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Summary 

Nonalcoholic fatty liver disease (NAFLD) is characterized by 

elevated hepatic lipids caused by nonalcoholic factors, where 

histone lactylation is lately discovered as a modification driving 

disease progression. This research aimed to explore the role of 

histone 3 lysine 18 lactylation (H3K18lac) in NAFLD progression 

using a high-fat diet (HFD)-treated mouse model and free fatty 

acids (FFA)-treated L-02 cell lines. Lipids accumulation was 

screened via Oil Red O staining, real-time quantitative polymerase 

chain reaction (RT-qPCR), western blotting, and commercially 

available kits. Similarly, molecular mechanism was analyzed using 

immunoprecipitation (IP), dual-luciferase reporter assay, and RNA 

decay assay. Results indicated that FFA upregulated lactate 

dehydrogenase A (LDHA) and H3K18lac levels in L-02 cells. 

Besides, LDHA-mediated H3K18lac was enriched on the proximal 

promoter of methyltransferase 3 (METTL3), translating into an 

increased expression. Moreover, METTL3 or LDHA knockdown 

relieved lipid accumulation, decreased total cholesterol (TC) and 

triglyceride (TG) levels, and downregulated lipogenesis-related 

proteins in FFA-treated L-02 cell lines, in addition to enhancing the 

m6A and mRNA levels of stearoyl-coenzyme A desaturase 1 

(SCD1). The m6A modification of SCD1 was recognized by YTH 

N6-methyladenosine RNA binding protein F1 (YTHDF1), resulting 

in enhanced mRNA stability. LDHA was found to be highly 

expressed in HFD-treated mice, where knocking down LDHA 

attenuated HFD-induced hepatic steatosis. These findings 

demonstrated that LDHA-induced H3K18lac promoted NAFLD 

progression, where LDHA-induced H3K18lac in METTL3 promoter 

elevated METTL3 expression, thereby promoting m6A methylation 

and stabilizing SCD1 via a YTHDF1-dependent manner. 
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Introduction 

 

Nonalcoholic fatty liver disease (NAFLD) is 

characterized by excessive lipid accumulation within the 

liver caused by nonalcoholic factors, translating into 

accumulation of lipid droplets in hepatocytes and liver 

enlargement, significantly affecting human health [1]. 

NAFLD pathogenesis is complex, where obesity, insulin 

resistance, microbiome alteration, diet, and genetic 

variations have been reported to be the primary factors [2]. 

Although NAFLD treatment is still challenging due to the 

unavailability of an approved therapeutic regimen, its 

clinical treatment is mainly focused on treating NAFLD-

associated comorbidities, such as obesity, cardiovascular 

diseases, and diabetes mellitus type II. The treatment 

protocol for NAFLD is primarily focused on preventing 

hepatocyte oxidation, reducing the proinflammatory 

factors, and inhibiting lipid accumulation into the 

hepatocytes, but these options are often associated with 

side effects [3,4]. Therefore, it is of great importance to 

search for an effective NAFLD treatment. 

Histones are octamers composed of H2A, H2B, 

H3, and H4 proteins, serving as the fundamental structural 

component of chromatin, surrounded by approximately 

147 bp of DNA, connecting histone H1 to lock the DNA 

at both ends of the nucleosome [5]. Post-translational 

modifications of histones play a crucial role in regulating 
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gene expression. The alterations primarily take place at the 

N-terminus of histones, where a series of specific enzymes 

or binding proteins are used as “writers,” “erasers,” and 

“readers” to generate, eliminate, or recognize post-

translational modifications to regulate “histone code” 

precisely [6,7]. Specific modification states can affect the 

binding affinity of histones to DNA, change chromosome 

conformation or recruit specific proteins to affect gene 

activity, thereby contributing to the onset and progression 

of various diseases [8,9]. Histone lactylation is a lately 

reported novel histone modification. Lactate can generate 

lactyl CoA, providing a lactyl group to the lysine tail of 

histone through acyltransferase, thus generating a histone 

modification called lysine lactylation (Klac) [10]. Histone 

lactylation plays a significant role in various pathological 

conditions, including cancer, infection, and tissue 

homeostasis [11,12]. Given that lactate is the final 

byproduct of glycolysis, numerous research studies have 

concentrated on histone lactylation in relation to cancer 

[13], [14], while one previous study reported graduate 

accumulation of lactate in the liver during NAFLD 

progression [15]. Nevertheless, the role of histone 

lactylation in NAFLD demands further investigations. 

