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Abstract
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-
ase-1 (TIMP-1) plays a role in the excessive generation of 
extracellular matrix in liver fibrosis. This study aimed to ex-
plore the pathways through which TIMP-1 controls monocyte 
chemoattractant protein-1 (MCP-1) expression and promotes 
hepatic macrophage recruitment. Methods: Liver fibrosis 
was triggered through carbon tetrachloride, and an adeno-
associated virus containing small interfering RNA targeting 
TIMP-1 (siRNA-TIMP-1) was administered to both rats and 
mice. We assessed the extent of fibrosis and macrophage 
recruitment. The molecular mechanisms regulating mac-
rophage recruitment by TIMP-1 were investigated through 
transwell migration assays, luciferase reporter assays, the 
use of pharmacological modulators, and an analysis of ex-
tracellular vesicles (EVs). Results: siRNA-TIMP-1 allevi-
ated carbon tetrachloride-induced liver fibrosis, reducing 
macrophage migration and MCP-1 expression. Co-culturing 
macrophages with hepatic stellate cells (HSCs) post-TIMP-1 
downregulation inhibited macrophage migration. In siRNA-
TIMP-1-treated HSCs, microRNA-145 (miRNA-145) expres-
sion increased, while the expression of Friend leukemia virus 
integration-1 (Fli-1) and MCP-1 was inhibited. Downregula-
tion of Fli-1 led to decreased MCP-1 expression, whereas Fli-
1 overexpression increased MCP-1 expression within HSCs. 
Transfection with miRNA-145 mimics reduced the expression 
of both Fli-1 and MCP-1, while miRNA-145 inhibitors elevated 
the expression of both Fli-1 and MCP-1 in HSCs. miRNA-145 
bound directly to the 3′-UTR of Fli-1, and miRNA-145-en-
riched EVs secreted by HSCs after TIMP-1 downregulation 
influenced macrophage recruitment. Conclusions: TIMP-1 
induces Fli-1 expression through miRNA-145, subsequently 
increasing MCP-1 expression and macrophage recruitment. 
MiRNA-145-enriched EVs from HSCs can transmit biological 
information and magnify the function of TIMP-1.
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Introduction
Chronic liver disease has emerged as a global health chal-
lenge, contributing to approximately 2 million fatalities an-
nually worldwide.1,2 Liver fibrosis, a critical manifestation of 
chronic liver disease caused by factors such as viral hepatitis, 
alcohol abuse, and metabolic syndromes, can progress to cir-
rhosis and hepatocellular carcinoma if left unaddressed.3,4 
The progression of liver fibrosis is characterized by an im-
balance in extracellular matrix (ECM) synthesis and degra-
dation, signifying a pivotal shift in liver homeostasis toward 
excessive ECM accumulation. Matrix metalloproteinases 
(MMPs) and their natural inhibitors, tissue inhibitors of met-
alloproteinases (TIMPs), are central to the regulation of ECM 
remodeling, with TIMP-1 emerging as a key factor in the fi-
brotic process.5 The activation of hepatic stellate cells (HSCs) 
to ECM-secreting myofibroblasts, a hallmark of liver fibro-
genesis, is accompanied by TIMP-1 upregulation.6 This up-
regulation inhibits MMP activity, prevents ECM degradation, 
and supports HSC survival, thereby promoting fibrosis.7,8

We previously generated a recombinant adeno-associat-
ed virus (rAAV) harboring siRNA targeting the TIMP-1 gene 
(rAAV/siRNA-TIMP-1) and examined its impact on liver fibrosis 
in rats. The administration of rAAV/siRNA-TIMP-1 significantly 
inhibited TIMP-1 expression in HSCs, mitigating liver fibrosis 
induced by both carbon tetrachloride and bile duct ligation. 
Furthermore, the treatment resulted in a reduction in the ex-
pression of α-smooth muscle actin (α-SMA) and transforming 
growth factor-β (TGF-β).9 TGF-β, a pro-fibrotic mediator pri-
marily released by recruited macrophages during chronic liver 
injury, triggers HSC activation and promotes ECM production. 
It has been reported that monocyte chemoattractant protein 
(MCP)-1 stimulates the recruitment of monocyte-derived 
macrophages that activate myofibroblasts.10 Our previous re-
search indicated that the suppression of TIMP-1 expression 
in rat liver fibrosis might be associated with a reduction in 
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the recruitment of macrophages to the damaged liver. This 
observation has led us to delve deeper into the mechanisms 
by which TIMP-1 affects macrophage recruitment, specifically 
through MCP-1 expression regulation.

Several studies have demonstrated the diverse functions 
of TIMP-1, attributing them to its interactions with micro-
RNAs.11,12 In experimental atherosclerosis, the vascular 
smooth muscle cell-specific augmentation of miRNA-145 
mitigates atherosclerosis, enhances plaque stability, and re-
duces plaque inflammation. This is evident from a decline in 
macrophage infiltration and serum MCP-1 levels.13 Further-
more, the Friend leukemia virus integration (Fli)-1 transcrip-
tion factor stimulates the transcription of MCP-1 directly by 
binding to the promoter and indirectly by interacting with oth-
er transcription factors.14 Additionally, miRNA-145 has been 
identified as a regulator of Fli-1.13,15 In this study, we aimed 
to delve deeper into the molecular mechanisms governing 
the role of TIMP-1 in regulating MCP-1 via miRNA-145, utiliz-
ing rodent models for both in vivo and in vitro analyses. We 
also clarified the pathways through which TIMP-1 influences 
MCP-1 regulation by miRNA-145, including the involvement 
of its direct target gene, Fli-1, in primary HSCs.

