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ABSTRACT We eliminated type b transforming growth
factor (TGF-b) signaling by adenovirus-mediated local ex-
pression of a dominant-negative type II TGF-b receptor
(AdCATb-TR) in the liver of rats treated with dimethylnitro-
samine, a model of persistent liver fibrosis. In rats that
received a single application of AdCATb-TR via the portal
vein, liver fibrosis as assessed by histology and hydroxypro-
line content was markedly attenuated. All AdCATb-TR-
treated rats remained alive, and their serum levels of hyal-
uronic acid and transaminases remained at low levels,
whereas all the AdCATb-TR-untreated rats died of liver
dysfunction. The results demonstrate that TGF-b does play a
central role in liver fibrogenesis and indicate clearly in a
persistent fibrosis model that prevention of fibrosis by anti-
TGF-b intervention could be therapeutically useful.

Many people suffer from fibrosis of their critical organs.
Clarification of the molecular mechanisms underlying fibrotic
disorders and the development of effective therapy are both of
clinical importance. It has been considered that type b trans-
forming growth factor (TGF-b) is an important cytokine in the
regulation of the production, degradation, and accumulation
of extracellular matrix (ECM) proteins and that, as a conse-
quence, it may play a pivotal role in the fibroproliferative
changes that follow tissue damage in many vital organs,
including liver, lung, kidney, skin, heart, and arterial wall
(1–4). However, whether TGF-b indeed is of crucial impor-
tance in fibrogenesis in vivo and whether inhibition of TGF-b
actually would be effective in preventing fibrosis have not yet
been elucidated using persistent fibrosis models. Importantly,
work on fibrosis models has yet to elucidate whether preven-
tion of fibrosis through anti-TGF-b intervention would be
therapeutic or whether it might hinder the physiological repair
process after tissue injury.

As a model of irreversible fibrosis in vital organs, we focused
on liver fibrosis and investigated these questions by inducing a
specific blockade of TGF-b signaling in vivo. For this purpose,
we used dimethylnitrosamine (DMN)-treated rats (5, 6), an
established animal model of persistent liver fibrosis with a
pathophysiology closely resembling that of human liver cir-
rhosis (3, 5, 6). To achieve a specific block of the action of
TGF-b, we used an adenoviral vector to locally express a
truncated type II TGF-b receptor (AdCATb-TR); this specif-
ically can abolish all the diverse signaling by TGF-b by acting
as a dominant-negative receptor (7).

In AdCATb-TR-treated rats liver fibrosis was reduced
markedly by comparison with the controls, demonstrating that
TGF-b does indeed play a critical role in fibrogenesis in vivo.
Strikingly, all the AdCATb-TR-treated rats survived to the
end of the study period, whereas all the control rats died of
liver dysfunction. This evidence indicates that prevention of

fibrosis through anti-TGF-b treatment could preserve organ
function and be therapeutically useful. Our data may suggest
that AdCATb-TR could be effective in future gene therapy for
fibrosis in vital organs.

MATERIALS AND METHODS

Replication-Defective Recombinant Adenoviruses. Replica-
tion-defective E12 and E32 adenoviral vectors expressing
either a truncated human TGF-b type II receptor (AdCATb-
TR) (7) or b-galactosidase (AdCALacZ) (8) under a CA pro-
moter comprising a cytomegalovirus enhancer and chicken b-ac-
tin promoter (9) were prepared as described previously (7, 8, 10).

Animal Models. Male Sprague–Dawley rats, 10 weeks old
and weighing around 380 g, were given a single infusion of 1
ml of either AdCATb-TR (1.0 3 109 pfuyml), AdCALacZ, or
saline via the portal vein. Immunohistostaining of the liver of
the AdCALacZ-infused rats using an antibody against b-ga-
lactosidase showed that virtually all liver cells expressed b-ga-
lactosidase, as reported previously (11, 12), although the
expression level varied between cells (data not shown).

Each rat subsequently received an i.p. injection of DMN [10
mgyg body weight (BW) or, for the survival assay, 12 mgyg BW]
(Wako) three times a week for 3 weeks. The amount of DMN
administered was adjusted for body weight each week. At the
end of the 3-week study period, venous blood was collected and
the rats were sacrificed. Biochemical parameters were mea-
sured by using standard methods. The liver either was fixed
with 4% buffered paraformaldehyde for histological examina-
tion or frozen immediately in liquid nitrogen for the extraction
of hydroxyproline, the content of which was measured as
described previously (13). Not every rat was subjected to all the
assays described.

