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Abstract
AIM: To evaluate the possible differences in morphology and immunohistochemical expression of CD3,
transforming growth factor β1(TGF-β1), Smad7, α-smooth
muscle actin (α-Sma), and collagen types I-VII of small
and large intestine in Smad3 null and wild-type mice.
METHODS: Ten null and ten wild-type adult mice
were sacrificed at 4 mo of age and the organs (esophagus, small and large bowel, ureters) were collected for
histology(hematoxylin and eosin, Masson thrichrome,
silver staining), morphometry and immunohistochemistry
analysis. TGF-β1 levels of intestinal tissue homogenates
were assessed by ELISA.
RESULTS: No macroscopic intestinal lesions were detected both in null and wild-type mice. Histological and
morphometric evaluation revealed a significant reduction
in muscle layer thickness of small and large intestine in
null mice as compared to wild-type mice. Immunohistochemistry evaluation showed a significant increase of
CD3+T cell, TGF-β1 and Smad7 staining in the small and
large intestine mucosa of Smad3 null mice as compared
to wild-type mice. α-Sma and collagen I-VII staining of
small and large intestine did not differ between the two
groups of mice. TGF-β1 levels of colonic tissue homogenates were significantly higher in null mice than in wildtype mice. In preliminary experiments a significant reduction of TNBS-induced intestinal fibrosis was observed

in null mice as compared to wild-type mice.
CONCLUSION: Smad3 null mice are a useful model to
investigate the in vivo role of the TGF-β/Smad signalling
pathway in intestinal inflammation and fibrosis.
© 2006 The WJG Press. All rights reserved.
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INTRODUCTION
Smads are a family of eight related proteins which function
as signalling intermediates for the transforming growth
factor β (TGF-β) superfamily of ligands[1-3]. Upon ligation
and activation of TGF-β with its receptors (I, II and III),
the phosphorylated Smad2 and 3 form a complex with the
common mediator Smad4. The Smad2/3- Smad4 complex
can translocate into the nuclei where they enhance specific TGF-β target genes. The inhibitory Smad7 antagonizes TGF-β signalling by interfering with the ligation of
Smad2/3 with the activated receptor complex. Experimental evidence from several research groups suggests that
disruption of the TGF-β/Smad signalling pathway plays a
central role in sustaining both chronic tissue inflammation
and fibrosis[4-6].
TGF-β is a multifunctional polypeptide hormone influencing different functions in a variety of cells including
regulation of cell proliferation, differentiation and apoptosis, immunoregulation, regulation of the inflammatory
response, restitution and healing [5,7,8]. At cellular level,
TGF-β affects virtually all stages of the chronic inflammatory and fibrotic disease processes. The effects of TGF-β
on the extracellular matrix are more complex than those
of any other growth factor and are central to its effects in
increasing the maturation and strength of wounds, as well
as in the pathological matrix accumulation, characteristic
of fibrotic disease[4,9,10]. TGF-β regulates the transcription
www.wjgnet.com
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of a wide spectrum of matrix proteins including collagen,
fibronectin, glycosaminoglycans, and matrix-degrading
proteases (metalloproteinases) and their inhibitors.
TGF-β/Smad signalling plays an important role in
chronic inflammatory diseases, especially in Crohn’s disease
(CD)[5,7,11,12]. The transmural infiltrate of CD is responsible
for initiating and maintaining a series of connective
tissue changes not only involving the mucosa but also
the submucosa and muscularis mucosae and propria where a
marked increase of type I, III and V collagens and RNA
transcripts are observed [13-15]. In CD, there is a marked
overexpression of TGF- β 1 and TGF- β receptors in
the colonic mucosa [16-18]. Fibrosis in CD can therefore
be viewed as an aberrant healing response to injury[19].
In addition, TGF-β appears to be involved in intestinal
fibrosis present in other enteropathies, such as radiation
enteritis, collageneous colitis and intestinal graft-versushost disease[20-22].
Experimental transgenic animal models are useful tools
to study the in vivo function of individual molecules[23-25].
TGF-β knock-out mouse model is characterized by the
loss of a critical regulator of immune function which
leads to an excessive inflammatory response with massive
infiltration of leukocytes in several organs [26] . This
condition develops rapidly with onset during the first
week of life and results in severe wasting and death by the
fourth week of life[27,28]. Unlike the targeted disruptions
of Smad2 and 4 which are lethal[29,30], the disruption of
Smad3[31] results in the birth of mice which are viable and
can survive to adulthood (up to 8 mo of age). Since the
Smad3 knock out model provides pivotal information
concerning cutaneous wound healing[32-34], it is thought that
this model might also be useful to investigate the in vivo
role of the TGFβ/Smad signalling pathway in intestinal
inflammation and fibrosis.
The present study was to evaluate the small bowel and
colonic morphology as well as the immunohistochemical expression of collagens I-VII, α-smooth muscle actin
(α-SMA), TGFβ1, Smad7, and CD3 in Smad3 wild-type
and null mice.

