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Abstract
Background/Aims: Up to now, the effect of activin A on the expression of the

important transforming growth factor (TGF)-b downstream modulator connective

tissue growth factor (CTGF) is not known, but might be of relevance for the

functional effects of this cytokine on several liver cell types. Methods: In this study,

activin A-dependent CTGF expression in hepatocytes (PC) primed by exogenous

activin A and in PC maintained under complete activin-free culture conditions was

analysed by Western blots, metabolic labelling, gene silencing, reverse transcriptase-

polymerase chain reaction (RT-PCR) and CTGF reporter gene assays. This study was

supplemented by immunocytochemical staining of activin A and CTGF in PC of

injured liver. Results: Using alkaline phosphatase a-alkaline phosphatase staining, it

is demonstrated that activin A becomes increasingly detectable during the course of

CCl4-liver damage. Addition of activin A to cultured PC induced CTGF protein

expression via phosphorylation of Smad2 and Smad3. This induction can be

inhibited by the antagonist follistatin and a-activin A antibody respectively. When

PC were cultured under serum(i.e. activin A)-free culture conditions, a time-

dependent increase of activin expression during the course of the culture was proven

by RT-PCR. Silencing of inhibin bA gene expression under serum-free conditions by

small interfering RNAs greatly suppressed CTGF synthesis and the phosphorylations

of Smad2 and Smad3. However, both the extracellularly acting follistatin and the a-

activin A antibody could not inhibit spontaneous CTGF expression, which, however,

was achieved by the cell-permeable TGF-b Alk4/Alk5 receptor-kinase-inhibitor

SB431542. Conclusions: In conclusion, the results point to activin A as an inducer

of CTGF synthesis in PC. Intracellular activin A contributes to spontaneous CTGF

expression in PC independent of exogenous activin A, which is proposed to occur

via Alk4/Alk5-receptors. The findings might be important for many actions of

activin A on the liver.

Activins constitute a subgroup of growth and differ-
entiation factors within the transforming growth
factor (TGF)-b superfamily being composed of two
disulphide-linked inhibin b-subunits (bA� bD). Activin
A is a homodimeric glycoprotein consisting of two
bA-subunits that exerts a great variety of important
regulatory functions, e.g. in embryonic development,
reproductive biology, tissue repair and inflammation
(1). Follistatin, a potent activin-binding protein, is the
main physiological antagonist of activin action. There
is compelling evidence that activin A has major func-
tions in the liver (2) because it contributes to the
homeostasis of liver mass (3) by tonic inhibition of

hepatocyte (PC) DNA synthesis (4, 5), regulation
of cell number and induction of parenchymal cell
apoptosis (6, 7). In addition, it stimulates extracellular
matrix production in hepatic stellate cells (8, 9) and
thus, is suggested to play an important role in liver
fibrogenesis, i.e. excess formation of extracellular
matrix in chronically injured liver leading to fibrosis
and cirrhosis (10). Indeed, several lines of evidence
indicate increased expression of activin in fibrosing
liver tissue and a profibrogenic action, which is
attenuated by application of follistatin (11). Cellular
sources are both PC and hepatic stellate cells with
autocrine and paracrine mechanisms of signalling
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(12, 13). Thus, activin A complements the action of
TGF-b, a well-known profibrogenic master cytokine (14)
and important inducer of liver cell apoptosis (15–17).

Connective tissue growth factor (CTGF), a member
of the CYR61/CTGF/NOV (CCN) family of secreted,
cysteine-rich glycoproteins, is suggested to be an
important downstream modulator protein of TGF-b
amplifying the profibrogenic action of this cytokine
(18). CTGF consists of four modules with a hinge
region between modules II and III (18, 19). Its
molecular mechanism of action is still not known in
detail, but it might adversely regulate the binding of
TGF-b and its antagonist bone morphogenetic protein
(BMP) to their cognate receptors (20). Its important
role in fibrogenesis was recently shown by indepen-
dent studies (21, 22), in which the knock-down of
CTGF by small interfering RNAs (siRNAs) led
to strong attenuation of experimental liver fibrosis
(23, 24). Others and ourselves have recently reported
that PC substantially synthesize CTGF during culture
and in an injured liver (25, 26), which is sensitively
upregulated by TGF-b. Furthermore, we could present
evidence that PC, under TGF-b-free culture condi-
tions, spontaneously express increasing amounts
of CTGF, which occurs via an intracrine signalling
mechanism involving a preferentially phosphorylated-
Smad2 (p-Smad2) (27).

The present study was aimed at elucidating the
potential role of activin A in the regulation of hepato-
cellular CTGF expression. The data point to activin A
as a potent paracrine inducer of CTGF in PC, but
induction of CTGF can also occur in an autocrine
loop by an entirely intracellular Smad2/3-dependent
pathway designated as intracrine regulation.