Northern Blotting. Via the portal vein, rats were infused
with 1 ml either of saline, AdCALacZ, or AdCATb-TR (1.0 3
109 pfuyml). Three days later, RNA was extracted. Polyade-
nylated mRNA (from 150 mg of total RNA) was subjected to
Northern blotting analysis, as described previously (7). A nylon
membrane (Hybond-N, Amersham) was probed for 16 h at
42°C with 32P-labeled cDNAs corresponding to the ectodo-
main of the human TGF-b type II receptor. Hybridization
signals were detected either by autoradiography (Kodak XA-R
film) or by a quantitative imaging analyzer (BAS 2000; Fuji).
Some rats were infected with AdCATb-TR and treated with
DMN for 3 days before RNA was extracted.

Histological Examination. Tissue sections either were
stained with Masson-trichrome or subjected to immunohis-
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tostaining by using antibodies against collagen type I (14),
fibronectin (Chemicon), a-smooth muscle actin (Boehringer
Mannheim), TGF-b1 (Promega), or monocytesymacrophages
(ED-1; Serotec). Immunoreactive materials were visualized by
use of a biotinylated anti-mouse (or -rabbit) IgG antibody,
peroxidase-labeled streptavidin, and diaminobenzidine. For
the semiquantitative analysis of fibrosis, the blue-stained area
in the Masson-trichrome-stained sections was measured on a
video-screen display (3400 magnification) by a technician
blinded to the treatment regimen using a digital image analyzer
(Digitizer KD4600; Graphtec, Tokyo, Japan). Three fields
were selected randomly from each of 3 sections, and 3 rats

from each group were examined; thus, a total of 27 fields were
analyzed for each group.

Statistical Analysis. Statistical analysis of values was per-
formed by means of an unpaired Student‘s t test, with a P
value ,0.01 considered significant.

RESULTS

A Large Excess of mRNA for the Truncated TGF-b Type II
Receptor Over That for the Rat Full-Length Receptor Is
Expressed in the Liver of AdCATb-TR-Infected Rats. To
inhibit signaling mediated by the wild-type receptor, the
truncated receptor would need to be expressed in a consider-
able excess over the full-length receptor (7, 15). Because of the

FIG. 1. Full-length rat type II and truncated human type II TGF-b
receptor mRNA in liver of rat infected with AdCATb-TR. Rats were
infused via the portal vein with either saline, AdCALacZ, or Ad-
CATb-TR. Three days later, polyadenylated mRNA was extracted
from the livers and subjected to Northern blotting analysis using the
ectodomain of the human type II TGF-b receptor as a probe. Two
signals (5.5 and 0.9 kb) were detectable. Two other independent
experiments gave similar results.

FIG. 2. Histology of liver from rats treated with DMN. Rats were
infused once via the portal vein with saline (A), AdCATb-TR (B), or
AdCALacZ (not shown, because the histology was not significantly
different from that of rats infused with saline), then treated with DMN
for 3 weeks as described in Materials and Methods. Liver sections were
examined histologically by Masson-trichrome staining. (3200.)

FIG. 3. Immunohistological analysis of liver from rats treated with
DMN. Rats were treated as described in the legend to Fig. 1. Liver
sections were examined by immunohistostaining by using antibodies
against collagen type I, fibronectin (FN), TGF-b1, a-smooth muscle
actin (a-actin), or monocyteymacrophage (ED-1). Masson-trichrome
staining (MT) also is shown to indicate the fibrotic area. (Left)
DMN-treated rats infused with saline. (Right) DMN-treated rats
infused with AdCATb-TR. The upper three sections are serial. [3200
(3400 for ED-1 immunostaining).] Sections from AdCALacZ-infused
rats are not shown, because the results were similar to those seen in
rats infused with saline.
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lack of an appropriate antibody for the detection of the
extracellular domain of both the rat and the human type II
TGF-b receptor at a similar level, we were unable to quantify
the protein levels of those two receptors. For that reason, we
compared the levels of the mRNAs for the two receptors. Via
the portal vein, we infused either saline, a control adenovirus
expressing bacterial b-galactosidase (AdCALacZ), or an ad-
enovirus expressing a dominant-negative TGF-b receptor (a
truncated human type II receptor) (AdCATb-TR) (7). We
extracted mRNA from the livers of rats 3 days after gene
transfer and analyzed them by Northern blotting using a
human receptor as a probe. Two mRNAs were detectable (Fig.
1), and these mRNAs, of 5.5 and 0.9 kb, would correspond to
the rat full-length receptor and the truncated human receptor,
respectively (7). The truncated receptor mRNA was much
more abundant (around 20-fold more) than the rat full-length
receptor (Fig. 1). Similar results were obtained in AdCATb-
TR-infected rats treated with DMN for 3 days (data not
shown). It is true that we may have underestimated the level
of the mRNA for the rat receptor because of our use of a
human probe and, furthermore, that we did not investigate
how great an excess of the truncated receptor may be required
to eliminate TGF-b signaling in the liver in vivo. Nevertheless,
these results seem to suggest that a large excess of the
truncated receptor over the full-length receptor would be
expressed in the liver; this then could lead to an elimination of
signaling by TGF-b.

