p value
O 2.05 0.19-22.6 1/26,546 2/108,777 0.04 0.02 0.5500
Cirrhosis complications
m 3.36 2.31-4.89 50/161,781 60/652,717 0.31 0.09 <0.0001
O 273 0.46-16.3 2/26,545 3/108,776 0.08 0.03 0.2500
Primary liver cancer (any)
- 1.04 0.65-1.66 22/161,781 85/652,717 0.14 0.13 0.9038
O 246 0.59-10.2 3/26,541 5/108,769 0.11 0.05 0.2000
Hepatic complications
m 1.90 1.42-2.54 67/161,781 142/652,717 0.41 0.22 <0.0001

r T T T T T T T 1
012 025 050 1.0 20 40 8.00 16.00 32.0
Incidence density ratio (95% Cl)

Fig. 3. Analysis of hepatic complications in the HYPOBETA.fr and UKBB population, restricted to population free of classic risk factors for liver disease; LDL-
C <5 vs. 40™-60™" percentiles. The results are expressed using incidence densities (events/total person-year) and the related between-group ratios. p values were
calculated using Pearson’s chi-squared test. Classic risk factors for liver disease are defined as obesity, excessive alcohol consumption, diabetes, and history of viral
hepatitis. Hepatic complications are defined as complications of cirrhosis and/or liver cancer. IDR, incidence density ratio; LDL-C, low-density lipoprotein-cholesterol;

PY, person-year; UKBB, UK BioBank.

observed between the HBL and control groups on univariable
analysis, while the HR was 2.60 (95% CI 2.13-3.17) on multi-
variable analysis adjusting for sex, age, alcohol consumption,
diabetes, and history of viral hepatitis B and/or C in the
UKBB (Table S2).

Finally, a 5-year landmark analysis of hepatic complications
conducted in the UKBB population showed that the incidence
of late hepatic complications was significantly increased in the
HBL population with or without classic risk factors for liver
disease at baseline (Fig. S3).

Taken together, these results confirmed the independent
association between primary HBL and hepatic complications in
the general population.

Sensitivity analyses with other thresholds for the definition
of primary HBL

In order to strengthen our findings, we performed additional
sensitivity analyses using other LDL-C thresholds or apoB
instead of LDL-C to define our population with primary HBL.
We first investigated the association between very low LDL-
C levels (LDL-C <15t percentile) and liver outcomes in both the
CONSTANCES (mean LDL-C: 55 mg/dl) and the UKBB (mean
LDL-C: 69 mg/dl) cohorts. As observed in patients with LDL-C
<5" percentile, a history of liver disease is much more frequent
in patients with LDL-C levels <1%' percentile compared with
controls (Table S3). As shown in Fig. 4, the IDR for liver out-
comes was even more marked in individuals with very low LDL-

[0 CONSTANCES Events/PY Events/PY Events/1,000 PY Events/1,000 PY
Outcomes B UK Biobank IDR 95% CI (HBL) (Controls) (HBL) (Controls) p value
O 3.54 1.67-749 8/6,851 46/139,318 117 0.33 0.0004
Steatosis, fibrosis,
cirrhosis (without complications), MASH or MASLD
m 225 1.75-290 66/40,988 609/850,317 1.61 0.72 <0.0001
O 5.06 0.57-45.2 116,912 4/139,812 0.14 0.03 0.1100
Cirrhosis complications
m 7.67 556-10.6 51/40,975 138/850,642 1.24 0.16 <0.0001
O 10.1  3.05-33.6 4/6,906 8/139,806 0.58 0.06 <0.0001
Primary liver cancer (any)
}—.—{ 3.59 228-565 22/41,095 127/850,892 0.54 0.15 <0.0001
O 845 2.98-23.9 5/6,896 12/139,785 0.73 0.09 <0.0001
Hepatic complications
m 515 3.90-6.80  62/40,962 250/850,593 1.51 0.29 <0.0001
r T T T T T T 1
0.50 1.0 20 4.0 8.00 16.00 320 64.00

Incidence density ratio (95% CI)