Epigenetic regulation's significance in metabolic 

diseases has garnered considerable attention in recent 

years. Epigenetic modification primarily consists of DNA 

methylation, RNA modification, and protein modification 

[16], which exists at the genomic and transcriptome levels 

and plays an important role in the biological mechanism of 

gene post-transcriptional regulation [17]. Among them, N6 

methyladenine (m6A) is the predominant internal 

chemical modification found in mammalian cells [18], and 

m6A transcription can change the RNA secondary 

structure to promote the binding of regulatory proteins to 

affect their shearing, translation and degradation  [19]. 

Currently, studies on m6A are primarily focused on 

tumors, with less attention paid to metabolic diseases [20]. 

The lactate has been found to induce histone lactylation on 

gene promoters, leading to the activation of gene 

expression [21]. Research has shown that histone 

lactylation takes place in the promoter region of m6A 

methylation-related enzymes, such as methyltransferase-

like 3 (METTL3), translating into their abnormal 

upregulated expression, thereby regulating m6A 

modification and affecting disease progression [14,22]. 

Thus, we speculated that the histone lactylation-m6A 

methylation axis exists in NAFLD. 

Therefore, this study aimed to investigate the role 

of lactate dehydrogenase A (LDHA)-mediated histone 

lactylation in NAFLD progression. It was hypothesized 

that lactylation of histone lysine 18 (H3K18lac) results in 

methyltransferase-like 3 (METTL3)-mediated elevation of 

stearoyl-coenzyme A desaturase 1 (SCD1) m6A levels, 

which in turn upregulated the SCD1 expression, further 

aggravating NAFLD progression. 

 

Materials and Methods 

 

NAFLD mouse model establishment 

After adaptive feeding for one week, 20 

C57BL/6J mice (male, 8-week-old, 18-22 g), provided by 

Shanghai Experimental Animal Center, Chinese Academy 

of Sciences (Shanghai, China), were randomly divided 

into standard-chow diet (SCD), high-fat diet (HFD), HFD 

+ short hairpin RNA negative control (shNC), and LDHA 

knockdown, represented by the HFD + shLDHA groups, 

with 5 mice per group. The mice in the SCD group were 

fed with ordinary diet (the calories included 10 % fat, 60 % 

protein and 30 % carbohydrate), and the mice in the HFD 

group were fed with HFD diet (the calories included 60 % 

fat, 20 % protein and 20 % carbohydrate). For LDHA 

knockdown, 50 μL LDHA short hairpin RNA (shLDHA; 

GenePharma, Shanghai, China) were injected into the 

mice via the tail vein at 1х1011 PFU before the HFD 

treatment, i.e. the HFD + shLDHA group. Short hairpin 

RNA negative control (shNC; GenePharma) was also 

injected as the negative control, i.e. the HFD + shNC 

group. After 11 weeks of feeding, the mice were 

euthanized and dissected. Liver tissue samples were taken 

either to prepare liver homogenates for the detection of 

biochemical indices or for histopathological examination. 

 

Cell culture and treatment 

The human hepatocyte line L-02 was purchased 

from ATCC (Manassas, VA, USA) and placed in complete 

culture medium  [the volume fraction of RPMI-1640 

culture medium (Gibco, Grand Island, NY, USA) and fetal 

bovine serum (Gibco) were 90 % and 10 %, respectively] 

and cultured in an incubator with a volume fraction of 5 % 

CO2 at 37 °C. The culture medium was changed every 24 

hours. When the cells grew to the logarithmic phase (cell 

confluence > 80 %), they were digested and passaged with 

trypsin digestion solution. The cells after 5 passages were 

taken for NAFLD model establishment. The cultured L-02 

cells were treated with 1 mM free fatty acids (FFA) for 24 

h in standard growth medium to establish a NAFLD 

model. For lactate treatment, the cells were treated with 15 

μM lactate in standard growth medium for 12 h. 
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Cell transfection 

Short hairpin (sh) RNA targeting LDHA 1#/2#, 

shMETTL3 1#/2#, shYTHDF1 1#/2#, shIGF2BP1 1#/2#, 

shIGF2BP2 1#/2#, shIGF2BP3 1#/2#, shYTHDF2 1#/2#, 

shRNA negative control (shNC), LHDA overexpressed 

(oe) vector (oeLHDA), oeMETTL3, oeYTHDF1 and oe 

vector negative control (oeNC) were purchased from 

Guangzhou Ribobio (Guangzhou, China) and the cells 

were transfected with these plasmids using 

Lipofectamine® 2000 (Invitrogen, Carlsbad, CA, USA) 

according to the manufacturer's instructions. Twenty-four 

hours before transfection, L-02 cells were seeded into 6-

well plates at a density of 1×105 cells/well, and fresh 

growing medium was replaced 6 h later. The cells were 

collected 48 h after transfection for subsequent analysis.  

