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ARTICLE INFO ABSTRACT

Keywords: Steatotic hepatocellular carcinoma (HCC) has emerged as a significant subtype of HCC. Understanding the
Hepatocellular carcinoma complex tumor microenvironment in HCC is particularly important for stratifying patients and improving
ADH1C

treatment response. In this study, we performed proteomic analysis on clinical samples of steatotic HCC and
identified human-specific gene alcohol dehydrogenase 1C (ADH1C) as a key factor. ADH1C is a favorable
prognostic factor in both steatotic and non-steatotic HCC. ADH1C promotes fatty acid degradation through a
novel non-enzymatic function, inhibiting the development of hepatocellular carcinoma. Specifically, in vitro
experiments revealed that ADHIC interacts with splicing factor retinitis pigmentosa 9 (RP9) to enhance the
splicing of key transcription factor peroxisome proliferator activated receptor alpha (PPARa) pre-mRNA, which is
crucial for fatty acid degradation. The regulation of the ADH1C/RP9/PPARa axis was supported by in vivo
experiments and clinical relevance. This leads to a reduction in the critical metabolite palmitic acid, subsequently
decreasing the palmitoylation levels of oncogenic protein TEA domain transcription factor 1 (TEAD1), thereby
regulating the hippo pathway and subsequent cell proliferation inhibition. Additionally, we found that ADH1C
and PPARa can serve as combined biomarkers to distinguish between patients with steatotic and non-steatotic
HCC. Combination therapy targeting ADH1C and anti-programmed cell death protein 1 (PD1) enhances the
response of steatotic HCC to anti- PD1 immunotherapy. Our study revealed a central role of ADH1C/PPARa in
lipid metabolism and HCC suppression. Targeting lipid metabolism via ADH1C/PPARa may provide new ther-
apeutic strategies for the treatment of liver cancer.
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most prevalent and
deadly cancers worldwide [1]. With the prevalence of antiviral drugs for
hepatitis B and the current population's high-fat, high-sugar dietary
habits, the main type of HCC has gradually shifted from Hepatitis B virus
(HBV)-related HCC to non-viral HCC (approximately 38 % being stea-
totic HCC) [2]. The tumor microenvironment of steatotic HCC is more
complex compared to traditional HCC, particularly due to the metabolic
reprogramming associated with steatotic HCC, which influences tumor
progression and immune response [3,4]. Research by Mathias Hei-
kenwalder et al. has demonstrated that anti-PD-1 therapy has limited
efficacy in treating steatotic HCC and might even facilitate disease
progression [4]. Currently, there are no targeted drugs available spe-
cifically for steatotic HCC. Therefore, it is imperative to elucidate the
mechanisms underlying the occurrence and development of steatotic
HCC, as well as its association with metabolic reprogramming, to
identify effective therapeutic targets.

Normal hepatocytes primarily generate ATP through fatty acid
oxidation (FAO) and oxidative phosphorylation (OXPHOS), utilizing
fatty acids as their main energy substrate. The liver maintains energy
homeostasis through fatty acid catabolism while simultaneously syn-
thesizing lipoproteins and phospholipids to support physiological
functions [5]. In contrast, HCC cells exhibit significant metabolic
reprogramming characterized by enhanced de novo fatty acid synthesis
and suppressed catabolic processes (via FAO downregulation) to sustain
rapid proliferation [5]. However, it remains experimentally unverified
whether this FAO downregulation pattern persists in metabolically hy-
peractive steatotic HCC cells, or what specific role FAO might play in
steatotic HCC pathogenesis.

In this study, we performed proteomic analysis of steatotic HCC and
identified a human-specific gene, alcohol dehydrogenase 1C (ADHIC),
as a key factor. Alcohol dehydrogenase (ADH) class I isozymes are
considered the major contributors to ethanol metabolism in all species
[6]. ADH1C is a member of the alcohol dehydrogenase family respon-
sible for the breakdown of ethanol, retinol, other fatty alcohols,
hydroxysteroids, and lipid peroxidation products in other cancers [7,8].
However, human-specific ADHIC may have additional complex func-
tions in the human system [9,10]. The y-subunit protein expressed by
ADHIC is primarily expressed in the postnatal liver, which corresponds
to the maturation time of the liver metabolic system [9,10]. Our
research shows that ADHI1C was closely associated with steatotic HCC
and nonsteatotic HCC, and served as a favorable prognostic factor, even
though none of these HCC patients have a history of alcohol abuse.
ADHIC inhibits HCC by promoting FAO through a novel mechanism
beyond enzyme activity.

2. Results
2.1. Clinical, pathological and molecular features of steatotic HCC

We analyzed clinical and pathological data from 25 steatotic HCC
and 47 nonsteatotic HCC patients at Zhongnan Hospital of Wuhan
University. Consistent with previous reports [2,11,12], Steatotic HCC
displayed pronounced lipid accumulation, hepatocellular ballooning,
inflammatory infiltration, and fibrosis, alongside enhanced proliferative
capacity (Fig. 1A). Clinically, steatotic HCC correlated with higher
inflammation and fibrosis grades and larger tumor size, whereas non-
steatotic HCC exhibited greater vascular invasion and malignancy
(Table S4). Despite these differences, survival outcomes were compa-
rable between the two groups (Fig. 1B), implying that steatotic HCC may
influence survival through mechanisms other than tumor invasiveness
and malignancy, warranting further exploration of its proliferative
potential.
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2.2. ADHIC was identified as a key regulatory factor in steatotic HCC

To investigate the distinct mechanisms of steatotic HCC, we con-
ducted proteomic analysis on three pairs of steatotic and non-steatotic
HCC tissues. GSEA, KEGG, and GO analyses highlighted the enrich-
ment of metabolic and tumor-related pathways, including “Fatty acid
degradation” and “PPAR signaling pathway,” in steatotic HCC
(Fig. S1A-B). Notably, ADH1C, a human-specific alcohol dehydroge-
nase, was the most significantly downregulated protein (Fig. 1C). Its
suppression in steatotic HCC samples without alcohol abuse history
suggests a potential non-enzymatic role, possibly pivotal in steatotic
HCC pathogenesis.

