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Abstract
Background  Metabolic dysfunction-associated steatotic liver disease (MASLD) is closely associated with many 
aspects of disturbed metabolic health. MASLD encompasses a wide spectrum of liver diseases, ranging from 
isolated steatosis to metabolic dysfunction-associated steatohepatitis (MASH), up to fibrosis, cirrhosis, and ultimately 
hepatocellular carcinoma. Limited noninvasive diagnostic tools are currently available to distinguish the various 
stages of MASLD and as such liver biopsy remains the gold standard for MASLD diagnostics. We aimed to explore 
whether the plasma lipidome and its variations can serve as a biomarker for MASLD stages.

Methods  We investigated the plasma lipidome of 7 MASLD-free subjects and 32 individuals with MASLD, of whom 
11 had MASH based on biopsy scoring.

Results  Compared with the MASLD-free subjects, individuals with MASLD had higher plasma concentrations of 
sphingolipids, glycerolipids, and glycerophospholipids. Only plasma concentrations of ceramide-1-phosphate 
C1P(d45:1) and phosphatidylcholine PC(O-36:3), PC(O-38:3), and PC(36:2) differed significantly between presence 
of MASH in individuals with MASLD. Of these lipids, the first three have a very low relative plasma abundance, thus 
only PC(36:2) might serve as a biomarker with higher plasma concentrations in MASLD individuals without MASH 
compared to those with MASH.

Conclusions  Plasma lipids hold promise as biomarkers of MASLD stages, whereas plasma PC(36:2) concentrations 
would be able to distinguish individuals with MASH from those with MASLD without MASH.
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Background
Over the last decades, high caloric intake and sedentary 
lifestyle have driven obesity, type 2 diabetes mellitus 
(T2DM) and progressively metabolic dysfunction-asso-
ciated steatotic liver disease (MASLD). MASLD is a 
rather recent term, replacing non-alcoholic fatty liver 
disease (NAFLD) [1] and, in general, subjects who were 
diagnosed as having NAFLD will now be diagnosed 
with MASLD [2]. With a global prevalence of over 25%, 
MASLD has become the most prevalent chronic liver dis-
ease worldwide [3–6]. The disease spectrum of MASLD 
is characterized by a worsening scale of features, ranging 
from isolated steatosis, metabolic dysfunction-associated 
steatohepatitis (MASH), up to fibrosis, and in certain 
cases cirrhosis or hepatocellular carcinoma (HCC) [7, 
8]. In addition to liver-related complications, progressive 
MASLD may also drive atherosclerotic cardiovascular 
disease, most likely through changes in plasma lipids [9]. 
Given its close epidemiological and pathophysiological 
links with obesity, T2DM, hyperlipidemia and atheroscle-
rosis, MASLD can be considered the hepatic representa-
tion of the metabolic syndrome [10, 11].

Key to the development of MASLD and therefore 
MASH is the excess accumulation of triglycerides (TGs) 
in the liver. In theory, this excess accumulation can be 
caused by (a combination of ) uptake of circulating fatty 
acids, enhanced hepatic de novo lipogenesis, reduced 
secretion of TGs in very low density lipoprotein (VLDL) 
particles, and a disturbed fatty acid oxidation (FAO) [12]. 
Of these four pathways, the increased fatty acid influx 
has been shown to be the predominant cause of MASLD 
[13], likely due to insulin resistance (IR) that will result in 
elevated lipolysis in peripheral adipose tissues and thus 
an enhanced flux of fatty acids to the liver. This aggrega-
tion of lipids in hepatocytes overwhelms the physiologi-
cal healthy hepatic capacity to store, secrete and oxidize 
lipids, resulting in lipotoxicity within the steatotic liver 
[11].

Currently, no accurate diagnostic tools are available to 
determine the presence of MASLD or detect progression 
to MASH. Liver biopsy remains the gold standard for 
MASLD diagnostics to determine fibrotic stages, inflam-
mation and ballooning, but this method comes with 
obvious drawbacks due to its invasive nature [14]. Thus, 
there is a need to develop non-invasive biomarkers to dif-
ferentiate MASLD stages. Although some have already 
been developed [15], these biomarkers lack in sensitiv-
ity and are predominantly aimed at determining fibrosis 
and thus ignore other underlying mechanisms of MASH 
such as lipotoxicity. Studying the plasma lipid profiles in 
an unbiased way by lipidomics might aim to uncover a 
lipid biomarker of MASLD stages. Plasma lipidomics in 
MASLD has been performed before, as recently reviewed 
by Beland-Bonenfant et al. [16] and Musso et al. [17]. 

