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Abstract: Objectives: To investigate the role of monocarboxylate transporter 4 (MCT4) in non-alcoholic fatty liver 
disease (NAFLD) and its underlying mechanisms. Methods: Palmitic acid (PA) was used to stimulate L-02 cells, 
establishing an in vitro lipid accumulation model, and the effects of MCT4 overexpression on cell lipid accumula-
tion, inflammatory response, and PANoptosis were analyzed. Mechanistically, the role of JAK1-STAT3 in NAFLD was 
explored by introducing the JAK1 activator Oncostatin. In addition, a NAFLD mouse model was established through 
a high-fat diet to validate the effects of MCT4 on liver lipid metabolism and inflammatory injury in vivo. Results: 
After PA treatment, the levels of triglycerides (TG), total cholesterol (TC), and low-density lipoprotein cholesterol 
(LDL-C) in cells increased, while the level of high-density lipoprotein cholesterol (HDL-C) decreased. The expression 
of lipid synthesis-related genes was upregulated, while the expression of lipid breakdown-related genes was down-
regulated. Similarly, PA induced cellular inflammatory infiltration and PANoptosis. However, overexpression of MCT4 
reversed PA induced lipid accumulation and inflammatory response. Mechanistic studies demonstrated that MCT4 
alleviated PA-induced lipid accumulation and inflammatory response by reducing the phosphorylation levels of JAK1 
and STAT3. Compared with the model group, mice overexpressing MCT4 showed reduced liver tissue damage. Con-
clusions: MCT4 provides new reference for the treatment of NAFLD by inhibiting the JAK-STAT pathway, slowing down 
lipid accumulation and inflammatory response in NAFLD.

Keywords: Non-alcoholic fatty liver disease, monocarboxylate transporter 4, lipid accumulation, inflammation

Introduction

Non-alcoholic fatty liver disease (NAFLD) is a 
clinical pathological syndrome characterized by 
diffuse hepatic steatosis in the absence of 
alcohol consumption or other clear liver injury 
factors. It includes simple fatty liver disease 
and its progressive forms, including non-alco-
holic steatohepatitis (NASH) and cirrhosis [1, 
2]. NAFLD has long been the leading cause of 
chronic liver disease in developed Western 
countries, with a prevalence rate of 20%-40% 
among adults. NAFLD is also growing rapidly in 
Asian countries, with a prevalence of 14-15%  
in developed regions and showing a trend 
towards younger age groups [3, 4]. With the 
changes in dietary structure and lifestyle in 

China, the incidence of NAFLD has been 
increasing, making it the second most com- 
mon liver disease after chronic viral hepatitis. 
Although generally considered a painless be- 
nign lesion, NAFLD carries a high risk of fibro-
sis. Therefore, actively seeking effective thera-
peutic strategies for NAFLD has become a hot 
research topic in recent years.

In the pathophysiological process of NAFLD, 
lactate is increasingly recognized as an impor-
tant metabolite and signaling molecule, rather 
than just a metabolic waste. In NAFLD state, 
hepatic insulin resistance leads to abnormal 
glucose uptake and utilization, thereby enhanc-
ing glycolytic flux and producing excessive py- 
ruvate. Due to impaired mitochondrial function 
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or decreased oxidative capacity, pyruvate is 
converted to lactate by lactate dehydrogenase 
(LDH), leading to its hepatic accumulation. 
Lactic acid can promote the synthesis and 
accumulation of triglycerides (TG) in liver cells 
through a series of biochemical reactions [5]. 
Research has shown that both circulating and 
hepatic lactate levels are closely related to the 
progression of liver disease, with higher lactate 
levels indicating more severe liver disease pro-
gression [6-8]. Additionally, high acetylation of 
LDHB in the liver of NAFLD and NASH signifi-
cantly reduces LDHB activity and impairs liver 
lactate clearance, leading to lactate accumula-
tion, which further exacerbates liver lipid depo-
sition and inflammatory response [9]. Another 
study showed that knocking down LDHA alle- 
viated lipid accumulation, reduced TG and TC 
levels, and downregulated adipogenic proteins 
in the L-02 cell line treated with free fatty acids 
[10]. A cross-sectional analysis of NHANES 
data indicated a significant correlation between 
serum LDH levels, NAFLD, and advanced liver 
fibrosis, suggesting that LDH measurement  
has important clinical warning value for identi-
fying high-risk patients, especially those with 
metabolic syndrome [11]. Collectively, abnor-
malities in lactate metabolism (including its 
production, transport, and utilization) are clo- 
sely related to lipid deposition and inflammato-
ry processes in NAFLD and may represent an 
important signaling mechanism driving NAFLD 
progression.