Materials and methods

Materials

Recombinant human/mouse/rat activin A (33-AC),
recombinant human follistatin (669-FO) and (neutra-
lizing) goat a-activin A (AF338) were from R&D
Systems (Minneapolis, MN, USA); Alk4/5 inhibitor
(SB-431542) was from Tocris Bioscience (Ellisville,
MO, USA); cycloheximide (#01810) was from Sigma-
Aldrich (St Louis, MO, USA); rabbit a-Smad3 (ab28379)
was from Abcam (Cambridge, UK); goat a-CTGF (L-20,
sc-14939) was from Santa Cruz (Santa Cruz, CA, USA);
rabbit a-p-Smad3 (Ser423/425)/p-Smad1 (Ser463/465)
(#9514), rabbit a-p-Smad2 (Ser465/467) (#3101) and
rabbit a-Smad2 (#3102) were from Cell signalling/New
England Biolabs (Ipswich, MA, USA); and mouse a-b-
actin was from Cymbus Bioscience (Southampton, UK).

Animals

Adult male Sprague–Dawley rats (body weight
200–250 g) had free access to a standard laboratory
chow diet and normal tap water throughout the experi-
mental period. All animals received care in compliance
with the German Animal Protection Act, which is in
accordance with the German Research Council’s criteria.

Isolation and culture of hepatocytes

Hepatocytes were isolated from male Sprague–Dawley
rats by the two-step collagenase method of Seglen (28)
modified as described before (29). As indicated, cells
were isolated and cultured in the complete absence of
foetal calf serum (FCS; activin A containing). The
viability of the final parenchymal cell suspension,
checked by trypan blue exclusion, was around 85%
and cell recovery was 20–50� 107 cells/liver. Contam-
ination with other nonparenchymal cells was o 2%
and proven by absence of decorin transcripts using
reverse transcriptase- polymerase chain reaction
(RT-PCR) (30, 31) (data not shown).

Cells were seeded in 2 ml GIBCOTM HepatoZYME-
SFMs (Invitrogen, Carlsbad, CA, USA) without FCS
on type I collagen (Becton Dickinson, Franklin Lakes,
NJ, USA)-coated plastic dishes (Becton Dickinson
Bioscience) with a density of 5.4� 104 cells/cm2. They
were cultured at 37 1C in a humidified atmosphere of
5% CO2 and 95% air in an entirely serum-free (activin
A-free) medium supplemented with 4 mmol/L L-glu-
tamine, penicillin (100 IU/ml) and streptomycin
(100 mg/ml) (all from Cambrex, East Rutherford, NJ,
USA). The first change of the medium was 1 h after
seeding and unattached PC were washed off with
Dulbecco’s Modified Eagle’s Medium (DMEM) (Cam-
brex). PC were then cultured for various times in
serum-free GIBCOTM HepatoZYME-SFMs, supple-
mented with L-glutamine and penicillin/streptomycin
as described above.

Alkaline phosphatase a-alkaline phosphatase
immunostaining of cultured hepatocytes

Immunocytochemistry was carried out using the alkaline
phosphatase a-alkaline phosphatase (APAAP) method
essentially as described previously (32, 33). Briefly, PC
cultured for 24 h were fixed with 95% (v/v) ethanol/
5% (v/v) acetic acid at 4 1C for 24 h. After fixation,
cells were washed in Tris-buffered saline, and unspe-
cific binding sites were blocked with 1% bovine serum
albumin, 0.1% fish gelatin, 0.1% TritonX-100 and
0.05% Tween 20. Cells were then incubated for 1 h
with goat a-CTGF (polyclonal; diluted 1:300) in
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Tris-buffered saline plus 0.1% bovine serum albumin,
followed, when necessary, by addition of the appro-
priate link antibody [mouse a-goat immunoglobulin
G (IgG), #31107, Pierce Biotechnology, Rockford, IL,
USA], and finally, by a biotinylated rabbit a-mouse
secondary antibody (Z0259; Dako, Glostrup, Denmark),
the mouse monoclonal APAAP complex (Dako) and
the Fast Red chromogenic substrate system (Dako). The
slides were counterstained with haematoxylin and
mounted in glycergel (Dako). Negative controls were
performed similarly, but with unspecific mouse or goat
IgG) instead of specific primary antibodies.

