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Abstract
Background  Human menstrual blood-derived stem cells (MenSCs), a major class of mesenchymal stem cells (MSCs), 
modulate intercellular signals via paracrine factors. Previous studies found that MenSC-derived secretomes exert 
protective effects against liver fibrosis. However, the underlying mechanisms of these observations remain unclear.

Methods  Extracellular Matrix Protein 1 (ECM1), identified in MenSCs culture medium using mass spectrometry, 
was employed to stably overexpress ECM1-HA or silence in MenSCs using lentiviral vectors. These genetically 
engineered cells were either intravenously injected into the carbon tetrachloride (CCl4)-induced liver fibrosis mice 
or co-cultured with hepatic stellate cells (HSCs)-LX-2. The interaction between ECM1 and low-density lipoprotein 
receptor-related protein 1α (LRP1α) was confirmed using Co-Immunoprecipitation (Co-ip), Duolink Proximity Ligation 
Assays (PLA) and pull-down. LRP1 deficient mice were generated via intravenous administration of adeno-associated-
virus-8. The downstream molecular mechanisms were characterized by non-target metabolomics and multiplex 
immunohistochemical staining. RNA sequencing was performed to evaluate the genetic alterations in various genes 
within the MenSCs.

Results  MenSC-secreted ECM1 exhibits potential to ameliorate liver fibrosis by inactivating HSCs, improving liver 
functions, and reducing collagen deposition in both cellular and mouse model of the CCl4-induced liver fibrosis. 
Mechanistically, a novel interaction was identified that ECM1 directly bound to cell surface receptor LRP1α. Notably, 
the antifibrotic efficacy of MenSC was negated in LRP1-deficient cells and mice. Moreover, the ECM1-LRP1 axis 
contributed to the alleviation of liver fibrosis by suppressing AKT/mTOR while activating the FoxO1 signaling 
pathway, thereby facilitating pyrimidine and purine metabolism. Additionally, ECM1-modified MenSCs regulate the 
transcription of intrinsic cytokine genes, further mitigating liver fibrosis.
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Background
Hepatic fibrosis is a chronic pathological process result-
ing from liver damage, including viral hepatitis, auto-
immune and drug-induced liver disease, alcoholic 
steatohepatitis, and metabolic-associated fatty liver dis-
ease (MAFLD) [1, 2]. Fibrosis occurs from an excessive 
accumulation of extracellular matrix (ECM) within the 
region of the liver lesion [3]. Hepatic fibrosis could be 
reversed if its underlying cause is eliminated or through 
timely intervention [4]. Hepatic stellate cells (HSCs), situ-
ated within the space of Disse, largely synthesize massive 
amounts of ECM components during cell differentia-
tion into myofibroblast-like cells in response to injury or 
inflammation cytokines, such as transforming growth 
factorβ1(TGFβ1) [5]. Furthermore, activated HSCs also 
secret TGFβ1, which reinforcing excessive collagen pro-
duction through autocrine and paracrine loops [6]. Most 
studies on fibrosis focus on inhibiting the conversion of 
quiescent HSCs into activated HSCs to achieve an antifi-
brotic effect.

Extracellular matrix protein 1 (ECM1) is an 85  kDa 
secreted glycoprotein [7] involved in tumor metabolism 
and fibrosis of various organs [8–10]. In the context of 
liver fibrosis, Fan et al. reported that ECM1, secreted by 
hepatocytes, alleviated liver fibrosis through its interac-
tion with the cell integrin αv. This interaction prevented 
the activation of latent transforming growth factor beta 
1 (LTGFβ-1) and inhibiting HSC activation [11]. Recent 
studies indicate that ECM1 mediates the hepatopro-
tective effects by binding to proteases. ECM1 blocks 
LTGFβ-1 activation, achieved through binding to TSP-1 
and ADAMTS1 at their respective KRFK or KTFR 
motifs, thereby inhibiting the activity of MMP-2/9 [12]. 
This protein also inhibits ferroptosis via binding to sol-
ute carrier family 7 member 11 (SLC7A11, xCT), thereby 
reducing liver fibrosis [13]. Moreover, ECM1 interacts 
with connective tissue growth factor (CTGF) to inhibit 
integrin αvβ6-mediated activation of TGFβ, prevent-
ing liver fibrosis and ductular reaction (DR) in alcohol-
associated liver disease (ALD) and cholangiopathy [14]. 
Therefore, it is crucial to establish a safe and effective 
method to deliver ECM1 to the liver, as well as ensuring 
its stable and sustained expression in the liver.

Human menstrual blood-derived stem cells (MenSCs), 
first isolated from human menstrual fluid and named by 
Meng et al., are defined as a type of mesenchymal stem 
cells (MSC) [15]. MSC mediates antifibrotic effects via 

paracrine mechanisms [16]. MSCs-secreted paracrine 
factors, such as hepatocyte growth factor (HGF) and 
nerve growth factor (NGF), directly impede HSC activa-
tion by inhibiting nuclear factor-kappa B (NF-κB) signal-
ing [17]. Milk fat globule-EGF factor 8 (MFG-E8) is an 
antifibrotic glycoprotein in MSC secretomes that strongly 
inhibits TGFβ signaling and reduces ECM deposition and 
liver fibrosis in mice [18]. Compared with other MSCs, 
MenSCs present numerous advantages, such as facile 
non-invasive isolation, high proliferation, and robust 
immunomodulatory effects on T cells [19]. Our previous 
studies showed that MenSCs can effectively differentiate 
into hepatocyte-like cells in vitro and alleviate fibrosis 
through immunoregulation and paracrine effects [20–
22]. To date, the exact secreted proteins of MenSC that 
predominantly inhibit the progression of liver fibrosis 
remain unknown.

In the present study, we firstly identified that ECM1 
functions as an antifibrotic protein in the secretomes of 
MenSC using mass spectrometry. We further explored 
the impacts and signaling mechanisms of MenSC-
secreted ECM1 in vitro cell co-culture system and mice 
model of the carbon tetrachloride (CCl4)-induced liver 
fibrosis. To this end, we constructed a protein interac-
tion network for ECM1. Mechanistically, our inves-
tigation revealed that ECM1 directly interacted with 
LRP1α, mediated pyrimidine and purine metabolism, 
and involved in inhibiting mTOR and activating FoxO1 
signaling pathways. Collectively, our results suggest that 
the therapeutic effect of MenSC against liver fibrosis is 
likely predominantly mediated by the ECM1–LRP1 axis. 
This comprehensive analysis underscores the antifibrotic 
potential of MenSC and provides new avenues for the 
development of liver fibrosis treatments.

Materials and methods
Mice
The study adheres to the guidelines established by the 
ARRIVE 2.0 checklist (Additional file 1). All Specific 
pathogen-free C57BL/6 male mice were purchased from 
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). All 
mouse experiments were approved by the Animal Care 
and Use Committee of Zhejiang University (Approval no. 
ZJU20230279). All animals were housed in a single spe-
cific pathogen-free (SPF) room, subjected to controlled 
conditions of a constant temperature, 50% humidity, a 
12-hour light–dark cycle, and had access to abundant 

Conclusions  These findings highlight an extensive network of ECM1-LRP1 interaction, which serve as a link for 
providing promising insights into the mechanism of MenSC-based drug development for liver fibrosis. Our study also 
potentially presents novel avenues for clinical antifibrotic therapy.
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water and food to mitigate the effects of potential envi-
ronmental contaminants in Laboratory Animal Center, 
Zhejiang University. Our pre-experimental findings indi-
cated a statistically significant difference with a minimum 
sample size of six. Mice that succumbed to the experi-
ment were excluded, and the survivors were incorporated 
into subsequent investigations.