MATERIALS AND METHODS
Animals
Colonies of Smad3 wild-type, heterozygous and null mice
(black Swiss strain) were bred in our laboratory. These
animal colonies were developed using pairs of Smad3
heterozygous mice kindly provided by A. Roberts (NCI,
Bethesda, MD, USA). Smad3ex8/ex8 mice were generated by
targeted disruption of the Smad3 gene by homologous
recombination. Targeted embryonic stem-cell clones were
injected into a C57BL blastocyst to obtain germline transmission. Mice heterozygous for the targeted disruption
were intercrossed to produce homozygous offsprings[31].
All mice were maintained in a specific pathogen-free
(SPF) facility and routinely monitored. Mice were kept in
microisolator cages and allowed free access to food and
water. All mice were examined 4 times a week for signs of
colitis including weight loss, diarrhea, rectal bleeding and
prolapse[35], as well as signs of systemic inflammation such
as piloerection, lethargy and periorbital exudates[36].
www.wjgnet.com
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Figure 1 Genotyping of animal offsprings by PCR of cDNA (tail extracts). Lane 1=
molecular weight ladder of 100 bp; lane 2= null mice; lane 3= wild-type (Wt) mice;
lane 4 = heterozygous(Ht) mice.

DNA extraction and genotype analysis
Mouse tail DNA extraction was performed according to
the protocol reported elsewhere[37].
Genotype analysis was carried out by the polymerase
chain reaction (PCR) method in which the wild type Smad3
allele was detected using primer 1 (5’-CCAGACTGCCTT
GGGAAAAGC-3’) and primer 2 (5’-CCCGAACAGTTG
GATTCACACA-3’). Primer 1 is located 5’ to the deletion
and primer 2 is located within the deletion. This primer
pair amplified a fragment of ~ 400 bp from wild-type and
Smad3 ex8/+ mice, but not from Smad3ex8/ex8 mice (Figure 1).
DNA was also amplified using primer 1 and primer 3 (5’
-CCAGACTGCCCTTGGGATGCCCCTG-3’), which
is located in the pLoxpneo, to detect the mutant Smad3
allele. In this case, a 250 bp fragment was detected in mice,
heterozygous or homozygous for the mutant Smad3 allele,
while no signal was detected in wild-type mice.
Sample recovery and preparation
A total of 20 mice (10 wild-type and 10 null for the Smad3
allele) were sacrificed at 4 mo of age. Laparotomy was
performed under ether anesthesia. The esophagus, small
bowel, colon and ureters were visualized, rapidly excised
and placed in a Petri dish containing sterile saline solution.
Tissue samples from the esophagus, small bowel, colon,
and ureters were processed for structural and immunohistochemical studies.
Histology and morphometry
Specimens obtained from the esophagus, small bowel,
colon and ureters of all animals were washed and immediately immersed in 10% buffered formalin in phosphate
buffer saline (PBS) ( pH 7.4) for 3 h at room temperature
followed by the standard procedure for paraffin embedding. Serial 3 µm sections were stained with hematoxylin
and eosin (HE) to assess the degree of inflammation and
with Masson trichrome and silver stain to detect connective tissue. The stained sections were then observed under
an Olympus BX51 light microscope (Olympus, Optical
Co. Ltd., Tokyo, Japan). The degree of intestinal inflammation was scored as absent, mild, moderate or severe
according to the density and extent of both acute and
chronic inflammatory infiltrate, loss of goblet cells and
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Figure 2 Morphology of Smad3 null
and wild-type mice. The majority of
Smad3 null mice exhibited a reduced
size compared to littermate controls.
Severe bending of forepaw joints was
present in Smad3 null mice.

