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Abstract 

Background/aims  Mesenchymal stem cells (MSCs) have shown promising therapeutic potential in treating liver 
diseases, such as non-alcoholic fatty liver disease (NAFLD). Genetic modification has been employed to enhance 
the characteristics of MSCs for more effective disease treatment. Here, we present findings on human adipose-derived 
MSCs with Atg5 deficiency, investigating their therapeutic impact and the associated mechanisms in NAFLD.

Methods  In vitro, lentiviral transduction was employed to downregulate Atg5 or HGF in human adipose-derived 
MSCs using short hairpin RNA (shRNA). Subsequently, experiments were conducted to evaluate cell senescence, pro-
liferation, cell cycle, apoptosis, and other pertinent aspects. In vivo, a non-alcoholic fatty liver mouse model was estab-
lished by feeding them a high-fat diet (HFD), and the effects of MSCs transplantation were assessed through serologi-
cal, biochemical, and pathological analyses.

Results  Our research findings indicate that Atg5-deficient MSCs display heightened proliferative activity. Subse-
quent co-culturing of MSCs with hepatocytes and the transplantation of Atg5-deficient MSCs into NAFLD mouse 
models demonstrated their ability to effectively reduce lipid accumulation in the NAFLD disease model by modulat-
ing the AMPKα/mTOR/S6K/Srebp1 pathway. Furthermore, we observed that Atg5 deficiency enhances the secretion 
of hepatocyte growth factor (HGF) by promoting recycling endosome (RE) production. Lastly, our study revealed 
that 3-MA-primed MSCs can improve the characteristics of NAFLD by boosting the secretion of HGF.

Conclusions  Our research findings suggest that Atg5-deficient MSCs protect against NAFLD by accelerating HGF 
secretion. This indicates that Atg5 gene-modified MSCs may represent a promising strategy for treating NAFLD.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is a liver con-
dition characterized by the abnormal accumulation of 
fat in the liver due to various factors, including genetic 
predisposition, obesity, high cholesterol, hypertension, 
diabetes, or other metabolic disorders [1,  2]. NAFLD 
can progress to non-alcoholic steatohepatitis (NASH), 
liver fibrosis, cirrhosis, and potentially even liver cancer. 
Unfortunately, there are currently no approved pharma-
ceutical treatments for NASH [2, 3]. Therefore, there is a 
pressing need for more effective therapies to prevent the 
progression of liver steatosis to chronic liver disease.

Mesenchymal stem cells (MSCs) have demonstrated 
promising therapeutic potential in various diseases, 
including NAFLD [4]. Their beneficial effects include 
inhibiting fatty acid synthesis, boosting lipid oxida-
tion, enhancing hepatic glycogen synthesis, and regulat-
ing immune cell functions [5–7]. However, the limited 
survival duration of MSCs in the body can impact their 
effectiveness [8]. Recent research has focused on enhanc-
ing the paracrine activity, immunoregulatory capacity, 
and in vivo persistence of MSCs through genetic modifi-
cations and pre-treatments with medications [9]. By tar-
geting key proteins involved in critical cellular processes 
such as cell survival, apoptosis, inflammation, and regen-
eration, including genes like IL-1β, Bcl-2, and hepato-
cyte growth factor (HGF), researchers aim to improve 
the therapeutic potential of engineered MSCs in treating 
liver diseases [4]. This advancement signifies a promising 
approach for effective liver disease treatment.

Autophagy is a crucial cellular process that coordinates 
the degradation and recycling of cellular components 
within mammalian cells through the lysosomal system 
[10]. By removing damaged organelles, misfolded pro-
teins, and other unnecessary or dysfunctional cellular 
elements, autophagy plays a central role in maintain-
ing cellular homeostasis [11,  12]. Importantly, recent 
research highlights the crucial role of autophagy in regu-
lating endosome sorting processes. Studies have dem-
onstrated that the formation of the double-membrane 
structure in autophagosomes originates from various 
cellular membranes, including the plasma membrane, 
endosomes, and the endoplasmic reticulum [13]. Disrup-
tions in autophagic activity can significantly affect the 
efficiency and volume of intracellular sorting processes, 
highlighting the intricate relationship between autophagy 
and endosome homeostasis [14,  15]. Studies have dem-
onstrated that the activation of autophagy can result in 
significant degradation of endosomes targeted for cap-
ture by vesicles, impacting the recycling of specific recep-
tors, such as the EGFR [16, 17].

In MSCs, the inhibition of autophagy has been shown 
to enhance cell proliferation and suppress apoptosis, 

thereby prolonging their survival in transplanted mice 
[8]. The role and potential mechanism  of autophagy-
modulated MSCs in NAFLD remain unclear. In this 
study, we established a long-term high-fat diet (HFD)-
induced NAFLD mouse model and evaluated the effects 
by transplanting MSCs. In  vitro, we co-cultured MSCs 
with hepatocytes to evaluate their influence on hepatic 
lipid metabolism. Ultimately, we found that autophagy-
deficient MSCs enhanced HGF secretion by accelerat-
ing the generation of recycling endosomes (REs), thereby 
modulating the AMPKα/mTOR/S6K/Srebp1 signaling to 
ameliorate NAFLD.

Materials and methods
Cell culture and treatment
The primary human adipose-derived MSCs (CP-H202) 
were obtained from Procell (China) and cultured in 
a medium containing 10% fetal bovine serum (FBS) 
(Gibco), 1% penicillin/streptomycin (Gibco), and Dul-
becco’s Modified Eagle’s Medium (DMEM) (Hyclone). 
Human HepG2 cells and Mouse AML12 cells were pur-
chased from the Type Culture Collection of the Chinese 
Academy of Sciences, Shanghai, China. The liver cells 
were cultured in H-DMEM medium supplemented with 
10% FBS and 1% penicillin–streptomycin. All cells were 
maintained in a cell incubator at 37 °C under a 5% CO2 
atmosphere with water-saturated conditions. The MSCs 
in passages 2 or 3 were utilized for co-culture with hepat-
ocytes, whereas cells in passages 4–5 were employed for 
cell transplantation in HFD-fed mice.

