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Abstract:Hepatic stellate cells (HSCs) are the primary effector cells in liver fibrosis. In the normal liver, HSCs serve as the

primary vitamin A storage cells in the body and retain a “quiescent” phenotype. However, after liver injury, they

transdifferentiate to an “activated” myofibroblast-like phenotype, which is associated with dramatic upregulation of

smooth muscle specific actin and extracellular matrix proteins. The result is a fibrotic, stiff, and dysfunctional liver.

Therefore, understanding the molecular mechanisms that govern HSC function is essential for the development of

anti-fibrotic medications. The actin cytoskeleton has emerged as a key component of the fibrogenic response in

wound healing. Recent data indicate that the cytoskeleton receives signals from the cellular microenvironment and

translates them to cellular function—in particular, increased type I collagen expression. Dynamic in nature, the actin

cytoskeleton continuously polymerizes and depolymerizes in response to changes in the cellular microenvironment. In

this viewpoint, we discuss the recent developments underlying cytoskeletal actin dynamics in liver fibrosis, including

how the cellular microenvironment affects HSC function and the molecular mechanisms that regulate the actin-

induced increase in collagen expression typical of activated HSCs.

Introduction

The cellular microenvironment—consisting of extracellular
matrix, cells, and interstitial fluid (Warrick et al., 2008)—
mediates essential cellular activities ranging from survival,
growth, and motility/migration to gene regulation (Bloom
and Zaman, 2014; Cheng et al., 2021). The extracellular
matrix (ECM) not only provides physical support for cells,
but also transmits both biophysical and biochemical signals
to regulate intracellular activities (Clause and Barker, 2013;
Frantz et al., 2010) through transmembrane receptors such
as integrins to focal adhesion complexes to the actin
cytoskeleton (Heng and Koh, 2010; Lee and Dominguez,
2010). The actin cytoskeleton is a highly dynamic structure,
which by virtue of polymerization and depolymerization,
works as a platform to convert biophysical forces into
biochemical signals (and vice versa) to regulate downstream
signaling pathways, a process known as mechanotransduction
(Blanchoin et al., 2014; Gardel et al., 2010; Martino et al.,
2018). Although it has been established that actin dynamics
translate microenvironmental cues to cellular functions, the

molecular mechanisms underlying this interplay are complex
and remain to be fully elucidated. Recent studies from our
group and others have shown that manipulating cytoskeletal
actin dynamics or altering actin isoform composition exerts
prominent effects on type I collagen expression, the major
ECM protein in various types of fibrotic diseases. In this
viewpoint, we focus on recent developments underlying
cytoskeletal actin dynamics in liver fibrosis.

Main Text

The cellular microenvironment modulates cell phenotype
In normal liver, hepatic stellate cells (HSCs) reside in the
subendothelial space, between the basolateral surface of
hepatocytes and the anti-luminal side of sinusoidal endothelial
cells, where the normal ECM consists largely of fibronectin,
laminin, and minor quantities of types 1, III, IV, V, and VI
collagen (Bedossa and Paradis, 2003; Martinez-Hernandez and
Amenta, 1993). Under normal conditions, HSCs are in a
quiescent state characterized largely by their abundant vitamin
A lipid droplets (Jophlin et al., 2018; Shi et al., 2020). Upon
liver injury (caused by viral infection, ethanol, and others),
HSCs are exposed to proinflammatory substances secreted from
nearby damaged hepatocytes, endothelial cells and immune
cells, such as DAMPs (damaged-associated molecular patterns),
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interleukins, and growth factors. HSCs subsequently undergo a
process termed “activation” where they transdifferentiate into
myofibroblast-like cells with proliferative, migratory, contractile,
and matrix-producing capabilities (Kisseleva and Brenner, 2021;
Rockey, 2013; Tsuchida and Friedman, 2017). Additionally,
activated HSCs secrete multiple pro-fibrotic growth factors such
as TGFβ and ET-1, creating autocrine-stimulatory loops that
further drive their myofibroblast-like phenotype (Li et al., 2012;
Rockey et al., 2019). Beyond production of abundant amounts
of abnormal interstitial collagens (especially type 1 collagen),
which significantly alters the ECM composition and increases
its stiffness (Kang, 2020; Rockey et al., 2015), one of the most
prominent molecular features of activated HSCs is the
expression of smooth muscle specific smooth muscle α-actin
(SM α-actin or ACTA2), which helps generate a robust actin
cytoskeleton (Rockey et al., 2013).

