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Abstract
AIM: To identify and characterize the function of non-
mu-scle myosin Ⅱ (NMM Ⅱ) isoforms in primary rat 
hepatic stellate cells (HSCs).

METHODS: Primary HSCs were isolated from male 
Spra-gue-Dawley rats by pronase/collagenase digestion. 
Total RNA and protein were harvested from quiescent 
and culture-activated HSCs. NMM Ⅱ isoform (Ⅱ-A, Ⅱ-B 
and Ⅱ-C) gene and protein expression were measured 
by RealTime polymerase chain reaction and Western 
blot analyses respectively. NMM Ⅱ protein localization 
was visualized in vitro  using immunocytochemical analy-
sis. For in vivo  assessment, liver tissue was harvested 
from bile duct-ligated (BDL) rats and NMM Ⅱisoform 
expression determined by immunohistochemistry. Us-
ing a selective myosin Ⅱ inhibitor and siRNA-mediated 
knockdown of each isoform, NMM Ⅱ functionality in 

primary rat HSCs was determined by contraction and 
migration assays.

RESULTS: NMM Ⅱ-A and Ⅱ-B mRNA expression was 
increased in culture-activated HSCs (Day 14) with sig-
nificant increases seen in all pair-wise comparisons (Ⅱ
-A: 12.67 ± 0.99 (quiescent) vs 17.36 ± 0.78 (Day 14), 
P  < 0.05; Ⅱ-B: 4.94 ± 0.62 (quiescent) vs  13.90 ±
0.85 (Day 14), P  < 0.001). Protein expression exhibited 
similar expression patterns (Ⅱ-A: 1.87 ± 2.50 (quies-
cent) vs  58.64 ± 8.76 (Day 14), P  < 0.05; Ⅱ-B: 1.17 ± 
1.93 (quiescent) vs 103.71 ± 21.73 (Day 14), P  < 0.05). 
No significant differences were observed in NMM Ⅱ-C 
mRNA and protein expression between quiescent and 
activated HSCs. In culture-activated HSCs, NMM Ⅱ-A 
and Ⅱ-B merged with F-actin at the cellular periphery 
and throughout cytoplasm respectively. In vitro  stud-
ies showed increased expression of NMM Ⅱ-B in HSCs 
activated by BDL compared to sham-operated animals. 
There were no apparent increases of NMM Ⅱ-A and Ⅱ
-C protein expression in HSCs during hepatic BDL injury. 
To determine the contribution of NMM Ⅱ-A and Ⅱ-B to 
migration and contraction, NMM Ⅱ-A and Ⅱ-B expres-
sion were downregulated with siRNA. NMM Ⅱ-A and/or 
Ⅱ-B siRNA inhibited HSC migration by approximately 
25% compared to scramble siRNA-treated cells. Con-
versely, siRNA-mediated NMM Ⅱ-A and Ⅱ-B inhibition 
had no significant effect on HSC contraction; however, 
contraction was inhibited with the myosin Ⅱ inhibitor, 
blebbistatin (38.7% ± 1.9%).

CONCLUSION: Increased expression of NMM Ⅱ-A and 
Ⅱ-B regulates HSC migration, while other myosin Ⅱ
classes likely modulate contraction, contributing to de-
velopment and severity of liver fibrosis. 
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INTRODUCTION
The progressive pathology of  hepatic fibrosis is charac­
terized by continual deposition and accumulation of  
type Ⅰ collagen heavily mediated by the hepatic stellate 
cell (HSC). HSCs are located in the perisinusodial space 
of  Disse between the hepatocytes and endothelial cells 
and comprise approximately 15% of  the normal liver[1]. 
These lipid rich, vitamin A storing cells produce collagen 
and other extracellular matrix (ECM) components for 
maintenance of  basement membrane and regulate hepatic 
microcirculation by modulating sinusoidal diameter[2-4]. In 
diseased liver, such as steatohepatitis, fibrosis, cirrhosis or 
hepatocellular carcinoma, damaging stimuli trigger trans­
differentiation of  quiescent HSCs to an activated, wound-
healing myofibroblast-like cell[5]. Activated HSCs prolifer­
ate vigorously, lose retinyl ester stores, increase expression 
of  cytoskeletal proteins such as α smooth muscle actin 
and secrete numerous ECM proteins including typeⅠ
collagen leading to disruption of  normal liver architecture 
impeding liver microcirculation[5]. 

In addition to altering the ECM, HSC hypercontra­
ctility contributes to increased resistance of  sinusoids ma-
nifesting in portal hypertension, characterized by both 
increased portal blood flow and intrahepatic vascular 
tone[6,7]. Autoregulation of  microcirculation is delicately ba­
lanced by vasomodulators, such as endothelin-1 (ET-1), a 
potent vasoconstrictor synthesized by endothelial cells and 
nitric oxide, a strong vasodilator[8,9], and activated HSCs 
have been shown to contract in response to ET-1[10,11]. 
Prior to matrix and microvasculature remodeling, chemo­
tactic factors released during injury stimulate HSC mig­
ration to damaged areas. Platelet-derived growth factor, 
one of  the most potent chemotactic molecules, also regu­
lates factors controlling focal adhesion formation, includ­
ing myosin regulatory light chain phosphorylation[12]. 

Myosin proteins act as molecular motors and contri­
bute to cellular contraction, cytokinesis and migration. 
Myosins bind actin filaments and generate force, using 
energy from ATP hydrolysis. Specifically, class Ⅱ myosins 

are associated with generation of  contractile forces[13]. In 
nonmuscle cells, three isoforms of  nonmuscle myosin Ⅱ 
(NMM Ⅱ-A, Ⅱ-B and Ⅱ-C) encoded by different genes 
have been identified and are expressed in multiple tis­
sues[14-16]. Distinct enzymatic properties of  each isoform 
confer specific functions and are important in modulating 
kinetic properties of  the cell[17].