Alkaline phosphatase a-alkaline phosphatase-
immunostaining of liver slices

Liver specimens of untreated rats and rats subjected to
intraperitoneal injections twice a week for 4–8 weeks
of CCl4 [25% solution in mineral oil (2 ml/kg body
weight); Merck] were fixed in 4% paraformaldehyde
solution for 4 h and embedded in paraffin. After
conventional processing as described previously (33,
34), tissue sections (2mm) were prepared, mounted on
glass slides and dried at 56 1C for 1 h. After deparaffi-
nization, endogenous peroxidase blocking as described
(33, 34) and incubation with normal serum for
30 min, sections were incubated with the primary
antibodies directed against activin A (monoclonal;
dilution, 1:50) or CTGF at 37 1C for 1 h or overnight
at 4 1C, respectively, followed by APAAP staining as
described above.

Sodium dodecyl sulphate–polyacrylamide gel
electrophoresis and immunoblotting

Preparations of cell extracts, determination of protein
concentrations and Western blot analysis were
performed as described previously (25).

Primary antibodies of various species were visualized
using horseradish peroxidase or alkaline phosphatase-
conjugated a-mouse or -rabbit IgG (Santa Cruz) and
the Supersignal West Dura Extended chemilumines-
cent (Pierce) or NBT/BCIP substrate (Perbio Science,
Rockford, IL, USA).

Metabolic labelling

The methods of metabolic labelling of PC cultures
and immunoprecipitation of radioactively labelled
proteins were described previously (25).

Briefly, PC cultured in 28 cm2 culture dishes for 24 h
were labelled with the Pro-Mix L-[35S] in vitro cell
labelling mix (Amersham Biosciences, Little Chalfont,
UK) 3 h before the selected time points. Thereafter, the

culture medium was discarded, cells were washed and
then scraped off with lysis buffer [RIPA1CompleteTM

(a mixture of protease inhibitors; Roche Diagnostics,
Mannheim, Germany)1phosphatase inhibitor cocktail
II (Sigma-Aldrich)]. After a preclearing step with non-
immune IgG, the cell lysate was incubated with the
CTGF antibody, followed by precipitation with pro-
tein-G agarose (Santa Cruz) and several washings.

The immunocomplexes were resolved in RIPA
buffer1CompleteTM, lithium dodecyl sulphate (LDS;
Invitrogen) and dithiotreitol (DTT; Sigma-Aldrich).
The radioactivity incorporated into the CTGF peptide
was determined using a b-counter (Packard, Downer
Grove, IL, USA) and referred to total DNA.

Reverse transcriptase-polymerase chain reaction for
activin A

Total cellular RNA was extracted using the Qiagen
RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA
was reverse-transcribed using the Superscript III First-
Strand cDNA synthesis kit (Invitrogen). RT-PCR was
performed using the Perkin Elmer Thermocycler PCR
System (Perkin Elmer, Waltham, MA, USA) and the
following primers: activin A (forward: 50-CAC AGA
CCT TTC CTC ATG CTG-30; reverse: 50-CCC TAG
ATC CAT TTG CTC TG-30) (both from MWG Bio-
tech, Ebersberg, Germany).

In general, 2ml cDNA in 27.25ml of RNAse-free water
and 10ml Q-Solution (Qiagen) was mixed with 1ml
dNTPs (10 mM each; Qiagen), 2.5ml of 10� Coral
Load PCR buffer (Qiagen), 2ml of 10mM forward
primer, 2ml of 10mM reverse primer and 0.25ml of Hot
Star Taq Plus polymerase (1.25 U/reaction; Qiagen).
The following PCR conditions were used: 95 1C/5 min,
followed by 34 cycles at 94 1C/30 s, 54 1C/30 s and 72 1C/
1.5 min, then 72 1C/10 min and stopped at 4 1C. PCR
products were separated on 2% agarose gels and visua-
lized under UV-light.

Gene silencing of inhibin bA transcripts

Hepatocytes were transfected with siRNAs using the
HiPerFect transfection reagent and the HP Genome
Wide siRNAs directed against rat activin A/inhibin bA

(SI03026163, SI03039155, SI03054702 and SI03069696)
or the fluorescein-labelled AllStars negative control
siRNA (#1027282) obtained from Qiagen. Transfection
rates were controlled by visual examination under the
fluorescence microscope. Four combinations of each
two siRNAs were tested for their ability to repress
activin A gene transcripts using RT-PCR. Studies were
continued with the combinations, which resulted in
the strongest repression of activin A gene transcripts.
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Connective tissue growth factor luciferase receptor
gene expression

The vector pGL3-CTGF-luciferase (luc) was cloned as
described previously (25). PC were simultaneously
transfected with 200 ng of CTGF-luc and 20 pg of
promoterless Renilla luciferase as an internal standard
using FuGENE 6TM according to the manufacturer’s
instructions (Roche). At the indicated time points,
CTGF-luciferase activities were determined and nor-
malized to Renilla-luciferase. Results are presented as
CTGF-luciferase activity relative to Renilla-luciferase
activity.

