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 INTRODUCTION 
 Crohn ’ s disease and ulcerative colitis, the major forms of inflam-

matory bowel disease (IBD) in humans, result from the interac-

tion of genetic and environmental factors to ultimately promote 

an immunopathologic process leading to chronic inflammation in 

the gut. 1  Recent insights into the nature of these diseases derived 

mainly from studies in experimental models of colitis suggest that 

IBD is caused by an aberrant local immune response to com-

ponents of the bacterial microflora, inappropriately controlled 

by endogenous counter regulatory mechanisms. 2  One of these 

mechanisms involves the production / activity of transforming 

growth factor- � 1 (TGF- � 1). TGF- � 1 knockout mice also develop 

systemic inflammation involving the gut and die early in life. 3  

Animal models in which T cells cannot respond to TGF- � 1 also 

develop wasting disease and gut inflammation. 4  Moreover, many 

studies in murine models of IBD have shown that synthesis of 

TGF- � 1 is associated with either complete protection from the 

development of colitis or diminished severity of colitis. 5 – 7   

   SMAD SIGNALING IN IBD 
 TGF- � 1 initiates signaling through the ligand-dependent 

activation of a complex of heterodimeric transmembrane 

serine – threonine kinases consisting of type I (TGF- � RI) 

and type II (TGF- � RII) receptors. On TGF- � 1 binding, there is 

phosphorylation and activation of TGF- � RI by the constitutively 

active and autophosphorylating TGF- � RII. TGF- � RI, in turn, 

phosphorylates two proteins, termed Smad2 and Smad3, for their 

high homology to the  Drosophila  Mad and the  Caenorhabditis 

elegans  Sma proteins. Once phosphorylated, Smad2 and Smad3 

associate with Smad4 and translocate to the nucleus where Smad 

protein complexes participate in transcriptional control of target 

genes ( Figure 1 ). 8  Targeted disruption of Smad3 is associated 

with diminished cell responsiveness to TGF- � 1. Mutant mice 

also exhibit massive infiltration of T cells and pyogenic abscess 

formation in the stomach and intestine, supporting the view that 

Smad3 is an essential mediator of the TGF- � 1-induced anti-

inflammatory and suppressive activities. 9  Consistent with these 

observations, we have shown that active TGF- � 1 is produced 

in the normal human gut and that both colonic mucosal and 

lamina propria mononuclear cell (LPMCs) samples express high 

levels of phosphorylated (p)-Smad3. It can be noted that the 

blockade of endogenous TGF- � 1 activity in cultures of normal 

mucosal explants and LPMC results in enhanced synthesis of 

inflammatory cytokines, including Th1-type-associated markers 

( Table 1 ), thus indicating that TGF- � 1 has a decisive function 

in negatively controlling inflammatory pathways in the human 

gut. 10  By contrast, phosphorylation of Smad3 is defective in 

the inflamed gut of patients with Crohn ’ s disease and patients 
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with ulcerative colitis, even though TGF- � 1 is expressed at high 

levels in these patients. 11,12  Moreover,  in vitro  studies with LPMC 

isolated from the colon of IBD patients revealed that these 

cells do not phosphorylate Smad3 and maintain high levels of 

inflammatory cytokines, following stimulation with exogenous 

TGF- � 1. 11  

 The Smad family also includes two inhibitory proteins, termed 

Smad6 and Smad7, that occupy the ligand-activated TGF-

 � 1RI and interfere with the phosphorylation of Smad2 / Smad3 

( Figure 1 ). Upregulation of Smad6 and Smad7 is associated with 

inhibition of TGF- � 1-induced Smad signaling. 8,13  Analysis of 

these two proteins in IBD tissues revealed that Smad7 is overex-

pressed in whole mucosal and LPMC samples, whereas Smad6 

was barely detectable in both normal and IBD mucosa ( 11 , and 

personal unpublished observations). It can be noted that specific 

antisense oligonucleotides for Smad7 reduced Smad7 protein 

in IBD LPMC, thereby making these cells responsive to exo-

genous TGF- � 1, as indicated by the enhanced phosphorylation 

of Smad3 and diminished expression of inflammatory cytokines. 

Consistently, in inflamed mucosal tissue explants from Crohn ’ s 

disease patients, the inhibition of Smad7 restored Smad3 phos-

phorylation and decreased inflammatory cytokine production, 

an effect that was partially blocked by a neutralizing TGF- � 1 

antibody. 11  

 We have extended these studies to examine the interactions 

between Smad signaling and nuclear factor (NF)- � B activa-

tion in IBD LPMC, as NF- � B is supposed to sustain intestinal 

inflammation. 1,2  Although TGF- � 1-inhibited TNF- � -induced 

NF- � B activation in normal LPMC, it had no activity in LPMC 

from IBD patients. This was due to overexpression of Smad7, as 
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   Figure 1        Binding of transforming growth factor- � 1 (TGF- � 1) to the type II receptor causes the activation of the type I receptor, which in turn 
phosphorylates Smad2 / 3. These proteins thus become able to interact with Smad4, and the complex Smad2 / 3 / Smad4 migrates into the nucleus 
and binds to the DNA. ( b ) The inhibitor Smad7 interacts with TGF- � 1 type I receptor and prevents Smad3 phosphorylation, thus blocking the 
TGF- � 1-associated Smad signaling pathway illustrated in ( a ).  

