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Abstract
Background & Aims—Strictures occur in ~30% of patients with Crohn’s disease and are
characterized by intestinal smooth muscle hyperplasia, hypertrophy, and fibrosis due to excess
extracellular matrix production including collagen. Insulin-like Growth Factor-I (IGF-I)
expression is increased in smooth muscle cells of the muscularis propria in Crohn’s disease and in
animal models of Crohn’s disease, including TNBS-induced colitis. While upregulated IGF-I is
conjectured to cause smooth muscle cell growth and collagen production in the inflamed intestine,
its role in the development of fibrosis has not been directly demonstrated.

Methods—Colitis was induced in IGF-I(+/−) or wildtype C57BL/6J mice by rectal
administration of TNBS or ethanol vehicle. After 7 days colonic smooth muscle cells were
isolated and used to prepare RNA or protein lysates. Transcript levels of IGF-IEa, IGF binding
protein (IGFBP)-3, IGFBP-5, TGF-β1 and collagen IαI were measured by quantitative RT-PCR.
Corresponding protein levels were measured by western blot or ELISA. Fibrosis was measured
using digital image analysis of Masson’s-trichrome stained histologic sections.

Results—In IGF-I(+/−) mice, which express significantly lower levels of IGF-I than wildtype,
the response to TNBS-induced colitis: upregulation of IGF-I, IGFBP-3, IGFBP-5, and collagen IαI
expression, the resulting collagen deposition, and fibrosis are all significantly diminished
compared to C57BL/6J wildtype controls. TGF-β1 expression and its increase following TNBS
administration are not altered in IGF-I(+/−) mice compared to wildtype.

Conclusions—The findings indicate IGF-I is a key regulator in intestinal smooth muscle of
smooth hyperplasia and excess collagen production that leads to fibrosis and longterm to stricture
formation.
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INTRODUCTION
Trinitrobenzene sulfonic acid (TNBS) induces chronic inflammation in murine colon that all
portions of the wall, including muscularis propria, and is utilized as a model of Crohn’s
disease 1. The response of smooth muscle cells of muscularis propria to inflammation,
whether from TNBS or Crohn’s Disease, cellular hyperplasia and hypertrophy and increased
extracellular matrix production, including collagen I, results in fibrosis 2, 3. In Crohn’s
disease, expression of Insulin-like Growth Factor-I (IGF-I) is increased in the intestine
including muscle cells of the muscularis propria 3, 4. Similar events occur in animal models
of inflammation: TNBS-induced and dextran sulfate-induced colitis 5, 6 and peptidoglycan-
polysaccharide-induced ileocolitis 7. IGF-I is an endogenous growth factor playing a central
role in the growth and development of visceral and vascular smooth muscle. In human
intestine, IGF-I endogenous to smooth muscle cells regulates muscle cell growth of the
muscularis propria in normal intestine by simultaneously stimulating proliferation and
inhibiting apoptosis, and also stimulates collagen-I production 8, 9. While increased
expression of IGF-I in the muscularis propria in Crohn’s Disease and in animal models of
colitis is conjectured to contribute to the resulting muscle hyperplasia and fibrosis that
contributes to stricture formation, this paper is the first to demonstrate this directly 3, 4, 7,
10, 11.

IGF-I is produced by the liver, with the main circulating form encoded by the IGF-IEa splice
variant in humans, rats and mice, and also by target tissues including intestinal smooth
muscle 8, 12. Two lines of investigation suggest that the effects of IGF-I on the smooth
muscle cells of the intestine are largely governed by endogenous IGF-I production. First, in
mice with hepatic-deleted IGF-I, intestinal muscle develops normally 13. Second, mice
over-expressing IGF-I develop hyperplasia of smooth muscle tissues including the intestinal
muscularis propria 14, 15.