Numerous studies have established that matrix stiffness
affects the behavior of HSCs (Friedman, 2008; Martino et
al., 2018). For example, when HSCs were cultured on soft
substrates that mimic normal liver ECM, they maintained
a quiescent phenotype. However, when cultured on stiff
substrates that resemble fibrotic livers, they became
activated and developed a myofibroblast-like phenotype
(Olsen et al., 2011). More importantly, when activated HSCs
were grown on soft substrates, they reversed to a quiescent
phenotype (Gaca et al., 2003; Olsen et al., 2011; Sohara et
al., 2002). These data suggest that liver fibrosis could in
theory be reversed if the stimuli to production of the
abnormal ECM were interrupted. Indeed, liver fibrosis
regression has been demonstrated in animal models
(Kisseleva et al., 2012) and in humans (Ellis and Mann, 2012;
Rockey and Friedman, 2021). In aggregate, the available
evidence suggests that the cellular microenvironment plays a
key role in modulating the phenotype switch in HSCs (e.g.,
activation or quiescence).

The actin cytoskeleton mediates cell function and
mechanotransduction
The actin family consists of 6 highly homologous isoforms,
which differ mainly in their amino terminal amino acid
sequences (Perrin and Ervasti, 2010). However, each isoform
appears to play non-redundant biological roles (Dominguez
and Holmes, 2011). Moreover, actin exists either as
monomers (globular or G-actin) or filaments (filamentous or
F-actin) (Lee and Dominguez, 2010). The switch between G-
and F-actin is a highly dynamic molecular process known as
actin polymerization and depolymerization (Blanchoin et al.,
2014; Heng and Koh, 2010). This process can be monitored
by determining the ratio of G/F-actin, an indicator of
cytoskeletal actin dynamics (Lee and Dominguez, 2010;
Olson and Nordheim, 2010).

In normal liver, quiescent HSCs only express β- and
γ-cytoplasmic actin isoforms (i.e., β-actin—ACTB and cyto-
γ-actin—ACTG1), and display short and irregular actin
filaments in the cytoplasm (Rockey et al., 2019; Shi et al.,
2020). In contrast, activated HSCs express abundant SM
α-actin, which forms well-organized and robust actin
filaments (i.e., stress fibers) (Rockey et al., 2019; Shi et al.,
2020). This vigorous and dynamic actin cytoskeleton leads
to prominent functional attributes, including increased

contractility, proliferation, and cell migration (Rockey et al.,
2013; Shi and Rockey, 2017). Of note, the increased
expression of SM α-actin appears to additionally play a role in
fibrogenesis, as deletion of SM α-actin in HSCs leads not only
to decreased cellular contractility, but also to reduced liver
fibrosis (Rockey et al., 2019). Similar functional effects of SM
α-actin have also been demonstrated in lung, subcutaneous
and 3T3 fibroblasts (Hinz et al., 2001; Qin et al., 2018).

Not only is the actin cytoskeleton crucial in cell
morphology and function, but it also mediates intracellular
mechanotransduction between biophysical and biochemical
signals. For instance, we have recently demonstrated that
stimulating or targeting cytoskeletal actin dynamics has
prominent effects on TGFβ and ET-1 signaling (up- or
down-regulation of Smad2/3 and Erk1/2 phosphorylation) in
HSCs (Rockey et al., 2019; Shi and Rockey, 2017). The actin
cytoskeleton also appears to mediate intracellular Ras-MAPK
and NF-kappa B pathways and calcium signaling
(Kustermans et al., 2005; Rivas et al., 2004; Smith et al.,
2004). Although the relationship between the actin
cytoskeleton and mechanotransduction has been well
demonstrated, the molecular mechanisms underlying how
the actin cytoskeleton informs downstream signaling
remain unclear.

