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ABSTRACT

Background and Aims: Metabolic dysfunction-associated steatotic liver disease (MASLD), the most common chronic liver
disease worldwide, is closely linked to obesity and metabolic syndrome. The reason some patients with MASLD develop meta-
bolic dysfunction-associated steatohepatitis (MASH) and which metabolic changes in the liver are linked to its progression are
unclear.

Methods: A non-targeted metabolomics analysis was performed on liver samples from 106 Finnish patients with severe obesity
(71 females, mean age +SD: 48.6 + 8.7 years, body mass index: 41.6 = 5.2 kg/m?) selected for laparoscopic gastric bypass surgery.
Liver metabolomics and liver RNA sequencing data were used to study metabolic differences between those with steatosis and
those with MASH. Validation was performed in a French cohort of 227 patients with obesity and MASLD.

Results: Overall, 45 metabolites differed between patients with steatosis and those with MASH. Novel MASH-associated metab-
olites included N-acetylneuraminate (5= 0.276), pentose acid (8= —0.290), UDP-galactose (5= —0.413), gamma/beta-tocopherol
(f=-0.317), and guanidinosuccinate (f=-0.289) (all p<0.05). In the validation cohort, 8 of 20 metabolites, including N-
acetylneuraminate and plasmalogens 1-(1-enyl-palmitoyl)-2-arachidonoyl-GPE(P-16:0/20:4) and 1-(1-enyl-stearoyl)-2-arachidon

Abbreviations: ABOS, Biological Atlas of Severe Obesity; BMI, body mass index; FDR, false discovery rate; GPC, glycerophospatidylcholine; GPE,
glycerophosphatidylethanolamine; KEGG, Kyoto Encyclopedia of Genes and Genomes; KOBS, Kuopio Obesity Surgery Study; LC-MS/MS, liquid chromatography-
tandem mass spectrometry; LRYGB, laparoscopic Roux-en-Y gastric bypass; MASH, metabolic dysfunction-associated steatohepatitis; MASLD, metabolic dysfunction-
associated steatotic liver disease; MBOAT7, membrane-bound O-acyltransferase domain-containing 7; PCA, primary component analysis; PNPLA3, patatin-like
phospholipase domain-containing 3; PPAR, peroxisome proliferator-activated receptor; SAF, steatosis activity and fibrosis; TG, triglycerides; TM6SF2, transmembrane
6 superfamily member 2; UDP, uridine disphosphate; VLCD, very-low-calorie diet
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oyl-GPE(P-18:0/20:4), were linked to MASH (p < 0.05). The 45 significantly altered metabolites formed two clusters with different
associations with metabolic parameters, depending on their correlation with liver histological features. Kyoto Encyclopedia of

Genes and Genomes analysis revealed that elevated metabolites in MASH were associated with inflammatory pathways; those
decreased in MASH were linked to fatty acid degradation and amino acid and pyruvate metabolism.
Conclusion: Transitioning from simple steatosis to MASH is associated with distinct alterations in liver metabolites and sys-

temic metabolic traits, highlighting disease progression-associated pathways.

1 | Introduction

The global prevalence of metabolic dysfunction-associated ste-
atotic liver disease (MASLD), previously known as nonalcoholic
fatty liver disease, is >30% [1, 2]. The disease presents primarily
as hepatic steatosis but can progress to metabolic dysfunction-
associated steatohepatitis (MASH), fibrosis, cirrhosis and hepa-
tocellular carcinoma [3-5]. The reason that steatosis progresses
to MASH in approximately 16% of patients is unknown [6].
Lipidomic analyses of the liver tissue have demonstrated alter-
ations in fatty acids in patients with MASH compared to those
in patients with steatosis [7, 8]. MASH has also been associated
with increased hepatic levels of aromatic and branched-chain
amino acids [9]. However, comprehensive information regard-
ing the pathogenesis of MASH and changes in liver metabolism
in patients with MASH remains scarce.

Non-targeted metabolite profiling provides an intriguing opportu-
nity to obtain a comprehensive picture of metabolic processes and
pathophysiological alterations associated with the pathogenesis of
MASH [10]. More specifically, focusing on liver tissue can provide
an extensive view of the pathophysiological alterations in MASH,
compared with measuring plasma or serum samples, which inte-
grate the extrahepatic components of these processes [11].

In this study, we investigated the alterations in liver metabolites
in individuals with severe obesity and with and without MASLD
using non-targeted relative quantitative liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS), focusing on the
differences between steatosis and MASH. Our main findings
were validated using an external cohort study. Furthermore, the
associations between the most significantly altered metabolites
and metabolic disturbances were analysed. Finally, liver RNA
sequencing data were used to identify the metabolic pathways
responsible for the observed changes.

2 | Methods
2.1 | Kuopio Obesity Surgery (KOBS) Cohort

Overall, 106 individuals who underwent laparoscopic Roux-
en-Y gastric bypass (LRYGB) for the treatment of severe obesity
were selected from the KOBS study [12] based on the availability
of liver tissue for metabolomic analysis, fasting serum samples,
and detailed liver histological characterisations.

