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SUMMARY

In order to investigate the dynamics of Septin4 (Sept4) expression and its function in the formation of fibrotic livers in
mice infected with Schistosoma japonicum, we constructed the mouse model of S. japonicum egg-induced liver fibrosis for
24 weeks. Immunohistochemical staining, qRT-PCR and Western blot were used to detect the expression of Sept4 and
α-smooth muscle actin (α-SMA). We found Sept4 localized in the perisinusoidal space where hepatic stellate cells (HSCs)
distribute in the periphery of circumoval granulomas and the portal venule. The expression of Sept4 and α-SMA had
a similar significant tendency of an up-regulation to a peak at 12 weeks post-infection (p.i.) followed by a down-regulation.
At 24 weeks p.i. both were at a low level. These results suggest that Sept4 and α-SMAmay interact together in HSCs. Based
on this evidence, we hypothesize that Sept4 seems to be involved in the formation of inflammatory granulomata and
subsequent liver fibrosis by regulating HSCs activation.
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INTRODUCTION

Schistosomiasis is a chronic parasitic disease that
affects more than 200 million people in 74 countries
worldwide, mostly in developing countries, causing
approximately 20000 deaths per year (Zhang et al.
2001). The reason for the severe mortality is that
S. japonicum eggs can induce liver fibrosis and prog-
ress to portal blood hypertension, varicose veins and
ascites (Arnaud et al. 2008). After schistosome infec-
tion, adult worms locate to the tributaries of the
portal vasculature. Females continuously release eggs
that pass into the intestine. The portal blood flow,
however, carries some eggs to the liver where they
are lodged in small vessels of the portal tracts to in-
duce delayed-type hypersensitivity reactions against
the eggs, which leads to the formation of inflamma-
tory granulomata and subsequent liver fibrosis
(Friedman, 2003).
Liver fibrosis is a wound-healing response, charac-

terized by excessive deposition of extracellular matrix
(ECM) proteins that disrupt the normal architecture
of the liver. In this process, HSCs which reside in the
Disse’s space outside the liver sinusoids, maintain a
quiescent phenotype and store vitaminA under phys-
iological conditions, play a crucial role (Friedman,
2000; Bataller and Brenner, 2001). HSCs are acti-
vated and become myofibroblastic cells that express
α-SMA as a representative marker (Friedman, 2000;

Carpino et al. 2005). In addition, HSCs posses the
activation characterized by proliferation, contraction,
migration, secretion of several pro-fibrogenic media-
tors and generation of extracellular matrix materials
such as types I and III collagen (Friedman, 2008). All
these events result in an intense periportal fibrosis
and progressive occlusion of the portal veins, which
leads to the development of portal hypertension,
splenomegaly, ascites, portocaval shunting, gastroin-
testinal varices and bleeding that may eventually be
fatal (Burke et al. 2009).
The Septins are a family of polymerizing GTP-

binding proteins originally discovered in budding
yeast as a group of cell-cycle mutants which cause
defects in cytokinesis (Field and Kellogg, 1999). In
mammals, Septins are involved in cytoskeletal organi-
zation in mitosis, exocytosis and other cellular
processes (Kinoshita, 2006). Previous reports showed
expression of Sept4 mRNA in the liver (Zieger et al.
2000; Ihara et al. 2005) and alteration of the level of
Sept4 mRNA in HSCs during fibrotic change in vivo
and in vitro (De Minicis et al. 2007). Recently, a
report showed that the HSC-specific Septin subunit
Sept4 is involved in the suppressive modulation of
myofibroblastic transformation and liver fibrogenesis
with the model of carbon tetrachloride (CCl4) and
bile duct ligation (BDL) treatment (Iwaisako et al.
2008). It is known that CCl4 as a chemical and
BDL as a physical injury can induce liver fibrosis,
However, S. japonicum-induced egg granuloma and
subsequent liver fibrosis is a complex immunopatho-
genic process. It is immunologically characterized by
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switching from an early Th1 response to a Th2-
dominated response after the onset of parasite egg
production (Wilson et al. 2007). Then the egg can
induce a granulomatous response in the liver which
may eventually cause extensive tissue fibrosis (Wynn
et al. 2004). Since the inducements are varied, the
Sept4 expression pattern in the mouse model of
S. japonicum egg-induced liver fibrosis remains
unknown. The question therefore remains as to
whether the Sept4 expression pattern will change or
remain accordant?