The actin cytoskeleton signals to ECM protein/type 1 collagen
expression
Type 1 collagen is a key component of the ECM and its
abnormal expression is associated with multiple connective
tissue and fibrotic diseases (Arriazu et al., 2014). In liver
fibrosis, type 1 collagen is the most abundant component of
the abnormal ECM (Arriazu et al., 2014; Kisseleva and
Brenner, 2021) and is primarily produced by activated HSCs
(Mederacke et al., 2013). The molecular regulation of type 1
collagen is complex (Kisseleva and Brenner, 2021).

The discovery of the upregulation of myocardin and its
family member, myocardin-related transcription factor-A
(MRTF-A), which have been linked to the actin
cytoskeleton-mediated mechanotransduction in activated
HSCs, has provided a novel putative mechanism for type 1
collagen regulation during liver injury (Shi et al., 2020; Shi
and Rockey, 2017; Shimada and Rajagopalan, 2012).
Although myocardin is homologous to MRTF-A in most
functional domains, the amino terminus of MRTF-A
contains prominent RPEL domains, which form a stable
complex with monomeric G-actins, resulting in the
cytoplasmic sequestration of MRTF-A (Pipes et al., 2006).
While myocardin does not bind actin efficiently, it does
form heterodimers with MRTF-A (Pipes et al., 2006). Thus,
myocardin is indirectly regulated by actin dynamics. When
pro-fibrotic ligands (such as TGFβ and ET-1) activate the
Rho signaling pathway (Miao et al., 2002; Peng et al., 2008),
actin polymerization occurs, freeing MRTF-A from G-actin
and allowing its nuclear translocation and activation of gene
transcription (Olson and Nordheim, 2010; Pipes et al., 2006;
Shi and Rockey, 2017). Both myocardin and MRTF-A bind
serum response factor (SRF—a master transcription factor
of actin genes), which binds the CArG boxes of SRF target
gene promoters inducing the transcriptional activation
of ACTA2 (Olson and Nordheim, 2010; Pipes et al., 2006;
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Shi et al., 2020; Shi and Rockey, 2017). Of note, myocardin
and MRTF-A also mediate Smad2/3 dependent
transcriptional activation of COL1A1 and COL1A2 via
stimulation of Smad2/3 phosphorylation (Shi and Rockey,
2017). Therefore, in a canonical signaling pathway,
myocardin and MRTF-A upregulation leads to the genesis
of a robust HSC actin cytoskeleton, which in turns leads to
COL1A1 and COL1A2 expression and then increases liver
stiffness. Thus, pharmaceutically targeting MRTF-A with the
small molecule, CCG-203971, led to decreased fibrosis in
the liver (Shi et al., 2020), consistent with other types of
tissue wound healing (Sisson et al., 2015).

Conclusions

The actin cytoskeleton is a highly dynamic structure that
continuously polymerizes and depolymerizes as a result of
microenvironmental and intracellular signals. Liver injury
creates a microenvironment that ultimately alters actin
dynamics in HSCs, contributing to their phenotypic
transition and abnormal behaviors such as increased
proliferation, migration, contraction, and excessive ECM
production. Research from our group and others has
demonstrated that myocardin and MRTF-A play a key role
in the complex regulatory network of actin dynamics and
ECM production (Fig. 1). Questions remain—including in
particular how the actin cytoskeleton controls downstream
signaling to COL1A1 and COL1A2. Deciphering the
mechanisms of mechanotransduction could eventually lead
to the discovery of novel therapeutic targets and the
development of effective drugs to treat liver fibrosis.

Author Contribution: DCR and ZS conceived and designed
the work; NH wrote the first draft; DCR and ZS edited and
revised manuscript; NH, DCR and ZS approved the final
version of manuscript.