 

Real-time qPCR analysis 

The qPCR was used to detect the expression level 

of related genes. Trizol reagent (Invitrogen) was used to 

extract total mRNA from liver tissue or L-02 cells, and 

cDNA was obtained after reverse transcription with a 

Reverse Transcription Kit (TransGen Biotech, Beijing, 

China). Real-time qPCR was conducted using a 

TransStart® Green qPCR SuperMix kit (TransGen 

Biotech) to detect the mRNA expressions. The expression 

level of target gene mRNA is expressed by 2-△△CT with 

GAPDH as an internal reference. Primer sequences are 

shown in Table 1. 

For the SCD1 mRNA stability determination, the 

cells were treated with 10 mg/L Actinomycin D for 0, 1, 2, 

4, and 8 h. The RNA of the Actinomycin D-treated cells 

was extracted and used for qPCR to detect SCD1 

expression. 

 

Oil Red O staining 

The L0-2 cells or the liver tissues were fixed with 

4 % paraformaldehyde for 30 min. The cells were prepared 

into cell slides and covered with cover slides. The tissues 

were embedded in paraffin and were cut into sections with 

6-μm thickness. Cell slices and tissue sections were stained 

with 2 ml of Oil Red O working solution (Sigma-Aldrich, 

St. Louis, MO, USA) for 10 min. After washing with 2 ml 

PBS, the cell and tissue sections were rinsed with 60 % 

isopropanol to decolorize. The sections were 

counterstained with haematoxylin for 1 min, followed by 

washing with 2 ml PBS again, and the formation of lipid 

droplets was observed under a microscope. 

 

Western blot 

Primary antibodies including anti-LDHA 

(ab52488, 1:5000), anti-SCD1 (ab236868, 1:800), anti-

SREBP1 (ab28481, 1:800), anti-FAS (ab133619, 1:600), 

anti-METTL3 (ab195352, 1:1000), anti-METTL14 

(ab309096, 1:1000) and anti-β-actin (ab8227, 1:2500) 

were purchased from Abcam (Cambridge, MA, USA). 

Anti-ACC (MA5-15025, 1:1200) was from Invitrogen. 

Anti-H3 (PTM-1001RM, 1:500) and anti-H3K18la (PTM-

1427RM, 1:500) were obtained from PTM biolabs 

(Hangzhou, China). Biolabs Protein was extracted from 

cells and liver tissues by RIPA (Beyotime, Shanghai, 

China) reagents. The total protein concentration in lysate 

was determined with a BCA Protein Assay Kit 

(Beyotime). The proteins were separated by 10 % SDS-

PAGE and electrotransferred to polyvinylidene fluoride 

membranes. The membranes were blocked with 5 % skim 

milk for 60 min and incubated with primary antibodies at 

4℃ overnight. Next day, the membranes were incubated 

with secondary antibody (horse radish peroxidase-

conjugated goat anti-rabbit IgG, ab205718, 1:5000, 

Abcam) for 1.5 h. Subsequently, the protein band was 

determined by an ECL kit (Beyotime) using the 

ChemiDocXRS+ gel imaging system (Bio-Rad, Hercules, 

CA, USA). 

 

M6A methylation level determination 

The M6A content in total RNA of the cells were 

measured with EpiQuik M6A RNA Methylation 

Quantification Kit (AmyJet Scientific Inc, Wuhan, China). 

All operations were carried out in strict accordance with 

the requirements of the kit. 

 
Table 1. Primer sequences used for qPCR 

Factor Forward (5'->3') Reverse (5'->3'): 

LDHA ATGGCAACTCTAAAGGATCAGC CCAACCCCAACAACTGTAATCT 

SCD1 TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT 

GAPDH CTCACCGGATGCACCAATGTT CGCGTTGCTCACAATGTTCAT 
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Chromatin immunoprecipitation (ChIP) assay 

ChIP assays were carried out with H3K18lac 

antibody. Rabbit IgG (ab313801, Abcam) was selected as 

the negative control. After crosslinking with 1 % 

formaldehyde for 10 min, the cells were collected and then 

quenched with glycine. Next, the cells were washed with 

pre-cold PBS, resuspended and sonicated. After that, the 

chromatin was incubated with antibodies and protein A/G 

beads at 4°C overnight. Finally, Chelex (Roche, Basel, 

Switzerland) was used to release the immunoprecipitated 

DNA and qPCR was conducted. 