The lipid accumulation model in hepatocytes is estab-
lished by treating the cells with 400  μM free fatty acids 
(FFAs), which consist of a 2:1 mixture of oleic acid 
(O1008, Sigma) and palmitic acid (P5585, Sigma), dis-
solved in a BSA solution, for 24  h. After this treat-
ment, further experiments are conducted. Additionally, 
3-methyladenine (3-MA, S2767, Selleck), an inhibitor of 
autophagosome formation, is applied at a concentration 
of 5 mM to treat MSCs, while chloroquine (CQ, S6999, 
Selleck), which blocks autophagosome–lysosome fusion, 
is applied at a concentration of 10  mM to treat MSCs 
prior to further experimentation.

Animals and treatment
Male C57BL/6 mice (8  weeks old) were obtained from 
Vital River Laboratories in Beijing, China, and were 
housed under specific pathogen-free conditions with a 
12-h light–dark cycle. A mouse model of NAFLD was 
induced by feeding the mice a HFD consisting of 19.4% 
protein, 60% fat, and 20.6% carbohydrates (TP23300, 
Trophic, Jiangsu, China). Mice fed a normal chow diet 
(NCD) (LAD3001M, Trophic, Jiangsu, China) were used 
as controls. After 8 weeks on the HFD, the mice received 
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the first MSCs transplantation (1 × 106 cells/mouse) via 
the tail vein. A total of 3 injections were administered at 
2-week intervals. The mice were sacrificed for analysis 
4 weeks after the final injection. The experimental proto-
cols were reviewed and approved by the Ethics Commit-
tee of Xinxiang Medical University, ensuring compliance 
with animal welfare and ethical principles.

Lentivirus infections
The lentivirus packaging was carried out in a 75 cm2 dish 
with appropriate controls and treatments. Prior to lenti-
virus packaging, the medium was refreshed, and 293  T 
cells were transfected with lentivirus plasmids containing 
shAtg5, shHGF or shGfp (as a non-targeting control). The 
lentivirus plasmids were mixed with Lipofectamine 3000 
(Thermo, L3000015, USA) before being introduced to the 
293  T cells. After a 72-h incubation period, the lentivi-
rus particles were harvested, and MSCs were infected at 
a 1:1 ratio to generate MSCshAtg5, MSCshHGF or MSCshGfp. 
Puromycin treatment was then used to select and culture 
the MSCs for subsequent experimentation. The shRNA 
plasmids were purchased from Santa Cruz (sc-37111, 
sc-45924, sc-41445).

Quantitative real‑time PCR analysis
The specified cells and tissues were washed, harvested, 
and processed for total RNA extraction using TRIzol 
Reagent (DP424, Tiangen, China) following the manufac-
turer’s guidelines. The extracted RNA was then reverse 
transcribed into cDNA using the PrimerScript RT Rea-
gent Kit (KR116, Tiangen, China). All real-time PCR 
reactions were performed using the SYBR Green reagent 
kit (FP201, Tiangen, China) and an ABI 7500 real-time 
PCR system. mRNA expression levels were quantified 
using the delta-delta CT method, with GAPDH utilized 
as the internal control. The primer pairs used in this 
study are listed in Table S1.

Western blot analysis
The cells or mouse tissues were lysed using RIPA lysis 
buffer (R0010, Solarbio, China) containing protease 
inhibitor (P6730, Solarbio, China) and phosphatase 
inhibitor (P1260, Solarbio, China) to extract total protein 
samples. Protein concentrations were determined utiliz-
ing the BCA Protein Assay Kit (PC0020, Solarbio, China). 
The samples were then loaded onto 10% SDS–poly-
acrylamide gels and subsequently transferred to PVDF 
membranes. These membranes were blocked with 5% 
non-fat milk in PBS for 1 h and incubated with primary 
antibodies at 4 °C overnight, followed by incubation with 
HRP-conjugated secondary antibodies. Antibodies were 
visualized using enhanced chemiluminescence reagent. 
Protein expression levels were analyzed using Image Lab 

software and normalized to the levels of β-tubulin or 
Gapdh, which acted as loading controls.

Antibodies
Primary antibodies specific for the following proteins 
were obtained from Cell Signaling Technology: LC3B 
(#3868), p62 (#39,749), SCD1 (#2794), Fas (#3180), 
mTOR (#2983), p-mTOR (#5586), p70S6k (#2708), 
p-p70S6k (#9234), Ampkα (#58,313), and p-Ampkα 
(#50,081). Additionally, a primary antibody to HGF 
(26,881–1-AP), EEA1 (68,065–1-Ig), Rab11a (67,902–1-
Ig), Rab5a (66,339–1-Ig), Rab7a (55,469–1-AP), and 
LAMP1 (67,300–1-Ig) were purchased from Proteintech. 
Primary antibodies to Srebp1 (abs131802), β-tubulin 
(abs171597), and Gapdh (abs173393) were purchased 
from absin. In Western Blotting experiments, second-
ary antibodies goat anti-rabbit-IgG (#abs20040) and goat 
anti-mouse-IgG (#abs20039) from absin were utilized 
to detect primary antibody-bound target proteins. For 
Immunofluorescence analysis, CoraLite488-conjugated 
Goat Anti-Rabbit IgG (#SA00013-2) and CoraLite594-
conjugated Goat Anti-Rabbit IgG (#SA00013-4) second-
ary antibodies were used, both sourced from Proteintech.