Further analysis revealed that ADH1C is underexpressed in both
steatotic and non-steatotic HCC compared to adjacent non-tumor tissues
(Fig. S1C-D), with significantly lower levels in steatotic HCC
(Fig. 1D-F). High ADHIC expression correlated with improved prog-
nosis in both HCC subtypes (Fig. SIE-J). To investigate ADH1C's role,
we overexpressed ADH1C in low-expressing HCC-LM3 and Hep-G2 cells
and knocked it down in high-expressing Huh-7 and MHCC-97H cells
(Fig. S1K-0O). ADH1C overexpression reduced triglycerides (TG) and
free fatty acids (FFA), while knockdown increased them, suggesting its
role in inhibiting steatotic HCC (Fig. 1G-H). ADH1C also suppressed
HCC cell proliferation in clonogenic and CCK8 assays (Fig. 1I-K). To
determine if these effects were enzyme-dependent, we created an
enzymatically inactive ADH1C mutant (ADH1C-MUT), which similarly
impacted lipid metabolism and proliferation, confirming a non-
enzymatic mechanism (Fig. S1P-T). Notably, ADHI1C's anti-
proliferative and fatty acid oxidation effects surpassed other ADH fam-
ily members (Fig. SIV-W), further supporting its non-enzymatic func-
tion. In a myr-Akt/NRas12D-induced steatotic HCC mouse model,
ADHIC overexpression reduced tumor burden, TG/FFA levels, lipid
accumulation, and proliferation (Fig. 1L-S). These findings suggest
ADHI1C inhibits steatotic HCC progression, though its dependency on
steatosis remains unclear.

2.3. ADHIC promotes fatty acid oxidation in HCC

To investigate altered lipid levels in HCC cells, integrated lipidomics
and transcriptomics analyses revealed enrichment in the “Fatty acid
degradation” pathway (Figs. S2A, S3), with PPARa potentially playing a
pivotal role (Fig. S4) [13]. The accumulation of acylcarnitines, indica-
tive of p-oxidative capacity [14,15], was linked to the downregulation of
CPT2 [16], a critical gene for fatty acid oxidation, providing a plausible
explanation for hepatic steatosis in HCC. Lipidomics analysis demon-
strated that ADH1C knockdown increased intracellular acyl-carnitine
accumulation, while its overexpression reduced acyl-carnitine levels
and enhanced p-oxidation (Fig. S2B). Conversely, ADH1C down-
regulation impaired p-oxidation (Fig. S2C). Consistent with these find-
ings, ADH1C overexpression upregulated fatty acid degradation genes at
both mRNA and protein levels, whereas knockdown had the opposite
effect (Fig. S2D-E), confirming ADH1C's role in promoting fatty acid
degradation in HCC cells.

2.4. PPARa is required for ADHIC functions in f-oxidation and cell
proliferation in HCC

Multiple omics analyses and our experiment demonstrated that the
suppressive role of ADHI1C in HCC is tightly associated with p-oxidation.
To verify whether $-oxidation is required for ADH1C tumor suppressor
function in HCC, PPARa was knocked down in ADHIC overexpressing
cells (Fig. S5). PPARa downregulation restored TG and FFA production
and lipid accumulation in ADHIC overexpressing cells (Fig. S2F-H).
Consistently, PPARa knockdown also offset the enhanced p-oxidation
induced by ADHIC overexpression (Fig. S2I). Accordingly, PPARa
knockdown reversed the upregulated expression of fatty acid p-oxida-
tion-related genes ADHIC overexpression (Fig. S2J-K). In contrast,
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Fig. 1. ADHIC identified as a key regulatory factor in steatotic hepatocellular carcinoma (HCC).

A HE, Oil Red O, MASSON, CD11B and Ki67 staining in three tissues of steatotic HCC tissues and nonsteatotic HCC. Scale bars, 100 pm. B Kaplan-Meier survival curve
of patients with steatotic HCC and nonsteatotic HCC. C Volcano maps show differentially expressed proteins in the “fatty acid degradation” pathway. Green:
logFC<—1, FDR<0.05; red: logFC>1, FDR<0.05. D-E ADH1C mRNA levels and protein expression in steatotic HCC and nonsteatotic HCC tissues. F Immunohis-
tochemistry shows the protein expression distribution of ADHIC in steatotic HCC and nonsteatotic HCC tissues. Scale bars, 100 pm. G Intracellular triglyceride
content in cells with overexpression or knockdown of ADH1C (biochemical method). H Overexpression or knockdown of ADH1C Intracellular free fatty acid content
in cells (biochemical method). I Nile red staining shows neutral lipid content in ADH1C overexpressing or knockdown cells. Scale bars, 100 pm. J Number of clones
formed. Scale bars, 10 mm. K CCK8 method to detect the proliferation activity of ADH1C overexpression or knockdown cells. L Livers from myr-Akt/NRas12D
infected mice with or without ADH1C overexpression. Scale bars, 10 mm. O-R Numbers of tumors (per field) (M), Diameters of the largest tumors(N), Tumor tis-
sue triglyceride(O) and Tumor tissue free fatty acid(P) in livers from myr-Akt/NRas12D infected mice with or without ADH1C overexpression. S-U HE(Q), Oil Red O
(R) and KI67(S) staining in livers from myr-Akt/NRas12D infected mice with or without ADH1C overexpression. Scale bars, 100 pm. * (p < 0.05), ** (p < 0.01), or

w5 (p < 0.001).
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PPARa overexpression compensated for all the effects of ADHIC
knockdown on HCC cell p-oxidation, TG and FFA production, lipid
accumulation, and gene expression (Fig. S2F-K).

Integrated omics analyses and experimental validation revealed that
ADH1C's tumor-suppressive role in HCC is might mediated through
B-oxidation. PPARa knockdown (Fig. S5) in ADH1C-overexpressing cells
reversed the reduction in TG, FFA, and lipid accumulation, attenuated
B-oxidation enhancement, and downregulated fatty acid p-oxidation-
related genes (Fig. S2F-K). Conversely, PPARa overexpression coun-
teracted the effects of ADH1C knockdown (Fig. S2F-K). Notably, PPARa
knockdown nullified ADHIC's impact on HCC cell proliferation
(Fig. S6A-B), indicating that ADH1C suppresses HCC by promoting
B-oxidation via PPARa. To validate the ADH1C/PPARa axis in HCC in
vivo, we demonstrated that PPARa knockdown (Fig. S6C) rescued the
ADH1C-mediated suppression of HCC proliferation, TG and FFA pro-
duction, lipid accumulation, and fatty acid degradation gene expression
in the liver (Fig. S6D-L). Furthermore, Complete PPARa knockout
abolished the effects of ADH1C modulation on HCC cell proliferation
(Fig. S6M-N). These findings confirm that ADHIC inhibits HCC by
promoting p-oxidation via PPARa both in vitro and in vivo, suggesting
that ADHI1C initially suppresses steatotic HCC development, thereby
impeding HCC progression.