  Table 1     Inhibition of TGF- � 1 in normal human gut leads to markedly higher production of proinflammatory cytokines by LPMC 
and mucosal biopsies 

    Median and range (pg ml−1)  
    Mucosal biopsies    LPMC  

    Control IgG    Anti-TGF- �     Control IgG    Anti-TGF- �    

 IL-2  26 (18 – 44)  56 (22 – 100)  14 (11 – 17)  22 (13 – 33) 

 IFN- �    30 (12 – 50)  68 (22 – 82)  16 (11 – 22)  33 (16 – 82) 

 IL-17  24 (10 – 55)  72 (20 – 158)  14(11 – 17)  19 (14 – 33) 
     IFN, interferon; IgG, Immunoglobulin G; IL, interleukin; LPMC, lamina propria mononuclear cell; TGF- � 1, transforming growth factor- � 1.   
     Data adapted from reference 10.   
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treatment of IBD LPMC with antisense to Smad7 allowed 

TGF- � 1 to rapidly downregulate NF- � B activation. 14  

 High Smad7 expression and defective TGF- � -associated 

Smad3 activation also occur in the stomach of patients with 

 Helicobacter pylori -associated gastritis. 15  By contrast, Smad7 

expression is not upregulated in the duodenum of patients 

with active celiac disease, where impaired TGF- � -Smad3-

dependent transcriptional responses are caused by inter-

leukin (IL)-15-driven c-jun-N-terminal kinase activation. 16  

Overall, these data indicate that Smad7 upregulation is not a 

specific hallmark of IBD and that its induction is not simply 

an epiphenomenon of the ongoing mucosal inflammation.    

REGULATION OF SMAD7 IN IBD 
 As Smad7 appears to be important in the regulation of TGF-

 � 1 in the gut, understanding how this inhibitor is regulated 

in IBD could help design new therapeutic interventions for 

patients. Experiments with cell lines have shown that Smad7 

can be induced by activators of NF- � B (e.g., TNF- �  and IL-1 � ) 

and STAT-1 (e.g., interferon- �  and IL-7). These transcription 

factors are hyperactivated in IBD, but Smad7 protein expres-

sion remained unchanged after blocking interferon- �  / STAT-

1 or TNF- �  / NF- � B-signaling pathways in IBD LPMC. 11,17  

Smad7 is also rapidly induced by TGF- � 1 itself, thus repre-

senting an important effector in the feedback loop that controls 

TGF- � 1 / Smad signaling. 13  However, it seems unlikely that this 

mechanism is responsible for increasing Smad7 expression in 

IBD, as p-Smad3 is reduced in samples exhibiting high Smad7 

levels. 11  

 A detailed analysis of Smad7 RNA revealed no difference 

between IBD and normal intestinal samples, indicating that 

in IBD, Smad7 is regulated at the post-transcriptional level. 18  

Indeed, it was shown that Smad7 is ubiquitinated and targeted 

for proteasome degradation in control but not IBD tissue. 

This seems to be secondary to the different status of acetyla-

tion of Smad7, as acetylation and ubiquitination compete for 

the same lysine residues of the protein. So acetylation prevents 

ubiquitination and protects Smad7 protein against proteasomal 

degradation. 17  Smad7 was highly acetylated  in vivo  in IBD but 

not control samples. 18  We have shown that in IBD, the tran-

scriptional coactivator p300 interacts with Smad7 and promotes 

its acetylation. Consistent with this, the inhibition of p300 by 

silencing diminished acetylation and expression of Smad7 in 

Crohn ’ s disease LPMC, 18  thus suggesting that manipulating 

the p300 level in IBD tissue can be useful for controlling TGF-

 � 1 activity and eventually limiting the local inflammation.   

 SMAD7 CONTROLS GUT INFLAMMATION IN MURINE  MODELS 
OF IBD 
 In accordance with data in humans, high levels of active TGF- � 1 

are seen in the inflamed tissues of mice with both trinitroben-

zene sulfonic acid and oxazolone-mediated colitis. 19  This is 

associated with reduced phosphorylation of Smad3 and high 

expression of Smad7. Oral administration of Smad7 antisense 

oligonucleotide reduced Smad7 and restored TGF- � 1-associated 

p-Smad3 expression in the colon of mice with either trinitrobenezene 

sulfonic acid- or oxazolone colitis. Treatment with Smad7 anti-

sense led to significant amelioration of both forms of colitis, as 

evidenced by a reduction in weight loss and macroscopic and 

microscopic evidence of inflammation. 19  Smad7 antisense oli-

gonucleotide also reduced inflammation in a model of chronic 

colitis induced by repeated administrations of trinitrobenezene 

sulfonic acid. Analysis of colonic cytokines revealed that res-

toration of TGF- � 1 signaling by inhibition of Smad7 resulted 

in a significant downregulation of Th1-cytokines (IL-12 and 

interferon- � ) and reduced expression of Th1-associated tran-

scription factors (i.e., T-bet and STAT-1) in trinitrobenezene 

sulfonic acid colitis. On the other hand, oral administration of 

Smad7 antisense oligonucleotide reduced the production of 

IL-4 in mice with oxazolone-induced colitis. 19  These studies 

suggest that resolution of gut inflammation may be accom-

plished by downregulating Smad7 and allowing endogenous 

TGF- � 1 to inhibit inflammatory pathways that promote tis-

sue injury ( Table 2 ). However, in this context, it can be noted: 

that TGF- � 1 has different effects on different cell types and 

that inhibiting Smad7 in some cell types might enhance the 

detrimental effects of TGF- � 1, such as the production of 

collagen and fibrosis.      
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