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Abstract
Background  Non-alcoholic fatty liver disease (NAFLD) is characterized by abnormal lipid accumulation in 
hepatocytes and defective autophagy has been implicated in its pathogenesis. Human umbilical cord-derived MSCs 
(hUC-MSCs) have shown therapeutic potential in treating NAFLD, while underlying molecular mechanisms remained 
largely unknown.

Methods  Male C57BL/6J mice fed a choline-deficient high fat diet (CD-HFD) and HepG2 cells exposed to palmitic 
acid/oleic acid were established as in vivo and in vitro models of NAFLD, respectively. Both models were subjected to 
treatment with human umbilical cord-derived MSCs (hUC-MSCs). Lipid content, proinflammatory cytokines, fibrosis 
markers and the hepatic transcriptome were assessed to determine the effect of hUC-MSCs.

Results  Here, hUC-MSCs decreased hepatic lipid content and alanine aminotransferase/aspartate aminotransferase 
levels, as well as attenuated inflammation and fibrosis in choline-deficient high-fat diet (CD-HFD)-induced NAFLD 
mice. Mechanistically, hUC-MSCs restored impaired autophagic flux and mitigated liver steatosis through the AMPK-
mTOR-TFEB pathway in both NAFLD mice and oleic acid/palmitic acid-induced “fatty” HepG2 cells. Of note, hUC-
MSCs have been found to promote nuclear translocation of TFEB in PA/OA-induced HepG2 cells. Additionally, TFEB 
knockdown partially attenuated the effect of hUC-MSCs on enhancing autophagy and lipid metabolism in vitro.

Conclusions  This study suggests that hUC-MSCs represent a potential therapeutic approach to treating NAFLD 
through activating TFEB-mediated autophagy.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is the most 
common chronic liver disease, with a global prevalence 
reaching 32.4% [1]. The disease spectrum of NAFLD 
encompasses non-alcoholic fatty liver, non-alcoholic 
steatohepatitis (NASH), liver cirrhosis, and even hepa-
tocellular carcinoma. Furthermore, NAFLD is closely 
associated with diabetes and cardiovascular diseases, 
posing a significant threat to human health. Develop-
ing effective therapies for NAFLD has proven to be a 
challenge due to the complexity of the disease. An ideal 
treatment for NAFLD should effectively target fat accu-
mulation, inflammation, and fibrosis while maintaining 
a robust safety profile for long-term use. Despite sub-
stantial research efforts, no existing pharmacological 
intervention has fully satisfied these criteria. For many 
years, the primary management strategy for NAFLD 
has focused on lifestyle modifications and weight loss. 
Although bariatric surgery has shown therapeutic effects 
for NAFLD [2, 3], its effectiveness is frequently compro-
mised by challenges related to patient compliance and 
the limited availability of comprehensive clinical evi-
dence supporting its long-term benefits. Recently, the 
Food and Drug Administration (FDA) approved resme-
tirom, an oral thyroid hormone receptor-beta (THRβ) 
agonist, as a treatment for adult patients with NASH and 
associated fibrosis [4]. In clinical trials, resmetirom dem-
onstrated a significant benefit in halting fibrosis progres-
sion. However, this effect was observed in only a subset 
of patients (approximately 25–30%) [5], emphasizing the 
urgent need to explore and develop innovative therapeu-
tic approaches for NAFLD.

Emerging evidence has shown that mesenchymal stem 
cells (MSCs) could be a promising therapeutic strategy 
for NAFLD treatment [6, 7]. MSCs comprise a subset of 
stromal stem cells with the capacity for self-renewal and 
multidirectional differentiation. MSCs can be isolated 
from a variety of tissues and organs, including adipose 
tissue, bone marrow, umbilical cord, placenta, and carti-
lage. Compared with MSCs from other sources, human 
umbilical cord-derived mesenchymal stem cells (hUC-
MSCs) have demonstrated advantages due to their non-
invasive accessibility, higher proliferative capacity, and 
lower expression of human leukocyte antigen. It has been 
suggested that multiple infusions of hUC-MSCs via tail 
vein could alleviate steatosis, inflammation, and fibrosis 
of NASH in mouse models [8–10]. Additionally, hUC-
MSCs in combination with liraglutide significantly inhib-
ited the expression of cytokines and ameliorated liver 
injury [11]. However, the underlying molecular mecha-
nisms have remained largely unknown.

Autophagy is a process that delivers damaged organ-
elles and misfolded proteins to lysosomes for degra-
dation, which helps to maintain cellular homeostasis. 
Autophagy has been shown to play an important role in 
the pathogenesis of NAFLD [12]. Previous research has 
found that autophagic flux is impaired in the livers of 
NAFLD patients [13, 14]. In vitro studies have demon-
strated that blockage of hepatic autophagy, reduced lyso-
somal degradation for lipogenic enzymes, and increased 
triglyceride synthesis, leading to hepatic steatosis. There-
fore, targeting autophagy could be a therapeutic strat-
egy for the treatment of NAFLD. Existing literature has 
suggested that MSCs protect the liver against ischemia/
reperfusion injury via enhancing autophagy [15]. Never-
theless, how hUC-MSCs regulate autophagy in NAFLD 
has not been elucidated.

The transcription factor EB (TFEB) is a key regulator 
of autophagy and lysosomal biogenesis. The activity of 
TFEB is related to its phosphorylation status and cellu-
lar distribution. Dephosphorylation of TFEB promotes 
its nuclear translocation, thereby activating the tran-
scription of autophagy-related genes [16]. It has been 
reported that nuclear TFEB expression is inversely cor-
related with the steatosis severity of liver biopsy samples 
from NAFLD patients [17]. Moreover, liver specific TFEB 
knockout mice presented with impairment of lipid degra-
dation as well as fatty acid oxidation [18, 19]. Conversely, 
TFEB overexpression decreased lipid droplet levels and 
weight gain induced by high fat diet [20]. These studies 
highlight the importance of TFEB in regulating NAFLD. 
However, whether TFEB mediates the therapeutic effects 
of hUC-MSCs on NAFLD remains to be determined.

In this study, the mechanistic role of autophagy in the 
hUC-MSC-mediated treatment of NAFLD was investi-
gated. In vivo, hUC-MSCs attenuated hepatic steatosis, 
inflammation, and fibrosis in NAFLD mouse models 
through the activation of autophagy. Moreover, knock-
down of TFEB reduced the therapeutic effects of hUC-
MSCs on NAFLD. These results further reinforce the 
pivotal role of autophagy in the treatment of NAFLD and 
highlight the therapeutic potential of hUC-MSCs as an 
effective strategy against this disease.

Materials and methods
Experimental animals
All relevant procedures involving animal experiments 
were in compliance with the guidelines of the Animal 
Welfare Ethics Committee of Shanghai Sixth People’s 
Hospital. Eight-week-old male C57BL/6J mice were pur-
chased from Shanghai SLAC Laboratory Animal Co. All 
mice were kept in a 12 h light/dark cycle with free access 
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to food and water. The experimental protocols com-
plied with the ARRIVE guidelines 2.0 (Animal Research: 
Reporting of In Vivo Experiments).

hUC-MSCs culture
The hUC-MSCs were obtained from the Translational 
Medical Center for Stem Cell Therapy at Shanghai East 
Hospital. The experimental protocol was approved by 
the Ethics Committee of Shanghai East Hospital. Clin-
ical-grade hUC-MSCs were produced in accordance 
with good manufacturing practices (GMP) standards at 
Shanghai East Hospital. The protocol for hUC-MSC iso-
lation and culture was performed as previously described 
in our study [21]. hUC-MSCs at passage 4 were collected 
for intravenous injection. All cell preparations tested 
negative for mycoplasma contamination.

Animal treatment
After one month of adaptive feeding, the mice were 
randomly assigned to two groups and fed either a stan-
dard diet (Control) or a choline-deficient high-fat diet 
(CD-HFD) (44.9 kcal% fat, 35.1 kcal% carbohydrates and 
20.0 kcal% protein, without added choline) (D05010402, 
Research Diets). Mice fed with the CD-HFD showed sig-
nificant weight gain after 16 weeks of experimental feed-
ing. Subsequently, the CD-HFD mice were randomly 
divided into two groups: one group received 1 × 106 hUC-
MSCs suspended in 0.2  ml phosphate-buffered saline 
(PBS, Cytiva, SH30256.01) via tail vein injection (referred 
to as the CD-HFD hUC-MSCs group), while the other 
group received an equal volume of PBS alone (referred 
to as the CD-HFD group). The hUC-MSCs were admin-
istered every two weeks for a total of five injections. 
The weight of each mouse was measured at the onset 
of the diet and on the day of euthanasia. All mice were 
humanely euthanized at week 26 of the CD-HFD feed-
ing regimen, one week after the fifth hUC-MSC injection. 
During the hUC-MSC treatment period, the mice contin-
ued receiving the CD-HFD. After overnight fasting, mice 
were anesthetized with isoflurane. Subsequently, blood 
was collected via cardiac puncture. After blood collec-
tion, the mice were euthanized by cervical dislocation, 
and liver and other tissue samples were collected and 
stored at − 80℃.

In vivo imaging of fluorescently labeled hUC-MSCs
To investigate the biodistribution of hUC-MSCs, living 
mice with non-alcoholic fatty liver disease were injected 
with DiR-labeled hUC-MSCs. Briefly, the DiR dye (Invi-
trogen, D12731) was thoroughly mixed with hUC-MSC 
suspension and incubated at 37  ℃ for 30  min. Subse-
quently, the cells were washed twice with PBS to elimi-
nate excess dye. The DiR-labelled hUC-MSCs (1 × 106 
cells) were then suspended in 0.2  ml PBS and injected 

into CD-HFD mice via the tail vein. The standard diet 
control group received an equivalent volume of PBS. 
Imaging was performed at 1, 7, and 14 days after cell 
infusion using the IVIS®Spectrum Imaging System 
(PerkinElmer).

Histological analysis
For histological analysis, fresh liver specimens were 
fixed in 4% paraformaldehyde (PFA, Sangon Biotech) at 
4  °C overnight and embedded in paraffin. Paraffin sec-
tion  (5  μm) were stained with hematoxylin and eosin 
(H&E, Sigma) according to the standard protocol. The 
morphological structure of each tissue was examined 
under a light microscope.

