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Highlights: Impact and implications:
� The prevalence of advanced SLD and MASLD is markedly
higher in patients with IMID than in the general population.

� Patients with IMID and advanced stages of SLD/MASLD
were younger with a lower prevalence of T2D and hazardous
alcohol consumption.

� An increased prevalence of cryptogenic SLD in patients with
IMID points to a distinct and specific etiology.

� Transcriptome analysis identified 87 genes with significant
differential expression between patients with IMID-MASLD
and controls.
https://doi.org/10.1016/j.jhepr.2024.101167
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The prevalence of steatotic liver disease with advanced fibrosis
is increased in patients with immune-mediated inflammatory
diseases, independent of classic metabolic risk factors or high-
risk alcohol consumption. Transcriptomic analysis revealed a
unique gene expression signature associated with cellular ac-
tivities that are compatible with a liver condition leading to an
accelerated and aggressive form of steatotic liver disease. Our
findings underscore the importance of heightened screening for
advanced liver disease risk across various medical disciplines
overseeing patients with immune-mediated inflamma-
tory diseases.
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Clinical and molecular characterization of steatotic liver
disease in the setting of immune-mediated

inflammatory diseases
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JHEP Reports 2024. vol. 6 j 1–13
Background & Aims: Growing evidence suggests an increased prevalence of metabolic dysfunction-associated steatotic liver
disease (MASLD) in the context of immune-mediated inflammatory diseases (IMIDs). We aimed to clinically and mechanistically
characterize steatotic liver disease (SLD) in a prospective cohort of patients with IMID compared to controls.

Methods: Cross-sectional, case-control study including a subset of patients with IMID. Controls from the general population were
age-, sex-, type 2 diabetes-, and BMI-matched at a 1:2 ratio. SLD was established using controlled attenuation parameter. Liver
biopsies were obtained when significant liver fibrosis was suspected. Total RNA was extracted from freshly frozen cases and
analyzed by RNA-seq. Differential gene expression was performed with ‘limma-voom’. Gene set-enrichment analysis was per-
formed using the fgsea R package with a preranked “limma t-statistic” gene list.

Results: A total of 1,456 patients with IMID and 2,945 controls were included. Advanced SLD (liver stiffness measurement
>−9.7 kPa) (13.46% vs. 3.79%; p <0.001) and advanced MASLD (12.8% vs. 2.8%; p <0.001) prevalence were significantly higher
among patients with IMID than controls. In multivariate analysis, concomitant IMID was an independent, and the strongest,
predictor of advanced SLD (adjusted odds ratio 3.318; 95% CI 2.225-4.947; p <0.001). Transcriptomic data was obtained in 109
patients and showed 87 significant genes differentially expressed between IMID-MASLD and control-MASLD. IMID-MASLD cases
displayed an enriched expression of genes implicated in pro-tumoral activities or the control of the cell cycle concomitant with a
negative expression of genes related to metabolism.

Conclusions: The prevalence of advanced SLD and MASLD is disproportionately elevated in IMID cohorts. Our findings suggest
that IMIDs may catalyze a distinct MASLD pathway, divergent from classical metabolic routes, highlighting the need for tailored
clinical management strategies.

© 2024 The Authors. 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
In the past few decades, metabolic dysfunction-associated
steatotic liver disease (MASLD) has ascended to become the
predominant chronic liver pathology globally,1 its incidence
mirroring the upward trends in obesity and type 2 diabetes
(T2D) – its principal risk factors.2,3 The hepatic deposition of fat
epitomizes a systemic metabolic dysregulation, portending
potential progression to metabolic dysfunction-associated
steatohepatitis (MASH), liver fibrosis, cirrhotic decompensa-
tion, and hepatocellular carcinoma (HCC).4 Despite the clear
association with metabolic anomalies, MASLD exhibits
remarkable heterogeneity in phenotypic expression, progres-
sion rates, and prognostic outcomes. This variability is
* Corresponding authors. Address: Servicio de Aparato Digestivo, Hospital Universitario M
942 202520.
E-mail addresses: ariasloste@gmail.com, mteresa.arias@scsalud.es (M.T. Arias-Loste), jav
† Authors contributed equally to this manuscript.
‡ Authors jointly supervised this work and share seniorship.
https://doi.org/10.1016/j.jhepr.2024.101167

JHEP Reports, --- 2
underscored by MASLD’s manifestation in normoweight in-
dividuals devoid of overt insulin resistance or T2D.5

Our research collective has identified an elevated MASLD
and advanced liver fibrosis proclivity in individuals with
immune-mediated inflammatory diseases (IMIDs), such as in-
flammatory bowel disease (IBD)6 and hidradenitis suppurativa.7

This susceptibility appears independent from the classical
metabolic risk parameters. IMIDs constitute a diverse array of
prevalent, chronic disorders including IBD, psoriasis/psoriatic
arthritis, rheumatoid arthritis, and ankylosing spondylitis. These
conditions are unified by shared etiopathogenic pathways,
invoking a complex nexus of genetic predisposition – high-
lighted by their epidemiological co-occurrence and familial
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SLD in the context of IMID
agglomeration – and environmental precipitants that instigate
aberrant immune responses and proinflammatory cytokine
imbalance.8 While the IMID phenotype is defined by the afflic-
ted organ, such as the intestines in IBD or the skin in psoriasis,
patients are concurrently at heightened risk for comorbidities
as a direct sequela of persistent inflammation.9

Our hypothesis posits that patients with IMID are predis-
posed to developing steatotic liver disease (SLD), irrespective
of the traditional metabolic risk factors, possibly exhibiting a
unique hepatic molecular signature driven by the chronic in-
flammatory milieu. Our aim is to delineate the clinical and
mechanistic profiles of a prospective cohort of patients with
IMID-associated SLD and compare these findings with those in
patients presenting with SLD of a metabolic origin.

