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Activin A plays an essential role 
in migration and proliferation 
of hepatic stellate cells via Smad3 
and calcium signaling
Wei Zhang 1, Linjing Zhu 2, Fang Fang 2, Fenglin Zhang 3, Runnan Wang 2, Ke Yang 4, 
Yahui Liu 1* & Xueling Cui 2*

Activin A and hepatic stellate cells (HSCs) are involved in tissue repair and fibrosis in liver injury. This 
study investigated the impact of activin A on HSC activation and migration. A microfluidic  D4-chip 
was used for examining the cell migration of mouse hepatic stellate cell line MHSteC. The analysis of 
differentially expressed genes revealed that activin βA (Inhba), activin receptor type 1A (Acvr1a) and 
type 2A (Acvr2a) mRNAs were more significantly expressed in human HSCs than in the hepatocytes. 
Moreover, activin A promoted MHSteC proliferation and induced MHSteC migration. Furthermore, the 
MHSteCs treated with activin A exhibited increased levels of migration-related proteins, N-cadherin, 
Vimentin, α-SMA, MMP2 and MMP9, but a decreased level of E-cadherin. Additionally, activin A 
treatment significantly increased the p-Smad3 levels and p-Smad3/Smad3 ratio in the MHSteCs, 
and the Smad3 inhibitor SIS3 attenuated activin A-induced MHSteC proliferation and migration. 
Simultaneously, activin A increased the calcium levels in the MHSteCs, and the migratory effects of 
activin A on MHSteCs were weakened by the intracellular calcium ion-chelating agent BAPTA-AM. 
These data indicate that activin A can promote MHSteC activation and migration through the 
canonical Smad3 signaling and calcium signaling.
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The liver is composed of parenchymal cells (i.e., hepatocytes and cholangiocytes) as well as non-parenchymal cells 
(such as Kupffer cells [resident hepatic macrophages], liver sinusoidal endothelial cells [LSECs], and hepatic stel-
late cells [HSCs]). HSCs reside within the liver’s space of Disse, and upon liver injury, these previously dormant 
HSCs undergo transformation in terms of both phenotype and metabolism, thereby adopting a myofibroblast 
(MFB)-like  phenotype1,2. As a response to liver injury, activated Kupffer cells and other mesenchymal cells 
produce and release numerous profibrotic cytokines, such as transforming growth factor β1 (TGFβ1), platelet-
derived growth factor (PDGF), and epidermal growth factor, thereby inducing HSC  activation3–5. Activated 
HSCs (aHSCs) also produce a large amount of activin  A6.

Activin A, a TGF-β superfamily member, is increasingly known for its involvement in various essential 
cellular processes, including the regulation of cell cycle progression and differentiation, apoptosis, metabolic 
and homeostatic control, tumorigenesis, and immune  responses7–12. Wound healing is also a well-established 
effect of activin A, and the dysregulation of this process causes pathological collagen accumulation and fibrosis. 
Activin A expression is notably augmented within cirrhotic and fibrotic liver  tissues6. Carbon tetrachloride 
 (CCl4)-induced hepatic fibrosis can be mitigated by inhibiting activin A with its primary biological inhibitor, 
 follistatin13. Stellate cells can migrate toward cytokine chemoattractants, thereby offering a partial explanation 
for their alignment within the inflammatory septa in vivo. Several chemoattractants, including PDGF, MCP-
1, and CXCR3, have been identified to play a prominent role in this  process14. Our prior study revealed that 
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activin A induces fibroblast migration as a novel  chemokine15. However, whether activin A is involved in HSC 
migration remains unclear.

In this study, the mouse HSCs (MHSteCs) were used to investigate the effects of activin A on HSC migration. 
We found that activin A promoted MHSteC proliferation and migration, but inhibited their adhesion, suggesting 
that activin A acts as a chemokine for HSC migration facilitating liver tissue remodeling during tissue repair 
and fibrosis. Activin A facilitates MHSteC activation and migration through calcium signaling, in addition to 
the canonical Smad-dependent pathway. These findings highlighted the potential role of activin A in HSCs as a 
novel therapeutic target for liver repair and fibrosis.

Results
Expression of activin A and its receptors in MHSteCs
Differential gene expression analysis was performed between the freshly isolated mouse hepatocyte samples 
and 1-day-cultured HSC samples. To envisage the distribution of differentially expressed genes (DEGs) between 
the aforementioned samples, volcano plots were generated (Fig. 1A), in which the X-axis represents the fold 
change in gene expression and the Y-axis represents the statistical significance of the differences. According to 
the violin plot, the expression of activin βA (Inhba), activin receptor type 1A (Acvr1a) and activin receptor type 
2A (Acvr2a) was markedly higher in HSCs than those in the hepatocytes, Kupffer cells, and LSECs (Fig. 1B). 
RT-PCR confirmed that the MHSteCs expressed Inhba, Acvr1a, Acvr2a, Acvr2b, Smad2, and Smad3 (Fig. 1C). 
Overall, these results indicate that MHSteCs function both as producers of activin A and as its responsive cells.