Table 1 Muscle layer thickness of gastrointestinal and urinary
tract segments from Smad3 wild-type and null mice (mean±SD)
Wild-type (n )
Colon
Small bowel
Esophagus
Ureters

221.79 ± 99.78
95.55  ± 38.45
189.36 ± 42.60
32.85 ± 3.74

(6)
(6)
(5)
(5)

Null (n )
104.68 ± 50.73
46.44 ± 25.96
188.49 ± 43.94
30.31 ± 1.91

P value
(7)
(6)
(6)
(5)

0.02
0.03
NS
NS

(n) = Number of mice evaluated. Muscle layer thickness is expressed in
micron. NS = not significant.
Wt (+/+)

bowel wall thickening[35,38]. Intestinal fibrosis was scored
as mild, moderate or severe depending on the density and
extent of trichrome-positive connective tissue staining and
disruption of tissue architecture[38]. A quantitative estimate
of mucosa, submucosa and muscular layer thickness of
distal esophagus, proximal and distal small bowel, proximal
and distal colon, and distal ureters was performed. Morphometric analysis was done in all animals by ten measurements randomly taken in 4 different fields (x 40) in a double blind fashion by two independent pathologists with an
agreement always higher than 90%. Light microscopic and
IHC microphotographs were taken by Olympus BX-51
Light Microscopy (Olympus, Optical Co. Ltd., Tokyo,
Japan) with a videocam (Spot Insight, Diagnostic Instrument, Inc., Sterling Heights, MI, USA) and processed with
an image analysis system (IAS-Delta Sistemi, Rome, Italy)
software.
Immunohistochemistry
Samples from small bowel and colon obtained as previously described, were also promptly fixed with 10%
buffered formalin in PBS (pH 7.4) for 3 h, dehydrated in
graded ethanols and embedded in low-temperature-fusion
paraffin. Serial 3 µm sections were incubated for 40 min
in methanol and 3% hydrogen peroxide solution and then
rinsed in PBS. Thereafter, sections were incubated overnight at 4 ℃ with monoclonal antibodies to CD3, TGFβ-1,
Smad7 and α-SMA (Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA), used at a dilution of 1:100, 1:250, 1:100
and 1:400 respectively in PBS. Additional sections were
incubated with a cocktail of monoclonal antibodies to collagen types (I, III, IV, V, VII) (Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) in order to demonstrate the
morphological and topographic features of collagen distribution in different layers of small bowel and colonic wall.
Samples were then rinsed with PBS for 5 min and
incubated with a labeled streptavidin-biotin-peroxidase
c o n j u g a t e k i t ( D a ko L S A B, c o d . K 0 6 7 5 , D a ko Cytomation, Milan, Italy). After rinsed in PBS for 10 min,
the sections were incubated with 3,3-diaminobenzidinetetrahydrochloride (DAB, Sigma Aldrich, Milan, Italy) for
1-3 min.
To control specificity of the immune reaction, sections
were incubated omitting the primary antibody, i.e.,
incubated with the secondary antibody alone. Finally, the
samples were counterstained with Mayer’s hematoxylin and
observed under photomicroscope (Olympus BX51 light
microscope; Olympus, Optical Co. Ltd, Tokyo, Japan).
www.wjgnet.com
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Measurement of colonic TGF-β1 protein levels
TGF-β1 protein was determined by ELISA. Briefly, tissue
was homogenized in the presence of a mixture of protease inhibitors with a broad specificity for the inhibition of
serine, cysteine, aspartic proteases and aminopeptidases
(1 mL/20 g). The mixture contained 4, (2-aminoethyl)
benzenesulphonyl fluoride (AEBSF), pepstatin A, E-64,
bestatin, leupeptin and aprotinin without metal chelators. For determination of TGF-β1 levels, an aliquot of
the supernates was treated with 1 mol/L HCl to activate
TGF-β1, followed by neutralization with 1 mol/L NaOH
using a standard ELISA procedure (Quantikine, R&D Systems, Minneapolis, MN, USA).
Statistical analysis
All statistical analyses were performed in a double-blind
fashion and results were computed using an appropriate
program (SAS/STAT software). Results were expressed
as mean±SD. Statistical significance was performed by the
two-tailed Student’s t test for paired data and P < 0.05 was
considered statistically significant.