Funding Statement: This work was supported, in part, by
the National Institute of Diabetes and Digestive and
Kidney Disease (Grant No. P30 DK123704), and the
National Institute of General Medical Sciences (Grant
No. P20 GM 130457).

Conflicts of Interest: The authors declare that they have no
conflicts of interest to report regarding the present study.

References

Arriazu E, Ruiz de Galarreta M, Cubero FJ, Varela-Rey M, Perez de
Obanos MP, Leung TM, Lopategi A, Benedicto A, Abraham-

Enachescu I, Nieto N (2014). Extracellular matrix and liver

disease. Antioxidants & Redox Signaling 21: 1078–1097.

DOI 10.1089/ars.2013.5697.

Bedossa P, Paradis V (2003). Liver extracellular matrix in health and
disease. Journal of Pathology 200: 504–515. DOI 10.1002/

path.1397.

Blanchoin L, Boujemaa-Paterski R, Sykes C, Plastino J (2014). Actin
dynamics, architecture, and mechanics in cell motility.

Physiological Reviews 94: 235–263. DOI 10.1152/

physrev.00018.2013.

Bloom AB, Zaman MH (2014). Influence of the microenvironment on
cell fate determination and migration. Physiological Genomics

46: 309–314. DOI 10.1152/physiolgenomics.00170.2013.

Cheng J, Zhang J, Wu Z, Sun X (2021). Inferring microenvironmental
regulation of gene expression from single-cell RNA sequencing

data using scMLnet with an application to COVID-19. Briefings

in Bioinformatics 22: 988–1005. DOI 10.1093/bib/bbaa327.

Clause KC, Barker TH (2013). Extracellular matrix signaling in
morphogenesis and repair. Current Opinion in Biotechnology

24: 830–833. DOI 10.1016/j.copbio.2013.04.011.

Dominguez R, Holmes KC (2011). Actin structure and function.
Annual Review of Biophysics 40: 169–186. DOI 10.1146/

annurev-biophys-042910-155359.

FIGURE 1. Actin dynamics
and stellate cell activation. The
schematic diagram shows the
interplay between the actin
cytoskeleton network and
extracellular matrix production
in hepatic stellate cells.

ACTIN DYNAMICS IN LIVER FIBROSIS 2005

http://dx.doi.org/10.1089/ars.2013.5697
http://dx.doi.org/10.1002/path.1397
http://dx.doi.org/10.1002/path.1397
http://dx.doi.org/10.1152/physrev.00018.2013
http://dx.doi.org/10.1152/physrev.00018.2013
http://dx.doi.org/10.1152/physiolgenomics.00170.2013
http://dx.doi.org/10.1093/bib/bbaa327
http://dx.doi.org/10.1016/j.copbio.2013.04.011
http://dx.doi.org/10.1146/annurev-biophys-042910-155359
http://dx.doi.org/10.1146/annurev-biophys-042910-155359


Ellis EL, Mann DA (2012). Clinical evidence for the regression of
liver fibrosis. Journal of Hepatology 56: 1171–1180. DOI
10.1016/j.jhep.2011.09.024.

Frantz C, Stewart KM, Weaver VM (2010). The extracellular matrix
at a glance. Journal of Cell Science 123: 4195–4200. DOI
10.1242/jcs.023820.

Friedman SL (2008). Hepatic stellate cells: Protean, multifunctional,
and enigmatic cells of the liver. Physiological Reviews 88:
125–172. DOI 10.1152/physrev.00013.2007.

Gaca MD, Zhou X, Issa R, Kiriella K, Iredale JP, Benyon RC (2003).
Basement membrane-like matrix inhibits proliferation and
collagen synthesis by activated rat hepatic stellate cells: Evidence
for matrix-dependent deactivation of stellate cells. Matrix Biology
22: 229–239. DOI 10.1016/S0945-053X(03)00017-9.

Gardel ML, Schneider IC, Aratyn-Schaus Y, Waterman CM (2010).
Mechanical integration of actin and adhesion dynamics in cell
migration. Annual Review of Cell and Developmental Biology
26: 315–333. DOI 10.1146/annurev.cellbio.011209.122036.