Although some lipid species such as lysophoshatidylcho-
line (LPC) and diacylglycerol (DG) have been proposed 
to specifically mediate hepatic lipotoxicity [18–22] and 
might be suitable for the identification of MASH in indi-
viduals with MASLD, detailed exploration of the associa-
tion of the plasma lipids with MASLD stages, i.e. MASH 
progression, is lacking.

In order to identify plasma lipid signatures of disease 
severity along the MASLD spectrum, i.e., depending on 
different methods of scoring MASLD with or without 
MASH, we used a lipidomic platform to identify and 
semi-quantify over 1600 lipids in the plasma of 39 indi-
viduals with histologically characterized MASLD of 
whom some had MASH. With this, we found that plasma 
phosphatidylcholine PC(29:1) is elevated in subjects with 
MASLD independent of MASH and that plasma PC(36:2) 
concentrations might be suitable to distinguish MASLD 
individuals with MASH from those without MASH.

Materials and methods
Study design, population and MASLD/MASH grading
The cohort of individuals with MASLD analyzed in this 
study, consisting of 32 individuals with MASLD and 7 
MASLD-free subjects (Table S1), originated from two 
academic medical centers in The Netherlands, namely 
the Amsterdam University Medical Centers (AUMC) and 
the Maastricht University Medical Center (MUMC+). 
The protocol was reviewed and approved by the insti-
tutional review boards of the medical centers (AMC 
METC 2013_207 and METC 142074 for the AUMC 
and MUMC+, respectively) and abide the declaration 
of Helsinki principles. All participants provided written 
informed consent.

The individuals were included between 1/1/2014 and 
31/12/2017 and between 1/2/2017 and 31/1/2019 in the 
AUMC and MUMC+, respectively. All individuals were 
Caucasian, overweight, treatment-naïve subjects with 
hepatic steatosis on ultrasound (see for detailed criteria 
Witjes et al. [23]) that abide to the new cardiometabolic 
MASLD criteria. The histological status of each subject 
was determined by tandem reading by qualified liver 
pathologists.

Percutaneous ultrasound-guided liver biopsies were 
obtained during clinical workup or during bariatric sur-
gery were performed by either an interventional radi-
ologist or a hepatologist according to local standard 
procedure. Biopsies were stained with a hematoxylin 
and eosin stain and a Sirius Red stain. All histologic 
specimens were scored by liver pathologists blinded to 
all other data. Steatosis grade (0–3) depends on the per-
centage of hepatocytes containing large and medium-
sized intracytoplasmic lipid droplets: in grade 0 < 5% of 
the hepatocytes contain lipid droplets; in grade 1 5–33%; 
in grade 2 34–66%; and in grade 3 > 67% of hepatocytes 
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contain lipid droplets. Fibrosis was scored according to 
the NASH Clinical Research Network (CRN) scoring 
system [24]. In stage 0 there is no detectable fibrosis. In 
stage 1 there is perisinusoidal (in zone 3) or periportal (in 
zone 1) fibrosis, stage 2 encompasses fibrosis in both the 
perisinusoidal and periportal zones but without bridg-
ing while there is bridging fibrosis in stage 3. Stage 4 or 
cirrhosis is present in case of extensive bridging fibrosis. 
The NAFLD Activity Score (NAS) is the sum of the ste-
atosis grade, lobular inflammation and the ballooning of 
the hepatocytes [25].

An individual was considered to have MASLD when 
lipid droplets were present in at least 5% of the hepato-
cytes. MASH was diagnosed in those individuals with 
MASLD when hepatocellular ballooning grade was ≥ 1 
with a lobular inflammation grade ≥ 1.