Materials and methods

Study design and participants

We performed a cross-sectional, case-control study
(ClinicalTrials.gov Identifier: NCT03760172). This study
included a multicohort of consecutive patients with IMIDs,
including IBD, psoriasis, hidradenitis suppurativa and axial
spondyloarthritis. Patients attended the Gastroenterology,
Dermatology, and Rheumatology outpatient clinics of the Uni-
versity Hospital Marques de Valdecilla (HUMV) in Santander
between December 2018 and December 2019. The inclusion
criteria for participation in the study were defined as follows:
age >−18 years-old, provided written informed consent, and
present with a reliable transient elastography (TE) assessment
(consisting of at least 10 valid measurements, a success rate of
over 60%, and low variability as evidenced by an IQR of less
than 0.3). Patients who had any clinical evidence of malignancy
or other secondary causes of chronic liver disease
were excluded.

A random sample of individuals from the general population,
stemming from the Spanish Hepatitis C Prevalence Study
(ClinicalTrials.gov Identifier: NCT02749864),10 was included as
a control group. Those with secondary causes of liver disease
were excluded, as were individuals with concomitant di-
agnoses of IMID. Patients and controls were matched by age,
sex, T2D, and BMI in a 1:2 ratio.

Additionally, a secondary control group was formed from a
sample of a real-world cohort of patients with biopsy-proven
MASLD who attended MASLD outpatient clinics at HUMV.
HUMV is a referral centre for liver diseases, and MASLD liver
biopsies comprised of samples obtained in clinical practice
mainly on occasions when the results obtained from TE gave
rise to a suspicion of MASH and/or advanced liver fibrosis.11

Patients with a known diagnosis of IMID were excluded from
this group to enable comparisons of the clinical and histological
characteristics of patients with “classic MASLD” (control-
MASLD) with those of patients with MASLD arising in an IMID
setting (IMID-MASLD). Patients with biopsy-proven IMID-
MASLD were paired with patients with biopsy-proven control-
MASLD by age and grade of liver fibrosis in a 1:2 ratio and
constituted our translational study cohort (TSC).

Written informed consent was obtained from all patients and
controls, and the study was conducted in accordance with the
ethical guidelines of the Declaration of Helsinki and with the
approval of the local Ethics Committees (CEIC-Cantabria.
Code: 2018.139).
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Clinical evaluation and laboratory collection

Anthropometric data were collected from all participants at
inclusion to calculate their BMI and waist circumference. In-
formation regarding smoking status, self-reported alcohol
consumption, concomitant presence of classic cardiovascular
risk factors, and the use of potential hepatotoxic medications
was collected during clinical interviews.

In patients with IMID, information about the disease
phenotype, duration, activity, complications, and past and
current treatments was prospectively and systematically
collected. Fasting venous blood samples were collected
at inclusion.

Diagnosis of SLD

A controlled attenuation parameter (CAP® - Echosens; Paris,
France) measured using TE was used to diagnose and quantify
hepatic steatosis. The cut-off value used to determine the
presence of SLD was 248 dB/m for >S0.12 After this determi-
nation, patients were categorised as having MASLD, metabolic
and high-risk alcohol-associated liver disease (MetALD), or
other etiologies/cryptogenic SLD, adhering to the nomencla-
ture recently proposed.13 High-risk alcohol consumption was
defined as an intake exceeding 20 g daily in women and 30 g
daily in men.

Liver fibrosis and histology assessment

All participants had their extent of liver fibrosis estimated by TE
(FibroScan® - Echosens; Paris, France). Experienced hepatol-
ogists performed all examinations following the manufacturer’s
recommendations. Significant liver fibrosis was indicated by
values >−7.2 kPa, while values >−9.7 kPa indicated advanced liver
fibrosis (advanced SLD or MASLD).14 The findings suggestive
of advanced fibrosis were corroborated in a second elastog-
raphy assessment.

Liver biopsies were obtained percutaneously with a Tru-Cut
biopsy needle following a standard procedure in patients with
suspected significant liver fibrosis according to liver stiffness
measurement (LSM). Liver biopsy specimens of at least 2.0 cm
(>−10 portal tracts) in length obtained with a 16-gauge cutting
needle were included. Samples were digitalized and reviewed
by a single expert pathologist unaware of the clinical findings.
Four histological features (steatosis, lobular inflammation, he-
patocellular ballooning, and fibrosis) were evaluated according
to the activity score and staging system devised by the Pa-
thology Committee of the NASH Clinical Research Network.

Total RNA extraction and RNA-seq data processing

Total RNA was extracted from freshly frozen biopsies. Freshly
frozen biopsies were disrupted using a Kimble® Pellet Pestle®
Cordless Motor (DWK Life Sciences, Cat. No.: 749540-0000).
RNA extraction was performed using the PureLinkTM RNA Mini
Kit (Invitrogen, Cat. No.: 12183018A) adding an extra purifica-
tion process with the PureLinkTM DNase Set (Invitrogen, Cat.
No.: 12185010). RNA quality was analyzed using RNA
ScreenTape (Agilent). Samples were required to have a mini-
mum RNA integrity number >8.

