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Abstract The activation of hepatic stellate cells (HSCs)

is a cue to initiate liver fibrosis. Activated stellate cells

acquire contractile activity similar to pericytes and myo-

fibroblasts in other organs by inducing the contractile

machinery of cytoskeletons such as smooth muscle a-actin

(a-SMA), a well-known marker of activated stellate cells,

and actin-binding proteins. We further show herein the

expression of tropomyosin in rat HSCs in the course of

their activation during primary culture and liver tissue

damaged by thioacetamide intoxication. In immunoblot

analysis, tropomyosin became detectable in an early stage

of the primary culture of rat stellate cells in a manner

similar to the expression of a-SMA and platelet-derived

growth factor receptor-b. Tropomyosin was found to be

colocalized with a-SMA on fluorescent immunocyto-

chemistry. At the liver tissue level, an increased expression

of tropomyosin was observed by immunoblot analysis and

immunohistochemistry along the septum of fibrosis, where

a-SMA was enriched. These results strongly suggest that

tropomyosin is a new marker of activated stellate cells and

may serve as a useful diagnostic marker of liver fibrosis.
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Abbreviations

DMEM Dulbecco’s modified Eagle’s medium

ECM Extracellular matrix

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

HSC Hepatic stellate cell

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PDGFR-b Platelet-derived growth factor receptor-b
TAA Thioacetamide

a-SMA Smooth muscle-a actin

Introduction

Hepatic stellate cells (HSCs) play a key role in liver

fibrogenesis regardless of the pathogenesis [1–4]. In

response to local tissue damage and hepatocyte necrosis,

HSCs undergo activation characterized by the proliferation,

migration, contraction, secretion of several profibrogenic

mediators such as cytokines, growth factors, chemokines,

and tissue inhibitors of matrix metalloproteinases, and

generation of extracellular matrix (ECM) materials such as

type I collagen. HSC activation thus contributes to scar

formation in chronically injured liver tissue.

One of the indicators of activated HSCs is smooth

muscle a-actin (a-SMA), the actin isoform typical of

smooth muscle cell differentiation [5–10]. Similar to the

expression of c-actin, a-SMA was first demonstrated in

primary-cultured rat HSCs in the course of the culture-

dependent HSC activation process [5]. a-SMA-positive

HSCs are also seen along the fibrotic septum of chronically

damaged livers of rodent models, in which ECM proteins

such as type I collagen and fibronectin are dominantly

produced and deposited [11, 12]. Furthermore, in the

human liver, the augmented expression of a-SMA has been
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documented in and around the area of hepatocyte damage

[13, 14].

Tropomyosin is one of the actin-associated proteins,

present in virtually all eukaryotic cells, and modulates the

interaction between actin and myosin to stabilize the actin-

filament structure. Tropomyosin assembles into an a-heli-

cal coiled heterodimer composed of an a-chain and a

b-chain, with each molecule interacting with six or seven

monomers of actin [15, 16]. Tropomyosin regulates the

contractility of striated muscle by blocking myosin-binding

sites on actin in the relaxed state. On activation, tropo-

myosin moves away from these sites [17]. X-ray studies

have suggested that the initiation of smooth muscle con-

traction leads to the movement of tropomyosin in a manner

similar to that in striated muscle [18]. Although one recent

study has shown the expression and organization of actin

filaments and tropomyosin in the cloned hepatic GRX cell

line [19], tropomyosin expression patterns in primary cul-

tured HSCs and the fibrotic liver remain to be studied.

This study aimed to demonstrate the presence of

tropomyosin in HSCs and clarify the dynamics of its

expression pattern during HSC activation. Herein, we

report in detail the expression pattern of tropomyosin in

cultured rat HSCs and fibrotic liver tissue induced in rats

by thioacetamide (TAA) administration, and further dem-

onstrate the network of a-SMA filaments and tropomyosin

in primary HSC cultures.

Materials and methods

Materials

Collagenase was purchased from Wako Pure Chemical Co.

(Osaka, Japan). Pronase E was obtained from Merck

(Damstadt, Germany). Mouse monoclonal IgG2a antibody

against a-SMA, mouse monoclonal IgG1 antibody against

tropomyosin, Dulbecco’s modified Eagle’s medium

(DMEM), TAA, and fetal bovine serum (FBS) were pur-

chased from Sigma Chemical Co. (Saint Louis, MO, USA).