Effect of activin A on the proliferation and wound healing of MHSteCs
MHSteC proliferation was assessed using the cell counting kit-8 (CCK-8) assay and the real-time cell analysis 
(RTCA), which utilizes the principle of the microelectronic biosensor chip. RTCA enables label-free and continu-
ous monitoring of cellular processes during experiments. Activin A was found to promote MHSteC proliferation 
in a dose-dependent manner (Fig. 2A), consistent with the results obtained using the RTCA (Fig. 2B). Hence, 
10 ng/mL activin A was used for subsequent experiments. HSC proliferation is known to be linked to the liver 
tissue repair process following injury. Consequently, to investigate the impact of activin A on wound healing in 
MHSteCs, wound scratch assays were conducted. The findings revealed that the group treated with 10 ng/mL 
activin A exhibited significantly enhanced wound healing compared with the control group treated with the 
culture medium alone (Fig. 2C).

Effect of activin A on MHSteC migration
The tissue repair process is influenced by the regenerative capacity of HSCs in wound healing as well as the 
phenomenon of cell migration. Hence, the effects of activin A on MHSteC migration were assessed through 
the transwell chamber and microfluidic cell migration assays. Activin A significantly increased the number 
of migrated MHSteCs in the transwell chamber (Fig. 3A). However, cell migration is determined not only by 
the quantity of cells that migrate but also by the velocity and orientation of the movement of migrating cells. 
The microfluidic device can track the migration distance and trajectory of individual cells in real-time, thereby 
offering a more intuitive reflection of cell  migration16. We here utilized the  D4-chip of the microfluidic device 
to further evaluate the chemotactic migration of MHSteCs toward activin A gradients. The results revealed that 
activin A elicited a higher number of migrated cells and facilitated a greater distance and stronger directionality 
of cell migration (Fig. 3B–F).

Effect of activin A on MHSteC adhesion
Changes in cell–cell adhesion generally initiate cell migration, and cell–substrate adhesion regulates the cell 
migration  behaviors17. RTCA was first conducted to examine the effect of activin A on MHSteC adhesion. We 
noted that activin A significantly suppressed MHSteC adhesion in a dose-dependent manner (Fig. 4A). Moreover, 
the number of adhered cells was measured through the CCK-8 assay to evaluate the ability of cells to bind to the 
ECM. The number of MHSteCs bound to the fibronectin-coated wells significantly decreased (Fig. 4B). ITGA5, as 
fibronecrin is a major constituent of the ECM and plays a significant role in cell surface adhesion and  signaling18. 
According to the differential gene expression analysis, the expression of Itga5 was significantly higher in HSCs 
than in hepatocytes, Kupffer cells, and LSECs (Fig. 4C). Hence, the Itga5 mRNA level in the adhered cells was 
determined through real-time quantitative RT-PCR, as evidenced by the activin A-induced downregulation of 
Itga5 mRNA expression (Fig. 4D). These results were substantiated by the western blot analysis of ITGA5 protein 
expression (Fig. 4E). Collectively, these data provide direct evidence for the role of activin A in the inhibition of 
adhesion between MHSteCs and ECM.

Effect of activin A on the expression of migration-related proteins and morphology of MHSteCs
To confirm the regulatory role of activin A in cell migration, the expression of migration-related proteins in 
MHSteCs was examined using western blotting. Activin A increased the levels of N-cadherin, Vimentin, α-SMA, 
and MMP9 proteins but decreased the levels of E-cadherin protein in MHSteCs (Fig. 5A). Furthermore, Giemsa 
staining was used to determine the morphology of MHSteCs. The activin A-treated groups exhibited enlarged 
cell bodies and larger protrusions (Fig. 5B), which suggested that activin A facilitates morphological changes in 
MHSteCs, thereby conferring MHSteCs with a MFB-like phenotype and the ability to migrate.
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Effects of activin A on the expression of Smads and non-Smads signaling proteins in MHSteCs
Activin A can initiate the canonical Smads signaling pathway and non-Smads signaling pathways. To determine 
the signal transduction mechanism through which activin A regulates MHSteC migration, the levels of Smad3 
and p-Smad3, Akt and p-Akt and JNK and p-JNK proteins were examined through western blotting. The results 
indicated a significant increase in the p-Smad3 protein level and p-Smad3/Smad3 ratio in the MHSteCs following 
treatment with activin A, whereas no discernible alterations were observed in the levels of p-Akt and p-JNK, 
and the ratio of p-Akt/Akt and p-JNK/JNK ratio (Fig. 6A). Furthermore, pretreatment with the Smad3 inhibitor 
SIS3 significantly attenuated activin A-enhanced MHSteC proliferation (Fig. 6B). Pretreatment with SIS3 also 
markedly downregulated activin A-induced MHSteC migration (Fig. 6C). Altogether, these results indicate that 
activin A may enhance MHSteC proliferation and migration through the canonical Smad3 signaling pathway, 
and not the non-canonical signaling pathway.