 

Determination of total cholesterol (TC), triglyceride (TG) 

and FFA levels  

The levels of TC, TG and FFA in the cells were 

detected with using relative kits (Nanjing Jiangcheng 

Bioengineering Institute, Nanjing, China). 

 

m6A RNA immunoprecipitation (MeRIP) assay 

The m6A levels of SCD1 were analyzed using 

Magna MeRIP m6A Kit (Millipore, USA) according to the 

manufacturer’s instructions. Briefly, the RNAs were 

incubated with 3μg of anti-m6A antibody and protein A/G 

magnetic beads (Thermo Scientific, Waltham, MA, USA) 

for 12 h at 4 ℃. And then the antibody-combined 

methylated RNA were incubated with the antibody in 

immunoprecipitation buffer with RNase and protease 

inhibitor. Finally, the interacting RNAs were isolated and 

m6A enrichment of SCD1 was detected using qRT-PCR. 

 

RNA immunoprecipitation (RIP) assay 

The Magna RIP RNA-Binding Protein 

Immunoprecipitation Kit (Millipore Billerica, MA, USA) 

was purchased to analyze the relationship between 

METTL3 and SCD1 (or FAS, ACC and SREBP1). Briefly, 

after transfected with METTL3, the cells were lysed using 

the RIP lysis buffer. Then the obtained cell extract was 

incubated with IgG antibody (ab313801, Abcam) and RIP 

buffer solution for 1h. Next, the cells were treated with 

magnetic beads. The protein was digested with proteinase 

K and the immunoprecipitated RNA was extracted. 

Finally, the RT-qPCR was performed to detect the SCD1, 

FAS, ACC and SREBP1 expressions. 

 

Dual-luciferase reporter assay 

Wild-type or mutant 3′-UTR of SCD1 

(WT-SCD1 or MUT-SCD1) fragments were amplified and 

cloned into pGL3 vectors (Promega, Madison, WI, USA). 

The L-02 cells were seeded into 24-well plates and co-

transfected with shRNAs (shMETTL3 or shYTHDF1) or 

overexpressed vectors (oeMETTL3 or oeYTHDF1) and 

recombinant plasmids using lipofectamine 2000. After 48 

h, relative luciferase activity was detected using a dual-

luciferase reporter assay system (Promega). 

 

Hematoxylin and eosin (H&E) staining assay 

Liver tissues were fixed in 10 % formalin and 

embedded in paraffin, and then cut into 4 μm thickness 

slices. The sections were stained with hematoxylin for 5 

min and eosin for 1 min. A light microscope was used to 

view the results. 

 

Masson trichrome staining 

The paraffin sections were also used to conduct 

staining using the Masson trichrome staining kit (Solarbio, 

Beijing, China) according to the manufacturer’s protocols. 

The results were captured using a light microscope. 

 

Statistical analysis 

In vitro experiments were performed on three 

bioreplicated samples, and in vivo experiments were 

performed on five bioreplicated samples. Each biological 

sample was repeated for three times. The error bars 

indicated standard deviation (SD). All data were in a 

normal distribution, and variance was similar between the 

groups that are being statistically compared. Statistical 

analyses were analyzed in GraphPad Prism 7. Statistical 

significance was determined by using unpaired Student t-

test for two groups or one-way ANOVA when there are 

more than two groups. Differences in RNA stability 

between groups were analyzed using two-way ANOVA. p 

< 0.05 was considered significant. 

 

Results 

 

LDHA and H3K18lac were upregulated in FFA-treated 

cells 

NAFLD cell lines were established using FFA, 

where results showed that FFA treatment induced elevated 

lactate (Fig. 1A) and LDHA (Fig. 1B) levels in a time-

dependent manner, in addition to enhanced H3K18lac and 

LDHA protein levels in the L-02 cells (Fig. 1C).  
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Fig. 1. LDHA and H3K18lac were upregulated in FFA-treated cells. (A) lactate and (B) LDHA levels in L-02 cells treated with FFA for 

different times. (C) The H3K18lac and LDHA levels in the FFA-treated L-02 cells. *p<0.05, **p<0.01, ***p<0.001. 

