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Abstract

Background

The Rho-kinase ROCK II plays a major role in the activation of hepatic stellate cells (HSC),

which are the key profibrotic and contractile cells contributing to the development of chronic

liver disease. Inhibition of ROCK II ultimately blocks the phosphorylation of the myosin light

chain (MLC) and thus inhibits stress fibre assembly and cell contraction. We investigated

the effects of the ROCK inhibitors Y-33075 as well as Y-27632 in murine and human hepatic

stellate cells.

Methods

Primary isolated HSC from FVB/NJ mice and the immortalized human HSC line TWNT-4

were culture-activated and incubated with Y-27632 and Y-33075 (10nM to 10μM) for 24h.

Protein expression levels were analyzed by Western Blots and transcriptional levels of pro-

fibrotic markers and proliferative markers were evaluated using real-time qPCR. Migration

was investigated by wound-healing assay. Proliferation was assessed by BrdU assay. Con-

traction of HSC was measured using 3D collagen matrices after incubation with Y-27632 or

Y-33075 in different doses.

Results

Both Rho-kinase inhibitors, Y-27632 and Y-33075, reduced contraction, fibrogenesis and

proliferation in activated primary mouse HSC (FVB/NJ) and human HSC line (TWNT-4) sig-

nificantly. Y-33075 demonstrated a 10-times increased potency compared to Y-27632. Sur-

prisingly, both inhibitors mediated a substantial and unexpected increase in migration of

HSC in FVB/NJ.
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Conclusion

ROCK inhibition by the tested compounds decreased contraction but increased migration.

Y-33075 proved more potent than Y27632 in the inhibition of contraction of HSCs and

should be further evaluated in chronic liver disease.

Introduction

Chronic liver disease is a major health problem affecting approximately 1.5 billion people

worldwide and leading to 2 million deaths a year [1, 2]. Liver fibrosis is becoming more preva-

lent. It has various etiologies but invariably progresses towards a uniform end stage for which

no treatment options exist [1, 3].

HSCs play a crucial role in the development of liver fibrosis. Due to (chronic) liver injury

HSCs are activated and consequently transdifferentiate into a myofibroblast-like phenotype [4,

5]. In contrast to quiescent HSCs, these activated cells exhibit an increase in migration as well

as proliferation, and produce large amounts of extracellular matrix proteins (collagen) and

pro-fibrotic cytokines (e.g. transforming growth factor β, TGFβ; platelet-derived growth fac-

tor, PDGF) thus driving fibrosis [6, 7].

The accumulation of collagen in the liver, as well as the exaggerated contractile response of

these myofibroblasts to vasoconstrictors cause an increased intrahepatic vascular resistance

which results in the development of portal hypertension (PHT) in liver fibrosis [8].

The Rho-kinase is crucial in regulating cytoskeletal proteins and thus has a decisive effect on

activation, contraction and fibrogenesis in HSCs [9, 10]. The Rho family of small G proteins

comprises 20 members. RhoA, which is one of the small G proteins, is responsible for regulating

the actin cytoskeleton and for mechanical forces [11]. Activated by guanine exchange factors

(GEFs), RhoA activates Rho-kinase 2 (ROCK II) at the C-terminal coiled-coil domain [12]. The

Rho-associated coiled-coil-forming kinase (Rho-kinase, ROCK) is one the most widely studied

downstream effector kinases of the Rho-GTPase. Many substrates of ROCK are known, includ-

ing the myosin light chain (MLC) and other myosin family proteins, among others [13].

In HSCs, MLC is of major importance for cellular contraction, stress fiber formation, focal

adhesion and migration through ROCK.

The inhibition of ROCK has been shown to reduce both contraction and activation of

HSCs by lowering phosphorylation of MLC and decreasing the expression of α-smooth muscle

actin (αSMA), respectively [14–16]. ROCK inhibitors have also been shown to reduce fibro-

genesis in HSCs [17]. Similarly, Y-27632 has demonstrated the ability to reduce portal pressure

in vivo in cirrhotic rats thus making ROCK inhibitors a prime therapeutic target in the treat-

ment of chronic liver disease [18, 19].

