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Abstract

Oxidative stress plays a crucial role in the development of metabolic dysfunction-associated
steatotic liver disease (MASLD). Recently, cardiometabolic factors (CMFs) have become
essential components of MASLD diagnosis. However, the extent to which individual
CMFs contribute to metabolomic alterations in MASLD remains unclear. We aimed to
identify associations between CMFs and metabolite levels in patients with MASLD. Serum
samples from 31 patients with MASLD and 21 patients without MASLD were subjected
to non-targeted metabolomic analysis using liquid chromatography—-mass spectrometry.
We identified 35 metabolites whose serum levels differed between the non-MASLD and
MASLD groups. Of these, 22 metabolites were annotated, including sphingomyelins,
phosphatidylcholines, phosphatidylethanolamine, lysophosphatidylcholines, lysophos-
phatidylethanolamine, plasmalogens, amino acids, a bile acid, and a phenolic compound.
Distinct associations were observed between CMFs and metabolite alterations, including
obesity and higher glutamic acid levels, diabetes and higher SM(d36:0) and SM(d38:0)
levels, and hypertension and lower LPC(18:1) and LPC(18:2) levels. Although several
altered metabolites were linked to oxidative stress-related pathways, direct oxidative stress
biomarkers were not measured. Thus, the relationship between these metabolite alterations
and redox imbalance remains hypothetical and requires further investigation. However,
the findings in the present study provide insight into the metabolic mechanisms linking
cardiometabolic dysfunction and may facilitate biomarker discovery.

Keywords: metabolic dysfunction associated steatotic liver disease; cardiometabolic factor;
metabolites; non-targeted metabolomics analysis

1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD), previously termed
nonalcoholic fatty liver disease (NAFLD), is the most prevalent chronic liver disease,
affecting an estimated 38% of the global population. The number of MASLD patients
continues to increase and is projected to exceed 50% of the world population by 2040 [1].
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MASLD can progress to liver cirrhosis and hepatocellular carcinoma and is associated with
a wide range of extrahepatic comorbidities, including cardiovascular diseases, chronic
kidney diseases, and cancers. Although the development of new pharmacological therapies
for MASLD is an urgent need, many clinical trials failed to meet a primary efficacy endpoint.
One major reason for these failures is the heterogenous nature of MASLD. Therefore, further
characterization of MASLD according to the underlying pathogenic mechanism is required.
Oxidative stress is considered a central mechanism in the development and progression
of MASLD. Excessive production of reactive oxygen species promotes lipid peroxidation,
mitochondrial dysfunction, inflammation, and hepatocellular injury, thereby contributing
to disease progression. Identification of metabolites associated with oxidative stress and
antioxidant defense may therefore provide important insights into the pathophysiology
and heterogeneity of MASLD.

The adoption of the MASLD nomenclature in 2023 introduced a pathophysiologically
based classification of steatotic liver disease. In this transition, from NAFLD to MASLD, the
diagnosis of MASLD requires at least one cardiometabolic factor (CMF) among five CMFs,
including obesity, prediabetes and diabetes mellitus (DM), hypertension (HT), hypertriglyc-
eridemia, and low high-density lipoprotein cholesterol (HDL-C) [2]. As a result, substantial
new information has emerged regarding the nature of MASLD. For instance, all-cause
mortality is significantly higher in patients with MASLD who have four or five CMFs than
in those with only one [3]. Among the CMFs, DM and HT in particular are associated
with increased all-cause mortality [3]. Until 2023, fibrosis-based assessments were widely
used to predict hepatic outcomes [4]. However, data on extrahepatic events according to
liver fibrosis stage have been inconsistent [5,6]. Thus, combining CMF-based and fibrosis-
based classifications may provide further characterization and the underlying mechanism
of MASLD.

Metabolites, including lipids and amino acids, are promising biomarkers for identify-
ing mechanisms and characterization of MASLD. Non-targeted metabolomics is a technique
for analyzing the metabolome that aims to comprehensively detect metabolites with molec-
ular weights of approximately 900 Da or less in biological systems, while highlighting those
that play the most relevant roles in various processes [7]. Based on high-performance liquid
chromatography coupled with high-resolution mass spectrometry (LC-MS), this approach
has emerged as a powerful tool for exploring metabolic changes in samples under different
conditions, with great potential in fields such as disease diagnosis [8-10]. In addition, many
reports have focused on metabolites that distinguish NAFLD with advanced fibrosis from
simple steatosis [11,12].

Despite the attractiveness of metabolomics for biomarker discovery, data on serum
metabolite levels in patients with NAFLD remain inconsistent. For instance, McGlinchey
et al. identified metabolites that were unique for steatosis, NASH, and fibrosis in patients
with NAFLD [11]. In contrast, Ooi et al. reported that many metabolites increased in
steatosis but showed no further changes with progression to NASH [12]. A suspected reason
for these discrepancies is the lack of detailed information on CMFs, including concomitant
medications. In addition, little is known about the associations between metabolites and
liver-related parameters, including transaminases and the grade of steatosis.