Coculturing of cells
The hepatocytes (human HepG2 cells and mouse AML12 
cells) were cultured in Transwell chambers with a 24 mm 
diameter and 0.4  mm pore size from Corning. A total 
number of 5 × 105 cells were seeded in the lower cham-
ber in DMEM medium. The MSCshGfp or MSCshAtg5 cells 
(1 × 105 cells) were seeded into the upper chamber in the 
same medium. After 24 h of co-culture, FFAs were added 
to the co-culture system. The hepatocytes were then 
harvested after another 24 h for Nile Red staining, TGs 
detection, qPCR analysis, or Western blotting.

Cell cycle assay
The MSCshGfp or MSCshAtg5 cells were seeded at a density 
of 2 × 105 cells per 25 cm2 cell culture dish. After 12 h of 
seeding, the cells were washed three times with 10 ml of 
PBS. Subsequently, FFAs were added as per the experi-
mental requirements. The cells were then fixed with 70% 
ethyl alcohol and stained with the Cell Cycle Detection 
Kit (C-1052, Beyotime, China). Cell cycle analyses were 
conducted using a BD FACS flow cytometer, and the 
resulting data were analyzed using FlowJo software.

Cell apoptosis assay
The MSCshGfp or MSCshAtg5 cells were cultured in a 25 
cm2 cell culture dish and pre-treated with FFAs for 24 h. 
Apoptotic cells were then identified using FITC-Annexin 
V and propidium iodide (C1062L, Beyotime China) for 
30-min incubation at room temperature. The number of 
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apoptotic cells was determined using a BD FACS flow 
cytometer, and the resulting data were analyzed using 
FlowJo software.

Histological Analyses
Histological analysis was conducted following the meth-
odology described in a previous report [6]. For H&E 
staining, paraformaldehyde (PFA)-fixed, paraffin-embed-
ded liver tissue was sectioned into 5 μm slices and stained 
with H&E to observe the pattern of liver morphology. For 
Oil Red O staining, the sections were initially fixed in 
60% isopropanol for 10 min, then stained with a freshly 
prepared Oil Red O working solution for 30  min, fol-
lowed by washing with 60% isopropanol. Subsequently, 
the sections were counterstained with hematoxylin, 
washed with 4% acetic acid solution, and finally mounted 
with an aqueous solution.

Induction of senescence
The MSCshGfp or MSCshAtg5 cells were seeded onto 
12-well plates at a density of 1 × 104 cells per well. After 
an overnight incubation, the MSCs were treated with 
400  μM FFAs. Following this treatment, the media was 
replaced with fresh DMEM, and the cells were cultured 
for an additional 3  days. Subsequently, in  situ stain-
ing for senescence-associated β-galactosidase (SA-β-
gal) was performed on the cells using a senescence 
β-galactosidase staining kit (C0602, Beyotime) following 
the manufacturer’s instructions. The presence of cyto-
plasmic staining was used to determine positivity for 
SA-β-gal staining in the cells. Quantification of the total 
number of β-gal + cells was performed in ten high-power 
fields.

EdU cell proliferation
The MSCshGfp or MSCshAtg5 cells were seeded in 12-well 
plates at a density of 1 × 104 cells per well. The cells were 
pre-treated with 400  μM FFAs and then stained with 
BeyoClick EdU-555 (C0075S, Beyotime China) for 2  h, 
following the manufacturer’s instructions. Fluorescence 
was detected and measured using fluorescent micros-
copy. Quantification of the total number of CD68 + cells 
was performed in seven high-power fields.

Nile red staining
The cells were exposed to 400  μM FFAs for 24  h. Fol-
lowing the treatment, the cells were fixed with 4% PFA 
and stained with Nile red (sigma) in a dark environ-
ment at room temperature for 15  min. DAPI staining 
was then conducted to visualize the nuclei. Images of the 
stained cells were captured using confocal laser scanning 
microscopy.

Murine serological analysis
Blood glucose levels were monitored using a Sinocare 
automatic glucometer. Glucose tolerance tests (GTTs) 
were conducted by administering an intraperitoneal 
injection (i.p.) of glucose (2  g/kg) to mice following a 
16-h fasting period. Insulin tolerance tests (ITTs) were 
performed by injecting insulin (0.75 U/kg) i.p. after a 
6-h fasting period. Blood glucose samples were collected 
from the tail vein and analyzed at specific time points 
(15, 30, 60, and 90 min).

Serum enzymes including alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) levels were 
determined using specific assay kits (C009/C010, Nan-
jing Jiancheng, China) according to the manufacturer’s 
instructions. Additionally, the levels of serum and hepatic 
triglycerides (TG) were measured using commercial kits 
(A110, Nanjing Jiancheng, China) following the manufac-
turer’s guidelines.

Immunofluorescence
For immunofluorescence (IF) analysis, cells were fixed 
with 4% PFA. After blocking and permeabilization, the 
cells were incubated with primary antibodies and then 
with Fluorescein-conjugated secondary antibodies. 
Nuclei were counterstained with DAPI. Images were cap-
tured using a confocal laser scanning microscope to visu-
alize the localization and expression of the target proteins 
within the cells.

Elisa assays
The ELISA assay was used to analyze the cytokine levels 
in the conditioned medium of MSCshgfp or MSCshAtg5. 
After culturing for 24, 48, and 72  h, the conditioned 
medium was collected and concentrated tenfold using 
ultrafiltration. Subsequently, based on the antibody 
microarray data, paracrine cytokines in the culture 
medium were analyzed using the human Angiogenin/
VEGF/HGF/bFGF and Ang-2 ELISA kit (Boster, China) 
following the manufacturer’s guidelines.

