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The acetylation of MDH1 and IDH1 is associated
with energy metabolism in acute liver failure

Chunxia Shi,’* Yangiong Zhang,"* Qian Chen,? Yukun Wang," Danmei Zhang," Jin Guo,' Qinggi Zhang,'
Wenbin Zhang,® and Zuojiong Gong'->*

SUMMARY

The liver is the main organ associated with metabolism. In our previous studies, we identified that the
metabolic enzymes malate dehydrogenase 1 (MDH1) and isocitrate dehydrogenase 1 (IDH1) were differ-
entially expressed in ALF. The aim of this study was to explore the changes in the acetylation of MDH1 and
IDH1 and the therapeutic effect of histone deacetylase (HDAC) inhibitor in acute liver failure (ALF).
Decreased levels of many metabolites were observed in ALF patients. MDH1 and IDH1 were decreased
in the livers of ALF patients. The HDAC inhibitor ACY1215 improved the expression of MDH1 and IDH1
after treatment with MDH1-siRNA and IDH1-siRNA. Transfection with mutant plasmids and adeno-asso-
ciated viruses, identified MDH1 K118 acetylation and IDH1 K93 acetylation as two important sites that
regulate metabolism in vitro and in vivo.

INTRODUCTION

Acute liver failure (ALF) is a critical disease characterized by severe synthesis, detoxification, and metabolism dysfunction. At present, there is
still a lack of effective treatments for ALF." The mechanism of ALF is complex. Inflammation, epigenetic regulation, intestinal flora, and mito-
chondrial energy metabolism may contribute to the pathogenesis and development of ALF. The liver is the main organ associated with meta-
bolism. Hepatocytes are rich in mitochondria. As the main site of metabolism, the mitochondria of hepatocytes produce adenosine triphos-
phate (ATP), which provides energy for liver function.” Many pathogenicfactors in the liver (viral infections, drugs, inflammation, and so on) can
induce mitochondrial injury and dysfunction, mainly through tricarboxylic acid cycle disorders; thus, the rate of oxygen consumption in liver
cells in the context of liver failure significantly decreased, and the expression of tricarboxylic acid cycle related genes is decreased.>”
Abnormal liver function can be accompanied by serious energy metabolic disorders and malnutrition.” Therefore, reducing mitochondrial
damage in hepatocytes and restoring normal liver energy metabolism are important factors in the clinical treatment of liver failure.

In our previous studies, through quantitative protein sequencing experiments, we identified that the metabolic enzymes malate dehydro-
genase 1 (MDH1) and isocitrate dehydrogenase 1 (IDH1) were differentially expressed in ALF.° MDH1 and IDH1 are two important metabolic
enzymes. MDH1 catalyzes the interconversion of malate and oxaloacetate in the cytoplasm using the coenzyme NAD/NADH, which plays an
important role in cytosolic malate-aspartate shuttle.”® IDH1 catalyzes the interconversion of isocitrate and a-ketoglutarate in the cytoplasm
using the coenzyme NADP/NADPH, which is widely involved in the metabolism of sugars, lipids, and amino acids in the liver.” MDH1 and IDH1
perform electron transfer through redox reactions to maintain cytosolic NADH or NADPH balance. A decrease in the activity of MDH1 and
IDH1 can cause abnormalities in the electron transfer, which can further affect metabolism and lead to energy metabolism disorders.'*""

The roles of MDH1 and IDH1 have been reported in a variety of diseases. MDH1 is inactivated during acute lung injury. MDH1 can promote
the viability of alveolar epithelial type Il cells by promoting glucose intake, suggesting that targeting MDH1 may be a potential therapeutic
strategy for patients with acute lung injury.'” In addition, the MDH1-mediated malate-aspartate NADH shuttle maintains the activity levels of
fetal liver hematopoietic stem cells.'® Recent studies have shown that MDH1 can regulate autophagy and is required to maintain the level of
the autophagy promoter unc-51 like autophagy activating kinase 1 (ULK1), and the activity of MDH1 increases after autophagy induction. As a
new autophagy regulator, MDH1 has been reported to be associated with pancreatic ductal adenocarcinoma.'* IDH1 has been shown to be
downregulated in mice with chronic unpredictable stress. IDH1 gene knockout can inhibit cell proliferation, accelerate cell aging, increase
reactive oxygen species (ROS) levels and induce autophagy through the mitogen-activated protein kinase (MAPK) signaling pathway. There-
fore, increasing IDH1 activity may be an effective strategy for the treatment of ovarian dysfunction.'”