Extracellular vesicles (EVs) are cell-derived vesicles, 
ranging from 40 to 160 nm in diameter, found in various 
eukaryotic fluids. They are formed by the segregation of 
intracellular polyvesicles with cell membranes and are sub-
sequently released into the extracellular space. After release, 
EVs adhere to recipient cells, conveying biologically active 
molecules such as proteins, miRNA, mRNA, and DNA. Sub-
sequently, the recipient cells may undergo epigenetic repro-
gramming and consequent phenotypic changes based on the 
biomolecular information they receive.16,17 In this study, we 
investigated the expression levels of miRNA-145 in the EVs 
released by HSCs following the downregulation of TIMP-1 ex-
pression. Additionally, we sought to determine whether these 
EVs possess the capability to augment the effects of TIMP-1.

Methods

Development and assembly of rAAV/siRNA-TIMP-1 
and rAAV/EGFP
The rAAV/siRNA-TIMP-1 and rAAV/enhanced green fluorescent 
protein (EGFP) constructions were generated following previ-
ously outlined methods.9 Subsequently, Cyagen Biosciences 
Inc. (Guangzhou, China) packaged rAAV/siRNA-TIMP-1 and 
rAAV/EGFP at concentrations of 1×1012 and 2×1012 vector 
genomes per milliliter (v/v) upon purification, respectively.

Animal models
Male C57BL/6 mice (18–22 g) and Wistar rats (180–220 g) 
were purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China). The animals were ex-
posed to a 12:12-h light/dark cycle in a regulated tempera-
ture environment and were provided unrestricted access to 
standard chow and sterile water. All procedures related to the 
care and experimentation involving animals adhered to the 
regulations outlined in the guidelines for the use of labora-
tory animals established by the Beijing Friendship Hospital, 
Capital Medical University (Protocol Number:18-2001).

The mice and rats were randomly allocated into four 
groups: control, CCl4, CCl4 + rAAV/EGFP, and CCl4 + rAAV/
siRNA-TIMP-1. In the CCl4 group, male C57BL/6 mice re-
ceived intragastric administration (i.g.) of 20% CCl4 dissolved 
in olive oil (1:4, v/v) at a dosage of 10 µL/ g body weight 
twice weekly for 6 weeks.18 Similarly, male Wistar rats were 
intraperitoneally (i.p.) injected with 40% CCl4 dissolved in 

olive oil (4:6, v/v) at a dosage of 200 µL/100g body weight 
twice weekly for four weeks.9 In the CCl4 + rAAV/EGFP and 
CCl4 + rAAV/siRNA-TIMP-1 groups, on the day following the 
initial CCl4 injection, mice received saline injections contain-
ing 1×1010 v.g. of the respective recombinant viruses via the 
tail vein, whereas rats were injected with saline containing 
4×1010 v.g. of the respective recombinant viruses via the tail 
vein. The corresponding doses of olive oil were injected i.p. 
or i.g. as a control. After CCl4 treatment for six weeks (for 
mice) or four weeks (for rats), the animals were sacrificed 
under sodium pentobarbital anesthesia for further analysis.

Histological examination
Liver specimens were fixed in 4% paraformaldehyde, em-
bedded in paraffin, and sectioned. Staining procedures in-
cluded hematoxylin and eosin (H&E) staining, Masson stain-
ing, and immunohistochemistry staining for ED-1 (Abcam, 
Cambridge, UK) and F4/80 (Abcam, Cambridge, UK).19

Cell culture
Primary HSCs were isolated from C57BL/6 mice following 
a previously outlined protocol with some adjustments.20,21 
Briefly, mice primary HSCs were isolated by a two-step col-
lagenase perfusion and obtained by density gradient centrif-
ugation. The culture medium for primary HSCs comprised 
DMEM (Hyclone, Utah, USA), Ham’s F12K (Gibco, Grand Is-
land, NY, USA), 15% fetal bovine serum (FBS; Gibco, Grand 
Island, NY, USA), and 1% penicillin/streptomycin (Solarbio, 
Beijing, China). The rat HSC-T6 line, provided by Prof. Fried-
man (Mount Sinai Hospital, NY, USA), was used. Mouse mac-
rophage line RAW264.7 and rat macrophage line CRL-2192 
cells were acquired from the Cell Resource Center of the 
Institute of Basic Medical Sciences of the Chinese Academy 
of Medical Sciences. The culture medium for HSC-T6, CRL-
2192, and RAW264.7 comprised DMEM and 10% FBS.

Immunofluorescence
Immunofluorescence was performed as previously de-
scribed.22 Primary HSCs underwent fixation, permeabiliza-
tion, and blocking, followed by overnight incubation with ei-
ther mouse anti-α-SMA antibody (Abcam, Cambridge, UK) or 
rabbit anti-desmin antibody (Abcam, Cambridge, UK). This 
was followed by washing and incubation with donkey anti-
mouse Alexa Fluor 488 (Invitrogen, Carlsbad, CA) or donkey 
anti-rabbit Alexa Fluor 594 (Invitrogen, Carlsbad, CA). Nu-
clei were counterstained using 4′,6-diamidino-2-phenylindole 
(DAPI; Beyotime, Shanghai, China). Observation and photog-
raphy of cells were conducted using fluorescent microscopy.