In this study, we performed non-targeted metabolomics analysis based on LC-MS us-
ing stored serum samples to elucidate differences in metabolites between two patient
groups: the MASLD and the non-MASLD groups. Characteristic serum metabolites
contributing to differentiation between the two groups were selected using partial
least-squares discriminant analysis (PLS-DA). We then discussed the causes of serum
metabolic changes associated with the MASLD state, including the influence of CMFs and
liver-related parameters.
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2. Materials and Methods
2.1. Patients

MASLD and non-MASLD patients were recruited at Jichi Medical University Hospital.
MASLD was diagnosed using published criteria requiring the presence of steatosis and
CMF [2]. Briefly, steatosis was diagnosed by imaging examinations, including ultrasonogra-
phy, computed tomography (CT), or magnetic resonance imaging (MRI); and the presence
of hepato-renal contrast on ultrasonography, lower liver density compared with the spleen
on CT, and a signal intensity drop in chemical-shift MRI. MASLD patients had at least
one CMEF. Criteria of CMF-obesity for Asian people, body mass index (BMI) > 23 or waist
circumference > 94 cm for men and > 80 cm for women was used in the present study [2].
CMF-DM: fasting serum glucose > 100 mg/dL or HbAlc > 5.7% or use of antidiabetes
drugs (Tx-DM). CMEF-HT: blood pressure > 130/85 mmHg or use of antihypertensive
drugs (Tx-HT). CMF-triglyceride (TG): TG > 150 mg/dL or use of lipid lowering drugs
for dyslipidemia (Tx-DL). CMF-HDL-C: HDL-C < 40 mg/dL for men and <50 mg/dL for
women, or Tx-DL. Here, each CMF > 5 years was defined as long-time CMF and <5 years
as short-time CMF. The non-MASLD patient group included hepatic hemangioma (n = 7),
chronic hepatitis C with sustained viral response for more than 24 weeks (n = 10), and
HBs antigen-positive patients with low titer of HBV-DNA, normal transaminase levels,
and no nucleotide analog treatment (n = 4). These non-MASLD patients did not have
steatosis examined by ultrasonography or CT or MRI examination. In addition, there were
no significant differences among three groups in BMI, glucose and HbAlc levels, blood
pressure, triglyceride, and HDL-C levels. Exclusion criteria encompassed participants who
consumed over 30 g of alcohol per day for men or 20 g per day for women, as well as those
with other liver diseases. Laboratory data were obtained from electronic medical records.
Non-invasive liver fibrosis biomarker FIB-4 index and Mac-2 binding protein glycosylation
isomer (M2BPGi) were calculated or measured according to the published formula or
method [4]. The degree of steatosis was determined by FibroScan® and CAP > 300 dB/m
was defined as severe steatosis.

All patients agreed to participate in the present study, and written informed consent
was obtained from all patients. The present study was approved by the Institutional Review
Board of Jichi Medical University Hospital (permission number A24-023) and conducted in
accordance with the Declaration of Helsinki.

2.2. Chemicals, Reagents, and Sample Preparation

Methanol, acetonitrile, ultra-pure water, and formic acid of LC/MS grade were used
in all experiments. These reagents were purchased from Wako Pure Chemical Industries
(Osaka, Japan).

Fasting venous blood samples were taken, and then sera were stored at —80 °C and
then thawed immediately prior to use. Fifty microliters of serum were mixed with 200 pL of
methanol in a 1.5 mL polypropylene vial. After vigorous shaking, samples were centrifuged
(14,000 % g for 10 min at 4 °C), after which 50 pL of the upper layer was mixed with 200 pL
of methanol/ultra-pure water (1:1, v/v) in a new 1.5 mL polypropylene vial. Samples were
again centrifuged after shaking (14,000 g for 5 min at 4 °C), and then 200 puL of the upper
layer was collected in a 0.3 mL polypropylene vial. Polypropylene vials previously washed
with methanol were used for all preparations.

2.3. Non-Targeted Metabolomic Analysis Using LC-QTOF-MS

Liquid chromatography quadrupole time-of-flight mass spectrometry (LC-QTOF-
MS) analysis was performed on an LCMS9030 system (Shimadzu, Kyoto, Japan). Serum
metabolites were separated on a YMC-Accura Triart C18 column (100 mm x 2.1 mm,
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1.9 um; YMC Corporation, Kyoto, Japan). Mobile phases A and B consisted of 0.1% (v/v)
formic acid in ultra-pure water and 0.1% (v/v) formic acid in acetonitrile/methanol (1:1,
v/v), respectively. The solvent gradient was as follows: 0% B for 1 min followed by a
linear gradient to 5% B from 1 to 3 min, to 90% B from 3 to 7 min, and to 100% B from 7 to
11 min, held at 100% B from 11 to 15 min. Subsequently, the mobile phase was returned
to initial conditions over 0.5 min and maintained for 4.5 min until the end of the run. The
oven temperature was 45 °C, and the flow rate was 0.32 mL/min. The sample volume
injected was 2 pL.

MS data were acquired in both positive (pos) and negative (neg) ion modes over the
usual range of 70 to 900 m/z using electrospray ionization. MS parameters were used with
default settings as follows: interface voltage of 4.5 kV (pos) and —3.5 kV (neg), interface
temperature of 300 °C, nebulization gas flow of 3 L/min, heating gas flow of 10 L/min,
drying gas flow of 3 L/min, heat block temperature of 400 °C, and DL temperature of 250 °C.
Before sample measurements, m/z values were calibrated using a calibrant (ESI Tuning Mix
for Ion Trap, Sigma-Aldrich Japan, Tokyo, Japan) so that mass accuracy throughout data
collection was within 10 ppm. One representative among samples tested was used as a
quality control (QC) sample. The QC sample was injected five times in total at the beginning,
middle, and end of the batch to check stability of detection amounts during measurements.
The relative abundance of each component was evaluated by the peak intensity of the
parent ion (MS1) in full scan mode. Additional measurements were also made in data-
dependent auto MS/MS mode to obtain fragmentation ions (MS2s) necessary for structure
estimation. Fragmentation was performed using argon as a collision gas at a collision
energy of 30 eV with a spread of 15 eV. MS2s were generated simultaneously for the top
five ions with an m/z range between 70 and 900, surpassing an intensity threshold of 2000.
Data were collected using LabSolutions software (ver.5.118) for LCMS9030 (Shimadzu).