2.5. ADHIC promotes phosphorylation of RP9 and enhances Intron 8-9
excision of PPARa pre-mRNA

We have demonstrated the critical role of the ADH1C/PPARa axis in
steatotic HCC development and progression. To elucidate how ADH1C
regulates PPARa mRNA expression, we investigated whether ADH1C
influences PPARa alternative splicing, as ADH1C is not a transcription
factor and did not affect PPARa mRNA stability (Fig. 2A). Given that
PPARa is regulated by alternative splicing in the liver [17] and that
ADH1C downregulation enhances PPARa intron retention events
(Fig. S7A), we hypothesized that ADH1C modulates PPARa splicing.
Using semi-quantitative PCR with intron-spanning primers, we found
that ADH1C overexpression promoted the excision of intron 8 between
PPARa exons 8-9, increasing the expression of spliced mRNA while
decreasing unspliced mRNA levels. Conversely, ADH1C downregulation
had the opposite effect (Figs. 2B, S7C, D). No significant changes were
observed in other intron regions, including intron 4-5 and intron 7-8,
suggesting that ADH1C specifically targets intron 8. To identify proteins
involved in this process, we performed ADH1C IP followed by LC-MS/
MS and RNA pull-down assays targeting PPARa mRNA. Four proteins
commonly overlapped in ADH1C-interacting proteins and PPARa
mRNA-interacting proteins (Fig. 2C), of which RP9 is a splicing factor
that regulates pre-mRNA splicing and the functions of other proteins are
mRNA translation and protein post-translational modification.
Furthermore, we found that ADH1C did not affect the translation pro-
cess of PPARa (Fig. 2D). Co-IP experiments confirmed the interaction
between ADH1C and RP9 (Fig. 2E, F). Further RNA pull-down assays
using in vitro transcribed PPARa mRNA fragments revealed that RP9
specifically binds to PPARa exon 8 (Figs. 2G, H, S7G, H). ADH1C over-
expression enhanced the binding of RP9 to PPARa exon 8, while ADH1C
knockdown reduced it (Fig. 2I). We also constructed a PPARa-MUT with
a deleted RP9-binding site (ACGCUGGUGGCCAAGCUGGUGGC-
CAAUGGCAUCCAGAACAAGGAGGCGGAGGUCCGCA) predicted by
catRAPID, RPISeq, and RNAinter. The PPARa-WT, but not PPARa-MUT,
mRNA bound to RP9 (Fig. 2J). Given that intron 8-9 retention would
lead to abnormal PPARa translation, we overexpressed the PPARa
variant in HCC cells but observed no effects on cell proliferation or lipid
content (Fig. S8). This suggests that ADH1C downregulation may pro-
duce a loss-of-function PPARa variant lacking the ligand-binding
domain encoded by exon 9 [18-20]. Collectively, our results indicate
that ADHIC enhances PPARa pre-mRNA splicing through RP9,
increasing mature PPARa mRNA levels and exerting its inhibitory effects
on HCC.
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The mechanism by which ADHIC exerts splicing regulatory func-
tions through RP9 is not yet clear, but based on existing research, the
post-translational modification of RP9's protein translation may be a key
regulatory factor for its splicing activity [21]. The PhosphoSitePlus
website [22] indicates that RP9 has several ubiquitination, acetylation,
and phosphorylation sites (Fig. S9A). Further experimental validation
revealed that overexpression or knockdown of ADHIC does not affect
the protein ubiquitination and acetylation levels of RP9, but it was found
that ADHIC increases the overall phosphorylation level of RP9, while
knocking down ADHIC leads to the opposite result (Figs. 2K, S9B-C).
Analysis of phosphoprotein enrichment by mass spectrometry showed
that S169 is the only phosphorylation site of RP9 (Fig. 2L). Specific
phosphorylation antibodies for RP9-S169 were generated and used for
Western blotting, confirming that ADHIC indeed increases the phos-
phorylation of RP9 at S169, whereas knocking down ADHIC elicits the
opposite effect (Fig. 2M). The phosphorylated RP9 is localized at nuclear
speckles (rich in splicing factors and spliceosomes), where it functions in
pre-mRNA splicing, while dephosphorylated RP9 is localized in the
nucleoplasm [21]. Immunofluorescence analysis showed that RP9 is
scattered in nuclear speckles and nucleoplasm, and overexpression of
ADHIC increases the nuclear speckle localization of RP9, while knock-
ing down ADHIC increases its nuclear matrix localization (Fig. 2N). We
also designed a plasmid with a mutated phosphorylation site for RP9
(S169A), and the results showed that RP9-WT enhanced PPARa pre-
mRNA splicing, whereas RP9-MUT did not (Figs. 20, S9D). This dem-
onstrates that the splicing regulation of PPARa by ADH1C/RP9 depends
on the phosphorylation of RP9 at the S169 site. We also constructed an
HCC cell line with stable RP9 knockout and found that in the absence of
RP9, neither the overexpression nor knockdown of ADH1C resulted in
changes in PPARa splicing, lipid metabolism, or cell proliferation
(Fig. S10). This demonstrates that the ADHIC-dependent splicing
regulation of PPARa by RP9 affects the overall phenotypic changes of
HCC.

2.6. ADHIC competitively binds to RP9 and inhibits the
dephosphorylation of RP9 by PPP1CA

ADH1C, neither a phosphokinase nor a phosphatase, cannot directly
regulate RP9 phosphorylation. To identify intermediate proteins, co-IP-
MS was performed, revealing 7 phosphatases and 17 kinases associated
with RP9, including PPP1CA, a phosphatase [23-25] linked to splice
abnormalities in various diseases (Table S5, Fig. 3A). Co-IP experiments
validated the interaction between PPP1CA and RP9 (Fig. 3B-C), with
PPP1CA overexpression reducing RP9 phosphorylation and down-
regulation increasing it (Fig. 3D). PPP1CA also regulated PPARa intron
8-9 excision, opposing ADH1C's effect (Fig. 3E-F). ADH1C did not affect
PPP1CA expression or phosphorylation (Fig. 3G). Immunofluorescence
showed colocalization of ADH1C, PPP1CA, and RP9 in nuclear speckles
(Fig. 3H). Truncated RP9 mutants revealed that the N-terminal region,
rich in basic and acidic residues, is crucial for ADH1C-RP9 binding,
while the C-terminal coil and zinc finger domains are not (Fig. 3I-J).
PPP1CA exhibited a similar binding pattern to RP9 as ADH1C (Fig. 3K).
Overexpression of ADH1C or PPP1CA reduced their respective in-
teractions with RP9, while knockdown had the opposite effect (Fig. 3L).
These results suggest that ADH1C competes with PPP1CA for RP9
binding, inhibiting PPP1CA-mediated RP9 dephosphorylation and
regulating PPARa pre-mRNA splicing.