Protein modifications (such as methylation and acetylation) of MDH1 and IDH1 can also affect diseases.'®'” Arginine methylation of MDH1
can inhibit glutamine metabolism and inhibit pancreatic cancer.'® Acetylation of MDH1 significantly enhances its activity, increases
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Figure 1. Energy metabolism in the liver tissue of ALF patients was disordered and the levels of MDH1 and IDH1 were decreased in the liver tissue of

ALF patients

(A) Metabolites in three donor and four ALF human livers were examined by LC-MS/MS, and the levels of some metabolites are shown in bar charts.

(B) IHC analysis of MDH1 and IDH1 expression.

(C) Protein levels of MDH1 and IDH1 in human liver samples. The results are presented as mean +

group, p < 0.05.

SD based on three repetitions. * Compared with the donor

intracellular NADH levels, and promotes adipogenic differentiation, indicating that adipogenic differentiation may be regulated by MDH1
acetylation.'® IDH1 is highly acetylated in primary tumors and liver metastases of colorectal cancer. IDH1 acetylation can regulate intracellular
metabolite concentrations, regulate cellular redox reactions, and control the progression of colorectal cancer.'” However, the role of MDH1
and IDH1 and their protein modifications in ALF remain unclear. Since MDH1 and IDH1 play important roles in regulating energy metabolism,
itis particularly important to study the role and potential mechanism of MDH1, IDH1 and their protein modifications for the accurate diagnosis

and treatment of ALF.
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Figure 2. The HDAC inhibitor ACY1215 increased the acetylation and activities of MDH1 and IDH1 and improved energy metabolism in AML-12 cells
LPS (100 ng/mL) combined with D-Gal (44 png/mL) was used to stimulate cells except for the control group.

ACY1215 (2.5 uM) was added 2 h in advance of LPS/D-Gal.

The cells were harvested 24 h after LPS/D-Gal administration.
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Figure 2. Continued

(A) IF analysis of MDH1 and IDH1 in AML-12 cells.

(B) Protein levels of MDH1 and IDH1 in each group.

(C) Metabolites were detected by LC-MS/MS, and the levels of some metabolites are shown in bar charts. The results are presented as the mean + SD. The LC-
MS/MS results are based on five repetitions, and the other results are based on three repetitions. * Compared with the control group, p < 0.05; # compared with
the LPS/D-Gal group, p < 0.05. In the heatmap, “Model” means “LPS/D-Gal group”; “ACY1215" means "“LPS/D-Gal + ACY1215 group”.

Histone acetylation is regulated by histone acetylase (HAT) and histone deacetylase (HDAC), which are in homeostasis. Histone acetylation
means that HAT catalyses the transfer of negatively charged acetyl groups from acetyl-CoA to the amino terminus of lysine, thereby neutral-
izing the positive charge of histones and resulting in loose connections between DNA-histones and nucleosomes, which promotes the bind-
ing of transcription factors to DNA, and enables DNA transcription. HDAC can remove the acetyl group from histones, restore the positive
charge, and promote the interaction between histones and negatively charged DNA, thereby leading to the condensation of chromatin struc-
ture, and inhibiting the transcription of DNA.

In this study, lipopolysaccharide (LPS)/D-galactosamine (D-Gal) was used to induce liver failure in vitro and in vivo. The roles of MDH1 and
IDH1 and their acetylation were investigated by using various interventions, such as the HDAC inhibitor ACY1215, knocking down MDH1 and
IDH1, constructing MDH1 and IDH1 lysine site mutant plasmids and adeno-associated viruses (AAVs). This study may provide a scientific basis
for the accurate diagnosis and treatment of ALF.

RESULTS

Energy metabolism in the liver tissue of ALF patients was disordered and the levels of MDH1 and IDH1 were decreased in
the liver tissue of ALF patients

The metabolomics of liver tissues from normal donors and ALF patients is shown in Figure 1A. We found that the total levels of
many metabolites (ATP, adenosine diphosphate (ADP), phosphoenolpyruvate, guanosine diphosphate (GDP), UDPglucose,
3-phosphoglycerate, oxaloacetate, and a-ketoglutarate etc.) were decreased, indicating that energy metabolism in the liver tissue of
ALF patients was inhibited compared with that in donor livers. There are many enzymes that can affect the levels of these metabolites.
Based on our previous studies, the protein quantitative sequencing results showed that only MDH1 and IDH1 were differently expressed
among normal, LPS/D-Gal and ACY1215 groups.® Therefore, we focused on MDH1 and IDH1 in subsequent experiments. The levels of
MDH?1 and IDH1 in the liver tissue of ALF patients were examined. The levels of MDH1 and IDH1 were decreased as shown in
Figures 1B and 1C.