Lipidomics
Lipidomics was performed as previously described [26, 
27], with minor adjustments. In brief, 25  µl of plasma 
sample was added to a 2  ml tube after which the fol-
lowing amounts of internal standards dissolved in 
methanol: chloroform (1:1 v/v) were added: 0.2 nmol 
bis(monoacylglycero)phosphate BMP(14:0/14:0), 0.127 
nmol C1P(d18:1/12:0), 2 nmol D7-CE(16:0), 0.118 
nmol Cer(d18:1/12:0), 0.130 nmol Cer(d18:1/25:0), 
0.1 nmol cardiolipin CL(14:0/14:0/14:0/14:0), 0.5 
nmol DG(14:0/14:0), 0.126 nmol glucose-ceramide 
Glc-Cer(d18:1/12:0), 0.129 nmol lactose-ceramide 
LacCer(d18:1/12:0), 0.1 nmol LPA(14:0), 0.5 nmol 
LPC(14:0), 0.1 nmol LPE(14:0), 0.02 nmol lysophospha-
tidylglycerol LPG(14:0), 0.5 nmol PA(14:0/14:0), 2 nmol 
PC(14:0/14:0), 0.5 nmol PE(14:0/14:0), 0.1 nmol phos-
phatidyl-glycerol PG(14:0/14:0), 0.5 nmol PI(8:0/8:0), 5 
nmol PS(14:0/14:0), 0.124 nmol sphinganine-1-phos-
phate S1P(d17:0), 0.125 nmol S1P(d17:1), 2.129 nmol 
ceramidephosphocholine SM(d18:1/12:0), 0.125 nmol 
SPH(d17:0), 0.125 nmol SPH(d17:1), and 0.5 nmol 
TG(14:0/14:0/14:0). When not explained here, abbrevia-
tions are explained in Table S2. Next, 1.5  ml methanol: 
chloroform (1:1 v/v) was added and the samples were 
thoroughly mixed. The samples were centrifuged for 
10 min at 14,000 rpm, the supernatant was transferred to 
a glass vial and evaporated under a stream of nitrogen at 
60  °C. The residue was dissolved in 150 µl of methanol: 
chloroform (1:1 v/v) and the lipids were analyzed using a 
Thermo Scientific Ultimate 3000 binary HPLC coupled to 
a Q Exactive Plus Orbitrap mass spectrometer (MS).

For normal phase separation, 2  µl of the sample was 
injected onto a Phenomenex® LUNA column (5 μm silica, 
100 Å, 250 × 2  mm) that was kept at 25  °C. The mobile 
phase consisted of solvent A (methanol: water (85:15 v/v) 
with 0.0125% formic acid and 3.35 mM ammonia) and 
solvent B (chloroform: methanol (97:3 v/v) with 0.0125% 

formic acid). The flow rate was set at 0.3 ml/min and the 
percentage of solvent A was 10% for the first minute and 
was steadily increased until it reached 20% at 4 min, 85% 
at 12 min and 100% A at 12.1 min. The mobile phase was 
kept at 100% solvent A until 14  min and decreased to 
10% solvent A at 14.1 min and kept at 10% until 15 min. 
For reversed phase separation, 5  µl of the sample was 
injected onto a Waters HSS T3 column (1.8 μm particle 
size, 150 × 2.1  mm) that was kept at 60  °C. The mobile 
phase consisted of solvent C (methanol: water (4:6 v/v) 
with 0.1% formic acid and 10 mM ammonia) and solvent 
D (methanol: isopropanol (1:9 v/v) with 0.1% formic acid 
and 10 mM ammonia). The flow rate was set at 0.4 ml/
min and the percentage of solvent C was 100% at start 
but was steadily decreased until it reached 80% at 1 min 
and reach 0% at 16 min. The mobile phase was kept at 0% 
solvent C until 20 min and increased to 100% solvent C at 
20.1 min and kept at 100% until 21 min.

Bioinformatics for lipid identification
MS data were acquired using negative and positive ion-
ization using continuous scanning over the range of 
m/z 150 to m/z 2000. These raw data were converted to 
mzXML format using MSConvert. The dataset was pro-
cessed using an in-house developed lipidomics pipeline 
written in the R programming language 3 (R Founda-
tion for Statistical Computing, Vienna, Austria, www.r-
project.org). In brief, it consisted of the following steps: 
pre-processing using the R package XCMS with minor 
changes to some functions in order to better suit the Q 
Exactive data; notably, the definition of noise level in 
centWave was adjusted and the stepsize in fillPeaks; iden-
tification of metabolites using an in-house database of 
(phospho)lipids, with known internal standards indicat-
ing the position of most of the lipid clusters, matching 
m/z values within 3 ppm deviation; isotope correction 
to obtain deconvoluted intensities for overlapping peak 
groups; normalization on the intensity of the internal 
standard for lipid classes for which an internal standard 
was available and scaling on measured protein content 
per sample.

