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Crotonylation of IDH1 alleviates MASLD
progression by enhancing the TCA cycle

Shanshan Liu1,2,3,6, Yu Ji1,2,3,6, LuyangWei1,2,3,6, Yiqiao Zhang1,2,3, Linghang Zeng4,
Yiyang Min1,2,3, Danyang Yin5, Kun Liu1, Chengjian Guan 1,2,3 ,
Shumeng Liu 4 , Huajing Yu 1,2,3 & Zhongtao Zhang 1,2,3

Metabolic dysfunction–associated steatotic liver disease (MASLD), potentially
ameliorated by bariatric-metabolic surgery, remains a global health concern in
the absence of approved drugs. Protein post-translational modifications
(PTMs) are crucial for MASLD. However, the functional significance of lysine
crotonylation (Kcr) remains unclear. We aimed to investigate the mechanisms
by Kcr-regulated IDH1 in the tricarboxylic acid (TCA) cycle and MASLD
development. Herein, we reported a quantitative proteomics analysis of global
crotonylome uponMASLD and Post-bariatric. Specifically, decreases in K58cr,
K151cr, K212cr and K345cr of IDH1 upon MASLD were observed. PCAF and
SIRT7 dynamically regulated the IDH1 Kcr. Abolishment of IDH1 Kcr impaired
TCA cycle by decreasing IDH1 enzymatic activity. Male mice with liver-specific
expression of crotonylation-mimic mutants of IDH1 were resistant to HFD-
induced obesity, insulin resistance, glucose intolerance and MASLD. Our
findings unravel themechanisms of IDH1 Kcr and indicate that targeting PCAF/
SIRT7-IDH1 Kcr and metabolites may be a promising strategy for MASLD
therapy.

Metabolic dysfunction–associated steatotic liver disease (MASLD) is
the most common cause of chronic liver disease worldwide1–3. MASLD
is associated with obesity and encompasses a range of pathologies,
including steatosis, metabolic dysfunction-associated steatohepatitis
(MASH), fibrosis, and cirrhosis. MASLD also increases the risk of
hepatocellular carcinoma (HCC)2–4. Accumulating evidences reveal
that the protein post-translationalmodifications (PTMs) play a key role
in MASLD pathogenesis5. The aberrant PTMs alterations (e.g., acet-
ylation, ubiquitination and lactylation) control hepatic lipid metabo-
lism, oxidative stress, and DNA repair to boost MASLD progression6,7.
Metabolic dysfunction also induces lasting epigenetic changes by
regulating small metabolites, the donor molecules for PTMs8–10.
Weight loss with diet or bariatric-metabolic surgery is effective for
treating MASLD, but drugs specifically approved MASLD are not

available11–13. The lack of understanding of the molecular mechanisms
underlying the complex interplay between epigenetic and metabolic
factors impedes the development of improved therapeutic interven-
tions for MASLD.

Lysine crotonylation (Kcr), a metabolically regulated PTMs, is
involved in key cellular processes relevant to physiology and
diseases14. Kcr affects protein functions through diverse mechanisms,
including by regulating enzymatic activity, subcellular localization,
and crosstalk with other PTMs and by controlling protein-protein and
protein-DNA interactions14–16. Kcr is regulated by enzymes that deposit
or remove modifications. Histone acetyltransferase p300/CBP17,
MOF18, PCAF19, GCN520, HBO121 and TIP6022 have also been identified to
possess crotonyltransferase activity. The deacetylases, including
HDAC1/2/3/6/7/8, SIRT1/2/3/6/7 and CDYL, are able to remove
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Kcr16,23–26. Emerging evidences have shown that Kcr is crucial for reg-
ulating cellular metabolism in HCC27,28 However, few relevant litera-
tures on the crotonylome during the MASLD development have been
reported.

Isocitrate dehydrogenases (IDH) 1 and 2 are abundant in liver and
can convert isocitrate to α-ketoglutarate (α-KG) by reducing NADP+

and serve to regulate redox status, lipogenesis, glucose, and amino
acidmetabolism29.Mutationof IDH1plays a pathogenic role in cancers,
converting α-KG to the oncometabolite 2-hydroxyglutarate (2-HG)30,31.
Recent studies highlight the function of IDH1 that can be regulated by
acetylation and phosphorylation modification32,33. Acetylation of IDH1
significantly down-regulates its catalytic activity and the rate of α-KG
production in colorectal cancer cells32. Proteomics studies showed
that enzymes in the tricarboxylic acid (TCA) cycle, including IDH1, are
extensively crotonylated15,19,34. However, crotonylation as a new type of
post-translational modification, IDH1 Kcr and its function in MASLD
have not yet been reported30,34–36.

In this study, we used a quantitative proteomics approach to gain
a global viewof the crotonylomealterations in response toMASLD and
bariatric-metabolic surgery. We identified crotonylated IDH1 as a core
target in MASLD. We also confirmed that PCAF and SIRT7 act as reg-
ulatory enzymes of IDH1 Kcr, and the Kcr of IDH1 is involved in reg-
ulating lipid accumulation in hepatocytes via boosting the TCA cycle.
Moreover, the disruption of IDH1 Kcr in hepatocytes aggravates
MASLD in HFD-fed mice. MASLD-hepatic tissues from both patients
and diet-fed mice exhibited significantly reduced PCAF/SIRT7-medi-
ated IDH1 Kcr. Our results identify the role of IDH1 Kcr in MASLD and
suggest a potential pharmaceutical target for MASLD.

Results
Global analysis of Kcr in HFD-induced MASLD or post-bariatric
surgery mice
Kcr has been reported to function in several physiological and
pathological processes15,23,37. It is important in regulating cellular
metabolism and may contribute to the progression of HCC27,28. How-
ever, the function of Kcr in MASLD development and prognosis
remains obscure. MASLD was induced in 6-week-old male C57BL/6 J
mice by high-fat diet (HFD) feeding for 12 weeks and then assigned to
either HFD shamgroup or vertical sleeve gastrectomy (VSG)-improved
MASLD group. To determine the weight-loss-independent effects, we
included a PAIR-FED shamgroup that was pair-fed to the VSG group to
match their caloric intake during post-surgery period. In addition, a
sham group of mice were fed a normal chow diet (NCD) for the
duration of this study. High-fat feeding accelerated MASLD progres-
sion, increased liver lipid accumulation, and elevated liver function
markers compared to the normal chow diet (NCD)-treated mice
(Fig. 1a–c and Supplementary Fig. 1–2). VSG surgery effectively alle-
viated MASLD progression, improved liver function markers, insulin
resistance, glucose intolerance, and significantly reducedbodyweight,
liver fat accumulation, cholesterol, and hyperlipidemia than HFD-
induced MASLD mice (Fig. 1a–c and Supplementary Fig. 1–2). While
both VSG and pair-fed mice maintained comparable weight loss post-
intervention, only the VSG group exhibited a marked reduction in
intrahepatic lipid deposition (Fig. 1b). This distinct outcome under-
scores that the therapeutic benefits of VSG on MASLD pathogenesis,
including improvements in metabolic and hepatic parameters, are
mediated through mechanisms independent of caloric restriction
induced by surgery. In general, VSG attenuates HFD-induced obesity
and MASLD.

We analyzed the liver samples from normal and MASLD mice
models (Fig. 1a and Supplementary Fig. 3). The inventory of crotony-
lated peptides detected in liver tissue was evaluated to gain further
insights into their role in MASLD. The modified peptides and sites
enriched in these samples were analyzed by nanoflow liquid
chromatography-tandem mass spectrometry (LC-MS/MS). In this

study, a total of 17,408 unique Kcr sites across 3913 proteins were
identified, with 14,684Kcr sites from3188 quantified. Among these Kcr
proteins, 1247 (31.9%) had a single Kcr site and 975 (24.9%) had more
than six Kcr sites (Fig. 1d and Supplementary Data 1–2). We further
examined the subcellular distribution of Kcr. 43% Kcr sites were
identified in the cytoplasm, 13% were found in the nucleus and 18%
were in the mitochondria (Fig. 1e). We next evaluated the amino acid
sequences flanking the identified Kcr sites against all human back-
ground sequences using iceLogo (Fig. 1f and Supplementary 3). Con-
sistently, analysis using Motif-X algorithms identified KExxxK, KExxxR
and AKxxxxxxK as significantly overrepresented hotspots for Kcr sites
(Fig. 1g and Supplementary Data 4). We further analyzed the potential
Kcr-regulated intracellular pathways. GO enrichment analysis revealed
that Kcr proteins are involved in diverse biological processes and
molecular functions, such as carboxylic acid metabolic process, pep-
tide metabolic process and monocarboxylic acid metabolic process
(Fig. 1h and Supplementary Data 5).

Quantitative analysis of Kcr proteome in mouse liver tissue
We next quantified the changes of protein Kcr in response to HFD-fed
MASLDmice relative to total protein abundance in normal liver tissues
or VSG relative to total protein abundance in PAIR-FED liver tissues.
The cutoff ratio for significant Kcr changes between each two groups
was set to above 1.5 or below 0.67. Upon MASLD, 170 sites in 150
proteins were up-regulated and 396 Kcr sites in 321 proteins were
down-regulated (Fig. 2a and Supplementary Data 1). GO enrichment
analysis revealed that up-regulated Kcr proteins are enriched in hor-
mone catabolic process and monocarboxylic acid metabolic process,
whereas down-regulatedKcrproteins aremainly involved in carboxylic
acidmetabolic and biosynthetic process (Fig. 2b, c and Supplementary
Data 6). After VSG surgery, 369 sites in 283 proteins were up-regulated
and 117 Kcr sites in 94 proteins were down-regulated (Fig. 2d and
Supplementary Data 1). GO enrichment analysis revealed that up-
regulated Kcr proteins are enriched in carboxylic acid metabolic and
catabolic process, whereas down-regulated Kcr proteins are mainly
involved in cell junction assembly and lipid translocation (Fig. 2e, f and
Supplementary Data 7). Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis also revealed that MASLD-related Kcr proteins and
VSG-related Kcr are involved in diverse biological processes, including
fatty acid degradation and TCA cycle (Supplementary Fig. 4a–f and
Supplementary Data 8–10).

