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Highlights:

An NMR-metabolomic analysis of 353 patients with MASLD
stratified by PNPLAS3 genotype was performed.

Distinct signature of PNPLA3 1148M homozygous carriers
varies with fasting state.

Fasting ketones and lower lysine levels suggest increased
B-oxidation in PNPLA3 GG.

Intermediate-density lipoproteins are a distinct marker in
fasting PNPLA3 GG.

Metabolic alterations increase in PNPLA3 GG carriers with
T2DM and/or obesity.
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Impact and Implications:

The PNPLA3 rs738409 (p.l148M) polymorphism is the most
prevalent genetic risk factor for metabolic dysfunction-
associated steatotic liver disease progression and is influ-
enced by fasting and feeding cycles. However, the patho-
physiological consequences of this regulation remain poorly
understood. Nuclear magnetic resonance-proteometabolomics
reveals a distinct signature in homozygous PNPLA3 GG car-
riers that changes significantly with fasting status, providing
important implications for diagnosis and preventive strategies.
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Background & Aims: The PNPLA3 rs738409 polymorphism is the most abundant genetic risk factor associated with progression
of metabolic dysfunction-associated steatotic liver disease (MASLD) to steatohepatitis (MASH) and fibrosis. Although fasting and
feeding affect PNPLA3 expression, molecular insights into the pathophysiological influence remain scarce.

Methods: We analyzed 353 serum samples of patients with MASLD from two German tertiary centers using nuclear magnetic
resonance (NMR)-proteometabolomics. Patients were stratified by PNPLA3 rs738409 C>G genotype: ‘CC’, ‘CG’, and ‘GG’.
Metabolites, lipoproteins, and glycoproteins were assessed based on fasting status.

Results: PNPLA3 GG displayed a distinct metabolic profile, with notable alterations between fasting and non-fasting states.
During the latter, GG carriers showed lower levels of VLDL-1, reflecting impaired triglyceride (TG) efflux from hepatocytes.
Following an overnight fast, GG carriers exhibited higher tricarboxylic acid cycle metabolites and ketone bodies, overall indicating
increased B-oxidation likely attributed to lower PNPLA3 expression, facilitating unrestricted adipose triglyceride lipase activity and
consecutive increased hepatic TG secretion. In addition, the ketogenic amino acid lysine, critical for mitochondrial carnitine
transport, was significantly reduced (GG 0.14 + 0.09 mM vs. CC 0.18 + 0.08 mM, g = 0.015). Consistently, TGs were enriched in
LDL and HDL particles, and an increased number of intermediate-density lipoproteins emerged as a distinct marker in fasted GG
carriers (GG 202.9 + 68.2 mg/dl vs. CC 160.8 + 65.6 mg/dIl, g = 0.007). These metabolic changes were enhanced in patients with
type 2 diabetes mellitus and/or obesity.

Conclusions: Our findings suggest a dichotomous pattern of increased hepatic lipid storage during feeding and excessive lipid
oxidation during fasting, which exceeds metabolic capacity, inducing cellular toxicity in PNPLA3 GG carriers. This interplay fuels a
detrimental fasting/non-fasting cycle, thus pointing to the need for preventive strategies.

© 2025 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction gene, present in 30-50% of individuals. This variant results in
an isoleucine-to-methionine substitution at position 148 of the
protein (p.1148M).° PNPLA3 is a membrane-bound protein
located on hepatic lipid droplets, where it hydrolyzes tri-
glycerides (TGs) in hepatocytes and retinol esters in stellate
cells.”® The PNPLA3 148M variant accelerates MASLD pro-
gression and increases liver-related mortality, among others.’
Specifically, the 148M variant binds to the lipase co-activator
ABHD5 (CGI-58) and sequesters it away from adipose triglyc-
eride lipase (ATGL), preventing its activation and leading to
reduced lipid remodeling in hepatocytes.’®'" In addition, the
PNPLA3 148M protein effectively escapes ubiquitination,
resulting in its accumulation on lipid droplets, whereby it fuels a
vicious cycle.'? Although the mechanisms that affect hepatic
fibrogenesis are not fully understood, it may increase oxidative

Metabolic dysfunction-associated steatotic liver disease
(MASLD) affects approximately 30% of the global population,
with obesity and type 2 diabetes mellitus (T2DM) as major risk
factors.”? The current concept considers a stepwise disease
progression from simple steatosis to steatohepatitis (MASH),
fibrosis, and cirrhosis, which can ultimately result in hepato-
cellular carcinoma development.® MASLD also increases the
risk of cardiovascular disease and other chronic diseases, as
well as cancers.” The course of the disease is influenced by a
complex interplay of genetics, epigenetics, lifestyle factors,
body composition, and the gut microbiome.®

The most common genetic risk factor associated with
MASLD/MASH is the rs738409 (c.444C>G) polymorphism in
the patatin-like phospholipase domain-containing 3 (PNPLAS)
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and endoplasmic reticulum stress through enhanced lip-
otoxicity."® In addition, PNPLA3 1148M carriers were shown to
have increased B-oxidation and an elevated hepatic mito-
chondrial redox state during fasting, likely attributed to unre-
stricted ATGL activity.'® Thus, it seems plausible that
differences in fasting status of patients may affect the impact of
PNPLA3 genotypes.