B

0-4

0

Log2(Fold Change)
4

9

6

3

-lo
g 1

0(P
 V

al
ue

)

not-significant
Up-regulated

Down-

Group

A

A
cv

r2
a 

ex
pr

es
sio

n 
le

ve
ls

Violin Plot

Hepatocytes Kupffer LSEC HSC

In
hb

a 
ex

pr
es

sio
n 

le
ve

ls

8000

6000

4000

2000

0

C Acvr1aMarker Gapdh Inhba Smad2 Smad3 Acvr2a Acvr2b

Violin Plot

Hepatocytes Kupffer LSEC HSC

400

200

1000

800

600

Hepatocytes

Kupffer

LSEC

HSC

Hepatocytes

Kupffer

LSEC

HSC

A
cv

r1
a 

ex
pr

es
sio

n 
le

ve
ls

Violin Plot

Hepatocytes Kupffer LSEC HSC

600

1500

1200

900

Hepatocytes

Kupffer

LSEC

HSC

A
cv

r2
b 

ex
pr

es
sio

n 
le

ve
ls

Violin Plot

Hepatocytes Kupffer LSEC HSC

200

350

300

250

Hepatocytes

Kupffer

LSEC

HSC

Fig. 1.  Expression of activin A and its receptors in MHSteCs. (A) The volcano plot illustrates the comparison 
of gene expression between the HSCs and hepatocytes. The x-axis represents the fold change in gene expression 
across various samples, while the y-axis represents the statistical significance of these differences. Significantly 
upregulated and downregulated genes were filtered (|log2 (fold change)|> 1, Padj < 0.05) and are highlighted 
using red and blue dots, respectively. Genes with no differential expression are depicted in gray. (B) The violin 
plots show Inhba, Acvr2a, Acvr2b and Acvr1a gene expression in hepatocytes, Kupffer cells, LSECs, and HSCs. 
(C) mRNA levels of Gapdh, Inhba, Smad2, Smad3, Acvr2a, Acvr2b and Acvr1a were measured using RT-PCR.
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Effects of activin A on  Ca2+ influx in MHSteCs
A significant correlation has been reported between cell migration and intracellular calcium  flow19. Activin A 
does not exert an impact on the intracellular calcium flux in breast cancer cells; however, it can enhance the 
intracellular calcium flux in  fibroblasts14,16. In the present study, activin A increased the influx of intracellular 
calcium in MHSteCs (Fig. 7A). To confirm the potential involvement of calcium signaling in activin A-mediated 
cell migration, MHSteCs were treated with the intracellular calcium ion-chelating agent BAPTA-AM, followed 
by the assessment of cell migration through the transwell assay. The results revealed that MHSteC migration 
significantly increased in 10 ng/mL activin A diluted by 0.025% DMSO, compared with the control group treated 
with 0.025% DMSO alone.. Furthermore, BAPTA-AM effectively attenuated the stimulatory effect of activin A 
on MHSteC migration (Fig. 7B). Being a critical regulator of mitochondrial  Ca2+ uptake, mitochondrial calcium 
uptake 1 (MICU1) facilitates oxidative metabolism and prevents the accumulation of mitochondrial calcium 
and subsequent cell  death20. A reduction in MICU1 levels results in excessive calcium accumulation within the 
 mitochondria21. Therefore, we examined Micu1 mRNA gene expression. Activin A treatment reduced Micu1 
mRNA expression (Fig. 7C). The aforementioned results suggested that activin A enhances calcium influx by 
inhibiting Micu1 expression, consequently facilitating MHSteC migration.

Discussion
In different forms of liver injury, such as infection, acute and chronic inflammatory responses, and the presence 
of other stimulating factors, HSCs can undergo proliferation and migrate toward local injured tissues, thereby 
contributing to tissue repair and remodeling. Due to liver injury, damaged cells in the liver microenvironment 
release ROS and pro-inflammatory cytokines, which, in turn, affect hepatocytes and  HSCs22,23. Additionally, 
excessive HSC activation and migration can result in the release of a large amount of cytokines and ECM, further 
contributing to liver tissue remodeling and fibrosis. The examination of the activation and migration mecha-
nism of HSCs holds significance in facilitating liver repair and tissue remodeling. Activin A overexpression can 
elicit fibrotic responses in various organs, including the liver, lung, kidney, testicle, heart, conjunctiva, skin, and 
 pancreas24–31. Activin A promotes fibroblast proliferation in cases of chronic cardiac injury, resulting in tissue 
remodeling and exacerbating fibrosis within the cardiac  tissue32. Studies have reported that hepatocytes, HSCs 
and LSECs are the main sources of activin A in the liver, and the expression profiles of type I and type II activin 
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Fig. 2.  Effect of activin A on MHSteC proliferation and wound healing. (A) The CCK-8 assay was performed to 
assess the proliferation of MHSteCs treated with different activin A concentrations for 24, 48, and 72 h. (B) Real-
time MHSteC proliferation was assessed through RTCA in 55 h. (C) The impact of activin A on wound healing 
in MHSteCs was evaluated in wound scratch assays. The graph reflects the degree of wound healing from three 
separate experiments. Scale bar = 50 µm. Ctrl, culture medium control. Act 5, 5 ng/mL activin A. Act 10, 10 ng/
mL activin A. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group.
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receptors differ across the liver  cells6,33. Furthermore, fibrosis induced by  CCl4 in the rat liver is concomitant with 
the increased activin A expression as well as HSC-induced activin A  expression13. In this study, bioinformatic 
analysis indicated that the HSCs exhibited a significantly higher expression of activin βA than hepatocytes, KCs, 
and LSECs, and RT-PCR results showed that MHSteCs expressed activin βA and activin receptors. These findings 
revealed that MHSteCs could produce activin A as well as act as activin A-responsive cells.