Statistical analysis
All experiments were repeated at least three times inde-
pendently. Statistical analysis was conducted using 
GraphPad Prism software. For comparisons among mul-
tiple groups, one-way ANOVAs followed by the Tukey 
test were employed. Two-way ANOVA was utilized for 
statistical analysis in the GTTs ITTs. Pairwise compari-
sons were performed using the unpaired Student’s t-test. 
All quantitative data are expressed as mean values ± SEM. 
Significance levels were set at P < 0.05, with the follow-
ing categorization for P-values: *P < 0.05, **P < 0.005, 
***P < 0.001.
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Results
Atg5‑deficient MSCs displayed higher cell proliferation, 
resistance to cellular senescence, and apoptosis 
under FFAs treatment
To assess the biological characteristics of autophagy-
deficient MSCs, we employed lentiviral transduction to 
silence Atg5 in human adipose-derived MSCs, creating 
MSCshAtg5 [18]. This manipulation significantly reduced 
both Atg5 mRNA and protein expression levels (Fig. 1A, 
B). Nevertheless, MSCshAtg5 demonstrated a slight 
increase in proliferation and cell viability as determined 
by the CCK-8 assay (Fig. 1C).

Given the commonly elevated blood lipid levels 
in NAFLD disease models and the potential disrup-
tion of MSC functions by these elevated lipids [19], we 
investigated the effects of FFAs on MSC functions in 
both MSCshAtg5 and wild-type MSCs. Following 24  h of 
400  μM FFAs treatment, MSCs demonstrated signifi-
cantly suppressed proliferation with evident signs of cell 
senescence. In contrast, MSCshAtg5 exhibited improved 
cell proliferation and reduced senescence, as confirmed 
by 5-Ethynyl-2’-deoxyuridine (EdU) and β-galactosidase 
(βgal) staining (Fig. 1D, E). Additionally, flow cytometry 
analysis revealed a shift in the cell cycle from G0/G1 
phase and S phase to G2/M phase in MSCshAtg5 (Fig. 1F). 
Furthermore, MSCshAtg5 showed slightly increased resist-
ance to FFA-induced apoptosis (Fig.  1G). Overall, these 
results indicated that Atg5 deficiency can enhance MSCs 
functionalities with more resistance to senescence and 
apoptosis under FFAs treatment.

Atg5‑deficient MSCs inhibit lipid accumulation 
in hepatocytes
Previous studies have suggested that adipose-derived 
MSCs may offer benefits in improving NAFLD [20]. To 
further explore the potential impacts of Atg5-deficient 
MSCs on NAFLD improvement, we conducted a co-cul-
ture system with MSCs and hepatocytes to assess the role 
of MSCs in modulating lipid metabolism. Our results 
demonstrate that MSCshAtg5 can significantly reduce the 
lipid content in liver cells induced by FFAs processing, as 
evidenced by Nile red staining and a triglycerides (TGs) 
detection test (Fig. 2A, B). Additionally, we examined the 
expression of lipid synthesis-related genes (Fas, Srebp1, 
and SCD1) at both the RNA and protein levels. It was 
observed that FFAs stimulation significantly increased 
the expression of these genes. However, compared to 
control MSCs, MSCshAtg5 exhibited a more substantial 
decrease in the expression of these genes (Fig.  2C-F). 
These findings suggest that Atg5-deficient MSCs may 
have a more pronounced effect in reducing lipid accumu-
lation in liver cells in vitro.

Atg5‑deficient MSCs transplantation attenuates 
NAFLD‑related metabolic disorders
To further investigate the effects of Atg5-deficient 
MSCs transplantation on lipid metabolism, we utilized 
a mouse model of HFD-induced fatty liver to assess 
the therapeutic potential of MSCs. As previously men-
tioned, the transplantation strategy is illustrated in 
Fig. 3A [ 6]. Whether mice received transplantation of 
control MSCs or Atg5-deficient MSCs, there appeared 
to be no effect on their food intake (Fig.  3B). After 
16 weeks of a HFD regimen, mice exhibited significant 
increases in liver/body weight ratio, fasting blood glu-
cose, and fasting insulin levels. The transplantation of 
MSCs effectively reduced these markers (Fig.  3C-E). 
However, compared to control MSCs, MSCshAtg5 trans-
plantation showed a more pronounced decrease in the 
liver/body weight ratio and fasting blood glucose lev-
els (Fig. 3C, D). We further investigated the protective 
effect of MSCs on liver function. Our results demon-
strated that MSCshAtg5 transplantation led to a more 
substantial decrease in alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) levels in the 
serum of HFD-fed mice compared to control MSCs 
(Fig.  3F).  Glucose tolerance tests (GTTs) and insulin 
tolerance tests (ITTs) revealed that insulin resistance 
was significantly restored with MSCshAtg5 transplanta-
tion compared to unmodified MSCs (Fig.  3G). These 
findings suggest that Atg5-deficient MSCs have a 
greater capacity to improve HFD-induced liver dys-
function and insulin resistance.