C57BL/6 male mice applied in all experiments, four-
week-old, 18–20  g weight, were equipped with ear tags 
and randomly assigned to control and carbon tetrachlo-
ride (CCl4) (Macklin, China) model groups using Excel 
(Microsoft Corporation, Redmond, WA). Mice were 
injected intraperitoneally with CCl4 at a concentra-
tion of 0.6  µl/g body weight dissolved in olive oil (San-
gon Biotech, Shanghai, China), three times a week for 4 
weeks. The control group were injected intraperitone-
ally with the same volume of olive oil. The dosages and 
method of administrating MenSCs were consistent with 
our previous work [20]. CCl4-induced liver fibrosis mice 
which were further randomly assigned treatment groups 
were injected with MenSCs, ove-ECM1-HA MenSCs, 
sh-ECM1-MenSCs (5 × 10^5 cells in 100  µl of PBS per 
mouse) or rec-ECM1 (50 µg/kg or 150 µg/kg, R&D, USA) 
via the tail vein twice weekly accompanied by CCl4. Liver 
biopsies and serum collection were performed 3 days 
after the last CCl4 administration. All mice underwent 
anesthesia using 1% pentobarbital prior to blood collec-
tion from the infraorbital venous plexus and liver biop-
sies. The mice were euthanized with CO2 for at least 
10 min after sampling. Each animal was designated as a 
single experimental unit. The final groups were as follows 
(n = 6): (1) control; CCl4; CCl4 and 50  µg/kg recombi-
nant ECM1; CCl4 and 150 µg/kg recombinant ECM1; (2) 
control; CCl4; CCl4 and MenSCs; CCl4 and ove-ECM1-
MenSCs; CCl4 and ECM1-KD-MenSCs. Researchers 
conducting the data analysis remained blinded to the 
group allocations until the final statistical outcomes were 
obtained.

In vivo Bioluminescent assays
Mice were treated with the same ways as described. 
Each received an intravenous injection of 5 × 10^5 cells 
in 100  µl of PBS including MenSCs-luciferase (abbrevi-
ated MenSCs-luc), ove-ECM1-MenSCs-luciferase (ove-
ECM1-MenSCs-luc), and ECM1-KD-MenSCs-luciferase 
(ECM1-KD-MenSCs-luc). Mice were intraperitoneally 
injected with D- luciferin (Promega, USA), and in vivo 
bioluminescence images were acquired using the IVIS 
Lumina LT system (Perkinelmer).

LRP1 knock down mice model
The adeno-associated virus 8 that knock down the 
LRP1(sh-LRP1, 5’-​G​G​A​T​T​C​C​A​C​T​A​G​A​T​C​C​C​A​A​T​
G-3’) gene in mouse livers was constructed by Vigene 

Bioscience (Shandong, China). In vivo, the four-week-
old male mice were injected intraperitoneally with 100 µl 
of virus containing 5 × 10^11 AAV8-shLRP1-GFP and 
AAV8-scramble (scr)-GFP and then treated with CCl4 
(0.6 µl /g body weight, three times a week) for another 4 
weeks to establish fibrosis model. The method and dos-
age of MenSCs transplantation are the same as described 
above. The final groups were as follows (n = 6): control; 
CCl4; CCl4 and AAV8-scr; CCl4, AAV8-scr and MenSCs; 
CCl4 and AAV8-LRP1-KD; CCl4, AAV8-LRP1-KD and 
MenSCs.

Cell culture
In this study, human MenSCs (no. 00612-210415P) were 
obtained from the Innovative Precision Medicine Group 
(IPM, Hangzhou, China). Written informed consent was 
obtained from the donor. The methods for the isolation, 
culture, and the surface marker and differentiation of 
identification of MenSCs were performed as previously 
described by our group [20, 23]. HEK293T cells (Cell 
Bank of Chinese Academy of Sciences, Shanghai, China) 
and human immortalized HSC cell line LX-2 (Procell Life 
Science & Technology, Wuhan, China) were cultured in 
DMEM (Gibco, Grand Island, NY, USA) containing 10% 
fetal bovine serum (FBS) (Gibco, USA) and 1% penicil-
lin and streptomycin (Gibco, USA) at a humidified 37 °C 
incubator with 5% CO2.

Plasmid construction and lentivirus packaging
The pCDH-ECM1-HA and pcDNA3.1-LRP1-Flag were 
obtained from GenScript (Nanjing, China) and used to 
overexpress ECM1 and LRP1. ShRNA sequences tar-
geting human ECM1 (shRNA1: ​G​C​C​A​G​A​G​C​A​C​T​T​T​
C​A​A​G​A​A​G​T; shRNA2: ​G​G​C​C​T​T​C​T​C​C​A​G​A​C​A​A​T​
C​T​G​A; shRNA 3: ​G​G​G​A​G​G​A​T​A​C​C​C​T​T​G​A​C​A​A​A​T) 
were synthesized by Sangon Biotech and inserted into a 
pLKO.1 cloning vector to silence ECM1 expression. PCR 
was used to generate LRP1-Δ1(amino acids 1-1182)-
Flag, LRP1-Δ2(amino acids 1183–2473)-Flag, LRP1-
Δ3(amino acids 2474–3284)-Flag, LRP1-Δ4(amino acids 
3285–3872)-Flag, LRP1-Δ5(amino acids 3873–4544)-
Flag, Strep-LRP1-C(amino acids 2474–3872), ECM1-
Δ1(amino acids 1-177)-HA, ECM1-Δ2(amino acids 
178–432)-HA, ECM1-Δ3(amino acids 433–540)-HA, 
and ECM1-full length based on pcDNA3.1-LRP1-Flag 
and pCDH-ECM1-HA backbone respectively. Fragments 
encoding the LRP1-Flag and ECM1-HA constructs were 
respectively cloned into the pcDNA3.1(+) and pCDH-
CMV-MCS-EF1-Puro vectors. Fragments encoding 
LRP1-Δ3–4 and ECM1 full length were respectively 
cloned into the pET-TwinStrep and pGEX-4T-1 vectors 
(Lingke Biotech, China). The human LRP1 guide RNA 
(sgRNA1: ​T​G​G​A​G​G​A​C​A​A​G​A​T​C​T​A​C​C​G​C; sgRNA2: ​G​
G​A​G​A​C​A​G​G​T​G​A​G​A​A​C​C​G​C​G; sgRNA3: ​C​C​A​T​G​C​C​
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G​A​A​T​C​A​A​C​A​A​C​G​G) was synthesized and cloned into 
the lentiCRISPR v2 vector (Lingke Biotech, China).

To obtain lentivirus, the pCDH-ECM1-HA or 
pCDH or pLKO.1-ECM1 or pLKO.1 or pCDH-ECM1- 
Δ1(amino acids 1-177)-HA or pCDH-ECM1-Δ2(amino 
acids 178–432)-HA or pCDH-ECM1-Δ3(amino acids 
433–540)-HA or sgRNA constructs were co-transfected 
with packaging plasmids pSPAX2 and pMD2G into 80% 
confluent HEK293T cells. After 60  h transfection, viral 
supernatants were collected, filtered through a 0.45  μm 
low protein binding membrane (Millipore, Germany) and 
then combined with the Lenti-X Concentrator (Takara, 
Beijing, China) to concentrate lentiviral stocks.

Cell transfection
For transfection, pCDNA3.1-LRP1-Δ1(amino acids 
1-1182)-Flag, pCDNA3.1-LRP1-Δ2(amino acids 
1183–2473)-Flag, pCDNA3.1-LRP1-Δ3(amino acids 
2474–3284)-Flag, pCDNA3.1-LRP1-Δ4(amino acids 
3285–3872)-Flag or pCDNA3.1-LRP1-Δ5(amino acids 
3873–4544)-Flag vectors were transfected into HEK293T 
cells using polyethyleneimines. Lentivirus superna-
tants were used for transduction of HEK293T, MenSCs 
or LX-2 cells with 8 ug/mL polybrene (Sigma, USA) for 
48 h. Stable cells were selected with 1–2 µg/mL puromy-
cin (Gibco, USA). Protein expression levels were mea-
sured by using western blotting to analyze the efficiency 
of overexpression, knockdown or KO.

Cell activation and co-culture
LX-2 cells were stimulated with 3 ng/ml of TGFβ1 (Pep-
rotech, USA) for 48  h in MEM medium without FBS. 
After activation, LX-2 cells were treated with 100 ng/
mL or 300 ng/mL rec-ECM1 for 48  h and collected for 
further analysis. In addition, MenSCs and activating 
LX-2 cells were co-cultured in six-well Transwell inserts 
(0.4 μm pore size, Corning, USA). MenSCs were seeded 
into the upper chamber at a density of 2 × 10^5 cells in 
MEM α containing 10% FBS. Respectively, the lower 
chambers were filled with LX-2 cells at a density of 10^5 
cells in MEM α containing 10% FBS. The co-culture sys-
tem was grown in a humidified incubator at 37 °C and 5% 
CO2 for 48 h. LX-2 cells in the lower chambers were col-
lected for further analysis.