DMN Treatment Induces Irreversible Liver Fibrosis. As an
experimental liver fibrosis model, we used DMN-treated rats
(5, 6). I.p. injection of DMN induced fatty degeneration of
hepatocytes, activation and proliferation of lipocytes (also
called Ito cells), infiltration by macrophages (possibly Kupffer
cells), and secretion of TGF-b. Within 3 weeks, this resulted in
tissue remodeling with matrix deposition mainly in the cen-
trilobular area and portal tract, as assessed histologically (Fig.
2A) or by immunohistostaining using specific antibodies
against either collagen type I or fibronectin (Fig. 3 Left). The
fibrotic area also was stained intensely by an anti-TGF-b1
antibody, and the cells in the fibrotic area showed positive
immunostaining either for anti-a-smooth muscle actin or for
anti-monocytesyanti-macrophages (ED-1 antibody) (Fig. 3
Left). These findings suggest that the transformed lipocytes
(and the infiltrated macrophages) may secrete TGF-b. This is
consistent with the current idea that lipocytes are transformed
into myofibroblasts (expressing a-smooth muscle actin) and
secrete TGF-b, thus stimulating the production of ECM, and
probably their proliferation, through a paracrineyautocrine
loop (3).

Gene Transfer of a Dominant-Negative TGF-b Receptor
Prevents Liver Fibrosis in DMN-Treated Rats. By contrast, in
rats in which we gave a single injection, via the portal vein, of
AdCATb-TR, liver fibrosis, as assessed by histological exam-
ination, was markedly reduced. Masson-trichrome staining is
shown in Fig. 2B, and immunostaining against collagen type I,
fibronectin, a-smooth muscle actin, TGF-b1, and monocytesy
macrophages (ED-1) is shown in Fig. 3 Right. This inhibitory
effect was observed in all areas of the liver, with no significant
difference noticed between the different lobes. Semiquantita-
tive analysis of the area of fibrosis in tissue sections showed
that in AdCATb-TR-treated rats the fibrotic area was reduced
to 22 6 4% (mean 6 SD, 27 fields from 3 rats) of that seen in
rats infused with saline. No reduction in fibrosis was observed
in DMN-treated rats infused with a control adenovirus (Ad-
CALacZ), and no significant histological difference was seen
between AdCALacZ-treated rats and DMN-treated rats in-
fused with saline, indicating that marked prevention of fibrosis
was not the result of adenovirus infection per se.

For the purposes of quantitative evaluation, we measured
the hydroxyproline content of the liver (13). In DMN-treated
rats infused with either AdCALacZ or saline, the amount of
hydroxyproline was 3.4 times higher than that found in intact
rats (i.e., rats not treated with DMN) (Fig. 4). However, in
DMN-treated rats infused once with AdCATb-TR, the hy-
droxyproline content showed only a slight excess over the value
seen in intact rats.

Serum levels of hyaluronate, which is used as a serum
marker of the progression of liver fibrosis in humans (16, 17),
were low in DMN-treated rats infused with AdCATb-TR, but
high in DMN-treated rats infused with either saline or Ad-
CALacZ (Table 1). Surprisingly, the serum levels of aspartate
aminotransferase (AST) and alanine aminotransferase (ALT),
which may reflect hepatocyte impairment, were within the low
range in DMN-treated rats infused with AdCATb-TR
(Table 1).

When we measured AST and ALT in the serum of rats 3
days after both gene transfer and the initial treatment with
DMN, the increases in the levels of these hepatic enzymes were
the same regardless of whether the DMN-treated rats were

FIG. 4. Hydroxyproline content of the liver. Rats were treated as
described in the legend to Fig. 1. Hydroxyproline content is shown as
mean 6 SD (n 5 12). Three samples from each of four rats were
analyzed for each group.