Transfection
HSCs were transfected using Lipofectamine 2000 reagent 
(Invitrogen, Carlsbad, CA, USA) for 48 h with siRNA negative 
control (NC), siRNA-TIMP-1, siRNA-Fli-1, Fli-1 overexpres-
sion plasmid, miRNA-145 mimics NC, miRNA-145 mimics, 
miRNA-145 inhibitor NC, and miRNA-145 inhibitor.23,24 Sub-
sequently, the cells were collected for further experiments. 
The sequences of siRNAs and miRNA modulators used are 
listed in Supplementary Table 1.

Transwell migration assay
Macrophage migration was assessed utilizing a Corning 8.0 µm 
Transwell cell culture chamber (Corning, NY, USA). HSCs were 
transfected with TIMP-1 siRNA or NC. After 6 h, the transfec-
tion mixture was replaced with fresh medium. Macrophages 
(RAW 264.7 cells or CRL-2192 cells) were then introduced 
into the upper chamber. After 48 h of co-culture, non-mi-
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gratory macrophages were cleared from the upper chamber 
with a cotton swab, and the cells on the lower surfaces were 
fixed with 4% paraformaldehyde as previously described.25 
Macrophages were stained with DAPI and counted under a 
microscope in five randomly selected high-power fields.

Luciferase reporter assays
Bioinformatic analysis identified two possible miRNA-145 
binding sites in the Fli-1 3′-UTR. The 3′-UTR fragments from 
the wild-type Fli-1 were amplified and inserted into the NheI-
HindIII site of the pGL4 control vector. To generate the mu-
tated Fli-1 3′-UTR vector, the eight nucleotides AACTGGAT 
and/or AACTGGAA were replaced with GGTGATCG in the re-
porter construct. The luciferase reporter construct (Fli-1 3′-
UTR) was co-transfected with miRNA-145 mimics or control 
into 293 cells using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA) for 48 h. Relative luciferase activity was measured 
using a dual-luciferase reporter assay system (Promega, 
Madison, WI, USA).26

Extracellular vesicle isolation, characterization, and 
uptake
Extracellular vesicle isolation was carried out following a pre-
vious protocol with some adjustments.27 The supernatants 
from the cell culture were collected and centrifuged at 2,500 
g for 30 m, and then at 10,000 g for 30 m to remove cells 
and debris. Subsequently, the resulting supernatants were 
ultracentrifuged twice at 110,000 g for 70 m. The EVs were 
resuspended in PBS and preserved at −80°C. To examine the 
EVs, a 10 µL sample of the enriched solution was deposited 
on a copper mesh, treated with 2% uranyl acetate for con-
trast, and imaged using a transmission electron microscope 
(JEOL-JEM1400, Tokyo, Japan). The size and quantity of the 
isolated particles were determined using a ZetaView PMX 110 
(Particle Metrix, Meerbusch, Germany) equipped with a 405 
nm laser. Videos of 60 seconds, recorded at a rate of 30 
frames per second, were analyzed for particle movement us-
ing nanoparticle tracking analysis (NTA) software (ZetaView 
8.02.28). The characterization of EVs was conducted through 
western blot analysis employing antibodies targeting the EV 
markers cluster of differentiation (CD) 9 (Abcam, Cambridge, 
UK), CD63 (Abcam, Cambridge, UK), and tumor-susceptibil-
ity gene (TSG) 101 (Abcam, Cambridge, UK).

To assess the uptake of EVs by HSCs and macrophages, 
EVs obtained from primary HSCs were labeled with PKH26 
(Sigma-Aldrich, St. Louis, MO, USA). PKH26-labeled EVs 
were added to HSCs and macrophages separately and incu-
bated for 24 h.

miRNA high-throughput sequencing
Total RNA from EVs was purified using the miRNeasy® Mini kit 
(QIAGEN, Frederick, MD, USA). The RNA concentration, pu-
rity, and integrity were evaluated using Qubit 2.0 (Life Tech-
nologies, USA), Nanodrop (Thermo Fisher Scientific, Rockford, 
IL, USA), and Agilent 2100 bioanalyzer (Agilent Technologies, 
USA), respectively. For small RNA sequencing library genera-
tion, one microgram of RNA was utilized with the QIAseq miR-
NA Library Kit (QIAGEN, Frederick, MD, USA). The quality of 
the library was verified using an Agilent 2100 Bioanalyzer (Ag-
ilent Technologies, USA). The samples, labeled with indices, 
were grouped using the cBot Cluster Generation System with 
the TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, 
CA, USA) and then underwent high-throughput sequencing on 
the Illumina HiSeq platform (Echo Biotech Co., Ltd, China).28

The elimination and trimming process involved the re-
moval of adaptor sequences, low-quality reads, contami-

nant reads, and reads that were either shorter than 18 nt or 
longer than 30 nt. The clean reads were aligned with vari-
ous databases—Silva, Rfam, Repbase, and GtRNAdb—us-
ing Bowtie software. After filtering out ribosomal, transfer, 
small nuclear, and small nucleolar RNAs, the remaining reads 
were screened against miRbase and the mouse non-coding 
RNA sequence of Ensemble using miRDeep2. This screening 
aimed to identify known miRNAs and predict novel miRNAs. 
The read counts were normalized to the transcript copy num-
ber per million. Differentially expressed miRNAs among the 
groups were identified using the edgeR package. Statistical 
significance was defined as p<0.05 and a fold change ≥ 2.