Rabbit polyclonal IgG antibodies against human platelet-

derived growth factor receptor-b (PDGFR-b) that reacts

with rat PDGFR-b were purchased from Santa Cruz Bio-

technology (Santa Cruz, CA, USA). Horseradish

peroxidase-conjugated secondary antibodies against mouse

and rabbit immunoglobulins were obtained from Dako.

Alexa Fluor 488 goat antimouse IgG2a antibodies and

Alexa Fluor 594 goat antimouse IgG1 antibodies were from

Molecular Probes (Eugene, OR, USA). ECL immunoblot-

ting detection reagent was purchased from Amersham

Pharmacia Biotech (Buckinghamshire, England). Immobi-

lon P membranes were from Millipore Corp. (Bedford,

MA, USA). Cell culture inserts were from Falcon (Beckton

Dickinson, Franklin Lakes, NJ, USA). All the other

reagents were purchased from Sigma Chemical Co. or

Wako Pure Chemical Co.

Animals

Pathogen-free male Wistar rats (12-week-old, body weight

200–220 g) were obtained from SLC (Shizuoka, Japan).

Animals were housed at a constant temperature and sup-

plied with laboratory chow and water ad libitum. The

protocol of the experiments was approved by the Animal

Research Committee of Osaka City University (Guide for

Animal Experiments, Osaka City University).

Induction of liver fibrosis

Liver fibrosis was induced in rats (n = 3) by the intra-

peritoneal injection of TAA (40 mg/body weight)

dissolved in 2 ml of saline twice a week for up to

10 weeks. Control rats (n = 3) were given 2 ml of saline

during the same period.

Preparation of HSCs

HSCs were isolated from male Wistar rats, as previously

described in detail [20]. Isolated HSCs were suspended in

DMEM supplemented with 10% FBS at a cell density of

5 9 105 cells/ml, and 1.5 ml of the cell suspension was

introduced into a 35-mm cell tissue culture plate (Falon,

3003). After the culture had continued for the indicated

number of days, the cells were fixed in 4% paraformalde-

hyde solution for immunocytochemistry or lysed for

immunoblotting.

Immunoblotting

Protein samples (10 lg) were subjected to SDS-PAGE and

then transferred onto Immobilon P membranes. After

blocking, the membranes were treated with primary anti-

bodies and then with peroxidase-conjugated secondary

antibodies. Immunoreactive bands were visualized using

the ECL system (Amersham Pharmacia Biotech) and

documented by LAS 1000 (Fuji Photo Film, Kanagawa,

Japan). The density of bands was analyzed using a BIO-

RAD GS-700 densitometer. Experiments were repeated

thrice using samples obtained from HSCs isolated from

different rats.

Immunohistochemistry and collagen staining

Immunohistochemistry was performed using the methods

described in detail elsewhere [21]. After the development

of fibrosis, rats were anesthetized and laparotomized. The

Hepatol Int (2009) 3:378–383 379

123



liver was perfused with phosphate-buffered saline (PBS)

and then perfusion-fixed with 4% formaldehyde, dehy-

drated, and embedded in Polybed. Sections were cut at a

thickness of 5 lm and stained for 1 h in 0.1% (w/v) Sirius

red (Direct Red 80, Aldrich, Milwaukee, WI, USA) [22].

Double immunostaining analysis was carried out using

methods described previously [22]. After blocking with 5%

bovine serum albumin/PBS, they were incubated overnight

with primary antibodies in the medium. They were then

incubated with both 20 lg/ml Alexa Fluor 488 goat anti-

mouse IgG2a antibody and 20 lg/ml Alexa Fluor 594 goat

anti-mouse IgG1 antibody for 2 h. Specimens were coun-

terstained for nuclei with DAPI. The sections were

observed under an LSM510 confocal laser scanning

microscope (Carl Zeiss, Germany).

Cultured HSCs on glass microscope slides were fixed

with 3.7% formaldehyde for 30 min at room temperature.