Next, we compared MASLD-related and VSG-related Kcr proteins.
The results show that 99 overlapped proteins down-regulated in the
MASLD group and up-regulated in the VSG group, and only 4 over-
lapped proteins changed reversely (Fig. 2g and Supplementary
Fig. 4g). We then analyzed the interaction network of MASLD-
regulated or bariatric surgery-related Kcr proteome on the basis of
STRING database. A number of highly connected subnetworks of Kcr
proteins were identified using MCODE. We found that the changes in
TCA cycle pathway, especially its key enzymes, such IDH1, IDH2 and
SUCLG2, were obviously downregulated upon MASLD and up-regu-
lated after VSG (Fig. 2h and Supplementary Fig. 5–6).We then selected
IDH1 as the representative target to further investigate the biological
consequence of MASLD-regulated Kcr.

IDH1 Kcr decreases in response to HFD-induced MASLD
To validate Kcr of IDH1, total cellular extracts from HepG2 or AML12
cells were immunoprecipitated with anti-PanKcr followed by immu-
noblotting with anti-IDH1. Meanwhile, the reciprocal immunoprecipi-
tation with anti-IDH1 followed by immunoblotting with the antibody
against PanKcr confirmed that IDH1 was crotonylated in HepG2 or
AML12 cells (Fig. 3a, b). Quantitative analysis of Kcr modification
revealed a significant decrease in IDH1 Kcr levels in the livers ofMASLD
mice compared to thoseof normal controls (Fig. 2h). Palmitic acid (PA)
and oleic acid (OA)-treated hepatocytes were used to construct

Article https://doi.org/10.1038/s41467-025-62731-9

Nature Communications |         (2025) 16:7961 2

www.nature.com/naturecommunications


Fig. 1 | Global landscape of crotonylome in HFD-induced MASLD and post-
bariatric surgery. a Schematic representation of experimental workflow showing 4D
label-free quantification of Kcr in NCD, HFD, PAIR-FED and VSGmouse livers. Created
in BioRender. Liu, S. (2025) https://BioRender.com/vr8ptir. b Representative H&E
staining of liver sections 8 weeks post-operation in NCD, HFD, PAIR-FED, and VSG
group mice (n= 5/group). NAS scores were derived from H&E staining. Scale bars:
100μm. c Body weight was recorded weekly post-operation in NCD, HFD, PAIR-FED,

and VSG group mice (n=5/group). d Pie chart illustrating the distribution of the
number of identified Kcr sites per protein. e Map illustrating the subcellular dis-
tribution of Kcr proteins. f Icelogo representation illustrating flanking sequence pre-
ferences for all Kcr sites. g Motif analysis of all identified Kcr proteins. h Bar graphs
illustrating representative ontology annotations enriched in the Kcr proteome. Data
are shown as the mean±SD. P values were obtained using one-way ANOVA followed
by Tukey’s multiple comparisons test. Source data are provided as a Source Data file.
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Fig. 2 | Quantitative analysis of Kcr proteome in MASLD reveals distinct
disease-specific and remodeling signatures after bariatric surgery. aHistogram
showing the ratio distribution of quantifiable Kcr proteins and sites between HFD
and NCD mice livers. b Bar graphs showing GO pathway associated with all iden-
tified Kcr proteins between HFD and NCD mouse livers. c Bar graphs showing GO
pathway associated with up-regulated (left) or down-regulated (right) Kcr proteins
between HFD and NCD mice liver. d Histogram showing the ratio distribution of

quantifiable Kcr proteins and sites between VSG and PAIR-FED mice liver. e Bar
graphs showing GO pathway associated with all identified Kcr proteins between
VSG and PAIR-FEDmice liver. f Bar graphs showingGOpathway associatedwith up-
regulated (left) or down-regulated (right) Kcr proteins between VSG and PAIR-FED
mice livers. g Venn diagram showing the overlap between HFD-downregulated Kcr
substrates and VSG-upregulated substrate Kcr substrates. h Overview of the TCA
cycle based on crotonylome.
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MASLDmodel in vitro, inwhich total cholesterol (TC) and triglycerides
(TG) were increased (Supplementary Fig. 7a, b). Immunoprecipitation
assays were performed, followed by immunoblotting with the indi-
cated antibodies. Indeed, the level of IDH1 Kcr decreased upon PA +
OA-induced MASLD model (Fig. 3c, d). In contrast, PA +OA did not
affect Kac of IDH1 (Fig. 3d), reinforcing the notion that IDH1 Kcr is
preferably responded to PA +OA-induced MASLD models.

Examination of the site specificity of MASLD-related Kcr of IDH1
revealed a total of 19 Kcr sites on IDH1 from our LC-MS/MS results
(Fig. 3e). UponMASLD progression, the levels of K58cr, K151cr, K212cr
and K345cr decreased, respectively, whereas the levels on other IDH1
Kcr sites did not change significantly (Fig. 3e and Supplementary
Fig. 6). We compared the differences in IDH1 sites among different
species and found that K58, K151, K212, and K345 are highly conserved
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amongdifferent species (Fig. 3f).We substituted eachof four lysine (K)
residues with arginine (R) and performed immunoprecipitation assays
in AML12 and HEK293T cells transfected MYC-tagged WT or point
mutant of IDH1. We found the Kcr of IDH1 within K58R, K151R, K212R
and K345R were decreased (Fig. 3g). We then generated quadruple-
sites mutant by mutating the indicated IDH1 K to R. Immunoprecipi-
tation assays of HEK293T cells transfected MYC-tagged WT or IDH1-
4KR showed that IDH1 Kcr decreased with quadruple-sites
mutants (Fig. 3h).

To further confirm the LC-MS/MS results, we generated poly-
clonal antibodies specifically recognizing IDH1 K58cr, IDH1 K151cr,
IDH1 K212cr, or IDH1 K345cr, respectively. The specificity of these
antibodies was verified by dot blotting assays using corresponding
peptides with or without Kcr modification (Fig. 3i). Western blot-
ting of total cell lysates showed that both crotonylated IDH1 and
unmodified IDH1 run at approximately 47 kDa (Supplementary
Fig. 7c). Moreover, immunoprecipitation assays in AML12 and
HEK293T cells transfected with MYC-tagged WT IDH1 or point-
mutant IDH1-K58R, IDH1-K151R, IDH1-K212R or IDH1-K345R con-
firmed that K to R mutagenesis abolished the recognition by
respective IDH1 Kcr antibodies (Fig. 3j, Supplementary Fig. 7d).
Moreover, we used the polyclonal antibodies to test the Kcr of
IDH1K58, K151, K212 and K345 in cell lines respectively (Supple-
mentary Fig. 7e). Intriguingly, IDH1 Kcr decreased significantly in
PA + OA-induced hepatocytes compared with bovine serum albu-
min (BSA)-induced hepatocytes (Supplementary Fig. 7e). Mean-
while, the quantity of IDH1 protein showed no change in the
PA + OA-induced MASLD hepatocytes models. The above results
confirm that it is the Kcr of IDH1 rather than the protein of IDH1 that
plays a significant role in the progression of MASLD in cellular level.

IDH1 Kcr is mediated by PCAF and SIRT7
Crotonyltransferases and their counteracting decrotonylases are
important for controlling various cellular processes23. Given the fact
that many acetyltransferases possess crotonyl-transferase activity38,
we transiently transfected HEK293T cells with p300, CBP, PCAF or
GCN5. Then the cell lysates were subjected to immunoblotting with a
PanKcr antibody. As shown in Fig. 4a, we found that the ectopic
expressionof PCAF, not p300/CBPorGCN5, promoted theKcrof IDH1,
suggesting that IDH1 Kcr is a function of PCAF. The endogenous Kcr of
IDH1was reduced by the reduction of PCAF (Fig. 4b). In addition, there
was an interaction between IDH1 and PCAF (Supplementary Fig. 8a).
These results demonstrate that PCAF might represent a physiological
crotonyltransferase for IDH1.

To identify the potential physiological decrotonylase(s) for IDH1,
we compared the treatment using nicotinamide (NAM), a sirtuin dea-
cetylase (SIRT) inhibitor with that using a histone deacetylase inhi-
bitor, trichostatin A (TSA) and found that the former effectively
increased IDH1 Kcr (Fig. 4c). Moreover, NAM also rescued the reduc-
tion in IDH1 Kcr induced by PA +OA (Supplementary Fig. 8b). Fur-
thermore, the ectopic expression of SIRT7, but not other SIRTs or
HDACs, was found to decrease PCAF-mediated Kcr of IDH1 (Fig. 4d, f

and Supplementary Fig. 8c). In contrast, the depletion of endogenous
SIRT7 using short interfering RNA (siRNA) increased Kcr of IDH1
(Fig. 4e). Moreover, there was also an interaction between IDH1 and
SIRT7 (Supplementary Fig. 8a), supporting the notion that SIRT7 is a
bona fide decrotonylase for IDH1.

To further characterize the role of PCAF and/or SIRT7 upon IDH1
Kcr regulation during the development of MASLD, we examined their
levels in the PA +OA-treated hepatocytes. The results showed that
either mRNA levels or protein levels of PCAF were lower in PA +OA-
treated than in BSA-treated AML12 cells and HepG2 cells, whereas the
levels of SIRT7 showed an inverse trend (Supplementary Fig. 9a, b).We
further validated PCAF/SIRT7-mediated IDH1 Kcr downregulation in
mouse primary hepatic cells (MPHs) under steatotic conditions (Sup-
plementary Fig. 10a, b). Intriguingly, this regulatory patternwas absent
in both RAW264.7 macrophages and LX-2 hepatic stellate cells (Sup-
plementary Fig. 10c, d), suggesting cell type-specific regulation of IDH1
Kcr. Taken together, Kcr of IDH1 was modulated by decrotonylase
SIRT7 and crotonyltransferase PCAF (Fig. 4g).