Lipid species abbreviations
Each lipid class was abbreviated with a defined letter 
code. For instance, glycerophospholipids abbreviations 
(e.g. PC, PE) were used to refer to species with two radyl 
side chains, where the total lengths of the side chains 
and total number of double bonds were indicated within 
parentheses: Headgroup (Length of side chains : Number 
of double bonds). Corresponding species with only side 
chain were referred as Lyso-PL (e.g. LPC, LPE, etc.). Only 
the total mass of the lipids was recorded, not the exact 
composition of the localization of individual side chains. 
The actual structure of each lipid can be hypothesized 
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based on known lipid biochemistry (e.g. PC(34:1) is most 
likely the sum of PC(16:1/18:0) and PC(18:1/16:0)).

Statistical analyses
Analyses were done in R version 4.1.2 (2021-11-01). 
Spearman correlation analyses were performed using 
Past4 software and checked in R. In the lipidomics analy-
sis, summary data for each lipid class was calculated by 
measuring the mean value of individual lipid species. 
Total lipid levels of individual lipid classes were obtained 
by summing up the mean values of all lipid subspecies 
together. The control group was compared to the differ-
ent disease groups, using a One-way ANOVA, followed 
by a Tukey-Post Hoc test. A p-value of 0.05 or less was 
considered significant. Unless mentioned otherwise, 
p-values were corrected for multiple testing per lipid 
class by applying a Benjamini & Hochberg correction 
with FDR < 5%. Serum levels of individual lipids were 
correlated with the histological profiles of the subject 
(Steatosis / Fibrosis / NAS scores) by Spearman corre-
lation analysis. Based on the uncorrected p-value, a top 
30 of lipids correlating with each histological variable 
was drawn. Heatmaps were created for the different top 
30 rankings by calculating the z-score of each individual 
samples in a row (metabolite) as follows: Z-score = (Value 
of individual sample – Mean of the row) / Standard devi-
ation of the row.

The graphical representations provide an indication 
on how far the raw level of a given lipid is compared to 
the mean value of concerned lipid class. In heatmaps, the 
individuals were classified based on their histological sta-
tus, i.e., inflammatory activity and fibrotic stage, to pro-
vide insights on fluctuations of lipid levels across disease 
severity. Finally, volcano plots comparing the serum lipid 
fold-changes of control subjects with serum fold-changes 

of individuals with mild/severe disease states were cre-
ated. To do so, the entire cohort was redistributed in 
multiple subgroups based on the histological profiles. 
The control group was then compared to mild/severe ste-
atosis groups, mild/severe fibrotic groups, and low/high 
NAS score groups.

Results
Characteristics of the included subjects
We included 39 subjects of whom, based on histological 
scoring, 7 did not have MASLD and 32 had MASLD. Of 
the latter group, 11 had MASH (Table  1 and Table S1). 
Apart from a higher average body mass index (BMI) in 
the MASLD-free subjects, and higher plasma gamma-
glutamyl transferase (GGT), alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) concen-
trations in those with MASLD, the clinical character-
istics did not differ between the groups. In general, the 
histological examination revealed that hepatic steatosis 
grades, fibrosis grades and NAS scores had a high hetero-
geneity within and between subgroups (Table 2).

Table 1  Clinical characteristics of the 39 included subjects
MASLD-free MASLD w/o MASH MASLD w/ MASH

Age (years) 36 (30–50) 55 (48–58) 52 (53–56)
Weight (kg) 110 (107–115) 96 (90–111) 95 (88–108)
Height (cm) 169 (167–173) 181 (177–183) * 173 (169–179)
BMI (kg/m2) 38.6 (38.5–39.3) 32.5 (30.0-34.5) * 32.7 (30.9–33.7) *

GGT (IU/l) 22.0 (15.0-23.5) 47.0 (31.0–64.0) * 52.0 (46.0–85.0) *

ALT (IU/l) 19.0 (18.5–27.5) 53.0 (37.0–66.0) * 71.0 (45.5–81.0)
AST (IU/l) 19.0 (17.529.0) 37.0(30.0–39.0) 54.0 (41.5–108.0) *,#