2.7. ADHIC regulates HCC proliferation through Hippo signaling
pathway

To understand how ADHIC regulates HCC progression, RNA-seq-
based KEGG analysis identified the Hippo signaling pathway, which is
influenced by the metabolic microenvironment [26,27], as a key
pathway (Figs. 4A-B, S3A-D). The Hippo pathway primarily affects
tumor cell proliferation by regulating the cell cycle and apoptosis.
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Fig. 2. ADHI1C enhances the phosphorylation level of RP9 to exert its splicing function on PPARa pre-mRNA.

A After treatment with actinomycin D (10 pg/ml), the mRNA level of PPARa was measured using qRT-PCR in ADH1C-overexpressing or -knockdown HCC cells. B
Semi-quantitative PCR was used to measure the levels of intron-exclusive and intron-inclusive PPARa mRNA in ADH1C-overexpressing or -knockdown HCC cells. C
Venn diagram showing four proteins that interact with both ADH1C protein and the PPARa CDS. D The polysomes of HCC-LM3 cells were extracted and subjected to a
10 % to 50 % sucrose gradient ultracentrifugation. The mRNA expression level in each fraction was determined by qRT-PCR. E Endogenous co-immunoprecipitation
(co-IP) analysis demonstrating the specific binding of ADH1C and RP9. F Exogenous co-IP analysis validating the specific binding of ADH1C and RP9. G RNA pull-
down analysis revealing the binding of full-length or truncated mRNA of PPARa CDS to RP9. H RNA immunoprecipitation followed by PCR analysis showing the
enrichment of full-length or each truncated mRNA of PPARa CDS on RP9 co-immunoprecipitated complexes. I RIP-PCR analysis revealing that ADH1C enhances RP9
binding to PPARa Exon 8. J Deletion of the RP9-binding site abolished the interaction of RP9 with PPARa mRNA. K After protein phosphorylation enrichment, protein
immunoblot analysis was performed to detect the phosphorylation level of RP9. L Mass spectrometry phosphoproteomic analysis revealed the specific phosphor-
ylation sites of RP9 in HCC cells. M Protein immunoblot analysis was used to assess the phosphorylation level of specific phosphorylation sites of RP9. N Immu-
nofluorescence analysis of the impact of ADH1C overexpression or knockdown on the subcellular localization of RP9, using SRRM2 antibody for nuclear speckle
localization. Scale bars, 100 pm. O Semi-quantitative PCR analysis of the effect of RP9-WT on PPARa pre-mRNA splicing. * (p < 0.05), ** (p < 0.01), or *** (p

< 0.001).

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



K. Xu et al.

ADH1C overexpression altered the expression of Hippo pathway target
genes, suppressing cell proliferation-related genes [26,27] (CTGF, GLI2,
CCND1, CCNA2) and the anti-apoptotic gene SOX2, while enhancing the
expression of the apoptotic gene AXIN1 (Fig. 4B). Conversely, ADH1C
knockdown had the opposite effects. EDU assays and flow cytometry
showed that ADH1C inhibited the GO/G1 to S phase transition in HCC
cells, reducing the S phase population, while its knockdown promoted
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cell cycle progression (Fig. 4C-D). Additionally, ADH1C increased
apoptosis in HCC cells (Fig. 4E).

The canonical Hippo signaling pathway regulates the nuclear local-
ization of the core gene YAP through phosphorylation cascades, thereby
controlling downstream target genes s [26,27]. However, ADH1C did
not affect YAP levels or phosphorylation (Fig. 4F), suggesting a non-
classical regulation of the Hippo pathway by ADHIC. Since YAP lacks
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Fig. 4. ADH1C regulates the Hippo signaling pathway to inhibit HCC proliferation.

A KEGG analysis was performed to identify differentially expressed genes in HCC cells with ADH1C overexpression or knockdown at the transcriptomic level.
B mRNA levels of Hippo signaling pathway target genes in HCC cells with ADH1C overexpression or knockdown.

C EDU staining marked proliferating active cells in HCC cells. Scale bars, 100 pm.

D Flow cytometry was used to screen HCC cells at different cell cycle phases and calculate their proportions.
E Flow cytometry was used to screen HCC cells at different apoptosis stages and calculate their proportions.

F Immunoblot analysis of YAP and its phosphorylated forms.

G COIP was employed to pull down YAP protein and detect its binding ability with Hippo signaling pathway-related transcription factors.
H COIP was employed to pull down TEAD1 protein and detect its binding ability with YAP.
I Gal4 luciferase assay was conducted to evaluate the impact of ADH1C overexpression or knockdown on Gal4 luciferase activity, indicating changes in TEAD1-YAP

binding capacity.

J Luciferase reporter gene assay using TEAD1 was performed to assess the effect of ADH1C overexpression or knockdown on TEADI transcriptional activity.

* (p < 0.05), ** (p < 0.01), or *** (p < 0.001).

a DNA-binding domain, it must form complexes with transcription fac-
tors to activate downstream gene transcription [28,29]. We found that
ADH1C reduced the binding between TEAD1 and YAP, with the opposite
effect observed upon ADH1C knockdown (Fig. 4G-H). In contrast, YAP
binding to other transcription factors was unaffected by ADH1C over-
expression or knockdown (Fig. 4G). Using a galactose-responsive GAL4
luciferase reporter, we showed that ADH1C knockdown activated GAL4-
responsive luciferase in the presence of YAP [29], indicating enhanced
TEAD1-YAP transcriptional activity, while ADH1C overexpression had
the opposite effect (Fig. 4I). Consistently, ADH1C reduced TEADI re-
porter gene activity, indicating inhibition of its transcriptional function,

with the opposite effect upon ADH1C knockdown (Fig. 4J). Thus,
ADH1C inhibits the TEAD1-YAP interaction, thereby suppressing HCC
cell proliferation.