The effects of endogenous IGF-I in intestinal smooth muscle is mediated by the cognate
IGF-I receptor tyrosine kinase coupled to activation of Erk1/2 and p70S6 kinase that jointly
stimulate proliferation, and collagen I gene expression, and GSK-3β that inhibits apoptosis,
9, 16, 17. IGF-I stimulates collagen I expression via Erk1/2 in rat colon 18. We recently
showed that αVβ3 integrin (the vitronectin receptor) and its ligands, vitronectin and
fibronectin, are expressed by intestinal smooth muscle cells in humans and upregulated in
Crohn’s disease strictures 19. Occupancy of αVβ3 integrin by these ligands increases the
intensity and duration of IGF-I stimulated IGF-I receptor activation and mediates excess
smooth muscle growth in patients with stricturing Crohn’s disease 4.

This study examines the role of endogenous IGF-I in the response of the smooth muscle
cells of the murine muscularis propria to TNBS-induced colitis. Deletion of IGF-I or of its
receptor is a lethal mutation 20, thus the current study was performed in IGF(+/−)
heterozygous mice which have a ~70% reduction in IGF-I, and in C57BL/6J littermate
controls. The results show that the effects of TNBS-induced colitis on the smooth muscle
cells of the muscularis propria, upregulation of gene expression and protein levels of IGF-I,
IGFBP-5 and IGFBP-3 and collagen IαI, smooth muscle cell growth and increased fibrosis
are all significantly diminished in IGF-I(+/−) mice compared to C57BL/6J wildtype
controls. The results delineate for the first time the crucial role that IGF-I has in mediating
the responses of intestinal smooth muscle to inflammation, muscle cell hyperplasia and
fibrosis, and suggest that that these two features that characterize the response of the murine
colon to TNBS may also be relevant to stricturing Crohn’s disease which is characterized by
similar pathophysiologic events.
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METHODS
Induction of Intestinal Inflammation with TNBS in the Mouse Colon

Colonic smooth muscle cells were isolated from the circular muscle layer of IGF(+/−) mice
or C57BL/6J wildtype littermate controls (Jackson Laboratories, Bar Harbor, ME) 7 days
following induction of colitis with 6 mg 2,4,6 trinitrobenzene sulfonic acid (TNBS, Sigma,
St Louis, MO) in 50% ethanol (v/v) or vehicle alone 2, 21–24. All animal treatments were
approved by the Institutional Animal Care and Use Committee of VCU.

The severity of inflammation was assessed using two validated protocols 25–27: scoring of
macroscopic damage and histological evaluation. Macroscopic damage scores measured the
presence and severity of adhesions (score 0–2), the maximum thickness of the bowel wall
(in mm), and the absence or presence of diarrhea (0–1). Histological scoring evaluated the
extent of destruction of normal mucosal architecture (0–3), the presence and degree of
cellular infiltration (0–3), the extent of muscle thickening (0–3), presence or absence of
crypt abscesses (0–1) and the presence or absence of goblet cell mucus (0–1). The average
thickness of the muscularis propria was measured using image scanning micrometry at 5
villous bases per section by blinded reviewers and reported in µm’s.

Isolation of Colonic Smooth Muscle Cells
Muscle cells were isolated from the circular muscle layer of colon as reported previously
after dissection of the layer and enzymatic digestion in Dulbecco’s modification of Eagle’s
medium with 0.0375% collagenase (type II), and 0.1% soybean trypsin inhibitor 8, 28, 29.
Total RNA or whole cell lysates were prepared from isolated muscle cells. Cells isolated in
this way possess a smooth muscle phenotype: immunostaining for smooth muscle markers
but not fibroblast markers, expression of γ-enteric actin, and the physiologic characteristics
of contractile intestinal smooth muscle cells 30. Other cell types including epithelial cells,
endothelial cells, neurons, and interstitial cells of Cajal are not detected in these cultures 30.