Flow cytometry
MenSCs were harvested and incubated with antibod-
ies against surface marker and isotype control, including 
CD29 (BD, #561795), CD73 (BD, #561014), CD90(BD, 
#561970), CD105 (BD, #560839), CD34 (BD, #560941), 
CD45 (BD, #560975), CD117 (BD, #561682), HLA-DR 
(BD, #560943), IgG1 (BD, #555749), and IgG2a (BD, 
#555574) in the dark at 4 °C for 30 min. All MenSCs were 

detected using flow cytometry (CytoFLEX S, Beckman, 
USA).

Co-immunoprecipitation (Co-ip) and pull-down assay
Cells were lysed with Pierce IP lysates (Invitrogen, USA) 
containing protease and phosphatase inhibitor Cocktail 
(Invitrogen, USA) for 20  min on ice. The lysates were 
centrifuged at 12,000 ×g for 15 min at 4 °C. Supernatants 
were incubated with rotation with 25 µL of conjugated 
beads (anti-FLAG M2 magnetic beads (Sigma, USA) or 
anti-HA agarose beads (Smart-Lifesciences Biotechnol-
ogy, China)) for 3 h at 4 °C or specific antibodies against 
endogenous protein for 2 h at 4 °C followed by the addi-
tion of protein A/G magnetic beads (Invitrogen, USA) 
for overnight at 4 °C. The beads were then washed three 
times using PBS, resuspended with 2 × SDS-PAGE load-
ing buffer and boiled for 10  min at 100  °C. The lysates 
were detected using SDS-PAGE and followed by Coo-
massie blue staining or WB.

Pull-down assay was carried out to detect protein–
protein interactions. First, GST or GST-ECM1 and 
TwinStrep-LRP1 proteins were purified with GST beads 
(Sangon Biotech, China) and TwinStrep beads (Sangon 
Biotech, China), respectively, from IPTG-induced BL21 
bacterial cells (Sangon Biotech, China). Next, GST or 
GST-tagged proteins were eluted twice by reduced glu-
tathione at 4  °C for 30  min with gentle rotation. The 
supernatant was collected and incubated with Twin-
Strep-tagged protein at 4 °C for 2 h with gentle rotation. 
The beads were washed three times and boiled with SDS-
loading buffer. The lysates were detected by SDS-PAGE, 
followed by Coomassie blue staining or WB.

Mass spectrometry (MS) analysis
ECM1 and its interacting proteins were immunopre-
cipitated as described above for the Co-ip assay. Proteins 
purified by HA-Affinity beads and 200 mL of MenSC 
culture medium collected at above 80% cell density were 
subjected to LC-MS/MS analysis in Applied Protein 
Technology Co. Ltd (Shanghai, China). MS spectra were 
retrieved the UniProtKB human database using Pro-
teome Discoverer 2.5. Candidate proteins were selected 
based on the number of unique peptides greater being > 2 
and then analyzed using western blotting.

RNA sequencing
Total RNA was extracted from MenSCs utilizing TRIzol 
reagent (Invitrogen, USA). RNA quality control, cDNA 
library assembly, RNA sequencing, and bioinformatics 
analysis were conducted by Shanghai Applied Protein 
Technology Co., Ltd (Shanghai, China).
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qRT-PCR
Total RNA was isolated from mouse liver or MenSCs 
using RNA extraction kit (Qiagen, USA). cDNA was syn-
thesized using PrimeScript RT reagent (Takara, China). 
qRT-PCR was performed using SYBR Green PCR kit 
(Takara, China) and CFX96 Touch Real-Time PCR 
Detection System (Bio-Rad, USA). mRNA expression 
level was calculated using the 2^-ΔΔCt method. β-actin 
was used as a control. The primers used for this analysis 
are listed in Additional File 2 Supplementary Table S1.

Western blotting analysis
Whole cell lysates were extracted using RIPA lysis buf-
fer (Beyotime, China) with 1% phenylmethylsulfonyl 
fluoride (Beyotime, China) on ice for 15 min and centri-
fuged at 12,000 rpm for 10 min at 4 °C. The supernatants 
were boiled in loading buffer (Sangon Biotech, China) 
for 10  min. Notably, 30  µg of total protein extracts was 
loaded and electrophoresed with 8% or 10% SurePAGE 
gels (GenScript, China) or Color PAGE Gel Rapid Prepa-
ration Kit (Epizyme Biotech, China), and then blotted 
onto a PVDF membrane (Millipore, USA). After block-
ing with 5% milk for 1  h, membranes were incubated 
with indicated primary antibodies at 4  °C overnight and 
were visualized with secondary HRP-conjugated anti-
bodies (CST, USA). Protein bands were detected with 
ECL blotting detection reagents (FDbio, China) by Bio-
Rad ChemiDoc Touch (Bio-Rad, USA) or Amersham 
ImageQuant 800 (Cytia, USA). The following primary 
antibodies were listed: α-SMA (1:2000, Abcam Cat# 
ab7817), LRP1β (1:2000, Abcam Cat# ab92544), LRP1α 
(1:2000, Sigma-Aldrich Cat# L2295), COL1a1(1:2000, 
Cell Signaling Technology Cat# 72026), ECM1 (1:2000, 
Sigma-Aldrich Cat# HPA027241), Flag M2 (1:2000, 
Sigma-Aldrich Cat# F3165), HA-Tag (1:2000, Cell Sig-
naling Technology Cat# 3724), Fibronectin (FN) (1:2000, 
Cell Signaling Technology Cat# 26836), GST(1:2000, Cell 
Signaling Technology Cat# 2622), Strep-tag II(1:2000, 
Abcam Cat# ab184224), AKT(1:2000, Cell Signaling 
Technology Cat# 4691), p-AKT(1:2000, Cell Signaling 
Technology Cat# 4060), mTOR(1:2000, Cell Signaling 
Technology Cat# 2983), p-mTOR(1:2000, Cell Signaling 
Technology Cat# 5536), FoxO1(1:2000, Cell Signaling 
Technology Cat# 2880), β-Actin (1:5000, Cell Signaling 
Technology Cat# 4967) and α-Tubulin(1:5000, Cell Sig-
naling Technology Cat# 2144).

ELISA
MenSCs were cultured in 100 mm dishes at a density of 
5 × 10^5 cells per milliliter in MEM α supplemented 10% 
FBS. Upon reaching a cell density of 90%, the culture 
medium was replaced with serum-free MEM α for 48 h. 
The culture medium was then collected. We assessed 
the protein concentration of ECM1 in the supernatant 

from NC-MenSCs, ove-MenSCs and KD-MenSCs using 
ELISA. The ELISA was performed according to the man-
ufacturer’s protocol (Raybiotech, USA).

Proximity ligation assay
The Duolink in situ proximity ligation assay (PLA) was 
performed according to the manufacturer’s protocol 
(Sigma-Aldrich, USA). Briefly, LX-2 cells were grown to 
a confluence of 60-70% on glass coverslips, washed three 
times with PBS, fixed in 4% formaldehyde for 20 min, per-
meabilized in 0.5% Triton X-100 for 5 min and blocked 
with Duolink® blocking solution for 60 min at 37 °C. After 
blocking, cells were incubated with primary antibodies 
(mouse anti-LRP1 1:500 and rabbit anti-ECM1 1:500) 
in the Duolink antibody diluent. The slides were then 
placed in the humid chamber at 4  °C overnight. Next, 
the slides were applied with the PLUS and MINUS PLA 
probe solution for 1 h at 37 °C and performed with liga-
tion and amplification by using Duolink® In Situ Detec-
tion Reagents Red. After final Washes, the slides were 
mounted by using a minimal volume of Duolink® In Situ 
Mounting Medium with DAPI. Images were detected by 
a confocal microscopy and the red spots represented the 
interactions between ECM1 with LRP1.

Liver function
In clinical assessments, alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) are commonly 
used to assess liver function. Therefore, mouse serum 
was collected for the determination of ALT and AST 
using the ALT and AST assay kit (Jiancheng Bioengineer-
ing Institute, Nanjing, China). The optical density was 
detected at 410 nm using SpectraMax M5. Subsequently, 
the ALT and AST levels were calculated based on the 
standard curve according to the manufacturer’s protocol.