In this study, we investigated the dynamics of
Sept4 expression and the network of α-SMA fila-
ments and Sept4 in mouse fibrotic liver induced by
S. japonicum.

MATERIALS AND METHODS

Animals and parasites

Sixty-two male ICR mice, weighing 18–22 g, were
purchased from theCenter for Experimental Animals
of Nantong University. Mice were housed under a
12 h light cycle, and fed with pathogen-free food and
water. Schistosoma japonicum cercariae released from
infected intermediate host snailOncomelania hupensis
were provided by the Institute of Schistosomiasis
Control (Jiangsu, China). Animal care and exper-
imental procedures were approved by the Animal
Ethics Committee of Nantong University.

Experimental infection

Fifty-six mice were taken randomly as the exper-
imental group, and each mouse was infected with
20–25 S. japonicum cercariae via shaved abdominal
skin. The other 6 mice were taken as the normal
control group andwere not infected. After the control
group mice were sacrificed, liver tissues from 3 mice
were fixed by 4% paraformaldehyde/PBS and the
remaining tissues were kept in liquid nitrogen. In
order to observe the development of liver fibrosis, 6
mice from the experimental group were sacrificed
randomly at fortnightly intervals from 4 to 12 weeks
p.i. and at 4-week intervals from 12 to 24 weeks p.i.
Livers were kept in the same way.

Sirius red staining

The mice livers, after portal perfusion, were fixed
with 4% paraformaldehyde/PBS, frozen, and cryo-
sections were cut at 5 μm thickness. The specimens
were incubated for 1 h at room temperature with an
aqueous saturated solution of picric acid containing
0·1% Sirius red (Sigma F3B). Images of 6 random
microscopic fields of red-stained collagen fibres in the
liver section of each mouse were recorded using an
erected microscope and then digitized and analysed

on Image-Pro Plus software. Experiments were
repeated thrice to ensure reproducible results.

Reverse transcription-coupled, quantitative polymerase
chain reaction (qRT-PCR)

Samples of 100mg live from each mouse were homo-
genized in 1ml of Trizol (Sigma-Aldrich, USA) in
a tissue grinder and the total RNA was isolated
as recommended by the manufacturer. Reverse-
transcribed used RevertAid™ First Strand cDNA
Synthesis Kits (MBI Fermentas, K1622#, Canada)
with random hexamers. For quantitative real-time
PCR, we followed the SYBR® Premix ExTaq™RT-
PCR Kit (DRR041A, TaKaRa) and used the
following primers: mouse Sept4 sense 5′-TGAAG-
GAACGGAATCGCAAC-3′ and antisense 5′-CTG-
GCATAGGCAGGAAAAGAG-3′ (NM_011129);
mouse α-SMA sense 5′-CGCGACATCAAAGAG-
AA GC-3′ and antisense 5′-ATCCCCGCAGAC-
TCCATAC-3′ (X13297); mouse collagen, type I,
alpha1 (Collagen α1 (I)) 5′-GCCCGGAAGAA-
TACG-3′ and antisense 5′-ACATCTGGGAAG-
CAAA-3′ (NM_007742). As an internal control, we
amplified mouse GAPDH with the following primer
set: sense 5′-GGTGAAGGTCGGTGAACG-3′
and antisense 5′-CTCGCTCCTGGAAGATGGT-
G-3′. Experiments were completed on Rotor-Gene
(Corbett Research, RG-3000, Australia) and were
repeated thrice using samples obtained from different
mice to ensure reproducible results. Rotor-Gene
3000 Series software and SigmaPlot 10.0 were used
to analyse the results.