The monocarboxylate transporter (MCT) family 
is encoded by the solute transport protein fam-
ily SLC16A gene, among which MCT1 and MCT4 
are the most widely expressed and mediate 
transmembrane transport of lactate. At physio-
logical pH, approximately 99% of lactic acid dis-
sociates into anions and protons. Among them, 
MCT1 has a higher affinity for lactate in cells 
and is more inclined to uptake lactate from the 
extracellular environment, whereas MCT4 has 
a lower affinity for lactate and is more inclined 
to excrete lactate from the cell [12, 13]. A stu- 
dy found that in a NAFLD model induced by 
MCT1 haploinsufficiency mice, milder brain tis-
sue damage was observed, suggesting a po- 
tential protective effect against NAFLD-as- 
sociated neural changes despite the presence 
of steatosis [14]. Other studies have shown 
that MCT1 insufficiency promotes resistance  
to hepatic steatosis and inflammation [15]. 

Currently, research has focused on the role of 
MCT4 in NAFLD. Guo et al. showed that MCT4 
overexpression downregulated lipogenic genes 
and upregulated lipid catabolism-associated gen- 
es. On the contrary, inhibiting MCT4 expre- 
ssion accelerated the accumulation of intracel-
lular lipids and glucose metabolites, leading to 
hepatic steatosis. In vivo experiments further 
confirmed that exogenous MCT4 significantly 
alleviated hepatic steatosis in the NAFLD mou- 
se model [16]. Although evidence suggests that 
MCT4 can promote lactate efflux, reshape the 
hepatic metabolic microenvironment, and exert 
anti-steatosis and anti-inflammatory effects, 
relevant studies remain limited. Therefore, tar-
geting the MCT4 pathway provides a highly 
promising direction for developing novel thera-
pies for NAFLD and is currently an active fron-
tier in the field of metabolic liver disease re- 
search. 

This study investigated the regulatory role of 
MCT4 in lipid accumulation and inflammatory 
response in NAFLD using both in vivo and in 
vitro experiments. Our research results may 
provide new insights into the pathogenesis of 
NAFLD.

Materials and methods

Cells and transfection

The human normal hepatocyte line L-02 was 
purchased from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). Cells 
were cultured in DMEM (Gibco, Rockville, MD) 
containing 10% (v/v) fetal bovine serum (Gibco, 
Australia), 100 U/mL penicillin and 100 μg/mL 
streptomycin at 37°C in an incubator contain-
ing 5% CO2. An in vitro cellular steatosis model 
of NAFLD was established by stimulating L-02 
cells with 0.25 mM palmitic acid (PA) for 24 
hours. The pcDNA3.1-MCT4 overexpression 
plasmid was constructed by inserting the full-
length human SLC16A3 cDNA (NCBI Reference 
Sequence: NM_004207.4) into the pcDNA3.1(+) 
vector (GeneCopoeia). A C-terminal FLAG tag 
was added for immunodetection. The construc-
tion was confirmed by Sanger sequencing. For 
transient transfection, cells were transfected 
with the plasmid using Lipofectamine 3000 
(Thermo Fisher Scientific) according to the 
manufacturer’s protocol.
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Animals

Twelve SPF-grade male C57BL/6J mice (18-22 
g, 8 weeks) were purchased from the Wuhan 
Institute of Laboratory Animal Research. Mice 
were raised in an environment with alternating 
light and dark for 12 hours and were free to 
drink water. After adaptive feeding, all mice 
were randomly divided into the control group 
(n=3) and the model group (n=9). The model 
group mice were further divided into three 
groups (n=3 in each group): the NAFLD model 
group, the negative control group, and the 
treatment group. The control group was given 
normal feed, while the model group was fed  
a 60% high-fat diet to establish the disease 
model. The negative control group was injected 
with empty plasmid through the tail vein, while 
the treatment group was injected with MCT4 
overexpression plasmid. Rats were euthanized 
by intraperitoneal injection of an overdose of 
sodium pentobarbital (150 mg/kg). Death was 
confirmed by the absence of respiration, ces- 
sation of heartbeat (verified by auscultation), 
and loss of corneal reflex, in accordance with 
the AVMA Guidelines for the Euthanasia of 
Animals (2020 Edition). Then, the peripheral 
blood and liver tissues were collected for sub-
sequent analysis. This study was approved by 
the Animal Ethics Committee of Linyi People’s 
Hospital.