Histological analysis
Fresh liver tissues were fixed in formalin, embedded in 
paraffin, and sliced. Liver tissues (3  μm thickness) were 
stained with hematoxylin-eosin (H&E) staining, Masson’s 
trichrome, and SR staining. The images were examined 
using the Olympus digital slice scanner VS200.

Immunohistochemical and multiplex 
immunohistochemical staining
The paraffin-embeded liver tissues were sliced with 3 μm 
thickness. After deparaffinization, rehydrating, antigen 
retrieval, quenching and blocking, slides were incubated 
with primary antibody (α-SMA, GFP (HuaBio, Cat# 
ET1602-7)) at 4  °C overnight, applied with peroxidase 
conjugated secondary antibody in the diluent for 1  h at 
room temperature, stained with 3, 3′-diaminobenzidine 
reaction solution, and imaged by Olympus digital slicing 
scanner VS200. Multiplex immunofluorescence staining 
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was performed by the manufacturer’s protocol (Akoya 
Biosciences, Japan) with the following primary antibod-
ies: α-SMA (1:50, Abcam Cat# ab7817), p-mTOR (1:50, 
Abcam Cat# ab109268) and FoxO1(1:50, Cell Signaling 
Technology Cat# 2880). The slides were scanned using 
Confocal laser scanning microscope (Leica, Germany).

Non-targeted metabolomics
For non-targeted metabolomics analysis, 200 mg mouse 
liver tissues were added to precooled extraction buffer 
(methanol: acetonitrile: H2O; 2:2:1, v/v) and sonicated at 
low temperature for 30 min. The mixture was then stored 
at -20 ℃ for 10 min before being centrifuged at 14,000 ×g 
at 4  °C for 20  min. Following centrifugation, the super-
natant was vacuum-dried. Before metabolomics analysis, 
the samples were dissolved in 100 µL of a 1:1 (v/v) ace-
tonitrile: water solution. An ultrahigh performance liquid 
chromatography system (UHPLC; Agilent 1290; Agilent, 
USA) coupled with a quadrupole time-of-flight mass 
spectrometer (ESI/Triple TOF 5600; AB Sciex, Canada) 
was utilized for non-targeted metabolomics analyses in 
Shanghai Applied Protein Technology Co., Ltd (Shang-
hai, China). The samples were separated by a 2.1 mm × 
100  mm ACQUIY UPLC BEH Amide 1.7  μm column 
(waters, Ireland). Quality control (QC) samples were 
employed to monitor the instrument’s analysis stability 
and repeatability.

Statistical analysis
Statistical analyses were conducted utilizing the Prism 8 
software (GraphPad Software 8). Experiments were inde-
pendently replicated in triplicate. Data are presented as 
the mean ± SEM and statistical differences between two 
distinct groups were assessed using the Student’s t-test. 
P < 0.05 was considered to be significant.

Results
Identification of ECM1 as an antifibrotic candidate in the 
secretomes of MenSC 
Our previous work demonstrated that the MenSCs could 
adhere to plastic, undergo passaging in culture medium, 
positively expressed CD29, CD73, CD105, and CD90, 
negatively expressed HLA-DR, CD117, CD34, and CD45, 
and differentiated into osteoblasts, chondrocytes, and 
adipocytes in vitro. FACS analysis revealed that the Men-
SCs surface marker expression was consistent with our 
previous work (Additional File 3 Fig. S1A).

We first attempted to explore whether MenSCs could 
regulate the activation of the human HSC-LX-2 induced 
by TGFβ1. In serum-deficient conditions, these cells 
highly expressed the α-SMA protein upon activation with 
TGFβ1, which is link to the activation of HSC. The lev-
els of ECM-related protein, FN and collagen type I alpha 
1 (COL1A1) also increased in the presence of TGFβ1. 

Moreover, MenSCs treatment decreased the expression 
levels of α-SMA, COL1A1, and FN in TGFβ1 induced 
LX-2 cells (Fig.  1A). Based on the paracrine effect of 
MenSCs, we harvested their secretomes and analyzed 
the ingredients using tandem mass spectrometry (MS/
MS). In total, 499 secretory proteins were identified in 
the secretomes of MenSC (Additional File 4). Among 
these proteins involved in biological processes, such as 
ECM organization, ECM disassembly, collagen metabolic 
processes, and cell substrate adhesion, five candidate pro-
teins, including MMP2, MXRA5, ECM1, LGALS3BP, and 
LTBP4, caught our attention due to their potential to reg-
ulate fibrosis [11, 24–27]. Among these, the enrichment 
of ECM1 showed the top five (Fig.  1B). Next, we used 
the recombinant ECM1 protein (here after abbreviated 
as rec-ECM1) to verify the anti-fibrotic effects in vivo 
and in vitro. Rec-ECM1 protein dramatically decreased 
α-SMA levels at cellular level in the presence of TGFβ1, 
independent of the concentration. Furthermore, FN and 
COL1A1 protein levels decreased concurrently (Fig. 1C). 
To explore the effects of the rec-ECM1 protein on liver 
fibrosis, we built a CCl4-induced liver fibrosis mice model 
based on the methodology outlined in a prior study [20], 
followed by treatment with two different doses (50 µg/Kg 
or 150 µg/Kg) of rec-ECM1 administered biweekly, along 
with the continuous administration of CCl4 (Additional 
File 3 Fig. S1B). Rec-ECM1 had no significant impact 
on mice body weight or liver enlargement with CCl4-
induced liver fibrosis in mice (Fig. 1D). Serum biochemi-
cal analysis exhibited no difference in AST or in ALT 
activities among the rec-ECM1 high-dose, rec-ECM1 
low-dose, and CCl4 groups (Fig. 1E and F). Hematoxylin 
and eosin (H&E) staining revealed a disordered structure 
of the hepatic lobule, extensive infiltration of inflamma-
tory cells around the portal areas, and the formation of 
inflammatory zonules extending into the liver paren-
chyma. Notably, liver damage and inflammatory cell infil-
tration did not decrease following rec-ECM1 therapy. 
Masson’s trichrome and Sirius red (SR) staining showed 
that the CCl4 treatment caused remarkable fiber deposi-
tion in the fibrotic septa and collagen fibers that extended 
from the portal area in a reticular pattern compared with 
the control group. However, rec-ECM1 therapy did not 
reverse the collagen accumulation (Fig. 1G and H). Nota-
bly, activated HSCs expressed α-SMA, and CCl4 signifi-
cantly increased α-SMA expression, as revealed by IHC 
evaluation. However, no difference in α-SMA expression 
was observed between the rec-ECM1- and CCl4-treated 
groups (Fig. 1I and J). Therefore, we speculated that the 
rec-ECM1 could directly act on LX-2 cells in vitro with-
out being affected by other cell types or complex micro-
environments. However, many inflammatory factors and 
oxidative stress, which were prevalent within the micro-
environment of liver fibrosis, could significantly impact 
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Fig. 1  Recombinant ECM1 inhibits HSC activation in vitro but not in vivo. A Western blotting analyses of FN, COL1A1, and α-SMA protein levels in LX-2 
cells. α-Tubulin was used as loading control. Full-length blots are presented in Additional file 9. B Mass spectrometry analyses of MenSCs culture medium. 
The features of the top five protein candidates are displayed. C Western blotting analysis of FN, COL1A1, and α-SMA protein levels in LX-2 cells with in-
dicated concentrations after recombinant (rec)-ECM1 treatment. α-Tubulin was used as loading control. Full-length blots are presented in Additional file 
9. D Ratios of liver weight to body weight of control, CCl4, and rec-ECM1-treated group. E and F Analysis of serum ALT and AST activities in control, CCl4, 
and rec-ECM1-treated group. G H&E, Masson’s trichrome, and SR staining of paraffin sections of livers from control, CCl4, and rec-ECM1-treated group. H 
Semi-quantitative analysis of Masson’s trichrome and SR staining using ImageJ from different groups. I α-SMA staining of paraffin sections of livers from 
control, CCl4, and rec-ECM1-treated group. J Semi-quantitative analysis of α-SMA staining using ImageJ from different groups. Data are represented as the 
mean ± SEM, and three mice in each group were analyzed. Scale bar = 200 μm. ns: no sense, *P < 0.05, **P < 0.01, ***P < 0.001
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the activity and stability of rec-ECM1. In addition, rec-
ECM1 was susceptible to rapid metabolism or clearance 
in vivo, leading to a suboptimal concentration in the 
targets tissue, such as the liver. Collectively, rec-ECM1 
could suppress HSC activation in vitro but did not allevi-
ate liver fibrosis in mice.