TC (mM) 4.1 (4.0-4.3) 5.4 (5.2-6.0) * 5.1 (4.6-6.0)
LDL-c (mM) 2.7 (2.5–2.9) 3.5 (3.3–4.3) 2.8 (2.3–3.9)
HDL-c (mM) 1.0 (1.0-1.2) 1.2 (1.0-1.4) 1.2 (1.0-1.4)
TG (mM) 1.3 (1.0-1.5) 1.3 (1.1–1.4) 1.9 (1.4–3.5)
HbA1c (mmol/mol) 35.0 (33.0-38.5) 39.0 (34.0–40.0) 41.0 (36.5–54.5)
Glucose (mM) 5.4 (5.1–6.1) 5.9 (5.3–6.3) 6.4 (5.6–7.2)
T2DM, n (%) 1 (14.3) 0 (0.0) 3 (27.3)
Values are medians with interquartile range in parentheses. BMI, body mass index; GGT, gamma-glutamyl transferase; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; TC, total cholesterol; LDL-c, low density lipoprotein cholesterol; HDL-c, high density lipoprotein cholesterol; TG, triglycerides; HbA1c, Hemoglobin-
A1c; T2DM, type 2 diabetes mellitus; *, p < 0.05 vs. healthy controls; #, p < 0.05 vs. MASLD without MASH (Kruskal-Wallis tests or Chi-square test)

Table 2  Histological liver characteristics of the 39 included 
subjects

MASLD-free MASLD w/o 
MASH

MASLD 
w/ MASH

Steatosis grade, n 
(0/1/2/3)

7/0/0/0 0/12/6/3 * 0/3/6/2 *

Fibrosis grade, n 
(0/1/2/3)

5/2/0/0 5/13/3/0 * 1/3/2/5 *,#

NAS score, n 
(0/1–2/3–4/5/6)

3/4/0/0 0/12/9/0 * 0/0/7/4 *,#

Inflammation, n (0/1/2) 3/4/0 1/19/1 * 0/9/2 *

Ballooning, n (0/1/2) 7/0/0 21/0/0 0/9/2 *,#

*, p < 0.05 vs. healthy controls; #, p < 0.05 vs. MASLD without MASH (Chi-square 
test)
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Several lipids are correlated with steatosis grade
The plasma of the 39 subjects were used for lipidomic 
analysis in which 1625 lipids distributed over 17 different 
lipid categories (Table S2) were analyzed. When compar-
ing the plasma lipid composition between subjects with 
various histological grades of MASLD (steatosis grade, 
fibrosis grade and NAS score) it is clear that subjects with 
steatosis grade 2 had higher plasma triglyceride (TG), 
alkylacylglycerol (DG(O)) and cholesterylester (CE) con-
centrations than those in whom no steatosis was detected 
(Fig.  1A). Plasma lipid concentrations were not associ-
ated with fibrosis grading apart from a reduction of total 
plasma alkyl/alkenyl-phosphatidylcholines (PC(O)) in 
subjects with grade 1 fibrosis compared to those without 
fibrosis (Fig. 1B). No significant differences in the plasma 
lipidome were found for NAS scores (Fig. 1C).

With respect to the individual lipids in the lipid cat-
egories, the plasma concentrations of multiple lipids 
correlated with steatosis grade, fibrosis stage and NAS 
score (Table S3) but only a few were significant. Table 3 
depicts the number of significant associated plasma lip-
ids per lipid category showing that, for instance, 365 lip-
ids correlated with steatosis grade. Table S44 shows the 
top 30 associated lipids per histology group, and the raw 
z-scores of these lipids are depicted in Fig. 2. After FDR 
correction, 126 of the 365 lipids remained correlated with 
steatosis grade (Table S5) of which the top 6 associated 
lipids were ceramides Cer(d40:0) and Cer(d42:0), sphin-
gomyelins SM(d38:0), SM(d39:0) and SM(d40:0), and 
PC(32:4) (all FDR adjusted p-value of 0.0043). No plasma 
lipids remained correlated with fibrosis grade or NAS 
score.

Four lipids are lower in MASH
So far, the lipidomic analysis was done based on the his-
tological scoring and included all 39 subjects. Next, we 
directly compared the plasma lipid profiles of the indi-
viduals with MASLD who have or have not progressed 
to MASH to those of the MASLD-free subjects (Fig.  3 
and Table S6-S8). Doing so, we found that multiple PCs 
were elevated in the plasma of MASLD individuals with-
out MASH compared to the MASLD-free subjects of 
which the most statistical relevant one was PC(36:2). In 
addition, the lipid that was elevated the most in MASLD 
individuals without MASH compared to MASLD-free 
subjects was CE(16:4), a highly abundant plasma lipid 
(Table S9).