Clinical features, medical history and medication use were re-
corded during an outpatient visit before surgery. All patients were
instructed to follow a very-low-calorie diet (VLCD) for approxi-
mately 4weeks before surgery, and blood samples were collected

after 12h of fasting the morning before the operation. Plasma glu-
cose, insulin and serum lipid levels were measured, as previously
described [13]. Patatin-like phospholipase domain-containing
3 (PNPLA3) 1148M at rs738409, transmembrane 6 superfamily
member 2 (TM6SF2) rs58542926 C>T, and membrane-bound
O-acyltransferase domain-containing 7 (MBOAT7) 1s641738
C>T were genotyped using the TagMan SNP genotyping assay
(Applied Biosystems), according to the manufacturer's protocol.
The study was conducted in accordance with the principles of the
Declaration of Helsinki and Istanbul. Written informed consent
was obtained from all participants before the study procedure. The
study protocol was approved by the Ethics Committee of Northern
Savo Hospital District (54/2005, 104/2008, 27/2010 and 1108/2018).

2.2 | Validation Cohort

To validate our metabolite analysis, we utilised an independent
external cohort (n=227) from the Biological Atlas of Severe
Obesity (ABOS) cohort [14], which included liver biopsies and
plasma from patients with steatosis (n=146) or MASH (n=81).
The clinical characteristics of the validation (ABOS) cohort are
presented in Table S1. Liver and plasma metabolomic profiling
in this cohort was performed using the same Metabolon plat-
form and methodology as for the KOBS cohort, as described later
in the text [14]. A linear regression model, adjusted for age and
sex, was applied to the 25 top-ranked metabolites identified in
the KOBS cohort in our primary analysis to replicate their asso-
ciation with steatosis and MASH.

2.3 | Liver Histology

Wedge biopsies of the liver tissue were collected during elective
LRYGB. The samples in the KOBS cohort were graded using
the Steatosis, Activity and Fibrosis (SAF) scoring system [15],
whereas the samples in the ABOS cohort were graded according
to the NASH Clinical Research Network scoring system [16]. For
analytical comparability, patients with definite steatohepatitis
(NASH CRN) or MASH (SAF > S1A2) were categorised together
as having steatohepatitis, and fibrosis stages were analysed on a
unified 0-4 scale, which is identical in both systems.

2.4 | Non-Targeted Metabolomics
2.41 | Metabolomics Analysis
Non-targeted metabolomic profiling of plasma and fresh fro-

zen liver samples was performed by Metabolon Inc. (Durham,
NC, USA). Briefly, methanol extraction of biochemicals was
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Key Points

» Using non-targeted liver metabolomics, we identified
distinct metabolic alterations that differentiate simple
steatosis from MASH in patients with severe obesity.

Several novel  metabolites, including  N-
acetylneuraminate, UDP-galactose, pentose acid and
specific plasmalogens, were associated with MASH
and showed partial replication in an external cohort
in the liver.

MASH-associated metabolites clustered into biolog-
ically distinct patterns linked to systemic metabolic
traits and liver histological features.

Integrated metabolomic and transcriptomic pathway
analyses revealed that these metabolite clusters were
linked to distinct biological processes, with metabo-
lites elevated in MASH associated with inflammatory
pathways and those reduced in MASH linked to fatty
acid, amino acid and pyruvate metabolism.

followed by non-targeted relative quantitative LC-MS/MS.
The Metabolon DiscoveryHD4 platform was used to assay the
metabolites.

All samples were processed for peak quantification and scal-
ing. Raw mass spectrometry peaks were quantified for each
metabolite using the area under the curve, and the overall pro-
cess variability was evaluated using the median relative SD for
endogenous metabolites present in all 20 technical replicates
in each batch. Samples were adjusted for variations caused by
day-to-day instrument tuning differences and columns used
for biochemical extraction by scaling the raw peak quantifica-
tions to the median for each metabolite in the Metabolon batch.

2.4.2 | Data Analysis

After data preprocessing, which included natural logarithm
conversion, a t-test and linear model adjusted for age and sex
were used to identify metabolites that differed significantly be-
tween patients with steatosis and those with MASH. The same
analysis was performed on the validation cohort after identical
preprocessing.

For the discovery cohort, primary component analysis (PCA)
was used to identify the differences between liver phenotypes
(normal liver, steatosis and MASH). A t-test was performed to
further assess which metabolites differed between those with
a normal liver, steatosis or MASH. Spearman'’s correlation
with K-means clustering was used to analyse the associations
between metabolites and measurements reflecting metabolic
disturbances. The metabolites for the correlation analysis
were chosen based on the linear regression analysis results.
Statistical significance was set at p <0.05. Our cross-sectional
study had a large number of annotated metabolites (n=_872)
relative to the sample size (n =106). To provide a broad over-
view of metabolic alterations in MASH pathogenesis, we se-
lected metabolites for further analysis based on unadjusted
p-values. All statistical analyses and visualisations were

performed using R (version 4.4.1; The R Project for Statistical
Computing).

2.4.3 | RNA Sequencing

Total RNA sequencing was performed on liver samples from the
KOBS study cohort, as previously described [17]. Libraries were
subjected to paired-end sequencing (50-nucleotide reads) and
subsequent read alignment. Gene-level counts were normalised
using the trimmed mean of M-values method, converted to
counts per million using edgeR, and subjected to log, transfor-
mations. Expression data were corrected for technical covariates
(RNA integrity number, percentage of uniquely aligned reads,
and 3’ bias). To assess the association between gene expression
and metabolite levels, partial Spearman correlation analysis,
controlling for age, body mass index (BMI) and sex, was con-
ducted on a subset of 34 samples with available metabolite and
RNA-seq data.