HSC contraction and migration are necessary for the 
wound-healing process and influence both development 
and severity of  hepatic fibrosis. Recent studies examined 
the expression and functionality of  NMM Ⅱ proteins 
in mouse HSCs[18,19]. Inhibition of  myosin Ⅱ ATPase by 
blebbistatin, a cell-permeable pharmacological agent, al­
tered HSC morphology and reduced characteristic HSC 
contraction; however, NMM Ⅱ isoform specificity of  
blebbistatin is not well understood[20]. While studies have 
shown the pharmacological inhibitor blocks skeletal mus­
cle and NMM Ⅱ activity with minimal effects on smooth 
muscle myosin Ⅱ, others have shown that blebbistatin is 
specific to smooth muscle myosin Ⅱ[20-23]. Lack of  speci­
ficity associated with blebbistatin requires further inves­
tigation into the distinct roles of  NMM Ⅱ isoforms in 
the HSC. Furthermore, expression of  NMM Ⅱ isoforms 
in HSCs in vivo has not been investigated. In the present 
study we examined expression and functionality of  NMM 
Ⅱ isoforms in rat HSCs. 

MATERIALS AND METHODS
Materials
Reagents were purchased from Sigma Aldrich (St. Louis, 
MO) unless otherwise indicated. ET-1 was purchased 
from American Peptide (Sunnyvale, CA). TRIzol, Lipof­
ecatmine and Superscript Ⅱ kit were purchased from 
Invitrogen Corporation (Baltimore, MD). Blebbistatin 
was purchased from Calbiochem (San Diego, CA). Type
Ⅰcollagen was purchased from BD Biosciences (Franklin 
Lakes, NJ). Pronase and SYBR Green were purchased 
from Roche Molecular Biochemicals (Chicago, IL). Oligo-
nucleotide primers were designed using Primer3 (v0.4.0) 
and synthesized by Integrated DNA Technologies (Coral­
ville, IA). Monoclonal antibodies specific against NMMⅡ
-A and Ⅱ-B isoforms, GAPDH, and anti-rabbit (or goat)-
HRP secondary antibodies were obtained from Santa 
Cruz Biotechnology, Inc (Santa Cruz, CA). NMM Ⅱ-C 
antibody was a gift, kindly provided by Dr. Robert Adel­
stein. Monoclonal antibodies specific against α smooth 
muscle actin (αSMA) were purchased from Dako (Glos­
trup, Germany). Chamber slides were purchased from 
Lab-Tek (Rochester, NY). Secondary fluorescent antibod­
ies (AlexaFluro 488 anti-rabbit and 594 anti-mouse), rho­
damine phalloidin and DAPI were purchased from Mo­
lecular Probes (Eugene, OR). ECL reagent was purchased 
from Amersham Biosciences (Piscataway, NJ). siRNAs 
for NMM Ⅱ isoforms (Ⅱ-A and Ⅱ-B) were purchased 
from Ambion (Austin, TX). Optiprep was purchased from 
Axis-Shield (Oslo, Norway). 
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Animals 
Male Sprague-Dawley rats [250 g (bile duct-ligation (BDL) 
model); 500-650 g (primary cultures)] purchased from 
Charles River Laboratories (Raleigh, NC) were used in 
these studies. All experiments were approved by The 
University of  North Carolina at Charlotte Institutional 
Animal Care and Use Committee and performed in ac­
cordance with NIH guidelines.

HSC Isolation and culture 
Primary HSCs were isolated from animals following in situ 
liver perfusion-pronase/type Ⅰ collagenase digestion[24]. 
The liver was perfused with calcium free-buffered saline, 
pronase (0.035% b.w.) and collagenase (1 mg/mL) for 10 
min each. Digested liver suspension was centrifuged twice 
at 50 × r/min for 2 min. Nonparenchymal cells were re­
covered from the supernatant by centrifugation at 700 × 
r/min for 3 min. Density gradients were prepared in Opti­
prep 40% (v/v) solution. The gradient was centrifuged at 
700 × r/min for 17 min at 25°C. HSCs were recovered 
from the interface between the medium and density layer, 
washed and centrifuged at 700 × r/min for 5 min. Typical 
cell purity following isolation was ≥ 95% as determined 
by autofluorescence of  stored retinoid esters in HSCs. 
Cell viability was determined by Trypan blue exclusion 
staining. Cells were either used immediately (quiescent) or 
cultured on plastic using DMEM supplemented with 10% 
fetal bovine serum, L-glutamine (2 mmol/L) and antibiot­
ics (activated) as described previously[24]. Growth medium 
was changed on a daily basis for the first week in culture. 
Culturing HSCs on plastic is routinely used to mimic the 
in vivo activation process[25].

Surgical procedures 
Animals were randomized into two groups; sham and  
BDL and allowed to recover for two weeks. 

Sham: Surgical anesthesia was induced by isoflurane 
inha‑lation and a midline laparotomy performed and 
closed in two layers. 

BDL: Surgical anesthesia was induced by isoflurane inha­
lation and a midline laparotomy performed. The hepatic 
bile duct was exposed, double ligated, transected and the 
abdominal incision closed in two layers.

Post-operative care: In all experimental groups, animals 
received saline [0.9% (w/v)] resuscitation and bupre­
norphine (0.03 mg/kg, s.q.) immediately after each proce­
dure. Buprenorphine was administered for the duration of  
the experiment as determined by the in-house veterinar­
ian. The time points for data analysis were chosen as mild 
fibrosis ensued to identify specific changes in NMM Ⅱ 
isoform expression in the liver. 

Tissue collection: Two weeks after BDL, animals were 
sacrificed by exsanguination and the liver resected. Tis­
sue samples (100-200 mg) were fixed in formalin solution 

overnight and paraffin-embedded. 

mRNA analysis
Total RNA from quiescent and culture-activated HSCs 
was isolated using TRIzol, DNase treated, reverse transcri­
bed using Superscript Ⅱ following manufacturer’s recom­
mendations. RealTime PCR was run at 94oC 15 s; 58oC 25 s; 
72oC 20 s, read 5 s using primers specific against NMM Ⅱ
-A, Ⅱ-B and Ⅱ-C (Table 1). Reaction mixture consisted 
of  1 μL each of  cDNA, forward and reverse primers (5 
nmol), 2 μL DEPC water, and 5 μL of  SYBR Green Mas­
ter Mix. cDNA concentration was used as a reference to 
normalize samples since the expression of  housekeeping 
genes was modulated through days in culture[24]. Data were 
reported as cross-point, the point at which the detectable 
level of  SYBR green fluorescence was detected above the 
background. All experiments were performed a minimum 
of  three times. 