RNA preparation and quantitative RT-PCR
Total RNA was prepared using RNAqueous™ prep kits (Ambion, Austin, TX). Quantitative
real-time PCR (qRT-PCR) was used to measure the levels of expression of: IGF-IEa
(NM_0184052), IGFBP-5 (NM_010518), IGFBP-3 (NM_008343), TGF-β1 (NM_011577)
and Collagen Iα1 (NM_007742). First stand cDNA synthesis was performed using qScript™
cDNA preps kits (Quanta, Gaithersburg, MD). Quantitative RT-PCR was performed using
TAQman master mix, 2.5 pmol each of the forward and reverse primers (Applied
Biosystems, Foster City, CA), and 2 µl of cDNA in a GeneAmp 5700 Sequence Detection
System (Applied Biosystems, Foster City, CA). Fluorescence values for amplicons were
recorded and the cycle threshold determined. Results were reported using the 2−ΔΔCt method
based on β-actin amplification which remained constant between control and TNBS-treated
mice.

Preparation of whole cell lysates
Cell lysates were prepared from freshly isolated muscle cells as described previously in an
immunoprecipitation buffer consisting of (in mM): 50 Tris-HCl (pH 7.5), 150 NaCl, 50 NaF,
1 Na orthovanadate, 1 dithiothreitol, 1 phenylmethylsulfonyl fluoride and 0.5% NP-40 to
which was added 1 µg/ml leupeptin, 1 µg/ml pepstatin A, and 1 µg/ml aprotinin prior to
immunoblot or ELISA 19, 31, 32.
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Immnoblot Analysis
Collagen IαI, cleaved and total caspase-3, and PCNA were measured by immunoblot
analysis using standard methods 17, 19. Proteins in lysates containing equal protein (BioRad
DC kit, Hercules, CA) were separated with SDS-PAGE and electrotransferred to
nitrocellulose prior to incubation with antibodies recognizing the protein of interest:
Collagen IαI (C-18, 1:500 dilution, Santa Cruz Biotechnology, Santa Cruz, CA), cleaved
caspase-3(Asp175) (1:1000 dilution, Cell Signaling Technologies, Beverly, MA), total
caspase-3 (1:1000 dilution, Cell Signaling Technologies, Beverly, MA), PCNA (PC10,
1:2000 dilution, Cell Signaling Technologies, Beverly, MA), or β-actin (1:1000 dilution,
Cell Signaling Technologies, Beverly, MA). Bands were visualized with enhanced
chemiluminescence using a FluoChem 8800 (Alpha Innotech, San Leandro, CA) and the
digital images quantified using AlphaEaseFC version 3.1.2 software. Densitometric values
for protein bands of were reported in arbitrary units above background values after
normalization to total protein levels or β-actin.

Measurement of apoptosis
Apoptosis in smooth muscle cells was measured as described previously4. Briefly, levels of
cleaved caspase-3(Asp-175) and of total caspase-3 were measured by immunoblot analysis
as above and normalized to β-actin levels. The ratio of cleaved caspase-3/total caspase-3
was used as a measure of apoptosis in cells.

Measurement of IGF-I, IGFBP-3 and TGF-β1 by ELISA
IGF-I, IGFBP-5, IGFBP-3 and TGF-β1 levels were measured in lysates prepared from
colonic muscle cells isolated from TNBS-treated or vehicle treated IGF-I(+/−) mice or
C57BL/6J wildtype mice 32. Proteins were measured in samples containing equal protein
using specific ELISAs for murine IGF-I, IGFBP-3, IGFBP-5 or TGF-β1 (R&D Systems,
Minneapolis, MN) that have no appreciable cross-reactivity, for IGF-I: with IGF-II, insulin
or IGF binding proteins; for IGFBPs: with IGF-I, IGF-II, insulin or other IGF binding
proteins; and for TGF-β1: with TGF-β2, TGF-β3, activins, inhibins or BMP’s, respectively.
Results were calculated as ng peptide/mg protein.