MenSC-derived ECM1 inhibits HSC activation and 
alleviates liver fibrosis in vivo and in vitro
As rec-ECM1 therapy failed to alleviate liver fibrosis in 
mice, we used MenSCs that could home to the injured 
area to continuously express exogenous ECM1. First, 
ectopic overexpression and knockdown of ECM1 in 
MenSC was successfully constructed (Fig.  2A). The 
ECM1 protein concentration in the supernatant of NC-
MenSCs, ove-MenSCs and KD-MenSCs was consistent 
with intracellular ECM1 protein expression levels, as 
confirmed by ELISA (Additional File 5 Fig. S2A). Fol-
lowing TGFβ1 stimulation, LX-2 cells were co-cultured 
with NC-MenSCs (MenSCs transfected with pLKO.1 
or pCDH vectors respectively), ove-ECM1-MenSCs or 
ECM1-KD-MenSCs for 48 h. α-SMA, FN, and COL1A1 
expression was markedly decreased in the ove-ECM1-
MenSCs co-cultured group (Fig. 2B). A dramatic increase 
was observed in α-SMA, FN, and COL1A1 expression 
in the ECM1-KD-MenSCs co-cultured group com-
pared with the NC-MenSCs (Fig.  2C). Interestingly, the 
ECM1-KD-MenSC co-cultured group exhibited a slightly 
reduced level of α-SMA, FN, and COL1A1 compared 
with those exposed to TGFβ1. These findings demon-
strated that ove-ECM1-MenSCs were more effective 
than naïve MenSCs in preventing LX-2 cell activation. 
To address the therapeutic effect rather than the preven-
tive effect, we injected MenSCs, ove-ECM1-MenSCs, or 
ECM1-KD-MenSCs into the caudal vein biweekly along 
with continuous CCl4 administration (Additional File 5 
Fig. S2B). In the MenSC-luc, ove-ECM1-MenSC-luc and 
sh-ECM1-MenSC-luc treatment models, no significant 
differences were observed among the cell biodistribu-
tions across these groups (Additional File 5 Fig. S2C). The 
finding indicated that ECM1 did not impact the distribu-
tion and migration of MenSC in vivo. Following trans-
plantation with ove-ECM1-MenSCs, the mice exhibited 
a significant reduction in the hepatic index and serum 
levels of ALT and AST compared to those receiving NC-
MenSCs (Fig. 2D, F, and H). Interestingly, under the same 
experimental conditions, the hepatic index and serum 
ALT and AST activity were evidently higher in mice 
grafted with ECM1-KD-MenSCs groups than in mice 
grafted with NC-MenSCs. Notably, a slight decrease was 
observed in the hepatic index and serum ALT and AST 
levels in mice grafted with ECM1-KD-MenSCs com-
pared with those in the CCl4 group (Fig.  2E, G, and I). 
Mice in the ove-ECM1-MenSCs-treated group exhibited 

significant reductions in inflammatory injury and colla-
gen deposition compared with those in the NC-MenSCs-
treated group. Following the ECM1-KD-MenSCs graft, 
mice developed worse inflammatory injury and collagen 
deposition in the liver than mice grafted with NC-Men-
SCs, as demonstrated by H&E and Masson’s trichrome 
staining (Fig. 2J and K) and SR staining (Additional File 
5 Fig. S2D and E). To further determine whether ove-
ECM1-MenSCs could achieve better inhibitory effects on 
HSC activation, we assessed the level of α-SMA expres-
sion in the liver via IHC. We found that the ove-ECM1-
MenSCs treated group exhibited a significant decrease 
in α-SMA expression compared with the NC-MenSCs 
treated group. In contrast, the expression of α-SMA was 
higher in mice grafted with ECM1-KD-MenSCs groups 
than in mice grafted with NC-MenSCs. Notably, a slight 
decrease was observed in α-SMA expression in mice 
grafted with ECM1-KD-MenSCs compared with those 
in mice in the CCl4 group (Fig. 2L and M). In addition, 
mice in the ove-ECM1-MenSCs-treated group exhibited 
higher ECM1 expression levels compared to those in 
the NC-MenSCs-treated group. Mice in the ECM1-KD-
MenSCs-treated group exhibited lower ECM1 expres-
sion levels compared to those in the NC-MenSCs-treated 
group (Additional File 5 Fig. S2F). These observations 
align with findings that demonstrate a negative correla-
tion between ECM1 protein expression levels and the 
severity of liver fibrosis. Therefore, our data indicated 
that MenSC-secreted ECM1 inhibited HSC activation 
and improved liver fibrosis in mice.

ECM1 directly interacts with LRP1
We aimed to clarify the mechanisms underlying the 
inhibition of HSCs activation and the antifibrotic effects 
of ECM1 in the secretomes of MenSCs. To identify the 
proteins that regulate this reaction, we performed affin-
ity purification of HA-tagged ECM1. Liquid chromatog-
raphy–mass spectrometry (LC-MS/MS) analysis of this 
protein lysate identified LRP1 as an ECM1-interacting 
protein (Additional file 6, Fig.  3A). The interaction of 
ECM1 with LRP1 was verified using proximity liga-
tion assay (PLA) (Fig.  3B) and reciprocal Co-ip follow-
ing the overexpression of both proteins in HEK293T 
cells (Fig.  3C). Furthermore, an endogenous association 
between ECM1 and LRP1 was demonstrated in LX-2 
cells. ECM1 bound to the extracellular subunit LRP1α, 
not LRP1β (Fig.  3D and E). To identify the binding 
regions of LRP1 and ECM1, we tested a series of trunca-
tion mutants for LRP1 and ECM1 in vitro binding assays 
(Fig.  3F and H). Notably, the ligand repeat sequence 4 
of LRP1 (Fig.  3G) and the N-terminal region of ECM1 
(Fig. 3I) were responsible for their interaction. PLA also 
revealed that the ligand repeat sequence 4 of LRP1 inter-
acted with the N-terminal region of ECM1 (Additional 
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Fig. 2  MenSC-secreted ECM1 depresses HSC activation and attenuates liver fibrosis in vivo and in vitro. A Western blotting analyses of HA-tag and ECM1 
protein levels in MenSCs after ECM1 knockdown or overexpression. α-Tubulin was used as loading control. Full-length blots are presented in Additional 
file 9. B Western blotting analyses of FN, COL1A1, and α-SMA protein levels in LX-2 cells co-cultured with NC-MenSCs or ove-ECM1-MenSCs. α-Tubulin 
was used as loading control. Full-length blots are presented in Additional file 9. C Western blotting analyses of FN, COL1A1, and α-SMA protein expres-
sion in LX-2 cells co-cultured with NC-MenSCs or ECM1-KD-MenSCs. α-Tubulin was used as loading control. Full-length blots are presented in Additional 
file 9. D Ratios of liver weight-to-body weight of control, CCl4, NC-MenSC, and ove-ECM1-MenSC-treated group. E Ratios of liver weight-to-body weight 
of control, CCl4, NC-MenSC and ECM1-KD-MenSC-treated group. F and H Analysis of serum ALT and AST levels from control, CCl4, NC-MenSC, and ove-
ECM1-MenSC-treated group. G and I Analysis of serum ALT and AST levels from control, CCl4, NC-MenSC and ECM1-KD-MenSC-treated group. J H&E 
and Masson’s trichrome staining of paraffin sections of livers from control, CCl4, NC-MenSC, and ove-ECM1-MenSC or ECM1-KD-MenSC treated groups. 
K Semi-quantitative analysis of Masson’s trichrome staining using ImageJ from control, CCl4, NC-MenSC, and ove-ECM1-MenSC- or ECM1-KD-MenSC-
treated groups. L α-SMA staining of paraffin sections of livers from control, CCl4, NC-MenSC, and ove-ECM1-MenSC- or ECM1-KD-MenSC-treated groups. 
M Semi-quantitative analysis of α-SMA staining using ImageJ from control, CCl4, NC-MenSC, and ove-ECM1-MenSC- or ECM1-KD-MenSC-treated groups. 
Data are represented as the mean ± SEM, and three mice in each group were analyzed. Scale bar = 200 μm. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Fig. 3  ECM1 directly interacts with LRP1α. A Mass spectrometry analyses of proteins purified using affinity HA-tag in LX-2 cells transfected with ECM1-
HA. The features of the top five protein candidates are displayed. B Representative duolink in situ PLA images of the interaction of ECM1 and LRP1α. PLA 
signals are shown in red and the nuclei in blue. Scale bar = 2 μm. C Co-ip in LX-2 cells. IP with ECM1 or IgG control antibody. D Co-ip in LX-2 cells. IP with 
LRP1α (left) or LRP1β (right) or IgG control antibody. E Reciprocal Co-ip in HEK293T cells expressing HA-tagged ECM1 and FLAG-tagged LRP1. IP with 
anti-HA (upper) or anti-FLAG (lower). F and H Schematics of LRP1α F and ECM1 H full length and domain deletion mutants for domain mapping assays. 
G Co-ip in HEK293T cells transfected with LRP1-FLAG deletion constructs (WT, full length; Δ1, amino acids 1–1182; Δ2, amino acids 1183–2473; Δ3, amino 
acids 2474–3284; Δ4, amino acids 3285–3872; Δ5, amino acids 3873–4544), and ECM1-HA. IP performed with anti-FLAG and IB with anti-HA. I Co-ip in 
HEK293T cells transfected with ECM1-HA deletion constructs (WT, full length; Δ1, amino acids 1–177; Δ2, amino acids 178–432; Δ3, amino acids 433–540), 
and LRP1-FLAG. IP performed with anti-FLAG and IB with anti-HA. JIn vitro pull-down assay of GST-ECM1 or GST alone in the presence of Strep tag-LRP1. 
Blots were probed for anti-GST and anti-Strep-tag. Full-length blots are presented in Additional file 9
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File 7 Fig. S3A and S3B). Invitro pull-down assays further 
confirmed that LRP1 directly interacted with ECM1, as 
determined using western blotting (Fig.  3J) and Coo-
massie bright blue staining (Additional File 7 Fig. S3C). 
These findings illustrate that ECM1 could directly bind to 
LRP1α.