RT-qPCR

Total RNA was extracted using Trizol reagent 
(Invitrogen, USA) and reverse transcribed into 

Western blotting

Samples to be tested were collected and lysed 
to extract total protein. The extracted proteins 
were separated by SDS-PAGE and subsequent-
ly transferred onto PVDF membranes (Bio-Rad, 
California, USA). The membrane containing pro-
tein was blocked with 5% skimmed milk powder 
at room temperature for 2 hours, followed by 
incubation with primary antibody overnight at 
4°C. The primary antibodies (Abcam, UK) in- 
cluded GAPDH (1:500), MCT4 (1:600), JAK1 
(1:1000), phosphorylated JAK1 (Y1034+Y1035, 
1:1000), STAT3 (1:2000), and phosphorylated 
STAT3 (Y705, 1:3000). The next day, the mem-
brane was rinsed with PBS, followed by incuba-
tion with the corresponding secondary antibod-
ies at room temperature. Finally, the protein 
bands were developed using the enhanced 
chemiluminescence (ECL) method (Pierce, Ro- 
ckford, IL, USA), and the expression levels of 
the proteins were quantified using the ImageJ 
software (National Institutes of Health, USA).

ELISA

The concentrations of key cytokines, including 
tumor necrosis factor-alpha (TNF-α), interleu-
kin-1 beta (IL-1β), interleukin-6 (IL-6) and IL-8, 
in cell supernatants were determined by ELISA 
using kits from Solarbio (China), according to 
the manufacturer’s protocol.

Measurement of biochemical parameters 

The levels of triglycerides (TG), total cholesterol 
(TC), low-density lipoprotein cholesterol (LDL-

Table 1. Primers for real-time RT-PCR

Gene
Primers
Forward (5’-3’) Reverse (5’-3’)

MCT4 GTAGCAGGTATCCTTGAGACGG TAAGTAGTGGAAATGTGGTGGC
LXRα CTGATTCTGCAACGGAGTTGT GACGAAGCTCTGTCGGCTC
FAS CTGTCCTGCCTCTGGTGCTT CAGCAAAATGGGCCTCCTT
ATGL AACCAACCCAACCCTTTG GTGGTCATCAGGTCTTTCG
HSL CGCCTTACGGAGTCTATGC TCTGATGGCTCTGAGTTGC
IL-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA
IL-1β CTTTCCCGTGGACCTTCCA CTCGGAGCCTGTAGTGCAGTT
TNF-α CTCCAGGCGGTGCCTATGT GAAGAGCGTGGTGGCCC
IL-8 GGTAAAGTCCGTAAGTCGTAGTAC AGTTAACGTGGAGGTACCGTA
ZBP1 GCAAACTCCGAAGCCATCCAGA CCAAGTTGAGGAATCACCTGGTG
RIPK1 CTGGGCTTCACACAGTCTCA GTCGATCCTGGAACACTGGT
GAPDH GTCCCGAAAGAACTGGTG CCAAAGCAATCAGGTAGCA

cDNA using PrimeScript re- 
verse transcription kit (Takara, 
China). The reverse transcrip-
tion reaction system was 10 
μL, carried out at 37°C, and 
was cycled three times for 15 
minutes each time. The re- 
sulting cDNA was then used  
as template in real-time PCR 
amplification (Applied Biosy- 
stems, Carlsbad, CA). Gene 
expression levels were analyz- 
ed using the 2-ΔΔCt method 
with normalization to referen- 
ce genes. All primers were 
designed and synthesized by 
Sangon Biotech (Shanghai, 
China) (Table 1).
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C), high-density lipoprotein cholesterol (HDL-C), 
aspartate aminotransferase (AST), and alanine 
aminotransferase (ALT) were detected using 
relevant kits (Sigma). All determinations were 
carried out on fully automatic biochemical ana-
lyzers, and the corresponding concentrations 
were calculated through standard curves.