The present study examines the effects of the ROCK inhibitor Y-33075 compared to Y-

27632 on activated HSCs, after their transdifferentiation with particular emphasis on contrac-

tion, proliferation and migration to provide clearer insights into the underlying mechanism of

action.

Materials and methods

FVB/NJ mice

All experiments were performed in accordance with the German animal protection law and

guidelines and were approved by the regional authority, the Hessian Animal Care and Use
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Committee (FK/2005). Mice were purchased by Charles River Laboratories Research Model

and Services Germany, Sulzfeld, Germany. Before liver perfusions, mice received ketamine/

xylazine anesthesia (100 mg ketamine/kg body wt and 10 mg xylazine/kg body wt) that was

injected intraperitoneally.

Isolation of murine hepatic stellate cells

HSCs from healthy male FVB/NJ mice were isolated as previously described [20]. In short, a

two-step protocol consisting of sequential in-situ pronase E (Merck, Darmstadt, Germany)

and collagenase D (Roche, Mannheim, Germany) perfusion of livers was performed followed

by density gradient fractioning of the obtained cell suspensions using Nycodenz (AXIS-

SHIELD, Norway). In order to ensure activation and transdifferentiation, primary HSC were

seeded in uncoated plastic culture dishes [21] in Dulbecco’s Modified Eagle Medium (DMEM

(1x) (Gibco, ThermoFisher Scientific, Darmstadt, Germany)) supplemented with 20% fetal

calf serum (FCS, Gibco, ThermoFisher Scientific, Darmstadt, Germany), 2% L-Glutamine

(200nM) (Gibco, ThermoFisher Scientific, Darmstadt, Germany) and 1% Penicillin-Strepto-

mycin (10000U/mL) (Gibco, ThermoFisher Scientific, Darmstadt, Germany), which was

renewed every 48-72h. Cells were cultured for at least 7 days before experiments were per-

formed. For the human derived TWNT-4 cell line, (kindly provided by Berres ML), DMEM 1x

medium supplemented with 10% FCS, 2% L-Glutamine and 1% Penicillin-Streptomycin

(10000U/mL) was used.

Incubation of primary mouse HSCs, as well as human derived HSCs

(TWNT-4) with the ROCK inhibitors Y-27632 and Y-33075

For these experiments Y-27632 dihydrochloride (Tocris, Wiesbaden, Germany) or Y-33075

(MedChemExpress, BIOZOL, Eching, Germany) was dissolved in PBS to create a stock solu-

tion at a concentration of 100mM. Cells were starved with medium containing DMEM 1x, 0%

FCS, 2% L-Glutamine and 1% Penicillin-Streptomycin (10000U/mL) for 24 hours prior to

incubation. The stock solution was further diluted in DMEM 1x medium augmented with

10% FCS for TWNT-4 or 20% FCS for FVB/NJ cells as well as 2% L-Glutamine and 1% Peni-

cillin-Streptomycin to a final concentration of 10nM, 100nM, 1μM or 10μM and subsequently

added to the starved cells for 24 hours. The same medium with PBS instead of the inhibitors

was used to provide (no-inhibitor) controls.

HSCs contraction assay

2.5 x 104 primary HSCs or TWNT-4 cells were allowed to adhere to hydrated collagen gels to

measure their contraction, as described previously [20]. The cells were treated with Y-27632,

Y-33075 or PBS as a control. Pictures were taken at 0, 24, 48 and 72h, total gel area was calcu-

lated using ImageJ (version 1.51q, NIH, USA) and compared to the controls.