2.4.4 | Pathway Enrichment Analysis

Enrichment analysis was conducted using the clusterProfiler
R package, with genes annotated to the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways retrieved from the org.
Hs.eg.db database. Pathways with an adjusted p-value (false
discovery rate [FDR]) <0.05 were considered significantly en-
riched. The enrichplot R package was used for data visualisa-
tion, and significant pathways were further explored to identify
biological themes relevant to metabolic dysfunction. To inte-
grate, visualise, and quantify the relationships between metab-
olites and KEGG pathways, a combined score was developed
[18, 19]. This score incorporated two metrics: (1) the fold en-
richment of genes in the pathway (retrieved during KEGG en-
richment analysis) and (2) the correlation coefficients between
gene expression and metabolite levels (derived from partial
Spearman correlation analysis). These values were normalised
to ensure comparability, and their product was used as the com-
bined score. This score reflected the strength and direction of
the metabolite-pathway association, integrating the gene-level
contributions from both perspectives.

3 | Results

3.1 | Clinical Characteristics of the Study
Populations

The KOBS cohort included 106 patients with severe obesity (71
females) with a mean +SD age of 48.6+8.7years and a BMI of
41.6+5.2kg/m?. The demographic and clinical characteris-
tics of the study cohort are presented in Table 1. Plasma ALT
(p<0.001), triglyceride (TG) (p=0.031), glucose (p=0.002)
and insulin (p=0.002) concentrations were higher in patients
with MASH than in those with normal livers or steatosis. LDL
cholesterol levels differed between the groups (p=0.042), and
patients with MASH showed lower LDL cholesterol levels than
those with steatosis. In addition, the presence of type 2 diabe-
tes (p<0.001) and the use of cholesterol-lowering medications
(p=0.010) differed between the groups.
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TABLE1 | Clinical characteristics of the KOBS cohort.

Total n=106 Normal liver n=37 Steatosis n =40 MASH n=29 P
Sex, female n (%) 71 (67.0) 29 (78.4) 24 (60.0) 18 (62.1) 0.185
Age (years) 48.6+8.7 48.5+8.6 48.3+10.0 49.3+7.1 0.913
BMI (kg/m?) 41.6+5.2 41.6+54 40.5+4.8 42.7+£5.4 0.335
Fasting glucose (mmol/L) 6.4+1.6 57+0.7 6.5+1.4 71x2.3 0.002
Fasting insulin (mIU/L) 18.3+10.3 13.3+7.3 18.8+7.7 23.0+13.3 0.002
ALT (U/L) 42.3+28.1 28.4+13.0 47.1+35.0 52.8+25.8 <0.001
Total cholesterol (mmol/L) 4.2+1.0 4.5+0.9 4.2+1.1 3.9+0.9 0.077
LDL-cholesterol (mmol/L) 2.4+0.9 2.7+£09 2.4+1.0 2.1£0.6 0.042
HDL-cholesterol (mmol/L) 1.2+0.3 1.3+0.3 1.2+0.3 1.1+0.3 0.206
Triglycerides (mmol/L) 1.5+0.5 1.3+0.5 1.5+0.4 1.7+0.6 0.031
Diabetes 1 (%) 37 (34.9) 1(2.7) 16 (40.0) 20 (69.0) <0.001
Cholesterol medication n (%) 22(20.8) 4(10.8) 7 (17.5) 11 (37.9) 0.010

Note: The chi-square test was used to compare categorical variables, and the Kruskal-Wallis test was used for continuous variables. Results are presented as mean+SD.

A p-value <0.05 was considered significant and marked with a bold font.

Abbreviations: BMI, body mass index; MASH, metabolic dysfunction-associated steatohepatitis.

The validation (ABOS) cohort included 227 patients (145 females)
with a mean age of 43.6 +10.9years and a BMI of 46.8 +8.1kg/
m2. The clinical characteristics of the validation cohort are pre-
sented in Table S1.

3.2 | Several Liver Metabolites Differed Between
Steatosis and MASH

The metabolite PCA performed in the KOBS cohort did not
reveal any significant differences in the distribution between
patients with steatosis and those with MASH (Figure S1).
Student's ¢-tests were conducted to assess how the metabolites
differed among all histological groups (normal liver, steato-
sis and MASH) (Table S2). Overall, 112 metabolites differed
(p<0.05) between those with normal livers and those with
steatosis, and 157 metabolites differed between those with
normal livers and those with MASH. Furthermore, 45 metab-
olites differed between the patients with steatosis and those
with MASH (p <0.05; t-test and linear model adjusted for age
and sex). These metabolites included 12 glycerophosphatidyl-
cholines (GPC), 6 glycerophosphatidylethanolamines (GPE),
1 carnitine, 1 tocopherol, 1 ceramide and 24 other molecules
(Table S3). The 25 most significant metabolites are shown in
Figure 1, and all 45 metabolites are presented in Figure S2.
When adjusted for age, sex and BMI, 18 of the top 25 metabo-
lites differed significantly (Figure S3 and Table S4). When ad-
justed for age, sex, and the presence of the PNPLA3, MBOAT7
and TM6SF2 risk variants, 11 of the top 25 metabolites dif-
fered significantly (Figure S4). In a model adjusted with age,
sex, and usage of cholesterol-lowering medication, all the top
25 metabolites remained significant (Figure S5). When adjust-
ing for age, sex and type 2 diabetes status, 21 of the top 25
metabolites remained significant (Figure S6).