Oil red O staining 

Liver tissue sections were prepared and air-
dried for 15 min at room temperature. Sections 
were sequentially incubated in 100% isopropa-
nol for 5 min, then in 0.5% oil red O solution at 
60°C for 8 min, followed by a 3-min wash in 
85% isopropanol and counterstaining with 
hematoxylin for 2 min. Lipid droplet accumula-
tion was assessed based on staining intensity, 
and the average number of red droplets per cell 
was quantified using ImageJ software (National 
Institutes of health, USA).

Tissue hematoxylin and eosin (H&E) staining

Liver tissue slices were fixed with 4% parafor-
maldehyde solution for 48 hours, followed by 
decalcification treatment using 20% buffered 
EDTA solution. Afterwards, the tissue was em- 
bedded in paraffin, stained with hematoxylin 
and eosin (Sigma-Aldrich, St. Louis, Missouri), 
and observed and photographed under a 
microscope (Olympus IX71; Tokyo, Japan). For 
quantitative histopathological analysis, digital 
images of H&E-stained sections were analyzed 
using ImageJ software (National Institutes of 
Health, USA). Regions of interest (areas show-
ing inflammatory infiltration, necrosis, or ste-
atosis) were manually delineated by an observ-
er blinded to this study, and the percentage of 
affected area relative to the total tissue area 
was calculated.

Immunohistochemical assay

After antigen retrieval, tissue regions were cir-
cled and non-specific binding sites were blo- 
cked. The tissue sections were then incubat- 
ed with primary antibody (Abcam, UK) working 
solution overnight at 4°C in a humid chamber. 
The next day, the slices were equilibrated to 
room temperature for 30 minutes, washed 
three times with distilled water, and then incu-
bated with the secondary antibody working 
solution for 10 minutes. Subsequently, color 
development was performed using 3,3’-diami-

nobenzidine under dark conditions. After the 
color development was completed, sections 
were counterstained with hematoxylin and dif-
ferentiated with hydrochloric acid ethanol. 
Finally, sections were rinsed, observed under 
an optical microscope (Olympus Corporation, 
Japan) and photographed using ImageJ/Fiji 
(National Institutes of Health, USA).

Flow cytometry

Cell culture supernatant was collected and 
washed with PBS buffer. The cells were resus-
pended and adjusted to a density of 2×104 
cells/mL. Next, 100 μL of the cell suspension 
was inoculated into the culture container. Cells 
were then incubated with annexin V-FITC and 
propidium iodide in the dark. Finally, binding 
buffer was added to the tube, and apoptosis 
rate was analyzed by flow cytometry.

Statistical analysis

SPSS 22.0 was used for all data analyses. 
Normally distributed measurement data were 
presented as means ± standard deviation. 
Comparisons between the two groups were 
analyzed using t-tests, and among multiple 
groups were conducted using one-way ANOVA 
followed by LSD test. A P value of <0.05 indi-
cated statistical significance.

Results

MCT4 expression was reduced in the livers of 
NAFLD mice

Immunohistochemistry and RT-qPCR analyses 
revealed that MCT4 expression was decreased 
in liver tissues of NAFLD mice (Figure 1A, 1B), 
suggesting that dysregulated MCT4 expression 
may be closely associated with NAFLD progres-
sion. However, in the in vitro NAFLD model es- 
tablished by treating L-02 cells with 0.25 mM 
palmitic acid (PA) for 24 hours, MCT4 mRNA 
expression was increased- contrary to the in 
vivo findings (Figure 1C). We speculate that the 
downregulation of MCT4 in NAFLD mouse liver 
tissues reflects chronic metabolic dysfunction 
and impaired hepatocyte function, whereas the 
upregulation of MCT4 mRNA in PA-treated L-02 
cells may represent an acute stress or com- 
pensatory response, whereby MCT4 responds 
to early lipid accumulation induced by PA. 
Subsequently, we transfected L-02 cells with 
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an MCT4 overexpression plasmid, and both 
mRNA (Figure 1D) and protein levels (Figure 
1E) of MCT4 were significantly increased, con-
firming efficient transfection.