Masson’s Trichrome Staining
Masson’s trichrome staining was used as a measure of collagen deposition and fibrosis.
Briefly, 7 µm sections were fixed in 4% fresh paraformaldehyde and then 20% sucrose prior
to staining with Masson’s-trichrome (Sigma-Aldrich, St Louis, MO). Microscopic images
were digitized, and the area positive for collagen staining determined by Red-Green-Blue
(RGB) segmentation using fixed thresholding values according to Ortolan et al 33. Digital
images were analyzed using AlphaEaseFC version 3.1.2 software. Results were calculated
as collagen area within the muscularis propria in each of three consecutive microscopic
fields per section measured by a blinded reviewer and reported as percent of the total
muscularis propria area.

Statisical analysis
Values represent means ± SE of n experiments, where n represents the number of
experiments on separate animals or on cells derived from separate animals. Statistical
significance was tested by Student’s t-test for either paired or unpaired data as appropriate.
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RESULTS
TNBS-induced colitis

Mean macroscopic (Fig 1A) and histologic scores (Fig 1B and C) on day 7 were similar
between vehicle treated wildtype C57BL/6J mice and IGF+/− mice. The increase in both
macroscopic (Fig 1A) and histologic scores in response to TNBS was significantly lower in
IGF-I(+/−) mice compared to wildtype mice (Fig 1B and C). The thickness of the
muscularis propria in vehicle treated mice was unchanged between wildtype mice and IGF-
I(+/−) mice, 59 ± 2 µM and 58 ± 2 µm, respectively. The thickness of the muscularis propria
layer following TNBS treatment was significantly different between wildtype mice, 155 ± 3
µm, and IGF-I(+/−) mice, 93 ± 3 µm (Fig 1C and 1D).

Diminished IGF-I levels in IGF-I(+/−) mice
Smooth muscle cells of the mouse intestine express the IGF-IEa gene from which IGF-I is
produced by alternative splicing. Expression of IGF-IEa increased 3.4 ± 0.3 fold in colonic
smooth muscle cells of wildtype mice 7 days following TNBS administration compared with
vehicle treated mice. IGF-IEa transcript levels were 0.60 ± 0.08 fold lower in vehicle treated
IGF-I(+/−) mice than in wildtype mice. Following TNBS administration, IGF-IEa
expression increased only 1.42 ± 0.10 fold (Fig 2A).

IGF-I protein levels in vehicle treated wildtype mice, 4.48 ± 0.10 ng/mg protein, also
increased, to 9.52 ± 0.21 ng/mg protein, with TNBS treatment. IGF-I protein levels were
lower in vehicle treated IGF-I(+/−) mice, 1.36 ± 0.36 ng/mg protein, than in wildtype mice
and increased only to 2.97 ± 0.37 ng/mg protein after TNBS administration (Fig 2B).

TNBS-induced upregulation of IGFBP-5 and IGFBP-3
Intestinal smooth muscle cells express IGFBP-5 which exerts both IGF-I-dependent effects
on smooth muscle cell hyperplasia and IGF-I-independent effects on smooth muscle cell
hyperplasia and collagen production 34. IGFBP-5 expression in colonic smooth muscle cells
of vehicle treated wildtype mice increased by 2.6 ± 0.2 fold with TNBS treatment. IGFBP-5
expression was 0.8 ± 0.3 fold lower in vehicle treated IGF-I(+/−) mice than in wildtype
vehicle treated controls and increased only 0.9 ± 0.2 fold following treatment with TNBS
(Fig 3A).

IGFBP-5 protein levels in vehicle treated wildtype mice, 110 ± 36 ng/mg protein, were
increased to 320 ± 30 ng/mg protein with TNBS treatment. In IGF-I(+/−) mice levels of
IGFBP-5 protein were lower in vehicle treated mice, 49 ± 18 ng/mg protein, than in
wildtype and increased to 100 ± 35 ng/mg protein with TNBS treatment (Fig 3B).

Intestinal smooth muscle cells express IGFBP-3 which exerts both IGF-I-dependent effects
on smooth muscle cell hyperplasia and IGF-I-independent effects on collagen production 35.
IGFBP-3 expression in colonic smooth muscle cells of vehicle treated wildtype increased by
2.9 ± 0.5 fold with TNBS treatment. IGFBP-3 expression was 2.1 ± 0.4 fold lower in vehicle
treated IGF-I(+/−) mice than in wildtype vehicle treated controls and increased only 1.5 ±
0.3 fold with TNBS treatment (Fig 3C).