Real-time RT-PCR
Total mRNA was extracted from HSCs and liver tissues us-
ing TRIzol reagent (Invitrogen, Carlsbad, CA), while QIAzol 
lysis reagent (Invitrogen, Carlsbad, CA) was used for miRNA 
extraction from HSCs and EVs. For mRNA quantification, 
reverse transcription was performed using High-Capacity 
cDNA Reverse Transcription Kits (Thermo Fisher Scientific, 
Rockford, IL, USA), and SYBR Green Master Mix (Invitrogen, 
Carlsbad, CA) was used to assess mRNA levels. For miRNA 
quantification, cDNA synthesis was carried out using the 
miScript II Reverse Transcription Kits (QIAGEN, Frederick, 
MD) and quantified using the miScript SYBR Green PCR Kit 
(QIAGEN, Frederick, MD). Real-time quantitative PCR was 
performed using a 7500 fast real-time PCR instrument (Ap-
plied Biosystems, Carlsbad, CA, USA). Each reaction was re-
peated at least five times, and the data were analyzed using 
the threshold cycle (Ct) method. mRNA normalization was 
performed against β-actin, and miRNA normalization was 
performed against the small RNA U6.29,30 The sequences of 
primers used are listed in Supplementary Table 2.

Western blot
As described previously,31 proteins were extracted from liv-
er cells using a lysis buffer that included a protease/phos-
phatase inhibitor cocktail (KeyGEN BioTECH; Nanjing, Chi-
na). The primary antibodies used were TIMP-1 (1:1,000, R & 
D), MCP-1 (1:2,000, Abcam, Cambridge, UK), Fli-1 (1:2,000, 
Abcam, Cambridge, UK), α-SMA (1:1,000, Sigma-Aldrich, 
St. Louis, MO, USA), collagen I (1:1,000, Abcam, Cam-
bridge, UK), GAPDH (1:2,000, CST, Massachusetts, USA), 
and β-actin (1:5,000, Sigma-Aldrich, St. Louis, MO, USA). 
Subsequently, the membranes were incubated with the cor-
responding secondary antibodies for 2 h at room temper-
ature (1:2,000, ZSGB-BIO, Beijing, China). The outcomes 
were observed through enhanced chemiluminescence assays 
(Thermo Fisher Scientific, Rockford, IL, USA).

Statistical analysis
The data is presented as the mean±SD. Statistical signifi-
cance in two-group comparisons was assessed using the 
t-test. For comparisons involving three or more groups, a 
one-way analysis of variance was utilized. Statistical analy-
ses were conducted using SPSS 25.0, Microsoft Excel, and 
GraphPad Prism 8.0. The threshold for statistical significance 
was established at p<0.05.

Results

Silencing TIMP-1 in CCl4-induced mice alleviates 
liver fibrosis, macrophage recruitment, and MCP-1 
expression
Histopathological changes in the liver were evaluated using 
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H&E and Masson staining in each experimental group. The 
CCl4 and CCl4+rAAV/EGFP groups exhibited severe fibrosis 
compared to the control group. The degree of liver fibrosis 
was significantly ameliorated after TIMP-1 silencing (Fig. 1A). 
Similar results were observed in the rat model (Supplemen-
tary Fig. 1A). The livers of mice and rats were immunostained 
with F4/80 or ED-1 to examine macrophage presence in 
the liver. Immunohistochemical analysis revealed height-
ened macrophage recruitment in the model and rAAV/EGFP 
groups, which was apparently reduced following rAAV/siRNA-
TIMP-1 treatment (Fig. 1A, Supplementary Fig. 1A). Quanti-
tative analysis showed a significant increase in the percent-
age of F4/80-positive cells in the model (9.107%±0.7566%) 
and rAAV/EGFP groups (8.841%±0.5735%) compared to 
the controls (0.1920%±0.0316%, p<0.01). Conversely, the 
rAAV/siRNA-TIMP-1 group exhibited a significant decrease 
(5.459%±0.1202%) compared to the model and rAAV/EGFP 
groups (p<0.05) (Fig. 1B), consistent with ED-1 staining re-
sults (Supplementary Fig. 1B).

RAAV/siRNA-TIMP-1 treatment reduced the expression of 
collagen I and α-SMA (Fig. 1C, F) compared to the model 
and rAAV/EGFP groups. Although there were no statistically 
significant differences in MMP13 gene expression between 
the rAAV/EGFP and rAAV/siRNA-TIMP-1 groups due to sub-
stantial variations within the groups, there was an observ-
able trend of increased MMP13 expression in the rAAV/siR-
NA-TIMP-1 group compared to the rAAV/EGFP group (Fig. 
1D). The expression of TIMP-1 and MCP-1 from the rAAV/
siRNA-TIMP-1 group was decreased compared to the model 
and rAAV/EGFP groups in mice (Fig. 1E, F) and rats (Sup-
plementary Fig. 1C–E). These findings collectively indicate 
that silencing TIMP-1 in mouse and rat fibrotic livers could 
improve the degree of fibrosis with decreased recruitment of 
hepatic macrophages and lower MCP-1 expression.