2.8. ADHIC regulates palmitic acid concentration to inhibit
palmitoylation of TEAD1 and formation of TEAD1-YAP complex

TEAD1 is regulated by lipid metabolism and influences the TEAD1-
YAP complex formation [29].Reanalysis of lipidomics in HCC cells
with ADHIC overexpression or knockdown revealed that ADH1C
downregulated all lipid metabolite levels, with the most significant
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changes in TGs, phosphatidylcholines (PC), phosphatidylinositols (PI),
and FFA (Fig. 5A). Among these, palmitic acid (PA), which positively
regulates TEAD1 palmitoylation and TEAD1-YAP complex formation
[38], showed the highest fold change (Figs. 5B-C, S3E-J). Biochemical
assays confirmed that ADH1C negatively regulated PA levels in HCC
cells (Fig. 5D). Clinical sample analysis revealed higher PA levels in
steatotic HCC compared to nonsteatotic HCC, with a significant negative
correlation between ADH1C expression and PA levels in steatotic HCC
(Fig. 5E-F). Global palmitoylation and TEAD1 palmitoylation levels
were higher in steatotic HCC than in nonsteatotic HCC, opposite to
ADHIC expression patterns (Fig. 5G-I). We hypothesized that ADH1C-
mediated reduction in PA concentration inhibits TEAD1 palmitoyla-
tion and TEAD1-YAP complex formation. This was validated by con-
firming TEAD1 auto-palmitoylation in HCC cells and showing that
ADH1C negatively regulated TEAD1 palmitoylation (Fig. 5J-K). Exog-
enous PA supplementation rescued the reduced TEAD1-YAP binding
caused by ADH1C overexpression, while the TEAD1 palmitoylation in-
hibitor VT103 reversed the increased binding due to ADH1C knockdown
(Fig. 5L). Similarly, PA supplementation or VT103 reversed ADH1C-
mediated changes in cell proliferation, cell cycle, and apoptosis
(Figs. 5M, S11A-E). In a myr-AKT/NRAS12D-induced liver cancer
model, dietary PA supplementation reversed the effects of ADH1C
overexpression on tumor number and size, promoted vacuolar degen-
eration and lipid accumulation, and enhanced HCC proliferation
(Fig. 5N-S). These findings indicate that ADH1C regulates PA concen-
tration to inhibit TEAD1 palmitoylation and TEAD1-YAP complex
formation.

2.9. ADH1C/PPARa axis regulates palmitic acid homeostasis and
activation of Hippo pathway in HCC

Fatty acid oxidation is the sole degradation pathway for palmitic acid
[30]. We investigated whether palmitic acid levels in HCC and TEAD1
palmitoylation are regulated by the ADH1C/PPARa axis. Results showed
that PPARa knockdown reversed the inhibitory effect of ADH1C on
palmitic acid levels in HCC cells (Fig. 6A) and reduced TEAD1 palmi-
toylation, thereby eliminating the effects of ADH1C overexpression
(Fig. 6B). Additionally, PPARa knockdown abolished the effects of
ADHI1C overexpression on cell cycle progression and apoptosis
(Figs. 6C-F, S11F-G). In an orthotopic steatotic liver cancer model
(Fig. S2), Ppara knockdown rescued the decrease in palmitic acid con-
tent and TEAD1 palmitoylation levels in tumor tissues caused by ADH1C
overexpression (Fig. 6G, H). Furthermore, changes in Hippo pathway
target genes induced by ADH1C overexpression were restored by Ppara
knockdown (Fig. 61).

2.10. The co-expression of both ADH1C and PPARa can differentiate
HCC subtypes and improve PD-1 efficacy

We evaluated the potential of the ADH1C/PPARa axis to assist
clinical decision-making in HCC treatment. In both the steatotic HCC
cohort from Zhongnan Hospital of Wuhan University and the TCGA-
LIHC cohort, patients with high expression of both ADH1C and PPARa
had significantly better survival compared to those with low expression
of both genes. Patients with high expression of ADH1C or PPARa alone
had intermediate survival rates (Figs. 7A, S12A). This suggests that
ADHIC and PPARa could serve as joint prognostic factors in both stea-
totic and nonsteatotic HCC. Additionally, ADH1C and PPARa were
significantly co-expressed in HCC tissues, with nonsteatotic HCC
showing low expression and steatotic HCC showing high expression of
both genes (Fig. 7B). This indicates their potential as biomarkers to
differentiate between nonsteatotic and steatotic HCC. Accordingly, we
developed a nomogram based on ADH1C and PPARa expression levels to
diagnose steatotic HCC and guide clinical decisions (Fig. 7C). The
Hosmer-Lemeshow test confirmed the nomogram's diagnostic value (P
> 0.05), which was further visualized using a calibration curve
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(Fig. 7D). Decision Curve Analysis demonstrated superior diagnostic
performance of the nomogram compared to models using ADH1C or
PPARa alone (Fig. 7E). A clinical impact curve also validated the model's
effectiveness (Fig. 7F).

These findings suggest a potential synergistic effect of ADH1C and
Ppara in HCC. To test this hypothesis, we overexpressed both ADH1C
and Ppara in a myr-Akt/NRas12D-induced mouse model of liver cancer
(Fig. 7G). Overexpression of either ADHIC or Ppara alone reduced
tumor number and the diameter of the largest tumor (Figs. 7H-I, S12E).
Importantly, combined overexpression of ADH1C and Ppara further
enhanced this inhibitory effect (Fig. 7H-I).