After liver injury, HSCs become proliferative and contractile MFB-like cells, which have a quiescent pheno-
type in the healthy liver. HSC activation and proliferation have been identified as a critical event in hepatic injury 
development. In addition to the capacity for compensatory proliferation in response to hepatocyte damage, HSCs 
produce a large amount of ECM that surrounds the hepatocytes, thereby impeding their proliferation. Activin A 
can promote the proliferation and migration of various cells. For example, activin A promotes the proliferation 
of KPC (pancreatic ductal adenocarcinoma cell lines harboring  KrasG12D and  Trp53R172H mutations) through 
SMAD3  phosphorylation34. Activin A secreted from the peripheral nerve fibroblasts can promote Schwann cell 
proliferation and  migration35. Moreover, activin A promotes cell proliferation, invasion, and migration, leading 
to a poor prognosis in patients with colorectal  cancer36. Herein, CCK8 and RTCA assays were conducted to 
explore the effect of activin A on MHSteC proliferation. Activin A was found to dose-dependently promoted 
MHSteC proliferation.

HSC activation, a crucial event in liver repair and fibrosis, is considered a key event in the epithelial–mesen-
chymal transition (EMT)  process37. The EMT process involves the reversible loss of polarity and change in the 
phenotype of epithelial cells to a mesenchymal fate. This conserved process is characterized by the disruption of 
cell–cell adhesions, enhanced migratory capabilities, and increased invasiveness. Activin A/activin-like kinase 
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Fig. 3.  Effect of activin A on MHSteC migration. (A) MHSteC migration in response to activin A (0–10 ng/
mL) was analyzed through the transwell chamber assay. The cells that migrated through the porous membrane 
of the chamber were stained with Giemsa. (B–F) Effect of activin A on MHSteC migration was assessed using 
the microfluidic device. Shown are the representative images of migrated cell distribution at 4 h, 8 h, 12 h and 
24 h (B), trajectories of cell migration tracked for 24 h (C), accumulated migratory distance quantitated using 
Image J software (D), average cell migratory velocity (E), and chemotaxis index (CI) (F). Scale bar = 50 µm. 
Ctrl, culture medium control. Act 5, 5 ng/mL activin A. Act 10, 10 ng/mL activin A. Act 20, 20 ng/mL activin A. 
*P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group.
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4 (ALK4) signaling molecules are novel regulators of EMT in human epicardial  cells38. Furthermore, activin 
A induces EMT and invasion in the ovarian and colon cancer  cells39,40. We, here, found that activin A-treated 
MHSteCs exhibited MFB-like morphological changes, with an increase in the expression of N-cadherin, α-SMA, 
Vimentin, and MMP9 protein expressions. This suggested that the increase in activin A expression in liver injury 
can induce HSC activation, leading to the EMT process.

Integrins, the main cell adhesion receptors for components of the extracellular matrix (ECM), are a family of 
24 transmembrane heterodimers, comprising 18α integrin and 8β integrin  subunits41. Among intergrin family 
members, integrin α5 (ITGA5) pairs with the β1 subunit to form α5β1 heterodimer. It plays a crucial role in 
governing cytoskeleton arrangement, cellular migration, apoptosis, and signaling by interacting with the  ECM42. 
In addition, a study showed that macrophage-derived activin A induced enzalutamide resistance by upregulat-
ing a signaling cascade involving fibronectin—ITGA5 and tyrosine kinase  Src43. In the present study, activin 
A suppressed the expression levels of ITGA5 mRNA and protein, aligning with our observation that activin A 
hindered the adhesive ability of MHSteCs to adhere to the ECM.

HSC migration is believed to be critical for HSC accumulation at the site of liver injury. For instance, CXCR3 
expression on the HSCs activates Ras, Akt, and PI3-kinase pathways, thereby also promoting cell migration and 
 proliferation44. Numerous recent studies have suggested that activin A exerts regulatory effects on cell migration 
in several types of tumor and nontumor cells. Activin A selectively promotes in vitro directional migration of 
immature myeloid DCs (iDCs), which play a critical role in iDC recruitment to the inflammation  sites45. Exog-
enous activin A can promote colorectal cancer (CRC) cell migration, whereas knockdown of endogenous activin 
A exerts the opposite  effects46. Moreover, activin A downregulates E-cadherin expression by upregulating SLUG 
and SNAIL expressions through SMAD2/3-SMAD4-dependent signaling, which contributes to activin A-induced 
ovarian cancer cell migration. In our previous studies, activin A alone exhibited no effect on human neutrophil 
migration but inhibited human neutrophil migration toward fMLP chemotaxis and neutrophil recruitment to 
the localized skin infections in  mice16,47. Activin A also drives the chemotactic migration and adhesion of L929 
fibroblasts through ERK  signaling15. To investigate the effect of activin A on MHSteC migration, we performed 
the scratch assay, transwell analysis, and microfluidic chip assay. Activin A was found to promote wound healing 
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of the MHSteCs and increase the number of migrated cells as well as the distance of migration. These findings 
suggest that activin A, as a novel chemokine, can induce HSC migration.