Protein analysis 
Western blot: Protein expression of  NMM Ⅱ isoforms 
during transdifferentiation of  quiescent (freshly isolated), 
Day 1 (early activation) and Day 14 (late activation) HSCs 
was determined by an actin-selection assay[26]. Briefly, 
HSCs were homogenized in lysis buffer (50 mmol/L 
Tris-HCl, 0.1 mmol/L EDTA, 1 mmol/L phenylmethyl-
sulfonyl fluoride, 2% (w/v) SDS, aprotinin and protease in­
hibitor cocktail). Sample lysates were equalized for protein 
concentration using the Bradford method and incubated 
with F-actin (10 mmol/L) for 30 min at 4oC. The protein 
complex was centrifuged at 320 000 × r/min for 30 min 
and the pellet suspended in Laemmli buffer. Immunoblot 
analysis was performed using 8% SDS-PAGE. Primary 
antibodies were diluted 1:500 (NMM Ⅱ-A, Ⅱ-B, or Ⅱ-C) 
and incubated at 4oC overnight. Secondary antibody (anti-
rabbit-HRP) was used at a dilution of  1:1000 and incubat­
ed for 1 h at room temperature. Rat-1 cell line was used as 
a positive control for NMM Ⅱ isoform detection. Protein 
expression of  NMM Ⅱ-A and Ⅱ-B siRNA inhibition was 
determined by standard Western blot analysis[27]. Briefly, 
HSCs were homogenized in lysis buffer, equalized for 
protein concentration using the Bradford method and 
immunoblot analysis performed using 8% SDS-PAGE. 
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Gene Sense Anti-sense Product length 
(bp)

rMyh9 5’ aga aaa ccg cat cac 
cat tc 

5’ tgt tct tca tca gcc 
act cg 

189

rMyh10 5’ ggc act gga gga act 
ctc tg 

5’ ctt ctt cca gca ggg 
ttg ag 

287

rMyh14 5’ gct gct caa gga cca 
tta cc 

5’ gta cca gct tgc 
cag aga gg 

275

Table 1  Intron-spanning primers for the amplification of 
NMM Ⅱ isoforms

Gene name: rMyh9: Rat nonmuscle myosin Ⅱ-A; rMyh10: Rat nonmuscle 
myosin Ⅱ-B, rMyh14: Rat nonmuscle myosin Ⅱ-C.
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Primary antibodies were diluted 1:500 (NMM Ⅱ-A or Ⅱ
-B) or 1:1000 (GAPDH) and incubated at 4oC overnight. 
Secondary antibody (anti-rabbit-HRP or anti-goat-HRP) 
was used at a dilution of  1:1000-1:5000 and incubated for 
1 h at room temperature. Signal intensity was analyzed 
using a digital camera and densitometric analysis program 
(Quantity One, Bio-Rad Laboratories, Inc).

Dual fluorescent immunostaining: The expression of  
NMM Ⅱ isoforms was evaluated by: (1) immunocyto­
chemistry (ICC) of  culture-activated HSCs (Day 14) 
incubated on chamber slides and (2) immunohistoche­
mistry (IHC) of  paraffin-embedded liver sections from 
normal and injured liver. For immunocytochemistry, 
slides were washed with PBS, blocked with 5% (v/v) nor­
mal goat serum, incubated overnight at 4oC using rabbit 
polyclonal NMM Ⅱ-A, Ⅱ-B and Ⅱ-C antibody (1:100). 
Samples were washed with PBS, incubated with second­
ary antibody (AlexaFluro 488: 1:500) for 1 h, followed by 
rhodamine phalloidin in-cubation for 15 min and finally 
with 4, 6-diamidino-2-phenylindole, dihydrochloride 
(DAPI) for 5 min. For immunohistochemistry, sections 
were de-paraffinized and hydrated in graded ethanol. 
Cross-linked proteins were exposed using heat-induced 
epitope retrieval and proteolytic enzyme digestion. Slides 
were washed, blocked [0.2% (v/v) NGS] and incubated 
overnight at 4oC using rabbit polyclonal NMM Ⅱ-A, Ⅱ
-B and Ⅱ-C antibody (1:500). In addition, mouse αSMA 
was used to detect activated HSCs. Slides were washed, 
incubated with fluorescent secondary antibodies (Alexa­
Fluro 488 and AlexaFluro 594: 1:1000) and developed 
with DAPI. To demonstrate specificity immunoreactions, 
negative controls (normal serum from the same species 
replaced the primary antibody) were included for all im­
munoreactions. Rat-1 cell line (ICC) and lung tissue (IHC) 
served as positive controls for NMM Ⅱ isoform detec­
tion (data not shown). For microscopic images, cells 
were visualized using the Olympus IX71 microscope 
(Olympus America, Inc). Images of  NMM Ⅱ isoforms, 
αSMA, F-actin and DAPI were taken separately at identi­
cal exposures and color channels merged using IMAGE-
PRO software (Media Cybernetics Inc).

siRNA-mediated inhibition
Freshly isolated HSCs were seeded at 2 × 106 cells on p60 
tissue culture dishes and transfected on Day 3 of  culture-
activation with siRNAs for NMM Ⅱ isoforms (Ⅱ-A and 
Ⅱ-B) using Lipofectamine reagent. In a 5 mL polystyrene 
tube, NMM Ⅱ isoform or scramble siRNAs (final con­
centration was 100 nmol/L) was incubated with 600 μL 
OptiMEM and vortexed. In a separate 5 mL tube, 20 μL 
Lipofectamine reagent was incubated with 600 μL Op­
tiMEM and vortexed. Solutions were combined, vortexed 
and incubated for 30 min at room temperature. Cells were 
washed and incubated with 1.5 mL OptiMEM. Cells were 
subsequently incubated with siRNA mixtures for 8 h. At 
the end of  the transfection period, fresh media (2.5 mL) 
was added to wells and incubated for 48 h prior to analysis 
of  mRNA and protein expression, contraction and migra­

tion analyses.