To gain further insight into the metabolic changes associated
with the PNPLAS3 [148M variant in MASLD, we performed multi-
center NMR-based proteometabolomic analysis in 353 patients
with MASLD stratified by PNPLAS3 status. Our data revealed
distinct alterations in homozygous PNPLA3 GG carriers, partic-
ularly pronounced in patients following overnight fasting. Spe-
cifically, GG carriers displayed elevated fasting ketone bodies
and tricarboxylic acid (TCA) cycle metabolites, as well as
reduced lysine levels, which is crucial for mitochondrial carnitine
transport. Consistently, we observed a higher TG load in LDL
and HDL subtypes and identified a significantly increased
number of intermediate-density lipoprotein (IDL) particles in
fasted PNPLA3 GG carriers. In contrast, GG carriers tended to
have reduced VLDL-1 in the non-fasted state, reflecting impaired
hepatic lipid secretion.

Our study demonstrates that the PNPLA3 1148M variant
disrupts metabolic perturbations and confirms the critical
impact of fasting and feeding cycles on PNPLA3 expression,'®
emphasizing its functional and pathogenic role during

Table 1. Patient characteristics based on PNPLA3 genotype.
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MASLD/MASH progression. These findings highlight the
importance of preventive interventions to counteract this
maladaptive metabolic interplay and provide new avenues for
biomarker identification.

Materials and methods

Patient cohort

Between August 2022 and August 2023, a total of 353 patients
with  MASLD were included from two tertiary centers: the
Department of Medicine Il at the University Hospital Wirzburg,
Bayern, and the Department of Medicine | at the University
Hospital Schleswig-Holstein, Libeck (Table 1). Hepatic stea-
tosis was identified by imaging or biopsy. All participants met
the Delphi consensus criteria for the identification of MASLD,
fulfilling at least one metabolic criterion.'® Patients with self-
reported daily alcohol consumption exceeding 20 g for
women and 30 g for men, or with other known liver diseases,
were excluded.’”” Serum and EDTA blood samples were
collected for NMR-proteometabolomics and genotyping, and
clinical and demographic parameters were recorded during
routine examinations. Patients were randomly seen either after
an overnight fast or under non-fasting conditions. Notably, the
proportion of patients enrolled after overnight fasting was
48.8% for PNPLA3 CC (n = 83), 48.5% for CG (n = 65), and
65.3% for GG carriers (n = 32). Importantly, patients receiving

PNPLA3 rs738409

CC (n =170) CG (n =134) GG (n = 49) p value*
Age (years) 53 + 12 50 + 15 51+ 14 0.139
Sex, female/male (%) 54/46 46/54 53/47 0.310
BMI (kg/m?) 36.4 + 9.1 35.5 + 8.9 332+ 7.1 0.069
Presence of obesity (%) 68.2 66.4 59.2 0.498
Presence of diabetes (%) 37.6 28.6 32.7 0.249
Presence of hypertension (%) 65.7 65.4 51.0 0.146
Presence of dyslipidemia (%) 471 52.2 36.7 0.174
Medication
Metformin (%) 30.3 24.2 18.8 0.217
Insulin (%) 121 14.4 8.5 0.566
SGLT-2 inhibitors (%) 10.6 8.2 6.1 0.573
GLP-1 RA (%) 141 15.7 8.2 0.426
Statin use (%) 20.0 18.0 14.9 0.716
Laboratory
HbA1c (%) 6.1+1.0 6.0 + 0.9 6.0+ 1.5 0.872
Total cholesterol (mg/dl) 193.3 + 48.9 193.5 + 44.1 194.5 + 54.5 0.991
LDL-C (mg/dl) 116.5 + 42.9 120.6 + 37.5 114.7 £ 49.0 0.625
HDL-C (mg/dl) 49.2 + 16.2 46.5 + 11.0 51.8 + 16.0 0.077
Triglyceride (mg/dl) 190.5 + 118.7 186.4 + 103.4 161.2 + 96.1 0.324
Creatinine (umol/L) 79.6 + 17.7 80.4 + 16.8 79.6 + 22.1 0.960
AST (U/L) 35.1 + 17.3 40.0 + 24.7 47.0 + 21.1 0.002
ALT (U/L) 46.1 + 26.2 61.2 + 49.1 68.7 + 43.1 < 0.001
Platelet count ( x 10%/L) 251 + 69 242 + 61 211+ 74 0.002
FIB-4 1.3+1.2 1.2+ 0.9 21+19 < 0.001
FibroScan, CAP (dB/m) 330 + 61 335 + 48 327 + 40 0.567
FibroScan, median (kPa) 83+5.6 9.1+54 9.6 + 6.0 0.344
Patients with liver biopsy, n (%) 45 (26.5) 37 (27.6) 12 (24.5)
NAS 34+18 3.8+18 35+20 0.515
Steatosis grade 1.5+0.7 1.6 +0.8 1.6 £0.7 0.915
Ballooning grade 1.0+0.8 12+08 09+0.7 0.417
Inflammation grade 0.8+0.7 1.1+£0.7 1.1+£09 0.335
Fibrosis stage 1.0+1.1 12+12 1.6+1.1 0.313