Immunofluorescence

For immunofluorescence, frozen liver was sectioned
at a thickness of 5 μm, fixed on microscope slides
with 4% paraformaldehyde/PBS, permeabilized
with 1% TritonX-100, and labelled with antibodies
for Sept4 (rabbit polyclonal, sc-20179, Santa Cruz,
1:200 dilutions) and desmin (goat polyclonal,
sc-7559, Santa Cruz, 1:200 dilutions), then with
fluorescein isothiocyanate-conjugated (705-095-003,
Jackson ImmunoResearch, 1:100 dilutions) or
rhodamine-conjugated (111-025-003, Jackson
ImmunoResearch, 1:800 dilutions) secondary anti-
bodies. The coverslips were examined in a Leica
confocal microscope. Digitized images of the
fluorescent antibody-stained sections were acquired
with software provided by Leica.

Immunohistochemistry

The liver was fixed with 4% paraformaldehyde/PBS,
frozen, and cryosectioned at a thickness of 5 μm. For
immunohistochemistry, the sections were treated by
antigen retrieval with autoclave heating (pH 6·0
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citrate buffer), at 121 °C for 20min. The sections
were incubated with primary antibodies: α-SMA
(rabbit polyclonal, ab5694, abcam, 1:400 dilutions),
Sept4 and secondary antibodies (HRP-conjugated
goat anti-rabbit IgG, icllab, 1:200 dilutions), and the
colour reaction was developed in 3-3′-diaminoben-
zidine and sections were counterstained with 10%
Mayer’s haematoxylin. Negative controls consisted
of omission of the primary antibody, and replacement
by non-immune serum. Digitized images of the sec-
tions were acquired with software provided by Leica.

Western blot

Tissue was homogenized and sonicated in buffer A
(10mM Tris–HCl, pH 7·6, containing 0·15 M NaCl,
1% Triton X-100, 0·1% sodium dodecyl sulfate, 0·1%

sodium deoxycholate and protease inhibitors). The
homogenate was centrifuged at 15000 g at 4 °C for
0·5 h, and the protein concentration in the super-
natant was quantified by the Bradford method. The
proteinsolutionwasheat-denaturedwithanequalvol-
ume of 2×SDS Laemmli sample buffer for 10min.
Proteins were loaded into wells of a 10% (w/v) acryl/
bisacrylamide gel and, after separation, proteins were
transferred to a polyvinylidene fluoride (PVDF)
membrane. After saturation in Tris-buffered saline
Tween-20 (TBST) containing 5% milk, the primary
antibody (Sept4 for 1:200 dilutions; α-SMA for 1:200
dilutions) and the secondary antibody diluted in
TBST (HRP-conjugated goat anti-rabbit IgG,
icllab, 1:800 dilutions) were sequentially added to
and incubated with the membranes for overnight and
2 h, respectively. Reaction was obtained by enhanced

Fig. 1. Images of liver slices stained with Sirius red (×100 magnification) over the course of Schistosoma japonicum
infection in mice. (A) Sirius red staining of the sections. At the early stage, collagen deposition was mainly at the
periphery of egg granulomas and then it extended into the surrounding hepatic parenchyma. (B) Quantification of the
collagen staining area. After 4 weeks p.i., collagen deposition became striking and at 8 weeks p.i. peaked. Values are
means±S.E.M. (*P<0·05, vs N). Experiments were repeated thrice from different mice.
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chemiluminescence (ECL). Each Western blot was
repeated thrice using samples obtained from different
mice to ensure reproducible results.

Quantification and statistics

All data were expressed as means±S.E.M. of at least 3
experiments. Data were compared using the
Student’s t-test. P values less than 0·05 were
considered statistically significant.