Results

Spontaneous expression of connective tissue growth
factor in cultured hepatocytes

Freshly isolated and cultured PC express only trace
amounts of CTGF, but during ongoing culture under
serum-free conditions, a gradual increase of CTGF
expression is noticed (Fig. 1A). PC transfected with the
CTGF-luciferase reporter gene under serum-free con-
ditions show significantly more luciferase activity at
48 h than at 24 h of culture (Fig. 1B). The biosynthetic
activity measured at the indicated time points by

Fig. 1. Spontaneous expression of CTGF in cultured rat PC. (A) Western blot of CTGF of PC cultured for various times under serum-
free conditions. Lysate was prepared and separated on a 4–12% gel gradient in SDS (25 mg protein/lane) under nonreducing
conditions and probed for CTGF/CCN2 using a polyclonal anti-CTGF-antibody. b-actin always served as a loading control.
Obtained signals were quantified in a Lumi-Imager system (right). Mean values� SD of three independent experiments are shown.
(B) CTGF/CCN2 reporter gene activation. PC cultured under serum-free conditions for 24 and 48 h, respectively, were
simultaneously transfected with hCTGF/CCN2-luciferase reporter gene and promoterless Renilla-luciferase gene as an internal
control. CTGF-luciferase activities were measured relative to those of Renilla luciferase. Mean values� SD of four experiments are
shown. (C) Immunoprecipitation of metabolically labelled CTGF. PC were cultured in serum-, cysteine- and methionine-free
HepatoZYME-SFMs medium up to 24 h in the absence (open bars) or in the presence (filled bars) of cycloheximide (5 mM) and
pulse-labelled with the PRO-MIX L-[35S] methionine/cysteine in vitro cell labelling kit each for 3 h before the indicated time points.
Culture medium was discarded, cells were washed and cellular protein extracts were prepared, in which CTGF/CCN2 was
immunoprecipitated with a polyclonal a-CTGF antibody and protein-G agarose beads. Immunocomplexes were resolved by
RIPA1Complete, LDS and DTT. The radioactivity incorporated into CTGF was determined using a b-counter. Mean values� SD of three
cultures are presented. CTGF, connective tissue growth factor; CCN2, CYR61/CTGF/NOV; DTT, dithiotreitol; LDS, lithium dodecyl
sulphate; PC, hepatocytes; SDS, sodium dodecyl sulphate.
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labelling of CTGF with [35S] methionine/cysteine
increased rapidly during early culture, reaching max-
imum levels between 12 and 18 h after initiation of the
primary culture (Fig. 1C).

Connective tissue growth factor expression in
PC cultures is a result of active de novo synthesis, as
both the transcriptional inhibitor actinomycin D (not
shown) and the translational inhibitor cycloheximide
completely suppress the biosynthetic incorporation
of the radioactive label into immunoprecipitated
CTGF (Fig. 1C).

Activin A immunostaining in toxic liver injury

The liver is the major organ for synthesis of activin A
(2). To investigate whether hepatic activin A expres-

sion responds to toxic liver injury in situ, activin A
stainings of normal and CCl4-injured livers were
performed. PC of normal liver were almost activin
A-negative, but a mesh-like staining pattern was
evident (Fig. 2). This was a result of clear staining of
cell membranes of PC but no intracellular activin-
positivity was visible. During CCl4 treatment, the
mesh-like staining diminished (4 weeks) and finally
disappeared (8 weeks). Instead, intracellular activin
staining in PC was clearly seen after 8 weeks of
treatment (Fig. 2), which correlated with a markedly
increased expression of CTGF in PC. Scarce staining of
biliary ducts in portal areas of normal liver was
noticed, which also became more intensive during
CCl4-induced injury. Fibrous septa were essentially
free of activin staining (Fig. 2).

Fig. 2. APAAP immunostainings of activin A and CTGF in the livers of CCl4-injured rats. Paraffin-embedded liver tissue of healthy rats
and of rats treated intraperitoneally with CCl4 (4 and 8 weeks) were stained for activin A or CTGF as described in ‘Materials and
methods’ (original magnification � 40). Staining controls received a nonspecific IgG instead of an activin A- or a CTGF-specific first
antibody. nLiver, Liver of untreated rats (normal liver); APAAP, alkaline phosphatase a-alkaline phosphatase; CTGF, connective tissue
growth factor.
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Effect of inhibitors of activin A signalling on
connective tissue growth factor expression

It was reported previously that PC are able to express
activin A (8, 12, 13). We confirmed this finding by
means of RT-PCR in cultured PC (Fig. 3A).