Downregulating TIMP-1 in mouse primary HSCs in-
hibits macrophage migration and suppresses MCP-1 
expression
To investigate the direct impact of TIMP-1 silencing on mac-
rophage recruitment, primary HSCs were employed using the 
transwell chamber assay. Immunofluorescence staining for 
desmin and α-SMA confirmed the high purity of the mouse 
primary HSCs, which were fully activated after five days of in 
vitro culture (Fig. 2A). Primary HSCs transfected with rAAV/
EGFP enhanced RAW264.7 macrophage migration, whereas 
rAAV/siRNA-TIMP-1-transfected primary HSCs significantly 
diminished macrophage migration (Fig. 2B, C). Similar ef-
fects were observed in HSC-T6 and macrophage CRL-2192 
(Supplementary Fig. 2A, B). To investigate whether TIMP-1 
could influence MCP-1 expression, results showed that TIMP-
1 deficiency apparently decreased the expression of MCP-1 
protein and mRNA in primary HSCs (Fig. 2D, E) and HSC-T6 
(Supplementary Fig. 2C–E). Collectively, these results dem-
onstrate that TIMP-1 promotes macrophage migration by 
regulating MCP-1 expression in vitro.

TIMP-1 affects MCP-1 expression by inducing Fli-1 
expression
Previous studies have shown that Fli-1 directly regulates 
MCP-1 expression. We speculate that TIMP-1 affects MCP-1 
expression by regulating Fli-1 expression. We observed a 
notable reduction in Fli-1 mRNA (Fig. 3A) and protein (Fig. 
3B) expression in the livers of mice treated with siRNA-
TIMP-1, as opposed to the CCl4 and rAAV/EGFP groups. This 
trend was consistent in the CCl4-induced rat liver fibrosis 
model, where siRNA-TIMP-1 treatment resulted in a signifi-

cant decrease in Fli-1 expression (Supplementary Fig. 3A). 
Moreover, TIMP-1 knockdown in mouse primary HSCs (Fig. 
3C, D) and HSC-T6 (Supplementary Fig. 3B, C) significantly 
downregulated both mRNA and protein levels of Fli-1. These 
results suggest that TIMP-1 affects Fli-1 expression both in 
vivo and in vitro.

Downregulation of Fli-1 expression in mouse primary 
HSCs by siRNA-Fli-1 transfection contributed to the de-
creased expression of MCP-1 mRNA and protein (Fig. 3E). 
Conversely, Fli-1 overexpression in mouse primary HSCs 
resulted in increased MCP-1 mRNA and protein levels (Fig. 
3F), with consistent outcomes observed in HSC-T6 cells 
(Supplementary Fig. 3D). These results indicate that Fli-1 
is a downstream regulator of TIMP-1, directly influencing 
MCP-1 expression.

TIMP-1 affects Fli-1 expression by regulating miR-
NA-145 expression
We explored the molecular mechanism by which TIMP-1 regu-
lates Fli-1 expression. Predictive analysis was performed with 
microrna.org to investigate whether Fli-1 may be regulated 
by miRNAs. The website predictions identified miRNA-145 
as a potential regulator of Fli-1 transcription. We speculate 
that TIMP-1 influences transcription factor Fli-1 expression 
through miRNA-145, thereby regulating MCP-1 expression.

As shown in Figure 4A, miRNA-145 expression was sig-
nificantly increased in mouse primary HSCs (or HSC-T6, 
Supplementary Fig. 4A) after siRNA-TIMP-1 treatment. 
Transfection with miRNA-145 mimic (Fig. 4B, Supplemen-
tary Fig. 4B) resulted in decreased expression of both Fli-1 
and MCP-1 in mouse primary HSCs (Fig. 4C, D) or HSC-T6 
(Supplementary Fig. 4C). Conversely, the levels of Fli-1 and 
MCP-1 were significantly increased in mouse primary HSCs 
or HSC-T6 cells after transfection with miRNA-145 inhibitor 
(Fig. 4E, F, Supplementary Fig. 4D). Further, we examined 
whether miRNA-145 directly binds to the 3′-UTR of Fli-1 us-
ing luciferase reporter gene assays. These assays revealed 
two predicted binding sites for miRNA-145 in the 3′-UTR of 
Fli-1 (Fig. 4G). We constructed a series of luciferase reporter 
plasmids containing either the wild-type murine Fli-1 3′-UTR 
(WT) or the Fli-1 3′-UTR with single or combined mutations 
of miRNA-145 binding sites (Mut1, Mut2, or Mut1+2). Trans-
fection of miRNA-145 mimic into 293 cells significantly re-
duced reporter activity, and single or combined mutations 
in the binding sites attenuated this effect (Fig. 4H). These 
findings collectively affirm that miRNA-145 directly targets 
the 3′-UTR of Fli-1.