The biological functions of activin A are facilitated by the participation of heteromeric receptor complexes 
comprising two distinct receptor types, namely type I and type II. Activin exhibits binding affinity toward activin 
receptor type 2A (ACVR2A) or activin receptor type 2B (ACVR2B), which then initiates the recruitment of a type 
I receptor, such as activin receptor type 1B (ACVR1B, also referred to as ALK4). The activated ACVR1B/ALK4 
receptor then proceeds to recruit and phosphorylate SMAD2 and SMAD3, which then bind to the co-regulatory 
SMAD4, forming complexes for nuclear translocation where they regulate gene transcription. In addition to this 
Smad-dependent pathway, non-Smad pathways such as PI3K/AKT, MAPK/ERK, WNT/β-catenin, and Notch 
pathways contribute to activin A signaling. The mechanism through which activin A exposure affects MHSteC 
migration, which was assessed in the present study, remains to be further elucidated; however, we can reason-
ably assume that activin A may affect the Smad pathway  activation48–50. Therefore, we next analyzed the protein 
expression of the classical Smad signaling pathway of activin. Activin A was found to significantly increase 
the p-Smad3 protein level and p-Smad3/Smad3 ratio in the MHSteCs, whereas no discernible alterations were 
observed in the levels of p-Akt and p-JNK, and the ratio of p-Akt/Akt and p-JNK/JNK. SIS3 is a potent and 
selective inhibitor of Smad3 function. As expected, SIS3 treatment significantly attenuated MHSteC migration 
and proliferation. These results suggest that activin A may regulate MHSteCs through the canonical Smad 
signaling pathway.

Calcium ions  (Ca2+) are recognized as second messengers and are crucial players in various cellular events, 
including transcription, endocytosis, intracellular membrane fusion, and cell  migration21. Specifically, local-
ized pulses of  Ca2+ are predominantly observed at the leading edge of migrating cells. These pulses have been 
suggested to stimulate myosin activity, thereby facilitating nascent adhesions. Furthermore, these adhesions are 
presumed to serve as anchors for the traction generated by actin–myosin interaction, thereby supporting cell 
 movement51. MICU1, a constituent of the mitochondrial calcium uniporter, acts as an ion channel complex that 
regulates the entry of calcium ions into mitochondria. In a study, the reduction in MICU1 levels led to excessive 
calcium accumulation within  mitochondria21. Our previous studies have demonstrated that activin A has no 
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impact on the intracellular calcium flux in breast cancer  cells16; however, it was found to stimulate fibroblast 
migration by increasing  Ca2+  influx15. The present study demonstrated that activin A promoted  Ca2+ influx in 
MHSteCs. Moreover, the stimulatory effect of activin A on MHSteC migration was effectively attenuated by 
BAPTA-AM. Additionally, activin A downregulated Micu1 mRNA expression, further supporting the involve-
ment of  Ca2+ signaling in the migratory response of activin A-induced MHSteCs.

In conclusion, this study demonstrates that activin A inhibits mouse HSC adhesion and induces chemotactic 
migration of mouse HSCs by activating Smad3 and calcium signaling, offering a novel insight into the functional 
significance of activin A in the regulation of HSC activities in liver disease.

Material and methods
Cell lines and reagents
MHSteCs (ScienCell Research Laboratories, Carlsbad, CA, USA) were maintained in high-glucose DMEM 
supplemented with 10% fetal bovine serum (FBS) at 37℃ in a humidified incubator containing 5%  CO2. Cell 
counting kit-8 (CCK-8) was derived from GlpBio Biotechnology Co. (Montclair, CA, USA). Giemsa stain and 
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Recombinant human/
mouse/rat activin A was obtained from R&D Systems (Minneapolis, MN, USA). Rat tail type I collagen was 
obtained from VWR international (Mississsauga, Canada). Poly(dimethylsiloxane) (PDMS) pre-polymer (Sylgard 
184) was purchased from Dow Corning (Midland, MI, USA). The mold for the microfluidic chip was a generous 
gift from Dr. Ke Yang, Hefei Institutes of Physical Science, CAS (Anhui, China).