Data are presented as mean + SD or %. *The Chi-square test was used for categorical variables, and ANOVA (with Bonferroni’s adjustment for pairwise comparisons) was used for
continuous variables. Bold p values denote statistical significance at the p <0.05 level. ALT, alanine aminotransferase; AST, aspartate aminotransferase; CAP, controlled attenuation
parameter; GLP-1RA, glucagon-like peptide-1 receptor agonist; NAS, NAFLD activity score; SGLT-2, sodium-glucose cotransporter-2.
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sodium-glucose cotransporter-2 (SGLT-2) inhibitors, which are
known to exacerbate ketogenesis,18 were excluded from
further analysis of fasting metabolites.

All participants provided written informed consent after be-
ing fully informed about the study. The protocol was approved
by the ethics committees in Wirzburg (AZ 96/12 and 188/17)
and Libeck (AZ 22-180) and was conducted in accordance
with the Declaration of Helsinki.

Genotyping

Genotyping of the PNPLA3 variant rs738409 (p.I1148M) was
conducted centrally at the genetic laboratory (GastroLabor) of
the Department of Medicine Il, Saarland University Medical
Center, Homburg, Germany. DNA was extracted from periph-
eral blood mononuclear cells using the DNeasy Blood and
Tissue Kit (Qiagen (Hilden, Germany)). DNA concentrations
were quantified using a NanoDrop spectrophotometer. The
variant was genotyped using TagMan assay (ID: C_7241_10,
Thermo Fisher (Waltham, MA, USA))."® Based on their PNPLA3
rs738409 C>G genotype, patients were classified into three
subgroups: PNPLA3 ‘CC’, ‘CG’, or ‘GG’.

NMR-proteometabolomics

Samples were prepared following a previously described
standard operating procedure (SOP).>° NMR spectra were ac-
quired within a maximum of 24 h after sample preparation. All
NMR experiments were performed on a Bruker Avance Ill HD
600 MHz NMR spectrometer equipped with a TXI room tem-
perature probe and a Bruker SampleJet™ automatic sample
exchanger with sample storage set at 6 °C. All experiments
were conducted at 310 K. Temperature precision, quantifica-
tion accuracy, water suppression performance, and gradient
profiles were tested and calibrated daily following Bruker’s
SOPs. All NMR experiments were conducted in full automation.

Bruker Quantification in Plasma/Serum (B.l.Quant-PS 2.0.0)
and Bruker IVDr Lipoprotein Subclass Analysis (B.l.-LISA, Bruker
Corporation (Billerica, MA, USA)) were used to automatically
quantify 39 metabolites (+2 technical additives) and 112 lipo-
protein parameters, including VLDL, IDL, LDL, and HDL. In
addition, several subfractions of TGs, cholesterol (CH), free
cholesterol (FC), phospholipids (PL), and apolipoproteins (Apo)
were calculated. The LDL was categorized into six subclasses
based on specific density ranges: LDL-1 (1.019-1.031), LDL-2
(1.031-1.034), LDL-3 (1.034-1.037), LDL-4 (1.037-1.040), LDL-
5 (1.040-1.044), and LDL-6 (1.044-1.063). Details on recent
strategies for the quantification of lipoprotein parameters from
NMR spectra can be found in the bibliography.?"22

NMR glycosylation profiles from circulating acute-phase
proteins were derived from the selTOCSY and JEDI-PGPE
experiments.?>?* In both cases, spectra were Fourier-
transformed, calibrated, zero-order phase-corrected,
baseline-corrected, and line shape-fitted to quantify phospha-
tidylcholine concentration from the supramolecular phosphati-
dylcholine composite signal (SPC; extracted from the JEDI-
PGPE experiment) and to obtain glycosylation profiles, as re-
ported elsewhere.?® Further methodological details, including
examples on line shape fitting of representative NMR spectra,
are described in the Supplementary Materials and methods.

Research article

Statistical analysis

Statistical analyses of clinical data were performed using SPSS
Statistics Version 29.0.2.0 (20) for Mac OS X (IBM, Armonk, NY,
USA) and GraphPad Prism 10.3.1 (464) for Mac OS X (Graph-
Pad Software, La Jolla, CA, USA). Clinical variables with more
than 15% missing values were excluded, unless otherwise
indicated. Data are presented as either mean = SD or per-
centage (%). Comparisons between the three groups were
made using ANOVA (with Bonferroni’s adjustment for pairwise
comparisons) and the Chi-square test.