Compared to the MASLD-free subjects, MASLD indi-
viduals who have progressed to MASH mainly had higher 
plasma TGs such as TG(49:1) and TG(46:0) (Fig. 3B). All 
plasma lipids that differed between MASLD individu-
als without MASH and MASLD-free subjects were also 
different between MASLD individuals with MASH and 
healthy controls. Of these, PC(29:1) was among the most 

increased plasma lipids in individuals with MASLD inde-
pendent of MASH (Fig.  4A). Further analysis revealed 
that the plasma PC(29:1) concentrations depended 
on the steatosis and not the fibrosis grade of the liver 
(Fig. 4B and C). The plasma abundancy of PC(29:1) was 
however very low, being the 1370th of the 1625 plasma 
lipids detected (Table S9).

When comparing MASLD individuals without to 
MASLD individuals with MASH (Fig.  3C), four plasma 
lipids showed a statistically significant difference in 
plasma concentrations, namely ceramide-1-phosphate 
C1P(d45:1), PC(O-36:3), PC(O-38:3) and PC(36:2). These 
lipids did however not remain significant after FDR cor-
rection. The plasma concentrations of all four lipids 
were lower in MASLD individuals with MASH than in 
MASLD individuals without MASH. It is however note-
worthy that the plasma abundancy of the first three lip-
ids is very low, while PC(36:2) is the 33th most abundant 
lipid of the 1625 detected (Table S9). In line with the 
notion that plasma PC(36:2) concentrations decline when 
MASLD progresses to MASH is the finding that this lipid 
in-creased with more steatosis grade but is not affected 
by fibrosis (Fig. 5).

No differences in lipid saturation between subjects with or 
without MASLD and/or MASH
Lipids are characterized by various chemical/physi-
cal properties, among which the saturation. As a proxy 
of general saturation of plasma lipids, we investigated 
the number of double bonds in the plasma TGs within 
the three groups and found no differences in satura-
tion between MASLD-free subjects, MASLD individu-
als without MASH and MASLD individuals with MASH 
(Fig. 6).

Discussion
MASLD is a complex multifactorial disease, in which dis-
turbances in lipid homeostasis are key in disease onset as 
well as progression. Previous studies have focused on the 
difference in plasma lipid levels between individuals with 
MASLD and those without MASLD (14–20), but did 
not focus on differences in MASLD progression. Hence, 
we aimed to identify plasma lipid signatures of disease 
severity along the MASLD spectrum and thus performed 
plasma lipidomics on individuals with histologically con-
firmed MASLD who vary in steatosis grades, fibrosis 
grades and NAS scores. Moreover, we aimed to find lipid 
biomarkers that can distinguish individuals with MASH 
from those with MASLD but who have not progressed to 
MASH.

Our data show that differences between steatotic and 
non-steatotic livers is mainly reflected by elevated plasma 
TG, DG(O), and CE concentrations. This is likely caused 
by elevated VLDL secretion from steatotic livers, as all 
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three lipid classes are well known components of the 
hydrophobic core of VLDL. The fact that lipoprotein sur-
face lipids such as phospholipids do not differ suggest 
that the VLDL particles were enlarged. Secretion of large 
VLDL particles has been observed before in humans with 

elevated liver fat as well as those with type 2 diabetes 
[28]. The aggregation of adipose tissue derived fatty acids 
in MASLD is often followed by the upregulated incor-
poration of fatty acids into TGs in lipid droplets, which 
might result in autophagy of these lipid droplets. Both 

Fig. 1  Relative abundance of plasma concentrations of the lipid classes in subjects with respect to their (A) hepatic steatosis grade, (B) fibrosis grade, and 
(C) NAS score. Data are shown as box plots. The inserted text mentions whether there is a significant difference (p < 0.05, Mann-Whitney U test) between 
the grades or scores for the specific lipid class
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processes are associated with elevated VLDL secretion 
[13, 29].