RESULTS

Sirius red staining for collagen (Fig. 1) was carried
out to estimate fibrosis reactivity. From 6 to 10 weeks
p.i., collagen was distributed mainly at the periphery
of egg granulomas and then extended into the sur-
rounding hepatic parenchyma. The collagen-positive
area covered only about 1·8% of the liver section at
4 weeks p.i. but was up-regulated significantly to

more than 25% at 8 weeks p.i. to reach a peak
(P<0·05). This result was in accordance with pub-
lished reports (Bartley et al. 2006), suggesting that
our mouse model of S. japonicum egg-induced liver
fibrosis was constructed successfully.

qRT-PCR analysis of normal mouse tissues
(Fig. 2) showed the highest Sept4 expression in
brain, a lesser extent in testis and lung and the lowest
in liver, normalized with GAPDH which was accor-
dant to the previous reports findings (Kinoshita et al.
2000; Kissel et al. 2005). Sept4 expression at the
mRNA level was low in normal mice liver, but
in fibrotic mice, Sept4 expression, normalized with
GAPDH, was remarkably up-regulated to about
3·9 at 10 weeks p.i. (vs N, P<0·05) and 6·2 at
12 weeks p.i. (vsN, P<0·01). A significant reduction
was observed subsequently and the ratio of Sept4/
GAPDH reached 0·3 at 24 weeks p.i. Gene tran-
scription of α-SMA and collagen α1 (I), which is
associated with HSC activation and the deposition of

Fig. 2. Gene expression of Sept4, α-SMA, collagen α1 (I) in mice liver over the course of Schistosoma japonicum
infection by qRT-PCR. (A) Detection of Sept4 expression in different tissues of normal mice by qRT-PCR. Expression
of Sept4 is higher in brain and testis than that in liver. (B-C) Both Sept4 and α-SMA were remarkably up-regulated to
peak at 12 weeks p.i. A significant reduction was observed subsequently. (D) Collagen α1 (I) expression appeared as a
small peak at 6 weeks p.i. and a large peak at 12 weeks p.i. following a major descent. Values are means±S.E.M.
(*P<0·05; **P<0·01 vs N). Experiments were repeated thrice from different mice.
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Fig. 3. Double immunolabelling analyses of the Sept4 and desmin in liver sections 10 weeks p.i. Sept4 and desmin were
labelled respectively with fluorescein TRITC (red) and FITC (green) (magnification ×400). Both the green signal for
desmin and red signal for Sept4 were co-localized in the peri-sinusoidal space as the white arrows pointed where HSCs
exist.

Fig. 4. Representative micrographs showing the expression of Sept4 and α-SMA at each time-point
(magnification×200). (A and B) Immunohistochemical analysis of Sept4 and α-SMA. The black arrows point to the
place where Sept4 is expressed (brown). The white arrows point to the place where α-SMA is expressed (brown). Both
Sept4 and α-SMA were not present in the N group but were expressed strongly from 8 to 12 weeks p.i. in the peri-
sinusoidal space of Disse at the periphery of egg granulomas and portal venule.
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fibrosis, respectively, was then detected. Interest-
ingly, it was observed that the α-SMA/GAPDH ratio
peaked at 5·8 at 12 weeks p.i. (vsN, P<0·01) and was
then down-regulated to 0·48 at 24 weeks p.i. There-
fore, the expression tendency of Sept4 and α-SMA at
mRNA level was similar in the liver of mice infected
with S. japonicum. Collagen α1 (I) expression ap-
peared as a small peak at 6 weeks p.i., a larger peak at
12 weeks p.i. (vs N, P<0·01) followed by a dramatic
reduction, as reported previously (Chen et al. 2002).

Double-labelling immunofluorescence was carried
out with sections of liver at 10 weeks p.i. (Fig. 3). It is
known that desmin is another characteristic marker of
HSCs (Chang et al. 2009). Both the green signal for
desmin and red signal for Sept4 were co-localized in
the peri-sinusoidal space, which confirmed that
Sept4 existed in peri-sinusoidal HSCs.