Oil red O staining
To observe hepatic steatosis, liver tissues were embed-
ded in Tissue-Tek O.C.T. compound (Sakura) and stored 
at −  80℃ until sectioning. Tissue blocks were cut into 
10 μm sections and then stained with Oil Red O (Sigma-
Aldrich, O0625), followed by counterstaining with hema-
toxylin according to the manufacturer’s instructions.

For in vitro studies, HepG2 cells were washed three 
times with PBS and fixed in 4% PFA for 20 min. The fixed 
cells were stained with an Oil Red O Staining Kit (Beyo-
time, C0157) according to the manufacturer’s instruc-
tions. Images were acquired under a light microscope.

Biochemical and lipid accumulation measurements
An automatic biochemistry analyzer (Rayto Technolo-
gies) was used to assess the levels of serum alanine ami-
notransferase (ALT) and aspartic acid transaminase 
(AST). The triglyceride (TG) levels of liver tissues and 
HepG2 cells were measured using an Enzymatic Assay 
Kit (Nanjing Jiancheng) according to the manufacturer’s 
protocol.

Quantitative real-time reverse transcription PCR (qRT-PCR) 
analysis
Total RNA was isolated from liver tissues using TRIzol 
reagent (Invitrogen, 15596026) and reverse transcribed 
into cDNA with a reverse transcription kit (Vazyme, 
R323) according to the manufacturer’s instructions. Real-
time PCR was performed on cDNA samples using 2×Taq 
Pro Universal SYBR qPCR Master Mix (Vazyme, Q712) 
with an ABI Prism 7300 Thermal Cycler (Applied Bio-
systems). The relative changes in gene expression were 
determined using the formula 2-ΔΔCt. Primers used for 
gene expression are listed in Supplementary material 3.

Western blot analysis
Cells and liver tissues were lysed in ice-cold RIPA buf-
fer (Beyotime, P0013). The protein concentrations were 
determined using a BCA Protein Assay Kit (Beyotime, 
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P0009). Equal amounts of total protein were electropho-
resed with 10% SDS-polyacrylamide gel (SDS-PAGE) 
(Epizyme Biotech) and transferred to a polyvinylidene 
fluoride (PVDF) membrane (Merck Millipore). The mem-
branes were blocked with 5% non-fat milk (BD Difco) 
for 1  h at room temperature and immunoblotted using 
polyclonal primary antibodies against SREBP-1 (1:1000, 
Invitrogen), a-SMA (1:1000, Proteintech), FASN (1:1000, 
Abcam), COL1A1 (1:1000, Sigma), p-mTOR (1:1000, 
Abcam), mTOR (1:1000, Abcam), AMPK (1:1000, Cell 
Signaling Technology), p-AMPK (1:1000, Cell Signaling 
Technology), TFEB (1:1000, Cell Signaling Technology), 
LC3B (1:1000, Abcam), GAPDH (1:10 000, Proteintech) 
and Histone-H3 (1:2000, Abcam). The immunoblots were 
visualized with a 1:50,000 dilution of horseradish peroxi-
dase (HRP)-conjugated polyclonal secondary antibody 
(Cell Signaling Technology) and an enhanced chemilumi-
nescence (ECL) detection kit (Abclonal). ImageJ software 
(NIH) was used for densitometric analysis of the bands.

Enzyme-linked immunosorbent assay (ELISA)
The levels of IL-6 were measured using Mouse IL-6 High 
Sensitivity ELISA Kit according to the manufacturer’s 
instructions (Multi Sciences, EK206HS-96). Mouse 
IL-1β ELISA Kit (Multi Sciences, EK201B/3–96), Human 
IL-1β ELISA Kit (Multi Sciences, EK101B), and Human/
Mouse/Rat TGF-β1 ELISA Kit (Multi Sciences, EK981-
96) were used to detect the levels of IL-1β and TGF-β1 
respectively.

RNA-seq analysis
Total RNA was extracted from liver tissue using TRIzol® 
Reagent (Invitrogen) according to the manufacturer’s 
instructions. Then RNA quality was determined by 5300 
Bioanalyzer (Agilent) and quantified using the ND-2000 
(NanoDrop Technologies). The liver RNA-seq transcrip-
tome library was prepared following Illumina® Stranded 
mRNA Prep, Ligation (San Diego, CA) using 1 µg of total 
RNA. The sequencing library, after quantification with 
a Qubit 4.0 fluorometer, was sequenced on the Nova-
Seq X Plus platform (PE150) using a NovaSeq Reagent 
Kit at Shanghai Majorbio Bio-pharm Biotechnology 
Co., Ltd. (Shanghai, China). The raw paired-end reads 
were trimmed and quality-checked using fastp [22] with 
default parameters. The clean reads were then aligned to 
the reference genome using HISAT2 [23]. Subsequently, 
the aligned reads were assembled in a reference-guided 
manner by StringTie [24].

Identification of differentially expressed genes (DEGs)
Differential gene expression analysis was performed 
using the DESeq2 package in R. DEGs between the CD-
HFD hUC-MSC-treated and CD-HFD vehicle groups 
were identified using the results function with the false 

discovery rate (FDR)-adjusted p-values. Genes with 
an FDR-adjusted p-value < 0.05 and absolute log2 fold 
change ≥ 0.5 were considered significantly differentially 
expressed. Genes with log2 fold change > 0.5 were clas-
sified as upregulated, and those with log2 fold change < 
− 0.5 were classified as downregulated. Genes not meet-
ing these criteria were considered stable.

Functional enrichment analysis
Functional enrichment analysis of the identified DEGs 
was performed using the clusterProfiler R package. GO 
enrichment analysis was conducted to investigate the 
biological processes (BP), cellular components (CC), 
and molecular functions (MF) associated with DEGs, 
although only the BP were presented in this study. KEGG 
pathway enrichment analysis was performed to identify 
significantly enriched signaling pathways. Terms and 
pathways with an FDR-adjusted p-value < 0.05 were con-
sidered statistically significant.

Isolation of cytosolic and nuclear proteins
The cytosolic and nuclear proteins were isolated using a 
commercial kit (Thermo Scientific, 78833) according to 
the manufacturer’s instructions. The extracts were stored 
at − 80 °C until use.

Culture and treatment of HepG2 cells
HepG2 cells were cultured in DMEM High Glucose 
(Cytiva, SH30243.01) supplemented with 10% fetal 
bovine serum (Gibco), 100 U/ml penicillin, and 100 µg/
ml streptomycin (Gibco) at 37 °C in a humidified incuba-
tor containing 5% CO2. The medium was changed every 2 
days. Cells were passaged at a 1:4 ratio when they reached 
80% confluency. HepG2 cells were stimulated with 
oleic acid (OA) (Sigma, O-7501) and palmitic acid (PA) 
(Sigma, P-9767) to establish an in vitro model of NAFLD. 
The cells were stimulated with OA (200 µM) and PA (100 
µM) or BSA (Sigma, B-2064) control for 24–48 h.

After PA/OA treatment, the cells were then cultured 
in fresh standard medium (DMEM without PA/OA) and 
treated with or without hUC-MSCs or 3-MA (Selleck, 
S2767, 5 mM) for 12 h.

For plasmid transfection experiments, HepG2 cells 
were transfected with plasmids for 24  h using the 
LipoFiterTM Liposomal Transfection Reagent (Hanbio) 
according to the manufacturer’s instructions, before OA 
and PA treatment. The pCMV-mCherry-GFP-LC3B plas-
mid was purchased from Beyotime, the pCDH-mRFP-
EGFP-LC3B plasmid from Miaoling Biology, and the 
TFEB-GFP plasmid from Asia-Vector Biotechnology 
(Shanghai) Co., Ltd.

The cells were fixed in 4% PFA for 15 min at room tem-
perature. After being washed three times with PBS, cell 
nuclei were stained with DAPI (Roche) for 10  min and 
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then washed three more times with PBS. The cells were 
visualized using a super-resolution confocal laser scan-
ning microscope (Carl Zeiss).

Lentiviral transfection
To further validate the TFEB knockdown phenotype in 
HepG2 cells, a synthetic human TFEB shRNA plasmid 
was purchased from Shanghai Genechem. The TFEB 
shRNA target sequence is 5′-​C​C​C​C​T​C​A​T​T​A​C​C​A​G​T​G​
A​A​G​G​A-3′. GV248-puro shRNA vectors targeting TFEB 
or a scrambled control (shRNA-NC) were co-transfected 
into HEK293T cells together with the lentiviral packaging 
plasmid pCMVΔ8.91 and envelope plasmid pCMV-VSV-
G using LipoFiterTM Liposomal Transfection Reagent 
(Hanbio) according to the manufacturer’s instructions. 
After 48  h of incubation, the supernatant contain-
ing virus particles was collected and filtered through 
a 0.45  μm membrane filter. Subsequently, 500  µl to 
1 ml of viral supernatant was added to a 60 mm dish to 
infect HepG2 cells. After 24 h of incubation, the culture 
medium was replaced with fresh medium, and the cells 
were further cultivated for 48  h. The medium was then 
replaced with 0.5 µg/ml of puromycin to select cells suc-
cessfully infected with the virus.

Statistical analysis
Statistical analysis was performed using Graphpad Prism 
software. The data were expressed as the mean ± SD. Data 
were analyzed using Student t-test and one-way analy-
sis of variance with Tukey’s multiple comparisons test. 
p-value < 0.05 was considered statistically significant.