Wound healing assay

Cell migration was assessed using a wound healing assay as described previously [22]. Briefly,

cells were cultured in a 6-well plate until fully confluent. Cells were starved using a solution of

DMEM 1x medium supplemented with 0% FCS, 2% L-Glutamine and 1% Penicillin-Strepto-

mycin (10000U/mL) for 24 hours. Using a 10μL pipette tip a scratch was lined through the cell

layer and pictures were taken at 0h, 4h, 8h and 24h with the microscope (AxioVert 200M,

Zeiss, Heidelberg, Germany). The width of the scratch was measured with the ImageJ software

(version 1.51q, NIH, USA) and compared to the initial picture.
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5’-Bromo-2’-Deoxyuridine (BrdU) proliferation assay

Proliferation in HSCs was measured using the colorimetric BrdU ELISA kit (Roche, Mann-

heim, Germany) in accordance with the manufacturers’ specifications. In short, cells were

seeded at a density of 6 × 105 cells/ml in a 96-well plate and incubated with Y-27632 or Y-

33075 for 24h. HSC were labelled with 10 μM BrdU for 2 hours and its incorporation was mea-

sured according to the guidelines.

Quantitative Real-Time PCR (RT-PCR)

TRIzol-based RNA extraction [23] was performed on HSCs after 24 hours of incubation with

Y-27632 or Y-33075. RNA concentration was measured and reverse transcription of total

RNA was performed as previously described [24]. The TaqMan assays used were provided by

Applied Biosystems (Foster City, USA). 18S rRNA served as endogenous control. Results were

expressed as 2−ΔΔCT, which corresponds to the x-fold increase of gene expression of the refer-

ence group. List of validated TaqMan1 gene expression assays: Col1a1 (Hs00164004_m1),

Pcna (Hs00427214_g1) and Tgfβ (Hs00998133-m1).

α-SMA, phospho-Moesin and Col1a1 western blotting

Samples (30μg of protein/lane) were subjected to sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE; 10% gel) and proteins were blotted on nitrocellulose membranes.

Ponceau-S staining ensured equal protein loading. The membranes were blocked with 5% milk/

TBST, incubated with primary antibodies and corresponding peroxidase coupled secondary

antibodies (S1 Table) (Calbiochem, San Diego, CA). Glyceraldehyde-3-phosphate dehydroge-

nase (GAPDH) served as an endogenous loading control. Blots were developed with enhanced

chemiluminescence (ECL, Amersham, UK). Intensities of the detected bands were quantified,

and results were corrected for GAPDH levels using ImageJ (version 1.51q, NIH, USA).

Phopho-MLC and MLC western blotting

TWNT-4 cells (approximately 2�105 cells per well) were seeded in a 12-wells tissue culture

plate (Nunclon™ Delta Surface, Thermo Fisher Scientific, Bleiswijk, the Netherlands) and incu-

bated with PBS or with different concentrations of Y-27632 or Y-33075. After 24 hours, cell

lysates were prepared by resuspending the cells in 50 μl 1x Laemmli protein sample buffer with

DTT. Next, the lysates were boiled for 10 minutes at 100˚C, loaded on a 8–12% (w/v) PAGE

gel (Bio-rad, Veenendaal, the Netherlands) and blotted onto a PVDF membrane (Roche,

Mannheim, Germany). The blots were blocked with 1% BSA-TBS and thereafter stained over-

night for phosphorylated MLC using a rabbit polyclonal antibody or for MLC using a rabbit

polyclonal antibody followed by a 1 hour incubation with IRDye800-conjugated goat-anti-rab-

bit secondary antibody (LI-COR Biosciences, Lincoln, NE, USA). As a loading control, the

blots were also stained for tubulin using a monoclonal mouse-anti-tubulin antibody followed

by a 1 hour incubation with an IRDye680-conjugated goat-anti-mouse secondary antibody

(LI-COR Biosciences, Lincoln, NE, USA). Fluorescent signal was detected using the Odyssey

near-infrared scanner (LI-COR Biosciences, Lincoln, NE, USA).

Statistical analysis

Statistical analyses of data were performed using Prism V.5.0 (GraphPad, San Diego, CA).