IDH1 Kcr is crucial for TCA cycle
IDH1 is a key enzyme involved in TCA cycle that catalyzes the con-
version of isocitrate to α-ketoglutarate (α-KG), with NADP+ as electron
receptor to generateNADPH30.Wefirst examinedwhetherKcr affected
the enzymatic activity of IDH1. We conducted K58, K151, K212 and
K345 simultaneously mutated to glutamine (4KQ) to mimick croto-
nylated IDH1. Wild-type IDH1, IDH1-4KR and IDH1-4KQ were recon-
stituted separately in AML12 cells in which endogenous IDH1 was
knocked down by siRNA. The knockdown efficiency of IDH1 and equal
expression levels of transfected constructs were validated by western
blotting (Supplementary Fig. 11a). Importantly, the knockdownof IDH1
was associated with a significant decrease in the enzymatic activity of
IDH1, an effect that could be completely rescued by overexpression of
siRNA-resistantwild-type IDH1or IDH1-4KQ, but not IDH1-4KR (Fig. 5a).
To investigate the metabolic consequences of IDH1 Kcr, we measured
IDH1 upstream and downstreammetabolites in AML12 cells subjected
to five experimental conditions: siControl + Vector, siIDH1 + Vector,
siIDH1 +WT, siIDH1 + 4KR and siIDH1 + 4KQ. IDH1 depletion triggered
significant accumulation of upstream metabolites citrate and iso-
citrate, consistent with impaired oxidative decarboxylation activity
(Fig. 5a, b and Supplementary Fig. 11b). While both wild-type IDH1 and
the 4KQ mutant restored metabolic homeostasis, the 4KR mutant
failed to rescue this phenotype. Conversely, α-KG levels exhibited
compensatory declines (Fig. 5c), whereas fumarate remained unal-
tered across the groups (Supplementary Fig. 11c). Notably, the 4KR
mutant uniquely disrupted cellular redox balance, as evidenced by an
increase in NADP+/NADPH ratio and a reduction in ATP production
compared to wild-type IDH1 (Fig. 5d, e). Changes in metabolites indi-
cate that IDH1 Kcr affects IDH1 activity and, consequently, the
TCA cycle.

Consistent with the above metabolic changes, we quantified
13C-labled metabolites via mass spectrometry from AML12 cells that
were fed 13C6-glucose for 12 h (Fig. 5f). These metabolites were

Fig. 3 | IDH1 Kcr at K58, K151, K212 and K345 sites decreases upon MASLD.
a Immunoprecipitation in HepG2 or AML12 cells with anti-PanKcr or anti-IgG fol-
lowed by immunoblotting with anti-IDH1. b Immunoprecipitations in HepG2 or
AML12 cells with anti-IDH1 or anti-IgG followed by immunoblotting with anti-
PanKcr. c Immunoprecipitations in HepG2 or AML12 cells treated with or without
PA +OA for 24 h using anti-PanKcr or anti-IgG followed by immunoblotting with
anti-IDH1.d Immunoprecipitations inHepG2or AML12 cells treatedwith orwithout
PA +OA using anti-IDH1 followed by immunoblotting with anti-PanKcr or anti-IgG.
e Schematic diagram of IDH1. f Sequence alignment homology around the four
crotonylation sites in different species IDH1. gK58, K151, K212 and K345 are key Kcr
sites of IDH1 in vivo. Immunoprecipitation assays in HEK293T cells upon over-
expression of the indicated Myc-tagged constructs with anti-Myc followed by

immunoblotting with anti-Myc and anti-PanKcr. h Immunoprecipitation assays in
HEK293T cells upon overexpressing Myc-tagged IDH1 WT or 4KR with anti-Myc
followed by immunoblotting with anti-Myc and anti-PanKcr. i The specificity of
antibodies against IDH1-K58cr, IDH1-K151cr, IDH1-K212cr and IDH1-K345cr was
verified by dot blot assays. The nitrocellulose membrane was spotted with the
indicated amounts of uncrotonylated or crotonylated IDH1 peptides and immu-
noblottedwith the indicated antibodies. jVerificationof the specificity of anti-IDH1-
K58cr, anti-IDH1-K151cr, anti-IDH1-K212cr and anti-IDH1-K345cr bywestern blotting.
Immunoprecipitation assays were performed in AML12 cells overexpressing the
indicated Myc-tagged IDH1 constructs with anti-Myc followed by immunoblotting
with the indicated antibodies, respectively. Source data are provided as a Source
Data file.
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designated in the study as the metabolite’s name followed by ‘M + n’
(‘M’ stands for molecular mass; ‘n’ indicates the number of heavy
carbons 13C in the metabolite). In IDH1-knockdown AML12 cells, IDH1-
4KR overexpression significantly reduced α-KGM + 2 levels compared
to the IDH1-WT group, while isocitrate M + 2 showed a non-significant
increasing trend (Fig. 5g and Supplementary Data 11). These findings

demonstrate that IDH1 Kcr inhibition impairs enzymatic activity,
leading to decreased isocitrate-to-α-KG conversion and consequent
TCA cycle dysfunction.

Next, we took Seahorse analysis to detect cellular energy
metabolic capacity in AML12 cells (Fig. 5h, i and Supplementary
Fig. 11d, e). We evaluated mitochondrial oxidative phosphorylation
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(OXPHOS) activity by measuring the oxygen consumption rate
(OCR). Compared with the control group, the knockdown of IDH1
exhibited lower basal respiration, maximal respiration, and ATP
production level, suggesting that IDH1 deficiency impairs oxygen
consumption rate and triggers mitochondrial exhaustion. However,
both the overexpression of IDH-WT and IDH1-4KQ in AML12
cells after knockdown of IDH1 brought a sharp upturn of oxygen
consumption, while the overexpression of IDH1-4KR did not,
indicating that the capacity of IDH1 mediating TCA cycle may have
been limited while the crotonylation decreased. Meanwhile, quanti-
tative analysis of glycolytic activity through extracellular acidifica-
tion rate (ECAR) demonstrated that in rescue experiments following
endogenous IDH1 depletion, both wild-type IDH1 and the 4KQ
mutant moderately impaired glycolysis, glycolytic capacity, whereas
the 4KR mutant showed no such effects. Moreover, analysis of the
basal OCR/ECAR ratio demonstrated that IDH1 Kcr significantly
modulates the balance between OXPHOS and glycolysis (Supple-
mentary Fig. 11f). Together, these findings indicate that the loss of
IDH1 Kcr impairs mitochondrial function more profoundly than gly-
colytic activity.

The NADP+-dependent IDH1 is an important metabolic enzyme
that generates NADPH. NADPH is required for reduced glutathione,
which is the major antioxidant against reactive oxygen species (ROS).
We additionallymeasuredROS levels and found that crotonylation null
mutant (KR mutation) increased ROS production (Fig. 5j). Based on
these findings, we observed that reduced crotonylation of IDH1 leads
to decreased protease activity, causing mitochondrial dysfunction.
This reduction in oxygen consumption results in inefficient mito-
chondrial electron transport, leading to increasedROSproduction and
promoting MASLD development.

We also measured the fatty acid beta-oxidation (FAO) effi-
ciency in AML12 cells and found that IDH1 4KR mutation can
decrease the efficiency of FAO (Fig. 5k). Based on these results, we
concluded that decreased IDH1 Kcr diminishes its enzymatic
activity, leading to mitochondrial dysfunction. This reduction in
oxygen consumption results in inefficient mitochondrial electron
transport, elevated ROS production, and ultimately contributes to
MASLD progression.

We next examined whether Kcr of IDH1 affected its subcellular
distribution. To this end, AML12 cells were transfected with constructs
encoding wild-type IDH1, IDH1-4KR and IDH1-4KQ respectively, and
subsequently subjected to immunofluorescence staining after been
fixed. The results showed that wild-type IDH1, IDH1-4KR and IDH1-4KQ
were similarly found in nucleus, cytoplasm, and mitochondria, sug-
gesting that Kcr on these sites has no obvious effect on the subcellular
localization of IDH1 (Supplementary Fig. 11g).

Previous studies show that active IDH1 enzyme form homodimers
and enhance its activity30,39. To further determine whether IDH1 Kcr
affects its dimer formation, we conducted co-transfection of
mutations, including Myc-IDH1-WT/4KR/4KQ and FLAG-IDH1 in
HEK293T cells. The results showed that the abolishment of IDH1 Kcr
promoted IDH1 dimer disruption to form monomers (Supplementary
Fig. 11h). Taken together, abrogation of IDH1 Kcr blocked its dimer
formation and impaired enzymatic activity, supporting that Kcr of
IDH1 is critical for TCA cycle during MASLD progression.

Downregulation of IDH1 Kcr promotes hepatic lipid
accumulation
To determine whether IDH1 Kcr may affect biological processes in the
liver, we first examined the effect of IDH1 Kcr on cellular lipotoxicity of
PA +OA-simulated AML12 cells. Wild-type IDH1, IDH1-K58R, IDH1-
K151R, IDH1-K212R, IDH1-K345R, IDH1-4KR and IDH1-4KQ were recon-
stituted respectively in AML12 cells in which endogenous IDH1 was
knocked down by siRNA (Fig. 6a–c). The knockdown efficiency of IDH1
and equal expression levels of transfected constructs were validated
by western blotting (Fig. 6c). Without PA +OA treatment, the knock-
down of IDH1 in AML12 cells led to an increase in the lipid deposition,
an effect that could be largely rescued by overexpression of wild-type
IDH1, IDH1-K58R, IDH1-K151R, IDH1-K212R, IDH1-K345R, IDH1-4KR and
IDH1-4KQ to equal extent.On the contrary, upon treatingwith PA +OA,
all these IDH1-KR mutants failed to ameliorate the elevated lipid
deposition in IDH1 deficient cells when compared with wild-type IDH1
and IDH1-4KQ (Fig. 6a–c), supporting that IDH1 Kcr protects liver cells
from cell lipid accumulation.

In addition, we sought to verify the role of PCAF and SIRT7 in IDH1
Kcr mediated cellular lipid accumulation. We detected that PCAF
knockdown contributes to an increase in the lipid deposition in AML12
cellswith orwithout PA +OA treatment (Fig. 6d–f). Consistently, SIRT7
overexpression showed the same tendency in AML12 cells with or
without PA +OA treatment (Fig. 6g–i). These results suggested that
block of IDH1 Kcr enhances cellular lipotoxicity as well as PCAF
knockdown or SIRT7 overexpression.