2.4. Data Processing and Statistical Analysis

Raw data (the mzML format) were processed using MS-DIAL (ver.5.1.230129) for
peak detection, alignment, and integration [13]. We tried to identify components from the
exact mass values of elution peaks, with their elution times as complementary information.
Searching the database (“ESI(+)-MS/MS from authentic standards” and “ESI(—)-MS/MS
from authentic standards” containing information on 16,481 and 9033 unique compounds,
respectively), compound names were assigned based on MSI1 exact mass values and
MS2 spectra. MS-FINDER (ver. 3.56) was also used to assist with assignments of com-
pounds [14]. A private list of priority compounds was used in conjunction with these
databases. As necessary, MS1 ions were searched against the HMDB metabolite database
(ver. 5.0, accessed on 8 August 2024), MassBank of North America (accessed on 8 August
2024), MetFrag (accessed on 8 August 2024), and the LIPID MAPS lipid database (accessed
on 8 August 2024). If MS2 spectra matched one blood metabolite, this compound was
annotated as Rank A. If a significant MS2 spectrum could not be obtained, but the MS1
value matched the only metabolite registered in HMDB, it was also annotated as Rank A. If
MS1 and/or MS2 spectra matched, but could not be resolved to a single compound due to
multiple candidate metabolite hits, a compound that we judged most likely to be a serum
metabolite was annotated as Rank B.

Multivariate analyses enabled clear discrimination between the two groups, re-
vealing differences in serum metabolites between them. Sparse PLS-DA (s-PLS-DA)
and orthogonal PLS-DA (0-PLS-DA) were performed using MetaboAnalyst version 6.0
(http:/ /www.metaboanalyst.ca, accessed on 1 August 2024). Figure 1 presents score plots
generated from positive- and negative-ion datasets using o-PLS-DA and s-PLS-DA models.
Candidate metabolites contributing to group discrimination were selected in a data-driven
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exploratory manner. No predefined VIP threshold was applied. For both 0-PLS-DA and
s-PLS-DA analyses, metabolites with relatively high variable importance in projection
(VIP) values were preferentially selected as candidate discriminatory metabolites. This
feature selection procedure should be regarded as exploratory and hypothesis-generating
rather than confirmatory. Candidate metabolites obtained from positive- and negative-ion
datasets were combined, and duplicated features as well as peaks with poor chromato-
graphic quality were excluded. This procedure yielded 35 metabolites for further evaluation.
Non-targeted metabolomics and extraction of characteristic components were performed
by referring to previous reports [15-18]. Model validation of the o-PLS-DA models was
performed using R?X, R?Y, Q?, and permutation tests. The validation results are provided
in Supplementary Figure S1. Categorical variables were expressed as numbers (percentage),
and continuous variables as mean +/— standard deviation. Differences between groups
were examined using Pearson’s chi-square test for categorical variables. When data were
normally or not normally distributed, differences between groups were assessed using
Student’s t-test or the Mann—-Whitney U test. Statistical analyses were conducted using
STATA version 18 (STATA Corp., Armonk, NY, USA). A value of p < 0.05 (*) was considered
statistically significant.
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Figure 1. Partial least-squares discriminant analysis (PLS-DA) of serum metabolomic profiles in non-
MASLD and MASLD patients. Score plots are shown for positive-ion mode (a,b) and negative-ion
mode (c,d). Orthogonal PLS-DA (0-PLS-DA) models are presented in (a,c), whereas supervised
PLS-DA (s-PLS-DA) models are shown in (b,d). Each point represents an individual sample. Clear
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separation between non-MASLD and MASLD groups was observed in the negative-ion/o-PLS-
DA plot (c), whereas other plots showed weaker discrimination. Model validation results in-
cluding R%X, R%Y, Q?, and permutation test analyses for the o-PLS-DA models are shown in
Supplementary Figure S1.

2.5. Functional Interpretation of Oxidative Stress-Related Metabolites

To discuss the potential relevance of identified metabolites to oxidative stress and
antioxidant defense mechanisms, annotated metabolites were interpreted with reference
to the published literature and information obtained during metabolite annotation, in-
cluding the Human Metabolome Database (HMDB) and LIPID MAPS. Particular attention
was given to lipid classes previously reported to be associated with redox regulation,
lipid peroxidation, membrane protection, and oxidative stress-related metabolic pathways.
This interpretation was descriptive in nature and was not used for metabolite selection,
classification, or statistical analysis.

3. Results
3.1. Demographic and Clinical Features of Patients

The characteristics of the patients are shown in Table 1. Compared with non-MASLD
group, patients with MASLD had higher BMI, higher transaminase levels, and more
severe metabolic impairment, including a higher prevalence of DM and dyslipidemia (DL).
Consistently, the proportion of patients receiving any medication for DM or DL was higher
in the MASLD group. In line with these findings, the number of cardiometabolic factors
(nCMFs) was significantly higher in the MASLD group than in the non-MASLD group. The
proportion of patients who fulfill each CMF was also higher among those with MASLD. By
contrast, the means of fibrosis markers, FIB4-index, and M2BPGi were similar between the
MASLD and non-MASLD groups.

Table 1. Characteristics of patients.

Parameter Non-MASLD MASLD p
N 21 31

Male 6 (29%) 10 (32%) n.s.

Age (y.0.) 59.3 £15.6 59.6 £15.1 n.s.
BMI 209 £2.6 274 +54 <0.01
AST (IU/L) 19.7 £ 4.8 435+ 184 <0.01
ALT (IU/L) 144 449 56.7 + 32.9 <0.01
FBS (mg/dL) 96 + 11 111 £18 <0.01
HbA1lc (%) 56 £04 6.3+09 <0.01

TC (mg/dL) 208 +26.9 196 £ 40.9 n.s.