Results
Bio-distribution of hUC-MSCs in NAFLD mice
To establish NAFLD models, C57BL/6J mice were fed 
with CD-HFD for 16 weeks to induce hepatic steatosis 
(Fig.  1A). Next, we assessed whether hUC-MSCs pref-
erentially accumulated in injured livers. The live NAFLD 
mice were intravenously injected with DiR-labeled hUC-
MSCs and imaged at 1, 7, and 14 days using an in vivo 
imaging system (IVIS). From in vivo imaging, the fluo-
rescence of DiR-labeled hUC-MSCs was detected at 24 h 
after administration and tapered gradually throughout 14 
days in the CD-HFD hUC-MSCs group (Fig.  1B). Then, 
we evaluated the fluorescence intensity in all harvested 
organs of NAFLD mice treated with DiR-labeled hUC-
MSCs. Significantly stronger fluorescent signals were 
observed on day 1 in the liver after DiR-labeled hUC-
MSC injection compared with other tissues. This sug-
gests that hUC-MSCs in circulation localized more in 
the livers in NAFLD mice. By day 14, fluorescence signals 
were predominantly localized in the liver, with minimal 
to no detectable signals in other organs (Fig. 1C). These 

results demonstrated that hUC-MSCs could home to the 
liver of NAFLD mice.

hUC-MSC infusion reduced liver steatosis, inflammation, 
hepatotoxicity, and fibrosis in NAFLD mice
The established NAFLD mice were randomized to either 
PBS (CD-HFD group) or hUC-MSC treatment (CD-HFD 
hUC-MSCs group) every 2 weeks for a total of 5 injec-
tions. Normal mice fed with a standard diet and treated 
with PBS served as controls (Fig. 2A).

NAFLD mice gained significantly more weight than 
standard diet controls, while hUC-MSC transplantation 
did not affect body weight (Fig. 2B). To assess whether 
hUC-MSC-based therapies could prevent liver steatosis 
in NAFLD mice, hematoxylin and eosin (H&E) as well 
as Oil Red O stains were employed to observe hepatic 
morphological changes and lipid deposition, respec-
tively. As shown in H&E staining, NAFLD mice displayed 
enlarged hepatocytes, abundant lipid vacuoles and hepa-
tocellular ballooning, while hUC-MSC treated mice pre-
sented smaller-sized hepatocytes with fewer intracellular 
lipid droplets (Fig. 2C). Additionally, Oil Red O staining 
revealed that hUC-MSC infusion reduced lipid droplet 
formation in the liver tissues of NAFLD mice, indicative 
of steatosis alleviation (Fig. 2C). Additional quantitative 
analysis confirmed that hUC-MSCs decreased hepatic 
TG accumulation in NAFLD mice (Fig. 2D). To fur-
ther assess the effects of hUC-MSCs on lipogenesis, the 
expression profiles of genes related to hepatic fatty acid 
synthesis, including fatty acid synthase (FASN) and ste-
rol regulatory element-binding protein-1c (SREBP1c), 
were analyzed. FASN is a key enzyme involved in de novo 
lipogenesis, directly contributing to the synthesis of fatty 
acids in the liver, which is particularly relevant in the 
context of NAFLD. SREBP1c acts as a master regulator of 
lipid homeostasis, controlling the expression of various 
genes associated with fatty acid and triglyceride metab-
olism [25, 26]. The expression profiles of SREBP1c and 
FASN at both the RNA and protein level were markedly 
upregulated in liver tissues from NAFLD mice compared 
to standard diet controls, whereas hUC-MSC interven-
tion reversed the increase of SREBP1c and FASN (Fig. 
2E and F). Thus, our results suggested that hUC-MSCs 
attenuated hepatic steatosis and reduced lipogenesis.

Hepatic inflammation, which causes liver damage and 
induces transition from steatosis to fibrosis, plays an 
essential role in promoting NAFLD progression [27]. 
Therefore, the effects of hUC-MSCs on inflammation, 
hepatotoxicity and fibrosis were examined. Compared 
with standard diet controls, NAFLD mice presented 
elevated expression of proinflammatory cytokines (IL-
6, IL-1β and TGF-β1) as well as increased serum levels 
of ALT and AST, which indicated hepatic inflammation 
and impaired liver function. However, after hUC-MSC 
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treatment, proinflammatory cytokines and liver func-
tional markers were remarkably reduced, illustrating the 
protective effects of hUC-MSCs on inflammation and 
hepatotoxicity (Fig. 2G-J). Furthermore, the mRNA and 
protein levels of alpha-smooth muscle actin (α-SMA) 
and collagen type I alpha 1 (COL1A1) were determined 
to assess liver fibrosis. Both α-SMA and COL1A1 were 
markedly downregulated by hUC-MSC intervention 
compared with NAFLD mice (Fig. 2K). Taken together, 
these data demonstrated that hUC-MSCs protected 
NAFLD mice against liver inflammation, hepatotoxicity 
and fibrosis.

hUC-MSC alleviated steatosis, inflammation, and fibrosis in 
PA/OA induced HepG2 cells
Prior literature has reported that PA/OA can induce lipid 
accumulation and inflammation in hepatocytes [19, 28]. 
To investigate the effects of hUC-MSCs on steatotic cells, 
an in vitro co-culture system was established using hUC-
MSCs and PA/OA-induced HepG2 cells. As expected, 
Oil Red O staining showed that PA/OA induced aggre-
gated lipid deposits in HepG2 cells, whereas co-culture 
with hUC-MSCs decreased lipid accumulation (Fig. 
3A). Consistently, treatment of hUC-MSCs considerably 
reduced cellular TG concentration (Fig. 3B). Meanwhile, 
expression levels of proteins involved in fatty acid syn-
thesis, SREBP1c and FASN, were significantly increased 
in PA/OA-treated HepG2 cells, but were decreased by 

Fig. 1  Biodistribution of hUC-MSCs after intravenous infusion into choline-deficient high-fat diet (CD-HFD)-induced NAFLD mice. A Study design for 
hUC-MSC bio-distribution. B Representative fluorescence images of in vivo tracking of DiR-labeled hUC-MSCs at day 1, 7 and 14. C Representative ex vivo 
fluorescence images of DiR-labeled hUC-MSCs from mouse organs, including the liver, spleen, heart, lung, pancreas, kidney, and intestine. Imaging was 
performed using IVIS spectrum in vivo imaging system at the indicated time points. Control mice were fed a standard diet and treated with PBS. Data 
were expressed as mean ± SD, ****P < 0.0001
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hUC-MSCs (Fig. 3C and Supplementary Fig. 1). Simi-
larly, fibrosis markers such as α-SMA and COL1A1 were 
downregulated by hUC-MSC intervention (Fig. 3C and 
Supplementary Fig. 1). The cytokine IL-1β promotes liver 

inflammation and plays a critical role in the disease pro-
gression of NAFLD [29]. We found that treatment with 
hUC-MSCs significantly alleviated the levels of the pro-
inflammatory cytokine IL-1β in PA/OA-induced HepG2 

Fig. 2 (See legend on next page.)
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cells (Fig. 3D). Overall, these results confirmed that hUC-
MSCs ameliorated steatosis, inflammation, and fibrosis 
in PA/OA induced HepG2 cells, consistent with the in 
vivo findings.

Transcriptomic analysis revealed the pathways underlying 
the amelioration of NAFLD following hUC-MSC infusion
To explore the potential molecular mechanisms by which 
hUC-MSCs ameliorate NAFLD, we performed tran-
scriptomic analysis of liver tissues from CD-HFD vehicle 
group and CD-HFD hUC-MSCs group, using an objec-
tive, data-driven approach. Pearson correlation analysis 
of the transcriptomes of all mice showed that the samples 
in the CD-HFD vehicle group were highly consistent, 
and those in the hUC-MSC-treated group also exhibited 
strong within-group correlation. This result indicated 
that hUC-MSC treatment induced significant transcrip-
tomic alterations (Fig.  4A). Subsequently, differential 
expression analysis identified 485 upregulated and 314 
downregulated genes in the livers of hUC-MSC-treated 
mice compared with vehicle controls (Fig.  4B). Gene 
Ontology (GO) enrichment demonstrated that hUC-
MSC infusion reshaped hepatic metabolic and immune 
pathways, indicating that hUC-MSCs may ameliorate 
NAFLD by suppressing lipid biosynthesis, enhancing 
fatty acid catabolism, promoting autophagy, and regulat-
ing inflammatory responses (Fig. 4C and D). Consistently, 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis showed significant enrichment of path-
ways associated with autophagy, energy metabolism, and 
inflammatory regulation (Fig.  4E). To further visualize 
these changes, we generated a heatmap illustrating the 
expression profiles of representative genes associated 
with lipid metabolic processes and autophagy pathways 
(Fig. 4F). The results revealed that hUC-MSC treatment 
downregulated genes related to fatty acid synthesis and 
lipogenesis, while upregulating genes promoting fatty 
acid oxidation, energy metabolism, and autophagy.

hUC-MSCs activated autophagy in both in vivo and in vitro 
NAFLD models
Transcriptomic profiling revealed a significant enrich-
ment of autophagy-related pathways (Fig. 4C and E). 
Given the pivotal role of autophagy in maintaining 
hepatic homeostasis [30] and its impairment in NAFLD 
pathogenesis [31–33], we next investigated whether 
hUC-MSC-mediated hepatoprotection was associated 
with autophagy activation in both in vivo and in vitro 
models.

The conversion of the soluble form of LC3 (LC3-I) to 
its lipidated and membrane-bound form (LC3-II), is a 
well-known marker of autophagosome biogenesis. We 
first measured the protein level of LC3 and found that the 
ratio of LC3II/LC3I was markedly decreased in NAFLD 
mice, while hUC-MSC administration upregulated 
LC3II/LC3I ratio, indicating that autophagy was acti-
vated by hUC-MSC treatment (Fig. 5A). Consistent with 
the in vivo data, hUC-MSCs also enhanced autophagy in 
PA/OA-treated HepG2 cells (Fig. 5B).