EVs derived from TIMP-1 downregulated HSCs influ-
ence macrophage recruitment
EVs serve as mediators of intercellular communication, 
transferring bioinformation between cells and influencing 
cellular functions. The isolation of EVs from primary HSCs 
was confirmed by TEM analysis and the detection of spe-
cific markers (TSG101, CD9, and CD63) through western 
blotting (Fig. 5A). NTA further revealed a predominant size 
range of 50 to 150 nm for the EVs (Fig. 5B). Additionally, 
EVs labeled with PKH26 red fluorescent dye demonstrated 
their uptake by both HSCs and macrophages, underscoring 
their capacity to transmit information between these cell 
types (Fig. 5C). GW4869, a reversible inhibitor of neutral 
sphingomyelinase regulating EV secretion, was employed 
to examine whether EVs play a crucial role in TIMP-1-in-
duced macrophage migration. The results of the transwell 
chamber assay revealed that the migration of macrophages 
co-cultured with HSCs transfected with siRNA-TIMP-1 or 
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Fig. 1.  Silencing of TIMP-1 in CCl4-treated mice attenuates liver fibrosis and macrophage recruitment. Liver sections from control and CCl4-treated mice 
administered the indicated therapeutic agent were stained for histological changes, collagen deposition, and macrophage migration by H&E, Masson, and F4/80 stain-
ing. (A) Representative H&E, Masson, and F4/80 staining of livers of control, CCl4 and CCl4 -treated mouse administered with rAAV/EGEP or rAAV/siRNA-TIMP-1. Scale 
bars: 100µm. (B) Percentage of F4/80 positive cells in 5 randomly selected microscopic fields. Scale bars: 100µm. (C)Transcript levels of collagen I and α-SMA in the 
livers of mice. (D) Transcript levels of MMP-13 in the livers of mice. (E) Transcript levels of MCP-1 in the livers of mice. (F) Immunoblot analysis of collagen I, α-SMA, 
TIMP-1, and MCP-1 in liver lysates of mice. β-actin and GAPDH content were detected as a loading control. * p<0.05, ** p<0.01, ns: not significant, versus the control 
group. Data are presented as mean±SD. TIMP-1, tissue inhibitor of metalloproteinase-1; CCl4, carbon tetrachloride; H&E, hematoxylin and eosin; F4/80, EGF-like 
module-containing mucin-like hormone receptor-like 1; rAAV/EGFP, recombinant adeno-associated virus with enhanced green fluorescent protein; rAAV/siRNA-TIMP-1, 
recombinant adeno-associated virus with TIMP-1 gene-specific siRNA; collagen I, collagen type I; α-SMA, α-Smooth muscle actin; MMP-13, matrix metallopeptidase 
13; MCP-1, monocyte chemoattractant protein-1; β-actin, Beta-actin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 2.  Downregulation of TIMP-1 in primary HSCs from mice suppresses the macrophage migration and inhibits MCP-1 expression. (A) Desmin or α-SMA 
staining of isolated HSCs from mice. The cell nucleus was stained with DAPI. Scale bars: 20µm. (B) The migration ability of RAW264.7 cells was assessed by transwell 
migration assay. DAPI staining of representative lower surfaces of the chamber showed macrophage migration. Scale bars: 50µm. (C) Quantification of RAW264.7 cells 
migration. DAPI positive area of lower surfaces of the chamber was measured. (D) The transcript levels of TIMP-1 and MCP-1 in primary HSCs transfected with rAAV/
siRNA-TIMP-1. (E) Immunoblot analysis of TIMP-1 and MCP-1 in primary HSCs transfected with rAAV/siRNA-TIMP-1. β-actin content was detected as a loading control. 
* p<0.05, ** p<0.01, versus the control group. Data are presented as mean±SD. TIMP-1, tissue inhibitor of metalloproteinase-1; HSCs, hepatic stellate cells; MCP-
1, monocyte chemoattractant protein-1; β-actin, Beta-actin; α-SMA, α-Smooth muscle actin; DAPI, 4′,6-diamidino-2-phenylindole; rAAV/siRNA-TIMP-1, recombinant 
adeno-associated virus with TIMP-1 gene-specific siRNA; NC, negative control.
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NC by GW4869 pretreatment was not significantly differ-
ent (Fig. 5D). These results illustrated that the decreased 
migration of macrophages mediated by HSCs after down-
regulation of TIMP-1 depended, at least in part, on the par-
ticipation of EVs.

MiRNA-145 was enriched in EVs derived from HSCs 
after siRNA-TIMP-1 treatment
miRNA sequencing was performed to characterize the miRNA 

content of EVs and their parental cells. Forty-four miRNAs 
were found to be upregulated, and 76 miRNAs were down-
regulated in siRNA-TIMP-1 treated HSCs than controls. More-
over, 92 miRNAs were upregulated, and 128 miRNAs were 
downregulated in EVs derived from siRNA-TIMP-1-treated 
HSCs than controls. Among all the upregulated differential 
miRNAs both in HSCs and EVs, we chose the top 20 for our 
analysis, as shown in the heatmap (Fig. 6A). Subsequent 
predictive analyses using miRWalk.org, TargetScan.org, and 