Biochemical and histological analyses revealed a sig-
nificant increase in serum and hepatic TGs in mice 
fed a HFD compared to those fed a normal chow diet 
(NCD) (Fig.  3I, J). Transplantation of MSCs signifi-
cantly improves the morphology of liver tissue and 
reduces hepatic lipid accumulation in HFD-fed mice, 
as indicated by HE and Oil Red O staining (Fig.  3H). 
Importantly, transplantation of MSCshAtg5 demonstrates 
a superior effect in reducing hepatic fat accumulation 
(Fig.  3H-J). Moreover, we found MSCshAtg5 resulted in 
a more significant inhibition of the expression of genes 
(Fas, Srebp1, and SCD1) involved in fatty acid syn-
thesis and, which was notable in the presence of long 
term HFD treatment, at the transcriptional and trans-
lational levels (Fig. 3K, L). In addition, transplantation 
of MSCshAtg5 can significantly suppress the expression 
of inflammation-related genes (Tnf, Il6, and Ccl2) at 
the transcriptional level compared to control MSCs 
(Fig. 3K). These data suggest that Atg5-deficient MSCs 
have a better effect in inhibiting lipid accumulation and 
suppressing inflammatory responses.
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Fig. 1  Atg5-deficient MSCs exhibited increased cell proliferation, resistance to cellular senescence, and reduced apoptosis under FFAs treatment. A, 
B Atg5 mRNA and protein expression in MSCs transfected with lentivirus containing Atg5 shRNA. C CCK8 assays comparing MSCshGfp and MSCshAtg5. 
D EdU staining of MSCshGfp and MSCshAtg5 was performed after a 24-h treatment with FFAs, with representative micrographs shown and scale 
bars of 100 μm. E In situ staining of SA-β-gal was conducted using a senescence β-galactosidase staining kit, with representative micrographs 
and 100 μm scale bars. F Cell cycle analysis of MSCshGfp, presented for the G0/G1, S, and G2/M phases under various treatment conditions. G Cell 
apoptosis analysis was performed in the indicated groups. All statistical analyses are presented on the right panel of data. For all statistical plots, 
the data are presented as mean ± S.E.M, and statistical significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001. MSCs, mesenchymal stem cells; 
FFAs, free fatty acids; EdU, 5-Ethynyl-2’-deoxyuridine; SA-β-gal, Senescence-associated β-galactosidase
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Atg5‑deficient MSCs correct AMPKα/mTOR/S6K/Srebp1 
signaling in NAFLD disease models
Excessive lipid deposition disrupts metabolic pathways 
and accelerates the progression of NAFLD. Dysregula-
tion of the mTOR pathway, a key regulator of cellular 
processes including protein synthesis and metabolism, 
has been implicated in the development of metabolic 
disorders such as obesity and fatty liver diseases [21]. 
Several studies have demonstrated that mTOR regulates 
downstream p-70S6K to promote the cleavage and acti-
vation of SREBPs to regulate fatty acid metabolism [22]. 

Moreover, AMPK is a key cellular energy sensor that 
functions as an endogenous inhibitor of the mTOR path-
way [23]. In the context of NAFLD, aberrant inactivation 
of AMPK or activation of mTOR signaling can promote 
lipid accumulation and hepatic steatosis [24].

To verify the effects of MSCs transplantation on lipid 
metabolism-related pathways, we collected hepatocytes 
co-cultured with MSCs in  vitro and liver tissues after 
MSCs transplantation in vivo to perform western blotting 
tests. The results show that in both mouse and cell mod-
els of NAFLD, there was a reduction in the expression 

Fig. 2  Atg5-deficient MSCs inhibit lipid accumulation in hepatocytes. A Representative images of Nile Red staining in hepatocytes cocultured 
with MSCshGfp and MSCshAtg5 following FFAs treatment. Scale bar = 20 μm. B The levels of TGs in the indicated groups. C, E qPCR analysis of lipid 
metabolism-related genes (Fasn, Srebp1, SCD1 and CD36) in the indicated groups. D, F Western blot of lipid metabolism related proteins 
in the indicated groups. For all statistical plots, the data are presented as mean ± S.E.M, and statistical significance is indicated as *P < 0.05, **P < 0.01, 
***P < 0.001. MSCs, mesenchymal stem cells; TGs, triglycerides
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Fig. 3  Transplantation of Atg5-deficient MSCs attenuates NAFLD-related metabolic disorders. A Schematic protocol for administration of PBS, 
MSCshGfp and MSCshAtg5 into NCD or HFD mice. B, C Statistical data on food intake and the liver-to-body weight ratio in the indicated groups. 
D, E Analysis of fasting blood glucose and fasting insulin levels in the mice. F Serum levels of ALT and AST in the indicated groups. G Analysis 
of GTTs and ITTs in the indicated groups (n = 5). H Representative HE and Oil Red O staining of liver sections from MSCshGfp and MSCshAtg5 
transplated mice after HFD treatment (n = 5). Scale bar = 150 μm. I, J Levels of TGs in the serum and liver of mice. K qPCR analysis of lipid 
metabolism-related genes (Fasn, Srebp1, and SCD1) and inflammation-related genes (Tnfα, Il6, and Ccl2) in the indicated groups. L Western blot 
analysis of lipid metabolism-related proteins in the indicated groups. For all statistical plots, circles represent individual mice, the data are presented 
as mean ± S.E.M, and statistical significance is indicated as ns means not significant, *P < 0.05, **P < 0.01, ***P < 0.001. MSCs, mesenchymal stem cells; 
NAFLD, non-alcoholic fatty liver disease; NCD, normal chow diet; HFD, high-fat diet; TGs, triglycerides; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; GTTs, Glucose tolerance tests, ITTs: insulin tolerance tests
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levels of p-AMPKα, accompanied by an increase in the 
expression levels of p-mTOR, p-S6K, and Srebp1. How-
ever, following co-cultivation or tail vein transplantation 
of MSCshGfp, there was an increase in the expression lev-
els of p-AMPKα in hepatocytes and livers, along with a 
decrease in the expression levels of p-mTOR, p-S6K, and 
Srebp1. The changes in expression patterns were more 
pronounced following co-cultivation or transplantation 
of MSCshAtg5 (Fig.  4A-F). These results indicate that the 
regulation of the AMPKα/mTOR/S6K/Srebp1 pathways 
by MSCs, particularly Atg5-deficient MSCs, could poten-
tially have a beneficial impact on mitigating NAFLD.

The deficiency of Atg5 enhances the secretion of HGF 
by promoting recycling endosome production in MSCs
Increasing evidence suggests that MSCs exert their ben-
eficial effects in improving diseases through the releasing 
paracrine cytokines [25–27]. Here, we identified specific 
cytokines secreted by human adipose-derived MSCs, 
noting a significant abundance of Angiogenin, VEGF, 
HGF, and bFGF in their conditioned medium (Fig.  5A). 
Upon comparing levels of these factors in MSCshGfp and 
MSCshAtg5, we observed a substantial increase solely in 
HGF secretion from Atg5-deficient MSCs (Fig. 5B). Fur-
thermore, our investigation revealed that MSCshAtg5 con-
sistently enhanced the secretion of HGF over varying 
culture durations, implying that Atg5 deficiency amplifies 
HGF secretion by MSCs (Fig. 5C).