3.3 | Validation in External Cohort Demonstrated
Similar Metabolic Alterations Linked to MASH

Next, we validated the top 25 metabolites from the KOBS co-
hort in a French ABOS cohort by constructing a linear model
adjusted for age and sex between the patients with steatosis
and those with MASH. Of the original 25 metabolites, 8 dif-
fered significantly between patients with steatosis and those
with MASH, and 5 metabolites were not detected in the val-
idation cohort. The levels of 1-(1-enyl-palmitoyl)-2-arachid
onoyl-GPE(P-16:0/20:4),  1-(1-enyl-stearoyl)-2-arachidonoyl
-GPE(P-18:0/20:4), 1,2-dipalmitoyl-GPC(16:0/16:0), 1-palmi
tyl-2-oleoyl-GPS(16:0/18:1), and N-acetylneuraminate were
significantly higher in patients with MASH than in those
with steatosis in both cohorts (Figure 1, Tables S3 and S5).
The levels of 1-linoleoyl-2-arachidonoyl-GPC(18:2/20:4),
1,2-dilinoleoyl-GPC(18:2/18:2) and 1-linoleoyl-2-linolenoy
1-GPC(18:2/18:3) were significantly lower in patients with
MASH than in those with steatosis in both cohorts (Figure 1,
Tables S3 and S5). N-acetylneuraminate and 1-linoleoyl-2-a
rachidonoyl-GPC(18:2/20:4) were strongly associated with
MASH (FDR <0.05; Table S5) in the ABOS cohort.

3.4 | Plasma Metabolomics

Plasma metabolomics was available from the ABOS cohort
for the external validation cohort. Of the 25 liver-associated
metabolites identified in the primary analysis, four were
detectable in plasma (creatine, N-acetylneuraminate, 5—/y-
tocopherol and guanidinosuccinate). Among these, only N-
acetylneuraminate differed significantly between steatosis
and MASH in plasma, showing the same direction of asso-
ciation as observed in liver tissue (Table S6). The remaining
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Forest plot of top 25 metabolites in discovery
and validation cohorts
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FIGURE1l | Legend on next page.
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FIGURE1 | Forest plot representing the top 25 metabolites that differed significantly between patients with steatosis and those with MASH in a
linear model adjusted for age and sex in the KOBS cohort (n = 69; left) and the ABOS validation cohort (n =227; right). Significant metabolites in both
cohorts are presented in bold. The lines around the dots represent 95% confidence intervals. p <0.05 was considered significant. ABOS, Biological
Atlas of Severe Obesity; GPC, glycerophosphatidylcholine; GPE, glycerophosphatidylethanolamine; GPS, glycerophosphatidylserine; KOBS, Kuopio
Obesity Surgery Study; MASH, metabolic dysfunction-associated steatohepatitis; UDP-galactose, uridine diphosphate galactose.

metabolites did not show statistically significant differences
in plasma.

3.5 | MASH-Associated Metabolites Have Two
Distinct Metabolic Profiles

Next, we performed Spearman's correlation analysis in the
KOBS cohort between the most significant metabolites and
measurements reflecting metabolic disturbances, such as
changes in insulin, glucose, lipid (total, LDL and HDL choles-
terol and TG) levels and the BMI and liver histological param-
eters, which indicated conditions such as steatosis, lobular
inflammation, ballooning and fibrosis. K-means clustering
analysis of the correlation matrix identified two distinct clus-
ters. The first cluster contained all 10 metabolites that were
higher in patients with MASH than in those with steatosis,
whereas the second cluster contained 15 metabolites that were
lower in patients with MASH than in those with steatosis. The
results of the correlation analysis for the top 25 metabolites
are presented in Figure 2, and those for all significant metab-
olites are presented in Figure S7.

The metabolites in the first cluster were positively correlated
with liver steatosis, lobular inflammation, ballooning, fibrosis,
BMI and glucose, insulin, and TG levels and were negatively
correlated with total, LDL and HDL cholesterol levels (Figure 2).
This group included 6 phospholipids, 1 sphinganine, 1 sphin-
gomyelin, 1 ceramide and N-acetylneuramite. The second
cluster was negatively correlated with liver histology and glu-
cose, insulin, and TG levels and was positively correlated with
total, LDL and HDL cholesterol levels (Figure 2). It contained
15 metabolites, including y-tocopherol/S-tocopherol, creatine,
pentose acid, guanidinosuccinate, uridine diphosphate galac-
tose (UDP-galactose) and 10 phospholipids, all of which, except
for 1-stearoyl-GPC (18:0), contained linoleic or a-linolenic acid
(Figure 2).