RNA-seq reads were mapped against the human reference
genome (GRCh38) using STAR (version 2.5.3a)15 with ENCODE
parameters. Genes were quantified using RSEM (version
024. vol. 6 j 101167 2
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1.3.0)16 with default parameters. The human gene annotation
file was downloaded from gencode release 36 (https://www.
gencodegenes.org/). Mapping and quantification quality
checking were performed with GEMTools (https://gemtools.
github.io/) and custom python scripts. A multidimensional
scaling plot was performed to inspect sample similarities using
the ‘voom’ transformed counts and the top 500 most variable
genes. Differential gene expression was performed with ‘limma-
voom’

17 adjusting for BMI, sex, and fibrosis severity in the
model. Genes with a false discovery rate <5% were considered
differentially expressed. Gene set-enrichment analysis was
performed with the fgsea R package18 with a preranked “limma
t-statistic” gene list. A heatmap plot with the differentially
expressed genes was generated with the R package pheatmap
with the scale = ‘row’ options and voom transformed counts.
Serum IGFBP-2 evaluation

Since IGFBP2 was the top hit expressed gene in IMID-MASLD
liver biopsies, serum IGFBP-2 protein concentrations were
obtained from TSC samples using the Human IGFBP-2 Quan-
tikine ELISA Kit (R&D Systems, Cat. No.: DGB200), according
to the manufacturer’s instructions. Quantikine Immunoassay
Control Set 1005 for Human IGFBP-2 (R&D Systems, Cat. No.:
QC106) was used as a quantitative control. Each sample was
tested in duplicate. The optical density of each well was read
using a Spark Multimode Microplate Reader (Tecan Trading
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AG, Switzerland) at 450 and 570 nm wavelengths, and the
concentration of the protein was calculated from the measured
absorbance using a standard curve. Additionally, serum sam-
ples available from patients without MASLD in the two study
groups (IMID and general population) were included
as controls.

Statistical analysis

Statistical analyses were performed using SPSS v22.0 (IBM,
USA). Group differences in normally distributed values were
analyzed by Student’s t test or one-way ANOVA, while those of
non-normally distributed variables were assessed using the
Mann–Whitney U test. Categorical comparisons were per-
formed using the chi-square test or Fisher’s exact test, as
appropriate. Initial univariate analyses were performed to
determine the differences between patients with IMID and the
control group, between patients with or without significant liver
fibrosis. Raw (unadjusted) and adjusted odds ratios (ORs) with
95% CIs were estimated using stepwise multivariate condi-
tional logistic regression, incorporating variables found to be
significant in the univariate analyses, as well as biologically
relevant covariates associated with the diagnosis and severity
of SLD/MASLD and IMID to test the risk factors for advanced
liver fibrosis in our study population. Relative excess risk due to
interaction (RERI), was used to assess the additive interaction
between IMID and cardiometabolic risk factors. Statistical
significance was concluded for two-sided values of p <0.05.
Controls included
(n = 2,945)

SLD
n = 1,425 (48.4%)

MASLD
n = 1,267 (43.0%)

Advanced
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Advanced
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Results

Baseline participant characteristics

As illustrated in the study flowchart (Fig. 1), of the 2,208
consecutive patients with IMID assisted at the specific outpa-
tient consultations, 1,566 agreed to participate in the study. A
total of 1,456 of the patients met the inclusion criteria and were
considered for analysis. A sample of 3,061 controls was drawn
from the 12,246 patients in the ETHON cohort. Patients and
controls were initially paired at a ratio of 1:2 and evaluated for
the study. Finally, 2,945 controls met the inclusion criteria and
were enrolled for analysis. The main clinical, anthropometric,
and laboratory characteristics of the participants are summa-
rized in Table 1 and Table S1.
Higher prevalence of advanced SLD and advanced MASLD
among patients with IMID

We have observed a substantially elevated prevalence of
advanced fibrosis concomitant with SLD and MASLD amongst
patients with IMID in comparison to controls, notwithstanding
the absence of discrepancies in the prevalence of SLD and
MASLD between the cohorts (Table 1). The prevalence of
Table 1. Baseline clinical and laboratory characteristics of the study populatio

IMID (n = 1,456)

Clinical characteristics
Age (yr), median (range) 51 (17-83)
Male sex, n (%) 723 (49.7)
BMI (kg/m2), mean (SD) 27.0 ± 5.3
Waist circumference (cm), mean (SD) 94.2 ± 13.3
T2D, n (%) 117 (8.0)
Hypertension, n (%) 396 (27.2)
Dyslipidemia*, n (%) 853 (58.6)
Active smoker, n (%) 369/1,379 (26.8)
High-risk alcohol intake#, n (%) 105 (7.2)
SLD, n (%) 676 (46.4)
Advanced SLD, n (%) 91 (13.5)
MASLD, n (%) 593 (40.7)
Advanced MASLD, n (%) 76 (12.8)
MetALD, n (%) 67 (4.6)
Advanced MetALD, n (%) 12 (17.9)
Cryptogenic$ SLD, n (%) 16 (1.1)
LSM (kPa), median (range) 5.3 (2.5-59.6)
CAP (db/m), median (range) 243 (100-400)

Laboratory characteristics, mean (SD)
Fasting glucose (mg/dl) 82.9 ± 19.1
Triglyceride (mg/dl) 115.9 ± 82.6
Total cholesterol (mg/dl) 190.7 ± 36.1
HDL-cholesterol (mg/dl) 56.0 ± 15.9
LDL-cholesterol (mg/dl) 112.8 ± 30.4
ALT (U/L) 26.0 ± 17.8
Bilirubin (mg/dl) 0.62 ± 0.3
Albumin (mg/dl) 4.5 ± 0.3
GFR (ml/min/1.73 m2) 87.9 ± 7.4
Hemoglobin (g/dl) 14.1 ± 1.4
Platelet number (103/ll) 238.4 ± 62.3
Ferritin (mg/dl) 111.6 ± 141.1

Differences in characteristics between groups were tested using Student’s t test in normall
comparisons were performed using chi-square test or Fisher’s exact test, as appropriate.
Bold p values indicate statistical significance.
ALT, alanine aminotransferase; CAP, controlled attenuation parameter; IMID, immune-medi
LDL, low-density lipoprotein; LSM, liver stiffness measurement; MASLD, metabolic dys
associated steatotic liver disease; T2D, type 2 diabetes.
*Dyslipidemia: plasma triglycerides >−150 mg/dl or HDL-cholesterol lower than 40 mg/dl (M
#High-risk alcohol consumption: >20 g/day in women and >30 g/day in men.
$Cryptogenic: steatosis in the absence of overt cardiometabolic criteria, drug-induced ste
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hepatic steatosis attributable to an interplay between car-
diometabolic risk factors and alcohol consumption (MetALD)
was similarly mirrored between patients with IMID and controls,
with no variances in the proportion of advanced fibrosis due to
this etiology being detected. We observed a significantly
augmented proportion of patients with SLD in the absence of
cardiometabolic dysfunction, drug-induced steatosis, or
alcohol consumption (cryptogenic SLD) within the IMID group
compared to controls. A more granular comparison of SLD
characteristics between patients with IMID and controls is
delineated in Table S2.