The HDAC inhibitor ACY1215 increased the expression of MDH1 and IDH1 and improved energy metabolism in AML-12
cells

MDH1 and IDH1 have been reported to be modified by acetylation, thus, the HDAC inhibitor ACY1215 was used in this study. The results
showed that ACY1215 increased the expression of MDH1 and IDH1 (Figures 2A and 2B) in AML-12 cells compared with those in the LPS/
D-Gal group. The total levels of metabolites were also detected. The results showed that ACY1215 increased the total levels of many metab-
olites (oxaloacetate, a-ketoglutarate, ATP, ADP, phosphoenolpyruvate, GDP, UDPglucose, 3-phosphoglycerate, etc.) compared with those in
the LPS/D-Gal group (Figure 2C). These results indicated that the HDAC inhibitor ACY1215 could improve metabolism by affecting MDH1
and IDH1.

ACY1215 rescued MDH1 and IDH1 expression after treatment with MDH1-siRNA and IDH1-siRNA in AML-12 cells
MDH1-siRNA and IDH1-siRNA significantly decreased the expression of MDH1 and IDH1. ACY1215 rescued MDH1 and IDH1 expression after
treatment with MDH1-siRNA and IDH1-siRNA in AML-12 cells (Figure 3A). In addition, the total levels of metabolites (oxaloacetate, a-keto-
glutarate, ATP, ADP, phosphoenolpyruvate, GDP, UDPglucose, cAMP, etc.) in LPS/D-Gal + MDH1-siRNA/IDH1-siRNA group were signifi-
cantly decreased compared with those in the LPS/D-Gal group. ACY1215 increased these metabolites levels compared with those in the
LPS/D-Gal + MDH1-siRNA/IDH1-siRNA group (Figures 3B and 3C). These results further indicated that the HDAC inhibitor ACY1215 could
improve metabolism by affecting MDH1 and IDH1.

Acetylation of the MDH1 K118 and IDH1 K93 sites is associated with the activities of MDH1 and IDH1 in AML-12 cells

The acetylation levels of MDH1 and IDH1 in ALF were examined. The IP results showed that MDH1 and IDH1 had acetylated lysine residues
(Figure 4A). By consulting the literature and the UniProt database,*""1?? we screened the sites K107, K118, K239, and K298 of MDH1 and
K81, K93, K224, K233, and K321 of IDH1 in this study. A lack of acetylation was simulated by mutating lysine (K) to arginine (R), which is a
widely used method in previous studies.”*?* We first transfected the mutant plasmids into 293T cells for extensive screening. The results
showed that the acetylation levels of MDH1 and IDH1 were significantly decreased by MDH1 K118 and IDH1 K93 and K224 mutations,
respectively (Figure 4B). We further verified this outcome in AML-12 cells stimulated by LPS/D-Gal and used ACY1215 as a treatment.
The results showed that MDH1 K118 mutation and IDH1 K93 mutation significantly decreased the acetylation and activities of MDH1
and IDH1. MDH1 K118 mutation (LPS/D-Gal + ACY1215 + MDH1 K118R group) decreased the acetylation of MDH1 compared with

4 iScience 27, 109678, May 17, 2024
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Figure 3. After the application of MDH1-siRNA and IDH1-siRNA, the improvement effect of ACY1215 on metabolism was weakened in AML-12 cells
The cells were divided into the NC group, LPS/D-Gal group, LPS/D-Gal + ACY1215 group, LPS/D-Gal + MDH1-siRNA or IDH1-siRNA group, and LPS/D-Gal +
ACY1215 + MDH1-siRNA or LPS/D-Gal + ACY1215 + IDH1-siRNA group. LPS/D-Gal was used to stimulate the cells except the NC group. MDH1-siRNA or IDH1-
siRNA transfection was performed 24 h prior to LPS/D-Gal stimulation, and ACY1215 was added to the medium 2 h prior to LPS/D-Gal stimulation. The cells were
harvested 24 h after LPS/D-Gal administration.

(A) Protein levels of MDH1 and IDH1 in each group.