LDL-C (mg/dL) 119.6 £22.7 113.2 +£ 35.7 n.s.
HDL-C (mg/dL) 734 £16.8 57 £ 16.1 <0.01
TG (mg/dL) 78.6 +40.6 130.1 +71.5 <0.01

Platelet count (x10*/uL) 225+49 21.8 + 64 n.s.
nCMF (mean) 0.9 3.1 <0.01
CMF-obesity 5 (24%) 28 (90%) <0.01
CMF-DM 4 (19%) 26 (84%) <0.01
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Table 1. Cont.
Parameter Non-MASLD MASLD p
CMEF-HT 7 (33%) 27 (87%) <0.01
CME-TG 1 (5%) 22(71%) <0.05
CMF-HDL-C 2 (10%) 17 (55%) <0.01
Tx-DM 1 (5%) 8 (26%) <0.05
Tx-HT 5 (24%) 10 (32%) n.s.
Tx-DL 1 (5%) 15 (48%) <0.05
FIB-4 1.4+09 2.13 +1.80 n.s.
M2BPGi (COI) 0.82+04 1.46 £ 1.47 n.s.
Current smoking 1 (5%) 1 (3%) n.s.

BMI, Body mass index; AST, aspartate aminotransferase; ALT, alanine aminotransferase; FBS, fasting blood
sugar; HbAlc, hemoglobin Alc; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C,
high-density lipoprotein cholesterol; TG, triglyceride; nCMEF, number of cardio metabolic factor; DM, diabetes
mellitus; HT, hypertension; Tx, treatment; DL, dyslipidemia; FIB-4, fibrosis-4; M2BPGi, Mac-2 binding protein
glycosylation isomer.

3.2. Global Metabolomic Profile Analysis by PLS-DA

Multivariate analysis was performed using PLS-DA to evaluate differences in global
serum metabolomic profiles between non-MASLD and MASLD groups. Among the
four score plots, the negative-ion/o0-PLS-DA plot showed clear separation between the
two groups, whereas the other plots demonstrated a weaker degree of discrimination.
These findings indicate that MASLD is associated with a distinct serum metabolomic
profile (Figure 1).

3.3. Serum Metabolite Levels in MASLD Patients

We initially identified 35 metabolites whose serum levels differed between the non-
MASLD and MASLD groups. Of those 35 metabolites, 22 metabolites, including 19 Rank A
and 3 Rank B metabolites, were successfully identified and selected for further evaluation.
Among Rank A and B metabolites, 10 were increased but 11 were decreased in patients with
MASLD (Table 2). Metabolites with higher levels in MASLD included three sphingomyelins
(SMs), two phosphatidylcholines (PCs), one phosphatidylethanolamine (PE), a bile acid, a
phenolic compound, and two amino acids. Although PLS-DA showed that PC(36:4) was a
metabolite that discriminates MASLD from non-MASLD, univariate analysis was not sig-
nificant. Metabolites with lower levels in MASLD included three lysophosphatidylcholines
(LPCs), one lysophosphatidylethanolamine (LPE), five plasmalogens, and two PCs.

Table 2. Characteristic metabolites contributing to discrimination between MASLD and non-
MASLD groups.

Annotated Compounds Ion RT (min) miz AUC FC p-Values
SM(d36:0) negative 14.71 777.617 0.871 1.962  0.00000149
SM(d38:0) negative 16.08 805.649 0.863 1795  0.0000108
SM(d40:1) negative 15.96 831.664 0.816 1731  0.0000666
PE(18:0/22:6) negative 13.77 790.544 0.751 1.601 0.0019
Phenylalanyl phenylalanine positive 6.12 313.156 0.727 1.473 0.00539
PC(18:0/20:5) negative 13.38 852.581 0750  1.441 0.00204
Glutamic acid positive 0.82 148.062 0.814 1.418 0.000142
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Table 2. Cont.

Annotated Compounds Ion RT (min) mlz AUC FC p-Values
Galloylglycerol positive 6.31 245.069 0.719 1.387 0.00728
7-Alpha-hydroxy-3-oxo-4-cholestenoic acid ~ positive 8.62 431.321 0.767 1.363 0.000934
PC(36:4) positive 12.61 782.568 0.642 1.349 0.0863
PC(38:3) positive 14.39 812.625 0.740 1.295 0.00304
ALPC(20:0) negative 10.45 596.396 0.831 0.687  0.0000256
PE(p36:2) positive 14.89 728.561 0717  0.687 0.00773
LPC(18:2) negative 8.57 564.333 0.797  0.676 0.000192
LPC(18:1) positive 9.11 522.352 0.797  0.676 0.000192
LPE(18:2) negative 8.7 476.28 0.790  0.676 0.000291
PC(p16:0/18:2) negative 13.68 786.57 0.833  0.674  0.0000232
APC(p16:0/18:1) negative 14.48 788.585 0.854  0.671  0.00000533
PC(p34:1) positive 13.87 744.598 0.737  0.670 0.00347
APC(36:1) positive 13.89 770.614 0.799  0.659 0.000176
PC(18:2/18:2) negative 12.75 826.565 0.828  0.644  0.0000312
PC(p36:1) positive 15.62 772.63 0.825  0.613  0.0000378

The A symbol indicates metabolites annotated as Rank B. The others were annotated as Rank A. FC, fold change
(MASLD/non-MASLD, mean ratio); RT, retention time; AUC, area under the curve; PC, phosphatidylcholine;
LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; SM, sphingomyelin; SM(d36:0), dihydrosph-
ingomyelin (fatty acid chains 36:0); PE(p36:2), plasmalogen PE (fatty acid chains 36:2). Statistical analysis was
performed using the Mann-Whitney U test.

3.4. Metabolite Levels and CMFs

We next compared metabolite levels between MASLD patients with a CMF and those
without a CMF (Table 3), because specific CMFs may be associated with the elevation or
decline of metabolites. Comparison A was between MASLD patients with the indicated
factor and those without that factor; Comparison B was between MASLD and non-MASLD
patients, after excluding patients with the indicated factor. Comparison C was between
non-MASLD patients with the indicated factor and those without the factor.