Subsequently, we observed a significant inhibition of 
autophagic activity in MSCshAtg5, as evidenced by the 
upregulation of LC3II and downregulation of p62. More-
over, both mRNA and protein levels of HGF increased 
in MSCshAtg5 (Fig. 5D, E). To further investigate the role 
of autophagy in regulating HGF expression, we utilized 
3-methyladenine (3-MA) to block autophagosome syn-
thesis. Strikingly, HGF expression in both MSCshGfp and 
MSCshAtg5 was upregulated following 3-MA treatment. In 
contrast, treatment of MSCs with the lysosomal inhibi-
tor chloroquine (CQ) did not result in a promotion of 
HGF expression (Fig.  5F). These findings suggest that 
the expression of HGF is influenced by early autophagy 
events, particularly during the autophagosome formation 
stage, rather than the lysosomal stage.

Previous reports have indicated that various mem-
branes, including recycling endosomes (REs), play a role 

in the formation of autophagosomes [28]. This suggests 
that maintaining cellular homeostasis requires a balance 
between autophagosomes and endosomes [29]. Different 
Rab proteins are expressed in early endosomes (EEs), late 
endosomes (LEs), and REs, participating in virtually every 
membrane trafficking event [30]. In our study, we utilized 
immunofluorescence to examine the expression and dis-
tribution of the Rab5a (EEs), Rab11a (REs), LAMP1 (lys-
osomes) and HGF. Our results indicated a decrease in 
both the number of EEs and lysosomes, while the expres-
sion of REs increased (Fig.  5G-I). Western blot analysis 
further revealed decreased levels of Rab5a and EEA1, 
as well as reduced expression of Rab7a and LAMP1 in 
MSCshAtg5. In contrast, the expression of the REs marker 
Rab11a and HGF were increased (Fig. 5J). Furthermore, 
in cells with autophagy defects, immunofluorescence 
staining of Rab11 is more prominently expressed on the 
cell membrane, providing further evidence that the sort-
ing of REs is enhanced (Fig. 5H). These findings suggest 
that Atg5 deficiency may enhance the secretion of HGF 
by increasing the number of intracellular REs.

The protective effect of Atg5‑deficient MSCs on NAFLD 
lipid metabolism disorder depends on the secretion of HGF
Atg5 deficiency promotes MSC secretion of HGF to 
protect against NAFLD. To further confirm the crucial 
role of HGF in MSCshAtg5-mediated protection against 
NAFLD, we generated MSCs with dual genetic defects 
in Atg5 and HGF (MSCshAtg5/HGF). The results indi-
cate that transplantation of MSCs modified with differ-
ent genes does not impact food intake and body weight 
changes (Fig.  6A, B). However, compared to MSCshAtg5, 
transplantation of MSCshAtg5/HGF increases the liver/body 
weight ratio, fasting blood glucose, and fasting insulin 
levels (Fig.  6C-E). Furthermore, results from GTTs and 
ITTs demonstrate that transplantation of MSCs with 
dual gene defects worsens insulin resistance, a benefit 
that is improved by MSCshAtg5 transplantation (Fig.  6F). 
Additionally, liver aminotransferase experiments reveal 
that levels of ALT and AST in the serum of MSCshAtg5/

HGF transplantation are higher compared to MSCshAtg5 
(Fig. 6G). These findings suggest that the improved liver 
dysfunction and insulin resistance in HFD-induced mice 

(See figure on next page.)
Fig. 4  Atg5-deficient MSCs correct AMPKα/mTOR/S6K/Srebp1 signaling in NAFLD disease models. A, B Western blot analysis of p-AMPKα/AMPKα, 
p-mTOR/mTOR, p-S6K/S6K, and Srebp1 in AML12 cells cocultured with MSCshGfp and MSCshAtg5 following FFAs treatment. C, D Western blot analysis 
in HepG2 cells cocultured with different MSCs. E, F Western blot analysis of p-AMPKα/AMPKα, p-mTOR/mTOR, p-S6K/S6K, and Srebp1 in HFD mice 
receiving different MSC transplantations. For all statistical plots, the data are presented as mean ± S.E.M, and statistical significance is indicated 
as *P < 0.05, **P < 0.01, ***P < 0.001. MSCs, mesenchymal stem cells; NAFLD, non-alcoholic fatty liver disease; FFAs, free fatty acids; HFD, high-fat diet
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Fig. 4  (See legend on previous page.)
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Fig. 5  The deficiency of Atg5 enhances the secretion of HGF by promoting RE production in MSCs. A ELISA detection of various growth 
factors in the MSC supernatant, including Angiogenin, VEGF, HGF, bFGF, and Ang-2. B ELISA detection of the secretion of different factors 
in the supernatants of MSCshGfp and MSCshAtg5. C ELISA detection of HGF secretion at different culture times in MSCshGfp and MSCshAtg5. D 
qPCR analysis of HGF transcription in MSCshGfp and MSCshAtg5. E Western blot analysis of the expression of HGF, P62, and LC3 in MSCshGfp 
and MSCshAtg5. F MSCshGfp and MSCshAtg5 treated with 3-MA and CQ, followed by Western blot detection of HGF expression. G-I Representative 
images of immunofluorescence staining analyzing the expression of Rab5a, Rab11a, LAMP1, and HGF. Scale bar = 25 μm. J Western blot analysis 
of the expression of endosome sorting-related proteins (EEA1, Rab11a, Rab5a, Rab7a, and LAMP1). For all panels, the data are presented 
as mean ± S.E.M, and statistical significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001. ELISA, Enzyme linked immunosorbent assay; HGF, 
hepatocyte growth factor; RE, recycling endosome; 3-MA, 3-methyladenine; CQ, chloroquine
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Fig. 6  The protective effect of Atg5-deficient MSCs on NAFLD lipid metabolism disorder depends on the secretion of HGF. A-C Statistical data on food 
intake, body weight and the liver-to-body weight ratio in the indicated groups. D, E Analysis of fasting blood glucose and fasting insulin levels in the mice. 
F Analysis of GTTs and ITTs in the PBS, MSCshGfp, MSCshAtg5 and MSCshAtg5/HGF treated mice (n = 5). G Serum levels of ALT and AST in the indicated groups. 
H Representative HE and Oil Red O staining of liver sections from the MSCshGfp, MSCshAtg5 and MSCshAtg5/HGF transplated mice after HFD treatment 
(n = 5). Scale bar = 150 μm. I, J Levels of TGs in the serum and liver of mice. K qPCR analysis of lipid metabolism-related genes (Fasn, Srebp1, and SCD1) 
and inflammation-related genes (Tnfα, Il6, and Ccl2) in the indicated groups. L Western blot analysis of lipid metabolism-related proteins in the indicated 
groups. For all statistical plots, circles represent individual mice, the data are presented as mean ± S.E.M, and statistical significance is indicated as ns 
means not significant, *P < 0.05, **P < 0.01, ***P < 0.001. MSCs, mesenchymal stem cells; NAFLD, non-alcoholic fatty liver disease; HFD, high-fat diet; TGs, 
triglycerides; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GTTs, Glucose tolerance tests, ITTs: insulin tolerance tests
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by MSCshAtg5 transplantation is compromised in the 
absence of HGF.