3.6 | MASH-Linked Metabolites Associate With
Inflammatory Pathways

To study how metabolite levels are linked to liver gene expres-
sion, a partial Spearman correlation analysis, controlled for age,
sex and BMI, was performed in the KOBS cohort of 34 patients
with available overlapping data. UDP-galactose was negatively
correlated with MKI67 (FDR=0.046), a gene encoding Ki-67,
a protein required for cell proliferation. Guanidinosuccinate
was positively correlated with CYP4F3 (FRD =0.046), whereas
N-acetylneuraminate was negatively correlated (FDR=0.032).
CYP4F3 encodes a cytochrome P450, which is involved in fatty
acid metabolism. Guanidinosuccinate was correlated with
the expression of 82 genes, including negative correlations

with GK (FDR=0.032), ORMDLI1 (FDR=0.036) and CPTIA
(FDR =0.043), which regulate lipid and glucose metabolism. All
gene expression-metabolite interactions with FDR <0.1 are pre-
sented in Table S7.

To further explore the biological relevance of the 25 most sig-
nificant MASH-associated metabolites, we conducted a KEGG
pathway enrichment analysis based on genes significantly cor-
related with these metabolites. The analysis revealed significant
enrichment of six pathways involved in T-cell receptor signalling
(KEGG ID: hsa05340, FDR =0.006), primary immunodeficiency
(KEGG ID: hsa05340, FDR=0.006), fatty acid degradation
(KEGG ID: hsa00071, FDR =0.006), 2-oxocarboxylic acid me-
tabolism (KEGG ID: hsa01210, FDR =0.006), pyruvate metab-
olism (KEGG ID: hsa00620, FDR=0.008) and valine, leucine,
and isoleucine degradation (KEGG ID: hsa00280, FDR =0.008)
(Figure 3a, Table S7).

A combined score (Section 2) was utilised to further demonstrate
the relationship between metabolites and KEGG pathways, in-
tegrating pathway enrichment metrics with gene-metabolite
correlations. This approach allowed us to identify biologically
relevant pathways and provide insights into the potential mech-
anisms linking metabolite alterations to MASH in the KOBS co-
hort. Metabolites in cluster 1, including the plasmalogens 1-(1-e
nyl-palmitoyl)-2-arachidonoyl-GPE(P-16:0/20:4), 1-(1-enyl-stear
oyl)-2-arachidonoyl-GPE(P-18:0/20:4) and 1-palmityl-2-arachido
noyl-GPC(0-16:0/20:4) as well as 1-palmitoyl-2-oleoyl-GPS(16:0/
18:1), 1,2-dipalmitoyl-GPC(16:0/16:0), and N-acetylneuraminate
were strongly associated with immune-related pathways, in-
cluding primary immunodeficiency and T-cell receptor path-
ways (Figure 3b). In contrast, the 15 metabolites in cluster 2,
which correlated negatively with liver histology, were enriched
in metabolic pathways such as valine, leucine, and isoleucine
degradation; pyruvate metabolism; fatty acid degradation; and
2-oxocarboxylic acid metabolism pathways (Figure 3b).

4 | Discussion

We performed a non-targeted metabolomic analysis of liver
samples from individuals with severe obesity to identify the
metabolites that differed between patients with steatosis and
those with MASH. Analysis of 45 metabolites from meta-
bolic pathways that differed between the groups revealed
the novel association of N-acetylneuraminate, several lipids,
pentose acid, guanidinosuccinate, UDP-galactose, and y- and
B-tocopherol with MASH. We validated eight of these metab-
olites (5 of 25 were not available) in the external ABOS cohort
(Figure 1). In total, 19 of the 20 most significant metabolites
showed a similar trend in relation to MASH in both cohorts.
Only N-acetylneuraminate was significantly different based
on the liver phenotype in plasma samples in ABOS (only four of
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FIGURE 2 | Heatmap representing associations (Spearman’s correlation adjusted for age and sex) between 25 metabolites differing significantly
between patients with steatosis and those with MASH (y-axis) and insulin, glucose, cholesterol, LDL cholesterol, HDL cholesterol and TG levels;
BMI (x-axis, left side); and liver histology (horizontal row, right side). Metabolites that were significant in the validation (ABOS) cohort are bolded.
K-means clustering was used to cluster metabolites based on their metabolic and histologic associations. The clusters are presented using red (clus-

ter 1) and blue (cluster 2) bars. *p <0.05. Positive correlations are presented in orange and negative correlations in purple. GPC; glycerophosphati-

dylcholine, GPE; glycerophosphatidylethanolamine, GPS; glycerophosphatidylserine, HDL-Chol; high-density lipoprotein cholesterol, LDL-Chol;

low-density lipoprotein cholesterol, MASH; metabolic dysfunction-associated steatohepatitis, TG; triglyceride, UDP-galactose; uridine diphosphate

galactose.

25 most significant liver metabolites were detected in plasma).
The most significant 25 metabolites from the KOBS cohort
were classified into two separate clusters that had divergent
associations with measurements reflecting glucose and lipid
metabolism, both of which are closely associated with MASH
[20]. The metabolites that were lower in patients with MASH
than in those with steatosis were negatively correlated with
insulin, glucose and TG levels as well as the BMI and were
positively correlated with total LDL- and HDL-cholesterol lev-
els (cluster 2). In contrast, the metabolites that were higher
in patients with MASH than in those with steatosis had the
opposite correlation profile (cluster 1). These findings high-
light a strong link between hepatic metabolic remodelling and
systemic metabolic dysfunction in obesity-associated MASH.