Our analysis extended to the clinical and analytical dispar-
ities between patients manifesting advanced fibrosis due to
SLD within the IMID cohort and controls (Table 2). Notably,
advanced SLD in patients with IMID presents at a markedly
younger age and harbors a diminished prevalence of T2D and
high-risk alcohol consumption, well documented risk factors for
liver fibrosis development in the general population. A more
meticulous comparison concerning advanced MASLD in IMID
vs. controls can be perused in Table S3. Additionally, we noted
a heightened proportion of advanced fibrosis in cryptogenic
SLD within the IMID contingent, albeit these differences did not
attain statistical significance owing to the paucity of cases. A
n.

Controls (n = 2,945) p values

51 (18-80) 0.822
1,411 (47.9) 0.276
26.9 ± 4.8 0.366

90.7 ± 14.2 <0.001
212 (7.2) 0.320

596 (20.2) <0.001
1,531 (52.0) <0.001

165/697 (23.7) 0.150
170 (5.8) 0.063

1,425 (48.4) 0.221
54 (3.8) <0.001

1,267 (43.0) 0.424
36 (2.8) <0.001

142 (4.8) 0.969
18 (12.7) 0.314
16 (0.5) 0.036

4.4 (2.5-58.2) <0.001
246 (100-400) 0.050

84.8 ± 21.4 0.003
140.6 ± 97.2 <0.001
201.5 ± 36.6 <0.001
57.2 ± 15.2 0.017

116.8 ± 32.6 <0.001
26.2 ± 19.7 0.738
0.55 ± 0.3 <0.001
4.4 ± 0.2 <0.001

77.6 ± 11.7 <0.001
13.9 ± 1.3 0.014

228.9 ± 54.0 <0.001
131.2 ± 142.2 <0.001

y distributed and Mann–Whitney U test in non-normally distributed variables. Categorical

ated inflammatory diseases; GFR, glomerular filtration rate; HDL, high-density lipoprotein;
function-associated steatotic liver disease; MetALD, metabolic and high-risk alcohol-

) or 50 mg/dl (F) or lipid-lowering medication.

atosis or alcohol consumption.

024. vol. 6 j 101167 4



Research article
stratified sub-analysis concerning the prevalence of advanced
MASLD and metabolic risk factors relative to the type of IMID is
exhibited in Fig. S1.

IMID is an independent risk factor for SLD and
advanced SLD

Logistic regression analysis showed that a diagnosis of IMID
constitutes an independent and paramount risk factor for both
SLD (adjusted OR 2.210; 95% CI 1.738-2.810; p <0.001) and
advanced SLD (adjusted OR 3.318; 95% 2.225-4.947; p
<0.001) as illustrated in Fig. 2A,B. Regarding SLD, additional
independent risk determinants encompassed age, high-risk
alcohol consumption, obesity, dyslipidemia, and waist
circumference (WC). Pertaining to advanced SLD, the inde-
pendent risk factors were identified as high-risk alcohol con-
sumption, T2D, and WC. In light of these findings, we
conducted an analysis of the supra-additive effects resulting
from the concurrent presentation of IMID with high-risk alcohol
consumption, T2D, and a hazardous WC (higher than 94 cm in
males or higher than 80 cm in females), employing the calcu-
lation of the RERI. Notably, a synergistic effect was discerned
in the conjunction of IMID and an increased WC (RERI 2.11;
90% CI 0.02–7.31), depicted in Fig. 3A. However, such synergy
was not observed in association with either alcohol or T2D
(data not shown).

In an effort to appraise the prevalence of advanced SLD
beyond traditional metabolic risk factors, we performed a
Table 2. Clinical characterization of SLD with advanced fibrosis in patients wi

Advanced SLD IMID (n = 9

Clinical characteristics
Age (yr), median (range) 54.6 ± 10.
Male sex, n (%) 53 (58
BMI (kg/m2), mean (SD) 32.9 ± 6.
Waist circumference (cm), mean (SD) 110.8 ± 14.
T2D, n (%) 18 (19
Hypertension, n (%) 49 (53
Dyslipidemia*, n (%) 66 (72
Active smoker, n (%) 21/78 (26
High-risk alcohol#, n (%) 12 (13
MASLD, n (%) 76 (83
MetALD, n (%) 12 (13
Cryptogenic, n (%) 3 (3
CAP (db/m), mean (SD) 325.5 ± 39.

Laboratory characteristics, mean (SD)
Fasting glucose (mg/dl) 95.8 ± 31.
Triglyceride (mg/dl) 167.7 ± 197.
Total cholesterol (mg/dl) 198.3 ± 49.
HDL-cholesterol (mg/dl) 53.6 ± 27.
LDL-cholesterol (mg/dl) 117.8 ± 36.
ALT (U/L) 44.9 ± 33.
Bilirubin (mg/dl) 0.6 ± 0.
Albumin (mg/dl) 4.5 ± 0.
GFR (ml/min/1.73 m2) 86.5 ± 10.
Hemoglobin (g/dl) 14.3 ± 1.
Platelet (103/ll) 224.3 ± 73.
Ferritin (mg/dl) 167.8 ± 245.