`

Smad3

p-Smad3

Akt

p-Akt

JNK

p-JNK

GAPDH

Activin A(ng/mL)   0  10
BA

C
DMSO DMSO+Act 10

SIS3 SIS3+Act 10

50 50 

50 50 

Fig. 6.  Effect of activin A on the expression of Smad3 and non-Smads signaling proteins in MHSteCs. (A) 
The levels of Smad3 and p-Smad3, Akt and p-Akt, and JNK and p-JNK proteins were examined by western 
blotting, with GAPDH as the internal control protein. (B) MHSteCs were pretreated for 4 h with 0.025% DMSO 
or Smad3 inhibitor SIS3 (1 μmol/L) in 0.025% DMSO. Following the pretreatment, MHSteCs were exposed 
to 10 ng/mL activin A for 24 h. Then, the viability of MHSteCs was determined through the CCK-8 assay. (C) 
MHSteCs were pretreated for 4 h with 0.025% DMSO or 1 μmol/L SIS3 in 0.025% DMSO. Then, MHSteC 
migration was determined through the transwell assay for 24 h (n = 3). Scale bar = 50 μm. Ctrl, culture medium 
as control group. DMSO, 0.025% DMSO as control group. SIS3, 1 μmol/L SIS3 in 0.025% DMSO. Act 10, 10 ng/
mL activin A. *P < 0.05, **P < 0.01 compared with the control group. #P < 0.05, ##P < 0.01 compared with the 
DMSO + Act 10 group.
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Microarray data and identification of differentially expressed genes
The GSE226103 microarray dataset was downloaded from Gene Expression Omnibus (GEO, http:// www. ncbi. 
nlm. nih. gov/ geo). It comprises data of freshly isolated mouse hepatocytes, Kupffer cells, and LSECs, along with 
HSCs that have been cultured for 1, 7, or 14 days. We selected datasets of three hepatocyte samples (GSM7063818, 
GSM7063819, and GSM7063820) and two 1-day-cultured HSC samples (GSM7063827 and GSM7063828) as 
the objects. Subsequently, differential gene expression analysis was conducted using GEO2R (http:// www. ncbi. 
nlm. nih. gov/ geo/ geo2r/). Volcano plots were analyzed using the online tool Hiplot (https:// hiplot. com. cn/).

Cell proliferation assay
Cell proliferation was assessed using the CCK-8 assay. MHSteCs were seeded at a density of 1 ×  104 cells/well 
in a 96-well plate. Subsequently, the cells were incubated in 1% FBS-high-glucose DMEM supplemented with 
varying activin A concentrations (0, 5, 10, and 20 ng/mL) at 37℃ under a 5%  CO2 atmosphere for 24, 48, and 
72 h. Then, 10 μL of the CCK-8 reagent was added to the culture medium (100 μL) of each well, followed by the 
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DMSO DMSO+Act 10B

50 50 
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Fig. 7.  Effect of activin A on calcium signaling in MHSteCs. (A) MHSteCs were incubated with the  Ca2+-
sensitive dye Fluo-4 (4 µmol/L) for 40 min. The Fluo-4 signal was first recorded for 1 min to obtain the baseline 
fluorescence signal  (F0). The cells were then treated with activin A (5 and 10 ng/mL). The Fluo-4 signal of the 
simulated cells (F) was recorded for another 4 min. The experiment was repeated three times. The graph shows 
the peak values of the calcium signal upon stimulation with different activin A concentrations. The calcium level 
is represented by the Fluo-4 signal intensity normalized to the baseline (F/F0). The graph represents the results 
from three separate experiments. (B) Effect of BAPTA-AM on cell migration in MHSteCs. MHSteCs were 
treated with 0.025% DMSO and 2.5 μmol/L BAPTA-AM in 0.025% DMSO, and cell migration was determined 
through the transwell assay for 24 h. Scale bar = 50 μm.(C) Micu1 mRNA level was quantified through real-time 
PCR. Ctrl, culture medium as control group. DMSO, 0.025% DMSO as control group. BAPTA-AM, 2.5 μmol/L 
BAPTA-AM in 0.025% DMSO. Act 5, 5 ng/mL activin A. Act 10, 10 ng/mL activin A. *P < 0.05, **P < 0.01, 
***P < 0.001 compared with the control group. ##P < 0.01 compared with the DMSO + Act 10 group.
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incubation of the cells at 37℃ for 2 h. Later, the absorbance was measured at 450 and 650 nm by using a micro-
plate spectrophotometer. Each experiment was conducted in triplicate.

Extracellular matrix–cell adhesion assay
For extracellular matrix (ECM)–cell adhesion assays, 96-well plates were first coated with 10 μg/mL fibronectin 
and incubated at room temperature for 1 h, followed by saturation with PBS/1.0% bovine serum albumin (BSA) 
for 1 h at 37 °C. Then, the plates were washed twice with a serum-free medium. MHSteCs (3.5 ×  104 cells/well) 
were seeded onto the pre-coated 96-well plates and treated with 1% FBS-high glucose DMEM supplemented 
with varying activin A concentrations (0, 5, 10, and 20 ng/mL). The plates were then incubated at 37 °C for 
2 h, and the cells were washed with PBS three times to remove non-adherent cells. One group of cells was left 
unwashed to determine the total cell count. Subsequently, the number of cells in each well was quantified using 
the CCK-8 method. The percentage of cell adhesion was calculated as follows: cell adhesion (%) = (adherent cell 
OD 450 value − blank OD 450 value)/(total cell OD 450 value − blank OD 450 value) × 100%. Each experiment 
was conducted in triplicate.