Heng YW, Koh CG (2010). Actin cytoskeleton dynamics and the cell
division cycle. International Journal of Biochemistry & Cell
Biology 42: 1622–1633. DOI 10.1016/j.biocel.2010.04.007.

Hinz B, Celetta G, Tomasek JJ, Gabbiani G, Chaponnier C (2001).
Alpha-smooth muscle actin expression upregulates
fibroblast contractile activity. Molecular Biology of the Cell
12: 2730–2741. DOI 10.1091/mbc.12.9.2730.

Jophlin LL, Koutalos Y, Chen C, Shah V, Rockey DC (2018). Hepatic
stellate cells retain retinoid-laden lipid droplets after cellular
transdifferentiation into activated myofibroblasts. American
Journal of Physiology-Gastrointestinal and Liver Physiology
315: G713–G721. DOI 10.1152/ajpgi.00251.2017.

Kang N (2020). Mechanotransduction in liver diseases. Seminars in
Liver Disease 40: 84–90. DOI 10.1055/s-0039-3399502.

Kisseleva T, Brenner D (2021). Molecular and cellular mechanisms of
liver fibrosis and its regression. Nature Reviews
Gastroenterology & Hepatology 18: 151–166. DOI 10.1038/
s41575-020-00372-7.

Kisseleva T, Cong M, Paik Y, Scholten D, Jiang C et al. (2012).
Myofibroblasts revert to an inactive phenotype during
regression of liver fibrosis. Proceedings of the National
Academy of Sciences of the United States of America 109:
9448–9453. DOI 10.1073/pnas.1201840109.

Kustermans G, El Benna J, Piette J, Legrand-Poels S (2005).
Perturbation of actin dynamics induces NF-kappaB
activation in myelomonocytic cells through an NADPH
oxidase-dependent pathway. Biochemical Journal 387: 531–
540. DOI 10.1042/BJ20041318.

Lee SH, Dominguez R (2010). Regulation of actin cytoskeleton
dynamics in cells. Molecules and Cells 29: 311–325. DOI
10.1007/s10059-010-0053-8.

Li T, Shi Z, Rockey DC (2012). Preproendothelin-1 expression is
negatively regulated by IFNgamma during hepatic stellate
cell activation. American Journal of Physiology-
Gastrointestinal and Liver Physiology 302: G948–G957.
DOI 10.1152/ajpgi.00359.2011.

Martinez-Hernandez A, Amenta PS (1993). The hepatic extracellular
matrix. I. Components and distribution in normal liver.
Virchows Archiv A 423: 1–11. DOI 10.1007/BF01606425.

Martino F, Perestrelo AR, Vinarsky V, Pagliari S, Forte G (2018).
Cellular mechanotransduction: From tension to function.
Frontiers in Physiology 9: 824. DOI 10.3389/fphys.2018.00824.

Mederacke I, Hsu CC, Troeger JS, Huebener P, Mu X, Dapito DH,
Pradere JP, Schwabe RF (2013). Fate tracing reveals hepatic

stellate cells as dominant contributors to liver fibrosis
independent of its aetiology. Nature Communications 4:
2823. DOI 10.1038/ncomms3823.

Miao L, Dai Y, Zhang J (2002). Mechanism of RhoA/Rho kinase
activation in endothelin-1-induced contraction in rabbit
basilar artery. American Journal of Physiology-Heart and
Circulatory Physiology 283: H983–H989. DOI 10.1152/
ajpheart.00141.2002.

Olsen AL, Bloomer SA, Chan EP, Gaca MD, Georges PC, Sackey B,
Uemura M, Janmey PA, Wells RG (2011). Hepatic stellate cells
require a stiff environment for myofibroblastic differentiation.
American Journal of Physiology-Gastrointestinal and Liver
Physiology 301: G110–G118. DOI 10.1152/ajpgi.00412.2010.

Olson EN, Nordheim A (2010). Linking actin dynamics and gene
transcription to drive cellular motile functions. Nature Reviews
Molecular Cell Biology 11: 353–365. DOI 10.1038/nrm2890.