Table 1. Serum hyaluronate and hepatocyte enzymes

Hyaluronate,
ngyml AST, unitsyml ALT, units/ml

Intact ,10 13 6 5 8 6 3
DMN-saline 430 6 61 7,652 6 1,695 4,211 6 1,010
DMN-AdLacZ 411 6 46 8,078 6 1,515 4,041 6 768
DMN AdTb-TR 22 6 4 78 6 6 67 6 7

Serum hyaluronate and hepatocyte enzymes in intact and DMN-
treated rats. Rats were treated as described in the legend to Fig. 1.
Blood was collected 3 weeks after gene transfer and DMN treatment.
Hyaluronate, AST, and ALT are shown as mean 6 SE (n 5 7). Intact
rats were also analyzed as controls.

Table 2. Serum hepatocyte enzymes

AST,
international

units/ml

ALT,
international

units/ml

Intact 58 6 2 36 6 2
DMN-saline 1,301 6 202 1,038 6 217
DMN-AdLacZ 1,350 6 302 1,325 6 310
DMN-AdTbTR 1,395 6 138 1,450 6 304

Serum hepatocyte enzymes in intact and DMN-treated rats. Rats
were treated as described in the legend to Fig. 1. Three days after the
initial treatment with DMN, blood was collected and serum enzymes
were measured. AST and ALT both are shown as mean 6 SE (n 5 6).
Intact rats also were analyzed as controls. There is no statistical
difference between the values from AdCALacZ-infused rats and those
from AdCATb-TR-infused rats.
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infused with saline, AdCALacZ, or AdCATb-TR (Table 2). This
indicates that in the initial stage of DMN treatment, a comparable
degree of hepatic injury was induced in the livers of all rats.

Protection Against Fibrosis by AdCATb-TR Reduced Loss
of Body Weight and Led to Greater Survival Among Rats.
Fibrosis may be part of the physiological response to tissue
damage. Thus, whether prevention of fibrosis indeed is ben-
eficial is an important question. This question cannot be
examined in a temporary model of ECM deposition. There was
a gradual loss of body weight in DMN-treated rats infused with
either saline or AdCALacZ, but this loss was attenuated
significantly in DMN-treated rats infused with AdCATb-TR
(Fig. 5A). Furthermore, the DMN-treated rats infused with
AdCATb-TR all remained alive throughout the study, whereas
all the DMN-treated rats infused with either saline or AdCA-
LacZ died within 3 weeks (Fig. 5B). It should be noted that for
the body weight and survival studies, DMN was given at 12
mgyg BW, instead of 10 mgyg BW, to accelerate liver fibrosis
and dysfunction.

DISCUSSION

It is now widely accepted that TGF-b is a major cytokine in the
regulation of the production, degradation, and accumulation
of ECM, and it has been suggested that overexpression (or
activation) of TGF-b for a prolonged period of time after
tissue damage may induce a fibroproliferative response and
deposition of ECM, resulting in fibrosis in vital organs (2–4).
Many studies have detected the presence of TGF-b, in the form
of either protein or message, in the fibrotic tissues of animal
models or human samples. Partial inhibition of the accumu-
lation of ECM using either anti-TGF-b serum or a TGF-b-
binding protein has been reported in a temporary fibrosis
model, such as the antithymocyte antibody-induced glomeru-
lonephritis model (18, 19), in which ECM deposition will, even
without treatment, persist for only a week or so. However, it
has not been demonstrated clearly in a persistent fibrosis
model whether TGF-b does play a central role in fibrogenesis;
in other words, whether prevention of fibrosis can be achieved
by anti-TGF-b intervention. Moreover, the important question
of whether prevention of fibrosis is therapeutic or hinders the
physiological response leading to wound repair has not been
answered clearly yet. The present study of rat liver fibrosis in
an irreversible fibrosis model has answered all these questions

by adenovirus-mediated local expression of a dominant-
negative TGF-b receptor (7) that can abolish all the known
signaling by TGF-b. Our results indicate that TGF-b does
indeed play a central role in liver fibrogenesis. Our study also
provides clear evidence that blockade of fibrosis via anti-
TGF-b intervention preserves liver function and will be ther-
apeutically useful. The study also suggests that the use of the
adenovirus-mediated transfer of a molecule that blocks TGF-b
signaling may have potential as an effective means of therapy.

Overexpression of kinase-truncated or kinase-defective re-
ceptors for particular growth factors (15, 20–22) would be a
useful way of clarifying the in vivo role of these factors (23–28),
because signaling by a given growth factor is blocked at the
receptor level without affecting signaling mediated by other
receptors (7, 15, 20, 21). This is especially true in studies of
disorders developed in mature adults; because most growth
factors are indispensable for normal embryogenesis, gene
targeting would be lethal. In this study a dominant-negative
TGF-b receptor has been expressed in adult animals as a way of
elucidating the role of TGF-b in fibrogenesis and evaluating the
therapeutic effects of its inhibition in a persistent fibrosis model.