A novel finding of this study was that N-acetylneuraminate,
the predominant form of sialic acid in humans, was elevated
in patients with MASH compared to those with steatosis in
both the KOBS and ABOS cohorts, and it correlated positively
with the BMI and insulin levels. Elevated serum sialic acid lev-
els have been linked to insulin resistance in individuals with
obesity [21] and observed in normal-weight/lean patients with
MASLD [22]. In this study, the association between hepatic N-
acetylneuraminate and MASH presence was attenuated after
adjustment for type 2 diabetes status, suggesting that this me-
tabolite may reflect more metabolic alterations closely linked
to insulin resistance rather than MASH per se. However, N-
acetylneuraminate was the only liver-associated metabolite
that was significantly different in plasma between steatosis and
MASH in the ABOS cohort.

The liver produces sialylated acute phase proteins in response
to inflammation [23], and N-acetylneuraminate is an antioxi-
dant [24]. N-acetylneuraminate was positively associated with
T-cell receptor signalling and primary immunodeficiency path-
ways and positively correlated with lobular inflammation and
fibrosis. Our finding of increased N-acetylneuraminate levels
in patients with MASH may suggest that elevated hepatic N-
acetylneuraminate reflects a state of hepatic oxidative stress
and immune activation in MASH. Whether these associations
extend to lean MASH or reflect obesity-specific mechanisms re-
quires further investigation.

UDP-galactose was decreased in patients with MASH com-
pared with those with simple steatosis. However, it did not
reach statistical significance in the validation cohort. Both
N-acetylneuraminate and UDP-galactose are key compo-
nents of the protein glycosylation pathways, particularly in
the synthesis and terminal modification of N-glycans [25, 26].

Glycosylation reactions are the most common posttransla-
tional modifications of proteins and are often affected by can-
cer and other diseases, including liver inflammation, MASH,
and fibrosis [27, 28]. N-glycan modifications and other prod-
ucts of the glycosylation process have been extensively studied
to identify clinical biomarkers that could differentiate steato-
sis from MASH [28, 29]. Our findings may reflect the underly-
ing dysregulation of hepatic glycosylation pathways in MASH,
supporting the hypothesis that altered N-glycan biosynthesis
and modification contribute to disease progression [27-29].

Interestingly, UDP-galactose did not correlate with the serum
markers of glucose and lipid metabolism and remained signif-
icant when the linear model was adjusted for the BMI. This
suggests that UDP-galactose is associated with MASH, indepen-
dent of the metabolic disturbances typically associated with the
disease. UDP-galactose and UDP-glucose are ligands for P2Y14
receptors in hepatic stellate cells, linking UDP-galactose to liver
fibrogenesis [30]. Indeed, UDP-galactose negatively correlated
with MKI67, which encodes the proliferation marker Ki-67, sug-
gesting a potential link between decreased UDP-galactose levels
and increased cellular proliferation. Ki-67 is expressed during
all active cell-cycle phases and is a histological marker of cancer
cell proliferation [31].

Levels of the plasmalogens 1-(1-enyl-palmitoyl)-2-arachid
onoyl-GPE(P-16:0/20:4), 1-(1-enyl-stearoyl)-2-arachidonoy
1-GPE(P-18:0/20:4), 1,2-dipalmitoyl-GPC(16:0/16:0) and 1-
palmityl-2-oleoyl-GPS(16:0/18:1) were significantly higher
in patients with MASH than in those with steatosis in both
cohorts. Plasmalogens have been proposed to act as endoge-
nous antioxidants [32, 33], and plasmalogen levels in serum
lipoproteins decrease during oxidation [34]. Our results re-
garding the plasmalogens 1-(1-enyl-palmitoyl)-2-arachidon
oyl-GPE(P-16:0/20:4) and 1-(1-enyl-stearoyl)-2-arachidono
yl-GPE(P-18:0/20:4) suggest that the liver upregulates plas-
malogen synthesis in peroxisomes during oxidative stress.
Increased levels of hepatic palmitic acid have been reported
in patients with MASH compared to those in patients with
steatosis [7], and our results are in line with this finding. In
both cohorts, the levels of 1-linoleoyl-2-arachidonoyl-GPC(18:
2/20:4), 1,2-dilinoleoyl-GPC(18:2/18:2) and 1-linoleoyl-2-linol
enoyl-GPC(18:2/18:3) were significantly lower in patients with
MASH than in those with steatosis. Interestingly, lipidomic
profiling of HDL phospholipids has shown that GPCs with in-
creased amounts of palmitic, palmitoleic or oleic acids and de-
creased amounts of linoleic acid are associated with metabolic
syndrome [35]. Our results suggested a similar profile of liver
phospholipids in patients with MASH.
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FIGURE 3 | Bar plot of KEGG pathway enrichment analysis results based on genes associated with the top 25 metabolites that differed between
simple steatosis and MASH in a linear model. The most significant pathways are displayed on the x-axis, and gene counts associated with each path-
way are on the y-axis. The bar colour represents the adjusted p-value (FDR) of associations between the gene and pathway. Below the barplot is a dot
plot representing associations between the pathways (x-axis) and metabolites (y-axis). The colour intensity of the dot represents the combined score
calculated by multiplying the fold enrichment from the KEGG pathway analysis with the metabolite-gene correlation value to quantify metabolite-
pathway associations. Positive correlations are in orange and negative correlations are in purple. Significant metabolites in the validation (ABOS)
cohort are bolded. The clusters from the correlation analysis in Figure 2 are presented with red (cluster 1) and blue (cluster 2) bars. The larger and
darker the dot, the stronger the association between the metabolite and the pathway. GPC; glycerophosphatidylcholine, GPE; glycerophosphatidy-
lethanolamine, GPS; glycerophospatidylserine, KEGG; Kyoto Encyclopedia of Genes and Genomes, MASH; metabolic dysfunction-associated steato-