The study by Mathias Heikenwalder et al. showed that severe hepatic
steatosis leads to inflammation and liver damage, impairing the efficacy
of PD-1 immunotherapy despite higher PD-1 expression in steatotic HCC
compared to nonsteatotic HCC [4]. We hypothesize that elevated pal-
mitic acid levels contribute to this phenomenon, as palmitic acid induces
immune exhaustion, inflammation, and liver damage [2,31]. Co-
overexpression of ADH1C and Ppara reduced palmitic acid content in
mouse HCC (Fig. 7J), while high intratumoral palmitic acid was
observed in steatotic HCC patients with low ADH1C/PPara expression
(Fig. 7K). Consistent with previous reports [4], myr-AKT/NRAS12D-
induced steatotic liver cancer exhibited higher PD-1 expression
(Fig. S12F) and was unresponsive to anti-PD1 therapy (Fig. S12G-J).
Conversely, nonsteatotic liver cancer induced by myr-Myc/NRas12D
responded to anti-PD1 treatment, with reduced tumor burden and pro-
longed survival (Fig. SI2K-N). Exogenous palmitic acid supplementa-
tion in nonsteatotic liver cancer models also inhibited anti-PD1 efficacy
(Fig. S12K-N). To investigate whether ADH1C could enhance anti-PD1
therapy in steatotic HCC, we treated myr-AKT/NRAS12D-induced
steatotic liver cancer mice with AAV8-ADHI1C and anti-PD1 (Fig. 7L).
Results showed that while anti-PD1 alone was ineffective, AAV8-ADH1C
significantly improved anti-PD1 efficacy (Fig. 7M). Combined treatment
with AAV8-ADH1C and anti-PD1 maximally enhanced therapeutic
outcomes, reducing tumor burden and significantly improving survival
rates (Fig. 7N-P). In summary, ADH1C/PPara expression is associated
with lipid metabolism and serves as a prognostic factor in HCC. Tar-
geting fatty acid catabolism may be an effective strategy for treating
steatotic HCC and overcoming immunotherapy challenges.

3. Discussion

With the increasing prevalence of non-viral HCC due to antiviral
therapy and dietary changes, steatotic HCC has emerged as an important
subtype characterized by intracellular fat accumulation, vacuolar
degeneration, and potential inflammatory infiltration and fibrosis
[32,33]. Our analysis revealed that steatotic HCC often exhibits signif-
icant proliferative capacity and is associated with a unique metabolic
microenvironment that reduces the efficacy of immunotherapy, high-
lighting the need for accurate patient stratification [4]. We identified
ADHI1C and PPARa as combined biomarkers to differentiate steatotic
from non-steatotic HCC. Using a myr-Akt/NRas12D-induced steatotic
liver cancer model, we demonstrated that ADH1C+anti-PD1 therapy
significantly enhanced treatment efficacy and survival, likely through
reducing intratumoral palmitic acid content. Although the specific
mechanisms remain to be elucidated, our findings suggest that ADH1C
and low palmitic acid content are clinically relevant in HCC, as dietary
palmitic acid supplementation can negate anti-PD1 efficacy in non-
steatotic HCC models [5,34]. Further investigation into the pathways
linking palmitic acid and anti-PD1 efficacy is warranted in the future.

PA constitutes 20-30% of total body fatty acids and can be obtained
through diet or synthesized/degraded via fatty acid metabolism
[5,30,34]. PA is a key metabolite in fatty acid metabolism, associated
with tumor progression, including in steatotic HCC [35,36], and can
induce immune exhaustion in this context [2]. However, current
research mainly focuses on the tumor effects resulting from exogenous
PA [34], neglecting the impact of PA degradation. Our study highlights
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Fig. 5. ADHI1C inhibits the palmitoylation level of TEAD1 by reducing intracellular palmitic acid levels.

A GC-MS lipidomics analysis was conducted on cells with ADH1C overexpression or knockdown.

B Venn diagrams displayed the shared differential metabolites in the ADH1C overexpression and knockdown groups.

C Palmitic acid content in HCC cells was quantified using GC-MS.

D Palmitic acid content in HCC cells was measured via enzyme-linked reaction (ELISA) method.

E ELISA method was used to measure palmitic acid content in steatotic HCC and nonsteatotic HCC tissues.

F Pearson analysis revealed the correlation between ADH1C mRNA levels and palmitic acid content in steatotic HCC.

G Schematic illustration of the Acyl-biotin Exchange (ABE) method for detecting protein palmitoylation modification.

H ABE method was employed to capture palmitoylated proteins in steatotic HCC and nonsteatotic HCC tissues, followed by protein immunoblot analysis to quantify
the presence of palmitoylated proteins in the tissues. HAM: hydroxylamine.

I ABE method was used to capture palmitoylated TEAD1 in steatotic HCC and nonsteatotic HCC tissues, followed by protein immunoblot analysis to quantify the level
of palmitoylated TEAD1.

J ABE method and protein immunoblot were used to detect the auto-palmitoylation level of TEAD1 in HCC cells. HAM: hydroxylamine.

K ABE method and protein immunoblot were used to detect the palmitoylation level of TEAD1 in cells with ADH1C overexpression or knockdown. HAM: hy-
droxylamine.

L-M HCC cells with ADH1C overexpression or knockdown were treated with palmitic acid (1 mM) for 24 h or TEAD1 palmitoylation inhibitor VT103 (3 pM) for 4 h.
COIP was used to assess the binding capacity of YAP-TEAD1 (L), and qRT-PCR was used to detect mRNA levels of Hippo signaling pathway target genes (M).

N Livers from myr-Akt/NRas12D infected mice with or without ADH1C overexpression, and with or without a high-palmitic acid diet. Scale bars, 10 mm.

O-P Numbers of tumors (per field) (O), Diameters of the largest tumors (P) in livers from myr-Akt/NRas12D infected mice with or without ADH1C overexpression,
and with or without a high-palmitic acid diet.

Q-R HE (Q), and Ki67 staining (R) in livers from myr-Akt/NRas12D infected mice with or without ADH1C overexpression, and with or without a high-palmitic acid
diet. Scale bars, 100 pm.

S qRT-PCR was used to detect mRNA levels of Hippo signaling pathway target genes in livers from myr-Akt/NRas12D infected mice with or without ADH1C
overexpression, and with or without a high-palmitic acid diet. Scale bars, 100 pm.