MASLD patients with CMF-obesity had higher glutamic acid levels than those without
CMF-obesity, and the difference in glutamic acid levels between non-MASLD and MASLD
disappeared after excluding patients with CMF-obesity. In addition, these findings were not
observed in the non-MASLD group. MASLD patients who met the CMF-DM criteria had
higher SM(d36:0) and SM(d38:0) levels than MASLD patients without CMF-DM. The differ-
ences in SM(d36:0) and SM(d38:0) levels between non-MASLD and MASLD disappeared
after excluding patients with CMF-DM, and these differences were not observed in the
non-MASLD group. MASLD patients who met CME-HT criteria had lower LPC(18:1) and
LPC(18:2) levels than those without CMF-HT. The lower LPC(18:1) and LPC(18:2) levels
persisted in MASLD patients after excluding those with CMF-HT and were also observed
in non-MASLD patients with CMF-HT compared with those without CMF-HT. MASLD
patients with CMF-TG had higher PC(36:4) and PC(18:2/18:2) levels than those without
CME-TG. The difference in PC(36:4) between non-MASLD and MASLD patients disap-
peared after excluding patients with CMF-TG. In contrast, PC(18:2/18:2) levels were lower
in MASLD patients than in non-MASLD patients after excluding subjects with CMF-TG.

Duration of CMF may be associated with changes in metabolites. Although we
compared each metabolite between patients with long-time and those with short-time CMF,
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only LPC(18:1) in patients with long time CMF-HT was significantly lower than those with
short-time CMF-HT.

Table 3. The association between metabolites and CMFs.

Annotated
Compounds
Comparison

CMF-Obesity CMF-DM CMF-HT CME-TG CMEF-HDL-C
A B C A B C A B C A B C A B C

Increased
in
MASLD

SM(d36:0)

—

n.s. n.s.

SM(d38:0)

—

n.s. n.s.

Glutamic acid

T n.s. n.s.

PC(36:4)

T ns. N/A

Decreased
in MASLD

LPC(18:2)

LPC(18:1)

PC(18:2/18:2)

) L N/A

Comparison A shows the difference between MASLD patients with the indicated factor and those without the
factor. Comparison B shows the difference between MASLD patients and non-MASLD patients, after excluding
patients with the indicated factor. 1 (increased), | (decreased), and n.s. (no significant difference) in MASLD
patients with the indicated factor. Comparison C shows the difference between non-MASLD patients with the
indicated factor and those without the factor. | (decreased) and n.s. (no significant difference) in non-MASLD
patients with the indicated factor. N/A: Not assessed due to small number of patients. Blanks show no difference
in comparisons A, B, and C.

Because the number of CMFs (nCMFs) is associated with all-cause mortality [3], we
investigated the association between nCMFs and metabolite levels. Only three MASLD
patients had two or fewer CMFs in the present study. Therefore, metabolite levels were first
compared between patients with nCMFs < 3 (n = 10) and those with nCMFs > 4 (n = 21),
but no metabolites differed significantly between these two groups. Similarly, there were
no significant differences in metabolite levels between patients with nCMFs 4 < 4 (n = 18)
and those with five CMFs (n = 13).

3.5. Metabolite Levels and Clinical/Laboratory CMF Components

Because CMFs include clinical/laboratory findings and medication, we first inves-
tigated the association between metabolite levels and clinical /laboratory components of
CMF (Table 4).

MASLD patients with BMI > 23 had higher glutamic acid levels than those without
BMI > 23, and the difference in glutamic acid levels between non-MASLD and MASLD
disappeared after excluding patients with BMI > 23. These findings were not observed in
the non-MASLD group. SM(d36:0) and SM(d38:0) were also higher in MASLD patients with
HbAlc > 5.7% compared with those without HbAlc < 5.7. When patients with HbAlc >
5.7% were excluded, the difference in SM(d36:0) and SM(d38:0) levels between non-MASLD
and MASLD disappeared, and the differences were not observed in the non-MASLD group.
Although LPC(18:2) and LPC(18:1) levels were lower in patients with CMF-HT, these LPC
levels did not differ significantly between subjects with blood pressure > 130/85 mmHg
and their counterpart. PC(36:4) and PC(18:2/18:2) levels were higher in MASLD with
CME-TG than in those without CMF-TG, and these PCs were higher in MASLD patients
with TG > 150 mg/dL than those in those with lower triglyceride levels. When patients
with TG > 150 mg/dL were excluded, the difference in PC(36:4) between non-MASLD
and MASLD disappeared. In contrast, PC(18:2/18:2) levels were lower in MASLD than in
non-MASLD groups after excluding patients with TG > 150 mg/dL (Table 4).
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Table 4. The association between metabolites and clinical/laboratory findings of CMF.