RESULTS
Animal gross phenotype
The phenotype of Smad3 null mice at birth was identical
to that in heterozygous and wild-type littermate controls.
Nevertheless, the Smad3 null mice at three weeks of age
were characterized by the following hallmarks: short body
length compared to the tail and a predominant deformity
of the anterior paws (Figure 2). About 20% of Smad3 null
animals developed a wasting disease (Figure 3) and died
between 3-6 mo but none of them developed diarrhea or
hematochezia, and only a marked dilatation of the colon
was observed in two Smad3 null mice.
About 80 % of null mice survived up to 6 mo of
age, while a mortality rate of 6% and 2% was observed
at 18 mo of age in heterozygous and wild-type mice,
respectively. No serosal or mucosal macroscopic lesions
of the small or large intestine were detected either in wildtype mice or in null mice.
Histologic and morphometric evaluation
HE staining of the small and large bowel showed a normal morphology both in wild-type mice and in Smad3
null mice (Figure 4). Masson trichromic staining and silver
www.wjgnet.com
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Figure 3 Body Weight changes of wild-type and Smad3 null mice. Each point
represents mean weight data pooled from 10 mice. Standard deviations are
indicated. Plot of weight (g) vs age (days). Wild-type are indicated as □ (squares),
and null as ◊ (diamonds).
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Figure 4 Haematoxylin and eosin-stained sections (x 20) analysis of small and
large bowel from wild-type and Smad3 null mice shows normal morphology.
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Figure 5 Masson trichrome staining (x 20) of small and large bowel from Smad3 mice. Significant reduction of muscular layer of descending colon of Smad3 null (A) is
observed compared to colon from wild-type (WT) mice (B), reduction of muscle layer in cross sections of the proximal small bowel from Smad3 null (C) as compared to wildtype mice (D). Haematoxylin and eosin staining (x 20) of ureter and esophagus of Smad3 mice. Cross section of esophagus from Smad3 null (E) and wild-type mice (F)
shows no differences in muscle layer. Cross section of ureter from Smad3 null (G) and wild-type mice (H) shows no differences in muscle layers.

staining of the colon and small intestine showed a similar
collagen distribution in all intestinal layers both in wildtype mice and in Smad3 null mice (Figure 5).
A significant reduction in muscle layer thickness
confined to the colon and small intestine was observed
in Smad3 null mice compared to wild-type mice, while
the mucosa and submucosa layers were similar in the two
groups (Table 1, Figure 5). No differences in the thickness
of the mucosa, submucosa and muscle layers of the ureter
and esophagus were observed either in wild-type mice or
in Smad3 null mice (Figure 5).
Immunohistochemistry evaluation
In the colonic and small intestine mucosa of Smad3 null
mice, a significant staining of CD3+ T cells, TGF-β1 and
Smad7 was observed compared to the intestinal mucosa
of wild-type mice (Figure 6). TGF-β1 and Smad7 staining
was localized mainly in lymphocytes of the intestinal lamwww.wjgnet.com

ina propria from Smad3 null mice. In small intestine and
colon, α-SMA staining was limited to the smooth muscle
cells of muscularis mucosa, muscularis propria as well as
myocytes of the median vessel layer, with a comparable
pattern both in wild-type mice and in null mice (Figure 7).
Staining of collagens I-VII of the small intestine and colon was localized mainly in the submucosa and muscularis
propria connective tissue and did not differ between the
wild-type and null mice (Figure 7).
TGF-β1 levels in colon homogenates
TGF-β1 levels in colonic tissue homogenates were significantly higher in null mice than in wild-type mice (Figure 8).

DISCUSSION
In this study, we characterized the changes in intestinal
structures which may occur in a Smad3 knock out mouse
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Figure 7 Immunohistochemical analysis (x 20) of α-SMA and collagens I-VII in
colon from Smad3 null and wild-type mice. A similar localization of α-SMA antibody
was found in miocytes of muscularis mucosae, muscle layer and vessels of both
groups of animals. Staining of collagens I-VII in large intestine of Smad3 null and
wild-type mice was localized mainly within connective tissue of submucosa and
muscularis propria showing identical staining pattern between the two groups of
mice.
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Figure 8 TGF-β1 ELISA of colon homogenates from Smad3 null (solid column)
and wild-type mice (dashed column). Data are given as mean±SD. aP < 0.05 vs
wild type mice.