Next, HepG2 cells were infected with a pCDH-mRFP-
EGFP-LC3B lentivirus before PA/OA treatment to exam-
ine autolysosome flux. The mRFP-EGFP-LC3B fusion 
protein is able to emit both green fluorescent protein 
(EGFP) and mRFP fluorescence. When autophago-
somes fuse with acidified lysosomes, the EGFP signal is 
quenched while the mRFP signal remains stable. There-
fore, colocalization between EGFP and mRFP denotes 
autophagosomes (yellow puncta), while an mRFP sig-
nal without EGFP signal denotes autolysosomes (red 
puncta). Fluorescence imaging (Fig. 5C) revealed that the 
autolysosomes/autophagosomes ratio was dramatically 
reduced in HepG2 cells pretreated with PA/OA, indicat-
ing impaired maturation of autophagosomes into autoly-
sosomes. In contrast, hUC-MSCs markedly enhanced 
autophagic flux, as evidenced by a higher autolysosome/
autophagosome ratio. To further confirm that the pro-
tection of hUC-MSCs is linked to enhanced autophagy, 
hUC-MSC-treated HepG2 cells were then supplemented 
with 3-methyladenine (3-MA), an autophagy inhibi-
tor. Oil Red O staining of HepG2 cells showed that the 
therapeutic effect of hUC-MSCs on lipid deposition was 

(See figure on previous page.)
Fig. 2  hUC-MSC infusion alleviated liver steatosis, inflammation, hepatotoxicity and fibrosis in choline-deficient high-fat diet (CD-HFD)-induced NAFLD 
mice.  A Schematic outline of research design for the hUC-MSC therapies in NAFLD mice. The 12-week-old C57BL/6J mice were fed with CD-HFD for 16 
weeks and then treated with PBS or hUC-MSCs intravenously every 2 weeks for a total of 5 injections. Control mice were fed with a standard diet. B Weight 
changes of mice fed with a standard diet or CD-HFD over a 10-week period. Compared with mice fed with standard diet, mice fed with CD-HFD showed 
significantly elevated body weight. C Representative images of Oil Red O (400×) and hematoxylin-eosin (H&E) (200×) staining are shown for liver sections 
from mice in each group. Cell nuclei were stained with haematoxylin. D Hepatic triglycerides (TG) were measured after overnight fasting. E, F The mRNA 
and protein levels of lipogenic genes (FASN and SREBP1c) in the livers of mice were detected by quantitative real-time reverse transcription PCR (qRT-PCR) 
and western blot, respectively. G The concentrations of serum inflammatory cytokines (IL-6, IL-1β and TGF-β1) were detected by ELISA. H, I The levels of 
serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were assessed after overnight fasting to evaluate liver function. J The mRNA 
levels of fibrosis-associated genes (α-SMA and Col1a1) and inflammation-related genes (Il1β and Tgfβ1) in the livers of mice were detected by qRT-PCR. 
K The level of fibrosis-associated proteins (α-SMA and COL1A1) in the livers of mice were detected by western blot. GAPDH serves as internal control. 
All full-length western blots are presented in Supplementary material 1: Fig. 2. n ≥ 3 per group. Data were expressed as mean ± SD, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001
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attenuated by addition of 3-MA (Fig.  5D). Consistently, 
the hUC-MSC-induced reduction in fatty acid synthesis-
related markers (SREBP1 and FASN) was reversed by 
3-MA (Fig.  5E and Supplementary Fig.  2). Additionally, 
3-MA partially blocked the ameliorative effect of hUC-
MSCs on fibrosis (Fig.  5E and Supplementary Fig.  2). 
Collectively, these data demonstrated that hUC-MSCs 
exerted the protective effects on NAFLD via the induc-
tion of autophagy.

hUC-MSCs induced autophagy via AMPK-mTOR-TFEB 
signalling pathway in both in vivo and in vitro NAFLD 
models
Transcriptomic profiling revealed that AMPK and mTOR 
signaling emerged as central nodes linking metabolic 
regulation with autophagic activity (Fig. 4E). As a key 
cellular energy sensor, AMPK has been reported to sup-
press mTOR activity [34], thereby promoting autophagy 
[35, 36]. Hence, the role of the AMPK-mTOR pathway in 

Fig. 3  hUC-MSC treatment improved the lipid metabolism, inflammation, and fibrosis in palmitic acid and oleic acid (PA/OA)-induced HepG2 cells. 
HepG2 cells were stimulated by PA (100 µM) and OA (200 µM) to establish an in vitro model of NAFLD. A Representative Oil Red O staining of HepG2 cells 
pretreated with bovine serum albumin (BSA) or PA/OA for 24 h followed by treatment with or without hUC-MSCs for 12 h. Scale bar, 100 μm. B TG concen-
trations in HepG2 hepatocytes in the indicated groups. C The levels of lipid metabolism-associated protein (FASN and SREBP1c) and fibrosis-associated 
protein (α-SMA and COL1A1) in HepG2 hepatocytes. All full-length western blots are presented in Supplementary material 1: Fig. 3. D The secretion of 
the inflammatory marker IL-1β in the culture medium was detected using ELISA. Data were expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001
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Fig. 4 (See legend on next page.)
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autophagy induction by hUC-MSCs was assessed. West-
ern blots revealed that compared with NAFLD mice, 
phosphorylation of AMPK was remarkably enhanced in 
hUC-MSC treated mice, followed by suppressed phos-
phorylation of mTOR (Fig. 6A). In vitro data further 
confirmed that pre-incubation with PA/OA in HepG2 
cells resulted in decreased phosphorylation of AMPK as 
well as activation of mTOR, whereas hUC-MSC inter-
vention activated AMPK phosphorylation and inhibited 
mTOR activity (Fig. 6B). Additionally, Oil Red O staining 
demonstrated that treatment with the AMPK inhibitor 
Compound C or the mTOR activator MHY1485 partially 
attenuated the protective effects of hUC-MSCs against 
PA/OA-induced lipid accumulation in HepG2 cells (Fig. 
6C). These results suggested that hUC-MSCs alleviated 
NAFLD and enhanced autophagy through modulation of 
the AMPK-mTOR signaling axis.

TFEB is a master regulator of lysosomal biogenesis and 
autophagy. Previous studies showed that TFEB nuclear 
translocation increased the transcription of genes 
encoding autophagic proteins and thereby promoted 
autophagy [37]. In addition, the subcellular localization 
and activity of TFEB are regulated by mTOR [38, 39]. 
Therefore, TFEB may serve as the downstream effector 
of the AMPK-mTOR pathway. To verify this hypothesis, 
the protein expression of TFEB in nuclear fractions was 
examined. Western blots showed that nuclear TFEB in 
NAFLD mice livers was reduced compared to standard 
diet control mice. However, after hUC-MSC infusion, the 
expression of TFEB in nuclei was remarkably increased 
(Fig. 6D). Consistent with in vivo findings, hUC-MSC 
treatment increased the decline of nuclear TFEB (Fig. 
6E). Subsequently, to visualize the nuclear translocation 
of TFEB, immunofluorescence microscopy was employed 
to observe HepG2 hepatocytes transfected with TFEB-
GFP plasmids. As shown in Fig. 6F, TFEB was mainly 
located in the cytoplasm of HepG2 cells, and adminis-
tration of hUC-MSCs promoted nuclear translocation 
of TFEB. Altogether, the above results further reinforced 
the notion that hUC-MSCs induced autophagy via 
AMPK-mTOR-TFEB signaling pathway.

Knockdown of TFEB impaired autophagy and attenuated 
the protective effect of hUC-MSCs on NAFLD
To further investigate whether TFEB mediated the 
therapeutic effect of hUC-MSCs on NAFLD, short-
hairpin RNA (shRNA)-mediated knockdown of TFEB 

(TFEB-KD) was performed in HepG2 cells. TFEB 
knockdown substantially blocked the curative effect of 
hUC-MSCs on steatosis, as indicated by increased lipid 
droplets (Fig.  7A), elevated TG content (Fig.  7B), and 
upregulated expression of lipid metabolism-associated 
proteins FASN and SREBP1c (Fig. 7C). Additionally, the 
ameliorative effect on fibrosis was partially blocked, as 
fibrosis-associated proteins (α-SMA and COL1A1) were 
both increased by TFEB inhibition (Fig. 7C). The attenu-
ation of proinflammatory cytokine IL-1β by hUC-MSCs 
was reversed after TFEB inhibition (Fig. 7D). Moreover, 
autophagy activation by hUC-MSC treatment was dimin-
ished in TFEB-KD HepG2 cells. The LC3II/LC3I ratio, 
an autophagy marker, was decreased upon TFEB knock-
down (Fig. 7E). Consistently, immunofluorescence imag-
ing demonstrated that hUC-MSC induced elevation of 
mCherry-LC3 puncta was impaired in TFEB-KD HepG2 
cells (Fig. 7F and G). Overall, these results confirmed that 
hUC-MSCs ameliorated NAFLD and activated autoph-
agy via TFEB induction.

Discussion
In this study, hUC-MSCs exerted hepatoprotective 
effects by alleviating steatosis, inflammation and fibrosis 
in NAFLD, which was attributed to enhanced autophagy 
via the AMPK-mTOR-TFEB signaling axis (Fig. 8).

The pathogenesis and progression of NAFLD are con-
sidered to be a complex and multifactorial process that 
remain incompletely understood. Autophagy, a lyso-
some-dependent cellular degradation process, has been 
implicated as a vital regulatory factor in the develop-
ment of NAFLD [40]. Published data have suggested that 
mice with autophagy-related 5 (Atg5) deficiency in liver 
CD11c + cells exhibit increased TG accumulation in liver 
tissues and elevated serum levels of alanine aminotrans-
ferase [41]. Here, both autophagy marker LC3B-II and 
autophagic flux were reduced in NAFLD mice and in PA/
OA-induced HepG2 hepatocytes. This finding is consis-
tent with previous clinical data, which revealed impaired 
autophagy in liver biopsy specimens from NAFLD 
patients [41]. Additionally, it is worth noting that autoph-
agy induction by pharmacological treatments, such as 
ezetimibe and curcumin, have been shown to protect 
against hepatic steatosis and injury [42, 43]. Thus, given 
its essential role in maintaining hepatic homeostasis, 
autophagy activation represents a potential therapeutic 
target for NAFLD [30].