To dissect the hepatocellular signalling pathways
involved in CTGF expression by exogenously added
activin A, we performed immunoblot analyses of
(phospho) Smad 2 and Smad3 with or without addi-
tion of follistation and a neutralizing a-activin A

antibody respectively. We found that activin A strongly
stimulates CTGF synthesis and that this effect is
suppressed, as expected, by concomitant application
of follistatin (Fig. 3B). Activin strongly stimulates the
phosphorylation of Smad2 and Smad3. The phosphor-
ylation of both Smads was inhibited by the two
antagonists of activin A, suggesting a direct regulation
of CTGF expression by activin A in PC via the Smad2
and Smad3 signalling pathway (Fig. 3C).

Based on the data described above and our previous
findings (25) reported in the introduction, we argued

Fig. 3. Induction of CTGF expression and Smad phosphorylation by activin A in cultured PC and the effect of various inhibitors of
activin A. (A) RT-PCR for activin A in cultured PC. RT-PCR with indicated number of cycles was performed using primers for activin A as
described in ‘Materials and methods’. One representative result out of five is shown. (B) Effects of activin A on CTGF expression. PC
were cultured under serum-free conditions and pre-incubated with 1mg/ml follistatin before addition of activin A (10 ng/ml). Control
incubations received no additions or activin A alone. Protein lysates were taken and analysed for CTGF expression in Western blots.
One representative blot out of a series of four is shown. (C) Effects of activin A on total Smad proteins and their phosphorylated
fractions. PC were cultured exactly as described in Figure 3B. Protein lysates were taken and analysed for p-Smad2, p-Smad1 and p-
Smad3, total Smad2, total Smad3 and b-actin, respectively, in Western blots. One representative blot out of a series of four is shown.
(D) Western blots of CTGF, phosphorylated and total Smads of PC cultured for 24 h under serum-free conditions. Cultures received the
neutralizing a-activin A antibody (2mg/ml), follistatin (1 mg/ml) or the intracellularly acting Alk4/5-inhibitor (5mM; SB431542). Lysates
were probed for CTGF/CCN2, p-Smads 1/2/3, total Smad2/3 and b-actin expression respectively. A representative blot of three
independent experiments is shown. (E) APAAP immunostainings of activin A in PC cultured for 24 h under serum-free conditions with
or without addition of follistatin (1mg/ml). A polyclonal antibody against CTGF was used. Controls were performed with nonspecific
mouse IgG instead of CTGF-specific first antibody (original magnification � 40). APAAP, alkaline phosphatase a-alkaline phosphatase;
CTGF, connective tissue growth factor; IgG, immunoglobulin G; PC, hepatocytes; p-Smad, phosphorylated-Smad; RT-PCR, reverse
transcriptase-polymerase chain reaction.
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that the spontaneous CTGF expression found under
serum and consequently activin A-free culture condi-
tions might, similar to TGF-b, be regulated by hepa-
tocellularly synthesized activin A. To confirm this
hypothesis, we exposed PC to extracellularly acting
activin A inhibitors, i.e. follistatin and neutralizing a-
activin A antibody, and observed no inhibitory effect
on spontaneous CTGF expression (Fig. 3D). The
functionality of the inhibitors regarding exogenously
added activin A was already proven in Figure 3C.

We then analysed the activation status of Smad2 and
Smad3 in serum(i.e. activin A-)-free cultures of PC
24 h after seeding. The phosphorylation of Smad2
could be inhibited only by the intracellularly acting
Alk4/Alk5 inhibitor, used as a positive control, but not
by extracellularly acting activin A antagonists or
scavengers described above (Fig. 3D). Basal p-Smad3
was not detectable at all (as shown by the missing
lower band in the immunoblot), but total Smad3
protein was present at almost the same amounts
regardless of treatment (Fig. 3D). Instead, there was
a clear expression of phosphorylated Smad1, which
could, as expected, not be reduced by the Alk4/Alk5
inhibitor (Fig. 3D).

We next complemented these findings by immuno-
cytochemical staining of CTGF in cultured PC.
As anticipated, treatment of serum-free cultured PC
with follistatin did not affect CTGF immunostaining
(Fig. 3E).

Taken together, these findings suggested an intracel-
lular signalling pathway of newly synthesized activin A.

Effects of knock-down of activin A on connective
tissue growth factor expression and Smad2/3
phosphorylation

To prove the suspected intracrine signalling mechan-
ism of activin A on CTGF protein synthesis, we
performed a knock-down study using siRNAs directed
against the inhibin bA gene, i.e. the bA subunit of
activin A (Fig. 4). The results clearly show that knock-
down of activin A mRNA (Fig. 4A) strongly reduced
CTGF protein expression (Fig. 4B) 48 h after transfec-
tion compared with cells transfected with mock siR-
NA. To our knowledge, this is the first report that
shows that activin A silencing results in a significant
inhibition of hepatocellular CTGF expression.