Data were expressed as mean ± standard error of the mean (SEM). Comparisons between

groups were done by non-parametric Mann–Whitney U t-tests. P<0.05 was considered as sta-

tistically significant.
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Results

ROCK inhibitors reduce contraction in both human and murine HSCs

In order to reduce contraction in TWNT-4 cells as well as in primary FVB/NJ mouse HSCs,

ROCK inhibitors were used. These ROCK inhibitors inhibit the contractile GPCR Pathway of

RhoA and ROCK. Both ROCK inhibitors act on both ROCK I and II (Fig 1A). The molecular

structure of the used ROCK inhibitors, Y-27632 and Y-33075, are analogous of one another

(Fig 1B).

To analyze the effect of the ROCK inhibitors Y-27632 and Y-33075 on contraction, human

TWNT-4 cells were plated to adhere to collagen gels before being treated with different con-

centrations of Y-33075 or Y-27632 (100nM, 1μM, 10μM) for 24h.

Contraction of TWNT-4 cells was significantly reduced with both inhibitors in a dose

dependent manner. The ROCK inhibitor Y-33075 significantly inhibited contraction of

TWNT-4 cells at concentrations ranging from 100nM to 10μM. Y-27632 inhibited contraction

only at the higher concentrations of 1μM and 10μM. Thus, with respect to contraction, Y-

33075 showed at least a 10-fold higher potency in TWNT-4 cells than Y-27632 (Fig 1C and

1D).

Primary mouse HSCs isolated from FVB/NJ mice were cultured in uncoated plastic culture

dishes for 7 days to ensure activation and transdifferentiation before use in the contraction

assay. Similarly to TWNT-4 cells, in FVB/NJ HSCs, Y-33075 decreased the contraction at con-

centrations of 1μM and 10μM. Further, we observed a tendency towards reduction at a con-

centration of 100nM. Y-27632 also significantly reduced contraction of FVB/NJ HSCs at a

concentrations of 1μM and above (Fig 1E and 1F).

Moreover, we analyzed the phosphorylation levels of myosin light chain (p-MLC) as they

are of major importance in ROCK mediated cellular contraction in HSCs. At concentrations

as low as 10nM of Y-33075 a reduction in p-MLC was observed and at higher Y-33075 concen-

trations this reduction of p-MLC became even more apparent. Treatment with Y-27632 simi-

larly decreased phosphorylation of MLC starting at a concentration of 100 nM and thus

proving a higher drug concentration of Y-27632 necessary to obtain a similar effect to Y-33075

(Fig 1G and 1H).

To determine whether the effect observed on contraction was associated with the inhibition

of the Rho-kinase and subsequently less collagen expression, we examined the protein levels of

the phosphorylated ROCK substrate Moesin and collagen 1a1. Therefore, TWNT-4 and FVB/

NJ HSCs were incubated with both ROCK inhibitors for 24 hours before being snap frozen,

processed and analyzed. Both ROCK inhibitors, Y-27632 and Y-33075, reduced Moesin phos-

phorylation and protein expression of collagen 1a1 in human and murine HSCs (Fig 2A–2H).

In TWNT-4 cells the collagen 1a1 expression was reduced by Y-33075 at all concentrations,

whereas Y-27632 significantly decreased collagen 1a1 expression only at the highest concentra-

tion of 10 μM (Fig 2A and 2B). This result was confirmed by the gene expression level of

Col1a1 detected by qRT-PCR in TWNT-4 cells. Again, both Rho-kinase inhibitors (Y-33075

and Y-27632) reduced Col1a1 gene expression at a concentration of 1 μM while Y-33075 also

displayed a significant reduction at a 10 μM concentration (Fig 2I). In primary isolated FVB/