IDH1-4KR exacerbates lipid accumulation and disrupts TCA
cycle function in HFD-fed mice
To confirm the role of IDH1 Kcr in MASLD development, we generated
adeno-associated virus (AAV)8-IDH1-WT, AAV8-IDH1-4KR, and AAV8-
IDH1-4KQ expression vectors and injected them through the tail veins
of C57BL/6 J mice, which were then fed a HFD respectively (Fig. 7a, b
and Supplementary Fig. 12a). The knockdown efficiency of IDH1 Kcr of
transfected constructs were validated by western blotting (Fig. 7c,
Supplementary Fig. 12a). Strikingly, IDH1-4KQ mice had a lower body
weight than the corresponding control mice (Fig. 7b, d). These mice
also displayed significantly improved glucose tolerance and decreased
insulin resistance (Fig. 7e, f). Moreover, HFD-induced hepatic steatosis
was improved in IDH1-4KQmice, and these mice also had a lower liver
weight than the control mice (Fig. 7g–k).

We tested the effects of Kcr on IDH1 enzymatic activity in vivo.
IDH1 enzymatic activity was significantly higher in the IDH1-WT
group than in the Vector group, while IDH1-4KR overexpression
reduced activity versus IDH1-WT, and IDH1-4KQ group markedly
enhanced it (Fig. 7l). We then measured IDH1 upstream and down-
stream metabolites and FAO efficiency in mouse liver tissues. Iso-
citrate levels were elevated in the Vector group compared to the
IDH1-WT group, further increased in the IDH1-4KR group, and sig-
nificantly decreased in the IDH1-4KQ group (Fig. 7m). Conversely,
α-KG levels were reduced in the Vector and IDH1-4KR groups com-
pared to the IDH1-WT group, but significantly increased in the IDH1-
4KQ group (Fig. 7n). Above all, isocitrate and α-KG levels indicated
IDH1 enzymatic activity. Elevated IDH1 activity in mouse liver tissue
corresponded to increased α-KG and decreased isocitrate levels,

Fig. 4 | IDH1 Kcr is mediated by PCAF and SIRT7. a Immunoprecipitation assays
with anti-Myc in HEK293T cells co-transfected with Myc-tagged IDH1 and HA-
tagged HATs followed by immunoblotting with antibodies against the indicated
proteins. b Immunoprecipitation assays with anti-IDH1 in HEK293T cells trans-
fected with control siRNA or siRNA targeting PCAF followed by immunoblotting
with anti-PanKcr or anti-IgG. cHEK293T cells were expressedMyc-tagged IDH1 and
then treatedwith 3μMTSAor 5mMNAMfor 12 h, immunoprecipitation assayswith
anti-Myc followed by immunoblotting with antibodies against the indicated pro-
teins. d Immunoprecipitation assays with anti-Myc in HEK293T cells transfected

with Myc-tagged IDH1 and FLAG-tagged SIRTs followed by immunoblotting with
antibodies against the indicated proteins. e Immunoprecipitation assays with anti-
IDH1 in HEK293T cells transfected with control siRNA or siRNA targeting SIRT7
followed by immunoblotting with anti-PanKcr or anti-IgG. f Immunoprecipitation
assays with anti-Myc in HEK293T cells co-transfected with Myc-tagged IDH1, HA-
tagged PCAF and FLAG-tagged SIRT7, followed by immunoblotting with the indi-
cated antibodies. g Schematic diagram of dynamic regulation of IDH1 Kcr by PCAF
and SIRT7. Source data are provided as a Source Data file.
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whereas reduced IDH1 activity showed the opposite trend. NADP+/
NADPH ratio showed a progressive increase in the Vector group
relative to the IDH1-WT group, with further elevation in the IDH1-4KR
group, while the IDH1-4KQ group exhibited a significant reduction
(Fig. 7o). Compared to IDH1-WT mice, IDH1-4KR mice exhibited
lower FAO efficiency, whereas IDH1-4KQ mice showed the reverse
(Fig. 7p). TC, TG, and FFA levels in mouse liver tissue showed a

consistent pattern, elevated in the Vector group compared to the
IDH1-WT group, significantly increased with IDH1-4KR over-
expression, and significantly decreased with IDH1-4KQ over-
expression (Fig. 7q–s). The blood analysis results in mice were
consistent with the liver tissue findings (Supplementary Fig. 12b).
These data support a physiological protective role for IDH1 Kcr in
HFD-induced obesity and MASLD.
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PCAF/SIRT7-mediated IDH1 Kcr is impaired in the livers both
MASLD mice and patients
To further validate the LC-MS/MS results and confirm the expression
patterns of PCAF/SIRT7-IDH1 Kcr axis in MASLD, we established a
second mouse cohort independently replicated with the first cohort
shown in Supplementary Fig. 1 (Supplementary Fig. 13, n = 5 per
group). Comprehensive analysis of liver tissues from both cohorts
demonstrated that IDH1 expression remained stable atbothmRNAand
protein levels in HFD-fedMASLD and post-bariatric surgery conditions
(Fig. 8a–d). Specifically,MASLD induced a loss of IDH1 Kcr at K58, K151,
K212, and K345, which was rescued by VSG treatment (Fig. 8a-d). We
also detected decreased PCAF levels and increased SIRT7 levels in the
livers of HFD-fed MASLD mice than in the livers from the corre-
sponding controls, as well as increased PCAF levels and decreased
SIRT7 levels in the livers of VSG mice than in the livers from PAIR-FED
group (Fig. 8a–d). These in vivo findings not only corroborated our
previous observations in PA +OA-treated cells, but also aligned with
reported metabolic characteristics of Sirt7 KO mice, which exhibit
resistance to HFD-induced obesity and hepatic steatosis, contrasting
sharply with other sirtuin deficiencies40. Collectively, our results
demonstrate that impaired PCAF/SIRT7-regulated IDH1 Kcr is
mechanistically linked to MASLD progression at the animal level and
can be therapeutically targeted by VSG intervention.

To comprehensively evaluate the role of IDH1 Kcr in MASH
progression, we employed two distinct liver fibrosis models: Gubra
Amylin NASH (GAN) diet-induced obese MASH mice (Fig. 9a, b, d
and f) and methionine choline-deficient (MCD) diet-induced lean
MASH mice with liver fibrosis (Fig. 9g, h, j and l). Strikingly, both
models recapitulated our key findings from MASLD mice. Com-
pared to NCDmice, neither GAN nor MCD diet-induced MASHmice
exhibited significant changes in IDH1 protein or mRNA levels,
whereas IDH1 Kcr was significantly diminished (Fig. 9c, e, i and k).
Consistent with our previous observations, PCAF was down-
regulated whereas SIRT7 was upregulated in both obese (GAN) and
lean (MCD) MASH mice (Fig. 9c, e, i and k). These parallel results
across three different diseases models (HFD-MASLD, GAN-MASH,
MCD-MASH) strongly suggest that dysregulation of the PCAF/
SIRT7-IDH1 Kcr axis represents a conserved molecular mechanism
contributing to MASLD progression into MASH.

To confirm the clinical relevance of our findings,wenext analyzed
liver tissues from healthy donors, MASLD patients, andMASH patients
(Fig. 10a). Western blotting analysis of keymolecularmarkers revealed
that IDH1 Kcr levels showed a progressive decline from healthy con-
trols to MASLD and further to MASH patients, suggesting a potential
role in disease progression (Fig. 10b). Additionally, we observed a
consistent pattern of decreased PCAF and increased SIRT7 expression
in patient samples (Fig. 10b, c and Supplementary Fig. 14a), which
mirrored the corresponding changes in mRNA and protein levels
observed in our cellular andmurinemodels. Moreover, we studied the
association between the elevated hepatic SIRT7 levels and the MASLD
progression in publicly available transcriptome profiles of two inde-
pendent cohorts comprising patients with the full histological spec-
trumofMASLD (Fig. 10d and Supplementary Fig. 14b) (GSE130970 and
GSE135251). However, PCAF showed no significant change, suggesting

SIRT7-dependent IDH1 Kcr downregulation during the MASLD
progression.

Our multi-layered evidence from cellular, animal, and clinical
models demonstrates that PCAF/SIRT7-regulated IDH1 Kcr underlies
MASLD pathogenesis, while VSG intervention rescues this defect.
These results position the PCAF/SIRT7-IDH1 Kcr axis as an evolutio-
narily conserved mechanism-based therapeutic strategy and diag-
nostic biomarker for MASLD/MASH progression.

Discussion
The widespread prevalence of MASLD, the attendant risks for meta-
bolic and hepatic complications8,13, and the lack of approved therapies
are significant hurdles, but there is no solid and mechanistic founda-
tion for tackling this challenge. In this study, we revealed a significantly
alteredprotein Kcr in the livers ofHFD-inducedMASLDmice and in the
livers of VSG-improvedhepatic steatosis.We identified 17,408Kcr sites
in 3913 proteins, representing by far the first crotonylome dataset
associated with MASLD (Fig. 1). Our study expands the depth of Kcr
proteome and provides a comprehensive picture of Kcr of proteins in
diverse cellular pathways. Importantly, Kcr of enzymes in cellular
metabolism, especially TCA cycle, glycolysis, and fatty acid metabo-
lism, exhibits a response to MASLD progression. Therefore, our find-
ings indicate a direct link between the metabolic enzyme Kcr and
MASLD pathogenesis, demonstrating that Kcr serves as a crucial
modulator in both cellular metabolism and epigenetic regulation
during MASLD progression. MASLD is the fastest-growing cause of
HCC2 and the key role of Kcr in HCC has been identified27,28, but its
function in non-malignant conditions like MASLD remains
unanswered.

It is reported that the alterations in dysregulated TCA cycle
activity may play a central role in the pathogenesis of MASLD41,42.
Among these proteins in TCA cycle, the core target of Kcr modifica-
tion, IDH1, was also identified, which is a highly conserved protein
among species and can convert isocitrate to α-KG in the TCA cycle. We
found that Kcr affected IDH1 activity as well as the formation of IDH1
dimer, though it did not affect its localization (Fig. 5a, Supplementary
Fig. 11g, h).More importantly, with the blockof IDH1Kcr inMASLD, the
IDH1 activity was partially lost, which led to the reduction of the
downstream metabolite α-KG. However, this phenomenon was res-
cued after the increase of IDH1 Kcr, suggesting that the change ofα-KG
content might be a potential target for the treatment of MASLD. Loss
of IDH1 Kcr resulted in reduced NADPH production, which subse-
quently elevated ROS levels. Concurrently, OCR was diminished, while
ECAR was increased, indicating a metabolic shift toward glycolysis.
Furthermore, the inhibition of FAO led to the accumulation of free
fatty acid (FFA), TC and TG. These combined effects exacerbated the
progression of MASLD.