MCT4 inhibited PA-induced lipid accumulation 
in cells

L-02 cells were treated with 0.25 mM PA for  
24 hours, and the levels of TG, TC, LDL-C, and 
HDL-C were detected. Compared with the 
Control group, the contents of TG, TC, and 
LDL-C in the PA group cells were significantly 
increased, while the content of HDL-C was de- 
creased, indicating an increase in lipid accu- 
mulation in the cells. After overexpression of 
MCT4, the levels of TG, TC, and LDL-C (Figure 
2A-C) were decreased, while the level of HDL- 
C (Figure 2D) was increased, indicating that 
MCT4 mitigated lipid accumulation. In addition, 
we detected the expression of lipid metabo-
lism-related genes and found that PA signifi-
cantly promoted the expression of lipid syn- 
thesis genes LXRα (Figure 2E) and FAS (Figure 
2F), while inhibiting the expression of lipolytic 
genes ATGL (Figure 2G) and HSL (Figure 2H), 

indicating enhanced lipid synthesis and re- 
duced lipid breakdown. However, this effect 
was reversed after MCT4 overexpression.

MCT4 inhibited PA-induced cellular inflamma-
tion

After treatment with 0.25 mM PA for 24 hours, 
the secretion levels of inflammatory factors 
IL-6, IL-1β, TNF-α, and IL-8 in L-02 cells signifi-
cantly increased compared to the control group 
(Figure 3A-D). Similarly, the mRNA expression 
of IL-6, IL-1β, TNF-α, and IL-8 was increased fol-
lowing PA treatment, while overexpression of 
MCT4 reversed the promoting effect of PA on 
inflammatory response (Figure 3E-H), indicat-
ing that MCT4 can inhibit PA induced cellular 
inflammatory response.

MCT4 inhibited PA-induced PANoptosis

Inflammation and lipid accumulation are the 
key triggers of PANoptosis, which often cause 
cell death in synergy, leading to the aggravation 
of tissue damage in a variety of metabolic and 
infectious diseases. In the cells treated with 

Figure 1. Expression levels of MCT4 in NAFLD. A, B. Expression levels of MCT4 in liver tissues of NAFLD mice, as 
determined by immunohistochemistry and RT-qPCR. L-02 cells were treated with 0.25 mM palmitic acid (PA) for 24 
hours to establish an in vitro cellular model of NAFLD. C. The mRNA expression of MCT4 in PA-treated L-02 cells. 
D, E. Validation of MCT4 overexpression plasmid transfection efficiency by detecting mRNA and protein expression 
levels of MCT4. Scale bar =50 µm. N=3. ***P<0.001.
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Figure 2. Effects of MCT4 on cellular lipid accumulation. A. Intracellular triglyceride (TG) content. B. Intracellular to-
tal cholesterol (TC) content. C, D. Intracellular low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein 
cholesterol (HDL-C) levels. E-H. The mRNA expression levels of lipogenic genes (LXRα, FAS) and lipolytic genes (ATGL, 
HSL). N=3. *P<0.05. **P<0.01. ***P<0.001.

Figure 3. Effects of MCT4 on cellular inflammatory response. A, E. Secretion and mRNA levels of IL-6. B, F. Secretion 
and mRNA levels of TNF-α. C, G. Secretion and mRNA levels of IL-1β. D, H. Secretion and mRNA levels of IL-8. N=3. 
**P<0.01. ***P<0.001.

PA, the levels of cleaved Caspase-3, cleaved 
Caspase-1, and phosphorylated MLKL incre- 
ased, indicating induction of PANoptosis, while 

MCT4 transfection inhibited PA induced PAN- 
optosis (Figure 4A-C). Meanwhile, PA upregu-
lated the expression of PANoptosis related pro-
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teins ZBP1 and RIPK1 (Figure 4D, 4E), and 
increased cell apoptosis (Figure 4F), while  
overexpression of MCT4 reduced the levels of 
these molecules and alleviated cell apoptosis.

MCT4 inhibited PA-induced JAK1-STAT3 path-
way activation

PA significantly activated the JAK1-STAT3 sig-
naling pathway, while transfection of MCT4 re- 
duced JAK1 and STAT3 protein phosphorylation 
levels. However, intervention with JAK1 activa-
tor Oncostatin M (OSM) reactivated this path-
way (Figure 5A). Regarding the role of the AK1-
STAT3 pathway in PA-induced lipid accumula- 
tion and inflammation, MCT4 significantly re- 
duced the levels of TG, TC, and LDL-C (Figure 
5B-D) in PA-treated cells, but these inhibitory 
effects were eliminated by OSM, which promot-
ed lipogenic gene LXRα and inhibited mRNA 