Wound healing assay
The wound scratch assay was performed to detect the wound healing ability of MHSteCs. Briefly, the MHSteCs 
were plated in 24-well culture plates. After the cells attached in the media containing 1% FBS, scratches were 
made by using a 100-μL plastic pipette tip. Floating cells were removed through gentle washing with PBS, and 
fresh media containing 1% FBS with or without activin A (5, 10 ng/mL) were added. Then, the cells were cultured 
in a 5%  CO2 incubator at 37 °C for 12 h. Scratch wound healing was observed and recorded using an inverted 
microscope. The scratch width was measured using Image J software for statistical analysis. Wound healing was 
expressed as the percentage of the original wound area that had healed.

Transwell chamber assay
Chemotactic migration of the MHSteCs was evaluated through the transwell chamber assay as described 
 previously15. In brief, 2 ×  105 cells were seeded in the upper chambers (8-µm pore size; Corning, NY, USA) in 
200 µL culture medium containing 1% FBS. The lower compartments were filled with 500 µL culture media 
supplemented with activin A (0, 5, and 10 ng/mL). Following 24-h incubation, the cells on the upper side of the 
chamber were eliminated using cotton-tipped swabs. The cells that had migrated through the insert membranes 
were fixed with 4% paraformaldehyde for 20 min and stained with Giemsa. The experiments were conducted in 
triplicate. The stained cells were visualized using the inverted microscope. The cell numbers were determined 
by counting the cells in five randomly selected fields from each chamber.

Microfluidic-based cell migration assay
The microfluidic  D4-chip was used for examining MHSteC migration as described  previously52. PDMS was mixed 
with a base in the 10:1 ratio, and the curing agent was degassed in the vacuum chamber. The PDMS was poured 
into the SU-8 master mold and cured at 80 °C for 2 h. The PDMS was peeled off the SU-8 mold. Its surface was 
treated using oxygen plasma (PDC-32G-2 Plasma System, 120 W, 500 mTorr, 20 s) and then bonded onto the 
substrate surface. Before the cells were inoculated into a microfluidic chip, 0.4% (w/v) BSA (Sigma-Aldrich, 
St Louis, MO, USA) was added to each chip for a 60-min incubation (37℃) and then removed. Subsequently, 
MHSteCs were loaded from the cell loading inlets. The difference in pressure between the inlets and the other 
outlets caused the MHSteCs to flow and be aligned beside the cell localization channels. Two groups of gradi-
ents, namely the medium–medium and medium–activin A (20 ng/mL), were generated in the  D4-chip. In the 
medium-medium group, the medium was solely added, whereas in the medium–activin A group, both medium 
and activin A (20 ng/mL) were added to the medium–chemokine inlets at the same time, forming a stable 
chemical concentration gradient in the main channel of cell migration. The migration progress of the MHSteCs 
was recorded using an inverted microscope. The capture frequency was set as 1 frame/4 h for 24 h to track cell 
trajectories in the same position. For chemotactic analysis, cell migration images were artificially tracked and 
analyzed using Image J software. Each experiment was performed in triplicate.

Real-time cell analysis
The RTCA instrument (xCELLigence RTCA S16; ACEA Biosciences, California, USA) was used to study the 
proliferation and adhesion properties of MHSteCs. In the proliferation assay, 50 μL of 1% FBS-high glucose 
DMEM was added to the wells of the E16 xCELLigence microtiter plate, and the plate was then inserted into 
the RTCA device. After 1 min, the background impedance was measured for each well. Subsequently, MHSteCs 
(1 ×  104 cells in 100 μL of 1% FBS-high-glucose DMEM) were added to each well, cultured for 4 h, and treated 
with different activin A concentrations (0, 5, 10, and 20 ng/mL) for another 50 h.

In the adhesion assay, the E16 xCELLigence microtiter plates were initially coated with COL1 overnight at 
4 °C, washed with PBS, and blocked with 1% BSA in PBS for 1 h at 37 °C. The wells were then washed with PBS 
once, and 50 μL of 1% FBS-high glucose DMEM was added to the wells of the E-plate 16. Cells and different 
concentrations of activin A were added together to each well. Adhesion curves were monitored for 4 h, with 
readings of the cell index (CI) taken every 15 min. The experiments were conducted in duplicate and repeated 
three times. The impedance of the cell sensor was characterized and quantified as the CI, which serves as an 
indicator of cell activity.
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RT-PCR
Total RNA was extracted from MHSteCs by using the RNAiso Plus reagent (Takara, Dalian, China), and reverse 
transcription was performed using the cDNA synthesis kit (CWBIO, CW2020M). PCR was conducted using 
2 × Es Taq MasterMix (CWBIO, CW0690H). The PCR conditions were as follows: an initial denaturation step at 
95 °C for 1.5 min, followed by denaturation at 94 °C for 0.5 min, annealing at 56 °C for 0.5 min, and extension at 
72 °C for 1 min, repeated for 30 cycles. A final extension step was performed at 72 °C for 10 min. Subsequently, 
PCR products were separated using 2% agarose gel electrophoresis and stained with Super Gelred (US EVER-
BRIGHT, Suzhou, China). The PCR bands were visualized using ImageMaster VDS (Pharmacia Biotech; GE 
Healthcare) and digitized using Image J software. Table 1 presents the sequences of the primers used in this study.