Preparation of collagen lattices 
Contraction of  HSCs was performed in a 24-well tis­
sue culture dish coated with collagen as described with 
minor modifications[8,9]. Hydrated collagen lattices were 
prepared using an 8:1:1 of  typeⅠcollagen: 0.2 mol/L 
HEPES: 10 × DMEM for final collagen concentration 
of  3.65 mg/mL. The mixture (300 μL) was aliquoted 
onto each well of  a 24-well plate and allowed to congeal 
overnight at 37°C. Cells were serum-starved 24 h prior to 
seeding onto the congealed collagen lattice (3 × 105 cells/
well). 

Contraction assay
Collagen lattices were prepared and culture-activated 
HSCs (Day 4) trypsinized and seeded onto the congealed 
collagen lattice and allowed to recover overnight. Collagen 
lattices were dislodged from wells with a 10 μL pipette tip. 
Cells were treated with ET-1( 1 nmol/L) to induce con­
traction. Images were captured with UVP BioSpectrum 
AC Imagining System at indicated time points and PTI 
ImageMaster software was used to measure changes in 
collagen diameter immediately following ET-1 treatment 
and 24 h later. The differences in collagen diameters 
were reported as percentage change in collagen lattice 
circumference, which is reflective of  ET-1-induced con­
traction. Assays were repeated using transfected HSCs to 
assess effects of  siRNA knockdown on ET-1-mediated 
contraction. 

Migration assay
A sterile pipette tip was dragged through the cell sheet, 
creating a cleared zone 48 h after transfection. Images 
were immediately taken of  the scrape in four locations per 
dish using the Olympus IX71 microscope. Twenty-four 
hours later, images were taken in the exact same locations. 
To assess the number of  migrating cells, the PTI Image­
Master software was used to measure changes in the dis­
tance traveled into the ‘damaged area’ (cleared zone).

Blebbistatin treatment
Collagen-seeded HSCs (Day 5) were pre-treated with in­
creasing doses (0-25 μmol/L; 5 μmol/L increments) of  
the active enantiomer (-)-blebbistatin (Blebbistatin/Bleb) 
or inactive enantiomer (+)-blebbistatin (Vehicle) for 30 
min. The collagen lattices were dislodged from the wells 
and incubated with ET-1 (1 nmol/L) to induce contrac­
tion. To assess HSC contraction, the PTI ImageMaster 
software was used to measure changes in the collagen di­
ameter over a 24 h incubation period.

Statistical analysis
Data are presented as mean ± SE. One-way ANOVA fol­
lowed by Student-Newman-Keuls post hoc test was used 
to assess differences between groups at different stages of  
activation using Sigma Stat software. Results were consid­
ered significant for P < 0.05.
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RESULTS
NMM Ⅱ  isoform expression 
Throughout the HSC transdifferentiation process nume­
rous qualitative and quantitative changes are associated 
with functional modifications that serve to accommodate 
normal or injured conditions. Our laboratory has recently 
demonstrated that HSC transdifferentiation from the quie­
scent to activated state results in significant morphological 
and gene expression changes[24]. Furthermore, significant 
alterations in the classic housekeeping genes are also pres­
ent in culture activation. In the present study, we normal­
ized gene expression in quiescent (freshly isolated), Day 
1 (early activation) and Day 14 (late activation) HSCs to 
total cDNA concentration. RealTime PCR was performed 
to quantify mRNA expression of  NMM Ⅱ-A and Ⅱ
-B isoforms (Figure 1A). Our results demonstrate that 
expression was increased during transdifferentiation with 
significant increases seen in all pair-wise comparisons. 

Interestingly, mRNA expression of  NMM Ⅱ-B increased 
2.8-fold over culture-activation, whereas Ⅱ-A expression 
only increased 1.4-fold. NMM Ⅱ-C mRNA expression 
was not significantly altered following culture-activation. 
To quantify NMM Ⅱ protein we utilized an actin-selec­
tion assay, which takes advantage of  the ability of  actin to 
bind myosin in the absence of  ATP[26]. Detectable levels 
of  NMM Ⅱ-B and Ⅱ-C isoform protein expression were 
insignificant in quiescent HSCs (Figure 1B). Protein con­
centrations were doubled to verify lack of  protein expres­
sion in quiescent HSCs since these results differed from 
mRNA expression; however, the intensities still remained 
negligible. Significant increases in protein expression were 
seen in Day 1 and Day 14 HSCs for both NMM Ⅱ-A and 
Ⅱ-B. NMM Ⅱ-C protein expression was also measured; 
however, significant levels of  expression were undetected. 

Cellular localization of NMM Ⅱ  isoforms
Peak mRNA and protein expression levels were measured 
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Figure 1  Relative mRNA and protein expression of nonmuscle myosin Ⅱ-A, Ⅱ-B and Ⅱ-C in hepatic stellate cells. A: mRNA expression of all isoforms was 
assessed in quiescent and culture-activated hepatic stellate cells (HSCs) (Day 1 and Day 14) by RealTime PCR. mRNA expression of all isoforms was normalized 
to total cDNA concentration. (aP < 0.05; bP < 0.001 as compared to quiescent). B: Protein expression of all three NMM Ⅱ isoforms was determined in quiescent 
and culture-activated HSCs (Day 1 and Day 14) by an actin-selection assay and subsequent Western blot analysis. Sample lysates were equalized for protein 
concentration using the bradford method and incubated with F-actin (10 mmol/L). (+ Ctrl; Rat-1 fibroblast cell line). Top panel: representative Western blots. Bottom 
panel: Western blot quantification using band intensity. (aP < 0.05 as compared to quiescent).　
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in fully activated HSCs that are present during wound-
healing; therefore, Day 14 cells were utilized for immu­
nocytochemistry (Figure 2). Culture-activated HSCs ex­
hibited characteristic stress fiber formation as detected by 
F-actin (rhodamine phalloidin) staining. All three NMM 
Ⅱ isoforms were detected in HSCs, which corresponded 
with mRNA and protein expression. Merged images re­
vealed a stronger focus (yellow fluorescence) of  NMM Ⅱ
-A and Ⅱ-B with F-actin compared to Ⅱ-C. Additionally, 
NMM Ⅱ-A localization with F-actin showed a stronger 
intensity at the cell periphery, while Ⅱ-B was predomi­
nantly located throughout the cytoplasm. 