LRP1 is responsible for MenSC-mediated inhibition of HSC 
activation and alleviation of liver fibrosis
To determine whether LRP1 is the direct target of ECM1 
in the secretomes of MenSCs, we constructed LRP1 
knockout (KO) LX-2 cells using CRISPR CAS9 (Fig. 4A). 
Notably, the protein expression levels of α-SMA, FN, 
and COL1A1 in LRP1 KO cells were increased follow-
ing TGFβ1 treatment. However, the expression levels 
of α-SMA, FN and COL1A1 were comparable between 
non-MenSCs-treated and MenSCs-treated groups fol-
lowing LRP1 KO. Moreover, MenSC treatment in LRP1 
KO LX-2 cells increased the expression levels of α-SMA, 
FN and COL1A1 compared with those of MenSC treat-
ment in wild type LX-2 cells (Fig. 4B). To demonstrate its 
relevance in vivo, mice were administrated with AAV8-
shRNA-LRP1 (KD) and AAV8-scramble-LRP1 (scr) 
intravenously, accompanied by CCl4-induced liver fibro-
sis (Fig. 4C), which resulted in the selective knockdown 
of LRP1 expression in the liver (Fig. 4D; Additional File 8 
Fig. S4). Using this model, we observed that the hepatic 
injury, collagen deposition, and HSC activation wors-
ened with the LRP1 knockdown in the liver, as demon-
strated by the hepatic index (Fig.  4E), ALT and AST 
activities (Fig. 4F and G), H&E, Masson’s trichrome stain-
ing, SR staining (Fig.  4H and I) and α-SMA expression 
level (Fig.  4J and K). As expected, MenSCs transplanta-
tion was insufficient for repairing liver damage and liver 
fibrosis in mice with selectively knocked-down LRP1 in 
the liver. Furthermore, no notable increase was observed 
in the hepatic index and serum ALT and AST activities 
in LRP1-KD mice compared with NC group following 
MenSCs administration. LRP1-KD mice in the MenSC-
treated group exhibited enhanced growth with marked 
infiltration of inflammatory cells, collagen deposition, 
and α-SMA expression compared with those in the NC 
mice in the MenSC-treated group. These findings indi-
cate that the therapeutic effects of MenSC on liver fibro-
sis depend on LRP1.

MenSC promotes pyrimidine and purine metabolism to 
prevent liver fibrosis
Liver fibrosis is driven by metabolic dysregulation. To 
investigate how MenSC-secreted ECM1 affects metabo-
lite changes in mice livers, we compared the hepatic 
metabolome profiles across the control, CCl4, NC-
MenSC, ove-ECM1-MenSC, and ECM1-KD-MenSC 
groups. Heatmap analysis of differential metabolites 

revealed that the hepatic metabolome profiles were sub-
stantially altered in ove-ECM1-MenSCs- and ECM1-KD-
MenSCs treated mice compared with those in MenSCs 
treated mice (Fig. 5A and B). In addition, a pie chart dis-
plays the chemical class of changed metabolites in the 
ove-ECM1-MenSC treated group and ECM1-KD-MenSC 
treated group compared to the MenSC only treated 
group (Fig.  5C). Notably, 37 and 64 significantly altered 
metabolites were identified in ove-ECM1-MenSC- and 
ECM1-KD-MenSC-treated groups, respectively. In addi-
tion, we ranked the top 11 pathways that were substan-
tially altered in the livers of the ove-ECM1-MenSC- or 
ECM1-KD-MenSC-treated groups compared with those 
of the MenSC group using the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analysis such 
as mTOR and FoxO signaling pathways and pyrimidine 
and purine metabolism (Fig.  5D). Specifically, purines, 
such as adenosine-5′-monophosphate, and pyrimi-
dine, such as uridine 5′-monophosphate, were markedly 
increased in the ove-ECM1-MenSC-treated group and 
conversely decreased in the ECM1-KD-MenSC-treated 
group compared with the MenSC group (Fig. 5E and F). 
The increase in uridine metabolites following MenSCs 
treatment suggests altered uridine catabolism, therefore, 
we assessed the hepatic expressions of uridine-metaboliz-
ing enzymes. The mRNA expression of UCK was elevated 
in the ove-ECM1-MenSC-treated group and decreased 
in the ECM1-KD-MenSC-treated group compared with 
that in the MenSC group (Fig.  5G). Collectively, our 
metabolomic data indicate that MenSC-derived ECM1 
attenuates HSC activation and liver fibrosis by promoting 
pyrimidine and purine metabolism.