Detailed analyses showed that plasma concentrations 
of ceramides and sphingomyelins were predominantly 
affected by the steatosis grade. The increased plasma 
ceramide concentration in subjects with steatotic livers is 
in line with previous studies [30, 31]. Sphingomyelins and 
ceramides are classes of sphingolipids, bioactive lipids 
that are found ubiquitously and play an important role 
in, amongst others, cell growth and survival, and immune 
responses [32]. Ceramides are the central molecules 
in sphingolipid metabolism and have previously been 
shown to be linked to metabolic disturbances such as IR, 
oxidative stress, and inflammation [33–36]. They disrupt 
insulin sensitivity and mitochondrial metabolism, which 
leads to metabolic derangement and cell death [37, 38]. 
Sphingolipid metabolites have previously been associated 
with key processes in MASLD pathophysiology, such as 
the initiation of proinflammatory events leading to fibro-
sis and necroinflammation [39]. The association between 
high ceramide levels and increased steatosis grade has 
also been confirmed in vivo, as ceramide inhibitors atten-
uated MASLD in rats fed a high fat diet [40]. Altogether, 

the present study underscores the crucial roles of sphin-
golipids in MASLD.

The lipids that correlated with steatosis grades and 
NAS scores were predominantly saturated ones. More 
specifically, 16 out of the top 30 lipids that correlated 
with steatosis were monounsaturated. This is in line with 
previous studies reporting increased plasma concentra-
tions of saturated and monounsaturated lipids in indi-
viduals with hepatic steatosis [20, 41–43]. In our study, 
this was however not reflected by differences in the num-
ber of double bonds in TGs in the plasma of MASLD 
subjects compared to healthy controls. This is likely due 
to the heterogeneity of lipid species within the TG lipid 
class.

PC(29:1) might be a candidate lipid biomarker for 
MASLD, since the plasma concentration of this lipid was 
higher in individuals with MASLD than in those with-
out MASLD. Of interest, our data suggest that steatosis 
drives the elevated PC(29:1) concentration. This specific 
lipid species has not previously been earmarked as a 
potential MASLD biomarker which might be due to the 
its very low plasma abundance. Future studies are there-
fore needed to explore whether this rare lipid can indeed 

Table 3  Number of lipids category that associate with steatosis grade, fibrosis grade or NAS score
Steatosis correlated Fibrosis correlated NAS correlated

Category Total (n) Neg. (n) Pos. (n) Neg. (n) Pos. (n) Neg. (n) Pos. (n)
TG 366 0 153 0 8 0 40
TG(O) 97 0 17 0 0 0 11
DG 122 1 17 1 1 1 15
DG(O) 53 2 6 0 2 3 2
CE 97 0 23 0 0 0 2
PE 61 0 11 1 0 1 3
PE(O) 86 1 3 0 0 1 1
LPE 25 0 6 0 0 0 2
LPE(O) 18 0 0 0 0 0 0
PC 123 0 29 4 0 0 17
PC(O) 108 0 4 0 0 11 0
LPC 68 0 7 2 0 1 5
LPC(O) 35 1 0 0 0 2 0
PS 12 0 5 0 0 0 0
PI 31 0 10 0 0 0 15
PA 15 0 2 0 1 0 1
LPA 11 0 1 0 0 0 1
SM(d) 86 0 25 10 0 3 14
SM(t) 43 0 6 1 2 0 1
SM4(d) 26 0 1 0 0 0 0
SM4(t) 25 0 5 1 0 0 1
SPH 5 0 0 0 0 0 1
Cer 62 1 15 4 0 2 10
C1P 10 1 0 0 0 1 0
HexCer 25 0 7 0 0 0 3
Hex2Cer 15 0 5 0 0 0 3
All lipids 7 358 24 14 26 148
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Fig. 2  Heatmaps for the plasma concentrations for the 30 most affected individual lipids in subjects based on their (A) hepatic steatosis grade, (B) fibrosis 
grade, and (C) NAS score
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serve as a biomarker or whether its presence in the cur-
rent study is just a spurious finding.