Statistics of serum concentrations of metabolites and lipo-
protein parameters were conducted using in-house scripts in
Matlab 2022a (MathWorks, Natick, MA, USA). For the analysis
of glycosylation patterns and phosphatidylcholine concentra-
tion (SPC signal), statistically significant differences between
groups were determined from areas under the curves corre-
sponding to SPC and acute-phase glycoprotein signals. All line
shape integrals of the same spectral feature with a g value
(corrected p value) <0.01 were summed up and used as sta-
tistically significant features. The Mann-Whitney U and
Kruskall-Wallis tests with Dunn’s multiple comparisons were
used to compare two and three groups, respectively. The false
discovery rate method of Benjamini, Krieger, and Yekutieli was
applied to correct for multiple testing (Q = 0.05).

For supervised orthogonal partial least squares discriminant
analysis (O-PLS-DA), the data were preprocessed with
orthogonal signal correction, Pareto scaling, and mean
centering. Venetian blinds were used as a cross-validation
method with 10 data splits, one sample per blind, and 10%
left-out data. O-PLS-DA was performed in the PLS_Toolbox
software package, version 9.1 (Eigenvector Research, Inc.,
Manson, WA, USA) running in Matlab 2022a.

Two-tailed Pearson correlations were calculated to assess
the correlation between clinical variables and metabolomics
parameters. Analysis of covariance (ANCOVA) was used to
compare lysine and IDL concentrations between fasted
PNPLA3 GG and CC carriers, adjusting for appropriate cova-
riates such as alanine aminotransferase (ALT), aspartate
aminotransferase (AST), platelet count, and PNPLA3 genotype
(CC vs. GG). A two-tailed p value <0.05 was considered sta-
tistically significant for all analyses.

Results

Patient characteristics

A total of 353 patients with MASLD were included in this
observational study (Fig. 1A). Frequencies of the PNPLA3
rs738409 genotypes were comparable to the prevalence re-
ported in the literature.?® In detail, 48% of patients were ho-
mozygous for the CC genotype, 38% were heterozygous (CG)
and 14% were homozygous carriers of the GG variant (Fig. 1B).
Minor deviation from Hardy-Weinberg equilibrium was
observed, showing a slight predominance of GG over CG
carriers, which may be attributed to the specialized nature of
these institutions. Baseline clinical characteristics stratified by
PNPLA3 genotype are summarized in Table 1.

Patients of all PNPLA3 genotypes exhibited comparable
age, sex distribution, and diabetes prevalence. Although
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Fig. 1. Distinct NMR metabolite and lipoprotein profiles in PNPLA3 GG carriers. (A) Schematic overview of the study design. (B) Frequencies of PNPLA3
rs738409 C>G genotypes. (C) Distribution of PNPLA3 GG vs. CC carriers based on the O-PLS-DA of metabolites and lipoproteins using parameters with significant
differences between the groups (g value <0.05), loading plot of significant parameters (red and blue indicate increase and decrease in GG carriers, respectively), and

corresponding ROC curves. (D) Box plots of the three most significant lipoproteins

and the most significant metabolite between groups (bars represent SD, and bold

lines within the box plots represent medians). Levels of significance: **q <0.01; ***g <0.001; ***q <0.0001 (Mann-Whitney U test; FDR 5%). FDR, false discovery rate;

NMR, nuclear magnetic resonance; O-PLS-DA, orthogonal partial least squares dis
ROC, receiver operating characteristic.

PNPLA3 GG carriers showed a trend toward lower BMI and
less frequent obesity compared with non-carriers, these dif-
ferences remained without statistical significance. Similarly, the
prevalence of hypertension and dyslipidemia did not differ
between genotypes. Importantly, intake of antidiabetic medi-
cations and statins was consistent across all groups.

Patients with CG and GG genotypes showed significantly
higher plasma levels of ALT. In addition, homozygous GG
carriers presented with elevated AST, lower platelet counts,
and higher FIB-4 scores within the range of intermediate
fibrosis risk (mean + SD, 2.05 = 1.92 in GG, 1.21 £ 0.89 in CG,
and 1.32 + 1.24 in CC). However, although vibration-controlled
transient elastography (VCTE) measurements showed a trend
toward greater liver stiffness in GG (9.57 = 5.9 4 kPa) compared
with CG (9.07 + 5.42 kPa) and CC carriers (8.34 + 5.62 kPa),
these differences were not statistically significant. Similarly, no
differences were observed in controlled attenuation parameter
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criminant analysis; PNPLAS, patatin-like phospholipase domain-containing protein;

(CAP) values. Among the patients who underwent liver biopsy
(approximately 25%), no significant histological changes were
detected. Overall, these results confirm an increased suscep-
tibility of PNPLA3 CG and GG carriers to develop more
advanced liver disease.