NMM Ⅱ  isoform expression in normal vs fibrotic liver
Increased isoform expression was seen in activated HSCs, 
the main effector cells in hepatic fibrosis. To confirm 
this observation in vivo, a BDL model of  liver injury was 

utilized. BDL-induced fibrosis typically generates lesions 
surrounding bile duct epithelium and stimulates cholan­
giocyte proliferation, resulting in hepatic inflammation 
and injury[28]. HSCs respond to BDL-induced injury and 
transdifferentiate into activated myofibroblast-like cells, 
characterized by αSMA expression. NMM Ⅱ-A and Ⅱ-B 
protein expression was minimally detected in normal liver 
tissue, while BDL liver tissue showed up-regulation of  all 
three NMM Ⅱ isoforms (green fluorescence), correlating 
with in vitro data. αSMA (red fluorescence) expression was 
observed in BDL-injured tissue (Figure 3) and, interest­
ingly, NMM Ⅱ-B was the only isoform found to merge 
(yellow fluorescence) with activated HSCs in BDL liver 
tissue. 

Inhibition of NMM Ⅱ  isoforms
siRNA-mediated inhibition was utilized to perform spe­
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Figure 2  Immunocytochemical analysis of nonmuscle myosin Ⅱ-A, Ⅱ-B and Ⅱ-C in hepatic stellate cells. Expression of all three isoforms was detected in 
culture-activated cells (Day 14). Specific Ⅱ immunoreactivity of representative fields is shown in green; F-actin stress fibers (phalloidin) are shown in red and cell nuclei 
are stained blue (DAPI). Images of Ⅱ isoforms, F-actin, and DAPI were taken separately at identical exposures and color channels were merged using IMAGE-PRO 
software (350 ×). 
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Figure 3  Immunohistochemical analysis of nonmuscle myosin Ⅱ-A, Ⅱ-B and Ⅱ-C in normal and injured liver sections. Specific nonmuscle myosin (NMM) Ⅱ 
immunoreactivity of representative fields is shown in green; αactin smooth muscle, as a marker of hepatic stellate cell activation is shown in red and cell nuclei are stained blue 
(DAPI). Images of NMM Ⅱ isoforms, F-actin, and DAPI were taken separately at identical exposures and color channels were merged using IMAGE-PRO software (200 ×). 

cific knockdowns of  NMM Ⅱ-A and Ⅱ-B in primary 
activated HSCs given that Ⅱ-C mRNA and protein 
expression was not significantly altered during trans­
differentiation (Figure 3). Cells were transfected with the 
appropriate siRNA (100 nmol/L). RealTime PCR con­
firmed successful inhibition of  NMM Ⅱ-A (60% reduc­
tion compared to scramble) (Figure 4A) and Ⅱ-B (56% 
reduction compared to scramble) (Figure 4B). Similarly, 
transfections with NMM Ⅱ-A or Ⅱ-B resulted in reduced 
protein expression, 52% and 49% respectively (Figure 
4C and 4D). Additionally, siRNA inhibition specificity 
was shown as indicated by no reduction in NMM Ⅱ-A 
expression when transfected with Ⅱ-B siRNA alone (Fig­
ure 4A). Parallel experiments also demonstrated specific 
knockdown of  NMM Ⅱ-B (Figure 4B). 

Effect of NMM Ⅱ  isoform inhibition on HSC migration and 
contraction
To determine functional contributions of  NMM Ⅱ iso­
forms in the HSC, culture-activated cells (Day 5) were 
treated with scramble, Ⅱ-A, Ⅱ-B or Ⅱ-A and Ⅱ-B siR­

NAs. Using a plate scrape model of  injury-induced mig­
ration, location-specific images were taken prior to and 
24 h following damage and gap distance was marked and 
measured. As compared to the scramble siRNA, all iso­
form permutations displayed impaired migratory proper­
ties (Figure 5). Quantitative analysis of  the change in gap 
distance revealed significant decreases with both siRNA 
treatments indicating importance of  these molecular mo­
tors in HSC migration (bottom panel). 

To further investigate additional known functions of  
NMM Ⅱ-A and Ⅱ-B, HSCs were transfected with spe­
cific siRNAs and subsequently treated with ET-1 for 24 
h to induce contraction on collagen lattices. The effect of  
isoform inhibition was determined by changes in gel cir­
cumference after 24 h as compared to scramble control. 
Results indicated that siRNA-mediated knockdown did 
not result in inhibition of  ET-1-induced contraction (Fig­
ure 6). Several adjustments to the contraction assay were 
made to validate results. siRNA concentration and incuba­
tion period were changed, in addition to altering matrix 
stiffness; however, these modifications also demonstrated 

Sham liver tissue
NMM Ⅱ isform/DAPI

BDL-injured liver tissue

NMM Ⅱ isoform/DAPI NMM Ⅱ isoform/α SMA

Ⅱ
-A

Ⅱ
-B

Ⅱ
-C
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induced hypercontraction and as expected, blebbistatin 
pretreatment abolished the aforementioned effect in a 
dose dependent manner (black bars), while vehicle pre­
treatment permitted ET-1-induced contraction (grey bars). 
Quantitative analysis revealed that 5 μmol/L blebbistatin  
treatment significantly reduced HSC contraction, as did 
higher doses of  the pharmacological inhibitor. Consis­
tent with previous findings, micrograph images of  HSCs 
seeded onto collagen lattice exhibited a contractile star-like 
shape (Figure 7B). In response to ET-1 stimulus, myosin 
Ⅱ activation resulted in HSC elongation along the cellular 
axis as previous described[18,30], while chemical inhibition 
of  myosin Ⅱ activation restored original cellular shape. 

DISCUSSION
Chronic injury and unresolved fibrosis perpetuates HSC 
activation and further promotes the deleterious clinical 
effects of  portal hypertension, which is associated with 
both increased portal blood flow and augmented intrahe­
patic vascular resistance[6,7]. In characterizing the expres­
sion profile of  specific NMM Ⅱ isoforms during differ­
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that specific inhibition of  NMM Ⅱ isoforms does not 
alter rat HSC contraction capabilities.