Immunohistochemical analysis of Sept4 and α-
SMA (Fig. 4) demonstrated that neither of themwere
present in normal liver, although at the mRNA level
they were detected. This might have been be due to
the low expression of Sept4 and α-SMA. Sept4 was
rare in the 4weeks p.i. group but was visible in a time-
dependent manner. Sept4 was distributed mainly at
the periphery of egg granulomas from 6 to 8 weeks
p.i. at the acute infection stage and then extended into
the surrounding hepatic parenchyma especially near
the portal venule at the chronic infection stage.
α-SMA had a similar distribution.

Quantification of the immunohistochemical stain-
ing (Fig. 5) showed that Sept4-positive cells peaked
at 12% of section area at 12 weeks p.i. (vs 4 weeks p.i.,
P<0·01) and was down-regulated to less than 2% at
24 weeks p.i. The area of α-SMA-positive cells ex-
tended to about 30% corresponding to the peak at
12 weeks p.i. (vs 4 weeks p.i., P<0·01) with subse-
quent reduction. In liver fibrosis, α-SMA is one of
the accepted indicators of activated HSCs (Lindert
et al. 2005). Taken together, our data suggested that
Sept4 and α-SMA co-localized in HSCs at the
periphery of egg granulomas and portal venules.

Western blot analysis (Fig. 6) demonstrated that
Sept4, with a molecular weight of 55 kDa, was not
detected in the livers from the normal group. A slight
increase was seen as early as 4 weeks p.i., with a
marked increase by 8 weeks p.i., and a continued in-
crease to 12 weeks p.i. α-SMA, of molecular weight
42 kDa, was present in livers from the normal group
at a low level. The relative level of Sept4 and α-SMA
was evaluated by densitometric normalization against
GAPDH. The ratios of Sept4 and α-SMA were,
respectively, approximately 50% and 85% at the peak
at 12 weeks p.i. followed by down-regulation (vs
4 weeks p.i., P<0·01) .

DISCUSSION

In the present study, we investigated the dynamic
changes of Sept4 expression in fibrotic livers of mice

infected with S. japonicum. Our results revealed that
Sept4 expression was up-regulated during the acute
infection stage but was down-regulated during the
chronic infection stage. The same tendency was
observed also for α-SMA at both mRNA and protein
levels in the mouse model of S. japonicum egg-
induced liver fibrosis.

The finding that the expression of Sept4 at the
mRNA level was low in normal liver, prompted us to
assess whether S. japonicum egg-induced fibrotic
liver could affect the expression of Sept4. We ob-
served the dynamic changes of Sept4 expression by
qRT-PCR, which demonstrated that its expression
was highly up-regulated with the peak at the time-
point of 12 weeks p.i. followed by down-regulation.
This finding was consistent with previous research

Fig. 5. Quantification of Sept4 and α-SMA
immunohistochemical staining. (A and B) Sept4-positive
cells covered 12% of the section area at 12 weeks p.i. and
was down-regulated to less than 2% at 24 weeks p.i.
α-SMA took about 30%, peaking at 12 weeks p.i.,
subsequently decreasing. However, α-SMA still retained
about 12% at 24 weeks p.i. Values are means±S.E.M.
(*P<0·05; *P<0·01 vs 4 weeks p.i.). Experiments were
repeated thrice from different mice.
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demonstrating that the presence of Sept4 was low in
quiescent HSCs but markedly high in culture-
activated HSCs by qRT-PCR (De Minicis et al.
2007). However, another report has shown the
opposite result on HSCs with the same method
(Iwaisako et al. 2008). Nevertheless, these previous
reports produced the same results showing that Sept4
was down-regulated in liver fibrogenesis with the
model of CCl4 andBDL treatment.We hypothesized
that the discrepancymay be due to the use of different
models, which could differentially influence the
expression of Sept4. Interestingly, we found that
the expression tendencies of Sept4 and α-SMA were
similar by qRT-PCR and Western blot analysis.
Additionally we observed that Sept4 and α-SMA co-
localized in the peri-sinusoidal space, where HSCs
distribute, in the periphery of circumoval granulomas
and the portal venule in S. japonicum-infected mice
by immunofluorescence and immunohistochemistry
analysis. It is known that activated HSCs express
α-SMA as a cell marker and contractile machinery
in various fibroses. Although accumulated studies
have evaluated the importance of α-SMA as the actin
isoform and other cytoskeleton filaments on HSCs
function, few reports describe the role of Sept4 on
HSCs. Mammalian Septins localize not only to the