Differences in NMR metabolite and lipoprotein profiles
stratified by PNPLA3 genotype

Analysis of NMR metabolite and lipoprotein profiles in patients
with MASLD revealed profound differences according to the
different PNPLA3 genotypes. These differences were most
noticeable between homozygous PNPLA3 GG carriers and
non-carriers (CC) (AUC¢ross-val- = 0.77), with two metabolites
and 30 lipoproteins showing significant differences (Fig. 1C and
Fig. S1C). Among the key findings, GG carriers exhibited higher
levels of small CH-rich VLDL-4 (V4CH), TG-rich LDL (LDTG),



and HDL-1 (H1TG). In addition to changes in lipoprotein sub-
types, the metabolic analysis indicated a significant reduction
in the amino acid lysine (Fig. 1D).

Interestingly, heterozygous carriers of the variant (CG) did
not show substantial differences in metabolite or lipoprotein
profiles compared with PNPLA3 CC carriers (AUCcross-va- =
0.55). However, a clear separation was observed between CG
and homozygous GG carriers (AUCg¢oss-va- = 0.71) (Fig. ST1A-
C), revealing a unique signature of homozygous carriers of
the PNPLA3 rs738409 (p.1148M) variant.

Overnight fasting reveals metabolite differences

For a detailed characterization of metabolic alterations in rela-
tion to the fasting state, we next focused on metabolite dif-
ferences between homozygous PNPLA3 GG and CC carriers
during fasting and non-fasting states. Interestingly, we
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identified several metabolites that displayed significant differ-
ences after an overnight fast (Fig. 2A), which were not observed
in patients in the non-fasting state (Fig. 2B). Compared with the
metabolic analyses obtained in the total cohort, the overall
number of significantly different metabolites was higher in
PNPLA3 GG carriers than in CC carriers in fasted (n = 6) vs.
non-fasted (n = 1) states (Fig. 2C and Fig. S2C).

Notably, in the fasting state, PNPLA3 GG carriers exhibited
significantly higher levels of succinate, a central intermediate,
and glutamate, a product of the TCA cycle, compared with
PNPLA3 CC carriers. They also showed a tendency toward
increased ketone bodies, including 3-hydroxybutyrate and
acetone, along with higher concentrations of 2-hydroxybutyrate,
known to be released as a by-product of glutathione synthesis.
The ketogenic amino acid lysine, which is also involved in the
mitochondrial carnitine shuttle, was significantly lower in
PNPLA3 GG carriers. In contrast, the amino acid tyrosine,
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Fig. 2. Metabolite differences in the fasting and non-fasting states in PNPLA3 GG compared with CC carriers. Distribution of PNPLA3 GG vs. CC carriers based
on the O-PLS-DA of metabolites in patients (A) after an overnight fast (GG n = 32/CC n = 83) and (B) in a non-fasting condition (GG n = 17/CC n = 87). (C) Volcano plot
illustrating fasting metabolites of PNPLA3 GG carriers compared with CC carriers. (D) Significant fasting metabolites between groups (bars represent SD, and bold lines
within the box plots represent medians). Levels of significance: *q <0.05; **gq <0.01; ***q <0.001 (Mann-Whitney U test; FDR = 5%). FDR, false discovery rate; O-PLS-
DA, orthogonal partial least squares discriminant analysis; PNPLAS3, patatin-like phospholipase domain-containing protein.
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precursor of catecholamines and thyroxine, was elevated in
these patients. Another notable aspect was the reduced levels of
creatine in PNPLA3 GG carriers (Fig. 2C and D).

In contrast, many of the previously elevated metabolites,
including succinate and 3-hydroxybutyrate, were lower in non-
fasted PNPLA3 GG carriers (Fig. 2B and Fig. S2C). Taken
together, these results suggest that the distinct metabolic
signature in PNPLA3 GG carriers is primarily evident after an
overnight fast.

Lipoprotein signatures differentiate PNPLA3 GG carriers by
higher fasting IDL particle number

To assess whether lipoproteins show the same pattern as
metabolites in relation to fasting and non-fasting states, we
analyzed the distribution of lipoprotein subtypes between
PNPLA3 GG and CC carriers under the different conditions.
Here, lipoprotein profiles revealed a distinct separation be-
tween homozygous PNPLA3 GG carriers and non-carriers (CC)
in both fasted (Fig. 3A and Fig. S3A) and non-fasted states
(Fig. 3B and Fig. S3B).

In the fasting state, PNPLA3 GG carriers showed a high TG
load across multiple LDL subtypes, with additional elevations in
TG within large HDL particles (HDL-1 and HDL-2). Smaller HDL
particles (HDL-3/HDL-4), in contrast, exhibited significantly
reduced PL and CH levels. GG carriers also had higher levels of
VLDL-3 and VLDL-4. Importantly, focusing on the total particle
number, the number of IDL particles, as a transient degradation
product of VLDL and an intermediate stage to LDL particles,
showed a significantly higher concentration in PNPLA3 GG
compared with CC carriers (Fig. 3C and D).

In the non-fasting state, significant alterations in lipoprotein
subfractions were observed. Specifically, TG-rich LDL-4 and PL-
and CH-rich VLDL-5 were significantly elevated in homozygous
PNPLA3 GG carriers (Fig. 3C and E). Furthermore, there was a
noticeable trend toward a reduction in VLDL-1 particles,
including VLDL-TG (V1TG), PL (V1PL), and CH (V1CH) (Fig. 3E),
indicating a low rate of conversion and export of TGs
from hepatocytes.