As previously reported, the transplantation of 
MSCshAtg5 significantly reduces lipid accumulation in 
NAFLD mice. However, symptoms of lipid accumulation 
were notably exacerbated following the transplantation 
of MSCshAtg5/HGF compared to MSCshAtg5 transplantation, 
as demonstrated by biochemical and histological analy-
ses (Fig.  6H-J). Furthermore, at the molecular level, we 
observed that MSCshAtg5 transplantation significantly 
decreased the expression levels of factors associated with 
lipid synthesis and inflammation. In contrast, the expres-
sion levels of lipid synthesis and inflammatory factors 
increased following the transplantation of MSCshAtg5/HGF 
(Fig.  6K, L). These findings suggest that the protective 
effect of Atg5-deficient MSCs on liver lipid accumulation 
in NAFLD mice relies on the secretion of HGF.

3‑MA‑primed MSCs protect against NAFLD 
through enhancing HGF secretion
Based on our previous findings, inhibition of autophago-
some formation affects the secretion of hepatocyte 
growth factor (HGF) from MSCs, while inhibiting the 
fusion between autophagosomes and lysosomes does 
not impact HGF secretion. Therefore, to further inves-
tigate the role of MSCs with inhibited autophagosome 
formation in the treatment of NAFLD, we conducted 
experiments in which MSCs were pretreated with 
3-methyladenine (3-MA). As expected, the 3-MA-
primed MSCs exhibited autophagy-inhibiting proper-
ties, as indicated by the expression levels of LC3 and 
P62 proteins (Fig.  7H). Transplantation of these 3-MA-
primed MSCs significantly reduced fasting blood glucose 
and insulin levels in NAFLD mice compared to con-
trol MSCs (Fig.  7A, B). Additionally, these pre-treated 
MSCs decreased serum levels of ALT and AST in mice 
on a HFD (Fig. 7C, D). GTTs and ITTs showed that the 
transplantation of 3-MA-treated MSCs significantly 
improved insulin sensitivity relative to control MSCs 
(Fig. 7E). Furthermore, these MSCs reduced hepatic lipid 

accumulation in HFD mice, as evidenced by HE staining, 
Oil Red O staining, and serum and hepatic TGs levels 
(Fig. 7F, G). At the molecular level, 3-MA-primed MSCs 
inhibited the expression of lipogenic factors such as 
Fasn, Srebp1, and SCD1, while reducing phosphorylated 
mTOR levels and enhancing phosphorylated AMPKα 
expression (Fig. 7I). These findings suggest that the trans-
plantation of 3-MA-primed MSCs regulates lipid meta-
bolic disorders in NAFLD through the AMPKα-mTOR 
signaling pathway.

Through WB and ELISA assays, we found that the 
protein levels and secretion of HGF were significantly 
enhanced in 3-MA-treated MSCs, consistent with the 
results observed in MSCs with Atg5 deficiency (Fig. 7H, 
J). Furthermore, we discovered that the recycling endo-
some marker Rab11a was upregulated in 3-MA-primed 
MSCs, as analyzed by WB and immunofluorescence 
experiments (Fig.  7I, K). These findings indicate that 
3-MA-primed MSCs promote HGF secretion by enhanc-
ing recycling endosome sorting. Furthermore, qPCR 
analysis revealed that the co-culture of HGF-deficient 
cells pre-treated with 3-MA significantly increased the 
expression of lipid synthesis genes and inflammation-
related factors compared to 3-MA-primed MSCshGfp 
(Fig.  7L). These findings indicate that 3-MA-primed 
MSCs inhibit the inflammatory response and lipid accu-
mulation in the NAFLD hepatocyte model through HGF 
secretion.