(B and C) Metabolites were detected by LC-MS/MS, and the levels of some metabolites are shown in bar charts. The results are presented as the mean + SD. The
LC-MS/MS results are based on five repetitions, and the other results are based on three repetitions. * Compared with NC group, p < 0.05; # compared with LPS/
D-Gal group, p < 0.05; & compared with LPS/D-Gal + MDH1-siRNA group, p < 0.05; % compared with LPS/D-Gal + IDH1-siRNA group, p < 0.05. In the heatmap,
“Control” means “NC group”; “Model” means “LPS/D-Gal group”; “ACY1215" means “LPS/D-Gal + ACY1215 group”; “"MDH1_siRNA" means “"LPS/D-Gal +
MDH1-siRNA group”; “IDH1_siRNA" means “LPS/D-Gal + IDH1-siRNA group”; “MDH1_siRNA_ACY1215" means “LPS/D-Gal + ACY1215 + MDH1-siRNA
group”; and "IDH1_siRNA_ACY1215"” means “"LPS/D-Gal + ACY1215 + IDH1-siRNA group”.

that in the LPS/D-Gal + ACY1215 group. Similar results were observed in response to the IDH1 K93 mutation. However, the acetylation of
IDH1 was not significantly weakened by the IDH1 K224 mutation compared with that in the LPS/D-Gal + ACY1215 group. These results
indicated that ACY1215 may regulate the acetylation and activities of MDH1 and IDH1 by acting on the MDH1 K118 and IDH1 K93 sites
(Figures 4C-4E). The protein structures of MDH1 K118 and IDH1 K93 are shown in Figure 4F.
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Figure 4. Acetylation of the MDH1 K118 site and IDH1 K93 site plays key roles in activity in cells

293T cells were seeded into é-well plates and transfected with plasmids mixed with Lipofectamine 2000 according to the manufacturer’s instructions. For AML-12
cells, LPS/D-Gal and ACY1215 were used to stimulate the cells after plasmid transfection as described above.

(A) IP analysis of MDH1 and IDH1 acetylation in AML-12 cells.

(B) IP analysis of 293T cells after plasmid transfection.

(C) Protein levels of MDH1 and IDH1 in AML-12 cells.

(D) IP analysis of AML-12 cells after plasmid transfection and drug treatment.

(E) The activities of MDH1 and IDH1 in each group. MDH1 or IDH1 levels were normalized.

(F) Structure of MDH1 K118 (UniProt database: P40925) and IDH1 K93 (UniProt database: O75874). * Compared with LPS/D-Gal group, p < 0.05.
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Figure 5. Effect of MDH1 K118 acetylation and IDH1 K93 and K224 acetylation on energy metabolism in AML-12 cells

(A and B) Metabolites were detected by LC-MS/MS, and the levels of some metabolites are shown in bar charts. The results are presented as the mean + SD
based on five repetitions. * Compared with the LPS/D-Gal group, p < 0.05; # compared with the LPS/D-Gal + ACY1215 group, p < 0.05. In the heatmap, “Model”
means “LPS/D-Gal group”; “ACY1215" means “LPS/D-Gal + ACY1215 group”; “MDH1_K118R"” means “LPS/D-Gal + MDH1 K118R group”; “K118R_ACY1215"
means "LPS/D-Gal + MDH1 K118R + ACY1215 group”; “IDH1_K93R” means “LPS/D-Gal + IDH1 K93R group”; “IDH1_K224R"” means “LPS/D-Gal + IDH1 K224R
group”; "K93R_ACY1215" means “LPS/D-Gal + IDH1 K93R + ACY1215 group”; and “K224R_ACY1215" means “LPS/D-Gal + IDH1 K224R + ACY1215 group”.

Effects of acetylation of MDH1 K118 and IDH1 K93 and K224 on energy metabolism in AML-12 cells

The effects of acetylation of MDH1 K118 and IDH1 K93 and K224 on energy metabolism in AML-12 cells were examined by transfecting MDH1
K118R and IDH1 K93R and K224R mutant plasmids. The results showed that the MDH1 K118 mutation decreased the total levels of ATP, oxalo-
acetate, L-glutamate, UDPglucose, ADP, phosphoenolpyruvate, and other metabolites, indicating that energy metabolism was inhibited (Fig-
ure 5A). Similar results were observed in response to the IDH1 K93 mutation. The IDH1 K224 mutation also inhibited energy metabolism to a
slight extent (Figure 5B).

MDH1 K118 and IDH1 K93 mutations aggravated liver damage in mice

The mice were injected with MDH1-K118R and IDH1-K93R AAVs to study the effects of the acetylation of MDH1 K118 and IDH1 K93 in vivo.
The mutation site was verified first. As shown in Figure 6A, strong AAV fluorescence was observed in frozen sections of mouse liver tissues, and
the levels of acetylation were decreased in response to the MDH1 K118 and IDH1 K93 mutations (Figure 6B). These results indicated successful
mutation. In addition, after the mutation of MDH1 K118 and IDH1 K93, the acetylation of MDH1 and IDH1 was decreased compared with
those in the LPS/D-Gal + ACY1215 group (Figure 6C). Histological HE examination and liver function analysis showed that MDH1-K118R
and IDH1-K93R aggravated liver damage and weakened the protective effect of ACY1215 on the liver (Figures 6D and 6E).