Differences in characteristics between groups were tested using Student’s t test in normall
comparisons were performed using chi-square test or Fisher’s exact test, as appropriate.
Bold p values indicate statistical significance.
ALT, alanine aminotransferase; GFR, glomerular filtration rate; HDL, high-density lipoprote
liver stiffness measurement; SLD, steatotic liver disease; T2D, type 2 diabetes.
*Dyslipidemia: plasma triglycerides >−150 mg/dl or HDL-cholesterol lower than 40 mg/dl (M
#High-risk alcohol consumption: >20 g/day in women and >30 g/day in men.
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stratification of patients with advanced SLD based on the
absence of the principal metabolic drivers, specifically T2D,
and obesity, as demonstrated in Fig. 3B. Intriguingly, the
prevalence of advanced SLD in patients devoid of obesity and/
or T2D was significantly elevated in those with IMID compared
to controls, with a pronounced augmentation in the absence of
T2D (Fig. 3B).
Biological therapy is an independent risk factor for
advanced MASLD in the IMID population

Next, to identify the overarching risk factors for advanced SLD
within the IMID cohort, our analysis revealed that the require-
ment for biological therapy emerged as an independent risk
factor for advanced SLD, concomitant with an increased WC
and the presence of hypertension, as delineated in Fig. 2C.
Results from a stratified multivariable logistic regression anal-
ysis, tailored to each specific IMID, are comprehensively
encapsulated in Table S4. Moreover, our examination dis-
cerned no supplementary risk attributable to the utilization of
other prevalent medications in IMID treatment known for their
potential hepatotoxic association, such as corticosteroids,
methotrexate, or immunomodulators, when scrutinizing the
collective IMID cohort or individual IMID entities (Table S5).
Correspondingly, an analysis focusing on each individual IMID
did not unveil any additional risk linked to disease duration or
activity (Table S5).
th IMID and controls.

1) Advanced SLD controls (n = 54) p values

63 58.6 ± 9.23 0.020
.2) 38 (70.4) 0.099
16 33.9 ± 6.66 0.356
99 112.0 ± 14.33 0.648
.8) 30 (55.6) <0.001
.8) 29 (53.7) 0.561
.5) 44 (81.5) 0.316
.9) 10/42 (23.8) 0.828
.2) 18 (33.3) 0.006
.5) 36 (66.7) 0.025
.2) 18 (33.3) 0.006
.3) 0 (0) 0.294
83 332.9 ± 46.42 0.316

42 99.1 ± 31.23 0.539
15 185.9 ± 100.86 0.532
63 193.2 ± 50.06 0.567
86 49.1 ± 14.32 0.284
38 109.0 ± 46.21 0.241
69 50.9 ± 32.53 0.300
32 0.6 ± 0.33 0.762
27 4.4 ± 0.35 0.342
27 84.3 ± 13.98 0.284
51 14.4 ± 1.36 0.825
80 192.9 ± 60.79 0.009
48 253.6 ± 227.81 0.104

y distributed and Mann–Whitney U test in non-normally distributed variables. Categorical

in; IMID, immune-mediated inflammatory diseases; LDL, low-density lipoprotein; LSM,

) or 50 mg/dl (F) or lipid-lowering medication.
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Fig. 2. Logistic regression analysis of SLD and advanced SLD risk factors. (A) Global logistic regression of SLD risk factors, representing adjusted odds ratios with
95% confidence intervals. (B) Global logistic regression of advanced SLD risk factors, representing adjusted odds ratios with 95% confidence intervals. (C) Logistic
regression of advanced SLD risk factors in the IMID population, representing adjusted odds ratios with 95% CIs. High-risk OH (alcohol consumption): >20 g/day in
women and >30 g/day in men. Stepwise multivariate conditional logistic regression analyses were performed for SLD (A), and advanced SLD (B and C). The models
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Fig. 3. Advanced SLD prevalence. (A) Supra-additive effect of IMID and hazardous WC on the prevalence of advanced SLD. (B) Advanced fibrosis prevalence
attributable to SLD stratified according to the absence of T2D or obesity in IMID and controls. Fisher’s exact tests were performed to obtain p values. IMID, immune-
mediated inflammatory diseases; SLD, steatotic liver disease; T2D, type 2 diabetes; WC, waist circumference.

Table 3. Comparative analysis of biopsy-proven IMID-MASLD and control-MASLD.

IMID-MASLD
(n = 69)

Control-MASLD
(n = 40)

p values

Age (yr), median (range) 54 (27-68) 54 (25-70) 0.782
Male sex, n (%) 38 (55.1) 19 (47.5) 0.446
Hypertension, n (%) 31 (44.9) 27 (67.5) 0.023
T2D, n (%) 20 (29.0) 20 (50.0) 0.028
Obesity, n (%) 44 (63.8) 34 (85.0) 0.018
BMI, mean (±SD) 32.1 ± 6.16 35.7 ± 5.74 0.003
LSM, mean (±SD) 9.1 ± 4.48 9.2 ±4.2 0.967
Fasting glycaemia, mean (±SD) 98.9 ± 40.13 101.6 ± 20.42 0.010
HbA1c, mean (±SD) 5.7 ± 0.95 5.7 ± 0.63 0.475
Total cholesterol, mean (±SD) 184.3 ± 36.48 170.1 ± 24.94 0.566
HDL-cholesterol, mean (±SD) 49.2 ± 10.23 44.6 ± 9.96 0.001
LDL-cholesterol, mean (±SD) 106.2 ± 33.52 99.6 ± 21.18 0.994
Tryglicerides, mean (±SD) 146.1 ± 57.54 156.85 ± 66.63 0.138
Steatosis, n (%) 0.031
S0 0 (0.00) 0 (0.00)
S1 39 (56.5) 14 (35.0)
S2 19 (27.5) 21 (52.5)
S3 11 (15.9) 5 (12.5)