After washing thrice with PBS containing 0.1% Triton

X-100, the fixed cells were incubated with anti-a-SMA

antibody and anti-tropomyosin antibody for 1 h at room

temperature and successively with FITC-labeled goat

antimouse IgG1 (Alexa Fluor 488) and rhodamine-labeled

goat antimouse IgG2a (Alexa Fluor 594) for 1 h at room

temperature. After washing, the specimens were observed

under an LSM510 confocal laser scanning microscope

(Carl Zeiss, Germany). Experiments were repeated thrice

using samples obtained from HSCs isolated from different

rats.

Immunohistochemical analysis of human liver samples

One specimen obtained by resection during surgery from

subjects with normal liver function was used as a control.

Informed written consent was obtained from all patients at

the time of their liver biopsy, and the study was conducted

in conformance with the Helsinki Declaration. The diag-

nosis of liver cirrhosis was established on the basis of the

clinical and histopathological features. Immunohisto-

chemistry was performed according to the methods

described above.

Results

Tropomyosin expression in primary cultured HSCs

We investigated the expression of tropomyosin in primary-

cultured HSCs as a model because HSC culture precisely

resembles the in vivo cellular phenotypic change of HSCs

from a vitamin A-storing quiescent phenotype to an acti-

vated and myofibroblastic phenotype in response to

inflammatory stimuli [23]. Freshly isolated and plated

HSCs resembled lipocytes, extended branching cytoplasmic

processes, and enclosed multiple droplets that contained

retinol (Fig. 1Aa). After culturing for 3 days, the cells

expanded their cell body with enlarged processes and

nuclei, and the size of fat droplets decreased (Fig. 1Ab). By

Fig. 1 Tropomyosin expression in primary cultured HSCs. A The

cell morphology of isolated and cultured HSCs was observed under

phase-contrast microscopy everyday, monitored, and digitally

recorded. a Day 1. HSCs attached to the plate enclose droplets that

contain vitamin A. b Day 3. HSCs start extending their processes. c
Day 7. HSCs showed enlarged cell body and lose their droplets

(magnification, 9200). B The expression of tropomyosin in cultured

HSCs was determined by immunoblot and immunocytochemistry.

Whole-cell homogenates were subjected to SDS-PAGE, transferred

onto the membrane, and successively immunoreacted with PDGFR-b,

a-SMA, or tropomyosin. Note that tropomyosin is induced in HSCs

time dependently after starting the culture in a manner similar to the

expression of PDGFR-b and a-SMA. Representative data from three

independent preparations are presented here. C Immunocytochemis-

try of tropomyosin and a-SMA. Cultured HSCs on days 1, 5, and 10

were fixed in 4% paraformaldehyde and subjected to immunocyto-

chemistry, as described in section ‘‘Materials and methods’’. Note that

tropomyosin appears on day 5 and becomes prominent on day 10.

Tropomyosin colocalizes and generates stress fibers with a-SMA

(magnification 9200)
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day 7, most of the cells had lost their fat droplets,

spread more prominently, and appeared ‘‘myofibroblastic’’

(Fig. 1Ac). These observations are in good agreement with

previous reports [1, 6, 21].

As shown in Fig. 1B, immunoblot analysis showed that

bands for tropomyosin at molecular weights of 36–39 kDa

[24] were invisible in freshly isolated HSCs, started to

appear in them after being cultured for 3 days, and there-

after increased in a time-dependent manner. The relative

level of tropomyosin evaluated by densitometric normali-

zation against GAPDH gradually increased with culture

prolongation (data not shown). The multiple bands detected

are considered to be related to post-transcriptional modi-

fication, particularly N-terminal acetylation, of the protein,

as described elsewhere [25]. Tropomyosin induction took

place in a similar manner to that of a-SMA and PDGFR-b
(Fig. 1B). These observations were further confirmed by

immunocytochemistry. a-SMA became readily detectable

on day 1 and was uniformly distributed in the cytoplasm.

HSCs cultured for more than 5 days exhibited a flattened

and stretched morphology with developed stress fibers,

which consisted of a-SMA (Fig. 1C). Tropomyosin was

negligible on day 1, but was visible and co-localized with

a-SMA at day 5, and then exhibited prominent stress fibers

crossing the cytoplasm together with a-SMA bundles

(Fig. 1C).