Effects of acetylation of MDH1 K118 and IDH1 K93 on energy metabolism in mouse livers

The effects of MDH1 K118 and IDH1 K93 acetylation on energy metabolism in mouse livers were also detected. The results showed that
MDH1-K118R decreased the total levels of metabolites such as ATP, oxaloacetate, L-glutamate, UDPglucose, ADP, and phosphoenolpyr-
uvate, indicating the inhibition of energy metabolism. Moreover, the protective effect of ACY1215 on liver energy metabolism was attenuated
by MDH1-K118R (Figure 7A). Similar results were also observed in response to the IDH1 K93 mutation (Figure 7B). Thus, these results indicated
that MDH1 K118 and IDH1 K93 acetylation are involved in liver energy metabolism.

DISCUSSION

It has been reported that a total of 1047 proteins can be modified by acetylation, and these proteins have been identified in the liver. Most of
them are non-histones and energy metabolic enzymes. They can be modified by acetylation in nonhistone forms.'” MDH1 and IDH1 are two
key enzymes that can also be modified by acetylation. In this study, energy metabolism was inhibited in the liver tissue of patients with ALF.
The levels of MDH1 or IDH1 were decreased in ALF patients. These results suggest that MDH1 and IDH1 are associated with ALF. Recent
studies have reported that MDH1 and IDH1 were markedly changed in some diseases. The function of MDH1 in the brains of old mice
was significantly reduced.” Knockout of MDH1 downregulated the expression of genes related to osteoclast differentiation and reduced
the formation of osteoclasts. After MDH1 knockout, the production of intracellular ATP was reduced, suggesting that MDH1 plays a key
role in osteoclast differentiation by regulating intracellular energy status.”® IDH1 is crucial for metabolism in the liver. Compared with those
of wild-type mice, blood glucose levels of IDH1-deficient mice were decreased, and blood glycine and alanine levels were increased. IDH1-
deficient cells had increased glucose consumption, decreased intracellular glutamate and a-ketoglutarate acid levels, and decreased alanine
utilization. The expression levels of genes involved in metabolism were decreased in IDH1-deficient livers. Therefore, IDH1 is essential for
metabolism in vivo.”’

Our results also showed that the HDAC inhibitor ACY1215 could increase the acetylation and activities of MDH1 and IDH1 and improve
liver metabolism, suggesting that the acetylation of MDH1 and IDH1 might be related to the occurrence and development of ALF. Two
possible mechanisms may explain how HDAC inhibitors affect MDH1 and IDH1. On the one hand, HDAC inhibitors lead to loose connections
between DNA histones and nucleosomes, which promotes protein expression. On the other hand, the higher levels of MDH1 and IDH1
induced by ACY1215 may result from higher stability and less degradation when the proteins are more acetylated. A previous study reported
the role of MDH1 and IDH1 acetylation in adipogenic differentiation and mammalian cancer, respectively.'®'” HDAC6 can bind to MDH1 and
mediate the deacetylation of MDH1. MDH1 acetylation is inhibited when cells are stimulated by damage, but is increased when HDAC6 is
inhibited, suggesting an interaction between HDAC6 and MDH1.?® In our study, the acetylation of MDH1 was directly affected by the
HDACS inhibitor ACY 1215.

In the physiological state, the acetylation and deacetylation of MDH1 or IDH1 are in balance. In the pathological state, this balance is
broken, and the function of MDH1 or IDH1 can be affected, which may lead to metabolic disorders. In this study, we further constructed
mutant plasmids and adeno-associated viruses to investigate the role of MDH1 and IDH1 acetylation in ALF. The results showed that
MDH?1 K118R and IDH1 K93R significantly reduced the acetylation and activities of MDH1 and IDH1, indicating that the acetylation of
MDH1 K118 and IDH1 K93 was important for their activities and function. Studies have reported that the acetylation of K121, K298 and
K118 sites relates to the activity of MDH1 in adipogenic differentiation and the acetylation of K224 relates to the activity of IDH1 in colorectal
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Figure 6. The MDH1 K118 mutation and IDH1 K93 mutation aggravated liver damage in mice

The mice were randomly divided into eleven groups: empty (EV) group, wild-type (WT) group, MDH1-K118R group, IDH1-K93R group, control group, LPS/D-Gal
group, LPS/D-Gal + MDH1-K118R group, LPS/D-Gal + IDH1-K93R group, LPS/D-Gal + ACY1215 group, LPS/D-Gal + ACY1215 + MDH1-K118R group, and LPS/
D-Gal + ACY1215 + IDH1-K93R group. Except for the EV, WT, MDH1-K118R, IDH1-K93R and control groups, the mice were intraperitoneally injected with LPS
(100 ng/kg) and D-Gal (400 mg/kg). AAV was administered via tail vein injection at a dose of 1E11 vg 4 weeks before LPS/D-Gal injection. ACY1215 (25 mg/kg) was
administered by intraperitoneal injection 2 h before LPS/D-Gal injection. At 24 h after LPS/D-Gal injection, the mice were sacrificed. Mouse livers and serum were
collected for analysis.