 
 
Fig. 2. Knockdown of LDHA prevented 

lipids accumulation in vitro. (A-B) 

Transfection efficiency of shLDHA, after 

shLDHA transfection. (C) The lactate 

levels and (D) H3K18lac in the FFA-

treated L-02 cells were tested. (E) Oil Red 

O staining of the FFA-treated L-02 cells 

was performed. Scale bar: 200 μm. (F) 

The TG and (G) TC levels in the FFA-

treated L-02 cells were assessed. (H) The 

protein levels of FAS, ACC and SREBP1 in 

the FFA-treated L-02 cells were detected. 

**p<0.01, ***p<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LDHA regulated the lipids accumulation in vitro 

Post-shLDHA transfection demonstrated 

significantly decreased LDHA levels at mRNA (Fig. 2A) 

and protein (Fig. 2B) levels, while better transfection 

efficiency was observed with shLDHA 2#. Hence, it was 

then selected for subsequent experiments. Moreover, 

lactate levels (Fig. 2C) and H3K18lac (Fig. 2D) were 

dramatically downregulated post-shLDHA transfection. 

Similarly, Oil Red O staining revealed that knocking down 

LDHA relieved the excessive lipid accumulation in the 

FFA-treated L-02 cells (Fig. 2E), with significantly 

decreased TG (Fig. 2F) and TC (Fig. 2G), FAS, ACC, and 

SREBP1 protein levels (Fig. 2H). In addition, after LDHA 

overexpression (Fig. 3A–B), lactate (Fig. 3C) and 

H3K18la (Fig. 3D) levels were increased, lipid was 

accumulated (Fig. 3E), with the increased intracellular TG 

(Fig. 3F) and TC (Fig. 3G), as well as the upregulation of 

FAS, ACC, and SREBP1 levels (Fig. 3H), suggesting that 

overexpressing LDHA aggravated FFA-induced injury in 

L-02 cells. 
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Fig. 3. Overexpression of LDHA promoted lipids 

accumulation in vitro. (A-B) Transfection efficiency of 

oeLDHA. The FFA-treated L-02 cells were transfected 

with oeLDHA. Then (C) the lactate levels, (D) 

H3K18lac, (E) Oil Red O staining (scale bar: 200 μm), 

(F) TG and (G) TC levels, and (H) the protein levels of 

FAS, ACC and SREBP1 were analyzed. **p<0.01, 

***p<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. LDHA upregulated METTL3 levels through 

H3K18 lactylation. (A) M6A levels in the FFA-treated 

L-02 cells. (B) The expression levels of m6A 

methylation-related enzymes in the FFA-treated L-02 

cells. (C) The METTL3 and METTL4 mRNA and (D) 

protein levels in the FFA-treated and shLDHA 

transfected L-02 cells. (E-F) CHIP assay was 

conducted to analyze the H3K18 enrichment on the 

METTL3 promoter. (G) The lactate levels, (H) 

H3K18lac levels and (I) H3K18 enrichment on the 

METTL3 promoter in the FFA, shLDHA and lactate-

treated L-02 cells. *p<0.05, **p<0.01, ***p<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LDHA upregulated METTL3 levels through H3K18 

lactylation in the METTL3 promoter 

The m6A levels were prominently enhanced in 

the FFA-treated L-02 cells (Fig. 4A). In contrast, analysis 

of expression levels of m6A methylation-related enzymes 

in the FFA-treated L-02 cells demonstrated enhanced 

METTL14 and METTL3 levels (Fig. 4B). However, post-

LDHA knockdown, the METTL3 was downregulated. At 
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the same time, METTL14 showed no difference in mRNA 

(Fig. 4C) and protein levels (Fig. 4D). Furthermore, the 

H3K18lac enrichment on the METTL3 promoter was 

analyzed via CHIP assay. Results showed that H3K18 was 

enriched on the proximal promoter region of METTL3, 

and LDHA silencing prominently inhibited the occupancy 

of H3K18 (Figs. 4E–F). It was then proceeded by 

stimulating L-02 cells using lactate, and results showed 

that lactate treatment dramatically enhanced the lactate 

(Fig. 4G) and H3K18lac levels (Fig. 4H) compared to 

shLDHA-treated L-02 cells and restored the levels to their 

control shNC-transfected L-02 cells, while post-LDHA 

knockdown showed H3K18 enrichment on METTL3 

promoter (Fig. 4I) in the FFA-treated L-02 cells. 

 

Knockdown of METTL3 attenuated the lipids 

accumulation in vitro 

A significantly decreased METTL3 at mRNA 

(Fig. 5A) and protein (Fig. 5B) levels were observed with 

post-shMETTL3 transfection, while excellent transfection 

efficiency was observed with shMETTL3 2# transfection, 

hence it was selected for subsequent experiments. 