IGFBP-3 protein levels in vehicle treated wildtype mice, 142 ± 13 ng/mg protein, were
increased to 360 ± 40 ng/mg protein with TNBS treatment. In IGF-I(+/−) mice levels of
IGFBP-3 protein were lower in vehicle treated mice, 91 ± 12 ng/mg protein, than in
wildtype and increased to 183 ± 15 ng/mg protein with TNBS treatment (Fig 3D).
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TNBS-induced upregulation of TGF-β1
Intestinal smooth muscle cells express TGF-β1 which stimulates expression and production
of collagen IαI and IGFBP-3 in these cells. TGF-β1 expression levels were the same in
vehicle treated IGF-I(+/−) mice and wildtype controls (Fig 5A). Treatment with TNBS
induced a similar increase in TGF-β1 expression in IGF(+/−) mice, 2.84 ± 0.17 fold
increase, and wildtype mice, 2.95 ± 0.21 fold increase (Fig 4A).

TGF-β1 protein levels in vehicle treated wildtype mice, 4.08 ± 0.29 ng/mg protein, increased
to 9.06 ± 0.34 ng/mg protein with TNBS treatment. In IGF-I(+/−) mice levels of TGF-β1
protein were similar to vehicle treated wildtype, 4.65 ± 0.45 ng/mg protein, as was the
increase in TGF-β1 levels to 9.35 ± 0.41 ng/mg protein with TNBS treatment (Fig 4B).

TNBS-induced collagen IαI expression and fibrosis
Collagen I is the main isoform in the intestine. In intestinal smooth muscle cells in vitro
collagen IαI expression is positively regulated by IGF-I, IGFBP-5 and IGFBP-3 and by
TGF-β112, 34–36. Collagen IαI expression in wildtype mice increased 3.86 ± 0.36 fold after
TNBS treatment compared to vehicle treatment. Collagen IαI expression was 1.4 ± 0.4 fold
lower in vehicle treated IGF-I(+/−) mice than in wildtype vehicle treated mice, and
increased only 1.8 ± 0.4 fold with TNBS treatment (Fig 5A).

Collagen IαI protein levels in vehicle treated wildtype mice increased 131 ± 29% with
TNBS treatment (Fig 6B). In IGF-I(+/−) mice collagen IαI protein was 65 ± 5% of that in
vehicle treated wildtype mice, and increased only 52 ± 6% 7 days with TNBS treatment (Fig
5B).

Since the expression of the pro-fibrotic factors: IGF-I, IGFBP-5, IGFBP-3, was decreased in
IGF-I(+/−) mice although expression of another major pro-fibrotic factor, TGF-β1, was not
altered, we hypothesized that diminished collagen IαI production in response to TNBS
would be accompanied by diminished fibrosis. This was tested using Masson’s-trichrome
staining and measurement of collagen deposition and fibrosis within the muscularis. In
vehicle-treated wildtype and IGF-I(+/−) mice, fibrosis measurements were similar (Fig. 5C).
Increased fibrosis in wildtype mice with TNBS treatment was lower in IGF-I(+/−) mice
treated with TNBS (Fig. 5C). Collagen deposition within the muscularis propria of vehicle
treated IGF-I(+/−) mice, 10.6 ± 0.7% of total area, was similar to wildtype mice, 10.1 ±
0.6% of total area (Fig. 5D). Less collagen deposition and fibrosis occurred in IGF-I(+/−)
mice with TNBS treatment: 19.1 ± 1.7% of total area, than in wildtype mice: 32.1 ± 2.3% of
total area. It is worth noting that the lower levels of fractional collagen deposition occurring
in IGF-I(+/−) mice per cross-sectional area occurred in addition to the diminished expansion
of the muscularis propria in TNBS-treated IGF-I(+/−) mice compared to wildtype (Fig 1C
and D).