Interestingly, the presence of the GG variant has also been
associated with diminished protective effects of statins against
MASH in clinical trials.?® However, our analysis found no in-
fluence of statin use on the distribution of lipoproteins across
PNPLA3 genotypes (Fig. S3C-E).

These results demonstrate that despite the absence of
significant differences in clinical lipoprotein parameters, we
identified remarkable changes in lipoprotein subgroups in both
fasting and non-fasting states, with a significantly higher fasting
IDL particle number in patients who were homozygous for the
PNPLAS3 rs738409 (p.1148M) variant.

T2DM and obesity amplify PNPLA3-related
metabolic changes

Several lines of evidence suggest that in patients with either
T2DM or obesity (BMI >30 kg/m?), PNPLA3 is significantly
upregulated by insulin resistance. Therefore, changes in the
metabolome between homozygous PNPLA3 GG carriers and
non-carriers (CC) might be more pronounced. Our results are
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concordant with these observations and revealed profound
differences between these two groups in patients with either
T2DM or obesity, regardless of fasting state (Fig. S4A and B).
Consistently, patients with concomitant T2DM and obesity
showed the strongest separation between genotypes, irre-
spective of fasting state (AUCoss-val. = 0.90) (Fig. 4A).

Further analysis of the fasting state revealed significant
differences between GG and CC genotypes in metabolite
(Fig. 4B) and lipoprotein (Fig. 4C) profiles in the combined
comorbidities as well as in the single groups (Fig. 4D). In
PNPLA3 GG carriers with T2DM, levels of phenylalanine, a
precursor of tyrosine, and glycine were higher. In patients with
obesity carrying the GG genotype, glutamate levels were
markedly elevated, showing some slight differences between
subgroups. Importantly, although 2-hydroxybutyrate and tyro-
sine were significantly higher, lysine levels were consistently
reduced in all metabolic risk groups in PNPLA3 GG compared
with CC carriers (Fig. 4D).

Similarly, differences in fasting lipoproteins between geno-
types were detected in both the subgroups with T2DM and
obesity. However, changes in HDL subfractions were more
pronounced in PNPLA3 GG patients with obesity than in those
with T2DM. In contrast, differences in LDL subfractions were
predominantly observed in GG carriers with concomitant T2DM
and obesity, with elevated levels of L4TG and L5TG also found
primarily in the GG subgroup with T2DM, each compared with
CC carriers (Fig. 4D).

Notably, PNPLA3 GG carriers with diabetes and obesity had
significantly lower VLDL-1 lipids even in the fasted state
compared with CC carriers (Fig. 4D), highlighting the impact of
the PNPLA3 rs738409 (p.I1148M) variant in these patients at
high metabolic risk.

PNPLA3-driven glycoprotein differences are not linked to
acute-phase inflammatory markers

Analysis of combined acute-phase inflammation glycoprotein
and phosphatidylcholine profiles (SPC) revealed several differ-
ences between PNPLA3 GG and CC carriers (Fig. 5A and C).
Specifically, GG carriers exhibited a considerably lower GlycA
to GlycB ratio (Fig. 5D). GlycA and GlycB are composite bio-
markers that reflect both the protein levels and glycosylation
states of acute-phase proteins. Specifically, GlycA originates
from N-acetyl methyl groups of neuraminic acid (also known as
sialic acid), and GlycB arises from N-acetyl methyl groups from
N-acetylglucosamine (GIcNAc) moieties decorating acute-
phase inflammation proteins.?”-?® Therefore, the lower GlycA
to GlycB ratios in GG carriers suggest alterations in the
glycosylation patterns or relative abundances of the selected
acute-phase proteins.

In contrast, the SPC signal envelope, which is mainly
associated with PL in LDL and HDL particles,”® and the
GlycAB to SPC ratio showed no differences between geno-
types (Fig. 5D), indicating that acute-phase inflammation and
lipid-associated inflammatory markers were not different
between CC and GG carriers, suggesting that the differences
obtained may be independent of the inflammatory state of
the patients.
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Finally, to determine whether the trend towards higher
fibrosis risk observed in the GG carriers of our cohort is
attributed to higher proinflammatory markers, we performed an
analysis of glycoprotein profiles separated by FIB-4. Consis-
tently, glycoprotein profiles in PNPLA3 GG and CC carriers
showed no discernible differences in the distribution of FIB-4
index values, either above or below 1.3 (Fig. 5B).
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Discussion

The PNPLA3 rs738409 (p.I148M) polymorphism is the most
important genetic risk factor associated with MASLD progres-
sion to MASH and advanced fibrosis.?®° Although underlying
mechanisms of the impact of the genotype during this
sequence remain incompletely understood, accumulating evi-
dence assigns functional and clinical consequences to GG
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carriers."” Findings presented here align with these observa-
tions and demonstrate that homozygous PNPLA3 GG carriers
exhibit a distinct metabolic profile compared with CG or CC
carriers, as revealed by NMR-proteometabolomics. Our results
provide new mechanistic clues and highlight how fasting and
non-fasting states exacerbate pathophysiological alterations in
GG carriers, emphasizing critical implications for biomarker
identification and preventive strategies.