Peng F, Zhang B, Wu D, Ingram AJ, Gao B, Krepinsky JC (2008).
TGFbeta-induced RhoA activation and fibronectin
production in mesangial cells require caveolae. American
Journal of Physiology-Renal Physiology 295: F153–F164.
DOI 10.1152/ajprenal.00419.2007.

Perrin BJ, Ervasti JM (2010). The actin gene family: Function follows
isoform. Cytoskeleton 67: 630–634. DOI 10.1002/cm.20475.

Pipes GC, Creemers EE, Olson EN (2006). The myocardin family of
transcriptional coactivators: Versatile regulators of cell
growth, migration, and myogenesis. Genes & Development
20: 1545–1556. DOI 10.1101/gad.1428006.

Qin Z, Fisher GJ, Voorhees JJ, Quan T (2018). Actin cytoskeleton
assembly regulates collagen production via TGF-beta type II
receptor in human skin fibroblasts. Journal of Cellular and
Molecular Medicine 22: 4085–4096. DOI 10.1111/jcmm.13685.

Rivas FV, O’Keefe JP, Alegre ML, Gajewski TF (2004). Actin
cytoskeleton regulates calcium dynamics and NFAT nuclear
duration. Molecular and Cellular Biology 24: 1628–1639.
DOI 10.1128/MCB.24.4.1628-1639.2004.

Rockey DC (2013). Translating an understanding of the pathogenesis
of hepatic fibrosis to novel therapies. Clinical Gastroenterology
and Hepatology 11: 224–231. DOI 10.1016/j.cgh.2013.01.005.

Rockey DC, Bell PD, Hill JA (2015). Fibrosis—A common pathway to
organ injury and failure. New England Journal of Medicine
373: 96. DOI 10.1056/NEJMra1300575.

Rockey DC, Du Q, Shi Z (2019). Smooth muscle alpha-actin
deficiency leads to decreased liver fibrosis via impaired
cytoskeletal signaling in hepatic stellate cells. American
Journal of Pathology 189: 2209–2220. DOI 10.1016/j.
ajpath.2019.07.019.

Rockey DC, Friedman SL (2021). Fibrosis regression after eradication
of hepatitis C virus: From bench to bedside. Gastroenterology
160: 1502–1520. DOI 10.1053/j.gastro.2020.09.065.

Rockey DC, Weymouth N, Shi Z (2013). Smooth muscle alpha actin
(Acta2) and myofibroblast function during hepatic wound
healing. PLoS One 8: e77166. DOI 10.1371/journal.pone.0077166.

Shi Z, Ren M, Rockey DC (2020). Myocardin and myocardin-related
transcription factor–A synergistically mediate actin
cytoskeletal-dependent inhibition of liver fibrogenesis.
American Journal of Physiology-Gastrointestinal and Liver
Physiology 318: G504–G517. DOI 10.1152/ajpgi.00302.2019.

Shi Z, Rockey DC (2017). Upregulation of the actin cytoskeleton via
myocardin leads to increased expression of type 1 collagen.
Laboratory Investigation 97: 1412–1426. DOI 10.1038/
labinvest.2017.96.