(A) Representative images showing AAV fluorescence.

(B and C) IP analysis of MDH1 and IDH1 acetylation in each group.

(D) HE staining in each group.

(E) The levels of serum ALT, AST, and TBIL in each group. The results are presented as the mean + SD based on three repetitions. $ Compared with the EV group,
p < 0.05; % compared with the WT group, p < 0.05; * compared with the control group, p < 0.05; # compared with the LPS/D-Gal group, p < 0.05; & compared
with the LPS/D-Gal + ACY1215 group, p < 0.05.
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Figure 7. Effect of MDH1 K118 acetylation and IDH1 K93 acetylation on energy metabolism in mouse livers

(A and B) Metabolites were detected by LC-MS/MS, and the levels of some metabolites are presented as the mean + SD. * Compared with the control group,
p < 0.05; # compared with the LPS/D-Gal group, p < 0.05; & compared with the LPS/D-Gal + ACY1215 group, p < 0.05. In the heatmap, “Model” means “LPS/D-
Gal group”; "ACY1215" means “LPS/D-Gal + ACY1215 group”; “MDH1_K118R” means “LPS/D-Gal + MDH1 K118R group”; “"K118R_ACY1215" means “LPS/D-
Gal + MDH1 K118R + ACY1215 group”; “"IDH1_K93R” means "LPS/D-Gal + IDH1 K93R group”; and "K93R_ACY1215"” means “LPS/D-Gal + IDH1 K?3R + ACY1215

group”.

cancer.'®"” This suggests that post-translational modification of proteins has a complex and special regulatory pattern. Research performed
by Venkat et al. confirmed this.”' The researchers introduced acetylation modifications at eight sites, and the results showed that acetylation
at different sites had different effects on IDH activity. Acetylation at K55, K142, K177, K242 and K350 increased IDH activity, while acetylation at
K100, K230 and K235 decreased IDH activity..21 Besides, under different stimulus and intervention conditions, posttranslational modification
may have different effects. For example, the stability of ULK1 can be regulated by ubiquitylation or deubiquitylation under the action of
different enzymes.””*° Therefore, acetylation may have different effects under different conditions.

Our results also showed that MDH1 K118R and IDH1 K93R inhibited energy metabolism, resulting in reductions in a variety of metabolites,
such as ATP, L-glutamate, UDPglucose, ADP and phosphoenolpyruvate. Although MDH1 and IDH1 are mainly located in the cytoplasm and
are not the main enzymes in the tricarboxylic acid (TCA) cycle, studies have reported that MDH1 is important in transporting NADH equiv-
alents across the mitochondrial membrane, controlling TCA cycle pool size and affect the levels of a variety of metabolites,'**" the production
of ATP?® and glucose depletion.*” Besides, IDH1-mutant cells exhibited increased oxidative tricarboxylic acid metabolism."" These results
indicated that MDH1 and IDH1 are closely associated with energy metabolism. When energy production is insufficient to maintain the normal
physiological function of the liver, liver dysfunction occurs. In addition, when the TCA cycle is disrupted, glucose enters the glycolytic pathway
to produce pyruvate and ATP, which can be converted to acetyl-CoA and oxaloacetate. Acetyl-CoA and oxaloacetate can be used to synthe-
size citrate in mitochondria. When the concentration of citrate in mitochondria is high, citrate can be transported to the cytoplasm. Cytosolic
citrate can be further decomposed into acetyl-CoA and oxaloacetate.'® Although this process can be compensated by the glycolytic pathway
to produce oxaloacetate, the glycolytic pathway is in a state of failure when ALF occurs. Therefore, when ALF occurs, large numbers of mito-
chondria are destroyed, the TCA cycle and energy metabolism are impaired, MDH1 and IDH1 activities are decreased, and acetylation levels
are reduced, which further aggravates metabolic disorders and damages liver function. Further liver damage can aggravate inflammation and
promote the progression of disease. Therefore, energy metabolism and acetylation affect each other during ALF, and in-depth study of the
mechanism is expected to provide new ideas for the diagnosis and treatment of ALF.