HDL-C < 40(M),

Annotated BMI > 23 HbAlc > 5.7 BP > 130/85 TG > 150 <50 (F)
Compounds (n=23) (n =25) (n=22) (n =10) =8
Comparison A B C A B C A B C A B C A B C
SM(d36:0) T n.s. n.s. 1 T N/A
SM(d38:0) T n.s n.s
Increased in ~ Phenylalanyl
MASLD phenylalanine T ns. N/A
Glutamic acid T ns. ns T T N/A
PC(36:4) T ns. N/A
ALPC(20:0) 1 I N/A
Decreased LPC(18:2) n.s. n.s. n.s.
in MASLD LPC(18:1) ns. ns. ns.
PC(18:2/18:2) 1 !l N/A
Comparison A shows the difference between MASLD patients with the indicated factor and those without the
factor. Comparison B shows the difference between MASLD patients and non-MASLD patients, after excluding
patients with the indicated factor. 1 (increased), | (decreased), and n.s. (no significant difference) in MASLD
patients with the indicated factor. Comparison C shows the difference between non-MASLD patients with the
indicated factor and those without the factor. n.s. (no significant difference) in non-MASLD patients with the
indicated factor. N/A: Not assessed due to small number of patients. Blanks show no difference in comparisons
A, B, and C. BP, blood pressure.
3.6. Metabolite Levels and Medications Related to CMFs
We then investigated which classes of drug influenced metabolite levels (Table 5).
There were eight MASLD patients with Tx-DM, but no metabolites, including SMs, were
significantly altered in MASLD patients with Tx-DM compared with those without.
Table 5. The association between metabolites and medication related to CMFs.
Annotated SGLT2i DPP4i Tx-HT Calcium-Blocker Tx-DL Statin
P (MASLD, 1 = 4) (MASLD, 1 = 5) (MASLD, 1 = 10) (MASLD, 1 =7) (MASLD, 1 = 15) (MASLD, 1 = 10)
P (Non-MASLD,n=0)  (Non-MASLD,#=0)  (Non-MASLD,7=6)  (Non-MASLD,n=4)  (Non-MASLD,n=1)  (Non-MASLD, n=1)
A B C A B C A B C A B C A B C A B C
C ; @ @7 © G 6 © a0 @1 @1 @ 4 @ as a6 a ao @1 a
omparison VSs. VS. VS. VS. VS. VS. VS. VS. VS. VS. VS. VS. VS. VSs. VS. VS. Vs. VS.
27) 21) 2 27) 21) 21 21) 15) 15  24) 17) 17) 16 20) 200 21 20) 20)
Phenylalanyl
Increased phenylalanine + U ns: + T N/A
M AirleD Glutamic acid T T N/A
PC(38:3) 1 ns ns
LPC(18:2) ! ! N/A
LPC(18:1) 1 ! N/A | ! N/A
LPE(18:2) ! ! N/A ! N/A
Decreased PC(p16:0/18:2) 4 1 N/A 4 4 N/A
MAELD APC(p16:0/18:1) 1 + ns.
APC(36:1) ! 4 N/A
PC(18:2/18:2) 0 ! N/A ! N/A
PC(p36:1) 1 b ns.

Comparison A shows the difference between MASLD patients with the indicated factor and those without the
factor. Comparison B shows the difference between MASLD patients and non-MASLD, after excluding patients
with the indicated factor. 1 (increased), | (decreased), and n.s. (no significant difference) in MASLD patients
with the indicated factor. Comparison C shows the difference between non-MASLD patients with the indicated
factor and those without the factor. n.s. (no significant difference) in non-MASLD patients with the indicated
factor. N/A: Not assessed due to small number of patients. Blanks show no difference in comparisons A, B, and C.
SGLT?2i, sodium glucose co-transporter 2 inhibitor; DPP4i, dipeptidyl peptidase 4 inhibitor.

Although LPC(18:2) and LPC(18:1) were lower in patients with CMF-HT, these LPCs
showed no significant differences in comparisons A, B, or C when HT was defined by treat-
ment status. There were no metabolites that were affected by treatment with angiotensin II
receptor blockers. PC(36:4) and PC(18:2/18:2) levels were higher in MASLD with CME-TG
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than those without CMF-TG, and Tx-DL did not affect the PC(36:4) levels. In contrast,
PC(18:2/18:2) levels were lower in MASLD patients with Tx-DL than those without Tx-
DL. Furthermore, PC(18:2/18:2) levels were lower in MASLD patients than non-MASLD
patients after excluding patients with Tx-DL. Although LPCs and plasmalogens were not
associated with CMFs themselves, MASLD patients with Tx-DL had lower LPC(18:1),
LPE(18:2), and PC(p16:0/18:2) levels than those without Tx-DL. After excluding patients
with Tx-DL, these three metabolites remained lower in MASLD patients than non-MASLD
patients. MASLD patients treated with statin had lower LPC(18:2), LPC(18:1), LPE(18:2),
PC(p16:0/18:2), and PC(18:2/18:2) levels than those not treated with statins. After exclud-
ing patients treated with statin, these five metabolites were still lower in MASLD patients
than in non-MASLD patients.

3.7. Association Between Metabolite Levels and Liver-Related Biomarkers

We then examined the association between metabolite levels and liver-related biomark-
ers, including serum transaminase levels and grade of steatosis. Regarding hepatic inflam-
mation, SM(d36:0), SM(d38:0), and phenylalanine levels were higher in the high-ALT group
(AST > 40) but not in the high-AST group. SM(d38:0) levels were higher in the severe
steatosis group as determined by high CAP values (Table 6).

Table 6. The association between metabolite and liver-related markers.

AST >40 ALT >40 CAP > 300

Annotated Compounds (1 =13) (1 =21) = 21)
SM(d36:0) T
Increased in :
MASLD SM(d38:0) T T
Phenylalanyl phenylalanine T

The difference between MASLD patients with the indicated factor and those without. 1 (increased) and |
(decreased) in MASLD patients with the indicated factor.

4. Discussion

We identified 22 metabolites that were altered in patients with MASLD, of which
10 metabolites were elevated but 11 were declined. The alterations observed in
MASLD patients are consistent with previous reports, including increased SM(d36:0) and
SM(d38:0) [19,20], elevated phenylalanyl phenylalanine and glutamic acid [21-23], and
decreased LPCs [24] and plasmalogens [25]. However, to the best of our knowledge, there
were no published data on galloylglycerol and 7-alpha-hydroxy-3-oxo-4-cholestenoic acid
in patients with MASLD.