Patients with MASLD carrying at least one 148M allele are
predisposed to more severe liver disease, with the risk of being
particularly pronounced in homozygous carriers.?® In the pre-
sent study, while heterozygous PNPLA3 CG carriers show
elevated ALT levels comparable to GG carriers, their metab-
olomic profiles are not notably different from non-carriers (CC).
In contrast, NMR-proteometabolomics identifies distinct
metabolite and lipoprotein signatures in homozygous GG car-
riers compared with both CC and CG carriers. These findings
suggest that a single allelic change in the PNPLA3 gene is not
sufficient to cause systemic changes in the serum metabolome.

Furthermore, PNPLAS3 is known to be a direct target of the
insulin-regulated transcription factor sterol regulatory element
binding protein-1c (SREBP-1c) and is, therefore, tightly regu-
lated by fasting and feeding. In particular, carbohydrate intake
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activates SREBP-1c, which transcriptionally induces
PNPLA3."53" In this case, PNPLA3 148M results in an increase
in intrahepatic lipid storage.”" In turn, low plasma insulin con-
centrations, such as those observed during overnight fasting,
may decrease the expression of PNPLA3. Consequently, inhi-
bition of ATGL by PNPLA3 148M upon fasting is expected to
cease, reversing the negative impact of the variant on lipolysis
of lipid droplet TGs and inducing a pronounced increase in B-
oxidation. The latter results in the accumulation of acetyl-CoA
in the liver and induces two different molecular traits: either
oxidation via the TCA cycle or condensation in the ketogenic
pathway to form ketone bodies.>* Consistent with this, differ-
ences in NMR-proteometabolites between PNPLA3 GG and
CC genotypes become increasingly apparent when fasting
status is considered, which is a major finding of the pre-
sented study.

In particular, we have shown that fasted PNPLA3 GG car-
riers have higher levels of succinate, a key metabolite, and
glutamate, a product of the TCA cycle. In line with this, recent
data revealed higher TCA aconitinate in fasted PNPLA3 GG
carriers, as determined by non-targeted relative quantitative
liquid chromatography-tandem mass spectrometry.®® Alterna-
tively, glutamate could also be catalyzed by blood ALT,**



whereas in our study, we did not observe differences in the
serum glutamine-to-glutamate ratio or a correlation between
glutamate and ALT levels (Fig. S2D and E), indicating that
glutamate production is more likely driven by the TCA cycle
originating from a-ketoglutarate. Furthermore, it has been
shown that patients with MASLD generally exhibit increased
fasting B-oxidation but reduced rates of ketogenesis and
increased reliance on the TCA cycle, suggesting that this may
be necessary to maintain normal ATP production and energy
homeostasis in the liver.>> Conversely, we observed higher
fasting ketone bodies in PNPLA3 GG compared with CC car-
riers. Luukkonen et al.'* proposed that these changes are, in
turn, associated with alterations in the hepatic mitochondrial
redox state, thereby inhibiting hepatic citrate synthase flux and
limiting citrate export to the cytosol for de novo lipogenesis.
This further stimulates carnitine palmitoyltransferase-1-
mediated entry of fatty acids into the mitochondria, leading to
a vicious cycle of increased B-oxidation and mitochondrial
dysfunction and ultimately aggravating liver injury."* Our results
support these findings and extend the mechanistic implications
for patients with genetic susceptibility by demonstrating that
lysine, an exclusively ketogenic amino acid and a key compo-
nent of carnitine, is consequently significantly reduced in ho-
mozygous PNPLA3 GG carriers. Moreover, 2-hydroxybutyrate,
a by-product of cystathionine cleavage to cysteine that is used
for glutathione synthesis to mitigate redox stress, is signifi-
cantly elevated in PNPLA3 GG carriers, further indicating an
elevated hepatic redox state in these patients.®®

In the fasting state, increased lipolysis of lipid droplet TGs is
also evidenced by a high TG load across several LDL subtypes,
with additional elevations of TGs within larger HDL particles
(HDL-1 and HDL-2). Previous studies also reported smaller
VLDLs and larger LDLs in fasted PNPLA3 GG carriers, sug-
gesting a potential antihyperlipidemic effect of the variant.®"=°
However, our data demonstrate that these effects are highly
dependent on fasting and non-fasting states, which should
raise caution against generalization. In addition, fasted PNPLA3
GG carriers exhibit higher levels of VLDL-3 and VLDL-4 CH,
which also causes higher levels of IDL-CH and even IDL par-
ticle number. Notably, the latter may serve as a novel and
distinctive biomarker identifying fasted homozygous PNPLA3
GG carriers, offering a practical application for clinical use.