NJ HSCs, the protein expression of the substrate p-Moesin showed a tendency towards reduc-

tion starting with the concentration of 1 μM for Y-33075 and a significant reduction at all con-

centrations of Y-27632 (Fig 2E–2H). Y-33075 reduced Col1a1 expression across all

concentrations in a dose dependent manner and p-Moesin showed a significant reduction at

the highest concentration (Fig 2E, 2F–2H). The ROCK inhibitor Y-27632 reduced the col1a1

protein expression starting with a concentration of 100 nM (Fig 2E and 2F). Likewise primary

murine FVB/NJ cells demonstrated a significant reduction in Col1a1 mRNA expression after
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Fig 1. Y-27632 and Y-33075 treatments reduce contraction in human TWNT-4 and primary murine HSCs. (A)

Schematic depiction of the RhoA-ROCK pathway including mechanism of action of the ROCK inhibitors Y-27632 and Y-

33075. (B) Chemical structure of ROCK inhibitors Y-27632 and Y33075. (C) Effect of Y-27632 and Y-33075 on collagen gel

contraction of activated human TWNT-4 cells (n = 3). (D) Representative images of the contraction assay in TWNT-4 cells

after incubation with the ROCK inhibitors for 24 hours. (E) Effect of Y-27632 and Y-33075 on collagen gel contraction of

culture-activated primary murine FVB/NJ cells (n = 3). (F) Representative images of gel contraction in FVB/NJ cells 24

hours after treatment with the ROCK inhibitors. (G) Protein expression levels of phospho-MLC and MLC in TWNT-4

after 24 hour incubation with the ROCK inhibitors. (H) Ratio of phospho-MLC to MLC in TWNT-4 cell lysates after

treatment with ROCK inhibitors for 24 hours (n = 2). Results are expressed as the mean ± standard error of the mean

(SEM); �p<0.05, ��p<0.01 and ���p<0.001.

https://doi.org/10.1371/journal.pone.0270288.g001

PLOS ONE Effect of Rho-kinase inhibitors in hepatic stellate cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0270288 January 31, 2023 6 / 15

https://doi.org/10.1371/journal.pone.0270288.g001
https://doi.org/10.1371/journal.pone.0270288


treatment with 1 μM Y-33075 whereas all concentrations of Y-27632 (100 nM, 1 μM, 10 μM)

showed a significant decrease (Fig 2J).

The gene expression of Tgfβ, as a marker for HSC activation, showed only a tendency

towards reduction after treatment of TWNT-4 cells with Y-33075 or Y-27632 (Fig 2I). How-

ever, in primary murine FVB/NJ cells this effect was far more pronounced with concentrations

of 1 μM and 10 μM of Y-33075 as well as all concentrations of Y-27632 (100 nM, 1 μM, 10 μM)

displaying a drastic reduction in Tgfβ mRNA expression (Fig 2J).

Fig 2. Y-27632 and Y-33075 treatments reduce fibrosis in human TWNT-4 and primary mouse HSCs. (A)

Western blots of Col1a1, p-Moesin, Moesin and GAPDH using TWNT-4 cell lysates after 24 hour incubation with the

ROCK inhibitors. (B) Quantification of protein expression of Col1a1 after treatment of TWNT-4 cells with ROCK

inhibitors for 24 hours (n = 3). (C) Quantification of protein expression of Moesin after treatment of TWNT-4 cells

with ROCK inhibitors for 24 hours (n = 3). (D) Quantification of protein expression of pMoesin after treatment of

TWNT-4 cells with ROCK inhibitors for 24 hours (n = 3). (E) Western Blots of Col1a1, p-Moesin, Moesin and

GAPDH using cell lysates of primary FVB/NJ cells after incubation with ROCK inhibitors for 24 hours. (F).