(See figure on previous page.)
Fig. 4  Transcriptomic profiling of liver tissues revealed molecular alterations in CD-HFD mice following hUC-MSC treatment. A Pairwise Pearson correla-
tion analysis of all samples. B Volcano plot showing DEGs between CD-HFD hUC-MSC-treated and CD-HFD vehicle groups. Red and blue dots denote 
genes upregulated and downregulated in the hUC-MSC-treated group, respectively. GO enrichment analysis of genes upregulated (C) and downregulat-
ed (D) in CD-HFD mice after hUC-MSC treatment. E KEGG pathway enrichment analysis of DEGs between CD-HFD vehicle and CD-HFD hUC-MSC-treated 
groups. F Heatmap showing the expression of genes involved in lipid metabolism and autophagy pathways. DEGs, differentially expressed genes; GO, 
Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes
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Current therapeutic strategies for NAFLD, including 
lifestyle and pharmacological interventions, encounter 
significant limitations. Lifestyle modifications, such as 
diet and exercise, are fundamental but often hindered 
by poor long-term adherence [44, 45]. Pharmacologi-
cal agents, including pioglitazone and SGLT2 inhibitors, 
have shown potential in reducing hepatic steatosis and 
improving metabolic parameters, yet their long-term 
safety and efficacy in reversing fibrosis remain uncertain 
[46, 47]. Resmetirom, a liver-selective thyroid hormone 
receptor-beta agonist, has received conditional approval 
for treating NASH patients with fibrosis stages F2-F3 
[5]. However, clinical trials have indicated that only 30% 
of patients achieved NASH resolution without fibrosis 
progression, with even fewer attaining a one-stage fibro-
sis improvement. GLP-1 receptor agonists (GLP-1RAs) 
effectively promote weight loss, reduce liver injury, and 
induce steatohepatitis resolution, though their impact on 
fibrosis, particularly in advanced disease, remains incon-
clusive [48, 49]. Dual and triple incretin agonists exhibit 
superior metabolic benefits, yet their effects on NASH 
and fibrosis are still unverified [50]. Additionally, gastro-
intestinal adverse effects associated with these therapies 
may limit patient tolerability. These challenges highlight 
the critical need for innovative therapeutic approaches 
that target the multifactorial pathogenesis of NAFLD.

The hUC-MSCs are self-renewing multipotent cells 
that have attracted increasing attention for treating a 
variety of diseases owing to their non-invasive acces-
sibility [51, 52]. Recently, transplantation of hUC-MSCs 
has also emerged as a promising therapeutic option for 
NAFLD [8–10]. Previous studies have indicated that 
hUC-MSCs can protect against liver steatosis, inflamma-
tion and fibrosis [9, 10]. Furthermore, hUC-MSC derived 
exosomes have been proven to ameliorate insulin resis-
tance, lipid accumulation as well as oxidative stress [53–
55]. Consistent with these findings, our study confirmed 
the therapeutic potential of hUC-MSCs, as evidenced 
by reductions in hepatic lipid droplets and the attenua-
tion of inflammatory cytokines and transaminases. Com-
pared to existing therapeutic strategies, the advantage 
of hUC-MSCs in treating NAFLD lies in their ability to 
concurrently address lipid dysregulation, inflammatory 

responses, and fibrosis, which are the core pathological 
drivers of the disease’s complex pathogenesis. However, 
in our study, MSC treatment did not lead to a reduc-
tion in body weight among NAFLD mice. Notably, pre-
vious studies have reported inconsistent effects of MSC 
treatment on body weight, highlighting the complex-
ity of evaluating MSC-mediated therapeutic outcomes. 
For instance, a single injection of 1.5 × 106 hUC-MSCs 
reduced body weight in WD-induced NAFLD mice [10]. 
Similarly, two doses of bone marrow mesenchymal stem 
cells (BM-MSCs) at 1 × 107 cells/kg significantly miti-
gated HFD-induced weight gain in T2DM-associated 
NAFLD mice [56]. In contrast, weekly injections of 1.0 × 
106 hUC-MSCs for six weeks had no effect on the body 
weight of HFD-fed mice [57]. Likewise, two doses of 0.5 × 
106 syngeneic BM-MSCs failed to reverse metabolic syn-
drome or obesity in obese mice with metabolic syndrome 
[58]. These discrepancies may arise from factors such as 
variations in feed formulations, MSC biological prop-
erties (which are influenced by donor characteristics, 
isolation methods, and culture conditions) [59, 60], dif-
ferences in MSC dosages and treatment frequencies, and 
variations in the timing of weight measurements. Given 
that our study focused on a defined short- to mid-term 
observation window, future investigations with extended 
observation periods and longitudinal assessments will be 
valuable to further characterize the durability and long-
term efficacy of hUC-MSCs in NAFLD.

However, the mechanism by which hUC-MSCs exert 
protective effects against NAFLD remains to be eluci-
dated. Previous studies have demonstrated that MSCs 
play a critical role in modulating the microenvironment 
and regulating both local and systemic inflammation. The 
paracrine potential of MSCs, including the secretion of 
microRNAs and cytokines, is pivotal to these processes 
[11, 53, 61]. Intravenous transplantation of UC-MSC exo-
somes into MCD-induced NASH mice led to the recruit-
ment of more macrophages to the liver, suggesting that 
MSC exosomes may alter the distribution and chemo-
taxis of macrophages in the damaged liver. Furthermore, 
they effectively polarized macrophages toward the anti-
inflammatory M2 phenotype and ameliorated MCD-
induced liver injury in mice [61]. A recent study further 

(See figure on previous page.)
Fig. 5  hUC-MSCs enhanced autophagic flux in NAFLD models. Western blot analysis of the levels of autophagy-associated protein (LC3 I and LC3 II) in 
the livers of mice (A) and HepG2 hepatocytes (B). All full-length western blots are presented in Supplementary material 1: Fig. 5. C Immunofluorescence 
analysis of autophagic flux in HepG2 cells. HepG2 cells were infected with pCDH-mRFP-EGFP-LC3 lentivirus before PA/OA treatment. Representative 
images showing EGFP-LC3 puncta and mRFP-LC3 puncta in HepG2 cells. Nuclei were stained with DAPI. Scale bar, 10 μm. Data was quantified by the 
analysis of EGFP-LC3 and mRFP-LC3 puncta. D Representative Oil Red O staining images of HepG2 cells in the indicated groups. After release from PA/
OA treatment, HepG2 cells were treated with or without hUC-MSCs or 5 mM 3-Methyladenine (3-MA) for 12 h. hUCMSCs-CM, hUCMSCs-conditioned 
medium. E The protein levels of FASN, SREBP1c, α-SMA, and COL1A1 were detected by WB in the indicated groups. Data were expressed as mean ± SD, 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001



Page 14 of 20Zhang et al. Stem Cell Research & Therapy           (2026) 17:34 

Fig. 6 (See legend on next page.)
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demonstrated that MSCs can promote the production of 
IL-10 by regulatory T cells in the spleen, both in vivo and 
in vitro, thereby promoting macrophage polarization and 
improving systemic metabolic homeostasis in HFD mice 
[57]. Additionally, MSCs exhibit immunomodulatory 
properties by reducing the proportion of CD4+ IFN-γ+ 
and CD4+ IL-6+ T cells in the spleen, which contributes 
to improved liver function and reduced inflammation 
[62]. In this study, we confirmed that hUC-MSCs reduced 
the levels of proinflammatory cytokines (IL-6, IL-1β, and 
TGF-β1) in CD-HFD-induced NAFLD mice, both in 
the liver and in the serum. This effect may be related to 
the distribution of intravenously infused hUC-MSCs in 
the spleens and lungs, in addition to the liver. However, 
the underlying and intricate immune regulatory mecha-
nisms remain to be fully explored with a large number of 
additional experiments involving local perturbations of 
MSCs, which could be conducted in the futures. Overall, 
existing research has clarified the effects of MSCs mainly 
from the perspective of immune modulation and para-
crine secretion, while few studies have explored the inter-
actions between hUC-MSCs and autophagy in NAFLD.

The modulation of autophagy by MSCs has been impli-
cated in other liver or kidney diseases, including CCl4-
induced liver fibrosis [63], cholestatic liver disease [64], 
hepatic ischemia-reperfusion injury [65], and diabetic 
nephropathy [66]. In cases of cholestatic liver disease, 
BM-MSCs mitigated the activation of hepatic stellate 
cells (HSCs) through the regulation of autophagy via the 
PI3K/AKT/mTOR pathway [64]. Additionally, a study 
investigating liver ischemia/reperfusion injury revealed 
that BM-MSCs exerted a therapeutic effect through heme 
oxygenase‑1-induced autophagy. Furthermore, recent 
investigations have highlighted the potential of exosomes 
derived from human BM-MSCs, which contain let-7a-5p, 
in promoting autophagy by targeting MAP4K3 in models 
of acute-on-chronic liver failure [67]. Similarly, in kidney 
disorders such as diabetic nephropathy, exosomes from 
adipose-derived stem cells have been shown to enhance 
autophagy flux, alleviate podocyte injury and improve 
symptoms in type 2 diabetic mice by inhibiting mTOR 
signaling activation. Therefore, these findings suggest that 
regulation of autophagy could be a potential mechanism 

underlying the therapeutic effect of MSCs. In the pres-
ent study, the downregulation of autophagy markers and 
autophagic flux in NAFLD models was restored by hUC-
MSC treatment, along with the improvement of hepatic 
steatosis, inflammation and fibrosis. Hence, these results 
illustrated the association of the hepatoprotective effects 
of hUC-MSCs with the induction of autophagy.

TFEB is a positive transcriptional regulator of autoph-
agy that functions by triggering the transcription of 
autophagy-related genes [68]. TFEB shuttles between 
the cytoplasm and the nucleus through regulation of its 
phosphorylation sites [16]. Studies have shown that the 
expression and cellular distribution of TFEB was associ-
ated with the pathogenesis of NAFLD. The nuclear lev-
els of TFEB were inversely correlated with the steatosis 
scores of liver biopsy samples from NAFLD patients 
[17]. In the present study, nuclear expression of TFEB 
was decreased in NAFLD mice compared with the stan-
dard diet control group, which was further validated in 
the HepG2 cell line model of NAFLD. Notably, hUC-
MSC administration promoted TFEB translocation to 
the nucleus and enhanced the autophagic flux in both in 
vitro and in vivo experiments. Furthermore, knockdown 
of TFEB in HepG2 cells reduced the therapeutic effects of 
hUC-MSCs as well as the activation of autophagy. Taken 
together, to the best of our knowledge, this study is the 
first to demonstrate that hUC-MSCs improved NAFLD 
symptoms through TFEB-dependent autophagy.