In the present study, SM(d36:0) and SM(d38:0) were increased in MASLD patients
with CMF-DM. These findings are in accordance with the previous report that SM(d36:0)
levels were higher in patients with prediabetes/diabetes than those without predia-
betes/diabetes [19]. Elevation of low-density lipoprotein is a potential mechanism of
elevated SMs [26]. We found that poor glycemic control was associated with the elevation
of SM(d36:0) and SM(d38:0). Elevation of SM(d36:0) and SM(d38:0) were observed in
MASLD patients with HbAlc > 5.7 but not with Tx-DM. After excluding patients with
HbAlc > 5.7, the difference in these SMs between non-MASLD and MASLD patients
disappeared. Although CMF-DM appeared to contribute to the elevation of SM(d36:0) and
SM(d38:0) in MASLD patients, these findings were not observed in non-MASLD patients
with CMF-DM, suggesting that additional factors also contribute to the elevation. Jung
et al. reported that SM(d36:0) and SM(d38:0) levels correlated with hepatic steatosis and
histological inflammation [20]. Consistent with that report, these SMs were elevated in
MASLD patients with ALT > 40 in our study. In addition, SM(d38:0) levels were signifi-
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cantly higher in MASLD patients with severe steatosis determined by CAP value > 300.
Thus, hepatic inflammation and steatosis may further increase these SMs. Previous reports
on blood SM levels in MASLD have been inconsistent, showing either decreases [24] or
increases [27]. Another group reported increased SM levels in MASLD with HT but not
those with DM [27]. These discrepancies may depend on species of SM. For example,
saturated SMs have been reported to be elevated, whereas unsaturated SMs are decreased
in MASLD patients [20,24]. The SMs elevated in our study were saturated SMs; therefore,
it is important to consider SM species when interpreting these findings.

Two amino acids, phenylalanyl phenylalanine and glutamic acid, were higher in
MASLD than non-MASLD patients. Elevated phenylalanine has been associated with ALT
concentration [21,28], hepatic steatosis [21,28], and serum triglyceride levels [29], all of
which characterized the MASLD patients in our study. We found that MASLD patients
with ALT > 40 but not those with > 30 U/L had elevated phenylalanyl phenylalanine
levels, suggesting that more severe hepatic inflammation may increase phenylalanine
levels. However, there was no significant difference in phenylalanine levels between
MASLD patients with CAP value > 300 and those without, using several cut-off values,
suggesting that the degree of steatosis does not necessarily increase phenylalanine levels
in MASLD. MASLD patients receiving Tx-DL had lower phenylalanine levels than those
not receiving Tx-DL, suggesting that lower TG levels induced by Tx-DL may lead to
reduced phenylalanine levels. Glutamic acid serves as a key precursor for glutathione
synthesis, and alterations in glutathione metabolism have been implicated in oxidative
stress and progression of MASLD. Glutamic acid levels were associated with MASLD
with obesity, but not with obesity in non-MASLD patients, again suggesting that MASLD-
specific factors contribute to glutamic acid elevation. Insulin resistance and liver fibrosis,
characteristic features of MASLD, are potential causes of elevated glutamic acid [30].
In addition, increased glutamic acid in MASLD may reflect enhanced degradation of
glutathione, which is consumed as an antioxidant in NASH [22].

Galloylglycerol is a plant-derived phenolic metabolite with antioxidative properties.
Its elevation may be associated with altered antioxidant responses in MASLD. In the present
study, we did not assess vegetable intake, and we did not identify any clinical factors that
could explain the elevated galloylglycerol levels. Further studies are therefore required to
clarify the mechanisms underlying the increase in galloylglycerol in MASLD.

7-alpha-hydroxy-3-oxo-4-cholestenoic acid is an intermediate metabolite in the synthe-
sis of chenodeoxycholic acid (CDCA), a bile acid, from cholesterol. Serum CDCA levels
are higher in patients with NAFLD than those without NAFLD [31], which may partially
explain the elevation of 7-alpha-hydroxy-3-oxo-4-cholestenoic acid in MASLD patients.

In contrast to metabolites that elevated in MASLD, several plasmalogen species were
decreased in MASLD patients. Plasmalogens are vinyl ether-containing phospholipids that
function as endogenous antioxidants and are particularly susceptible to oxidative degra-
dation. Reduced plasmalogen levels have been reported in several conditions associated
with increased oxidative stress and lipid peroxidation. Similarly, the reduction in lysophos-
pholipids observed in the present study may be associated with altered phospholipid re-
modeling under conditions of oxidative stress. Collectively, these findings suggest that the
metabolomic alterations identified in MASLD are not only associated with cardiometabolic
factors but may also reflect disturbances in oxidative stress-related pathways.

We found that MASLD patients treated with statin had lower levels of LPC(18:1),
LPC(18:2), LPE(18:2), PC(p16:0/18:2), and PC(18:2/18:2). These findings are consistent
with previous reports that statins reduce certain phospholipids and LPC levels in the
circulation [32,33]. LPC is a major component of oxidized LDL [34]. Our previous work
showed that oxidized LDL levels were lower in MASLD patients treated with statin than in
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those not receiving statins [35]. Although we did not measure oxidized LDL levels in the
present study, statin therapy may reduce oxidized LDL as well as its component LPCs.

The low levels of lysophospholipids in MASLD patients persisted after excluding
patients treated with statin, suggesting that additional factors also influence these metabo-
lite levels. We previously reported that lysophospholipids were increased in the liver of
hepatocyte-specific PTEN knockout mice, a model of steatohepatitis, and that remodeling
of hepatic phospholipids is a characteristic feature of steatohepatitis [36]. We therefore
speculate that incorporation of serum lysophospholipids into hepatic phospholipids may
be one mechanism underlying the reduced serum lysophospholipids levels in MASLD.
The increased PC(36:4) observed in MASLD may reflect incorporation of these LPCs
into PC(36:4).

Although univariate analysis was not significantly different, PLS-DA showed that
PC(36:4) was a significant metabolite that discriminates MASLD from non-MASLD. PC(36:4)
levels were higher in MASLD patients with CMF-TG than in those without CMF-TG and
were also elevated in MASLD patients with TG > 150 mg/dL. PC is essential for the
secretion of very low-density lipoprotein, a TG-rich lipoprotein, from hepatocytes into the
circulation. After excluding patients with CMF-TG, the difference in PC(36:4) levels between
non-MASLD and MASLD patients disappeared, suggesting that CMF-TG is associated
with increased PC(36:4) levels in MASLD patients. In contrast, PC(18:2/18:2) levels were
higher in MASLD patients with CMF-TG, even though overall PC(18:2/18:2) levels were
lower in MASLD than in non-MASLD groups. After excluding patients with CMF-TG,
PC(18:2/18:2) levels were lower in MASLD patients than in non-MASLD patients. Because
statin use was associated with low PC(18:2/18:2) levels, statin therapy may contribute to
reduced PC(18:2/18:2) levels in MASLD patients.