Quantification of protein expression of Col1a1 after treatment of FVB/NJ cells with ROCK inhibitors for 24 hours

(n = 3). (G) Quantification of protein expression of Moesin after treatment of FVB/NJ cells with ROCK inhibitors for

24 hours (n = 3). (H) Quantification of protein expression of p-Moesin after treatment of FVB/NJ cells with ROCK

inhibitors for 24 hours (n = 3). (I) TWNT-4 mRNA expression levels of the pro-fibrotic marker Col1a1 and Tgfβ
(corrected to 18s as a housekeeping gene) after 24h incubation with ROCK inhibitors Y-27632 and Y-33075 (n = 3). (J)

FVB/NJ mRNA expression levels of the pro-fibrotic marker Col1a1 and Tgfβ (corrected to 18s as a housekeeping gene)

after 24h incubation with ROCK inhibitors Y-27632 and Y-33075 (n = 3). Results are expressed as the mean ± standard

error of the mean (SEM); �p<0.05, ��p<0.01 and ���p<0.001.

https://doi.org/10.1371/journal.pone.0270288.g002
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ROCK inhibitors increase migration in primary mouse HSCs

To evaluate functional effects of Y-33075 and Y-27632 on HSCs, a wound healing assay was

performed in the presence or absence of Y-33075 or Y-27632 (100 nM, 1 μM, 10 μM). Remark-

ably, migration was increased after Y-33075 incubation (1 μM) at 4, 8 and 24h in TWNT-4

cells. On the other hand, the concentration of 10 μM Y-33075 decreased TWNT-4 migration

after 24h significantly. The Rho-kinase inhibitor Y-27632 (10 μM) also increased the migration

of TWNT-4 cells after 4 and 8h of incubation. Furthermore, the migration of primary mouse

FVB/NJ HSCs was increased by 100 nM, 1 μM and 10 μM Y-33075 after 4 and 8h of incubation

(Fig 3A and 3B). Incubation of 24h with Y-33075 (1 μM and 10 μM) also increased FVB/NJ

HSCs migration significantly. There was no significant effect of Y-27632 on FVB/NJ HSCs

migration observed after 4h of incubation. However, 1 μM and 10 μM of Y-27632 significantly

Fig 3. Y-27632 and Y-33075 treatments increase migration in human TWNT-4 and primary murine HSCs. (A)

Effect of ROCK inhibitors Y-27632 and Y-33075 on wound closure in activated human TWNT-4 cells measured at 4, 8

and 24 hours (n = 3). (B) Representative images of the wound healing assay in TWNT-4 cells at 4, 8 and 24 hours after

treatment with the ROCK inhibitors. The scale bars apply for all images and the length represents 200μm. (C) Effect of

ROCK inhibitors Y-27632 and Y-33075 on wound closure in primary culture-activated FVB/NJ cells measured at 4, 8

and 24 hours (n = 3). (D) Representative images of the wound healing assay taken 4, 8 and 24 hours after treatment of

FVB/NJ cells with ROCK inhibitors (scale bars, 200μm). Results are expressed as the mean ± standard error of the mean

(SEM); �p<0.05, ��p<0.01 and ���p<0.001.

https://doi.org/10.1371/journal.pone.0270288.g003
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increased the FVB/NJ HSCs migration after 8h. The Y-27632 concentrations of 100 nM and

10 μM significantly increased FVB/NJ HSCs migration after 24h compared to untreated FVB/

NJ HSCs (Fig 3C and 3D).

However, in the scratch assay an increase in gap closure rate as seen in our experiments can

not only be caused by an increase in migration, but potentially also by an increase in prolifera-

tion. Therefore, a BrdU-Assay was performed to investigate the effect of Y-33075 and Y-27632

on TWNT-4 and FVB/NJ HSCs proliferation as an underlying cause for the increase in wound

healing.

ROCK inhibitors decrease proliferation in both human and murine HSCs

Using a BrdU-Assay, the effect of the ROCK inhibitors on proliferation in human and murine

HSCs was investigated. The ROCK inhibitor Y-33075 significantly decreased the proliferation

of TWNT-4 HSCs at concentrations of 100 nM, 1 μM and 10 μM (Fig 4A), while Y-27632 sig-

nificantly decreased the proliferation of TWNT-4 cells at concentration of 1 μM and above.