Fig. 3.  TIMP-1 regulates the expression of MCP-1 via Fli-1 in mice and primary HSCs. (A) Transcript levels of Fli-1 in mice. (B) Immunoblot analysis of Fli-1 
in liver lysates of mice. (C) The transcript levels of Fli-1 in primary HSCs transfected with siRNA-TIMP-1. (D) Immunoblot analysis of Fli-1 in primary HSCs transfected 
with siRNA-TIMP-1. (E) The transcript levels and immunoblot analysis of Fli-1 and MCP-1 in primary HSCs transfected with siRNA-Fli-1. (F) The transcript levels and 
immunoblot analysis of Fli-1 and MCP-1 in primary HSCs transfected with Fli-1 plasmid. * p<0.05, ** p<0.01, ns: not significant, versus the control group. Data are 
presented as mean±SD. TIMP-1, tissue inhibitor of metalloproteinase-1; CCl4, carbon tetrachloride; rAAV/EGFP, recombinant adeno-associated virus with enhanced 
green fluorescent protein; rAAV/siRNA-TIMP-1, recombinant adeno-associated virus with TIMP-1 gene-specific siRNA; HSCs, hepatic stellate cells; MCP-1, monocyte 
chemoattractant protein-1; Fli-1, Friend leukemia integration 1; β-actin, Beta-actin; siRNA-TIMP-1, small interfering RNA targeting TIMP-1; siRNA-Fli-1, small interfer-
ing RNA targeting Fli-1; P-Fli-1, Fli-1 plasmid; NC, negative control.
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Fig. 4.  TIMP-1 regulates the expression of Fli-1 through miRNA-145 in primary HSCs. (A) Transcript levels of miRNA-145 in primary HSCs transfected with 
siRNA-TIMP-1. (B) Transcript levels of miRNA-145 in primary HSCs transfected with miRNA-145 mimics. (C) Immunoblot analysis of Fli-1 in primary HSCs transfected 
with miRNA-145 mimics. (D) Immunoblot analysis of MCP-1 in primary HSCs transfected with miRNA-145 mimics. (E) Immunoblot analysis of Fli-1 in primary HSCs 
transfected with miRNA-145 inhibitor. (F) Immunoblot analysis of MCP-1 in primary HSCs transfected with miRNA-145 inhibitor. (G) Schematic structure of Fli-1 mRNA 
with two predicted miRNA-145 binding sites. Six different reporter vectors were constructed carrying the wild type or mutated Fli-1 3′untranslated region (UTR) muta-
tion as indicated. (H) Relative luciferase activity of the indicated Fli-1 reporter constructs in 293 cells, co-transfected with miRNA-145 mimics or scramble mimics. * 
p<0.05, ** p<0.01, versus the control group. Data are presented as mean±SD. TIMP-1, tissue inhibitor of metalloproteinase-1; Fli-1, Friend leukemia integration 1; 
HSCs, hepatic stellate cells; MCP-1, monocyte chemoattractant protein-1; siRNA-TIMP-1, small interfering RNA targeting TIMP-1; miRNA-145, microRNA-145; WT, wild 
type; MUT, mutation; NC, negative control.
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miRDB.org identified two miRNAs within the top 20 in EVs 
from siRNA-TIMP-1-treated HSCs, mmu-miRNA-145a-5p, 
and mmu-miR-92b-3p, that were predicted to bind to Fli-1 
(Fig. 6B). Additionally, miRNA-145 showed the most signifi-
cant difference between HSCs and EVs (Fig. 6C). We further 
verified the miRNA expression by real-time PCR and found 
that miRNA-145 in EVs was indeed elevated after inhibiting 
the expression of TIMP-1 in HSCs (Fig. 6D).

Discussion
TIMPs function as signaling molecules, exerting cytokine-like 
activities that impact cell growth, apoptosis, differentiation, 
angiogenesis, and oncogenesis.11,32 TIMP-1, one of the four 
identified TIMPs, emerges as a significant player in toxic liver 

injury and cholestasis.33–35 Several studies have documented 
that TIMP-1 not only hinders ECM degradation by suppress-
ing MMP function but also inhibits the apoptosis of aHSCs, 
thereby promoting liver fibrosis.7,36 Our study reveals a pre-
viously unidentified role of TIMP-1, demonstrating that it 
triggers the expression of Fli-1 via miRNA-145, which in turn 
raises MCP-1 levels and enhances macrophage recruitment.

Kupffer cells (liver-resident macrophages) and recruited 
macrophages can secrete fibrogenic cytokines that induce 
the transition of HSCs into ECM-producing myofibroblasts 
or further recruit inflammatory cells, contributing to liver fi-
brogenesis.37,38 MCP-1, a crucial chemokine, promotes liver 
fibrosis by recruiting macrophages associated with HSC ac-
tivation.39,40 Additionally, MCP-1 contributes to macrophage 
infiltration in other diseases.41 Our study revealed that MCP-