Fig. 4. Analysis of liver outcomes in the HYPOBETA.fr and UKBB population, population with LDL-C <15t vs. 40™-60™ percentiles. The results are expressed
using incidence densities (events/total person-year) and the related between-group ratios. p values were calculated using Pearson’s chi-squared test. IDR, incidence
density ratio; LDL-C, low-density lipoprotein-cholesterol; MASH, metabolic dysfunction-associated steatohepatitis; MASLD, metabolic dysfunction-associated

steatotic liver disease; PY, person-year; UKBB, UK BioBank.
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C levels, with a ~8-fold increased risk of hepatic complications
in CONSTANCES (IDR 8.45, 95% CI 2.98-23.9) and an ~5-fold
increase in the UKBB (IDR 5.15, 95% CIl 3.90-6.80). The
increased risk of hepatic complications in the HBL group per-
sisted after adjustment for confounding factors on multivariable
analyses in the UKBB (HR 4.33, 95% CI 3.20-5.85) (Table S2)
as well as in the population without classic risk factors for liver
disease (Table S4). This observed "dose-dependent" effect
(oetween the 5" and the 15t LDL-C percentiles) further re-
inforces the hypothesis of a mechanistic link between primary
HBL and the development of liver complications. Furthermore,
when the fixed LDL-C threshold of 70 mg/dl (1.81 mmol/L) was
used to define the primary HBL population instead of the 5%
percentile, the results were identical, with a significant increase
in hepatic complications in populations without standard risk
factors for liver disease at baseline (CONSTANCES: HR 3.29,
95% CI 0.64-16.9, p = 0.13; UKBB: HR 3.21, 95% CI 1.69-6.10,
p <0.0001).

Finally, instead of LDL-C values, we used apoB plasma
levels below the 5™ percentile for individuals with HBL and
between 40-60" percentile for the controls and observed
similar results (Table S5, Fig. S4).

Association between monogenic HBL (FHBL) and hepatic
complications

As a final approach, we focused on individuals with FHBL due
to heterozygous variants in the APOB gene which induce a
truncation of the protein and a defect in lipoprotein assembly
(FHBL-SD2). As shown in Fig. 5, participants with FHBL in the
UKBB cohort have an increased risk of developing hepatic
complications during follow-up, even in the absence of classic
risk factors for liver disease at baseline (IDR 4.19, 95% CI 1.74-
10.1; p = 0.0077). This increase was statistically significant for
cirrhosis complications (IDR 6.20, 95% CIl 2.31-16.6; p =
0.0045) but not for primary liver cancer (IDR 3.66, 95% CI 0.84-
13.5; p = 0.12).

@O CONSTANCES

Discussion

Our study confirms in two separate large population-based
cohorts that primary HBL is an independent risk factor for he-
patic complications, including cirrhosis and primary liver can-
cer. These results therefore overturn the paradigm of the
relationship between LDL-C and liver damage by reducing the
probability of reverse causality. Indeed, this association be-
tween primary HBL and hepatic complications persists after
adjustment for classic risk factors for liver disease such as
obesity, excessive alcohol consumption, diabetes, and viral
hepatitis, particularly in individuals with genetically proven
FHBL. Although the frequency of hepatic complications may
appear low, it should be noted that the individuals included in
these cohorts were relatively young (45 years on average in
CONSTANCES and 56 years in the UKBB). Altogether, these
findings highlight the need for long-term liver monitoring in in-
dividuals with primary HBL.

Primary liver cancer characterized by the development of a
malignant tumor in the digestive system is a common pathol-
ogy and its incidence is increasing. Recent epidemiological
data from the GLOBOCAN 2020 database, which includes 185
countries, indicate that primary liver cancers are one of the
three most frequent causes of cancer death in 46 countries
(and among the five most frequent causes of cancer death in 90
countries).?? In addition, this prevalence is expected to rise by
more than 55% by 2040 and require a strengthening of pre-
vention strategies. Among the modifiable risk factors for liver
cancer, both metabolic syndrome, type 2 diabetes and obesity
are becoming increasingly prevalent, notably predisposing to
the risk of MASLD and MASH.?® In the present study, we
demonstrate that primary HBL is an independent risk factor for
cirrhosis complications and primary liver cancer. It should be
highlighted here that this increased risk is observed even
though individuals with HBL have a lower BMI and waist
circumference than controls, but with a significantly higher
frequency of diabetes. Of note, this higher frequency of dia-