Lobular inflammation, n (%) 0.772
0 20 (29.0) 12 (30.0)
1 32 (46.4) 16 (40.0)
2 17 (24.6) 12 (30.0)
3 0 (0.0) 0 (0.0)

Ballooning, n (%) 0.425
0 16 (23.2) 4 (10.0)
1 30 (43.5) 24 (60.0)
2 23 (33.3) 12 (30.0)

Fibrosis, n (%) 0.316
0 25 (36.2) 11 (27.5)
1 28 (40.6) 13 (32.5)
2 5 (7.2) 8 (20.0)
3 8 (11.6) 6 (15.0)
4 3 (4.3) 2 (5.0)

Values in bold denote statistical significance. Differences in characteristics between groups were tested using Student’s t test in normally distributed and Mann–Whitney U test in
non-normally distributed variables. Categorical comparisons were performed using chi-square test or Fisher’s exact test, as appropriate.
IMID, immune-mediated inflammatory diseases; LSM, liver stiffness measurement; MASLD, metabolic dysfunction-associated steatotic liver disease; T2D, type 2 diabetes.
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Research article
Distinctive clinical and histological profiles in a cohort of
biopsy-proven MASLD in IMID and controls

To identify the specific molecular mechanisms potentially
implicated in the pathobiology of SLD in patients with IMID and
controls, we collected a TSC of 109 histologically characterized
were adjusted for all the variables shown in the table. Statistically significant variabl
ratio; SLD, steatotic liver disease; T2D, type 2 diabetes; WC, waist circumference.

JHEP Reports, --- 2
cases (69 IMID and 40 control). All cases included in both the
IMID cohort, and the controls meet the clinical diagnostic
criteria for MASLD; henceforth, we will refer to them as IMID-
MASLD and control-MASLD. None of the cases selected in
the IMID cohort were undergoing treatment associated with
es are indicated in red. IMID, immune-mediated inflammatory diseases; OR, odds
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hepatotoxicity (such as methotrexate or corticosteroids),
although 33 of them (47.8%) had received one of these treat-
ments in the past. Additionally, 15 patients were receiving
monoclonal antibody therapy at the time of biopsy (21.7%).
Liver biopsies were obtained when significant liver fibrosis was
suspected according to LSM in both groups of patients. Ac-
cording to the study protocol, IMID-MASLD biopsies were
paired with control-MASLD cases by age and grade of liver
fibrosis to enable a comparison between the clinical and his-
tological profiles of IMID- and control-MASLD with equivalent
disease severity. The main components of metabolic syndrome
(T2D, obesity, and hypertension) were significantly underrep-
resented in the IMID-MASLD group compared to the control-
MASLD group (Table 3). This observation was further sup-
ported by the distinctively better glucose and lipid metabolism
profiles in the IMID-MASLD cases. In terms of histology, for an
equivalent degree of fibrosis, IMID-MASLD biopsies displayed
a significantly lower grade of steatosis, with similar levels of
lobular inflammation and hepatocellular ballooning.
Transcriptomic analysis shows alternative mechanisms
driving IMID-MASLD

The abovementioned clinical and histological data suggest
that independent mechanisms/molecules might drive the
DGCR
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pathogenesis of IMID-vs. control-MASLD. Thus, we per-
formed a comparative mRNA-seq transcriptome analysis in
TSC using a statistical model adjusted for BMI, sex, and
fibrosis severity. Under these conditions, we detected 87
significant genes that were differentially expressed (padj
<0.05, Table S6). In this context, a heatmap showing the
expression levels of the differentially expressed genes and
clustering among cases from each group is shown in (Fig. 4A).
More specifically, whereas genes such as IGFBP2, LRCOL1
and PLHDA1 were upregulated in IMID-MASLD, others such
as dopamine receptor D1 (DRD1), perilipin 1 (PLIN1) and the
metallothioneins MT1M, MT1G and MT1F were down-
regulated (Fig. 4B). These genes are widely expressed in the
liver (mostly in hepatocytes) and can participate in the
development and progression of cancers, such as renal cell
carcinoma (i.e., IGFBP2 and metallothioneins MT1H, MT1F, or
MT1G) and hepatocellular carcinoma (i.e., GPX2, LRCOL1 and
PLEKA4)19,20 (proteinatlas.org) (Fig. 4B). Since IGFBP2 (insu-
lin-like growth factor binding protein 2) was the top hit
expressed in IMID-MASLD liver biopsies, we sought to
analyze its correlation with serum protein levels. Our data
confirmed significantly higher levels of IGFBP2 in serum from
patients with IMID-MASLD (Fig. S2). Similar IGFBP2 serum
expression levels were found between IMID-MASLD, IMID and
control patients without MASLD.
IMID- vs. control-MASLD: Differential gene expression 
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To better understand the cellular functions and mechanisms
associated with the differentially expressed genes, we per-
formed a gene set-enrichment analysis that detected the most
relevant gene sets differentially enriched in IMID-MASLD cases
(Table S7). Among the latter, positively enriched gene sets were
detected with their associated activities related to the control of
DNA synthesis and the cell cycle, RHO-GTPase signaling to-
wards the actin cytoskeleton and oncogene-related signaling
involving RAS-MAPK and proinflammatory IL6 (Fig. 5). In
contrast, negatively enriched gene sets in IMID-MASLD were
associated with peroxisomal activity, response to metal ions,
mitochondrial and lipid metabolism, and dopamine signaling.