hepatitis, UDP-galactose; uridine diphosphate galactose.

In the KOBS cohort, pentose acid levels were lower in the liv-
ers of patients with MASH than in those with steatosis. Pentose
acid was negatively associated with the histological features
of MASH and fibrosis but not with steatosis. To the best of
our knowledge, pentose acid has not been previously linked
to MASLD or MASH. The pentose phosphate pathway is crit-
ical for the production of the reduced form of NADPH, which
supports reductive biosynthesis and protects against oxidative
stress [36]. Pentose acid was positively correlated with the ex-
pression of MRPL41, which encodes a mitochondrial ribosomal
protein involved in protein synthesis within the mitochondria,
suggesting a potential link between altered mitochondrial func-
tion and metabolic changes in MASH. However, pentose acid
was not available in the validation cohort.

An additional novel finding of this study was that liver y- and
B-tocopherol and creatine levels were lower in patients with
MASH than in those with steatosis. Interestingly, all three
metabolites are involved in mitochondrial processes. y- and
B-tocopherol are products of vitamin E (a-tocopherol) metab-
olism. Vitamin E is an antioxidant that protects the cellular
membranes from oxidative stress [37]. Vitamin E supplemen-
tation can reduce aminotransferase levels in adult patients
with MASLD [38]. Interestingly, increased serum levels of
a- and f-tocopherols have been associated with an increased
probability of MASLD [39]. Creatine is an agonist for peroxi-
some proliferator-activated receptors a and y (PPARa and
PPARYy) [40]. PPAR« is a key regulator of mitochondrial fatty
acid oxidation and biogenesis, whereas PPARy regulates adi-
pocyte formation and insulin sensitivity [41, 42]. Creatinine
and other PPAR agonists have been studied as treatment op-
tions for MASLD [43]. A similar profile of these metabolites
was observed in the ABOS cohort, although the difference
was not statistically significant.

We identified a novel decrease in liver guanidinosuccinate levels
in patients with MASH compared to those with steatosis in the
KOBS cohort. In addition, guanidinosuccinate was negatively
associated with the detailed histological features of MASH,
the BMI, and insulin and TG levels. Guanidino compounds
are involved in nitrogen metabolism during the urea cycle, and
increased levels of guanidino compounds are associated with
uremia and hypertension [44]. Levels of guanidinosuccinate
decrease in the rat liver after fructose exposure [45], and high
dietary fructose plays a role in MASLD progression in epidemi-
ological studies [46]. Guanidinosuccinate was associated with
the expression of 82 genes, including those involved in lipid syn-
thesis. In a linear model adjusted for age, sex, BMI and serum

lipid levels, guanidinosuccinate was not significantly associated
with MASH (data not shown). Guanidinosuccinate levels were
not significantly different in the validation cohort. However, our
results on guanidinosuccinate were linked to MASH-associated
metabolic disturbances.

The 10 metabolites positively associated with MASH and belonging
to cluster 1 in the correlation analysis were linked to T-cell receptor
signalling and primary immunodeficiency pathways in the KEGG
enrichment analysis. In contrast, 15 metabolites that were nega-
tively associated with MASH and located in cluster 2 were linked
to valine, leucine and isoleucine degradation; pyruvate metabolism;
fatty acid degradation; and 2-oxocarboxylic acid metabolism path-
ways. Inflammatory pathways play a central role in MASH by driv-
ing immune cell activation, cytokine release and oxidative stress,
which contribute to hepatocellular injury, fibrosis progression, and
the transition from simple steatosis to progressive disease [47].

Our study had some limitations. The patients were severely
obese (average BMI >40kg/m?), and many had type 2 di-
abetes; therefore, our results might not be generalisable to
lean and non-obese patients with MASH [48]. Obesity may
not act only as a confounder but also as a biological modi-
fier of hepatic metabolic pathways. Although adjustment for
BMI did not significantly alter the associations for most of
the top metabolites, extrapolation beyond obesity-associated
MASLD should be made with caution. Rapid weight loss in-
duced by a 1 month VLCD might have affected the liver fat
content [49, 50], but has a smaller effect on inflammation and
fibrosis [49]. Moreover, patients in the ABOS cohort did not
follow a VLCD before surgery. The study sample size limits
statistical power, particularly for subgroup analyses, although
we were able to detect several metabolic differences between
steatosis and MASH. Importantly, we validated key findings
in an external cohort. This study is cross-sectional and does
not allow assessment of disease progression, regression or
treatment response. Although integrations with transcrip-
tomic and pathway analyses support biological plausibility,
functional validation is required to establish mechanistic or
therapeutic relevance. Finally, the utility of the metabolites as
non-invasive biomarkers remains uncertain, because the ma-
jority of them were not detected in plasma samples. Future
studies integrating longitudinal sampling and multi-tissue
metabolomics are needed to translate these findings into clin-
ical practice.