Muscle cell proliferation following TNBS-induced colitis
Proliferation of muscle cells was measured from the levels of proliferating cell nuclear
antigen (PCNA) present. In wildtype mice proliferation increased 264 ± 18% with TNBS
treatment over that in vehicle treated wildtype mice. In contrast, PCNA levels in smooth
muscle cells of IGF-I(+/−) mice treated with TNBS increased by only 156 ± 40% over that
observed in vehicle treated IGF-I(+/−) mice (Fig. 6).

Muscle cell apoptosis following TNBS-induced colitis
In strictured intestinal muscle of Crohn’s disease when IGF-I expression increases, muscle
cell apoptosis decreases 4. We hypothesized that endogenous IGF-I regulated smooth
muscle growth in TNBS-induced colitis in part by regulating apoptosis.
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Relative cleaved caspase-3/caspase-3 levels in vehicle treated wildtype mice, 4.13 ± 0.47,
decreased to 0.67 ± 0.25 with TNBS treatment (Fig 7). In vehicle treated IGF-I(+/−) mice
relative cleaved caspase-3/caspase-3 levels, 1.25 ± 0.33, were lower than wildtype mice and
decreased further to 0.45 ± 0.2 with TNBS treatment (Fig. 7).

DISCUSSION
TNBS-induced colitis is a model for Crohn’s disease sharing similar pathophysiologic
processes including a close parallelism in the responses of the muscularis propria in TNBS-
induced colitis and of the muscularis propria in stricturing Crohn’s disease. In both Crohn’s
disease and TNBS-induced colitis, three pathophysiologic events contribute to stricture
formation: smooth muscle hyperplasia, smooth muscle cell hypertrophy and excess net
extracellular matrix production including collagen I that results in fibrosis. Common to both
are upregulation of IGF-I, IGFBP-5 and IGFBP-3 and of TGF-β1 specifically by smooth
muscle cells of the muscularis propria 3, 4, 27. This paper demonstrates for the first time the
functional role of IGF-I in regulating the responses of muscularis propria smooth muscle to
TNBS-induced colitis including: increased muscle hyperplasia, excess collagen IαI
production and increased fibrosis.

Evidence supporting the role of IGF-I in the responses of smooth muscle to TNBS-induced
colitis are as follows. 1. IGF-IEa expression and IGF-I protein levels were significantly
lower in IGF-I(+/−) mice than wildtype mice and their upregulation in response to TNBS
was lower than in wildtype mice; 2. Macroscopic damage scores and histologic scores
including muscle thickness in TNBS-treated mice were lower in IGF-I(+/−) mice than in
wildtype mice; 3. IGFBP-5 and IGFBP-3 expression and protein levels were lower in IGF-
I(+/−) mice than in wildtype and their upregulation in response to TNBS was lower than in
wildtype mice; 4. The numbers of proliferating muscle cells in the muscularis propria of
TNBS-treated mice was lower in IGF-I(+/) mice than in wildtype mice; 5. The levels of
apoptosis in the muscle cells of the muscularis propria of IGF-I(/+−) mice was lower in
wildtype mice and were decreased further following TNBS treatment; 6. The levels of
collagen IαI expression and production by muscle cells of the muscularis propria of IGF-I(+/
−) mice was lower than in wildtype mice as was the increase in response to TNBS. 7. The
increase in fibrosis within the muscularis propria in response to TNBS was diminished in
IGF-I(+/−) mice compared to wildtype mice.