Events/PY Events/PY Events/1,000 PY Events/1,000 PY

Outcomes B UK Biobank IDR 95% CI (HBL) (Controls) (HBL) (Controls) p value
O 6.05 3.24-11.3 10/7,680 871/4,047,394 1.30 0.22 <0.0001
Cirrhosis complications
f—.—+ 620 2.31-16.6 4/5,655 353/3,094,108 0.71 0.11 0.0045
O 277 0.89-8.61 3/7,681 570/4,048,818 0.39 0.14 0.0967
Primary liver cancer (any)
% . % 3.36 0.84-13.5 2/5,655 326/3,094,108 0.35 0.11 0.1220
O 4.31 2.38-7.80 11/7,680 1345/4,047,137 1.43 0.33 <0.0001
Hepatic complications
f—.—* 4.19 1.74-10.1 5/5,655 653/3,094,108 0.88 0.21 0.0077

T T T T 1
2.0 4.0 8.00 16.00 32.0

Incidence density ratio (95% CI)

T T
0.50 1.0

Fig. 5. Analysis of hepatic complications in the UKBB population, in the entire population and restricted to the population free of classic risk factors for liver
disease, according to the presence of a truncating variant in the APOB gene. The results are expressed using incidence densities (events/total person-year) and
the related between-group ratios. p values were calculated using Pearson’s chi-squared test. Classic risk factors for liver disease are defined as obesity, excessive
alcohol consumption, diabetes, and history of viral hepatitis. Hepatic complications are defined as complications of cirrhosis and/or primary liver cancer. IDR, incidence

density ratio; PY, person-year; UKBB, UK BioBank.
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betes history in the HBL group may be attributed to a causal
association, but it could also be explained by a selection bias.
Indeed, individuals on statins were excluded from our analysis
and it is expected that physicians will be less prone to prescribe
statins to people with diabetes with spontaneously low LDL-C
levels (HBL group) than to those with elevated or normal LDL-
C levels.

Regarding other hepatic risk factors, it is important to note
that both a history of viral hepatitis and excessive alcohol
consumption were significantly more frequent in the HBL
group. It has previously been reported that chronic HCV
infection is associated with HBL, irrespective of hepatic dam-
age and nutritional status.>*?® The observation of an increased
prevalence of viral hepatitis in individuals with primary HBL is
consistent with previous studies demonstrating that HCV in-
creases LDL receptor expression at transcriptional and post-
translational levels, via SREBPs and PCSK9, to promote lipid
uptake and facilitate viral proliferation.?®2”

Despite these differences in the baseline prevalence of
risk factors for liver disease in the two populations, the results
of the multivariable analysis showed that the increased risk for
hepatic complications in primary HBL remains statistically
significant after adjustment for confounding factors.

However, it should be noted that, while the incidence of
hepatic complications remained significantly increased in in-
dividuals with HBL with no history of liver disease and no
classic risk factors for liver disease (obesity, diabetes, exces-
sive alcohol consumption, viral hepatitis), this increase was
mainly due to cirrhosis complications. Indeed, the incidence of
primary liver cancer was not significantly increased in HBL
groups. A possible explanation for this observation could be
linked to the natural history of liver disease in HBL, with pro-
gression from steatosis to fibrosis, then cirrhosis and finally
hepatocellular carcinoma. A study with a longer follow-up of
participants with primary HBL would make it possible to
confirm this hypothesis. The other explanation would be that
HBL is a risk factor for liver cancer and that other associated
factors (excessive alcohol consumption, diabetes, viral hepa-
titis) are needed to increase this risk, particularly over a short
follow-up period.