Expression of tropomyosin in fibrotic livers

Tropomyosin induction in culture-activated HSCs promp-

ted us to investigate its expression in liver tissue. As shown

in Fig. 2A, total protein extracted from rat livers treated

with TAA for 6 or 10 weeks cross-hybridized to a-SMA

and tropomyosin antibodies, whereas virtually no hybridi-

zation was observed in the total extraction from an intact

rat liver. This result indicates that tropomyosin is not

ubiquitously expressed in liver-constituent cells such as

hepatocytes, Kupffer cells, and endothelial cells. The level

of tropomyosin in the liver homogenate increased in a

time-dependent manner after TAA administration, similar

to the induction of PDGFR-b and a-SMA. Collagen

deposition was prominent in the liver after a 10-week TAA

administration, as shown on Sirius red staining. Tropo-

myosin was found to be present along the fibrotic septum,

although it was rarely seen in the intact liver (Fig. 2B).

Double immunostaining of a-SMA and tropomyosin con-

firmed that these two proteins co-existed in and around the

fibrotic septum and were hardly present in ‘‘pseudolobular’’

parenchyma where no fibrosis was obvious (Fig. 2C).

However, activated HSCs that were present close to the

septum and positive for a-SMA also expressed tropomyo-

sin (Fig. 2C, high), indicating both activated HSCs and

septum-forming myofibroblasts ubiquitously expressed

tropomyosin. A strong linear-pattern expression of these

proteins at the site between the septum and the parenchyma

was notable. Tropomyosin expression was rarely observed

in intact human liver, while it was localized along the

fibrotic septum in human cirrhosis (Fig. 3).

Discussion

Activated HSCs express a-SMA as contractile machinery.

Although accumulated studies have evaluated the impor-

tance of a-SMA and other cytoskeletons filaments on HSC

contraction, there has been no report on the expression of

tropomyosin, which is one of the components of actin

Fig. 2 Expression of tropomyosin in fibrotic livers. The expression

of tropomyosin in the fibrotic liver was determined by immunoblot

and immunohistochemistry. A Whole-liver homogenates were sub-

jected to SDS-PAGE, transferred onto the membrane, and

successively immunoreacted with PDGFR-b, a-SMA, or tropomyo-

sin. Note that tropomyosin is induced in the liver of rats treated with

TAA time dependently after starting injection in a similar manner to

the expression of PDGFR-b and a-SMA. B Histology. Prominent liver

fibrosis is observed in the liver of rats treated with TAA for 10 weeks

by Sirius red staining. Tropomyosin expression is clear along the

septa. C Fluorescent immunohistochemistry of tropomyosin and a-

SMA. Double immunostaining was performed in the liver of rats

treated with TAA for 6 and 10 weeks. Note that both proteins always

colocalize and are expressed strongly at the site between noninjurious

parenchyma and septa (magnification 9100). Activated HSCs

(arrows) that were present close to the septum and positive for a-

SMA also expressed tropomyosin (magnification 9400)
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filaments and calcium-binding proteins and plays a major

role in the contraction process of smooth muscle, in HSCs

and fibrotic liver tissue. The key molecular function of

tropomyosin is to shield and unshield the binding site of

myosin to actin [15, 16]. Thus, tropomyosin is speculated

to play a pivotal role also in the contraction of HSCs. In the

present study, we report for the first time that the expres-

sion of tropomyosin is found predominantly in activated

HSCs and to be as high as a-SMA. These observations

suggest that tropomyosin is a regulatory protein which

counteracts or triggers the contraction of HSCs due to its

calcium-binding status. In fact, HSC contraction is

reportedly induced by endothelin-1, angiotensin II, and

thrombin, which are all intracellular calcium inducers [23].

HSCs are considered to be more contractile at pre-

sinusoidal terminal portal venules in the injured liver, as

indicated by the high-level expression of endothelin-1

receptors [26]. HSCs localized at this site also generate

endothelin-1 and angiotensin-II, that are responsible mol-

ecules for portal hypertension, a pathological process

induced by constriction of the hepatic vasculature [27, 28].

As a consequence, tropomyosin expressed at the site

between the septum and the parenchyma is speculated to

play a positive regulatory role in actin–myosin association

and contribute to presinusoidal portal rigidity.

In conclusion, the present findings indicate that tropo-

myosin could be a novel marker for activated HSCs in vivo

as well as in culture and be utilizable for a clinical diag-

nosis of liver fibrosis.
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