mTOR and FoxO1 signaling pathways act as downstream 
effectors of the ECM1-LRP1 axis
Directed by the non-target metabolisms data (Fig. 5) and 
the signaling pathways implicated in the abrogative effect 
of MenSC-secreted ECM1 on liver fibrosis, we focused 
on mTOR and FoxO1 signaling pathways. Therefore, 
to assess their roles in fibrosis alleviation via LRP1, we 
analyzed the expression levels of AKT, p-AKT, mTOR, 
p-mTOR and FoxO1 in vitro (Fig.  6A). Upon MenSCs 
treatment, the phosphorylation levels of AKT and mTOR 
were significantly suppressed in LX-2 cells, in sharp con-
trast to recover AKT and mTOR phosphorylation levels 
in LRP1 KO LX-2 cells. Additionally, Following MenSCs 
treatment, an increase in the expression of FoxO1 was 
also observed but not in LRP1 deleted cells. Multiplex 
immunohistochemical staining further confirmed the 
presence of mTOR and FoxO1 signals in murine HSCs. 
In the CCl4 induced mice model, MenSCs-treated mice 
displayed an increase percentage of FoxO1-positive cells, 
co-expressed with α-SMA in murine HSCs (Fig. 6B and 
C). Intriguingly, FoxO1 signals were reduced in LRP1 
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Fig. 4  LRP1 deficiency abolishes the function of MenSC during HSC inactivation and liver fibrosis alleviation. A Western blotting analyses of LRP1α and 
LRP1β protein levels in LRP1 knock out cells. α-Tubulin was used as loading control. Full-length blots are presented in Additional file 9. B Western blotting 
analyses of FN, COL1A1, and α-SMA protein levels in control or LRP1 KO cells with indicated treatment. α-Tubulin was used as loading control. Full-length 
blots are presented in Additional file 9. C Strategies of duration of shLRP1 adeno-associated virus treatment (LRP1 KD); nonsense shRNA adeno-associated 
virus (LRP1-scr) was used as the control group. D Western blotting analyses of LRP1 protein in liver tissues from control, LRP1 KD, and LRP1-scr groups. 
α-Tubulin was used as loading control. Full-length blots are presented in Additional file 9. E Ratios of liver weight-to-body weight from different groups. 
F and G Analysis of serum ALT and AST activities from different groups. H H&E, Masson’s trichrome and SR staining of paraffin sections of livers from dif-
ferent groups. I Semi-quantitative analysis of Masson’s trichrome and Sirius Red staining using ImageJ from different groups. J α-SMA staining of paraffin 
sections of livers from different groups. K Semi-quantitative analysis of α-SMA staining using ImageJ from control and the MenSC-treated group after LRP1 
knockdown from different groups. Data are represented as the mean ± SEM, and three mice in each group were analyzed. Scale bar = 200 μm. *P < 0.05, 
***P < 0.001, ****P < 0.0001
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Fig. 5  Metabolome profiling of livers in MenSCs-derived ECM1 treated mice. A and B Heatmap showing differential metabolites in the liver from the 
ove-ECM1-MenSC- and ECM1-KD-MenSC-treated groups versus the MenSC-treated group. C Chemical class of changed metabolites in liver from ove-
ECM1-MenSCs and ECM1-KD-MenSCs treated group compared to those from MenSCs treated group. D KEGG enrichment analysis of differential metabo-
lites in the liver from the ove-ECM1-MenSC- and ECM1-KD-MenSC-treated groups compared with the MenSC-treated group. E and F Heatmap showing 
differential metabolites in pyrimidine and purine metabolism in the liver from the ove-ECM1-MenSC- or ECM1-KD-MenSC-treated groups compared with 
the MenSC-treated group. G Relative gene expression of UCK. β-Actin was used as loading control. *P < 0.05

 



Page 14 of 20Fang et al. Stem Cell Research & Therapy          (2025) 16:230 

deleted livers, regardless of MenSCs treatment. These 
findings suggest that FoxO1 activation depends on the 
ECM1-LRP1 signaling axis. Moreover, we found that 
p-mTOR expression was downregulated in CCl4 induced 
mice administrated with MenSCs (Fig. 6D and E). Con-
versely, p-mTOR signals remained unchanged in LRP1 
depleted murine HSC, regardless of MenSCs treatment. 

These data suggest that both the inhibition of mTOR 
pathway and the activation of FoxO1 pathway both 
depend on ECM1-LRP1 interaction, ultimately prevent-
ing HSC activation and reducing liver fibrosis in mice.

Fig. 6  ECM1-LRP1 interaction is essential for the inhibition of mTOR pathway and the activation of FoxO1 pathway. A Western blotting analyses of p-AKT, 
AKT, p-mTOR, mTOR, and FoxO1 protein levels in control or LRP1 KO cells with the indicated treatments. Full-length blots are presented in Additional file 
9. B Representative mIHC of α-SMA and FoxO1 in liver sections from different groups. C Quantification of FoxO1 fluorescence intensity in the nuclei of 
HSCs in liver sections from different groups. n = 20. D Representative mIHC of α-SMA and p-mTOR in liver sections from different groups. E Quantification 
of p-mTOR fluorescence intensity in the nuclei of HSCs in liver sections from different groups. n = 20. ns: no sense, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Transcriptomic analysis reveals regulatory genes effects 
from ECM1-modified MenSCs
To gain insight into the potential mechanisms by which 
ECM1-modified MenSCs attenuate liver fibrosis inde-
pendently of the ECM1–LRP1 signaling axis, transcrip-
tomics was performed to compare changes in transcript 
levels. Volcano plots and fold change graphs revealed 

remarkably different transcriptomic profiling between 
MenSCs versus ove-ECM1-MenSCs and MenSCs versus 
shECM1-MenSCs (Fig.  7A). Heatmap analysis revealed 
that 12 upregulated and 7 downregulated transcripts 
were present in ove-ECM1-MenSCs compared with 
MenSCs. Furthermore, 728 upregulated transcripts 
and 666 downregulated transcripts were observed in 

Fig. 7  Impact of ECM1 modification on the transcriptome level in MenSCs. A Volcano plot displaying differentially expressed genes (upregulated, red; 
downregulated, blue) in the ove-ECM1-MenSCs and shECM1-MenSCs compared with the MenSCs. B Heatmap analysis of the relative gene expression 
in the ove-ECM1-MenSCs and shECM1-MenSCs compared with the MenSCs. C KEGG analyses of differentially expressed genes in the shECM1-MenSCs 
compared with the MenSCs. D Heatmap analysis of the cytokine gene expression in the shECM1-MenSCs compared with MenSCs. E Relative gene expres-
sion of FGF2, CXCL11, BMP4, and CXCL12. β-Actin was used as loading control. *P < 0.05, **P < 0.01
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the shECM1-MenSCs compared with those in MenSCs 
(Fig.  7B). Given the minor variation in ECM1 overex-
pressing MenSCs compared with controls, we focused on 
the difference between MenSCs and shECM1-MenSCs. 
Additionally, KEGG analysis revealed that ECM1 knock-
down MenSCs improved signal receptor activator activ-
ity, receptor ligand activity, cytokine activity, and ECM 
structural constituents (Fig.  7C). Cytokines have been 
reported to be involved in HSC activation. Therefore, we 
analyzed cytokine transcripts in shECM1-MenSCs and 
compared them with those in MenSCs (Fig.  7D). Com-
monly downregulated cytokine genes included WNT2B 
and BMP4, which attenuate inflammation and fibrosis, 
respectively (Fig.  7D and E). Conversely, CXCL 12 and 
CXCL16, triggering inflammation and fibrosis, were 
decreased in the shECM1-MenSCs compared to those 
in MenSCs (Fig.  7D and E). Furthermore, upregulation 
of FGF2 and CXCL11 was enriched in the shECM1-
MenSCs (Fig.  7D and E). Therefore, from the above 
observations, we hypothesize that altered cytokines in 
shECM1-MenSCs could contribute to HSC inactivation.

Discussion
MSC-based cell therapies have been reported to prevent 
the progress of hepatic fibrosis and improve liver func-
tion [28, 29]. Paracrine factors commonly play a major 
role in the anti-fibrotic effects of MSCs [17]. Our pre-
vious studies showed that MenSCs effectively mitigate 
liver fibrosis through paracrine effects [20]. Regard-
ing the effectiveness of MSC transplantation, several 
alternative approaches exist beyond direct cell grafting. 
These include the infusion of secretomes, microvesicles 
derived from MSCs [18, 30], modifying gene of MSCs 
[31, 32] and other approaches [33]. Our in vitro study 
demonstrated that MenSCs treatment decreased the level 
of α-SMA, FN, and COL1A1 expression and reduced 
HSC activation in the presence of TGFβ1. In addition, 
we identified ECM1 as a candidate protein from the 
MenSCs culture medium to alleviate fibrosis follow-
ing MenSCs transplantation. ECM1, secreted primar-
ily by hepatocytes and HSCs and reduced in patients 
with chronic liver disease and even in those with stage 
1–2 liver fibrosis, keeps TGFβ1 in its inactive form to 
prevent HSC activation and attenuate liver fibrosis [11, 
12]. We recognize the necessity of developing a promis-
ing method to effectively deliver and maintain adequate 
therapeutic ECM1 protein expression in the liver. Vari-
ous safe and efficient strategies exist for therapeutic 
protein delivery, such as AAV [34], extracellular contrac-
tile injection systems [35], synthetic polymers and lipid 
nanoparticles, and engineered extracellular vesicles [36]. 
Our studies revealed that rec-ECM1 administration sup-
pressed HSC activation in vitro but exhibited no effect 
on CCl4-induced liver fibrosis in mice. We suspected 