In addition, the transcriptomic analysis of IMID-vs. control-
MASLD stratified according to the presence of absent/mild
(F0–F1) vs. significant/advanced liver fibrosis (>−F2) showed
Fig. 5. Differential gene set-enrichment analysis in IMID-MASLD vs. control-M
enrichment (stratified by biological activities) between IMID- and control-MASLD
indicate pathway position in the full report (supp. Table 8). Pathway positions range
inflammatory diseases; MASLD, metabolic dysfunction-associated steatotic liver di

JHEP Reports, --- 2
increased mRNA expression of IGFBP2, PLEKHA4 and FARP1
in patients with IMID-MASLD and mild fibrosis (Fig. S3A).
IGFBP2 serum levels correlated with the transcriptomic data
(Fig. S3B). Patients with IMID-MASLD and significant or
advanced fibrosis (>−F2) displayed upregulated expression of
LRCOL1 (colipase), CCL19 (an inflammatory cytokine) and
cMYC (MYC oncogene) and reduced expression of DRD1 and
metallothioneins (Table S8).
Discussion
Despite the previously described increased prevalence of
MASLD associated with several IMIDs, clinical and molecular
characterization of MASLD developing on an IMID background,
as a condition distinct from classic metabolic risk factors, has
ASLD. A selection of positively (red) and negatively (blue) differential gene set-
patients, (padj <0.05). Numbers in the scale show NESs. Numbers in brackets
1-149 for positive NES and 150-169 for negative NES. IMID, immune-mediated

sease; NESs, normalized enrichment scores.
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SLD in the context of IMID
not been conducted. From a clinical perspective, we have
discerned an elevated prevalence of advanced SLD and
advanced MASLD in patients with IMID, irrespective of classic
metabolic risk factors. We deem this observation to be of
paramount significance, as it may engender heightened vigi-
lance for advanced liver disease risk across various medical
disciplines overseeing patients with IMID. This augmented risk
may be attributable to the interplay between chronic inflam-
mation, inherent to IMIDs, and cardiometabolic disturbances.
This was exemplified in our multivariate analysis of advanced
SLD risk factors in patients with IMID (Fig. 2C), wherein we
observed an amalgamation of classic metabolic risk factors,
such as augmented waist circumference or hypertension,
concomitant with factors associated with IMID severity, such
as the need for biological treatment – a surrogate marker of the
IMID inflammatory burden. Furthermore, supporting the po-
tential supra-additive magnitude of the interaction between
IMID diagnosis and cardiometabolic criteria, we have noted a
remarkably high prevalence of advanced SLD in patients with a
concurrent diagnosis of IMID and a hazardous increase in WC,
highlighting the synergistic effect of the coexistence of
both conditions.

In our cohort, patients with advanced SLD or advanced
MASLD and IMID were significantly younger and exhibited a
markedly lower prevalence of T2D or hazardous alcohol intake,
in the case of SLD, compared to controls. In addition, the
prevalence of advanced SLD was substantially higher among
non-obese, non-diabetic, and non-obese or diabetic IMID
cases than in controls. These findings, in conjunction with the
elevated prevalence of cryptogenic SLD among IMID cases,
suggest an independent and specific etiology beyond classic
metabolic risk factors, accounting for a more progressive form
of SLD in these patients. The natural history of MASLD in lean
individuals remains elusive. Consonant with our findings, recent
research has demonstrated that, despite a more favorable
metabolic profile, lean individuals with MASLD face similar risks
of disease progression to MASH and cirrhosis.21,22 Moreover,
although only a limited corpus of studies has explored the
distinctive mortality rates and clinical outcomes between lean
and non-lean patients with MASLD, the extant data suggest
that lean individuals with MASLD are exposed to comparable, if
not heightened, risks of progressive liver disease, cancer, and
all-cause mortality.21 Our study furnishes a functional elucida-
tion for the IMID paradigm.

Firstly, in relation to cancer risk, we note that functionally,
IMID-MASLD cases within the TSC cohort exhibit upregulated
expression of gene sets directly implicated in cell proliferation,
oncogenic, and inflammatory signaling pathways, such as
RAS-MAPK signaling and the proinflammatory cytokine IL6.
Conversely, these cases demonstrate suppressed expression
of genes associated with peroxisomal activity, mitochondrial
and lipid metabolism, metallothioneins, and dopamine
signaling. Notably, IMID-MASLD-upregulated genes are
significantly linked to the biology of various human cancers,
including GPX2 and URG11 in HCC,19,23 PLEKHA4 in mela-
noma24, and IFGBP2 in renal cell carcinoma.25 Furthermore,
diminished metallothionein expression, as observed in IMID-
MASLD cases, is likewise correlated with the development of
numerous human cancers, including HCC.26 Mechanistically,
these genes can participate in well-known oncogenic signaling
JHEP Reports, --- 20
pathways such as URG11, PLEKHA4, GPX2 and metal-
lothioneins in the WNT-beta catenin pathway, which is highly
implicated in the development of liver adenomas and
HCC.23,24,26–29 Additionally, certain IMID-MASLD-upregulated
genes, such as RASSF6, which functions as an anti-
oncogene, may play a role in curtailing cellular cytotoxicity/
transformation in this biological milieu.30 These findings
disclose a pathophysiological context consistent with a pro-
tumoral condition conducive to the emergence of an expe-
dited and more progressive form of SLD/MASLD in patients
with IMID, even in the absence of obesity. Intriguingly,
notwithstanding the deleterious impact of obesity on overall
health, recent studies have elucidated that the risk of cancer
escalates in MASLD, independently of obesity.31