To dissect the signalling pathway leading to CTGF
expression by activin A within the PC, we selectively
analysed total Smad2/3 protein expression and their
phosphorylations following activin A knock-down.
As shown in Figure 4C, knock-down of inhibin
bA resulted in a reduction of both total Smad2 and its

phosphorylated fraction. The latter effect is possibly
due to the decrease of the total amount of Smad2
protein. Total Smad3 expression was even upregulated
but its specific phosphorylation reduced considerably.
These findings suggest that intracellular activin A
might affect the expression levels of total Smad2 and
Smad3 in different directions, i.e. downregulation of
the former one and upregulation of the latter one.

Fig. 4. Inhibition of spontaneous CTGF expression in cultured
PC by knock-down of inhibin bA by RNA interference. PC were
transfected with pSilencer small interfering RNAs (siRNAs)
directed against the inhibin bA gene encoding the bA subunit of
activin A as described in ‘Materials and methods’. The efficiency
of inhibin bA-knockdown was proven by RT-PCR (A). Protein
lysates prepared 48 h after transfection were probed for CTGF
(B), Smad2/3 and p-Smad1/2/3 (C) expression, respectively, by
Western blot analysis as described above. b-actin served as a
loading control. All experiments are representative of three
independent transfections. Co, control; si, siRNA; mock, mock
siRNA; CTGF, connective tissue growth factor; PC, hepatocytes.
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Discussion

This study reports that hepatocellular CTGF expres-
sion (i) is stimulated by exogenously added activin A
via p-Smad2 and p-Smad3 and (ii) is also stimulated
by activin A synthesized within PC. The latter pathway
is independent of the external presence of the ligand,
i.e. follows an intracrine mechanism. This conclusion
is based on the failure of the known activin A
inhibitors follistatin and neutralizing a-activin A anti-
body to downregulate CTGF expression in PC in
combination with the strong inhibitory effect of gene
silencing of inhibin bA, i.e. the bA subunit of activin A.
Thus, the dependency of CTGF regulation on active
synthesis of activin A is shown, but the action of
the cytokine does not require contact with the extra-
cellular space. The additional inhibitory effect of
the transforming growth factor-b receptor type I
(TbRI) (Alk4/Alk5) serine–threonine kinase inhibitor
SB431542 (35) is likely to be partially due to an
impairment of TGF-b signalling on CTGF expression,
and, thus, cannot be regarded as an activin A-specific
inhibitory effect (25, 26). In this study, the effect of the
Alk4/5 inhibitor served mainly as a positive control.
However, the culture conditions applied here avoid
TGF-b-containing FCS, but use TGF-b- and activin
A-free synthetic medium (HepatoZYME-SFMs) in-
stead. Indeed, we recently reported that hepatocellular
TGF-b, similar to activin A, is able to stimulate CTGF
synthesis in PC by a complete intracellular pathway
using p-Smad2 as a signalling molecule (27). In
contrast, intracellular signalling of activin A seems to
involve both, Smad2 and Smad3, which are regulated
differentially. Also in contrast to activin A, the path-
way of intracrine TGF-b signalling is initiated
by proteolytic activation of pre-existing latent TGF-b
in the cytosol (36), because transcripts of TGF-b1
could not be detected by RT-PCR (27) whereas intra-
crine signalling of activin A in PC is fully dependant
on active de novo synthesis as described above. We
conclude that the positive immunostaining of activin
A in PC of livers injured for various times with
intraperitoneal applications of CCl4 is a result of
newly synthesized activin A stimulated under injur-
ious conditions but not based on a demasking process
of latent (pre-existing) activin A within PC as
described recently for TGF-b (27).

Our data raise a question regarding on the physio-
logical role and pathophysiological meaning of en-
hanced CTGF production in PC in response to activin
A. The pleiotropic functions, which are ascribed
to activin A in the liver (2), might be dependant, at
least partially, on the concomitant increase of CTGF.