* (p < 0.05), ** (p < 0.01), or *** (p < 0.001).

the crucial role of fatty acid degradation in steatotic HCC, with ADH1C accumulation (particularly palmitic acid) via alternative splicing of
as a key regulator. Reduced ADHI1C expression impairs fatty acid PPARa, as demonstrated through multi-omics analysis. We also estab-
oxidation, elevating endogenous PA levels in HCC. PA exhibits unique lished that ADH1C and PPARa, as combined biomarkers, can effectively
functions compared to other saturated fatty acids, binding to specific distinguish fatty and non-fatty HCC, providing a new tool for precise
cysteine residues in target proteins to form reversible thioester bonds, diagnosis and stratified treatment. The proposed metabolic treatment

thereby regulating protein localization, stability, and interactions, and strategy targeting the ADH1C/PPARa axis may transform HCC treat-
impacting cellular signaling pathways [29,30,34,37,38]. We found that ment and is anticipated to be verified in clinical trials. Additionally, the
ADH1C-mediated regulation of intracellular PA levels dynamically diagnostic model based on ADH1C and PPARa could be developed into

modulates the palmitoylation of TEAD1, a key Hippo pathway tran- non-invasive clinical tools, such as liquid biopsy markers or imaging
scription factor, and its interaction with YAP, thereby affecting HCC cell targets, for early detection and monitoring of HCC.
proliferation. Since ADH1C influences intracellular PA levels, it likely However, limitations remain. While we elucidated the role of the
regulates palmitoylation of other key proteins. Future research will ADH1C-RP9-PPARa axis in fatty acid oxidation, the broader impact of
explore whether other features of steatotic HCC, such as inflammation ADH1C on pre-mRNA splicing patterns through RP9 remains uncon-
and fibrosis, are also regulated by palmitoylation. firmed. Furthermore, although ADH1C is downregulated in both stea-
We also elucidate a novel mechanism by which ADH1C inhibits fatty totic and non-steatotic HCC compared to non-tumor tissues, its role in
acid metabolism reprogramming in HCC. ADH1C promotes fatty acid non-steatotic HCC, where PA-induced palmitoylation of TEAD1 may
B-oxidation by regulating the expression of the fatty acid oxidation- not be as prominent, requires further investigation.

related transcription factor PPARa and upregulating key fatty acid
oxidation enzymes, such as CPT1a and ACOX1. Mechanistically, ADH1C 4. Methods
enhances PPARa mRNA and protein expression by promoting the pre-

mRNA splicing of PPARa CDS. Alternative splicing is crucial in aber- The following is a brief description of the KEY methods. All more
rant fatty acid metabolism in cancer cells, where disrupted splicing detailed methodologies can be found in Supplementary Materials and
processes and tumor-associated splice variants can alter gene expression Methods.

patterns and contribute to HCC development [39,40]. While PPARa is
known to undergo aberrant pre-mRNA splicing in nonalcoholic fatty
liver disease (NAFLD) [17], its role in HCC has not been reported. Our
study shows that ADH1C regulates PPARa CDS pre-mRNA splicing by
interacting with RP9, which promotes RP9 binding to PPARa exon 8,
enhances pre-mRNA splicing of PPARa exons 8-9, and upregulates
mature PPARa mRNA, thereby increasing fatty acid catabolism. Down-
regulation of wild-type PPARa mediates the effects of ADH1C down-
regulation in HCC. Furthermore, we elucidated the specific molecular
mechanisms underlying ADH1C/RP9-mediated regulation of PPARa
alternative splicing through in vitro experiments. ADH1C competes with
PPP1CA for RP9 binding, preventing RP9 dephosphorylation. The
phosphorylated RP9 localizes to nuclear speckles, where it promotes
PPARa pre-mRNA splicing. The altered splicing activity of RP9 mediated
by ADHI1C likely affects the splicing patterns of other genes, which re-
quires further investigation.

In summary, our study confirmed that ADH1C downregulation pro-
motes HCC by reshaping fatty acid metabolism toward lipid

4.1. Collection of HCC tissue sample

Tissues: Proteomics analysis was performed on 3 steatotic and 3
nonsteatotic HCC tissues from patients without alcohol/viral/chemo-
therapy history. An additional 72 paired HCC/non-tumor tissues (25
steatotic, 47 nonsteatotic) were collected from Zhongnan Hospital. Di-
agnoses were confirmed by two pathologists. Ethical approval (KELUN,
2018010) and informed consent were obtained.

4.2. Mouse models & in vivo experiments

Tumor induction: Hepatic tumors in C57BL/6J mice were generated
via hydrodynamic tail vein injection (HTVi) of oncogenic plasmids (Akt,
NRasV12, SB transposase).

Gene modulation: Hepatocyte-specific AAV8 vectors (Alb promoter)
delivered ADH1C/PPARa.

Treatments:
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Fig. 6. ADHIC regulates palmitic acid content and palmitoylation of TEAD1 in HCC cells through PPARa.
A-F In HCC cells with ADH1C overexpression or knockdown, PPARa was either knocked down or overexpressed. The Enzyme-linked Immunosorbent Assay (ELISA)
method was used to detect the palmitic acid (PA) content in HCC cells (A). The Acyl-biotin Exchange (ABE) method and protein immunoblot analysis were utilized to
assess the palmitoylation level of TEAD1 in HCC cells (B). qRT-PCR was used to measure the mRNA levels of Hippo signaling pathway target genes in HCC cells (C).
EDU staining was used to label HCC cells in the S phase (D). Flow cytometry was utilized to screen HCC cells in different cell cycle phases and calculate their
proportions (E). Flow cytometry was used to screen HCC cells in various apoptosis stages and calculate their proportions (F). HAM: hydroxylamine.

G-I In the myr-Akt/NRas12D-induced steatotic liver cancer mouse model with ADH1C overexpression, high-pressure hydrodynamic was used to knock down PPARa
in the mouse liver. ELISA was used to measure the palmitic acid content in liver tumors (G). ABE method and protein immunoblot analysis were used to assess the
palmitoylation level of TEAD1 in liver tumors (H). qRT-PCR was used to measure the mRNA levels of Hippo signaling pathway target genes in HCC cells (I). HAM:

hydroxylamine.
* (p < 0.05), ** (p < 0.01), or

Palmitate (PA, 10 mg/kg, i.p.) to modulate metabolism.
Anti-PD-1 (300 pg, i.p., every 5 days) to assess immunotherapy

synergy.

Ethics: Approved by Wuhan University's IACUC (No. ZN2022178).

#5% (p < 0.001).

4.3. Multi-omics & bioinformatics

Tumor tissue

Lipidomics: LC-MS/MS analysis of lipid extracts (methanol/MTBE
extraction).

Proteomics: iTRAQ/TMT-labeled peptides analyzed by LC-MS/MS

(Q Exactive). Database searches used MASCOT (FDR < 0.01).

TCGA data: Analyzed 374 HCC samples for differential expression (|
log2FC| > 1, adj. p < 0.05) and pathways (GSEA/KEGG).