In conclusion, the acetylation of MDH1 and IDH1 is involved in the dysfunction of liver energy metabolism. Acetylation of MDH1 K118 and
IDH1 K93 is associated with energy metabolism in ALF. HDAC inhibitor ACY1215 is expected to be an effective drug for the treatment of ALF.

Limitations of the study

There are some limitations to our study currently. We performed some experiments on cells and animals, but the number of clinical samples is
small and prospective studies are lacking. Future studies will involve collecting more clinical samples for more detailed analysis of MDH1 and
IDH1 acetylation. We will pay attention to expanding clinical samples and increasing in vivo and in vitro validation experiments, as well as
refining the acquisition of clinical tissues, paying attention to the reproducibility of validation and the timeliness and accuracy of data acqui-
sition in the future.
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Detailed methods are provided in the online version of this paper and include the following:
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to the lead contract, Zuojiong Gong (zjgong@163.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e The data reported in this paper have been deposited at Mendeley Data and are publicly available as of the date of publication. Acces-
sion numbers are listed in the key resources table.
e This paper does not report original code.
e The additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and treatment

The mouse liver cell line AML-12 (RRID: CVCL_0140) was obtained from Wuhan Pinuofei Biological Co. Ltd, which was grown in DMEM/F12
supplemented with 10% FBS. LPS (100 ng/mL) combined with D-Gal (44 ng/mL)** was used to stimulate cells except for those in the control
group. ACY1215 (2.5 uM) was added 2 h in advance of LPS/D-Gal.** The cells were harvested 24 h after LPS/D-Gal administration. FBS and
DMEM/F12 media were obtained from Gibco (USA). D-Gal and LPS were purchased from Sigma-Aldrich (USA). ACY1215 was purchased from
MedChemExpress (USA). IDH1, MDH1, GAPDH and B-actin specific antibodies were obtained from Proteintech (China). Acetylated lysine (Ac-
Lys) antibody was purchased from Cell Signaling Technology (USA).

Animal groups

Sixty-six male C57BL/6 mice (6-8 weeks, 20-25 g) were purchased from the Experimental Animal Center of Wuhan University. MDH1-K118R
and IDH1-K93R AAVs were constructed to transfect the mice (AAV8, Genomeditech, China). The mice were acclimated for 5 days and then
randomly divided into eleven groups: empty vector (EV) group, wild-type (WT) group, MDH1-K118R group, IDH1-K93R group, control group,
LPS/D-Gal group, LPS/D-Gal + MDH1-K118R group, LPS/D-Gal + IDH1-K93R group, LPS/D-Gal + ACY1215 group, LPS/D-Gal + ACY1215 +
MDH1-K118R group, and LPS/D-Gal + ACY1215 + IDH1-K93R group. Except for those in the EV, WT, MDH1-K118R, IDH1-K93R and control
groups, the other mice were intraperitoneally injected with LPS (100 pg/kg) and D-Gal (400 mg/kg).>* AAV was administered via tail vein in-
jection at a dose of 1E11 vg 4 weeks before LPS/D-Gal injection. ACY1215 (25 mg/kg) was administered by intraperitoneal injection 2 h before
LPS/D-Gal injection.*” At 24 h after LPS/D-Gal injection, the mice were sacrificed. The livers and serum were collected for experiments. The
animal experiments were carried out in compliance with ARRIVE guidelines and other relevant regulations. Approval was granted by the Insti-
tutional Animal Care and Use Committee of Renmin Hospital of Wuhan University.

Clinical specimen collection

All human experiments were conducted in compliance with the relevant principles. Normal donor and ALF patient liver tissues were provided
by the Liver Transplantation Center of Zhongnan Hospital of Wuhan University. The human studies were performed according to the princi-
ples of the Declaration of Helsinki. Approval was granted by the Ethics Committee of Renmin Hospital of Wuhan University. Informed consent
was obtained from all individual participants included in the study.

METHOD DETAILS

siRNA transfection

AML-12 cells were seeded in 6-well plates at a density of 5 x 10% cells/well and grown to 70% confluence. The cells were divided into the NC
group, LPS/D-Gal group, LPS/D-Gal + ACY1215 group, LPS/D-Gal + MDH1-siRNA or IDH1-siRNA group, and LPS/D-Gal + ACY1215 +
MDH1-siRNA or IDH1-siRNA group. LPS/D-Gal was used to stimulate the cells except those in the NC group. MDH1-siRNA or IDH1-
siRNA (RiboBio) transfection was performed 24 h prior to LPS/D-Gal stimulation and ACY1215 was added to the medium 2 h prior to LPS/
D-Gal stimulation. The cells were harvested 24 h after LPS/D-Gal administration. Transfection was performed using Lipofectamine 2000 (In-
vitrogen, USA) according to the manufacturer’s instructions.