Chemical inhibition of NMM Ⅱ  isoforms 
Studies conducted utilizing culture-activated HSCs (Day 
10) demonstrated myosin Ⅱ chemical inhibition signi­
ficantly attenuated ET-1-induced HSC contraction[18]. 
However, our studies demonstrated that gene isoform inhi­
bition by siRNA revealed no effect on contractile proper-
ties/function. Therefore, to determine possible contribu­
tions of  other myosin Ⅱ family members, we used the 
chemical inhibitor, blebbistatin, in our studies. Day 5 
HSCs are most responsive to ET-1-induced contraction[29]; 
therefore, Day 5 HSCs were pre-treated with increasing 
doses of  blebbistatin (0-25 μmol/L) prior to ET-1 (1 
nmol/L) treatment (Figure 7A). Twenty-four hours fol­
lowing chemical treatment, collagen lattice was imaged (top 
panel) and differences in collagen lattice diameter report­
ed as percentage change in gel circumference (bottom 
panel). Consistent with previous findings, HSCs exerted a 
contractile force, which resulted in a 22 ± 3% decrease in 
collagen lattice circumference (white bar). ET-1 treatment 

Figure 4  Nonmuscle myosin Ⅱ isoform inhibition. A and B: Culture-activated hepatic stellate cells (Day 3) were incubated with nonmuscle myosin Ⅱ-A or Ⅱ-B, Ⅱ-A 
& Ⅱ-B, or scramble siRNA (100 nmol/L) for 48 h. RealTime PCR determined isoform-specific inhibition of each isoform as normalized to total cDNA concentration 
and compared to scramble control. C and D: In parallel experiments cell lysates were isolated and protein inhibition determined by western blot analysis. Protein 
expression was normalized to GAPDH and compared to scramble control (aP < 0.05 as compared to scramble).
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Figure 5  Effect of nonmuscle myosin Ⅱ inhibition on hepatic stellate cell migration. Culture-activated hepatic stellate cells (Day 3) were transiently transfected 
with siRNA targeted to all nonmuscle myosin (NMM) Ⅱ permutations (NMM Ⅱ-A, Ⅱ-B,Ⅱ-A & Ⅱ-B) or scramble siRNA and incubated for 48 h. A plate scrape 
model of migration was used to simulate liver injury. After 24 h, migration was calculated as change in wound (gap) diameter over time. Top panel: representative 
micrographs. Bottom panel: Migration assay quantification. (aP < 0.05 as compared to scramble).
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Contraction assay: NMM Ⅱ siRNA (100 nmol/L)
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Figure 6  Effect of nonmuscle myosin Ⅱ inhibition on hepatic stellate cell 
contraction. Culture-activated hepatic stellate cells (Day 3) were transiently 
transfected with siRNA targeted to nonmuscle myosin(NMM) Ⅱ-A, Ⅱ-B, Ⅱ-A 
and Ⅱ-B or scramble siRNA (100 nmol/L and allowed to incubate for 24 h. Cells 
(1 × 105) were seeded onto collagen lattices overnight, serum-starved for 24 
h and subsequently treated with ET-1 (1 nmol/L). Twenty-four hours following 
chemical treatment, hepatic stellate cell contraction was quantified using PTI 
ImageMaster software and reported as percentage change in gel circumference. 

Moore CC et al . NMM Ⅱ regulates HSC migration

ent stages of  HSC transdifferentiation, we were able to 
evaluate individual components that may be responsible 
for the fibrogenic response of  activated HSC migration. 
In agreement with our findings, recent studies in mouse 
HSCs indicated that an increase in NMM Ⅱ isoform exp­
ression regulates cellular motility[18,31]; however, in contrast 
to these studies, we report that NMM Ⅱ isoforms in rat 
HSCs increases cellular migration.

Isoform-specific localization of  NMM Ⅱ along ac­
tin stress fibers has previously been ascribed to cellular 
functions in multiple cell types[32]. Specifically, in bovine 
aortic endothelial cells, NMM Ⅱ-A merges with actin 
filaments at the leading edge of  cells, while NMM Ⅱ-B 
merges within the cytoplasm, which facilitates endothe­
lial cell expansion under diseases states[33]. In contrast to 
these findings, studies in mouse HSCs demonstrated that 
NMM Ⅱ-A is distributed along αSMA-containing stress 
fibers following culture-activation, while NMM Ⅱ-B is lo­
cated at the leading edge of  lamellipodia[18]. In our stud­
ies, upregulation of  NMM Ⅱ-A and Ⅱ-B expression 
was associated with F-actin stress fibers in the cellular 
periphery and throughout the cytoplasm of  rat HSCs 
respectively. These results are consistent with previous 
studies in fibroblast cells suggesting that NMM Ⅱ-A 
activation facilitates rearrangement of  actin bundles into 
cellular protrusions and NMM Ⅱ-B incorporates into 
cytoplasmic stress-fibers[34]. 

While the expression of  the NMM Ⅱ isoforms is rel-
atively ubiquitous in most nonmuscle cells it has yet to be 
determined whether these proteins play redundant, over­
lapping or distinct roles in performing various mechan-
ical functions in rat HSCs. Therefore, we per-formed mi-
gration and contraction studies using siRNA-mediated 
knockdown of  NMM Ⅱ-A and Ⅱ-B, which were upregu­
lated during culture-activation of  HSCs in vitro. While Liu 
et al reports that siRNA-mediated NMM Ⅱ-A inhibition 

increased cellular migration in mouse HSCs[18,31], our 
studies demonstrated that NMM Ⅱ-A and Ⅱ-B knock­
down significantly reduced the migratory capacity of  rat 
HSCs. While previously studies have suggested that iso­
form specific rearrangement of  actin stress fibers may 
be responsible, in part, for differences in migration rates 
among different cell types[32], further analysis is needed 
to validate these conflicting species-specific findings. 