Ferroptosis, an iron-dependent form of cell death driven by lipid peroxidation, is
a key feature of MASLD [37]. Susceptibility of ferroptosis is modulated by phospho-
lipid remodeling, including changes in sphingomyelin [38], phosphatidylcholines, phos-
phatidylethanolamine, and plasmalogens [39]. During ferroptosis, high extracellular con-
centration of glutamic acid can inhibit the uptake of cystine, which is essential for glu-
tathione synthesis. Furthermore, mitochondria-derived coenzyme Q10 regulates ferroptosis
through a glutathione-dependent pathway [40]. Because simple biomarkers for ferropto-
sis are currently lacking, we are currently investigating whether the specific metabolites
identified in the present study could serve as novel ferroptosis biomarkers in MASLD.

The present study demonstrated the alteration of several metabolites that may be
linked to oxidative stress and antioxidant defense. However, this study has several limi-
tations. First, it was conducted at a single center and included a relatively small number
of participants, and the control group included three different diseases. In addition, we
failed to survey dietary intake and physical activities, which may contribute to metabolite
changes. As a result, selection bias cannot be excluded. In the present study, five CMFs
themselves act as confounding factors (e.g., obesity and diabetes), resulting in very few sig-
nificant findings when multivariate analysis was performed. Because this is an exploratory
study, we conducted two-group comparisons to broadly capture potentially significant
findings. Meanwhile, this has a risk of false discovery due to repeated comparisons. In
addition, there is a concern regarding a decrease in statistical power in the subgroup
analysis due to the small sample size. Although the present study is an exploratory one,
metabolite alterations observed in MASLD patients were generally consistent with the
previous reports. Firstly, this is, to the best of our knowledge, the first study to describe
association between CMFs and metabolite levels in patients with MASLD. Secondly, the
present study was a cross-sectional study, and therefore the temporal changes in metabolite
profiles during the course of MASLD could not be determined. Thirdly, not all patients
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underwent liver biopsy despite metabolite levels in patients with liver fibrosis being an
interesting research focus. Although we assessed the relationship between metabolites and
liver fibrosis using non-invasive biomarkers, no significant findings were obtained. This is
partially due to no patients with advanced liver fibrosis in the present study. Fourthly, we
did not directly assess oxidative stress-related biomarkers, including glutathione oxidation
status, MDA, d-ROMs, 8-OHdG, or oxidized LDL. Therefore, although several altered
metabolites have previously been associated with oxidative stress-related pathways, the
present study cannot determine whether oxidative stress was actually increased in the
study population. Therefore, the proposed relationship between the identified metabo-
lites and oxidative stress should be regarded as descriptive and hypothesis-generating
rather than direct evidence of redox imbalance. Future studies combining metabolomic
profiling with direct assessment of oxidative stress markers will be necessary to validate
these associations.

5. Conclusions

In conclusion, we identified distinct associations between cardiometabolic factors
and circulating metabolite profiles in patients with MASLD. Diabetes was associated with
elevated sphingomyelin levels, obesity with increased glutamic acid, hypertension with re-
duced lysophosphatidylcholine levels, and weak association between hypertriglyceridemia
with increased PC(36:4) levels. These findings suggest that individual cardiometabolic
conditions contribute to the heterogeneity of the circulating metabolome in MASLD. Al-
though several altered metabolites were linked to pathways related to oxidative stress
and antioxidant defense, direct oxidative stress biomarkers were not assessed. Thus, the
relationship between these metabolite alterations and redox imbalance remains hypothet-
ical and requires further validation. Given the exploratory nature of this study, future
investigations involving larger multicenter cohorts are warranted to validate these findings
and further elucidate the metabolic mechanisms underlying MASLD.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antiox15080950/s1, Figure S1. Validation of orthogonal partial
least-squares discriminant analysis (0-PLS-DA) models used for discrimination between non-MASLD
and MASLD patients. (A) Positive-ion mode 0-PLS-DA model. Model-fit statistics (R2X, R2Y, and
Qz) and permutation-test results are shown. R2X = 0.195, R2Y = 0.650, and Q? = 0.585. Permutation
testing yielded RZY = 0.749 (p < 0.05) and Q? = 0.578 (p < 0.05). (B) Negative-ion mode o-PLS-DA
model. Model-fit statistics (RZX, RZY, and Q?) and permutation-test results are shown. R%ZX =0.182,
R%Y =0.729, and Q* = 0.647. Permutation testing yielded R?Y = 0.936 (p < 0.05) and Q? = 0.803
(p < 0.05).
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Abbreviations

The following abbreviations are used in this manuscript:

BMI Body mass index

CAP Controlled attenuation parameter
CMF Cardiometabolic factor

CT Computed tomography

DM Diabetes mellitus

HDL-C  High-density lipoprotein cholesterol
HT Hypertension

LC-MS  Liquid chromatography coupled with high-resolution mass spectrometry
LPC Lysophosphatidylcholine

LPE Lysophosphatidylethanolamine
MRI Magnetic resonance imaging

M2BPGi  Mac-2 binding protein glycosylation isomer
NAFLD  Nonalcoholic fatty liver disease
nCMFs Number of cardiometabolic factors

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PLS-DA  Partial least-squares discriminant analysis
SM Sphingomyelin

TG Triglyceride

Tx-DL Use of lipid-lowering drugs
Tx-DM  Use of antidiabetic drugs
Tx-HT Use of antihypertensive drugs
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