that rec-ECM1 was either inefficiently delivered to the 
liver injury site or was rapidly cleared or interacted with 
other proteins in circulation. As expected, MenSC over-
expressing ECM1 enhanced the hepatoprotective effects 
compared with the non-manipulated MSCs in the CCl4-
induced mice liver fibrosis model. Furthermore, we found 
that mice transplanted with ECM1-KD-MenSCs devel-
oped worse liver fibrosis than those transplanted with 
MenSCs. These findings suggest that ove-ECM1-MenSCs 
facilitated a consistent and sustained expression of ECM1 
at the site of liver injury and exerted stronger antifibrotic 
effect through inhibiting HSC activation than unmodi-
fied MenSCs. These observations lay the foundation for 
the therapeutic effect of ECM1 secreted by MenSCs on 
liver fibrosis. Furthermore, previous studies have shown 
that a gradual decrease in ECM1 expression is associated 
with the progression of hepatic fibrosis within the liver 
[11]. Complete depletion of ECM1 in mice leads to severe 
and spontaneous liver fibrosis [11]. ECM1 deficiency has 
been also implicated in the promotion of ductular reac-
tion and liver fibrosis [14]. Conversely, ectopic over-
expression of ECM1 mitigates these conditions during 
cholangiopathy induced by α-naphthyl-isothiocyanate 
(ANIT) or 3,5-diethoxycarbonyl-1,4-dihydrocollidine 
(DDC) and protects murine livers against alcohol-
induced fibrosis [14]. However, it remains unknown 
whether MenSC overexpressing ECM1 exerts an antifi-
brotic effect in alcohol-associated liver disease or mice 
with ECM1 depletion in the current study.

In this study, ECM1 transmits signals to HSC through 
the membrane receptor, LRP1α. LRP1 is synthesized as 
a single 600-kDa type I transmembrane precursor. The 
precursor, cleaved by a furin-like convertase in the trans-
Golgi network, generates an extracellular ligand-binding 
subunit of 515  kDa (LRP1α) and a transmembrane and 
intracellular subunit of 85 kDa (LRP1β) [37]. LRP-1 acts 
as a scavenger receptor to facilitate the endocytosis of 
its several ligands and as a signaling receptor to influ-
ence intracellular signal transduction [38, 39]. We found 
that ECM1 interacted with LRP1α, not with LRP1β at 
endogenous levels in LX-2 cells. LRP1α is an extracellu-
lar subunit that consists of four ligand-binding domains 
(DI, DII, DIII, and DIV) and repeat epidermal growth 
factor (EGF) [39]. Furthermore, the C-terminus of ECM1 
can bind to the LG2 subdomain of the perlecan domain 
V, which is surrounded by EGF-like modules [40]. How-
ever, our results showed that the ligand repeat sequence 
4 (amino acids 3,285-3,872) of LRP1 interacted with the 
N-terminal region (amino acids 1-177) of ECM1. Nota-
bly, these results differ from those of previous studies. 
Further elucidation of the precise molecular mechanisms 
is required. In addition, previous studies have shown that 
LRP1 can be combined with tissue plasminogen activator 
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(t-PA) to promote HSC apoptosis and reverse HSC acti-
vation [41]. In our study, 

we observed that MenSCs could not reverse HSC acti-
vation in LX-2 cells following LRP1 knockout and in the 
liver of LRP1-deficient mice. Hence, we strongly propose 
that LRP1 plays a vital role in mediating the effect of 
MenSC-derived ECM1 in inhibiting HSC activation.

The liver is crucial for regulating the body metabolism 
which is closely related to the development of liver fibro-
sis. Uridine, an essential pyrimidine nucleoside, is a key 
component of the nucleic acids within animal cells and 

participates in various metabolic processes [42]. It has 
been reported that uridine could alleviate CCl4-induced 
liver fibrosis by attenuating hepatotoxicity and inhibiting 
HSC activation [43]. Our results showed an increase in 
pyrimidine metabolites and the accumulation of uridine 
in the ove-ECM1-MenSCs treated group that protected 
against liver fibrosis compared with those in the MenSCs 
treated group. These findings are consistent with previ-
ous research indicating that the inhibition of HSD17B13 
can avert liver fibrosis by impeding pyrimidine catabo-
lism in nonalcoholic steatohepatitis [44]. Additionally, it 

Fig. 8  Working model. ECM1 in the secretomes of MenSCs directly interacts with LRP1α through N-terminal domain and ligands repeats sequence 4 
domain to subsequently suppress AKT/mTOR and activate FoxO1 signaling pathways, which promote the pyrimidine and purine metabolism and the 
expression of extracellular matrix, thereby inactiving HSC and ultimately attenuating liver fibrosis. Consistently, ECM1-modified MenSCs regulate the 
transcription of intrinsic cytokine genes to prevent liver fibrosis.
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has been demonstrated that blocking the AKT signaling 
pathway could delay the progression of hepatic fibrosis by 
diminishing ECM deposition and inhibiting HSC activa-
tion [45, 46]. We found that MenSCs reduced the expres-
sion of p-AKT and p-mTOR proteins, and increased the 
expression of FoxO1 in TGFβ1 induced LX-2 cells. How-
ever, the expression of p-AKT, p-mTOR and FoxO1 pro-
tein in TGFβ1 induced LRP1 knock out LX-2 cells treated 
with MenSCs did not change compared with those in 
untreated cells. In addition, we found that the expression 
of p-mTOR and p-FoxO1 in liver HSC was consistent 
with cellular results. Above all, we confirmed that ECM1 
in the secretomes of MenSCs alleviates liver fibrosis and 
inhibits the activation of HSC through the LRP1/AKT/
mTOR and LRP1/FoxO1 signaling pathways.

In this study, we observed that transplanting ECM1-
KD-MenSCs did not completely eliminate the antifibrotic 
effect. Moreover, the inherent regulatory role of ECM1 
in signal transduction of MenSCs remains poorly under-
stood. Our transcriptomic results revealed that ECM1 
knockdown in MenSCs was accompanied by the down-
regulation of genes that inhibit fibrosis, such as WNT2B 
and BMP4. Interestingly, the mRNA expressions of 
CXCL12 and CXCL16 were lower, while those of FGF2 
and CXCL11 were higher in ECM1-KD-MenSCs than 
that observed in MenSCs. FGF2 and CXCL11 exhibits 
anti-fibrotic properties [47, 48], while CXCR4/CXCL12 
and CXCR6/CXCL12 signaling can foster fibrosis [49, 
50]. Beyond their paracrine effects, MenSCs contribute 
to liver fibrosis therapy through differentiation into hepa-
tocyte-like cells, immunoregulatory effect and promotion 
of homing and engraftment [19]. However, the impact of 
genetically engineered ECM1-modified MenSCs on these 
functions remains unclear. Taken together, these results 
indicate that ECM1 knockdown in MenSCs is accompa-
nied by a reduction in genes that promote fibrosis and an 
increase in the expression of genes that inhibit fibrosis. 
Therefore, ECM1 modified MenSCs attenuate liver fibro-
sis without affecting the ECM1-LRP1 signal axis (Fig. 8).

Conclusions
In conclusion, our findings demonstrated that ECM1, 
secreted by MenSCs, plays a pivotal role in the process 
of MenSCs-mediated liver fibrosis alleviation. The ove-
ECM1-MenSCs exhibited a superior therapeutic effect 
on liver fibrosis compared to naïve MenSCs. Detailed 
data revealed that ECM1 directly interacted with LRP1α, 
leading to the regulation of pyrimidine and purine 
metabolites through inhibiting AKT/mTOR and activat-
ing FoxO1 signaling pathways. Additionally, we demon-
strated that cytokine production, serving as an intrinsic 
regulatory factor in MenSC-mediated signal transduc-
tion to attenuate liver fibrosis beyond the ECM1-LRP1 
axis. Our study provides compelling evidence of the 

direct interaction between ECM1 in MenSC secretomes 
and LRP1α, the HSC receptor, and indicates the potential 
of ECM1-engineered MenSCs for the targeted treatment 
of liver fibrosis.
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