Based on the kinetic properties of  NMM Ⅱ-B, it 
has been proposed that this isoform may be involved 
in maintaining tonic force needed for particular cellular 
functions such as hypercontraction[14]. Furthermore, 
it has been demonstrated that the loss of  NMM Ⅱ-B 
decreases 3D collagen gel contraction[35]. While Liu et 
al reported that NMM Ⅱ-A is the essential isoform 
necessary for contraction in mouse HSCs, our results 
indicated that NMM Ⅱ-A and/or Ⅱ-B knockdown 
in rat HSCs does not significantly alter basal or ET-1-
induced contraction. In order to confirm these results, 
we optimized our contraction assay by increasing siRNA 
concentration and incubation times, altering collagen 
lattice concentration and cell number; however, chang­
ing these parameters had no effect on HSC contraction 
(data not shown). In the studies performed by Meshel et 
al, NMM Ⅱ-B-/- fibroblast demonstrated significant dif­
ferences in cell movement and contraction depending on 
experimental substrate[26,35]; therefore, it is possible that 
technical differences in experimental design may explain 
our conflicting results. Future studies will more closely 
examine the contribution of  NMM Ⅱ isoforms using 
a Cre-lox recombination system to completely inhibit 
these isoforms and assess HSC hypercontraction. 

While cellular localization suggests possible me­
chanisms by which NMM Ⅱ may function in the dis­
eased state, further investigation in vivo was explored 
using a bile-duct ligation (BDL) model of  hepatic injury. 
Obstruction of  the common bile duct initiates rapid 
proliferation of  biliary cholangiocytes and inflamma­
tion[36]. Following epithelial expansion, sustained blockage 
of  bile flow causes continual activation of  HSCs in the 
periductal region, which promotes biliary fibrosis. In our 
studies, NMM Ⅱ-B expression was evident in activated 
HSCs during BDL-induced hepatic fibrosis, while NMM 
Ⅱ-A and Ⅱ-C were only associated with biliary cholan­
giocytes. These results may suggest that NMM Ⅱ-A and 
Ⅱ-C may not be detectable in HSC in the in vivo setting. 
Previous studies have identified an important role for 
NMM Ⅱ in cellular adhesion and collagen remodeling 
during wound repair[26,35]. While NMM Ⅱ-B may be the 
important isoform contributing to the development and 
progression of  hepatic fibrosis, NMMⅡ-A and Ⅱ-C may 
be contributing to the initiation of  the inflammatory res-
ponse by stabilizing integrins and other cellular adhesion 
molecules. Together, the in vitro and in vivo data suggest 
that each NMM Ⅱ isoform may be responsible for spe­
cific molecular functions during liver injury. 

Although siRNA data confirmed that successful kno-
ckdown of  one isoform does not influence expression of  
another NMM Ⅱ isoform (Figure 4A and 4B), it is plau­
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Representative light micrographs of collagen lattices: with or without seeded HSCs; with or without chemical treatments (top panel). Twenty-four hours following 
chemical treatment, hepatic stellate cell contraction was quantified using PTI ImageMaster software and reported as percentage change in gel circumference (bottom 
panel). B: Representative light micrographs of collagen-seeded HSCs with or without chemical treatments.
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sible that these findings resulted from a species-specific 
replacement to compensate for the deficiency of  one 
isoform by producing a functionally equivalent signaling 
mechanism to activate migration and contraction using 
other myosin Ⅱ classes. Since HSCs are nonmuscle cells, 
the focus of  the current study was to evaluate NMM Ⅱ 

isoforms; however, HSCs express a large number of  
early and late smooth muscle cell markers including α 
smooth muscle (SM) actin, SM22a, desmin, SM myosin 
heavy chain, h1-calponin, h-caldesmon and myocardin, 
which also may contribute to HSC migration and  hy­
percontraction during hepatic injury[37]. Alternatively, 

a a a a
a



the main cause of  morbidity and mortality in patients with 
cirrhosis[51]. Although progress has been made in under­
standing the pathophysiology of  portal hypertension, cur­
rent pharmacological therapies have been limited to non-
selective beta-blockers[52] and statins[53]; however,these 
treatments result in vasomodulation of  the splanchnic 
circulation[54]. Given that increased hepatic microvascular 
resistance to portal circulation is the leading factor in 
cirrhotic portal hypertension, a direct molecular therapy 
may be more effective. Modulating intrahepatic vascular 
tone may provide additive benefit in patients suffering 
with unresolved fibrosis and cirrhosis, thus targeting 
all complications associated with portal hypertension. 
Therefore, delineating the role of  NMM Ⅱ isoforms in 
HSC-associated portal hypertension could lead to new 
therapeutic targets. 
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Background
Hepatic fibrosis results from normal wound-healing processes going awry and is 
the main cause of increased intrahepatic vascular resistance during liver injury. 
When the injury is chronic, type Ⅰ collagen deposition by hepatic stellate cells 
(HSCs) exceeds collagen resolution as a result of imbalance between fibrogen-
esis and fibrolysis. Altered extracellularmatrix (ECM) architecture and mechanical 
distortion culminates in increased blood pressure in the portal venous system, 
as blood must be diverted away from the liver. In addition to occlusion  and 
compression of the microvasculature by excess collagen deposition, HSC hyper
contractility contributes to increased resistance of the sinusoids leading to the 
clinical manifestation of portal hypertension. HSCs regulate intrahepatic vascular 
resistance and blood flow at the sinusoidal level through upregulation and activa-
tion of motor proteins. Specifically, HSC cytoskeletal remodeling, migration and 
hypercontraction has been previously associated with nonmuscle myosin (NMM) 
Ⅱ upregulation and activation. Function of NMM Ⅱ isoforms (Ⅱ-A, Ⅱ-B and 
Ⅱ-C) have been previously characterized in migrating fibroblasts and mouse 
HSCs, suggesting an essential role in perpetuation of chronic liver injury.   
Research frontiers
Through its effects on cytoskeletal remodeling, targeting NMM Ⅱ may provide 
a novel mechanism to modulate multiple interrelated pathways such as cellular 
migration, adhesion and ECM remodeling.
Innovations and breakthroughs
Recently, Liu et al[18] reported that siRNA-mediated NMM Ⅱ-A inhibition increased 
cellular migration in mouse HSCs; however, our results suggest both NMM Ⅱ-A 
and Ⅱ-B mediate rat HSC migration. Consistent with findings by Vicente-Man-
zanares et al[34], our results demonstrate that NMM Ⅱ inhibition decreases cel-
lular components associated with migration such as cytoskeletal remodeling and 
elongation. In addition, our studies are the first to report the expression profile of 
NMM Ⅱ isoforms in a fibrotic injury model in vivo. Finally, studies have shown the 
pharmacological inhibitor, blebbistatin blocks skeletal muscle and NMM Ⅱ activity 
with minimal effects on smooth muscle myosin Ⅱ, while others have shown that 
blebbistatin is specific to smooth muscle myosin Ⅱ. Conversely, we demonstrate 
that in rat HSCs this controversial chemical inhibitor is not specific to NMM Ⅱ.
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HSC migration and hypercontraction may be controlled 
by independent signaling mechanisms that are mutu­
ally exclusive, partly explaining the observed species-
specific differences. While upregulation of  the Rho 
signaling pathway in activated HSCs confers an increase 
in contractile potential[38-40], Rac phosphorylation of  the 
MHC induces filament instability, promotes disassembly 
of  actomyosin complexes and decreases migration[41-44]. 
In the current studies, siRNA knockdown of  NMM Ⅱ 
isoforms does not eliminate the possibility that actin 
stabilization and/or other myosin Ⅱ sub-classes may 
be contributing to the hypercontractile phenotype of  
activated HSCs. Consistent with previous reports, micro­
graph images from our studies suggest that ET-1-induced 
contraction is associated with HSC cytoskeletal remodel­
ing and cellular hypercontraction (Figure 7B). In order 
to facilitate contraction, NMM Ⅱ may mediate cellular 
stretching and elongation, while other myosin Ⅱ classes 
may be responsible for coordinated force generation. 
Therefore, we used the chemical inhibitor blebbistatin, 
which has previously been shown to block protrusion-
mediated lamella formation and cellular contraction[18,45]. 
By using this selective inhibitor, in combination with our 
siRNA data, we demonstrate that in rat HSCs myosin Ⅱ 
is the protein responsible for ET-1 induced cytoskeletal 
remodeling and hypercontraction; however, we concede 
that this controversial chemical inhibitor is not specific 
to NMM Ⅱ. Differences between each experimental 
approach suggest that other myosin Ⅱ sub-classes may 
also contribute to the contractile phenotype of  rat HSCs.