Smad 7

Figure 6 Immunohistochemical analysis (x 20) of CD3+ T cells, TGF-β1 and
Smad7 in colon obtained from Smad3 null and wild-type mice. CD3+ T cells were
significantly increased within large intestine of Smad3 null mice as compared to
the wild-type mice. TGF-β1 and Smad7 were significantly increased within large
intestine of Smad3 null mice compared to wild-type mice.

model compared to the littermate wild-type controls. In
particular, attention was focused on evaluation of intestinal alterations present in healthy adult animals that could
be used as a model to investigate the role of the TGFβ1/
Smad3 pathway in the development of chronic intestinal
inflammation and fibrosis. The animals studied did not
develop any signs of colitis, but Smad3 null mice had a
deficit in body weight gain as compared to their controls.
Smad3 null mice were smaller than wild-type littermates
and about 40% of them showed the presence of medially
torqued forepaws associated with kyphosis sometimes.
Some aspects of this phenotype are similar to those of
mice expressing a transgenic dominant negative type II
TGF-β receptor[39]. We did not observe any significant
macroscopic intestinal lesions except for colonic dilatation
in 20% of Smad3 null mice.
Histopathological analysis of small and large intestine
specimens did not reveal any neoplastic lesions, significant

intestinal mucosa inflammation (i.e., chronic abscesses
or marked neutrophil/monocyte infiltrate) or changes in
intestinal connective tissue distribution. On the contrary,
mice that died prematurely (1-3 mo of age) often showing
signs of systemic inflammation, presented severe histologic
lesions of the intestinal mucosa (data not shown) similar
to the findings described earlier[31]. These animals were
not included in the present study since the aim of the
investigation was to evaluate the intestine of healthy adult
mice in which an intestinal fibrosis could be experimentally
induced.
A significant reduction in smooth muscle layer thickness of small and large intestine was present in Smad3
null mice as compared to wild-type mice. These alterations of colonic smooth muscle layers could account
for the colonic dilation observed in Smad3 null mice. In
this respect, immunostaining of the colonic mioenteric
plexus was also performed which showed a normal appearance (data not shown). Smooth muscle layer thickness
from the esophagus and ureters was normal and similar
in the two groups of mice. The reason why the intestinal
muscle layer thickness was reduced in Smad3 null mice is
unknown. Nevertheless, several lines of evidence suggest
that TGF-β/Smad3 signalling plays an important role in
the development of smooth muscle cells from totipotent
or multipotent embryonic stem cells[40,41]. Furthermore,
TGF-β/Smad3 signalling is also involved in the differentiawww.wjgnet.com
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tion and proliferation of smooth muscle cells [42,43] .
A number of phenotypic changes as observed in our
mice with a targeted disruption of Smad3 in exon 8[31],
are similarly present also in mice with a disruption of
Smad3 in exon 1 or 2[44,45]. In fact, in all these three models
a decrease in size and growth rate, and the presence
of skeletal abnormalities have been observed. They
also show a decreased survival. The deletions of both
exon 8 and 1 are associated with different degrees of
intestinal inflammation [31,44], while the deletion of exon
2 accompanies the development of metastatic colorectal
cancer[45]. The reason for this discrepancy is unknown.
This discrepancy could be related to differences in genetic
background of the Smad3 null animals used. It is possible
that in mice a differential activation of downstream
targets exists with a disruption in exons 1, 2 and 8. This
hypothesis is supported by in vitro studies indicating that
different domains of the Smad3 protein may be involved
in activation of diverse downstream pathways[46,47].
Although no evident intestinal mucosa inflammation
was found, the immunohistochemical analysis showed
an increase in CD3+ T cells within the intestinal mucosa
of Smad3 null mice, compared to wild-type mice, which
is consistent with previous data[31]. In addition, increased
TGF- β 1 and Smad7 staining was obser ved in the
intestinal mucosa of Smad3 null mice. The constitutively
high TGF- β expression in the intestine could account
for the positive counteractive mechanism due to the
loss of intracellular transduction signals in Smad3 null