It is noteworthy that the molecular mechanism by 
which hUC-MSCs accelerated TFEB nuclear transloca-
tion and induced autophagy remains unclear. To address 
this, the main regulator and signaling pathway involved 
in the curative effects of hUC-MSCs were further inves-
tigated. The AMPK-mTOR pathway has been reported to 
play a critical role in regulating autophagy and coordinat-
ing cellular homeostasis in response to stress [69, 70]. It 
has been recognized that mTOR acts as a master regula-
tor of TFEB and induces its cytoplasmic retention under 
nutrient-replete conditions, thereby inhibiting autophagy 
[71]. In the present study, the administration of hUC-
MSCs inhibited mTOR activation and promoted the 
nuclear translocation of TFEB. As an upstream repres-
sor of mTOR, AMP-activated protein kinase (AMPK) 

(See figure on previous page.)
Fig. 6  hUC-MSCs induced autophagy by regulating the AMPK-mTOR-TFEB signaling axis in the liver of mice and HepG2 cells. The protein levels of p-
AMPK, AMPK, p-mTOR, and mTOR in the livers of mice (A) (n = 3 per group) and HepG2 hepatocytes (B) were detected by western blot. Expression levels 
were normalised by GAPDH. C Representative Oil Red O staining images of HepG2 cells in the indicated groups. After release from PA/OA treatment, 
HepG2 cells were treated with or without hUCMSCs-CM, 10 µM Compound C or 5 µM MHY1485 for 12 h. Compound C, an AMPK inhibitor; MHY1485, a 
mTOR activator. The protein levels of TFEB in the nuclei of mouse liver cells (D) and HepG2 cells (E) were measured after nucleo-cytoplasmic fractionation. 
Expression levels were normalised by Histone-H3. All full-length western blots are presented in Supplementary material 1: Fig. 6. F. Fluorescence micros-
copy images of HepG2 hepatocytes transfected with TFEB-GFP plasmids for each condition. Nuclei were stained with DAPI. Scale bar, 5 μm. Data were 
expressed as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Fig. 7 (See legend on next page.)
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inhibits the activation of mTOR, leading to nuclear trans-
location of TFEB and autophagy induction, thereby coor-
dinating autophagy and maintaining energy homeostasis. 
The interactions between AMPK and mTOR have been 
well elucidated. Existing literature suggested that AMPK 
represses mTOR through the activation of tuberous scle-
rosis complex 2 as well as phosphorylation of mTOR 
binding partner raptor [35, 36]. Therefore, AMPK-depen-
dent inhibition of mTOR is a well-recognized activator 
of autophagy. Depressed AMPK and hyperactivation of 
mTOR have been coupled with NAFLD [72], which was 
also confirmed in this study. Of note, previous stud-
ies have demonstrated that hUC-MSCs were involved 
in the regulation of AMPK-mTOR signaling. It has 
been reported that hUC-MSCs improved high glucose-
induced rat podocyte injuries in diabetic nephropathy 

rats via the AMPK-mTOR pathway [73]. Consistently, the 
present work revealed that infusion of hUC-MSCs pro-
moted AMPK activation and suppressed mTOR. There-
fore, it is plausible that hUC-MSCs alleviated NAFLD 
and promoted autophagy through AMPK-mTOR-TFEB 
signaling pathway.

Emerging evidence indicates that MSC-derived exo-
somes play a crucial role in regulating autophagy across 
various disease models [67, 74–76]. Lin et al. dem-
onstrated that MSC-derived exosomes enriched with 
let-7a-5p directly target MAP4K3 in hepatocytes, reduc-
ing TFEB phosphorylation and promoting its nuclear 
translocation to activate autophagy-related genes (e.g., 
LC3, Beclin-1) and restore autophagic flux in acute-on-
chronic liver failure models [67]. Additionally, exosomes 
containing miR-486 secreted by adipose-derived stem 
cells (ADSCs) have been shown to enhance autophagic 
flux in podocytes by inhibiting Smad1/mTOR signal-
ing, thereby ameliorating diabetic nephropathy [77]. 
These findings indicate that MSCs may indirectly regu-
late autophagy in target cells within damaged tissues by 
balancing pro-survival and stress-response pathways 
through exosomes. Furthermore, the paracrine effects of 
MSCs represent a pivotal mechanism for orchestrating 
autophagy in recipient cells. A recent study revealed that 
the ADSC secretome achieved comparable therapeu-
tic efficacy to transplanted ADSCs in mitigating hepatic 
ischemia-reperfusion injury and modulating hepatocyte 
autophagy, suggesting that paracrine signaling is primar-
ily responsible for these effects [65]. While our current 
study primarily focuses on the overall effects of MSCs 
on hepatocyte autophagy, future research should lever-
age multi-omics technologies for a more comprehensive 
investigation of the underlying mechanisms.

Conclusion
In summary, this study demonstrates that administra-
tion of hUC-MSCs alleviates steatosis, inflammation 
and fibrosis in NAFLD via inducing autophagy, which 
is mediated through the AMPK-mTOR-TFEB signaling 
pathway. These findings suggest that hUC-MSCs may 
serve as a novel therapeutic approach for the treatment 
of NAFLD.

(See figure on previous page.)
Fig. 7  TFEB knockdown blocked hUC-MSCs-induced autophagy and impaired ameliorative effects on lipid metabolism, inflammation and fibrosis in 
NAFLD models. A Representative Oil Red O staining images of HepG2 cells in the indicated groups. B The TG concentrations in HepG2 cells in each group 
were measured. C The levels of lipid metabolism-associated protein (FASN and SREBP1c) and fibrosis-associated protein (α-SMA and COL1A1) in HepG2 
hepatocytes. D The secretion of the inflammatory marker IL-1β in the culture medium was detected using ELISA. E The levels of autophagy-associated 
proteins in HepG2 cells exposed to PA/OA. All full-length western blots are presented in Supplementary material 1: Fig. 7. F Representative images show-
ing mCherry-LC3 puncta in HepG2 cells after TFEB knockdown. Nuclei were stained with DAPI. Scale bar: 10 μm. G mCherry-LC3 (red) puncta per cell were 
counted. Data were expressed as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001

Fig. 8  Schematic diagram of hUC-MSCs alleviating NAFLD. hUC-MSCs 
alleviated steatosis, inflammation and fibrosis in NAFLD via inducing 
autophagy, which was mediated through AMPK-mTOR-TFEB signaling 
pathway

 



Page 18 of 20Zhang et al. Stem Cell Research & Therapy           (2026) 17:34 

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​
g​​/​​1​0​​.​1​1​​​8​6​​/​s​1​3​​2​8​7​-​​0​2​5​-​0​​4​8​5​5​-​9.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Acknowledgements
The authors declare that they have not use AI-generated work in this 
manuscript.

Author contributions
C.W., C.L., and Y.E.S. designed the project. H.Z. and P.L. performed experiments 
and analyzed data. Y.D., L.W., and Y.C. performed experiments. C.W., C.L., P.L., 
and H.Z. wrote the manuscript, Y.E.S., O.F., C.Z., and W.Z. revised paper.

Funding
This work was supported by the Noncommunicable Chronic Diseases-
National Science and Technology Major Project (2025ZD0549900), the 
Natural Science Foundation of China (82070913), Shanghai Science and 
Technology Development Funds (Grant No. 22410713200), the Key discipline 
project of Hongkou District Health Commission (HKLCFC202403), the Fund 
of Shanghai Hongkou District Health Committee, China (Hong Wei 2303-06), 
and the Research fund from Shanghai Fourth People’s Hospital (sykyqd01801, 
SY-XKZT-2021-1001).

Data availability
The bulk RNA-seq data collected in this study are provided in Supplementary 
Material 4. All data generated or analyzed during this study are included 
in the main article and its supplementary files. Lead contact. Congrong 
Wang(crwang@tongji.edu.cn). The materials included in this study are 
available from the lead contact upon reasonable request.

Declarations

Ethics approval and consent to participate
The hUC-MSCs were acquired from the Translational Medical Center for Stem 
Cell Therapy at Shanghai East Hospital. The experimental protocol received 
approval from the Ethics Committee of Shanghai East Hospital (Approved 
project: Preparation and banking of clinical-grade human umbilical cord and 
cord blood stem cells, Approval No. Tilinshen-2017-001, Date of approval: Dec 
15, 2017). Umbilical cord guardians provided written informed consent for the 
use of samples. All relevant procedures involving animal experiments were 
approved by the Animal Welfare Ethics Committee of Shanghai Sixth People’s 
Hospital Affiliated with Shanghai Jiao Tong University School of Medicine 
(Approved project: Human umbilical cord-derived mesenchymal stem cells 
ameliorate non-alcoholic fatty liver disease via activating TFEB-mediated 
autophagy, Approval No. DWLL2019-0026, Date of approval: Sep 20, 2024).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Endocrinology & Metabolism, Shanghai Fourth People’s 
Hospital, School of Medicine, Tongji University, Shanghai 200434, China
2Stem Cell Translational Research Center, Tongji Hospital, School of 
Medicine, Tongji University, Shanghai 200065, China
3Department of Cardiology, Shanghai Ninth People’s Hospital, Shanghai 
Jiao Tong University School of Medicine, Shanghai 200011, China
4Shanghai Institute of Stem Cell Research and Clinical Translation, 
Shanghai East Hospital, School of Medicine, Tongji University,  
Shanghai 200120, China

Received: 23 September 2024 / Accepted: 4 December 2025

References
1.	 Riazi K, Azhari H, Charette JH, Underwood FE, King JA, et al. The prevalence 

and incidence of NAFLD worldwide: a systematic review and meta-analysis. 
Lancet Gastroenterol Hepatol. 2022;7(9):851–61.

2.	 Sasaki A, Nitta H, Otsuka K, Umemura A, Baba S, et al. Bariatric surgery and 
non-alcoholic fatty liver disease: current and potential future treatments. 
Front Endocrinol (Lausanne). 2014;5:164.

3.	 Lassailly G, Caiazzo R, Ntandja-Wandji LC, Gnemmi V, Baud G, et al. Bariatric 
surgery provides Long-term resolution of nonalcoholic steatohepatitis and 
regression of fibrosis. Gastroenterology. 2020;159(4):1290–e13011295.

4.	 Kingwell K. NASH field celebrates ‘hurrah moment’ with a first FDA drug 
approval for the liver disease. Nat Rev Drug Discov. 2024;23(4):235–7.

5.	 Harrison SA, Bedossa P, Guy CD, Schattenberg JM, Loomba R, et al. A phase 3, 
Randomized, controlled trial of Resmetirom in NASH with liver fibrosis. N Engl 
J Med. 2024;390(6):497–509.