expression of lipolytic gene HSL (Figure 5E, 
5F). In addition, PA increased the secretion  
of IL-6, TNF-α, and IL-1β (Figure 5G-I), while 
MCT4 overexpression attenuated the inflam-
matory response. However, OSM restored cyto-
kine secretion, indicating that MCT4 reduces 
lipid accumulation and inflammation in PA- 
treated L-02 cells by inhibiting the JAK1-STAT3 
signaling pathway. Inflammation and lipid accu-
mulation are key triggers of PANoptosis, often 
acting synergistically to promote cell death and 
exacerbate tissue damage in metabolic and 
infectious diseases. In PA-treated L-02 cells, 
the expression of PANoptosome components 
ZBP1, RIPK1, and AIM2 was elevated; However, 
MCT4 overexpression reduced their levels and 
this was restored after JAK1 activation via OSM 
(Figure 5J-L). This suggests PANoptosis is in- 
volved in PA-driven inflammatory and lipotoxic 
processes.

Figure 4. Effects of MCT4 on cell apoptosis. A-C. The expression of cleaved caspase 3, cleaved caspase 1 and MLKL. 
D, E. The mRNA expression levels of PANoptosome-associated molecules ZBP1 and RIPK1. F. Cell apoptosis. N=3. 
***P<0.001.
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Figure 5. MCT4 regulated cellular lipid accumulation and 
inflammatory response via the JAK1-STAT3 pathway. A. 
Phosphorylation levels of JAK1 and STAT3 proteins. B-D. 
Intracellular levels of TG, TC, and LDL-C. E, F. The mRNA 
expression levels of the lipogenic gene LXRα and the li-
polytic gene HSL. G-I. Secretion levels of IL-6, TNF-α, and 
IL-1β. Oncostatin M: a JAK1 activator. J-L. The mRNA ex-
pression levels of PANoptosome-associated molecules 
ZBP1, RIPK1, and AIM2. N=3. *P<0.05. **P<0.01. 
***P<0.001.
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MCT4 alleviated hepatic lipid accumulation 
and injury in NAFLD mice

Compared with the control group, mice in the 
NAFLD group showed increased liver weight 
and index, indicating successful mouse mo- 
deling. After administration of MCT4, the liver 
weight (Figure 6A) and liver index (Figure 6B)  
of mice decreased, suggesting a protective 
effect against HFD-induced hepatic injury. In 
this study, serum levels of AST and ALT in 
NAFLD mice increased, whereas MCT4 overex-
pression decreased these levels (Figure 6C, 
6D). Similarly, hepatic TG and TC levels were 
lower in MCT4-overexpressing mice than th- 
ose in NAFLD mice (Figure 6E, 6F). Analysis  
of inflammatory cytokines showed that IL-6 
(Figure 6G) and TNF-α (Figure 6H) levels in the 
liver of NAFLD mice were increased, while over-
expression of MCT4 reduced the levels of these 
inflammatory cytokines. Immunohistochemistry 
and Western blotting showed reduced MCT4 
expression and increased phosphorylation lev-
els of JAK1 and STAT3 in the liver of NAFLD 
mice, which were reversed by MCT4 overex-
pression (Figure 6I, 6J). A large number of red 
lipid droplets positive for oil red O staining were 
observed in the liver tissues of NAFLD mice, 
while in the MCT4 overexpression group, the 
number of lipid droplets decreased (Figure 6K). 
The HE staining results of liver tissues in the 
NAFLD mice showed that lipid deposition 
formed vacuoles in the liver tissues, and the 
structure of liver lobules was damaged. The 
number of vacuoles in the liver tissues in the 
MCT4 overexpression group decreased, and 
hepatocytes were arranged radially around the 
central vein (Figure 6L).

Discussion

Under physiological conditions, the steady-
state concentration of TG in the liver is very low, 
accounting for approximately 5% of total liver 
volume. However, when the accumulation rate 
of fatty acids exceeds their clearance rate, ex- 
cessive fatty acids are stored in lipid droplets, a 
process clinically defined as hepatic steatosis 
[17, 18]. Current research indicates that fat ac- 
cumulation in the liver and persistent chronic 
inflammation are major triggers of NAFLD. The- 
refore, preventing excessive hepatic fat accu-
mulation and controlling oxidative stress have 
become effective means for the prevention and 
treatment of NAFLD.