Real-time quantitative PCR
SYBR Premix Ex Taq (Takara) was used for real-time quantitative PCR. The primers used were as follows: Itga5: 
5′-GAA GCT CTG AAG ATG CCC TACCA-3′ (forward) and 5′-TGA TGA TCC ACA ACG GGA CAC-3′ (reverse); 
Micu1: 5′-ATC GAA TCC GAG CCT ACT C-3′ (forward) and 5′-CTT CTC ATT GGG CGT TAT G-3′ (reverse); and 
GAPDH: 5′-GCA CCG TCA AGG  CTG AGA AC-3′ (forward) and 5′-TGG TGA AGA CGC CAG TGG A-3′ (reverse). 
The reactions were performed using the Applied Biosystems QuantStudio3 FastReal-time PCR system (Thermo 
Fisher, USA). Quantified data were normalized to GAPDH data, and the relative quantity was calculated using 
the  2−ΔΔCT method.

Western blotting
MHSteCs were lysed using a protein extraction reagent (Thermo Fisher Scientific, Waltham, MA, USA) sup-
plemented with a cocktail of protease and phosphatase inhibitors (Thermo Fisher Scientific, USA) and 5 mmol/l 
EDTA solution. The proteins were quantified using a Pierce BCA protein assay kit (Thermo Fisher Scientific, 
USA) according to the manufacturer’s instructions. Proteins (20 μg) were separated through 10% sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes (Mil-
lipore, USA). For membrane blocking, the membranes were incubated with 5% skimmed milk in Tris-buffered 
saline with Tween-20 (TBS-T) at room temperature for 2 h with gentle shaking. After the membranes were 
blocked, they were incubated overnight at 4℃ with primary antibodies, followed by further incubation with the 
horseradish peroxidase-conjugated secondary antibody for 2 h at room temperature and enhanced chemilumi-
nescent (ECL) detection (GE Healthcare, Little Chalfont, U.K.). Finally, the membranes were scanned using the 
LAS-4000 Luminescent Image Analyzer (Fujifilm, Japan). Experiments were conducted in three replicates. The 
immunoblots were quantified using Image J software, and the protein expression levels were normalized against 
those of GAPDH. Table 2 presents the antibodies used for western blotting.

Calcium flux assay
MHSteCs were incubated with the  Ca2+-sensitive dye Fluo-4 (4 µmol/L) in dark for 40 min at 37 °C. The cells 
were washed with 1% FBS-high-glucose DMEM twice, and then, the Fluo-4 loaded cells were recovered in the 
incubator for 30 min in dark. The recovered cells were added to different tubes for analysis using a NovoCyte 
flow cytometer (NovoCyte, ACEA, USA). Initially, the baseline fluorescence signal  (F0) was obtained by record-
ing the Fluo-4 signal for 1 min. After treating the cells with activin A (5 and 10 ng/mL), the Fluo-4 signal of 
the simulated cells (F) was recorded for another 4 min. FlowJo software (FlowJo LLC., Ashland, Oregon, US) 
was used to analyze the kinetics of Fluo-4 signal intensity. The calcium level is represented by the Fluo-4 signal 
intensity normalized to the baseline (F/F0).

Table 1.  Primer sequences for RT-PCR.

Gene Primer Sequence (5′-3′) Fragment size (bp) Tm (°C)

Gapdh
F GAT TGT TGC CAT CAA CGA CC

372 56
R GTG CAG GAT GCA TTG CTG AC

Inhba
F CGG GTA TGT GGA GAT AGA GGA 

148 56
R CAG GTC ACT GCC TTC CTT GGA 

Smad2
F ATG GCC GTC TTC AGG TTT CACA 

308 56
R ACT CTG TGG CTC AAT TCC TGCT 

Smad3
F CCA GCA CAC AAT AAC TTG GA

636 56
R AGA CAC ACT GGA ACA GCG GA

Acvr2a
F ATT GGC CAG CAT CCA TCT CTTG 

294 56
R GCC ACC ATC ATA GAC TAG ATTC 

Acvr2b
F TGC TGA AGA GCG ACC TCA C

544 56
R AGC AGG TCC ACA TTG GTG AC

Acvr1a
F GGT GTA ACA GGA ACA TCA CGG 

142 56
R GCA ACT CCA AGG ATG CAA GCT 
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Statistical analysis
All data are expressed as the mean ± standard deviation. Statistical analysis was performed using Student’s t-test 
or a one-way ANOVA, followed by Tukey’s multiple comparison test. The difference at P < 0.05 was considered 
statistically significant.

Data availability
Data is provided within the manuscript or supplementary information files.
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