Up to now, the action of activin A on liver regenera-
tion, regulation of parenchymal cell proliferation,
induction of PC apoptosis, development of fibrosis,
tubulogenesis of endothelial cells, restoration of tissue
architecture during regeneration and finally, even on
the development of liver cancer are discussed indepen-
dently of the parallel increase of CTGF expression.
Because the protein occurs both intra- and extracellu-
larly (18) and even in the blood, (37, 38) auto- and
paracrine as well as endocrine signalling pathways
might be relevant. Most proposed functions of CTGF
are related to TGF-b leading to its designation as a
‘matricellular signalling modulator’ (18). Interestingly,
CTGF is suggested to modulate the balance of cell
signalling by TGF-b and BMPs respectively (20). An
activation of TGF-b1 and inhibition of BMP signalling
by affecting their binding to the respective receptors
was clearly shown (20). Such a role would explain
convincingly the profibrogenic effect of CTGF, which
can be abolished by silencing of the CTGF gene (23,
24). Under this condition, the TGF-b antagonising
effect of BMPs, in particular of BMP-7, would be
considerably impaired and, hence, the balance shifted
to the direction of fibrogenesis. One might speculate on
a similar action of CTGF on activin A signalling, but so
far no experimental data are available. These ones,
however, are essential, because CTGF might enhance
not only the pro-apoptotic and/or the antiproliferative
action of activin A but also its potential effect on
epithelial–mesenchymal transition (EMT) of PC. EMT
turned out to be an important pathogenetic pathway in
liver fibrosis (39). The process is promoted by CTGF
(40). Interestingly, activin A not only inhibits liver
regeneration, but may be beneficial to support liver
regeneration after massive (90%) hepatectomy (41).
Even this side effect of activin A might be ascribed to
concomitant induction of CTGF. It should be noted that
CTGF is suggested to be a mitogenic signal factor
required for G0/G1 transition (42, 43) and that this
protein is induced very early after partial hepatectomy
before PC proliferation is triggered (44). Its causal and
timely relation to activin A remains to be analysed.

In conclusion, our data propose for the first time
that the function of activin A in the liver and poten-
tially in other tissues as well is not only regulated by its
production rate and expression of the physiological
antagonist follistatin, but additionally might be tuned
finely by cooperation with CTGF.

Acknowledgements

We gratefully acknowledge the support of this study by the

Deutsche Forschungsgemeinschaft (DFG) through grant GR

Liver International (2008)
1214 c� 2008 The Authors. Journal compilation c� 2008 Blackwell Munksgaard

Activin A stimulates CTGF expression in hepatocytes Gressner et al.



463/14-1. We thank E. Kovalenko for providing some speci-

mens from CCl4-injured livers.

References

1. Ying S-Y, Zhang Z, Furst B, et al. Activins and activin

receptors in cell growth. Proc Soc Exp Biol Med 1997; 214:

114–22.

2. Rodgarkia-Dara C, Vejda S, Erlach N, et al. The activin axis in

liver biology and disease. Mutat Res 2006; 613: 123–37.

3. Kogure K, Zhang YQ, Maeshima A, et al. The role of activin

and transforming growth factor-beta in the regulation of

organ mass in the rat liver. Hepatology 2000; 31: 916–21.

4. Yasuda H, Mine T, Shibata H, et al. Activin A: an autocrine

inhibitor of initiation of DNA synthesis in rat hepatocytes. J

Clin Invest 1993; 92: 1491–6.

5. Ichikawa T, Zhang YQ, Kogure K, et al. Transforming growth

factor b and activin tonically inhibit DNA synthesis in the rat

liver. Hepatology 2001; 34: 918–25.

6. Hully JR, Chang L, Schwall RH, et al. Induction of apoptosis

in the murine liver with recombinant human activin A.

Hepatology 1994; 20: 854–61.

7. Schwall RH, Robbins K, Jardieu P, et al. Activin induces cell

death in hepatocytes in vivo and in vitro. Hepatology 1993; 18:

347–56.

8. Date M, Matsuzaki K, Matsushita M, et al. Differential

regulation of activin A for hepatocyte growth and fibronectin

synthesis in rat liver injury. J Hepatol 2000; 32: 251–61.

9. Wada W, Kuwano H, Hasegawa Y, Kojima I. The dependence

of transforming growth factor-beta-induced collagen pro-

duction on autocrine factor activin A in hepatic stellate cells.

Endocrinology 2004; 145: 2753–9.

10. Huang X, Li DG, Wang ZR, et al. Expression changes of

activin A in the development of hepatic fibrosis. World J

Gastroenterol 2001; 7: 37–41.

11. Patella S, Phillips DJ, Tchongue J, et al. Follistatin attenuates

early liver fibrosis: effects on hepatic stellate cell activation

and hepatocyte apoptosis. Am J Physiol Gastrointest Liver

Physiol 2006; 290: G137–44.

12. De Bleser P, Niki T, Xu G, et al. Localization and cellular

sources of activins in normal and fibrotic rat liver. Hepatology

1997; 26: 905–12.

13. Sugiyama M, Ichida T, Sato T, et al. Expression of activin A is

increased in cirrhotic and fibrotic rat livers. Gastroenterology

1998; 114: 550–8.

14. Gressner AM, Weiskirchen R, Breitkopf K, Dooley S. Roles of

TGF-b in hepatic fibrosis. Front Biosci 2002; 7: D793–D807.

15. Oberhammer F, Bursch W, Parzefall W, et al. Effect of

transforming growth factor beta on cell death of cultured rat

hepatocytes. Cancer Res 1991; 51: 2478–85.