These findings were further confirmed by analyzing PCNA mRNA expression levels which

only demonstrated the tendency towards decrease at these concentrations (Fig 4B). In murine

FVB/NJ HSCs both Rho-kinase inhibitors reduced proliferation at all concentrations (100 nM,

1 μM, 10 μM) as shown by a decreased BrdU content (Fig 4C). These results were further sub-

stantiated by the significant reduction of Pcna mRNA expression after treatment of FVB/NJ

cells with either of the ROCK inhibitors at concentrations of 100 nM, 1 μM and 10 μM

(Fig 4D).

ROCK inhibitors reduce the activation of HSC

Both, Y-33075 and Y-27632, decreased the protein expression of αSMA, a marker for the acti-

vation and transdifferentiation of HSCs to myofibroblastic cells. The Western Blots showed a

tendency towards reduction of the αSMA expression in TWNT-4 cells by both Y-33075 and

Y-27632 at a concentration of 1 μM and a significant decrease at a 10 μM concentration (Fig

4E and 4F). On the other hand, only 10 μM of the inhibitor Y-33075 decreased αSMA expres-

sion in murine FVB/NJ HSCs. Y-27632 displayed a significant decrease across all concentra-

tions in αSMA protein expression was found in FVB/NJ HSCs (Fig 4G and 4H).

Discussion

The present study examined the effects of the ROCK inhibitors Y-27632 and Y-33075 on fully

activated and transdifferentiated myofibroblastic HSCs of both murine and human origin. We

could confirm that both inhibitors significantly reduced contraction and fibrogenesis in pri-

mary mouse HSC, as well as the human TWNT-4 cell line. These results are in line with previ-

ous publications where authors demonstrated that inhibition of the Rho-kinase showed

beneficial effects in reducing the formation of fibrosis in vitro and portal hypertension in vivo
[25–27].

Furthermore, our study allowed a direct comparison between both ROCK inhibitors at a

range of concentrations, thus giving valuable insight into their efficacy. We confirmed that Y-

33075 is approximately 10-fold more potent than Y-27632 which is consistent with previous

findings in different cell types [28]. Due to the fact, that ROCK inhibition also plays a role in

macrophage function, we focused in this study on in vitro experiments with solely HSCs [29].

Therefore, our in vitro data highlight the exact role of ROCK inhibition in HSC without other

cellular influences, which of course has the limitation of neglecting cell-cell interactions.

Previously it was shown, that after stimulation with PDGF or ET-1, inhibition of Rho-

kinase with Y-27632 inhibited migration in primary rat HSCs [26, 30]. By contrast, in our
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Fig 4. Y-27632 and Y-33075 treatments decrease proliferation in human TWNT-4 and primary mouse HSCs. (A)

Colorimetric BrdU evaluation of proliferation levels in TWNT-4 cells after 24h treatment with ROCK inhibitors

(n = 3). (B) mRNA expression of Pcna as a marker for proliferation in TWNT-4 cells (corrected against 18s as a

housekeeping gene) after 24 hour treatment with ROCK inhibitors. (C) Effect of 24 hour ROCK inhibitor treatments

on proliferation in murine FVB/NJ cells assessed by colorimetric BrdU-Assay (n = 3). (D) mRNA expression of Pcna
as a marker for proliferation in FVB/NJ cell lysates (corrected against 18s as a housekeeping gene) after 24 hour

treatment with ROCK inhibitors (n = 3). (E) Protein expression of α-SMA as a marker for the activation of HSCs using

cell lysates of human TWNT-4 cells after 24 hour treatment with Y-27632 and Y-33075. (F) Quantification of α-SMA

protein expression after treatment of TWNT-4 cells with ROCK inhibitors for 24 hours (n = 3). (G) α-SMA protein
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wound-healing assay treatment with the ROCK inhibitors Y-27632, as well as Y-33075

increased migration in FVB/NJ cells after 4h, 8h and 24h. Given these conflicting results, the

role of ROCK inhibition in the behavior of HSCs in liver fibrosis appears more diverse than

previously assumed. Thus, it would be an important approach to examine migration in in vivo
activated HSCs. However, we speculate that also in vivo activated HSC would react in the same

manner as our investigated cells. The scope of this study is to inhibit both isoforms of ROCK,

ROCK1 and ROCK2. While ROCK1 promotes the formation of stress fibres and focal adhe-

sions, ROCK2 is known to inhibit the actin polymerization and thus migration. Therefore the

specific inhibition of only ROCK1 or ROCK2 in HSC remains to be elucidated. However, both

isoforms contribute to the profibrotic phenotype of HSC, thus we used non specific ROCK

inhibitors.