Moreover, Oil Red O staining showed that METTL3 

knockdown relieved the excessive lipid accumulation in 

the FFA-treated L-02 cells (Fig. 5C), while reduced TG 

(Fig. 5D) and TC (Fig. 5E) levels, along with 

downregulated FAS, ACC and SREBP1 protein levels 

(Fig. 5F) were observed with post-METTL3 knockdown 

FFA-treated L-02 cells. 

 

 
Fig. 5. Knockdown of METTL3 
prevented lipids accumulation in 
vitro. (A-B) Transfection efficiency 
of shMETTL3. The FFA-treated L-02 
cells were transfected with 
shMETTL3. Then, (C) Oil Red O 
staining (Scale bar: 200 μm), (D) TG 
and (E) TC levels, and (F) the 
protein levels of FAS, ACC and 
SREBP1 were analyzed. **p<0.01, 
***p<0.001. 
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Fig. 6. METTL3 promoted the m6A 
and mRNA levels of SCD1. (A) The 
relationship between METTL3 and 
SCD1, FAS, ACC or SREBP1 was 
validated using RIP assay. (B) The 
m6A expression of SCD1 was assessed 
after METTL3 knockdown and 
overexpression. (C) The bioinformatic 
analysis of the methylation binding 
sites of SCD1. (D) The Luciferase 
activity of SCD1-wt and SCD1-mut 
were assessed after METTL3 
knockdown and overexpression. (E) 
The mRNA expression of SCD1 was 
assessed after METTL3 knockdown 
and overexpression. **p<0.01, 
***p<0.001.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

METTL3 promoted the m6A and mRNA levels of SCD1  

The RIP assay indicated that METTL3 was bound 

to SCD1 instead of FAS, ACC, and SREBP1 (Fig. 6A). 

The m6A levels of SCD1 were significantly decreased 

post-METTL3 knockdown, while opposite effects were 

observed with overexpressing METTL3 (Fig. 6B). Several 

methylation binding sites of SCD1 were found following 

bioinformatic analysis (Fig. 6C). Moreover, SCD1-wt 

luciferase activity was significantly decreased following 

METTL3 knockdown and increased post-METTL3 

overexpression (Fig. 6D). Similarly, significantly reduced 

mRNA expression of SCD1 was observed following 

METTL3 knockdown and opposite results were obtained 

with METTL3 overexpression (Fig. 6E). 

 

YTHDF1 elevated the SCD1 mRNA stability in an m6A-

dependent manner 

Previously discussed results showed that 

METTL3 induced significant changes in the m6A content 

and mRNA expressions of SCD1. It was then proceeded 

by investigating the m6A readers of SCD1, where 

following shRNAs transfection, the levels of m6A 

modification readers (IGF2BP1, IGF2BP2, IGF2BP3, 

YTHDF1, YTHDF1 and YTHDF2) were prominently 

reduced (Fig. 7A). Furthermore, post-shYTHDF1 

transfection showed significantly decreased SCD1 levels 

(Fig. 7B), whereas YTHDF1 (Fig. 7C) and SCD1 (Fig. 7D) 

levels were dramatically elevated post-YTHDF1 

overexpression, in addition to depleted luciferase activity 

of SCD1-wt following YTHDF1 knockdown and elevated 

post-YTHDF1 overexpression (Fig. 7E). The shYTHDF1 

was found to deplete the mRNA stability of SCD1 and was 

enhanced by oeYTHDF1 (Fig. 7F). Finally, it was found 

that YTHDF1 knockdown reversed the elevated METTL3 

overexpression induced SCD1 mRNA (Fig. 7G) and 

protein (Fig. 7H) levels. 

 

LDHA knockdown alleviated the NAFLD progression in 

vivo 

Male mice at the age of 8-week-old were fed with 
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HFD to established an in vivo mouse model. The results 

indicated that FFA (Fig. 8A), TG (Fig. 8B) and TC (Fig. 

8C) levels, and FAS, ACC and SREBP1 protein levels 

(Fig. 8D) were significantly increased in the liver tissues, 

in addition to LDHA mRNA (Fig. 8E) and protein 

(Fig. 8F) levels. Then, to investigate the role of LDHA in 

vivo, shNC and shLDHA were injected into the mice 

through the tail vein. Mice fed with HFD as well as the 

HFD+shNC group displayed significantly increased body 

weight (Fig. 9A), liver weight (Fig. 9B), and adipose tissue 

weight (Fig. 9C) compared to their controls fed with SCD. 