2006 NOUR HIJAZI et al.

http://dx.doi.org/10.1016/j.jhep.2011.09.024
http://dx.doi.org/10.1242/jcs.023820
http://dx.doi.org/10.1152/physrev.00013.2007
http://dx.doi.org/10.1016/S0945-053X(03)00017-9
http://dx.doi.org/10.1146/annurev.cellbio.011209.122036
http://dx.doi.org/10.1016/j.biocel.2010.04.007
http://dx.doi.org/10.1091/mbc.12.9.2730
http://dx.doi.org/10.1152/ajpgi.00251.2017
http://dx.doi.org/10.1055/s-0039-3399502
http://dx.doi.org/10.1038/s41575-020-00372-7
http://dx.doi.org/10.1038/s41575-020-00372-7
http://dx.doi.org/10.1073/pnas.1201840109
http://dx.doi.org/10.1042/BJ20041318
http://dx.doi.org/10.1007/s10059-010-0053-8
http://dx.doi.org/10.1152/ajpgi.00359.2011
http://dx.doi.org/10.1007/BF01606425
http://dx.doi.org/10.3389/fphys.2018.00824
http://dx.doi.org/10.1038/ncomms3823
http://dx.doi.org/10.1152/ajpheart.00141.2002
http://dx.doi.org/10.1152/ajpheart.00141.2002
http://dx.doi.org/10.1152/ajpgi.00412.2010
http://dx.doi.org/10.1038/nrm2890
http://dx.doi.org/10.1152/ajprenal.00419.2007
http://dx.doi.org/10.1002/cm.20475
http://dx.doi.org/10.1101/gad.1428006
http://dx.doi.org/10.1111/jcmm.13685
http://dx.doi.org/10.1128/MCB.24.4.1628-1639.2004
http://dx.doi.org/10.1016/j.cgh.2013.01.005
http://dx.doi.org/10.1056/NEJMra1300575
http://dx.doi.org/10.1016/j.ajpath.2019.07.019
http://dx.doi.org/10.1016/j.ajpath.2019.07.019
http://dx.doi.org/10.1053/j.gastro.2020.09.065
http://dx.doi.org/10.1371/journal.pone.0077166
http://dx.doi.org/10.1152/ajpgi.00302.2019
http://dx.doi.org/10.1038/labinvest.2017.96
http://dx.doi.org/10.1038/labinvest.2017.96


Shimada H, Rajagopalan LE (2012). Employment of gene expression
profiling to identify transcriptional regulators of hepatic
stellate cells. Fibrogenesis Tissue Repair 5: S12. DOI
10.1186/1755-1536-5-S1-S12.

Sisson TH, Ajayi IO, Subbotina N, Dodi AE, Rodansky ES et al.
(2015). Inhibition of myocardin-related transcription
factor/serum response factor signaling decreases lung
fibrosis and promotes mesenchymal cell apoptosis.
American Journal of Pathology 185: 969–986. DOI 10.1016/
j.ajpath.2014.12.005.

Smith ER, Smedberg JL, Rula ME, Xu XX (2004). Regulation of Ras-
MAPK pathway mitogenic activity by restricting nuclear
entry of activated MAPK in endoderm differentiation of

embryonic carcinoma and stem cells. Journal of Cell Biology
164: 689–699. DOI 10.1083/jcb.200312028.

Sohara N, Znoyko I, Levy MT, Trojanowska M, Reuben A (2002).
Reversal of activation of human myofibroblast-like cells by
culture on a basement membrane-like substrate. Journal of
Hepatology 37: 214–221. DOI 10.1016/S0168-8278(02)00103-4.

Tsuchida T, Friedman SL (2017). Mechanisms of hepatic stellate cell
activation. Nature Reviews Gastroenterology & Hepatology
14: 397–411. DOI 10.1038/nrgastro.2017.38.

Warrick JW, Murphy WL, Beebe DJ (2008). Screening the cellular
microenvironment: A role for microfluidics. IEEE Reviews
in Biomedical Engineering 1: 75–93. DOI 10.1109/
RBME.2008.2008241.

ACTIN DYNAMICS IN LIVER FIBROSIS 2007

http://dx.doi.org/10.1186/1755-1536-5-S1-S12
http://dx.doi.org/10.1016/j.ajpath.2014.12.005
http://dx.doi.org/10.1016/j.ajpath.2014.12.005
http://dx.doi.org/10.1083/jcb.200312028
http://dx.doi.org/10.1016/S0168-8278(02)00103-4
http://dx.doi.org/10.1038/nrgastro.2017.38
http://dx.doi.org/10.1109/RBME.2008.2008241
http://dx.doi.org/10.1109/RBME.2008.2008241

	The cellular microenvironment and cytoskeletal actin dynamics in liver fibrogenesis
	Introduction
	Main Text
	Conclusions
	References