Transcriptomics: RNA-seq (Illumina NovaSeq) after Agilent 2100

quality control.
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Fig. 7. Co-expression of ADH1C and PPARa can jointly diagnose and differentiate steatotic HCC and improve the efficacy of anti-PD-1.

A Survival curve analysis of steatotic HCC patients based on ADH1C and PPARa expression in the Zhongnan Hospital of Wuhan University cohort. B Immunoflu-
orescence analysis showing the co-expression of ADH1C and PPARa, as well as the neutral lipid content, in steatotic HCC and nonsteatotic HCC patients. Scale bars,
100 pm. C Construction of a diagnostic model for steatotic HCC based on ADH1C and PPARa mRNA expression using a column plot. D Hosmer-Lemeshow goodness-
of-fit test assessing the diagnostic value of the column plot, further visualized using a calibration curve. E Decision curve analysis (DCA) curve demonstrating the
performance of the combined ADH1C+PPARa diagnostic model for steatotic HCC compared to diagnostic models based on ADH1C or PPARa alone. F Clinical impact
curve displaying the diagnostic performance of the combined ADH1C+PPARa diagnostic model for steatotic HCC. G-J In the myr-Akt/NRas12D-induced steatotic
liver cancer mouse model with individual or co-overexpression of ADH1C and PPARa. Livers from the mentioned model. Scale bars, 10 mm (G). Number of tumors
per field (H), diameters of the largest tumors (I) in livers from the mentioned model. The Enzyme-linked Immunosorbent Assay (ELISA) method was used to detect the
palmitic acid (PA) content in liver tumors (J). K ELISA-based analysis of PA content in steatotic HCC based on ADH1C and PPARa mRNA levels. L-P Combination
therapy using AAV8-ADH1C, AAV8-PPARa, and anti-PD-1 in the myr-Akt/NRas12D-induced steatotic liver cancer mouse model. Illustration of the mentioned model
(L). Gross appearance of the liver in the mentioned model. Scale bars, 10 mm (M). Number of tumors per field (N), diameters of the largest tumors (O) in the

mentioned model. Survival curve of the mentioned model mice (P).
*(p < 0.05), ** (p < 0.01), or *** (p < 0.001).

4.4. Molecular biology

Cell culture: HCC lines (Huh-7, Hep3B, etc.) and normal hepatocytes
(MIHA) cultured in DMEM/MEM + 10 % FBS, validated by STR
profiling.

Gene manipulation: siRNA/shRNA (Qingke Biotech), plasmids (Jet-
PRIME®), and AAVs for overexpression/knockdown.

Assays:

qRT-PCR/WB: RNA/protein extraction (Easyspin/RIPA kits), SYBR

Green gPCR, and ECL detection.
Co-IP/RIP: Protein-protein/RNA interactions analyzed by MS/WB.
Proliferation: Colony formation and EdU assays.
Palmitoylation: ABE kits for TEAD1 modification detection.

4.5. Metabolic analyses

Enzyme activity: ADH1C measured (Macklin kit).
Lipid content: Triglycerides, cholesterol, free fatty acids (Nanjing
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Jiancheng kits).
FAO: Oxygen consumption (Abcam kit) with oleate/FCCP.
Palmitate: ELISA (Mlbio).
Visualization: Nile Red staining for lipid droplets.

4.6. Pathological techniques

IHC/IF: Antigen retrieval, DAB staining (IHC), and DAPI/antibody

labeling (IF; OLYMPUS confocal).

Phospho-antibodies: Custom-generated via peptide immunization

(RP9 S169).

4.7. Statistics

Tools:
Tests: Shapiro-Wilk (normality), t-tests/Wilcoxon (two groups),
ANOVA (multi-group), Kaplan-Meier (survival), Pearson (correlations).

SPSS 25.0, GraphPad Prism 8.0.

Significance: p < 0.05, *p < 0.01, **p < 0.001.

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.metabol.2025.156267.
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PD1
ICIs
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PD-L1
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ADH
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LC-MS
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URLs
DMEM
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Hepatocellular carcinoma

Alcohol dehydrogenase 1C
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Peroxisome proliferator activated receptor alpha
TEA domain transcription factor 1
Programmed cell death protein 1

Immune checkpoint inhibitors

Cytotoxic T-lymphocyte associated protein 4
Programmed cell death ligand 1

Hepatitis B virus

AKT serine/threonine kinase 1

Alcohol dehydrogenase

Yes1 associated transcriptional regulator
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Ethylene diamine tetraacetic acid
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Liquid chromatograph-mass spectrometry
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The Cancer Genome Atlas

Kyoto Encyclopedia of Genes and Genomes
Gene Set Enrichment Analysis
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Dulbecco's Modified Eagle's medium

Fetal bovine serum

Minimal essential medium

Polymerase Chain Reaction

qRT-PCR RNA extraction, real-time quantitative PCR

WB
RIPA
PVDF
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HTVi
SPSS
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ND
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IHC

IF
BSA
DAB
PBS
NP-40

Western blot analysis
Radio-Immunoprecipitation Assay
Polyvinylidene difluoride
Electrochemiluminescence
5-ethynyl-2-deoxyuridine

Tail vein hydrodynamic injection
Statistical Product and Service Solutions
Coding sequence

Normal diet

Institutional Animal Care and Use Committee
Immunohistochemistry
Immunofluorescence

Blocking buffer

3,3-Diaminobenzidine
Phosphate-buffered saline

Nonidet P-40
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DAPI 4’ 6-diamidino-2-phenylindole

co-IP Coimmunoprecipitation

SDS Sodium dodecyl sulfate

RIP RNA immunoprecipitation

FAO Fatty acid oxidation

FCCP Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
GO Gene Ontology

TG Triglyceride

FFA Free fatty acid

CTGF Cellular communication network factor 2
GLI2 GLI family zinc finger 2

CCND1 Cyclin D1

CCNA2 Cyclin A2

SOX2 SRY-box transcription factor 2

AXIN1 Axin1l

Gal4 Galactose-responsive transcription factor GAL4
PI Phosphatidyl inositol

PC Phosphatidyl cholines

CPTla Carnitine palmitoyltransferase 1A

CPT2 Carnitine palmitoyltransferase 2

ACOX  Acyl-CoA oxidase 1

CACT Solute carrier family 25 member 20

EX Exon

PPP1CA Protein phosphatase 1 catalytic subunit alpha
DCA Decision Curve Analysis

PA Palmitic acid

NAFLD Nonalcoholic fatty liver disease
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