Plasmid transfection

K107R, K118R, K239R, and K298R of MDH1 mutants (which carries a CMV promoter with an HA tag) and K81R, K93R, K224R, K233R, and K321R
of IDH1 mutants (which carries a CMV promoter with a 3*FLAG tag) were constructed by Genomeditech (China). 293T cells (Cell Collection
Center of Wuhan University, China, RRID: CVCL_0063) were seeded into 6-well plates and transfected with plasmids mixed with Lipofectamine
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2000 according to the manufacturer’s instructions. For AML-12 cells, LPS/D-Gal and ACY1215 were used to stimulate the cells after plasmid
transfection as described above.

Detection of energy metabolites

Energy metabolites were detected by liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS). The experimental pro-
cedures were performed as follows: metabolite extraction, quality control preparation, sample LC-MS/MS analysis, data processing, and
quantitative analysis. Specifically, proteins in the sample were precipitated with methanol/acetonitrile (1:1). After centrifugation, the super-
natant was collected and added to an equal amount of the internal standard L-glutamate-d5 for vacuum drying. Acetonitrile/water (1:1)
was used to redissolve the samples. After centrifugation, the supernatant was collected for analysis. A Shimadzu Nexera X2 LC-30AD
high-performance liquid chromatograph was used for separation. A QTRAP5500 mass spectrometer (AB SCIEX) was used for mass spectrom-
etry in positive/negative ion mode.

Immunofluorescence (IF)

The IF experiment was performed as previously reported.* After being treated, the cells were fixed with 4% paraformaldehyde, permeabi-
lized with 0.2% Triton, blocked with 5% bovine serum albumin (BSA), and incubated with primary antibodies (1:100) overnight and secondary
antibodies (Servicebio, China) for 1 h. The results were observed under a fluorescence microscope (Olympus, Japan).

Western blotting and immunoprecipitation (IP)
IP with antibodies and the subsequent western analyses were done as previously reported.'” The samples were lysed in radicimmunopreci-
pitation assay (RIPA) buffer and then centrifuged. Loading buffer was added, and the samples were boiled and analyzed by western blotting.
Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate the proteins. After electrophoresis, the pro-
teins were transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore, USA) and then the membrane was cropped and incubated
with specific primary antibodies (1:1000 dilution except GAPDH and B-actin, which were 1:2000) and secondary antibodies (Cell Signaling
Technology, USA). GAPDH or B-actin was used as a loading control. The results were detected by an Odyssey infrared imaging system.
The samples were lysed (500 pL of IP buffer in a 10-centimetre Petri dish), incubated (5 pg of primary antibodies or IgG), incubated (30 pL of
protein A + G agarose), washed (IP buffer), resuspended (40 pL of 1.5 X loading buffer), boiled, and centrifuged. The supernatants were
collected for western blot analysis.

Detection of the activities of MDH1 and IDH1

The activities of MDH1 and IDH1 were detected as previously reported.'? Proteins were immunoprecipitated by beads and eluted using acid
eluent (after elution, neutralized with neutral eluent). MDH1 or IDH1 levels were normalized. IDH1 and MDH1 enzyme activity was evaluated by
IDH (Cat No.: MAK062) and MDH (Cat No.: MAK196) activity assay kit (Sigma-Aldrich, USA). The experiments were performed according to
the manufacturer’s instructions. The change in absorbance at 450 nm was measured using a microplate reader (PerkinElmer, USA).

Hematoxylin-eosin (HE) staining and immunohistochemistry (IHC)

The HE and IHC experiments were performed as previously reported.®® Briefly, fresh tissues were fixed with 4% paraformaldehyde,
embedded in paraffin, processed for sectioning and stained with haematoxylineosin. For IHC, the slices were treated as follows: blocked
(3% H,05, 5 min), washed (phosphate buffer saline), incubated (corresponding buffer solution, 10 min), washed, blocked (5% BSA, 30 min),
incubated with primary antibodies, washed, and incubated (secondary antibody). The results were analyzed under a microscope.

Detection of ALT, AST and TBIL

Alanine aminotransferase (ALT), aspartate aminotransferase (AST), and total bilirubin (TBIL) levels in mouse serum were tested by a fully auto-
matic biochemical analyzer (ADVIA 2400, Siemens AG).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed using SPSS 25.0. GraphPad Prism 8.0 and R 4.1.1 software were used to generate the figures. The results are presented
as mean £ SD. Analysis of variance (ANOVA) followed by a post-test (least significant difference test for homogeneity of variance; the Tam-
hane test for heterogeneity of variance) was used to analyze the differences between groups. p < 0.05 was considered statistically significant.
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