plasmamembrane but also throughout the cytoplasm
associated with the microtubule and actin cytoskele-
tons (Spiliotis, 2006). In various cell types, fibrillar
Septin polymers co-localize with actin stress fibres
through the conserved potential filament cross-
linker, anillin, which can bind directly to actin
through the N terminus and septin filaments by the
C-terminal PH domain in vitro (Kinoshita et al.
2002). Actin depolymerization results in loss of
Septin fibres, and Septin depletion in turn leads to
loss of actin bundles. Reconstitution of filamentous
Septin assembly requires F-actin bundles and anillin
(Kinoshita et al. 2002). Besides these, another report
showed that Septins can couple to the actin cytoske-
leton through nuclear translocation of NCK by
SOCS7 (Kremer et al. 2007). Furthermore, some
studies demonstrated that α-SMA in myofibroblasts
appeared to have a suppressing role in tissue fibrosis
progression (Takeji et al. 2006) and loss of Sept4
exacerbated liver fibrosis through the dysregulation
of hepatic stellate cells (Iwaisako et al. 2008). Based
on these findings, Sept4 and α-SMA might interact
together in HSCs, possibly affecting the stabilization
and function of HSCs.
Furthermore, ARTS as the splice variant of Sept4

protein plays a critical role in induction and

Fig. 6. Expression profile of Sept4 and α-SMA in fibrotic livers of Schistosoma japonicum-infected mice. (A) Western
blot analyses showed that bands for Sept4 and α-SMA were at molecular weights of 55 kDa and 42 kDa, respectively. In
addition, Sept4 started to appear at 4 weeks p.i., while α-SMA was present in the normal group at a low level. Both of
them were increased in a time-dependent manner. (B and C) Quantitative analyses showed the ratio of Sept4 and α-
SMA relative to GAPDH for each time-point. The ratios of Sept4/GAPDH and α-SMA/GAPDH were, respectively,
approximately 50% and 85% at the peak at 12 weeks p.i., followed by down-regulation. The data are means±S.E.M.
(*<0·05; **p<0·01, vs 4 WPI). Experiments were repeated thrice from different mice.
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promotion of apoptosis. Previous reports show that
ARTS/Sept4 is highly expressed in the healthy
human brain but is fairly low in most of the tested
schizophrenic brain samples, which indicates that
ARTS may play an important role in the pathogen-
esis of schizophrenia (Gottfried et al. 2007). Whether
ARTS/Sept4 in HSCs has the function of inducing
apoptosis of HSCs in S. japonicum-induced liver
fibrosis can be an interesting topic for further studies.

In conclusion, based on our observations and other
previous reports, we hypothesize that Sept4 seems to
be involved in the formationof inflammatorygranulo-
mata and subsequent liver fibrosis by regulatingHSC
activation. Additionally, given that the expression
tendencies of Sept4 and α-SMA are similar, Sept4
could be a novel marker for activated HSCs in vivo
and might be utilizable for clinical diagnosis at least
in S. japonicum egg-induced liver fibrosis. Certainly
further studies are still needed to refine the under-
standing of this process.
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