In addition to sinusoidal constriction being associated 
with portal hypertension, hepatic microcirculatory failure 
contributes to end-organ failure in septic patients[46]. Pro­
longed oxygen deprivation of  abdominal organs results 
in ischemia, tissue damage and necrosis culminating in in­
creased mucosal permeability[47]. Endotoxin and microbial 
debris can subsequently penetrate the gut wall and per­
meate into the portal and hepatic artery where sinusoidal 
endothelial cells (SECs) and Kupffer cells (KCs) establish 
the first line of  inflammatory defense[48]. KCs release a 
host of  inflammatory cytokines, while activated SECs lose 
their normal anticoagulant state, promote leukocyte infil­
tration and increase secretion of  ET-1. Neighboring HSCs 
are responsive to these inflammatory and vasoconstrictor 
signals, which promotes sustained HSC activation and 
contractility. Compelling evidence has demonstrated the 
efficacy of  targeting SEC/leukocyte interactions, which 
improved sinusoidal congestion and portal hyperten­
sion[49]. Effective experimental treatments have also target­
ed KC activation, which results in preservation of  hepatic 
function and improved survival after sepsis[50]. In addition 
to current treatment modalities, manipulation of  migrat­
ing, hypercontractile HSCs may also improve hepatic 
microcirculation and patient survival during sepsis. While 
modulating HSC contraction may improve the microcir­
culation, controlling migration may prove to be beneficial 
in ameliorating the severity of  fibrosis by decreasing the 
rate of  collagen formation[35]. Portal hypertension remains 
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Applications 
Although progress has been made in understanding the pathophysiology of fibro-
sis and portal hypertension, current pharmacological therapies have been limited 
to treatments, which result in vasomodulation of the splanchnic circulation. Given 
that increased hepatic microvascular resistance to portal circulation is the leading 
factor in cirrhotic portal hypertension, a direct molecular therapy may be more ef-
fective. Modulating intrahepatic vascular tone may provide additive benefit in pa-
tients suffering with unresolved fibrosis and cirrhosis, thus targeting all complica-
tions associated with portal hypertension. Therefore, delineating the role of NMM 
Ⅱ isoforms in HSC-associated portal hypertension could lead to new therapeutic 
targets. 
Terminology
Quiescent HSCs: Under physiological conditions, the inactivated cell projects 
extensive cytoplasmic processes through the space of Disse and reach between 
hepatocytes and endothelial cells wrapping around neighboring sinusoids similar 
to tissue pericytes suggesting a functional role in maintenance of vascular tone 
similar to smooth muscle cells. Quiescent HSCs also play a vital role in normal 
matrix maintenance and remodeling, similar to a fibroblast. Activated HSCs: 
HSCs proliferate, lose retinol droplets, increase expression of alpha smooth 
muscle actin and secrete excess type Ⅰ collagen for matrix repair. Increased mi-
cro-projections from the myofibroblast allow for increased chemotactic signaling, 
which induces cellular migration to the site of injury. Because of the anatomical 
location and increased contractile apparatus expression, it has been suggested 
that HSCs are capable of disrupting liver blood flow by hypercontracting, impeding 
microcirculation and contributing to portal hypertension. Culture-activated HSCs: 
Transdifferentiation of quiescent HSCs into the activated state in vitro is routinely 
accomplished by culturing cells on plastic tissue culture dishes, which mimics 
the in vivo environment of hepatic fibrosis. Blebbistatin: A small pharmacological 
inhibitor with high binding affinity for myosin Ⅱ, which blocks the motor protein in 
an actin-detached state. Actinomyosin complex: Produced when bipolar myosin 
filaments interact with polymerized actin filaments to exert tension or produce 
movement. Lamella: A network of actin fibers which forms the outer edge of cel-
lular protrusions.
Peer review
It's an interesting study and excellent.
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