A long standing question about the relationship between
HBL and hepatic complications relates to the potential
reverse causation since liver disease, particularly decom-
pensated cirrhosis and liver cancer, can be accompanied by a
drop in LDL-C concentrations.?®*° However, when censoring
incident cancers within 3 to 5 years of the baseline survey
(lag-time analyses), the inverse association of serum total
cholesterol with primary liver cancer still persists in some
studies,*>*"! but not in others.**® Interestingly, we found in
the UKBB cohort that the increased risk of hepatic compli-
cations persists in the HBL group after excluding the first 5
years of follow-up. Importantly, the fact that the incidence of
hepatic complications increases when LDL-C concentration
decreases (5™ vs. 15! percentile) also supports a direct
role for hypocholesterolemia in the pathophysiology of
liver complications.

Previous Asian and European epidemiological studies in the
general population had already highlighted a potential link be-
tween low cholesterol and liver cancer risk.2°"** Notably, the
Japan public health center-based prospective study convinc-
ingly demonstrated that serum total cholesterol levels were
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inversely associated with the risk of liver cancer, after adjust-
ment for LLT, HCV infection and drinking habits.*°

Finally, the strongest argument in favor of a causal role for
HBL in hepatic complications probably comes from genetics.
Indeed, concordant studies have demonstrated that individuals
with FHBL present an increased prevalence of liver steatosis
and MASLD.®"" Here, we confirmed that patients with geneti-
cally proven FHBL with APOB truncating variants had a sig-
nificant increase in the incidence of hepatic complications,
even in the absence of other risk factors. From a mechanistic
perspective, this can be explained by a defect in hepatic VLDL
secretion linked to apoB truncated protein.” It is important to
note, however, that all FHBL are probably not comparable in
terms of risk of liver complications. Unlike class | FHBL owing
to lipoprotein assembly and secretion defects (FHBL-SD), class
Il FHBL, owing to enhanced lipoprotein catabolism (FHBL-EC),
appears to be more neutral with respect to the risk of liver
complications.®>*® Notably, loss-of-function variants in PCSK9
have been found to have (i) neutral effects on plasma liver en-
zymes and MASLD in the UKBB and eMERGE cohorts®® or
even (ji) protective effects against liver damage in individuals
with MASLD.®® To the best of our knowledge, only one genetic
study, using apolipoprotein E genotype (PROSPER trial,
including 2,913 participants), assessed the association be-
tween plasma total cholesterol and the risk of cancer.®”
Although this study suggests that low cholesterol levels are
not causally related to increased cancer risk, additional in-
vestigations taking into account the different genetic causes of
FHBL (FHBL-SD vs. FHBL-EC) are required to obtain more
insight into the pathophysiology of MASLD/MASH and liver
complications linked to FHBL.

Our study presents some limitations that should be
acknowledged. The diagnosis of HBL was made on a single
LDL-C measurement and we had no information on the dura-
tion and degree of exposure of each patient to hypo-
cholesterolemia. However, we carefully excluded secondary
causes of HBL such as vegan diet or LLT. Apart from FIB-4,
which we could calculate in the UKBB cohort, we had no
non-invasive markers of liver fibrosis and in particular no
fibroscan data. Similarly, no imaging data were available for the
diagnosis of hepatic steatosis. Moreover, the quality of MASLD
and MASH diagnosis based on ICD-10" codes was highly
questionable owing to the lack of uniform coding, even if this
lack of sensitivity was expected to be balanced between the
HBL and control groups. Finally, due to the observational
design, the associations presented could be due to a lack of
control of the confounding factors, either missing or difficult to
fully capture, such as alcohol consumption and hepatitis.

The major strength of our study lies in the population-based
study design, the large population size, the systematic data
collection and the substantial follow-up of the two cohorts,
CONSTANCES and the UKBB, which provided real-life evi-
dence. Above all, despite significant differences in population
definition and data collection, the analyses were replicated in
two independent cohorts with perfectly concordant results,
which reinforces our conclusions.

Primary HBL, characterized by a primary decrease in LDL-C,
is independently associated with a markedly increased risk of
hepatic complications, including primary liver cancer. The value
of systematic liver monitoring for prevention or early detection
of liver diseases in people with HBL must be further studied.
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