The immunohistostaining analyses of the liver of DMN-
treated rats in our study produced results that are consistent
with the current concept that activated lipocytes, which are
transformed to myofibroblasts expressing a-smooth muscle
actin, may be the primary cellular source of ECM proteins in
response to TGF-b. This idea has been proposed in studies of
both rodent models and humans (3, 29, 30). The factor(s)
responsible for the activation of lipocytes in the initial phase
has yet to be identified, although it is thought that Kupffer cells
(liver macrophages) may secrete the activating factor(s) and
that at least one of those factors may be TGF-b (31, 32).
Although TGF-b has an antiproliferation effect on cells of
epithelial origin, it also exerts a proliferative action, depending
on its concentration, particularly on mesenchymal cells (2, 33).
Thus, the notion that TGF-b may stimulate proliferation of
lipocytes is not inconsistent with its known actions. It has also
been reported that lipocyte proliferation was augmented when
the cells were cultured on type I collagen (34), which is the
predominant matrix component increased in liver fibrosis.
Thus, a suppression of the accumulation of ECM by elimina-
tion of TGF-b signaling may also reduce lipocyte proliferation,
which, in turn, should further reduce the accumulation of
ECM. Alternatively, TGF-b may stimulate the secretion of

FIG. 5. Temporal changes in body weight (A) and survival rate (B) in DMN-treated rats. Rats were treated as described in the legend to Fig. 1 (DMN
was given at 12 mgyg BW). Rats that died within the 24 h after the gene-transfer procedure were excluded from the evaluation. For rats infused with either
AdCALacZ or saline who died during the 3rd week, body weight at death is shown at day 21 (n 5 5 in A and n 5 15 in B for each group.)
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other cytokines such as platelet-derived growth factor
(PDGF), which induces proliferation of lipocytes, as reported
previously in fibroblasts and arterial smooth muscle cells (35,
36). Up-regulation of the PDGF receptor in cultured lipocytes
also has been reported (37–39), and this would tend to enhance
the above effect of TGF-b. These studies suggest that an
elimination of PDGF signaling might suppress the activation
andyor proliferation of lipocytes and thus contribute to a more
effective prevention of fibrosis if it occurs in addition to an
inhibition of TGF-b signaling. This possibility is now under
investigation in our laboratory using an adenovirus expressing
a truncated PDGF receptor that works as a dominant-negative
PDGF receptor (15, 40).

An important finding in this study was that prevention of
fibrosis through anti-TGF-b intervention was accompanied by
a reduction of liver dysfunction (as assessed by the level of
hepatocyte enzymes in the serum), a smaller loss of body
weight, and enhanced survival (Table 1 and Fig. 5). At present,
we do not know the identity of the underlying mechanism
responsible for this maintenance (or enhancement) of liver
function. Because ECM (through an interaction with inte-
grins) affects cell structure and function, induces gene expres-
sion, and stimulates cellular proliferation (41), it is theoreti-
cally possible that the reduced fibrosis may have led to an
attenuation of the hepatic ‘‘injury’’ at a later stage in the
disease process and thus to a lessening of the liver dysfunction.
Indeed, the more than 60-fold reduction in ALT levels seen in
AdCATb-TR-treated rats at 3 weeks may raise this possibility.
An accumulation of fibril-forming collagen and fibronectin in
the subendothelial Disse space is associated with clinical liver
disease (42). Fibrosis in the Disse space may block the ex-
change of molecules between the sinusoidal space and the
hepatocytes, thereby impairing the functioning of hepatocytes
(3). Thus, a reduction in fibrosis in this space might improve
liver function more than might otherwise be expected. It has
been reported that TGF-b is an inhibitor of the proliferation
of hepatocytes (43, 44) and that, at higher concentrations,
TGF-b induces oxidative stress leading to hepatocyte apopto-
sis (44). Thus, attenuation of the action of TGF-b by expres-
sion of the truncated TGF-b receptor might facilitate the
process of hepatic regeneration or prevent hepatocyte damage
from occurring. Further studies including electronmicroscopic
analysis are needed to test these ideas.

The present data may suggest that AdCATb-TR is a possible
candidate for use in future gene therapy. Whether Ad-
CATb-TR will be effective in halting fibrosis and allowing its
reversal in individuals in which fibrosis is already established
is a question to be examined in future studies. Conceivably, the
elimination of the effects of TGF-b for a prolonged period of
time might have unfavorable consequences, such as the in-
flammation and tissue necrosis observed in TGF-b1 gene-
disrupted mice (45). This also will need to be investigated
carefully in future studies.
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