16. Gressner AM, Polzar B, Lahme B, Mannherz HG. Induction

of rat liver parenchymal cell apoptosis by hepatic myofibro-

blasts via transforming growth factor-beta. Hepatology 1996;

23: 571–81.

17. Oberhammer FA, Pavelka M, Sharma S, et al. Induction of

apoptosis in cultured hepatocytes and in regressing liver by

transforming growth factor-beta1. Proc Natl Acad Sci USA

1992; 89: 5408–12.

18. Leask A, Abraham DJ. All in the CCN family: essential

matricellular signaling modulators emerge from the bunker.

J Cell Sci 2006; 119: 4803–10.

19. Bork P. The modular architecture of a new family of growth

regulators related to connective tissue growth factor. Febs Lett

1993; 327: 125–30.

20. Abreu JG, Ketpura NI, Reversade B, De Robertis EM. Con-

nective-tissue growth factor (CTGF) modulates cell signalling

by BMP and TGF-beta. Nat Cell Biol 2002; 4: 599–604.

21. Rachfal AW, Brigstock DR. Connective tissue growth factor

(CTGF/CCN2) in hepatic fibrosis. Hepatol Res 2003; 26: 1–9.

22. Hayashi N, Kakimuma T, Soma Y, et al. Connective tissue

growth factor is directly related to liver fibrosis. Hepato-

Gastroenterology 2002; 49: 133–5.

23. George J, Tsutsumi M. siRNA-mediated knockdown of con-

nective tissue growth factor prevents N-nitrosodimethylamine-

induced hepatic fibrosis in rats. Gene Ther 2007; 14: 790–803.

24. Li G, Xie Q, Shi Y, et al. Inhibition of connective tissue

growth factor by siRNA prevents liver fibrosis in rats. J Gene

Med 2006; 8: 889–900.

25. Gressner O, Lahme B, Demirci I, et al. Differential effects of

TGF-beta on connective tissue growth factor (CTGF/CCN2)

expression in hepatic stellate cells and hepatocytes. J Hepatol

2007; 47: 699–710.

26. Weng HL, Ciuclan L, Liu Y, et al. Profibrogenic transforming

growth factor-beta/activin receptor-like kinase 5 signaling via

connective tissue growth factor expression in hepatocytes.

Hepatology 2007; 46: 1257–70.

27. Gressner OA, Lahme B, Siluschek M, et al. Activation of TGF-

beta within cultured hepatocytes and in liver injury leads to

intracrine signaling with expression of connective tissue

growth factor. J Cell Mol Med 2008; in press.

28. Seglen PO. Preparation of isolated rat liver cells. In: Prescott

DM, ed. Methods in Cell Biology. New York: Academic Press,

1987; 29–83.

29. Gressner AM, Pfeiffer T. Preventive effects of acute inflam-

mation on liver cell necrosis and inhibition of heparan sulfate

synthesis in hepatocytes. J Clin Chem Clin Biochem 1986; 24:

821–9.

30. Krull N, Zimmermann T, Gressner AM. Spatial and temporal

patterns of gene expression for the proteoglycans biglycan

and decorin and for transforming growth factor-beta1 re-

vealed by in situ hybridization during experimentally in-

duced liver fibrosis in the rat. Hepatology 1993; 18: 581–9.

31. Meyer DH, Krull N, Dreher KL, Gressner AM. Biglycan and

decorin gene expression in normal and fibrotic rat liver:

cellular localization and regulatory factors. Hepatology 1992;

16: 204–16.

32. Gao CF, Gressner G, Zoremba M, Gressner AM. Transform-

ing growth factor-beta (TGF-beta) expression in isolated and

cultured rat hepatocytes. J Cell Physiol 1996; 167: 394–405.

Liver International (2008)
c� 2008 The Authors. Journal compilation c� 2008 Blackwell Munksgaard 1215

Gressner et al. Activin A stimulates CTGF expression in hepatocytes

Joseph George
Rectangle



33. Roth S, Michel K, Gressner AM. (Latent) transforming

growth factor-beta in liver parenchymal cells, its injury-

dependent release and paracrine effects on hepatic stellate

cells. Hepatology 1998; 27: 1003–12.

34. Gressner AM, Wulbrand U. Variation of immunocytochem-

ical expression of transforming growth factor (TGF)-beta

hepatocytes in culture and liver slices. Cell Tissue Res 1997;

287: 143–52.

35. Inman GJ, Nicolás FJ, Callahan JF, et al. SB-431542 is a potent

and specific inhibitor of transforming growth factor-b super-

family type I activin receptor-like kinase (ALK) receptors

ALK4, ALK5, and ALK7. Mol Pharmacol 2002; 62: 65–74.
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