However, their weights were decreased in the 

HFD+shLDHA group, compared with the HFD+shNC 

group, especially the liver weight, was comparable to the 

SCD group. Additionally, knocking down LDHA 

translated into significantly reduced FFA (Fig. 9D), TG 

(Fig. 9E) and TC (Fig. 9F) levels, and FAS, ACC and 

SREBP1 protein levels (Fig. 9H) in the liver tissues of the 

HFD-treated mice.  

 
 

 
 

 

Fig. 7. YTHDF1 elevated the SCD1 mRNA stability in an m6A-dependent manner. (A) Validation of transfection efficiency. (B) SCD1 levels 

were assessed after the knockdown of m6A readers. (C) The YTHDF1 levels and (D) SCD1 levels were determined after YTHDF1 

overexpression. (E) The Luciferase activity of SCD1-wt and SCD1-mut was assessed after YTHDF1 knockdown and overexpression. (F) 

The stability of SCD1 was assessed after YTHDF1 knockdown and overexpression. (G) The mRNA and (H) protein levels of SCD1 were 

determined after oeMETTL3 and shYTHDF1 transfection. *p<0.05, **p<0.01, ***p<0.001. 
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Oil Red O staining showed an accumulation of 

excessive lipids in the liver of the HDF-treated mice, 

which was relieved by knocking down LDHA (Fig. 9G). 

H&E staining results indicated that HFD led to liver 

pathological injury in mice, and LDHA knockdown 

attenuated pathological damage in HFD mice (Fig. 9G). 

Masson trichrome staining results showed that HFD 

caused the increase of collagen fibers in the liver, 

compared with the SCD group. Nevertheless, the collagen 

fibers were lower in the HFD + shLDHA group than that 

in HFD + shNC group (Fig. 9G). Moreover, METTL3 and 

SCD1 protein levels were increased in the liver of HFD 

mice, while silencing of LDHA decreased their levels in 

HFD mice (Fig. 9I). 

 

 

 
 

 

Fig. 8. The establishment of the NAFLD model in vivo. (A) The FFA, (B) TG, (C) TC, and (D) protein levels of FAS, ACC and SREBP1 in 

the HFD-treated mice were analyzed. The (E) mRNA and (F) protein levels of LDHA in the HFD-treated mice were analyzed. ***p<0.001. 
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Fig. 9. LDHA knockdown relieved the NAFLD progression in vivo. The (A) body weight, (B) liver weight, and (C) adipose tissue weight 

of mice in each group were quantified. The (D) FFA, (E) TG and (F) TC levels in the HFD-treated mice after LDHA knockdown were 

analyzed. (G) Represent images of Oil Red O, H&E, Masson trichrome staining of the liver in the HDF-treated mice. The scale bar for Oil 

Red O staining is 50 μm, and those for H&E and Masson trichrome staining is 200 μm. (H-I) The protein levels of FAS, ACC, SREBP1, 

METTL3 and SCD1 in the livers of the HDF-treated mice after LDHA knockdown were analyzed. **p<0.01, ***p<0.001. 

 

Discussion 

 

Our results demonstrated that LDHA was up-

regulated in FAA-treated L-02 cells and HFD-fed mice, 

along with elevated H3K18lac levels in FAA-treated L-02 

cells. Additionally, LDHA-mediated H3K18lac in the 

METTL3 promoter enhanced the m6A levels of SCD1. 

Besides, METTL3 epigenetically enhanced the SCD1 

expression in an m6A-YTHDF1-dependent manner. 

LDHA plays an important role in glycolytic 

metabolism, primarily converting pyruvate into lactate and 

nicotinamide adenine dinucleotide (NADH) into 

diphosphopyridine nucleotide (NAD+) [23]. LDHA is 

located in the short arm of chromosome 11 [24], with a 

coding sequence of about 1000 bp and a relative molecular 

weight of about 35 kDa [25]. Several studies have 
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demonstrated that LDHA is abnormally highly expressed 

in various diseases and is closely associated with cell 

proliferation, migration, nuclear entry regulation, and 

other biological activities [26,27]. Lactate production in 

glycolysis significantly promotes cell invasion and the 

triggering of immune escape [28]. Recent studies have 

shown that elevated LDHA levels lead to increased lactate 

production, resulting in histone lactylation. It has been 

reported that LDHA levels were gradually increased 

during osteogenic differentiation, inducing histone 

lactylation mark enrichment on the JunB promoter [29], 

while hypoxia was found to inhibit LDHA activity 

resulting in downregulated lactate, suppressed histone 

lactylation, thereby impairing mouse embryo development 

[30]. Histone lactylation is a double-edged sword in the 

development of various diseases since increased lactate 

levels have been observed during NAFLD progression in 

the liver of patients [15]. Additionally, prior research has 

shown that decreasing hepatic steatosis results in reduced 

LHDA expression and lactate concentration in mice [31]. 