IDH1 can be regulated by various PTMs including phosphoryla-
tion, acetylation and ubiquitination32,43,44. For example, IDH1 has
been reported to undergo phosphorylation at Y135 and Y139, which is
co-clustered with R132H and R132C mutants and associated with sev-
eral cancers33. In addition, recent studies indicate that SIRT2-
dependent IDH1 K224 deacetylation regulates cellular metabolism
and inhibits liver metastasis of colorectal cancer32. In our study, we

Fig. 5 | IDH1 Kcr enhances enzymatic activity and is essential for TCA cycle
function. a AML12 cells were treated with specific siRNA targeting IDH1 3’ UTR or
control siRNA for 24 h before transfection with the indicated Myc-tagged con-
structs. IDH1 activity assaywith purified indicatedMyc-tagged immunoprecipitates
from AML 12 cells (n = 3/group). b, c Histogram displaying Isocitrate (b) and α-KG
(c) levels in AML12 cells (n = 3/group) described in (a). d, e Histogram displaying
NADP+/NADPH ratio (d) and ATP levels (e) in AML12 cells (n = 3/group) described in
(a). f Schematic diagram of 13C-labeled D-13C6 glucose in glycolysis and the TCA
cycle. g Histogram showing changes in TCA cycle (upper) or glycolysis (lower)-
relatedmetabolites among IDH1-WTand IDH1mutants (n = 3/group).hTheOxygen

consumption rate (OCR) in AML12 cells (n = 6/group) with endogenous IDH1
knockdown and reconstituted expression of IDH1 WT, IDH1 4KR or 4KQ.
i Quantification of Basal respiration, maximal respiration, and ATP production
(n = 6/group). j Representative fluorescence images reflecting ROS level in AML12
cells described in (a), scale bar: 50μm. k Fatty acid beta oxidation (FAO) efficiency
in AML12 cells (n = 3/group) described in (a). Data are shown as the mean ± SD. P
values were obtained using one-way ANOVA followed by Tukey’s multiple com-
parisons test (a–e, h, i, k) or Sidak test (g). Source data are provided as a Source
Data file.
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found that K58cr, K151cr, K212cr and K345cr are involved in TCA
cycle during HFD-induced or bariatric surgery-improved MASLD.
We are also aware that K58, K151, K212 and K345 have been described
previously as ubiquitylated (K58 and K345 are also acetylated and
K151 is also SUMOylated) by proteomic studies, though their functions

have not been characterized43,45. We have performed Immunoprecipi-
tation assays in AML12 cells and found that PA +OA did not affect
the level of IDH1 ubiquitination, SUMOylation and acetylation (Fig. 3d
and Supplementary Fig. 7f), reinforcing the notion that IDH1 Kcr
was largely performed under steatotic conditions. Owing to the fact
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Fig. 6 | IDH1 crotonylation attenuates lipid deposition in AML12 cells. a AML12
cells were treated with control or IDH1 siRNA for 24h, followed by expression of
Myc-tagged Vector, IDH1-WT, IDH1-K58R, IDH1-K151R, IDH1-K212R, IDH1-K345R,
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bars: 100μm. b Quantification of the Oil Red O staining area as described in (a)
(n = 6/group). c The expression of the indicated proteins was measured in AML12
cells as described in (a).d AML12 cells were treatedwith control or PCAF siRNA for
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e Quantification of the Oil Red O staining area as described in (d) (n = 3/group).

f The expression of the indicated proteins was measured in AML12 cells as
described in (d). g FLAG-tagged SIRT7 were expressed in AML12 cells for 48h,
followed by treatment with BSA (top) or 0.5mM PA+OA (bottom) for 24h, fixed
and stained with Oil Red O. Scale bars: 100μm. h Quantification of the Oil Red O
staining area as in (g) (n = 3/group). i The expression of the indicated proteins was
measured in AML12 cells as described in (g). Data are shown as the mean± SD. P
values were obtained using one-way ANOVA followed by Tukey’s multiple com-
parisons test (b) or two-tailedunpaired Student’s t-test (e,h). All experimental data
were verified at least three independent experiments. Source data are provided as
a Source Data file.
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that our data regarding the function of Kcr on these sites are mainly
derived from K to R (or Q) mutagenesis analysis, we could not fully
exclude the possibility that other modifications of these sites may also
play a role during MASLD. Further characterization of the regulator
that targets IDH1 in response to MASLD and deciphering their
mechanistic details would help to better clarify the function of Kcr of

IDH1 on these sites. Clearly, how multiple PTMs coordinately regulate
the function of IDH1 in different cell metabolism events remains to be
further investigated.

Next, wedemonstrated PCAF and SIRT7 are themain regulatorsof
Kcr of IDH1 on these sites, we are aware that the level of IDH1 Kcr could
be regulated by other factors, such as crotonyltransferases and/or
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decrotonylases, which could also contribute to the regulation
of dynamics of IDH1 Kcr during MASLD progression. In addition,
beased on patients’ results (Fig. 10a–d and Supplementary Fig. 14c)
and by querying published clinical data sets showed a clear upregu-
lation of SIRT7 and no significant change of PCAF, suggesting
that targeting SIRT7-dependent IDH1 decrotonylation might provide
a potential therapeutic approach against MASLD development
(Fig. 10d). Similarly, using The Cancer Genome Atlas (TCGA) database,
we found that the hepatic SIRT7 mRNA levels were upregulated
in HCC (Supplementary Fig. 14c). The role of SIRT7-dependent IDH1-
decrotonylation in the progression from early MASLD to MASH, as
well as from non-malignant hepatic diseases to HCC, requires further
investigation.

Bariatric surgery ameliorates obesity and MASLD, but the mole-
cular mechanism of VSG-improved MASLD remains unclear46. The
comparison of liver in mice before and after bariatric surgery showed
that MASLD-associated Kcr changes could be partially reversible.
Especially, the protein levels of PCAF and SIRT7 and Kcr of IDH1 were
changed by VSG intervention (Fig. 8), suggesting that there exists a
potential target for explaining the reduction of hepatic steatosis after
VSG. We are aware that other Kcr proteins also play an important role
after VSG. More similar proteomic analyses combined with focused
functional analyses in the future might help decode the crotonylome
and the role for Kcr in the regulation ofmultiplemetabolic parameters
following VSG. In addition, whether other bariatric-metabolic sur-
geries, like Roux-en-Y gastric bypass (RYGB), exhibit similar effects on
MASLD is unclear. Likewise, the epigenetic remodeling signature after
bariatric-metabolic surgery provides a data set of epigenetic organ
remodeling in mice and may reinforce our understanding of liver
regeneration.

Collectively, we demonstrated that IDH1 is the core target of
HFD-induced and bariatric surgery-improved MASLD-associated
Kcr signature. Mechanistically, the crotonylation-mimic mutant of
IDH1 enhances its enzymatic activity and protects cells against
hepatic steatosis, whereas the crotonylation-null mutant of IDH1
reduces the Kcr of IDH1 and impairs TCA cycle function. PCAF and
SIRT7 are key regulators of IDH1 Kcr. Given the great need for
therapeutic targets and pharmacotherapies for MASLD, these
findings highlight anti-IDH1 Kcr as a potential pharmaceutical tar-
get for the treatment of MASLD.

Methods
Cell culture and transfection
AML12, HepG2 and HEK293T cells were obtained from the American
Type Culture Collection (ATCC, Manassas, Virginia, USA). AML12 cells
were maintained in Dulbecco’s Modified Eagle Medium/Nutrient Mix-
ture F-12 (DMEM: F-12) (Gibco) supplemented with 10% fetal bovine
serum (FBS) (Hyclone), ITS supplement (5 μg/mL insulin, 5 μg/mL
transferrin, 5 ng/mL selenium; Collaborative Biomedical Products,
Bedford, MA), 40 ng/mL dexamethasone, and 1% (100 U/mL-100 μg/
mL) penicillin-streptomycin (HyClone). HepG2 cells were maintained

in Dulbecco’s Modified Eagle’s Medium (DMEM) (ThermoFisher Sci-
entific) supplemented with 10% FBS and 1% penicillin-streptomycin
(HyClone). HEK293T cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Gibco) supplemented with 10% FBS and 1%
penicillin-streptomycin (HyClone). RAW264.7 cells weremaintained in
DMEM (Gibco) containing 10% FBS and 1% penicillin-streptomycin
(HyClone). LX-2 cells were cultured in DMEM (Gibco) containing 10%
FBS, 1% penicillin-streptomycin (HyClone), and 2 mM L-glutamine.
Mouse primary hepatic cells (MPHs) were cultured in William’s E
medium supplemented with 10% FBS, 1% penicillin-streptomycin
(HyClone) and primary hepatocyte maintenance supplement (Gibco).
The cells were incubated at 37 °C in a humidified chamber containing
5% CO2. To induce lipid deposition, cells were treated with 0.5-mM
palmitic acid (PA) and oleic acid (OA) for 24 h at a ratio of 1:2(V/V) PA:
OA. All transfections were carried out using LipofectamineTM 3000
transfection reagent (ThermoFisher Scientific) according to the man-
ufacturer’s recommendations. Cells were transfected with siRNA oli-
gonucleotides using LipofectamineTM RNAiMAX (ThermoFisher
Scientific) with the final concentration at 25 nM. Sequences of siRNA
oligonucleotides are listed in Supplementary Data 13.

Hepatocyte isolation and culture
Hepatocytes were isolated by a two-step collagenase perfusion tech-
nique with modifications. Briefly, the inferior vena cava (IVC) was
cannulated with a 24-gauge 3/4-inch angiocatheter (BD) and the portal
vein was cut. The liver was perfused via the inferior vena cava with
100mL of Liver Perfusion Medium (LP, Invitrogen) at 37 °C, followed
by perfusion with 100mL of collagenase type IV (Wellington) in HBSS
containing Ca2+ and Mg2+ (GIBCO). After the liver was digested, it was
dissected out and cut into small pieces and passed through a 100μm
strainer (Falcon). Hepatocytes were separated from non-parenchymal
cells (NPCs) by low-speed centrifugation (50 g × 5mins × 3, brake = 2),
and further purified by Percoll gradient centrifugation (50 % v/v,
Sigma)47,48.