Our research indicates that MCT4 expression  
is downregulated in both PA-induced liver cell 
and HFD-fed NAFLD mouse models, whereas 
its overexpression improves liver steatosis and 
inflammation. These findings position MCT4  
as a novel regulator of lipid metabolism and 
inflammatory signaling in NAFLD. It is worth  
noting that MCT4 overexpression reversed PA- 
induced accumulation of TG, TC, and LDL-C, 
while restoring HDL-C levels and rebalancing 
the expression of adipogenic and lipolytic 
genes. This metabolic improvement is consis-
tent with recent reports indicating that mono-
carboxylate transporters affect cellular energy 
flux and redox balance, which are known to 
regulate de novo adipogenesis [19, 20]. Im- 
portantly, unlike previous studies that focused 
on MCT1 or MCT2 in liver metabolism, our work 
links MCT4 with the pathogenesis of NAFLD. 
Meanwhile, MCT4 inhibits the secretion of pro-
inflammatory cytokines (TNF-α, IL-1β, IL-6) in 
vitro and reduces liver inflammatory infiltration 
in vivo. Under normal physiological conditions, 
inflammatory cytokines are almost rarely pres-
ent in the liver. However, pathological stimuli 
such as lipid accumulation can induce hepato-
cytes to produce inflammatory cytokines, lead-
ing to chronic inflammatory infiltration, necro-
sis, apoptosis and fibrosis, thereby promoting 
the development and deterioration of NAFLD 
[21, 22]. Compared with normal livers, TNF-α 
and TNF receptor expression in the livers of 
NAFLD patients is increased, and even higher 
in NASH patients [23, 24]. Similarly, IL-6 levels 
are consistently higher in NAFLD/NASH patients 
[25]. Although the elevation of TNF and IL-6 has 
been well documented in human NASH, our 
data extends these observations by linking 
their production to reduced MCT4, which was 
previously not established.

Mechanistically, we observed overactivation of 
the JAK1-STAT3 pathway in the NAFLD model, 
and overexpression of MCT4 effectively allevi-
ated this overactivation. This is consistent with 
emerging evidence that JAK-STAT signaling in- 
tegrates metabolic and inflammatory cues in 
fatty liver disease [26, 27]. According to reports, 
the progression of NASH can be inhibited by 
miR-142-5p overexpression, which relies on the 
inhibition of thymic stromal lymphopoietin and 
JAK-STAT signaling pathways [28]. In addition, 
interruption of hepatic GH-JAK2-STAT5 signal-
ing pathway is associated with lipid metabolism 
in both human and mouse NAFLD models [29]. 
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Figure 6. Therapeutic effects of MCT4 in NAFLD mice. A, B. Liver wet weight and liver index. C, D. Serum levels of AST and ALT. E, F. Hepatic levels of TG and TC. G, 
H. Secretion levels of IL-6 and TNF-α in liver tissues. I. Representative images of MCT4 immunohistochemistry. J. Phosphorylation levels of JAK1 and STAT3 proteins. 
K. Oil Red O staining showing lipid droplet accumulation in liver tissues. L. Hematoxylin and eosin staining images of liver tissues. Scale bar =50 µm. N=3. *P<0.05. 
**P<0.01. ***P<0.001.
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It has also been reported that natural killer 
cells are activated in the liver of NASH, in a 
more pro-inflammatory cytokine environment, 
and promote the development of NASH through 
the cytokine -JAK-STAT1/3 axis [30]. Research 
has shown that blockade of the JAK-STAT sig-
naling pathway is associated with P38γ inhibi-
tion, which helps reduce lipid accumulation in 
AML-12 cells induced by free fatty acids [31]. 
Based on the above research background, it is 
confirmed that JAK-STAT plays an important 
role in NAFLD. 

Despite these findings, our research still has 
limitations. First, although the L-02 cell line is 
widely used, it belongs to the immortalized  
cell line and may not fully reproduce the behav-
ior of primary human liver cells. Second, we did 
not investigate whether the role of MCT4 
depends on its canonical transport function  
or involves non-classical signaling functions. 
Future research should employ hepatocyte-
specific MCT4 knockout mice and evaluate 
their therapeutic potential in advanced NAFLD 
models with fibrosis.

Conclusion

MCT4 expression is reduced during the pro-
gression of NAFLD, and its loss contributes to 
lipid metabolism disorders and inflammatory 
damage in the liver. Further research shows 
that MCT4 can block the JAK1-STAT3 signaling 
pathway to alleviate hepatocellular steatosis 
and inflammation of hepatocytes in NAFLD. 
Therefore, MCT4 may be a potential therapeu-
tic target for NAFLD.
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