Importantly, in the non-fasting state, PNPLA3 148M indi-
rectly inhibits ATGL, resulting in a tendency toward decreased
transport of TG, PL, and CH via VLDL-1 particles from the liver
to the periphery, along with a significant increase in VLDL-5 PL
and CH. Consistent with this, we observed significantly higher
levels of small LDL-4 particles in the non-fasting state, probably
resulting from the overall shift in lipoprotein composition.
Moreover, a recent study indicates that the effects of the
PNPLAS3 1148M variant on hepatic steatosis may arise not only
from its gain of function as an ATGL inhibitor but also from its
loss of function in facilitating TG secretion under lipogenic
conditions, suggesting a potentially broader interplay.*®

Low-grade systemic inflammation is a key component of
metabolic diseases, including MASLD.*" Recent studies have
highlighted the role of glycoprotein NMR markers in inflam-
matory and autoimmune diseases, as GlycA and GlycB have
been linked to systemic inflammation, cardiovascular disease,
and T2DM.28%2%% |n our cohort, we do not detect signs of
increased inflammation based on glycoprotein SPC profiles, as
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the GlycAB to SPC ratio remains unchanged.?>2%* Although
PNPLA3 GG carriers have higher FIB-4 levels, the glycoprotein
profiles show no significant differences in the distribution of
FIB-4 values, whether above or below 1.3. This observation
may be attributed to the fact that the mean FIB-4 scores across
all groups remain closely clustered and within the intermediate
FIB-4 risk category. Moreover, a recent study assessed gly-
coproteins in patients with MASLD and found associations with
the fatty liver index but weaker correlations with FIB-4, which
might be explained by the observation that FIB-4 is more
indicative of fibrosis than inflammation.*® In addition, PNPLA3
homozygosity also reduces platelet counts in general, poten-
tially affecting the diagnostic accuracy of FIB-4.%° Likewise, in
our cohort, the platelet count in GG carriers is not only different
from that in CC carriers but also significantly lower than that in
heterozygous CG carriers, which subsequently influences the
FIB-4 index (Table S1). Finally, it is important to emphasize that
although NMR is a reliable quantitative method for assessing
global glycosylation states, it is limited in its ability to identify
the specific proteins involved. Therefore, although the glyco-
protein differences observed between PNPLA3 genotypes
were compelling, their exact sources remain undefined.

Furthermore, tyrosine levels are elevated in PNPLA3 GG
carriers, where tyrosine primarily serves as a precursor for
catecholamines and thyroxine. Recently, Huang et al.*’
demonstrated that higher fasting tyrosine levels correlate with
more severe disease, as indicated by the new MASH prediction
score. In our study, PNPLA3 GG carriers exhibit higher MASH
scores in the fasting state compared with CC carriers, showing
a linear correlation between tyrosine levels and FIB-4 (Fig. S5A
and B). Notably, there is no correlation between lysine levels or
IDL particle number and FIB-4, confirming that these findings
are attributable to the PNPLA3 GG genotype and not to a
higher fibrosis degree (Fig. 5C and D). In addition, ANCOVA
adjusted for ALT, AST, platelet count, and PNPLA3 genotype
(GG vs. CQ) in fasting patients demonstrated a persistent trend
towards lower lysine and significantly higher IDL levels in
PNPLA3 GG carriers, although the latter could be additionally
influenced by ALT levels, but with a smaller effect size than
genotype (Table S2).

Moreover, obesity was reported to be an amplifier of the
genetic risk, and this effect may be mediated by insulin resis-
tance in PNPLA3 GG carriers.*®**° Recently, patients with
MASLD carrying the PNPLA3 rs738409 polymorphism have
been shown to be as insulin resistant as patients with MASLD
without the polymorphism at the level of liver, muscle, and
adipose tissue.®® Consistent with this, we demonstrated a
better separation of the metabolome between PNPLA3 GG and
CC carriers in patients with T2DM and obesity compared with
the total cohort. In particular, the effects on impaired lipid
transport from the liver, specifically reduced VLDL-1 levels, are
already apparent in the fasting state, suggesting that pro-
nounced insulin resistance may consistently enhance the effect
of PNPLA3 148M.

In conclusion, our study emphasizes that the PNPLA3
rs738409 (p.1148M) polymorphism most likely exerts its dele-
terious effects via the metabolic switch between fasting and
feeding, as our data demonstrate that fasting is an important
determinant to unmask the GG impact. The variant not only
accelerates intrahepatic TG accumulation in the non-fasted
state and disrupts serum lipoprotein composition but also
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triggers excessive lipid oxidation during overnight fasting,
affecting various metabolic pathways such as the TCA cycle,
ketogenesis, and subsequent mitochondrial function, thus
most likely causing cellular toxicity in PNPLA3 GG carriers. Key
differences associated with these alterations include reduced
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lysine levels and a marked increase in fasting IDL particle
number. Our findings reveal a dichotomous pattern in PNPLA3
GG carriers that fuels a vicious cycle of fasting and non-fasting
and underscore the need for preventive strategies at an early
disease stage.
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