Patients and clinical specimens
Human liver samples were obtained from 41 individuals (15 men, 26
women, aged more than 18 years) who underwent laparoscopic cho-
lecystectomy at the Beijing Friendship Hospital (Beijing, China). Writ-
ten informed consent was obtained from all patients before their
enrollment, and the study protocol was approved by the Human
Institutional Review Board of Beijing Friendship Hospital (approval
numbers 2025-P2-052-02). Liver samples from individuals who
engaged in excessive alcohol consumption (> 140 g for men or > 70 g
for women, per week) or drug abuse, or who had a viral infection (e.g.,
hepatitis B virus or hepatitis C virus), were excluded. A total of 22
patients were defined as exhibiting characteristic fatty liver changes.
Samples without fibrosis were included in the simple steatosis group,
while samples showing fibrosis were classified as the MASH group.
Studies using human specimens were approved by the Beijing
Friendship Hospital.

Fig. 7 | IDH1-4KR exacerbates lipid accumulation and disrupts TCA cycle
function in HFD-fed mice. a Schematic of the HFD-induced MASLD model.
b Photos of AAV8-TBG-ZsGreen, AAV8-TBG-IDH1-WT, AAV8-TBG-IDH1-4KR, and
AAV8-TBG-IDH1-4KQmice.cRepresentativewesternblottinganalysis of liver FLAG-
IDH1 and α-Tubulin expression levels in the mice described in (a). d Body weight
was measured weekly in AAV8-ZsGreen, AAV8-IDH1-WT, AAV8-IDH1-4KR, or AAV8-
IDH1-4KQmice (n = 8/group). eBlood glucose concentrationwas determined using
the insulin tolerance test (ITT) in 22-week-old mice (n = 8/group). IP: IDH1-WT vs.
IDH1-4KR; IIP: IDH1-WT vs. IDH1-4KQ. f Blood glucose concentration was deter-
mined using the intraperitoneal glucose tolerance test (IPGTT) in 22-week-oldmice
(n = 8/group). IP: IDH1-WT vs. IDH1-4KR; IIP: IDH1-WT vs. IDH1-4KQ.gRepresentative
images of liver morphology (top) and liver sections stained with H&E (middle), or
Oil Red O (bottom) are shown. Scale bars: 100μm. h, i NAS score (h) and

quantification of the Oil Red O staining of liver sections (i) from each group (n = 8/
group). The stained area of each liverwas normalized to the control group average.
j, k Liver weight (j) and liver index (k) of the mice (n = 8/group) described in (a)
were measured. l IDH1 activity assay in the livers of the mice (n = 8/group) descri-
bed in (a).m,nHistogram showing Isocitrate (m) andα-KG (n) levels in the livers of
mice (n = 8/group) indicated in (a). o Histogram displaying NADP+/NADPH ratio in
the livers of mice (n = 8/group) indicated in (a). p FAO efficiency in the livers of the
mice (n = 8/group) described in (a). q–s Histogram showing hepatic total choles-
terol (TC) (q), triglyceride (TG) (r) and Free fatty acids (FFA) (s) concentrations in
the livers of mice (n = 8/group) indicated in (a). Data are shown as the mean ± SD.
P values were obtained using one-way ANOVA followed by Tukey’s multiple com-
parisons test. Source data are provided as a Source Data file.
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Fig. 8 | In HFD-induced MASLD mice models, PCAF/SIRT7-mediated IDH1 Kcr
axis is downregulated, whereas VSG reverses these effects. a Protein lysates
from the livers of NCD, HFD, VSG, and PAIR-FED mice (n = 5/group) from first
cohort were extracted for western blotting using IDH1-K58cr, IDH1-K151cr, IDH1-
K212cr, IDH-K345cr, PCAF, SIRT7, IDH1 andα-Tubulin antibodies. b Relative mRNA
levels of Pcaf (left), Sirt7 (middle), and Idh1(right) in NCD, HFD, VSG and PAIR-FED
mice from first cohort. c Protein lysates from the livers of NCD, HFD, VSG, and

PAIR-FED mice (n = 5/group) from second cohort were extracted for western
blotting using IDH1-K58cr, IDH1-K151cr, IDH1-K212cr, IDH-K345cr, PCAF, SIRT7,
IDH1 andα-Tubulin antibodies.d RelativemRNA levels of Pcaf (left), Sirt7 (middle),
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shownas themean ± SD. P valueswere obtained usingone-way ANOVA followedby
Tukey’s multiple comparisons test. All experimental data were verified at least
three independent experiments. Source data are provided as a Source Data file.
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Fig. 9 | In MASH mice models, PCAF/SIRT7-mediated IDH1 Kcr axis is sig-
nificantlydecreased. a Schematic overview of the GAN-MASHmodels. Created in
BioRender. Liu, S. (2025) https://BioRender.com/vr8ptir. b Photos of NCD and
GAN group mice at 34 weeks. c Protein lysates from the livers of NCD and GAN
mice were extracted for western blotting using IDH1-K58cr, IDH1-K151cr, IDH1-
K212cr, IDH-K345cr, IDH1, PCAF, SIRT7, α-SMA and α-Tubulin antibodies. d Body
weight of NCD and GAN group mice (n = 10/group) at 34 weeks. e Relative mRNA
levels of Pcaf, Sirt7, and Idh1 in NCD and GAN mice. f Representative images of
liver tissues from NCD and GAN group mice (n = 10/group) were presented,
including H&E-stained sections, Oil Red O staining, Masson’s trichrome staining,
Sirius red staining, NAS scores, and relative Oil Red O area. Scale bars: 100μm.
g Schematic overview of the MCD-MASH models. Created in BioRender. Liu, S.

(2025) https://BioRender.com/vr8ptir. h Photos of NCD and MCD group mice at
14 weeks. i Protein lysates from the livers of NCD and MCD mice were extracted
for western blotting using IDH1-K58cr, IDH1-K151cr, IDH1-K212cr, IDH-K345cr,
IDH1, PCAF, SIRT7 α-SMA and α-Tubulin antibodies. j Body weight of NCD and
MCD groupmice (n = 10/group) at 14 weeks. k RelativemRNA levels of Pcaf, Sirt7,
and Idh1 in NCD andMCDmice. l Representative images of liver tissues fromNCD
and MCD group mice were presented, including H&E-stained sections, Oil Red O
staining, Masson’s trichrome staining, Sirius red staining, NAS scores, and rela-
tive Oil RedO area. Scale bars: 100 μm. Data are shown as themean ± SD. P values
were obtained using two-tailed unpaired Student’s t-test. Data were verified in
three (c, e, i, k) independent experiments. Source data are provided as a Source
Data file.
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Fig. 10 | The PCAF/SIRT7-mediatded IDH1Kcr exhibits progressive suppression
in parallel with advancement of MASLD. a Representative images of liver tissues
from healthy controls, MASLD and MASH patients were presented, including H&E-
stained sections, Oil Red O staining, Masson’s trichrome staining and Sirius red
staining. Scale bars: 100 μm. b Protein lysates from the liver tissues from healthy,
MASLD and MASH patients were extracted for western blotting using IDH1-K58cr,
IDH1-K151cr, IDH1-K212cr, IDH-K345cr, IDH1, PCAF, SIRT7, α-SMA and α-Tubulin
antibodies. c Relative mRNA expression levels of PCAF and SIRT7 in liver tissues

from healthy and MASLD patients (n = 16/group). d Hepatic PCAF and SIRT7 levels
were associated to MASLD progression in two independent cohorts (GSE135251,
GSE130970). e Schematic outline illustrates the mechanisms that the PCAF/SIRT7-
mediatded IDH1 Kcr alleviates MASLD progression by enhancing the TCA cycle.
Created in BioRender. Liu, S. (2025) https://BioRender.com/rxqskmj. Data are
shown as the mean± SD. P values were obtained using two-tailed unpaired Stu-
dent’s t-test. All data were verified in three independent experiments. Source data
are provided as a Source Data file.
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Mice models
All mice used were the C57BL/6 J background. Six-week-old male mice
(weight, 18–20 g) were purchased from HFK Bio Inc (Beijing, China).
Mice were randomly divided into different groups and housed in a
specific pathogen-free environment with the temperature ranging
from 20 °C to 25 °C under a 12 h:12 h light/dark cyIcle with ad libitum
access to water. To establish MASLD models, mice were fed a high-fat
diet (HFD) (protein, 18.1%; fat, 61.6%; and carbohydrates, 20.3%;
Research Diet, New Jersey, USA) for 12 weeks or 20 weeks49. Control
group mice were fed a normal chow diet (NCD) (protein, 18.3%; fat,
10.2%; and carbohydrates, 71.5%; HFKBio Inc, Beijing, China). The high-
fat mice were randomized into the vertical sleeve gastrectomy (VSG),
PAIR-FED, and High fat diet (HFD) groups (n = 5/cohort, two complete
experimental repeats at 1-month intervals). In the PAIR-FED group, the
mice underwent a sham operation and received the same type and
quantity of food as that given to the VSG group mice on the previous
day50. In the HFD group, the mice underwent a sham operation and
received a high-fat diet freely. The NCD groupmice underwent a sham
operation andwere continuously fed a normal chowdiet (n = 5/cohort,
two complete experimental repeats at 1-month intervals). To establish
MASH models, mice were fed Gubra Amylin NASH (GAN) diet (high
transfat, 44%; high cholesterol, 2%; high fructose, 22%, Dyets, USA) for
28weeks (n = 10)51.We also fedmicewithmethionine-choline-deficient
(MCD) diet (21% fat, 63% carbohydrate, 16% protein, Research Diet,
New Jersey, USA, A02082002BR) for 6 weeks (n = 10) to establish lean
MASH combined liver fibrosis mice52. For hepatocyte-specific IDH1
overexpression in C57BL/6 mice, mice were injected via the tail vein
with adeno-associated virus 8 (AAV8)-thyroxine binding globulin
promoter (TBG)-ZsGreen, AAV8-IDH1-WT, AAV8-IDH1-4KR and AAV8-
IDH1-4KQ.Micewere administeredwith 3 × 1011 genome copies/mouse
of AAV in 100μL phosphate buffered saline (PBS) at 6 weeks, followed
by feeding high-fat diet for 22 weeks; for each AAV8-IDH1 group, n = 8
mice. Body weight was measured weekly, and intraperitoneal glucose
tolerance tests (IPGTT) and insulin tolerance tests (ITT) were con-
ducted following a 12-hour fast. At the end of the study, mice were
euthanized by sodium pentobarbital injection (100mg/kg, i.p.), with
subsequent collection of liver, blood, and adipose tissues. The animal
studies were performed in compliance with ethical guidelines for
animal studies and approved by the Institutional Animal Care and
Ethics Committee of Beijing Friendship Hospital (approval numbers
20-2033).