Hence, it was speculated that increased LDHA or lactate 

might regulate lactylation in NAFLD. Additionally, the 

lactylation of fatty acid synthase modulated by 

mitochondrial pyruvate carrier 1 (MPC1) was also found 

to inhibit liver lipid accumulation in NAFLD [32], 

suggesting the involvement of lactylation NAFLD. 

However, the role of histone lactylation in NAFLD has not 

been reported yet. Our results demonstrated that LDHA-

induced H3K18lac enhanced the TC and TG levels, as well 

as related indicators of fatty acid synthesis (SCD1, FAS 

and SREBP1). This could be a contributing factor to the 

development of NAFLD. However, the specific 

mechanism of histone lactylation in NAFLD needs to be 

further explored.  

Histone lactylation has previously been reported 

to be closely related to the m6A methylation modification 

in the ocular melanoma progression [33], which has also 

been reported for NAFLD progression. The upregulation 

of ACLY and SCD1 levels in the NAFLD model was 

demonstrated to be induced by METTL3/14 mediated 

excessive m6A modification, elevating TG and TC 

production in addition to accumulation of lipid droplets 

[34]. Our results demonstrated that LDHA-mediated 

H3K18lac was not only enriched on the proximal promoter 

of METTL3 but also increased its expression. Similarly, 

knocking down METTL3 prevented the TC and TG 

production, along with SCD1, FAS, and SREBP1 levels in 

the FFA-treated L-02 cells, implying that overly expressed 

LDHA participated in the NAFLD by regulating 

METTL3-mediated m6A methylation modification via 

H3K18lac. Similarly, upregulated METTL3 was reported 

in NAFLD mice and FFA-treated hepatocytes, which were 

directly bound to Rubicon, regulating its mRNA 

expression through the m6A methylation modification 

[35]. Thus, it was speculated whether METTL3 could 

promote the development of NAFLD by regulating the 

expression of SCD1 since SCD1 has been reported to play 

a vital role in fatty acid metabolism, serving as a key 

enzyme in monounsaturated fatty acid synthesis [36], 

primarily catalyzing stearoyl- and palmitoyl- to form 

oleoyl and palmitoyl CoA, which acts as substrates 

preferentially used in the biosynthesis of membrane 

phospholipids, TG and TC. A lack of oleoyl and palmitoyl 

CoA will translate into lipid esterification obstacles, 

change the lipid composition of cell membranes, and affect 

cellular functions [37,38]. Thus, the normal expression of 

SCD1 has a positive regulatory effect on fatty acid 

metabolism. Our results showed that METTL3 was bound 

to SCD1 and enhanced its levels through the m6A 

methylation modification. 

Different m6A readers have been reported to 

determine the fate of mRNA generation and degradation 

during the process of m6A methylation modification [39], 

where m6A readers recognize and bind m6A modification 

sites to play the corresponding physiological role [40]. 

YTHDF1, as a member of m6A readers, is demonstrated 

to guard m6A-modified mRNAs from decay [41], and 

recognizes m6A modification of the target genes, thus 

regulating their expression. Lin et al. [42] reported 

forkhead box O3 (FOXO3) as a key downstream target of 

METTL3, where m6A levels were regulated by METTL3. 

Additionally, the recognition of m6A modification and 

regulation of the stability of FOXO3 was dependent on 

YTHDF1 in the hepatocellular carcinoma progression. In 

NAFLD, YTHDF1, as a partner of METTL3, was 

demonstrated to interact with the m6A-marked Rubicon 

mRNA and enhance Rubicon stability [35]. Similarly, in 

this study, the interaction between SCD1 and YTHDF1 

was demonstrated using the luciferase report assay, and 

knocking down YTHDF1 was found to decrease SCD1 

stability and neutralize the oeMETTL3 effects on SCD1 

levels. 

In conclusion, our study revealed that high levels 

of LDHA-induced histone lactylation accelerated the 

progression of NAFLD. Mechanistically, LDHA-induced 

H3K18lac enhanced the METTL3 levels in the proximal 

promoter of METTL3, which further epigenetically 

enhanced the SCD1 expression via an m6A-YTHDF1-
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dependent manner. 
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