Discussion
Mesenchymal stem cells (MSCs) exert therapeutic 
effects on various diseases through the secretion of 
numerous factors and immune regulation. In recent 
years, gene knockdown and overexpression tech-
niques have been utilized to genetically modify MSCs, 
thereby enhancing the expression of various factors and 
increasing the production of therapeutic metabolites 
to improve disease outcomes [31]. Autophagy is a cru-
cial process for maintaining the balance of proteins and 
metabolic products within the body [3]. In this study, 

Fig. 7  3-MA-primed MSCs protect against NAFLD through enhancing HGF secretion. A, B Analysis of fasting blood glucose and fasting insulin 
levels in the serum of mice treated with MSCs and 3-MA primed MSCs. C, D Serum levels of ALT and AST in the indicated groups. E Analysis of GTTs 
and ITTs in the MSCs and 3-MA primed MSCs treated mice (n = 5). F Representative HE and Oil Red O staining of liver sections in the indicated 
groups (n = 5). Scale bar = 150 μm. G Levels of TGs in the serum and liver of mice. H Western blot analysis of the expression of HGF, P62, and LC3 
in MSCs and 3-MA primed MSCs. I ELISA detection of HGF secretion at different culture times in MSCs and 3-MA primed MSCs. J Representative 
images of immunofluorescence staining analyzing the expression of Rab11a and HGF. K Western blot analysis of p-AMPKα/AMPKα, p-mTOR/mTOR, 
Fasn, Srebp1, SCD1 and Rab11a in HFD mice receiving different MSC transplantations. Scale bar = 25 μm. L qPCR analysis of lipid metabolism-related 
genes (Fasn, Srebp1 and SCD1) and inflammation-related genes (Tnfα and Il6) in the indicated groups. For all statistical plots, the data are presented 
as mean ± S.E.M, and statistical significance is indicated as ns means not significant, *P < 0.05, **P < 0.01, ***P < 0.001. HFD, high-fat diet; TGs, 
triglycerides; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GTTs, Glucose tolerance tests, ITTs: insulin tolerance tests; 3-MA: 
3-methyladenine; HGF, hepatocyte growth factor

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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we found that MSCs with autophagy defects exhibit 
higher proliferative activity and characteristics that 
confer resistance to aging and apoptosis. Previous stud-
ies in other cell types have demonstrated that the loss 
of Atg5 inhibits autophagy and rescues cells from G0/
G1 cell cycle arrest, thereby promoting cell prolifera-
tion [8, 32]. This ability to enhance the biological char-
acteristics of MSCs, making them appear younger and 
more vigorous by inhibiting autophagy, may have sig-
nificant implications for disease treatment.

Previous studies have demonstrated that MSCs from 
various sources can improve metabolic disorders asso-
ciated with NAFLD [4,  33]. However, a critical scien-
tific question remains: how can we genetically engineer 
MSCs to enhance their therapeutic effects in treating 
this disease? Enhancing therapeutic efficacy is often 
achieved by increasing the secretion of specific par-
acrine factors or by boosting the biological activity of 
the cells. In our research, we investigated the role of 
autophagy-deficient MSCs in a NAFLD model using 
both an in  vitro co-culture system and a high-fat diet 
mouse model. Our results showed that autophagy-
deficient MSCs significantly suppressed lipid synthe-
sis in NAFLD. Furthermore, we discovered that these 
MSCs corrected the dysregulated AMPKα/mTOR/
S6K/Srebp1 signaling pathway associated with the dis-
ease. However, we still lack a clear understanding of the 
direct targets of MSCs once they enter the mouse body, 
and the targets influenced by MSCs may be diverse and 
varied. Despite some studies identifying potential tar-
gets of MSCs in the host organism, it remains challeng-
ing to clarify their direct and indirect effects.

MSCs typically survive in the host for 7  days to 
1 month, during which they can secrete a wide array of 
growth factors, chemokines, and inflammatory media-
tors [8,  27]. These factors serve as effector molecules 
that influence host cells. In our research, we conducted 
protein chip and ELISA assays on the supernatant 
secreted by MSCs and identified several factors with 
high expression levels, including Angiogenin, VEGF, 
HGF, and bFGF. Notably, we found that HGF was one 
of the factors that showed a significant increase in 
secretion from autophagy-deficient MSCs. This find-
ing suggests that the Atg5-dependent autophagy defect 
selectively impacts the expression of protein factors 
secreted by MSCs. Furthermore, autophagy defects 
induced by other related molecules may result in dis-
tinct secretion profiles compared to those associated 
with Atg5 deficiency. HGF, a pleiotropic growth factor, 
influences lipid metabolism by promoting the mobi-
lization and oxidation of fatty acids. Additionally, it is 
implicated in enhancing insulin sensitivity and exhibits 

anti-inflammatory properties [34,  35]. Therefore, our 
research indicates that Atg5-deficient MSCs enhance 
lipid metabolism disorders in NAFLD by promoting the 
secretion of HGF.

The process of vesicular transport includes both 
endocytosis and autophagy, which transport cellular 
materials to lysosomes for degradation and play a role 
in extracellular signaling. Recent studies have begun to 
uncover how endocytic and autophagic compartments 
can work synergistically to optimize the status of spe-
cific proteins within the cell [17]. Our findings indicate 
that Atg5-deficient MSCs exhibit a reduced number of 
EEs, LEs and lysosomes, while showing an increase in 
Rab11a-positive REs. The REs can encapsulate proteins 
and cellular metabolic products, ultimately reaching 
the cell membrane, where they fuse to release intracel-
lular cargo and trigger a series of signaling pathways. 
In this study, we hypothesize that RE sorting activ-
ity is pronounced in Atg5-deficient MSCs, facilitating 
the extracellular delivery of HGF through endosomal 
sorting. While current evidence partially supports our 
hypothesis, several important questions remain to be 
addressed, including how HGF is selectively secreted 
into the extracellular space via REs and what its tar-
gets are in mice. In addition to the direct secretion of 
HGF, future studies should also explore whether HGF is 
contained in extracellular vesicles derived from MSCs. 
Addressing these questions will be crucial for enhanc-
ing our understanding of the roles of autophagy-mod-
ified MSCs in the context of NAFLD. In summary, our 
research presents a strategy to enhance the secretion 
of the effector factor HGF from MSCs through genetic 
engineering, thereby improving outcomes in metabolic 
liver diseases. This study provides new experimental 
data and treatment strategies for MSC-based therapy.
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