To discriminate between MASLD subjects with and 
without MASH, four lipids can be considered, namely 
C1P(d45:1), PC(O-36:3), PC(O-38:3) and PC(36:2) which 
all have lower plasma concentrations in those with 
MASH than in those without MASH, albeit that they did 
not remain significant after FDR correction. Of these lip-
ids, the first three ones are very rare ones making them 
not easily applicable as biomarkers. PC(36:2), in contrast, 
is a common plasma lipid of which the plasma concen-
trations have for instance been reported to be higher 
in MASLD individuals with hypertension compared to 

those without hypertension [31]. A couple of studies have 
reported PC(36:2) molecules to at least associate with 
features corresponding to MASLD and/or MASH. For 
instance, PC(18:0/18:2) is a major component of HDL 
particles [44] whose concentrations are normally lower 
in subjects with MASLD albeit that this not the case in 
our cohort. Moreover, PC(18:1/18:1) has been shown to 
lower in a progressed hepatocellular carcinoma (HCC) 
mouse model [45]. Altogether, these data underscore the 
potential of plasma PC(36:2) concentrations to serve as 
a MASH proxy or biomarker. Successful implementa-
tion of this lipid as a biomarker is however hampered by 
the fact that it cannot be measured routinely since high 

Fig. 3  Vulcanoplots of plasma lipids when comparing (A) individuals with MASLD without MASH to MASLD-free subjects, (B) individuals with MASLD 
who have MASH to MASLD_free subjects, and (C) individuals with MASLD with MASH to those without MASH. Red dots depict lipids of which the plasma 
concentration is significantly higher, green dots the lipids of which the plasma concentration is significantly lower. Figure C contains a zoom-in of the 
four statistically significant affected plasma lipids
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throughput assay are not available. Hence, a laboratory 
depends on specialized mass spectrometry (MS) tech-
niques that are labor intensive, expensive and not acces-
sible to all.

The present study comes with some limitations of 
which the most important one is the limited sample size. 
This is mainly due to the fact that MASLD, although 
rather prevalent, is not routinely diagnosed. This might 
be caused by the lack of awareness of MASLD in [46] 
but also by the fact that reliable non-invasive liver tests 
are lacking, limiting the inclusion of MASLD subjects. 
Another limitation is the imbalance in the distribution 
of subjects over the groups. While the MASLD-free sub-
jects were mainly females with an average age of 36, the 
MASLD subjects with and without MASH were males 
with an average age of 55 and 52 years, respectively. The 
skewed distribution of the sexes over the groups might 
have influenced the lipidomics results. For instance, 
we found that plasma concentrations of ceramides and 

sphingomyelins are higher in subjects with steatosis, 
which might be attributable to the relatively overrep-
resentation of men since they have relatively higher 
plasma ceramide and sphingomyelin concentrations 
[47]. Age might be another confounder. Almeida et al. 
[48] reviewed the evidence of specific plasma lipids as 
biomarkers of physiological aging (and not pathophysi-
ological ageing due to age-related diseases) and they con-
clude that elevated plasma concentrations of PC(O-32:1) 
[49], elevated plasma SM(24:1), SM(16:0) and reduced 
LPC(18:2) and LPC(20:4) [50], and reduced sphingolip-
ids and elevated sterols as well as glycerolipids [51] might 
all be possible biomarkers of healthy ageing. However, in 
our study only LPC(18:2) and LPC(20:4) were detected 
at relative high abundancy in the plasma and none of the 
suggested age-dependent lipids did differ between the 
three different groups of subjects. Hence, these results 
strongly suggest that age was not a significant con-
founder in our lipidomic analysis. Altogether, replication 

Fig. 5  Abundance of plasma PC(36:2) in subjects with respect to their (A) disease state, (B) hepatic steatosis grade, (C) fibrosis grade, and (D) NAS score. 
*, p < 0.05; **, p < 0.01; ***, p < 0.001 (Kruskal-Wallis test)

 

Fig. 4  Abundance of plasma PC(29:1) in subjects with respect to their (A) disease state, (B) hepatic steatosis grade, (C) fibrosis grade, and (D) NAS score. 
*, p < 0.05; **, p < 0.01; ***, p < 0.001 (Kruskal-Wallis test)
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of the lipidomics profiling in larger, well-defined MASLD 
cohorts with a properly balanced distribution of sex and 
age is urgently awaited in order to strengthen the result 
from the present study.

Conclusions
We investigated the association between plasma lipid 
profiles and histologically characterized MASLD disease 
severity. Our results elucidate the association between 
hepatic steatosis and specific lipid species such as sphin-
golipids. PC(29:1) may have potential as a biomarker 
for MASLD and PC(36:2) may have the potential dis-
criminate MASH from isolated steatosis. However, the 
lack of throughput assays hamper implementation of 
specific lipids as biomarkers. Our cohort was limited in 
size, hence replication is needed in larger, well-defined 
MASLD cohorts.
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