6.	 Wu R, Fan X, Wang Y, Shen M, Zheng Y, et al. Mesenchymal Stem Cell-Derived 
Extracell Vesicles Liver Immun Therapy Front Immunol. 2022;13:833878.

7.	 Moayedfard Z, Sani F, Alizadeh A, Bagheri Lankarani K, Zarei M, et al. The role 
of the immune system in the pathogenesis of NAFLD and potential thera-
peutic impacts of mesenchymal stem cell-derived extracellular vesicles. Stem 
Cell Res Ther. 2022;13(1):242.

8.	 Yang Z, Xia Q, Lu D, Yue H, Zhang J, et al. Human mesenchymal stem cells 
treatment improved hepatic lesions and reversed gut Microbiome disorder 
in non-alcoholic steatohepatitis. Aging. 2020;12(21):21660–73.

9.	 Li B, Cheng Y, Yu S, Zang L, Yin Y et al. Human umbilical cord-derived mes-
enchymal stem cell therapy ameliorates nonalcoholic fatty liver disease in 
obese type 2 diabetic mice. Stem Cells Int. 2019;2019:8628027.

10.	 Hu J, Li S, Zhong X, Wei Y, Sun Q, et al. Human umbilical cord mesenchymal 
stem cells attenuate diet-induced obesity and NASH-related fibrosis in mice. 
Heliyon. 2024;10(3):e25460.

11.	 Xu X, Wang W, Lin L, Chen P. Liraglutide in combination with human umbili-
cal cord mesenchymal stem cell could improve liver lesions by modulating 
TLR4/NF-kB inflammatory pathway and oxidative stress in T2DM/NAFLD rats. 
Tissue Cell. 2020;66:101382.

12.	 Qian H, Chao X, Williams J, Fulte S, Li T, et al. Autophagy in liver diseases: A 
review. Mol Aspects Med. 2021;82:100973.

13.	 Gonzalez-Rodriguez A, Mayoral R, Agra N, Valdecantos MP, Pardo V, et al. 
Impaired autophagic flux is associated with increased Endoplasmic reticulum 
stress during the development of NAFLD. Cell Death Dis. 2014;5(4):e1179.

14.	 Ren Q, Sun Q, Fu J. Dysfunction of autophagy in high-fat diet-induced non-
alcoholic fatty liver disease. Autophagy. 2024;20(2):221–41.

15.	 Wang X, Wang S, Zhou Y, Obulkasim H, Zhang ZH, et al. BM–MSCs protect 
against liver ischemia/reperfusion injury via HO–1 mediated autophagy. Mol 
Med Rep. 2018;18(2):2253–62.

16.	 Yan S. Role of TFEB in autophagy and the pathogenesis of liver diseases. 
Biomol. 2022;12(5):672.

17.	 Zhang H, Yan S, Khambu B, Ma F, Li Y, et al. Dynamic MTORC1-TFEB feedback 
signaling regulates hepatic autophagy, steatosis and liver injury in long-term 
nutrient oversupply. Autophagy. 2018;14(10):1779–95.

18.	 Zhou W, Yan X, Zhai Y, Liu H, Guan L, et al. Phillygenin ameliorates non-
alcoholic fatty liver disease via TFEB-mediated lysosome biogenesis and 
lipophagy. Phytomedicine. 2022;103:154235.

19.	 Yan LS, Zhang SF, Luo G, Cheng BC, Zhang C, et al. Schisandrin B mitigates 
hepatic steatosis and promotes fatty acid oxidation by inducing autophagy 
through AMPK/mTOR signaling pathway. Metabolism. 2022;131:155200.

20.	 Settembre C, De Cegli R, Mansueto G, Saha PK, Vetrini F, et al. TFEB controls 
cellular lipid metabolism through a starvation-induced autoregulatory loop. 
Nat Cell Biol. 2013;15(6):647–58.

21.	 Liu P, Cao B, Zhou Y, Zhang H, Wang C. Human umbilical cord-derived mesen-
chymal stem cells alleviate oxidative stress-induced islet impairment via the 
Nrf2/HO-1 axis. J Mol Cell Biol. 2023;15(5):mjad035.

22.	 Chen S, Zhou Y, Chen Y, Gu J. Fastp: an ultra-fast all-in-one FASTQ preproces-
sor. Bioinformatics. 2018;34(17):i884–90.

23.	 Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low 
memory requirements. Nat Methods. 2015;12(4):357–60.

https://doi.org/10.1186/s13287-025-04855-9
https://doi.org/10.1186/s13287-025-04855-9


Page 19 of 20Zhang et al. Stem Cell Research & Therapy           (2026) 17:34 

24.	 Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, et al. StringTie 
enables improved reconstruction of a transcriptome from RNA-seq reads. Nat 
Biotechnol. 2015;33(3):290–5.

25.	 Zhu X, Bian H, Wang L, Sun X, Xu X, et al. Berberine attenuates nonalcoholic 
hepatic steatosis through the AMPK-SREBP-1c-SCD1 pathway. Free Radic Biol 
Med. 2019;141:192–204.

26.	 Shao W, Espenshade PJ. Expanding roles for SREBP in metabolism. Cell Metab. 
2012;16(4):414–9.

27.	 Schuster S, Cabrera D, Arrese M, Feldstein AE. Triggering and resolution of 
inflammation in NASH. Nat Rev Gastroenterol Hepatol. 2018;15(6):349–64.

28.	 Choi SE, Hwang Y, Lee SJ, Jung H, Shin TH, et al. Mitochondrial protease 
ClpP supplementation ameliorates diet-induced NASH in mice. J Hepatol. 
2022;77(3):735–47.

29.	 Mirea AM, Tack CJ, Chavakis T, Joosten LAB, Toonen EJM. IL-1 family cytokine 
pathways underlying NAFLD: towards new treatment strategies. Trends Mol 
Med. 2018;24(5):458–71.

30.	 Byrnes K, Blessinger S, Bailey NT, Scaife R, Liu G, et al. Therapeutic regulation 
of autophagy in hepatic metabolism. Acta Pharm Sin B. 2022;12(1):33–49.

31.	 Wu X, Poulsen KL, Sanz-Garcia C, Huang E, McMullen MR, et al. MLKL-depen-
dent signaling regulates autophagic flux in a murine model of non-alcohol-
associated fatty liver and steatohepatitis. J Hepatol. 2020;73(3):616–27.

32.	 Lee DH, Park JS, Lee YS, Han J, Lee DK, et al. SQSTM1/p62 activates NFE2L2/
NRF2 via ULK1-mediated autophagic KEAP1 degradation and protects mouse 
liver from lipotoxicity. Autophagy. 2020;16(11):1949–73.

33.	 He A, Chen X, Tan M, Chen Y, Lu D, et al. Acetyl-CoA derived from hepatic 
peroxisomal beta-Oxidation inhibits autophagy and promotes steatosis via 
mTORC1 activation. Mol Cell. 2020;79(1):30–e4234.

34.	 Alao JP, Legon L, Dabrowska A, Tricolici AM, Kumar J et al. Interplays of AMPK 
and TOR in autophagy regulation in yeast. Cells. 2023;12(4):519.

35.	 Inoki K, Zhu T, Guan KL. TSC2 mediates cellular energy response to control 
cell growth and survival. Cell. 2003;115(5):577–90.

36.	 Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A, et al. AMPK 
phosphorylation of raptor mediates a metabolic checkpoint. Mol Cell. 
2008;30(2):214–26.

37.	 Jeong SJ, Stitham J, Evans TD, Zhang X, Rodriguez-Velez A, et al. Trehalose 
causes low-grade lysosomal stress to activate TFEB and the autophagy-
lysosome biogenesis response. Autophagy. 2021;17(11):3740–52.

38.	 Ciazynska K. Structural basis for phosphorylation of TFEB by mTORC1. Nat 
Struct Mol Biol. 2023;30(3):244.

39.	 Fang Z, Li X, Wang S, Jiang Q, Loor JJ, et al. Overactivation of hepatic mecha-
nistic target of Rapamycin kinase complex 1 (mTORC1) is associated with low 
transcriptional activity of transcription factor EB and lysosomal dysfunction in 
dairy cows with clinical ketosis. J Dairy Sci. 2022;105(5):4520–33.

40.	 Arab JP, Arrese M, Trauner M. Recent insights into the pathogenesis of nonal-
coholic fatty liver disease. Annu Rev Pathol. 2018;13:321–50.

41.	 Galle-Treger L, Helou DG, Quach C, Howard E, Hurrell BP, et al. Autophagy 
impairment in liver CD11c(+) cells promotes non-alcoholic fatty liver disease 
through production of IL-23. Nat Commun. 2022;13(1):1440.

42.	 Lin CW, Zhang H, Li M, Xiong X, Chen X, et al. Pharmacological promotion of 
autophagy alleviates steatosis and injury in alcoholic and non-alcoholic fatty 
liver conditions in mice. J Hepatol. 2013;58(5):993–9.

43.	 Kong D, Zhang Z, Chen L, Huang W, Zhang F, et al. Curcumin blunts 
epithelial-mesenchymal transition of hepatocytes to alleviate hepatic 
fibrosis through regulating oxidative stress and autophagy. Redox Biol. 
2020;36:101600.

44.	 Vilar-Gomez E, Martinez-Perez Y, Calzadilla-Bertot L, Torres-Gonzalez A, 
Gra-Oramas B, et al. Weight loss through lifestyle modification signifi-
cantly reduces features of nonalcoholic steatohepatitis. Gastroenterology. 
2015;149(2):367–78. e365; quiz e314-365.

45.	 Eslam M, Fan JG, Yu ML, Wong VW, Cua IH et al. The Asian Pacific association 
for the study of the liver clinical practice guidelines for the diagnosis and 
management of metabolic dysfunction-associated fatty liver disease. Hepatol 
Int. 2025;19(2):261-301.

46.	 Wang Z, Du H, Zhao Y, Ren Y, Ma C, et al. Response to Pioglitazone in non-
alcoholic fatty liver disease patients with vs. without type 2 diabetes: A 
meta-analysis of randomized controlled trials. Front Endocrinol (Lausanne). 
2023;14:1111430.

47.	 Kuchay MS, Krishan S, Mishra SK, Farooqui KJ, Singh MK, et al. Effect of 
empagliflozin on liver fat in patients with type 2 diabetes and nonalcoholic 
fatty liver disease: A randomized controlled trial (E-LIFT trial). Diabetes Care. 
2018;41(8):1801–8.