Fig. 5.  EVs secreted by HSCs after TIMP-1 down-regulating can transfer information to surrounding HSCs and macrophages to influence macrophage 
recruitment. (A) TEM analysis of the purified EVs’ integrity. Immunoblot analysis of mouse EVs specific markers TSG101, CD9, and CD63 in EVs. (B) NTA analysis of 
EVs’ size. (C) Capture of HSC-derived EVs labeled with PKH26 (red fluorescence) by HSCs and macrophages (DAPI stained with blue fluorescence). Scale bars: 50µm. 
(D) The migration abilities of macrophages in both co-culture with HSCs that transfected with siRNA-TIMP-1 or NC by GW4869 pretreatment. Scale bars: 50µm. ns: 
not significant, versus the control group. Data are presented as mean±SD. EVs, extracellular vesicles, HSCs, hepatic stellate cells; TIMP-1, tissue inhibitor of metal-
loproteinase-1; TEM, transmission electron microscopy; TSG101, tumor susceptibility gene 101; CD9, cluster of differentiation-9; CD63, cluster of differentiation-63; 
NTA, analysis of nanoparticle tracking; siRNA-TIMP-1, small interfering RNA targeting TIMP-1; NC, negative control.
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Fig. 6.  Comparison of HSC- and EV-derived miRNAs’ signatures between NC and siRNA-TIMP-1 treated HSCs. (A) The heatmap of top 20 upregulated 
differential miRNAs in HSCs and EVs. (B) The possible miRNA-145a-5p and miR-92b-3p binding sites were identified in the Fli-1 3′-UTR. (C) The expression of 
miRNA-145a-5p and miR-92b-3p in the results of RNA sequencing. (D) The transcript levels of TIMP-1 and miRNA-145 in HSCs and EVs after inhibiting the expres-
sion of TIMP-1 in HSCs. * p<0.05, ** p<0.01, versus the control group. Data are presented as mean±SD. EVs, extracellular vesicles, HSCs, hepatic stellate cells; 
NC, negative control; siRNA-TIMP-1, small interfering RNA targeting TIMP-1; Fli-1, Friend leukemia integration 1; TIMP-1, tissue inhibitor of metalloproteinase-1; 
miRNA-145, microRNA-145.
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1 expression in liver tissue decreased after TIMP-1 downreg-
ulation in both rat and mouse models. An in vitro study also 
demonstrated that TIMP-1 deficiency decreased MCP-1 pro-
tein and mRNA expression in HSCs, along with suppressed 
macrophage migration. These data indicate that TIMP-1 me-
diates macrophage recruitment through MCP-1.

Reports indicated that the Fli-1 transcription factor direct-
ly regulates the expression of the chemokine MCP-1.14 Our 
transient transfection assay further confirmed Fli-1’s regula-
tory role in MCP-1 expression in HSCs. We then validated 
that the expression of Fli-1 mRNA and protein significantly 
decreased in HSCs after siRNA-TIMP-1 treatment. These re-
sults confirmed Fli-1 as a downstream regulator of TIMP-1, 
which regulates MCP-1 expression.

A growing body of evidence implicates different miRNAs 
in mediating TIMP-1’s diverse functions.12,42 In this study, 
we observed an increase in miRNA-145 expression after 
downregulating TIMP-1 in primary HSCs. Moreover, transfec-
tion with the miRNA-145 mimic resulted in decreased ex-
pression of Fli-1 and MCP-1, whereas transfection with the 
miRNA-145 inhibitor elicited the opposite effect. The dual lu-
ciferase reporter assay revealed the direct regulatory effect 
of miRNA-145 on Fli-1, which contains two binding sites for 
miRNA-145 in its 3′-UTR. To the best of our knowledge, this 
is the first observation of the TIMP-1/miRNA-145/Fli-1 inter-
action in HSCs. Combined with the evidence that Fli-1 can 
regulate MCP-1 expression, we conclude that the TIMP-1/
miRNA-145/Fli-1 pathway in HSCs affects MCP-1 levels and 
macrophage recruitment.

MCP-1 can be produced not only by HSCs but also by 
Kupffer cells and liver sinusoidal endothelial cells, promoting 
the recruitment of macrophages to accelerate fibrosis.43,44 
Since TIMP-1 secreted by HSCs can regulate MCP-1 expres-
sion through miRNA-145, we assume that HSCs can transmit 
specific regulatory information, especially in the form of miR-
NAs, to surrounding HSCs or macrophages via EVs, thereby 
affecting macrophage recruitment. Initially, we verified that 
PKH26-labeled EVs from donor HSCs could be taken up by re-
ceptor HSCs and macrophages. Moreover, inhibiting EV secre-
tion by HSCs reduced the migratory effect of TIMP-1 on mac-
rophages. Increased miRNA-145 in EVs after lowering TIMP-1 
suggests that these miRNA-rich EVs are crucial in HSC-mac-
rophage communication and could be a new target for treating 
liver fibrosis. However, the function of other miRNAs enriched 
in EVs secreted from HSCs after TIMP-1 downregulation needs 
further study. Furthermore, it is necessary to elucidate wheth-
er miRNA-145 transferred from donor cells plays a crucial role 
in modulating MCP-1 expression in recipient cells.

The findings of this study highlight a novel regulatory mech-
anism wherein TIMP-1 influences macrophage recruitment in 
liver fibrosis by modulating MCP-1 through miRNA-145. This 
pathway presents a potential target for therapeutic interven-
tion to mitigate macrophage-driven fibrogenesis. Targeting 
the TIMP-1/miRNA-145/MCP-1 axis clinically could result in 
innovative treatments disrupting macrophage recruitment 
and activation, potentially slowing or reversing liver fibrosis 
progression. Furthermore, the role of miRNA-145-enriched 
extracellular vesicles in mediating intercellular communica-
tion offers a novel avenue for therapeutic strategies that could 
harness or mimic these natural processes to modulate fibrotic 
pathways. Focusing on these molecular interactions might 
lead to more targeted future therapies, reducing side effects 
and improving efficacy for patients with chronic liver diseases.

Conclusion
In summary, TIMP-1 induces the expression of the transcrip-

tion factor Fli-1 through miRNA-145, consequently elevating 
MCP-1 expression. MiRNA-145-enriched EVs released from 
HSCs can transmit biological information to surrounding 
HSCs and macrophages and magnify the function of TIMP-1. 
The expression of TIMP-1 in HSCs exacerbates the progres-
sion of hepatic fibrosis by fostering macrophage recruitment.
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