A similar ambivalence towards migration after treatment with ROCK inhibitors has been

described in previous studies of other cell types most notably cancer cells. Here extensive

research has displayed both, a decrease in motility for example in ovarian, breast and lung can-

cer cells [31–33], as well as an increase in some cancer types such as skin, colon and breast car-

cinoma cells [34–37]. However, the pro-migratory effects of ROCK inhibition is not limited to

cancer cells but also exhibited in a multitude of non-neoplastic cell types e.g. microglial, retinal

pigment epithelial or human periodontal ligament stem cells [38–40].

This myriad of conflicting results further illustrates the exceptionally complex role ROCK

plays in the regulation of cell motility.

In light of these ambiguities, a closer look at the role of the isoforms ROCK1 and ROCK2 is

warranted. Historically it has been assumed that both isoforms play a similar role in cell func-

tions. However, more recently several important type-dependent discrepancies in their effects

on cytoskeleton modulation, cell morphology, adhesion and invadopedia have been described

[41]. For instance ROCK1 knock down (KD) cells showed a reduction in focal adhesion and

migration, while ROCK2 KD cells did not display this phenotype [42]. Similar results were

exhibited in glioblastoma cells where ROCK2 KD increased migration by increasing phos-

phorylation of Cdc42/Rac which regulates actin polymerization and thus plays a central role in

cell migration [43]. It follows that the effects of ROCK inhibition on cell motility could be

determined by which ROCK isoform a pan-ROCK inhibitor such as Y-27632 and Y-33075

predominately inhibits and thus be cardinally linked to the current expression pattern of the

cell in question.

Alternatively the increase in wound healing after Y-27632 treatment has previously been

ascribed to an increase in cell spreading by means of exorbitant cell protrusion rather than an

increase in directed migration [44] and this hypothesis likewise deserves additional

investigation.

However, this study has its limitations, since we focused on the inhibition of both ROCK

isoforms. Thus the role of the specific ROCK isoforms on HSC migration may be investigated

in future studies. Y-27632 and Y-33075 also have off-target effects which need to be taken into

account. However, it has been shown, that the affinity of those ROCK inhibitors is 200–2000

times to ROCK over other kinases and the concentrations used in this study are too low to

induce off-target effects.

In the context of fibrogenesis, both Rho-kinase inhibitors decreased col1a1 and aSMA pro-

tein and gene expression in human and murine HSCs. Therefore, both Rho-kinase inhibitors

expression in murine FVB/NJ cell lysates as a marker for activation in HSCs after 24 hour treatment with ROCK

inhibitors. (H) Quantification of α-SMA protein expression after treatment of TWNT-4 cells with ROCK inhibitors for

24 hours (n = 3). Results are expressed as the mean ± standard error of the mean (SEM); �p<0.05, ��p<0.01 and
���p<0.001.

https://doi.org/10.1371/journal.pone.0270288.g004
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reduce the fibrogenic phenotype of the investigated HSCs. Moreover, considering the decrease

in hepatic resistance demonstrated in cirrhotic bile duct ligated (BDL) rats [45] after ROCK

inhibition with Y-27632, it is yet unclear whether the increased motility of HSCs may lead to

migration out of the fibrotic septa and thus reduce the formation of fibrosis.

Our in vitro data may deliver novel insights of the role of ROCK inhibition in liver fibrosis.

We hypothesize that the increase in migration of non-fibrogenic HSCs is potentially beneficial

in liver fibrosis and as such that ROCK inhibition is a suitable approach for treatment.
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