Mice surgery
Perioperative adaptation and intervention were performed accord-
ing to a previously published protocol50. All mice received sustained-
release meloxicam (1mg/kg, Mobic®, Boehringer Ingelheim, Ger-
many) before surgery for pain control and Avertin (20mg/mL, Sigma-
Aldrich, USA) for anesthesia. Inmice undergoing VSG, the lateral 80%
of the stomachwas isolated by an electric scalpel, followedby cutting
parallel to the smaller curvature and using double-layer sutures
(continuous full-thickness and Lembert sutures) to construct the
sleeve. Sham surgery had analogous manipulation and isolation of
the stomach but without excision. Mice were maintained on a liquid
diet (Two Cal® HN, Abbott Nutrition, USA) until 3 days post-
operatively. Solid HFD or NCD were reintroduced to mice on post-
operative day 4. Their body weight was measured at a fixed time
every week for 8 weeks postoperatively.

Protein extraction and trypsin digestion
The samplewas grindedwith liquid nitrogen into cell powder and then
transferred to a 5mL centrifuge tube. After that, four volumes of lysis
buffer (1% Triton X-100, 1% protease inhibitor cocktail, 3μM TSA and
50mM NAM) was added to the cell powder, followed by sonication
three minutes on ice using a high intensity ultrasonic processor (Sci-
entz). The remaining debris was removedby centrifugation at 12,000 g

at 4 °C for 10min. The supernatant was collected, and the protein
concentration was determined with BCA kit according to the manu-
facturer’s instructions.

For digestion, the sample was slowly added to the final con-
centration of 20% (m/v) TCA to precipitate protein, then vortexed to
mix and incubated for 2 h at 4 °C. The precipitate was collected by
centrifugation at 4500 g for 5min at 4 °C. The precipitated protein was
washed with 200mM triethylammonium bicarbonate (TEAB) and
ultrasonically dispersed. Trypsin was added at 1:50 trypsin-to-protein
mass ratio for the first digestion overnight. The sample was reduced
with 5mM dithiothreitol for 60min at 37 °C and alkylated with 11mM
iodoacetamide for 45min at room temperature in darkness. Finally,
the peptides were desalted by Strata X SPE column.

HPLC fractionation
The tryptic peptides were fractionated into fractions by high-pH
reverse-phase HPLC using a Thermo Betasil C18 column (particle size,
5μm; inside diameter, 4.6mm; length, 250mm). Briefly, peptides were
first separated with a 2% to 60% acetonitrile gradient in 10mM
ammonium bicarbonate (pH 10) over 60min into 60 fractions. Then,
the peptides were combined into nine fractions and dried by vacuum
centrifugation.

Kcr peptide enrichment
Tryptic peptides were dissolved in the NETN buffer (100-mM NaCl,
1-mM EDTA, 50-mM Tris-HCl, and 0.5% NP-40; pH 8.0) and then
incubated with pre-washed crotonyllysine (Kcr) antibody con-
jugated agarose beads (Lot number PTM503, PTM Bio) at a ratio of
15 μL of beads per milligram of protein at 4 °C overnight. The anti-
body beads were washed four times with the NETN buffer and twice
with deionized water. The beads-bound Kcr peptides were then
eluted three times using 0.1% trifluoroacetic acid (TFA). Before
being subjected to LC-MS/MS analysis, the eluted peptides were
cleaned with C18 ZipTips (Millipore), according to the manu-
facturer’s instructions.

LC-MS/MS analysis
The tryptic peptideswere dissolved in solvent A, directly loaded onto a
home-made reversed-phase analytical column (25 cm length, 100μm
i.d.). The mobile phase consisted of solvent A (0.1% formic acid, 2%
acetonitrile/in water) and solvent B (0.1% formic acid in acetonitrile).
Peptides were separated with following gradient: 0–40min, 7–24%B,
40–52min, 24–32%B, 52–56min, 32–80%B, 56–60min, 80%B, and all
at a constant flow rate of 450nl/minon a NanoElute UHPLC system
(Bruker Daltonics).

The peptides were subjected to capillary source followed by the
timsTOF Promass spectrometry. The electrospray voltage applied was
1.65 kV. Precursors and fragments were analyzed at the TOF detector,
with a MS/MS scan range from 100–1700. The timsTOF Pro was
operated in parallel accumulation serial fragmentation (PASEF) mode.
Precursors with charge states 0–5 were selected for fragmentation,
and 10 PASEF-MS/MS scans were acquired per cycle. The dynamic
exclusion was set to 24 s.

Database searching and protein quantification
The resulting MS/MS data were processed using MaxQuant search
engine (v.1.6.15.0). Tandem mass spectra were searched against the
Mus_musculus_10090_SP_20210721.fasta (17089 entries) concatenated
with reversedecoy and contaminants database. Trypsin/Pwas specified
as cleavage enzyme allowing up to 2 missing cleavages. Min. peptide
length was set as 7 and max. number of modification per peptide was
set as 5. Themass tolerance for precursor ionswas set as 20ppm in first
search and 20ppm inmain search, and themass tolerance for fragment
ionswas set as 20 ppm.Carbamidomethyl onCyswas specified asfixed
modification. Acetylation on protein N-terminal, oxidation on Met and
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Kcr were specified as variable modifications. False discovery rate (FDR)
of protein, peptide and PSM was adjusted to <1%.

Bioinformatics analysis
The motif characteristics of modification sites were analyzed by soft-
ware MoMo based on motif-x algorithm. The peptide sequences
composed of 10 amino acids upstream and downstream of all identi-
fied modification sites were selected; The analysis background are the
peptide sequences composed of 10 amino acids upstream and down-
streamof all potential modification sites. When the number of peptide
segments of a characteristic sequence is greater than 20 and the sta-
tistical test p value is less than 0.000001, it is considered that the
sequence is one of the motifs of the modified peptide segments.

The amino acid sequenceheatmap is a 2Ddatamatrixwhere every
row is an amino acid and every column is a position, wherein the
gradient shows if log10 P values correlate with the color. Fisher’s exact
test method calculated the position and amino acid-specific P values.
The IceLogo software (https://iomics.ugent.be/icelogoserver/) was
used to examine the properties of amino acids surrounding mod-
ification sites; the statistical test was set to “t-test,” P values were set to
“<0.05,” and the “Choosing scoring system” was set to “percentage
difference.” GO functional and KEGG pathway enrichment were per-
formed using DAVID 6.853,54. The interacting genes/proteins database
(STRING; http://string-db.org/) was retrieved for PPI analysis. The
Cytoscape (version 3.0) software was used to display the network55.

Immunoprecipitation and western blotting
Briefly, cellular lysates were prepared by incubating the cells in lysis
buffer [50-mM Tris-HCl, 150-mM NaCl, 0.5% NP-40, and 2-mM EDTA
(pH 7.5)] or BC100 buffer [20-mM Tris-HCl (pH 8.0), 100-mM NaCl,
1-mMEDTA, and0.5%Triton] containing protease inhibitor cocktail for
20min at 4 °C, followed by centrifugation at 14,000 g for 15min at
4 °C. Protein concentration of the lysates was determined using a BCA
protein assay kit (Pierce) according to the manufacturer’s protocol.
Overall, 5% (1:20) cellular extracts were used for input. For immuno-
precipitation, 500-μg of protein lysates was incubated with 2-μg of
specific antibodies for 12 h at 4 °Cwith constant rotation; 60-μL of 50%
protein A or G agarose beads were then added, and the incubation was
continued for an additional 2 h. Beads were then washed five times
using the lysis buffer. Between washes, the beads were collected by
centrifugation at 500 g for 5min at 4 °C. The precipitated proteins
were eluted from the beads by resuspending the beads in 2×
SDS–polyacrylamide gel electrophoresis (PAGE) loading buffer and
boiling for 10min. The resultant materials from immunoprecipitation
or cell lysates were resolved using 10% SDS-PAGE gels and transferred
onto nitrocellulose membranes. For western blotting, membranes
were incubated with appropriate antibodies for 1 h at room tempera-
ture or overnight at 4 °C followed by incubation with a secondary
antibody. Immunoreactive bands were visualized using a western
blotting luminol reagent (Santa Cruz Biotechnology) according to the
manufacturer’s recommendation15. The antibodies used were listed in
Supplementary Data 13.

Real-time reverse transcription-PCR (RT-PCR) assay
Total cellular RNA was isolated with Trizol reagent (Invitrogen) and
used for first-strand cDNA synthesis with the Reverse Transcription
System (Roche). Quantitation of all gene transcripts was performed by
qPCR using a Power SYBR Green PCR Master Mix (Roche) and an
ABIPRISM 7500 sequence detection system (Applied Biosystems) with
the expression of β-actin as the internal control. Primers used for real-
time PCR are listed in Supplementary Data 12.

D-Glucose-13C6 labeling metabolite flux assay
For D-Glucose-13C6 labeling metabolite flux assay, the culture medium
was composed of glucose freeDMEM (Gibco) supplementedwith 2 g/L

D-Glucose-13C6, 10% FBS, and 1% penicillin‒streptomycin. The medium
was adjusted to pH 7.0 − 7.4 and filtered and sterilized for usage. Cells
were seeded at a density of approximately 2 × 106 cells per 10 cm dish.
Labeling medium was used to replace unlabeled medium when cells
grew to ~60% confluence. An unlabeled culture was prepared in par-
allel by adding equal concentrations of unlabeled glucose to themedia
to identify unlabeled metabolites. After incubation for 12 h, the med-
ium was quickly and completely aspirated, the plates were immedi-
ately placed on dry ice, and 400μL of 80% methanol (cooled to
–80 °C) was added and incubated for 20min on dry ice. Next, we
sonicated the cell samples, transferred the cell lysate/methanol mix-
ture to a 2mL tube on dry ice, centrifuged at 18,000 g for 15min at
4 °C, and again transferred themetabolite-containing supernatant to a
new 2mL tube. Then, 100μL 80% methanol was added to resolve the
samples. The metabolite residues were re-dissolved in 80% methanol
and used for LC-MS/MS analysis56.