48.	 Newsome PN, Buchholtz K, Cusi K, Linder M, Okanoue T, et al. A Placebo-
Controlled trial of subcutaneous semaglutide in nonalcoholic steatohepatitis. 
N Engl J Med. 2021;384(12):1113–24.

49.	 Loomba R, Abdelmalek MF, Armstrong MJ, Jara M, Kjaer MS, et al. Sema-
glutide 2.4 mg once weekly in patients with non-alcoholic steatohepatitis-
related cirrhosis: a randomised, placebo-controlled phase 2 trial. Lancet 
Gastroenterol Hepatol. 2023;8(6):511–22.

50.	 Gastaldelli A, Cusi K, Fernández Landó L, Bray R, Brouwers B, et al. Effect of 
Tirzepatide versus insulin degludec on liver fat content and abdominal 
adipose tissue in people with type 2 diabetes (SURPASS-3 MRI): a substudy of 
the randomised, open-label, parallel-group, phase 3 SURPASS-3 trial. Lancet 
Diabetes Endocrinol. 2022;10(6):393–406.

51.	 Campagnoli C, Roberts IA, Kumar S, Bennett PR, Bellantuono I, et al. Identifica-
tion of mesenchymal stem/progenitor cells in human first-trimester fetal 
blood, liver, and bone marrow. Blood. 2001;98(8):2396–402.

52.	 Guan YT, Xie Y, Li DS, Zhu YY, Zhang XL, et al. Comparison of biological 
characteristics of mesenchymal stem cells derived from the human umbilical 
cord and decidua parietalis. Mol Med Rep. 2019;20(1):633–9.

53.	 Du X, Li H, Han X, Ma W. Mesenchymal stem cells-derived Exosomal miR-
24-3p ameliorates non-alcohol fatty liver disease by targeting Keap-1. 
Biochem Biophys Res Commun. 2022;637:331–40.

54.	 Kang Y, Song Y, Luo Y, Song J, Li C, et al. Exosomes derived from human 
umbilical cord mesenchymal stem cells ameliorate experimental non-
alcoholic steatohepatitis via Nrf2/NQO-1 pathway. Free Radic Biol Med. 
2022;192:25–36.

55.	 Cheng L, Yu P, Li F, Jiang X, Jiao X, et al. Human umbilical cord-derived mesen-
chymal stem cell-exosomal miR-627-5p ameliorates non-alcoholic fatty liver 
disease by repressing FTO expression. Hum Cell. 2021;34(6):1697–708.

56.	 Bi Y, Guo X, Zhang M, Zhu K, Shi C, et al. Bone marrow derived-mesenchymal 
stem cell improves diabetes-associated fatty liver via mitochondria transfor-
mation in mice. Stem Cell Res Ther. 2021;12(1):602.

57.	 Xue J, Gao J, Gu Y, Wang A, Yu S, et al. Human umbilical cord-derived mesen-
chymal stem cells alleviate insulin resistance in diet-induced obese mice via 
an interaction with splenocytes. Stem Cell Res Ther. 2022;13(1):109.

58.	 Ezquer M, Ezquer F, Ricca M, Allers C, Conget P. Intravenous administration of 
multipotent stromal cells prevents the onset of non-alcoholic steatohepatitis 
in obese mice with metabolic syndrome. J Hepatol. 2011;55(5):1112–20.

59.	 Zhang C, Zhou L, Wang Z, Gao W, Chen W, et al. Eradication of specific donor-
dependent variations of mesenchymal stem cells in Immunomodulation to 
enhance therapeutic values. Cell Death Dis. 2021;12(4):357.

60.	 Levy O, Kuai R, Siren EMJ, Bhere D, Milton Y, et al. Shattering barriers toward 
clinically meaningful MSC therapies. Sci Adv. 2020;6(30):eaba6884.

61.	 Shi Y, Yang X, Wang S, Wu Y, Zheng L, et al. Human umbilical cord mesenchy-
mal stromal cell-derived exosomes protect against MCD-induced NASH in a 
mouse model. Stem Cell Res Ther. 2022;13(1):517.

62.	 Wang H, Wang D, Yang L, Wang Y, Jia J, et al. Compact bone-derived 
mesenchymal stem cells attenuate nonalcoholic steatohepatitis in a mouse 
model by modulation of CD4 cells differentiation. Int Immunopharmacol. 
2017;42:67–73.

63.	 Liu Z, Jiang X, You H, Tang Z, Ma Y et al. Extracellular vesicles derived from 
bone marrow mesenchymal stem cells ameliorate liver fibrosis via micro-
7045-5p. Mol Cell Biochem. 2025;480(5):2903-2921.

64.	 Huang T, Zhang C, Shang Z, Shuai Q, Nie L, et al. Bone mesenchymal 
stem cells improve cholestatic liver fibrosis by targeting ULK1 to regulate 
autophagy through PI3K/AKT/mTOR pathway. Stem Cells Transl Med. 
2024;13(7):648–60.

65.	 Ma Y, Jiao Z, Liu X, Zhang Q, Piao C, et al. Protective effect of adipose-derived 
stromal cell-secretome attenuate autophagy induced by liver ischemia-
reperfusion and partial hepatectomy. Stem Cell Res Ther. 2022;13(1):427.

66.	 He J, Liu B, Du X, Wei Y, Kong D, et al. Amelioration of diabetic nephropathy in 
mice by a single intravenous injection of human mesenchymal stromal cells 
at early and later disease stages is associated with restoration of autophagy. 
Stem Cell Res Ther. 2024;15(1):66.

67.	 Lin D, Chen H, Xiong J, Zhang J, Hu Z, et al. Mesenchymal stem cells Exo-
somal let-7a-5p improve autophagic flux and alleviate liver injury in acute-
on-chronic liver failure by promoting nuclear expression of TFEB. Cell Death 
Dis. 2022;13(10):865.

68.	 Sardiello M, Palmieri M, di Ronza A, Medina DL, Valenza M, et al. A 
gene network regulating lysosomal biogenesis and function. Science. 
2009;325(5939):473–7.

69.	 Wang H, Liu Y, Wang D, Xu Y, Dong R et al. The upstream pathway of mTOR-
mediated autophagy in liver diseases. Cells. 2019;8(12):1597.



Page 20 of 20Zhang et al. Stem Cell Research & Therapy           (2026) 17:34 

70.	 Chun Y, Kim J. AMPK-mTOR signaling and cellular adaptations in hypoxia. Int J 
Mol Sci. 2021;22(18):9765.

71.	 Martina JA, Chen Y, Gucek M, Puertollano R. MTORC1 functions as a tran-
scriptional regulator of autophagy by preventing nuclear transport of TFEB. 
Autophagy. 2012;8(6):903–14.

72.	 Marcondes-de-Castro IA, Reis-Barbosa PH, Marinho TS, Aguila MB. Mandarim-
de-Lacerda, AMPK/mTOR pathway significance in healthy liver and non-
alcoholic fatty liver disease and its progression. J Gastroenterol Hepatol. 
2023;38(11):1868–76.

73.	 Li X, Guo L, Chen J, Liang H, Liu Y, et al. Intravenous injection of human 
umbilical cord-derived mesenchymal stem cells ameliorates not only blood 
glucose but also nephrotic complication of diabetic rats through autophagy-
mediated anti-senescent mechanism. Stem Cell Res Ther. 2023;14(1):146.

74.	 Ren H, Su P, Zhao F, Zhang Q, Huang X, et al. Adipose mesenchymal stem 
cell-derived exosomes promote skin wound healing in diabetic mice by 
regulating epidermal autophagy. Burns Trauma. 2024;12:tkae001.

75.	 Ma S, Yin J, Hao L, Liu X, Shi Q, et al. Exosomes from human umbilical cord 
mesenchymal stem cells treat corneal injury via autophagy activation. Front 
Bioeng Biotechnol. 2022;10:879192.

76.	 Hua T, Yang M, Song H, Kong E, Deng M, et al. Huc-MSCs-derived exosomes 
attenuate inflammatory pain by regulating microglia pyroptosis and autoph-
agy via the miR-146a-5p/TRAF6 axis. J Nanobiotechnol. 2022;20(1):324.

77.	 Jin J, Shi Y, Gong J, Zhao L, Li Y, et al. Exosome secreted from adipose-derived 
stem cells attenuates diabetic nephropathy by promoting autophagy flux 
and inhibiting apoptosis in podocyte. Stem Cell Res Ther. 2019;10(1):95.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Human umbilical cord-derived mesenchymal stem cells ameliorate non-alcoholic fatty liver disease via activating TFEB-mediated autophagy in male mice
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Experimental animals
	﻿hUC-MSCs culture
	﻿Animal treatment
	﻿In vivo imaging of fluorescently labeled hUC-MSCs
	﻿Histological analysis
	﻿Oil red O staining
	﻿Biochemical and lipid accumulation measurements
	﻿Quantitative real-time reverse transcription PCR (qRT-PCR) analysis
	﻿Western blot analysis
	﻿Enzyme-linked immunosorbent assay (ELISA)
	﻿RNA-seq analysis
	﻿Identification of differentially expressed genes (DEGs)
	﻿Functional enrichment analysis
	﻿Isolation of cytosolic and nuclear proteins
	﻿Culture and treatment of HepG2 cells
	﻿Lentiviral transfection
	﻿Statistical analysis

	﻿Results
	﻿Bio-distribution of hUC-MSCs in NAFLD mice
	﻿hUC-MSC infusion reduced liver steatosis, inflammation, hepatotoxicity, and fibrosis in NAFLD mice
	﻿hUC-MSC alleviated steatosis, inflammation, and fibrosis in PA/OA induced HepG2 cells
	﻿Transcriptomic analysis revealed the pathways underlying the amelioration of NAFLD following hUC-MSC infusion
	﻿hUC-MSCs activated autophagy in both in vivo and in vitro NAFLD models
	﻿hUC-MSCs induced autophagy via AMPK-mTOR-TFEB signalling pathway in both in vivo and in vitro NAFLD models
	﻿Knockdown of TFEB impaired autophagy and attenuated the protective effect of hUC-MSCs on NAFLD

	﻿Discussion
	﻿Conclusion
	﻿References