Secondly, regarding the risk of progressive liver disease, it is
noteworthy that T2D, a well-documented driver of fibrosis in
MASLD, is less prevalent among patients with advanced SLD/
MASLD and IMID compared to controls. Remarkably, about 3/
10 patients with advanced fibrosis within the IMID population
(27/91; 29.7%) were non-obese and non-diabetic, a proportion
significantly exceeding that observed in control-SLD (6/54;
11.1%) (p = 0.013). Additionally, patients with advanced
MASLD in the IMID cohort were significantly younger (see
Table 2 and Table S3). As previously mentioned, these data
imply an accelerated and more severe form of MASLD in the
context of IMIDs. In this context, the expression of SERPINA1
(PI) was upregulated in IMID-MASLD cases (see Table S6).
Since it is well established that accumulative protein variants of
SERPINA1 (PiZ) in hepatocytes correlate with enhanced in-
flammatory activity and fibrosis stage in patients with concur-
rent liver disease,32 it is plausible that its enhanced expression
may contribute to the accelerated progression of IMID-MASLD
described in this study. Patients with a concomitant diagnosis
of alpha-1 antitrypsin deficiency were excluded from the anal-
ysis. An additional intriguing mechanism within IMID-MASLD
involves compromised dopamine signaling through reduced
DRD1 and PLIN1 expression. Upon activation, DRD1 signals
via cAMP and promotes phosphorylation of PLIN1, which is
involved in lipid droplet formation and fatty acid lipolysis.33 In
agreement with the antagonistic role of DRD1 in IMID-MASLD,
it has been shown that DRD1 activation prevents fibrosis in
mice via YAP/TAZ activity impairment.34 While the precise
contribution of these findings remains to be elucidated, they
might incite MASLD development through pathways alternative
to classic metabolic factors.

In a concurrent transcriptome analysis stratified according
to the degree of liver fibrosis, substantial IGFBP2 over-
expression was observed in IMID-MASLD cases at the early
stages of the disease (F0–F1), which can also indicate a
distinctive yet accelerated liver disease process. Moreover,
cases with F >−2 exhibited overexpression of the cMYC onco-
gene and CCL19, a proinflammatory cytokine. While cMYC
serves as a key transcriptional regulator of metabolism and
cancer, particularly implicated in hepatocyte proliferation, liver
regeneration, and fibrogenesis,35,36 CCL19 functions as a T-
cell chemoattractant via CCR7, also highly involved in HCC
progression.37,38 These results support the idea of cell trans-
forming mechanisms participating in the more aggressive IMID-
MASLD, as judged by the higher prevalence of advanced liver
fibrosis in an IMID context.
24. vol. 6 j 101167 10
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The principal drivers of MASLD in the absence of over-
weight/obesity and T2D remain elusive. Potential factors
include genetic, environmental, endocrine, or inflammatory
agents that can interact and modulate susceptibility to MASLD
without excess body adiposity.5 Our transcriptomic analysis
revealed a distinctive molecular signature that supports a
“nonmetabolic” background in IMID-MASLD. In this sense, the
most highly upregulated gene in IMID-MASLD, IGFBP2, can
exemplify this “nonmetabolic” signature. Specifically, IGFBP2,
the most prominently upregulated gene in IMID-MASLD, epit-
omizes this "nonmetabolic" signature. IGFBP2 mRNA expres-
sion was significantly upregulated in IMID-MASLD cases,
accounting for notably lower serum insulin levels compared
with classic MASLD (see Table S3). We further corroborated
this expression at the protein level in serum samples. Func-
tionally, IGFBP2 has been illustrated to bind and modulate the
activities of IGFI and IGFII, either augmenting or diminishing
their effects.39 IGFBP2 serves as a biomarker for metabolic
syndrome; in states of obesity, its circulating levels are dimin-
ished, and its low concentrations are strongly correlated with
T2D and metabolic syndrome.40 Studies involving transgenic
mice overexpressing human IGFBP2 have showcased its pro-
tective role in glucose resistance, which is both age- and diet-
dependent.41 Additionally, IGFBP2 is implicated in pro-tumoral
activities and the advancement of various human cancers,
including ovarian, breast, prostate, renal cell, and hepatocel-
lular carcinoma.25,39,42 Considering the inverse association
between IGFBP2 expression and the incidence of classic
MASLD,43 our findings advocate for the activation of alternative
mechanisms by chronic inflammation, diverging from classic
metabolic disorders, in the development of liver disease.

Our study is not without limitations. Firstly, the presumption
of advanced liver fibrosis was predicated on TE results. Despite
liver biopsies being obtained from patients with suspected liver
fibrosis, our study design precluded an analysis of TE’s diag-
nostic efficacy for advanced MASLD within the IMID cohort.
JHEP Reports, --- 2
However, the assumption of liver fibrosis was established
based on TE in both the case and control groups, facilitating a
comparative analysis between the two cohorts. Secondly, the
IMID cohort comprised four distinct conditions, each with
varying metabolic profiles (see Fig. S1). Despite this hetero-
geneity, the data on the elevated risk for advanced SLD were
consistent across all four conditions, underscoring the pivotal
role of non-invasive risk assessment for advanced fibrosis in
patients with IMID. Lastly, the patients with IMID included in our
study received various treatments pertinent to their IMIDs,
which may have potentially influenced the transcriptomic out-
comes. Nonetheless, we did not identify any statistical linkage
between the use of potentially steatogenic medications and the
prevalence of advanced SLD. The prospect of conducting an
analysis on a treatment-naive IMID patient cohort who have
developed complications due to their chronic inflammatory
state is highly improbable, leading us to posit that our molec-
ular data, whether influenced by pharmacological mechanisms
or not, represent a progression in the comprehension of the
pathogenic mechanisms behind advanced SLD arising in the
milieu of immune-mediated diseases.

In summary, advanced SLD and MASLD exhibit a dispro-
portionately high prevalence in IMID populations, independent
of metabolic dysfunction and high-risk alcohol consumption.
Supporting this, we provide a functional explanation differen-
tiating between IMID- and control-MASLD and demonstrate
that IMIDs manifest a distinctive gene expression signature
involved in cellular processes consistent with a pro-tumoral
liver condition. This paves the way to an accelerated and
aggressive form of MASLD that develops autonomously from
classical metabolic pathways. Our revelations constitute a
significant stride in the understanding of the pathophysiology
underlying the heterogeneity of MASLD/SLD beyond metabolic
syndrome. These insights may serve as a foundation for future
research into targeted therapies tailored for IMID-
MASLD patients.
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