Metabolomics LC-MS/MS Analysis
Q Exactive orbitrap mass spectrometer coupled with Ultimate 3000
(Thermo Fisher Scientific, USA) was used for untargeted analysis.
BEH amide column (2.1mm× 100mm, Waters, USA) was applied to
LC separation. In the positive ion mode, mobile phases A and B
contained 10mM ammonium acetate in 95% and 50% acetonitrile
respectively. Formic acidwas used to adjust pH to 3.0. In the negative
ion mode, pH of the mobile phases was adjusted to 9.0 using
ammonium hydroxide solution. Mass resolutions of 70,000 and
17,500 were applied for precursors and fragments. Data dependent
MS/MS acquisition with fragmenting the top ten most intense pre-
cursors was performed in the analysis. MS/MS spectra were acquired
with stepped NCE of 15, 30 and 45. Raw data from the UPLC-TQMS
system were collected, stored, identified, and quantified by Mas-
sLynx software (Waters). The following statistics were performed by
open R software (v4.1.1).

Measurement of oxygen consumption rate (OCR) and extra-
cellular acidification rate (ECAR)
OCR and ECAR were determined by the Agilent Seahorse XF Analyzer
following the manufacturer’s protocol. For OCR measurement, 1 × 105

cells were plated in Seahorse XF24 assay plates and incubated in XF
base medium (Agilent, 102353-100) overnight. The mitochondrial
function was measured using the Agilent Seahorse XF cell mito stress
test kit (Agilent, 103015-100). OCR was determined following the
sequential addition of oligomycin (2.5μM), FCCP (2μM), and rotenone
(0.5 μM) plus antimycin A (0.5 μM) to the system. For ECAR measure-
ment, 3 × 104 cells were plated in SeahorseXF96 assay plates and
incubated overnight. Agilent Seahorse XFp glycolytic rate assay kit
(Agilent, 103344-100) was used to measure the glycolytic rate. ECAR
was determined following the sequential addition of glucose (10mM),
oligomycin (1.5μM), and 2-DG (50mM) to the system. The cell number
was used for data normalization57.

IDH1 activity assay
IDH1 activity was determined by the commercially available IDH1
activity detection kit (Sigma, MAK062). AML12 cells in 6-well plate
were transfected with indicated plasmids for 48h, then 1 × 106 cells
were analyzed following instructions. Mouse liver tissues were ana-
lyzed following instructions39.

Measurement of isocitrate, α-KG, NADP+/NADPH, ATP and FAO
The Isocitrate of AML12 cells and mouse liver tissue were determined
by isocitrate assay kit (Sigma). α-KG of AML12 cells and mouse liver
tissue were determined by α-KG assay kit (Sigma). NADP+/NADPH of
AML12 cells were determined by NADP+/NADPH assay kit (WST-8
method) (Beyotime). ATP of AML12 cells were determined by ATP
assay kit (Beyotime). Fatty acid beta-oxidation (FAO) of AML12 were
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determined by FAO colorimetric Assay Kit (ELAB Science). All these
detections were performed following instructions39.

Measurement of triglyceride, cholesterol and free fatty
acid (FFA)
Triglycerides and cholesterol were measured in cell lysates, plasma
and mouse liver tissue using a Triglyceride ELISA kit (LabAssay) and
Cholesterol ELISA kit (LabAssay), respectively. Briefly, cells, plasma
andmice livers were collected, sonicated, and centrifuged at 10,000 g
at 4 °C for 10min. The supernatant was incubated with Enzyme Buffer
solution for 15min at room temperature, and the absorbancewas read
at 600–700nm using a plate reader. FFA of mouse liver tissue was
determined by FFA assay kit (Solibao). All these detections were per-
formed following instructions.

Immunofluorescence staining and confocal microscopy
AML12 cells were transfected with indicated plasmids for 48 h. Cells
grown on coverslips were washed three times with PBS,and then fixed
in 4% (w/v) paraformaldehyde for 10min. Cells were permeabilized
with 0.3% Triton X-100 in PBS for 30min, blocked with 0.8% bovine
serum albumin (BSA), incubated with appropriate primary antibodies
coupled to anti-Myc tag (Abcam, 1:100) at 4 °C overnight, and then
incubated with a secondary FITC/TRITC-conjugated antibody (Sigma-
Aldrich, 1:1000) at room temperature for 30min in the dark. Cells were
then washed for four times, and a final concentration of 4’, 6-
diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma-Aldrich) was
included in the final wash to stain nuclei. Confocal laser scanning
microscopy images were obtained using a Zeiss LSM 700 microscope
equipped with argon laser. The images were captured and analyzed
using Adobe Photoshop CS4.

ROS detection
2’,7’-Dichlorodihydroflfluorescein diacetate (DCFH-DA, 10 μM, 4091-
99-0, MCE, USA) or 2’-(4-ethoxyphenyl)-6-(4-methylpiperazin-1-yl)-
1H,3’H-2,5’-bibenzo[d]imidazole trihydrochloride (Hoechst 33342,
10μg/mL, 23491-52-3, MCE, USA) was loaded into 1 × 106 cells/100μL,
incubated at 37 °C for 20min and washed twice with 1 × PBS. ROS
production was detected with Immunofluorescence staining.

Oil red O staining
AML12 cells cultured in the presence or absence of PA and OA for
48 h were fixed with 2% paraformaldehyde in phosphate-buffered
saline (PBS) for 15 min and treated with 0.18% Oil red O reagent
(Shanghai Gefan Biotechnology)/60% isopropanol in ultra-pure
water for 20min at room temperature. Liver tissues were embed-
ded with optimal cutting temperature compound, frozen and sliced
at 5 μm. Sections were rinsed with 60% isopropanol (Shenbo Che-
mical Industry) followed by 15min of Oil red O staining (Shanghai
Gefan Biotechnology), along with isopropanol differentiation. Fol-
lowing H&E staining, cells were washed with distilled water and
phosphate-buffered saline (PBS) before 10min of fixation in 4%
paraformaldehyde. Cells were subjected to PBS wash, 1 min of rin-
sing with 60% isopropanol, 10min of Oil redO staining, and distilled
water wash. After that, the colour reaction was terminated, and the
cells were observed under an optical microscope. Oil red O staining
images were analyzed using ImageJ software, with the %Area metric
used to quantify intracellular lipid droplet content. %Area
represents the proportion of the stained area relative to the total
cell area, with higher values indicating greater lipid droplet
content58.

Intraperitoneal glucose tolerance test (IPGTT)/Insulin tolerance
test (ITT)
IPGTT: At 7 weeks postoperatively, mice from each group were
subjected to IPGTT. Mice were fasted for 8 h before the meal (during

the night) and then given 1.5 g/kg of glucose intraperitoneally. Then,
to measure the glucose level, approximately 150 µL of blood sample
was collected from the tail vein of each mouse at different time
intervals (0, 30, 60, 90, and 120min). The glucose–time curve was
calculated with GraphPad Prism software using the area under the
curve (AUC) values.

ITT: ITT was performed 7 weeks postoperatively. For this test,
mice were fasted for 4 h before the meal (during the night) and
intraperitoneally injected with 0.75 U/kg of Humulin R. The blood
samples were collected from the tail vein after 0, 30, 60, 90, and
120min of insulin injection to determine blood glucose concentration,
and GraphPad Prism software was used to calculate the AUC.

Small-animal MRI scanning
Mice were anesthetized using isoflurane (induction: 4.5% isoflurane,
2 L/min O2; maintenance: 1.0–3.0% isoflurane, 1 L/min O2) for the
duration of the scans (approximately 30min). Adipose tissue was
measured using MRI (PharmaScan 7 T, Bruker®, Billerica, USA). Image
acquisition was synchronized with the respiratory cycle to minimize
physiological artifacts59. Fat content was calculated by ImageJ.

Histological analysis
Liver samples ofmice were fixed in formalin overnight and transferred
into 70% ethanol. Then, the samples were paraffin-embedded for
hematoxylin and eosin (H&E) staining60. PicroSirius Red staining was
performed using a 0.1% Direct Red 80 solution (VWR #B21693.14) in
saturated aqueous solution of picric acid (Merck #621). Masson’s tri-
chrome staining was subsequently conducted using Light Green SF
Yellowish (VWR #B23330.09) according to established protocols61,62.
For histological assessment, two blinded experienced pathologists
independently evaluated H&E-stained sections to determine NAFLD
activity scores (NAS). The NASwas recorded as the unweighted sumof
the scores for steatosis (0–3), lobular inflammation (0–3), and hepa-
tocellular ballooning (0–2), thus ranging from 0 to 8. NAS of ≥5 cor-
related with a diagnosis of MASH, and biopsies with scores of less than
3 were diagnosed as “not MASH”63.

Statistical analysis
Data are presented as mean ± SD. GraphPad Prism 9.0 was chosen to
analyze the results from at least three independent experiments.
P <0.05 was statistically significant. Statistical significance was asses-
sed using a two-tailed t-test or Wilcoxon’s signed-rank test for com-
parisons between two groups, or one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons test for compar-
isons involving multiple groups.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The publicly available data used in this study is available in the GEO
database under accession code GSE135251, GSE130970 and TCGA
database (https://portal.gdc.cancer.gov/projects/TCGA-LIHC). The
mass spectrometry proteomics data generated in this study have been
deposited to the ProteomeXchange Consortium via the iProX partner
repository with the dataset identifier PXD065361 (https://www.iprox.
cn/page/project.html?id=IPX0012364000)64,65. The D-Glucose-13C6

labeling metabolite flux data generated in this study have been
deposited in the OMIX, China National Center for Bioinformation/
Beijing Institute of Genomics, Chinese Academy of Sciences under
accession code OMIX010635. All data supporting the findings descri-
bed in this manuscript are available in the article and in the Supple-
mentary Information and from the corresponding author upon
request. Source data are provided with this paper.
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