mice. TGF-β overexpression could not be attributed to
monocytes and macrophages not increased in the intestinal
mucosa[31,32], nor to TGF-β autoinduction under the control
of Smad3 [32,33] . On the other hand, increased TGF-β
expression could be attributed to the increased T cells in
the intestinal mucosa or to the platelet degranulation not
assessed in this study. The mechanism that may upregulate
Smad7 expression is not clear. Moreover, Smad7 is strongly
and rapidly induced by TGF-β itself[48]. Efficient expression
of Smad7 appears to depend upon the cooperation of
Smad, Sp1 and AP-1 transcription factors[49]. In Smad3 null
mice, the overexpression of TGF-β1 may induce Smad2
phosphorylation which in turn could upregulate Smad7
intracellular expression even in the absence of Smad3.
In some cell types, Smad7 expression is induced by other
signalling pathways, such as Jak1/Stat1 pathway following
stimulation with interferon (INF)-γ and activated nuclear
factor (NF)-kB following stimulation with tumor necrosis
factor (TNF)-α [50,51]. Whatever the main inducible Smad7
factor is, high Smad7 expression levels interfere with
activation of Smad2 and Smad3 or accelerate degradation
of TGF-β receptors, inhibiting TGF-β/Smad signalling.
The lack of significant neutrophil/monocyte infiltrate in
intestinal mucosa of Smad3 null mice could be related to
the impaired chemotactic response toward TGF-β shown
by mutant neutrophils and monocytes[32,33]. In contrast,
mutant-activated T cells are resistant to the suppressive
effect of TGF-β leading to their significant increase in the
intestinal mucosa[31]. Furthermore, a reduced number of
IgA+ plasma cells has been detected in the intestine of
severely affected Smad3 null mice[31]. These data suggest
that Smad3 plays a pivotal role in TGF- β -mediated
www.wjgnet.com
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regulation of mucosal immunity and local inflammatory
response. Loss of these functions may also be responsible
for infection and the high mortality rate of Smad3-null
mice.
It has been reported that mice lacking Smad3 show
accelerated healing of cutaneous incisional wounds with
reduced inflammation and accumulation of matrix[32,33], and
decreased cutaneous lesions and fibrosis after exposure
to ionizing radiation [34] or subcutaneous injection of
bleomycin[52]. Furthermore, loss of Smad3 could attenuate
bleomycin-induced lung fibrosis [53], CCl4-induced liver
fibrosis[54], and glomerular fibrosis induced by different
methods[55] in mice, suggesting that Smad3 plays a pivotal
role during tissue injury that leads to skin, lung, liver and
kidney fibrosis[56].
Recently, it has also been reported that reduction of
Smad3 accelerates re-epithelization in a murine model of
colitis[57]. Amelioration of cutaneous radiation-induced
fibrosis has also been obtained by halofuginone, which
inhibits the formation of phospho-Smad2 and Smad3,
increases inhibitory Smad7 expression, and decreases
cytosolic and membrane TGF-β type II receptors [58].
There is increasing evidence that Smad3 may take
part in recruitment of fibroblasts to the site of injury,
differentiation of fibroblasts to myofibroblasts and
regulation of collagen synthesis[33,34,59]. Since loss of Smad3
interferes with the effects of TGF-β on chemotaxis
and autoinduction in inflammatory cells, and as well as
induction of many ECM genes by TGF-β is also Smad3dependent, this may explain why Smad3 null mice are
resistant to cutaneous [33,34,52], pulmonary [53], hepatic [54]
and renal fibrosis [55]. Based on these observations, we
may hypothesize that mice lacking Smad3 would be also
resistant to chronic intestinal inflammation and fibrosis. In
fact, by inducing intestinal fibrosis with TNBS according
to the protocol of Lawrance et al [38] , we obser ved a
significant reduction of intestinal fibrosis in knock out
mice as compared to the wild-type mice in preliminary
experiments (data not shown).
In conclusion, about 80% of Smad3 knock-out mice
survive up to 6 mo of age without developing significant
macroscopic and histological lesions of the small and large
intestine, with the exception of a reduction in intestinal
muscle layer thickness. Preliminary data shown that Smad3
knockout mice are resistant to intestinal fibrosis. This
model could be a useful tool to unravel the molecular
mechanisms of chronic intestinal inflammation and
fibrosis.
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