We performed a comprehensive non-targeted metabolo-
mic analysis of human liver samples combined with RNA
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sequencing to assess the biological pathways altered between
steatosis and MASH. Only a few metabolomic and lipidomic
studies based on human liver samples have been performed
[7, 8, 48]. We associated several novel metabolites with MASH,
including N-acetylneuraminate, pentose acid, §- and 7v-
tocopherols, UDP-galactose and guanidinosuccinate. Finally,
we validated several of the most significant metabolites in an
external cohort.
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component analysis. Figure S2: A forest plot representing all metab-
olites that differed significantly between patients with steatosis and
MASH in a linear model adjusted with age and sex. The lines around
the dots represent 95% confidence interval. Raw p-value (p) <0.05 was
considered significant. GPC; glycerophosphatidylcholine, GPE; glycer-
ophosphatidylethanolamine, GPS; glycerophospatidylserine, MASH;
metabolic dysfunction-associated steatohepatitis, Psig; raw p-value,
UDP-galactose; uridine diphosphate galactose. Figure S3: A forest plot
representing how top 25 metabolites that differed significantly between
patients with steatosis and MASH in a linear model adjusted with age
and sex behaved in a linear model adjusted with age, sex, and BMI. The
metabolites that were significant in both KOBS and ABOS cohorts in a
model adjusted with age and sex are bolded. The lines around the dots
represent 95% confidence interval. Raw p-value (p) <0.05 was consid-
ered significant, represented in red in the figure. BMI; body mass index,
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risk variants. The metabolites that were significant in both KOBS and
ABOS cohorts in a model adjusted with age and sex are bolded. The
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(p) <0.05 was considered significant, represented in red and blue in
the figure. GPC; glycerophosphatidylcholine, GPE; glycerophosphati-
dylethanolamine, GPS; glycerophospatidylserine, MASH; metabolic
dysfunction-associated steatohepatitis, MBOAT7; membrane-bound O-
acyltransferase domain containing 7, PNPLA3; Patatin-like phospholi-
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Figure S5: A forest plot representing how top 25 metabolites that dif-
fered significantly between patients with steatosis and MASH in a lin-
ear model adjusted with age and sex behaved in a linear model adjusted
with age, sex, and usage of cholesterol medication. The metabolites that
were significant in both KOBS and ABOS cohorts in a model adjusted
with age and sex are bolded. The lines around the dots represent 95%

confidence interval. Raw p-value (p) <0.05 was considered significant,
represented in red and blue in the figure. GPC; glycerophosphatidyl-
choline, GPE; glycerophosphatidylethanolamine, GPS; glycerophospa-
tidylserine, MASH; metabolic dysfunction-associated steatohepatitis,
Psig; raw p-value. Figure S6: A forest plot representing how top 25
metabolites that differed significantly between patients with steato-
sis and MASH in a linear model adjusted with age and sex behaved in
a linear model adjusted with age, sex and type 2 diabetes status. The
metabolites that were significant in both KOBS and ABOS cohorts in a
model adjusted with age and sex are bolded. The lines around the dots
represent 95% confidence interval. Raw p-value (p) <0.05 was consid-
ered significant, represented in red and blue in the figure. GPC; glyc-
erophosphatidylcholine, GPE; glycerophosphatidylethanolamine, GPS;
glycerophospatidylserine, MASH; metabolic dysfunction-associated
steatohepatitis, Psig; raw p-value. Figure S7: Heatmap representing as-
sociations (Spearman's correlation adjusted with age and sex) between
metabolites differing significantly between patients with steatosis and
MASH (on vertical row) and insulin, glucose, cholesterol, LDL choles-
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erophosphatidylcholine, GPE; glycerophosphatidylethanolamine, GPS;
glycerophospatidylserine, HDL-Chol; high-density lipoprotein choles-
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ABOS (validation) cohort. Table S2: Results of Student's t-tests con-
ducted to assess how the metabolites differed among all histological
groups (normal liver, steatosis and MASH). Table S3: Results of a lin-
ear model run between patients with steatosis and patients with MASH,
adjusted with age and sex. Table S4: Results of a linear model between
patients with steatosis and patients with MASH, adjusted with age, sex,
and BMI, in the KOBS cohort. Table S5: Results of a linear model be-
tween patients with steatosis and patients with MASH, adjusted with
age and sex, in the ABOS cohort. Table S6: Results of a linear model
between patients with steatosis and patients with MASH, adjusted
with age and sex, plasma metabolomics, in the ABOS cohort. Table S7:
Results (all gene-expression-metabolite correlations with FDR <0.1)
from a partial Spearman correlation analysis, controlled for age, sex and
BMI, in the KOBS cohort, n=34.
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