The importance of understanding the mechanisms operative within the intestine leading to
fibrosis is underscored by the discrepancy between the levels of these mediators in the
serum compared to the muscle layer of intestine. Serum levels of hepatic-derived IGF-I,
IGFBP-5 and IGFBP-3, are lower in patients with active Crohn’s disease than in normal
subjects, whereas the expression of IGF-I, IGFBP-5 and IGFBP-3 by smooth muscle cells in
strictured intestine is increased compared to adjacent non-strictured intestinal muscle from
the resection margin 4, 7, 35. The central role of IGF-I in this process is highlighted by the
diminished smooth muscle growth and fibrosis in response to TNBS-induced colitis in IGF-
I(+/−) mice compared to wildtype mice. These effects are mediated directly, via activation
of the cognate IGF-I receptor, and likely indirectly via IGF-I-dependent upregulation of
IGFBP-5, which stimulates muscle growth 32, 34, and IGFBP-3 which like IGF-I and
IGFBP-5 increases collagen IαI production by muscle 2, 12, 34, 37. The effects of IGF-I
revealed by using IGF-I(+/−) mice on levels of collagen IαI and fibrosis are specific since
no alteration in TGF-β1 expression or protein levels was detected in vehicle or TNBS
treated IGF-I(+/−) mice. The results indicate that while TGF-β1-dependent collagen IαI
production in smooth muscle is one regulator of fibrosis in colitis, a significant component
of the fibrosis that occurs in the intestine is due to IGF-I-dependent collagen IαI expression
either directly or indirectly by the resultant upregulation of IGFBP-3 and IGFBP-5.
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The response to specific mouse strains to TNBS colitis can be different. It is worth noting
that the response of C57BL/6J wildtype mice and the IGF-I(+/−) mice on this genetic
background to TNBS administration with upregulation of IGF-I and TGF-β1, IGF binding
proteins and fibrosis are similar to the muscle cells of stricturing Crohn’s disease and
dissimilar to other mouse strains such as BALB/c which respond in sequential fashion over
time 38. Whereas some processes are similar, such as the progression of strictures after
cessation of chronic TNBS administration in the absence of inflammation. TGF-β1 induces
IGF-I expression in subepithelial myofibroblasts of TNBS-treated BALB/c mice and in an
immortalized cell line of human intestinal fibroblasts 1, 38, 39. TGF-β1 also induces IGF-I
expression in intestinal smooth muscle cells of C57BL/6J mice (unpublished observation).
Therapeutic disruption of TGF-β, however, must be highly selective as targeted disruption
of TGF-β1, or its signaling pathways: Smad2 or Smad4, are lethal mutations.

In summary, this paper demonstrates for the first time the key role that IGF-I plays in the
development of two events that occur in intestinal muscle in response to inflammation.
Directly or indirectly, via IGF binding proteins, IGF-I causes increased smooth muscle cell
hyperplasia, increased collagen IαI production and fibrosis in TNBS-induced colitis. The
clinical significance of these findings lie in the similar pathophysiologic processes involved
in the muscle of the muscularis propria in stricturing Crohn’s disease. This study further
suggests that given the crucial role of IGF-I in this process, inhibitors of IGF-I may be an
effective pharmacologic strategy in patients with stricturing Crohn’s disease by virtue of
their potential to impact two factors involved in stricture formation: muscle cell hyperplasia
and fibrosis.
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Figure 1. Responses to TNBS-induced colitis are decreased in IGF(+/−) mice
Macroscopic damage scores (Panel A) and histologic scores (Panel B) in TNBS-induced
colitis were diminished in IGF-I(+/−) mice compared to wildtype mice. Macroscopic
damage scores and histologic scores were measured 7 days following TNBS administration
using validated measures 25, 27. Panel C: Representative hematoxylin and eosin (H&E)
stained sections of colons from IGF-I(+/−) and wildtype (WT) mice 7 days after TNBS or
vehicle administration. Panel D: The increase in muscularis propria thickness in response to
TNBS was diminished in IGF-I(+/−) mice compare to wildtype mice as measured by image
scanning micrometry. Values represent means ± SE of 8–11 animals in each group. *
denotes P < 0.05 vs. vehicle-treated animals, ** denotes P < 0.05 vs wildtype mice.
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Figure 2. TNBS-induced upregulated IGF-I expression and production is decreased in IGF-I(+/
−) mice
Panel A: IGF-IEa transcripts in muscle cells of vehicle treated IGF-I(+/−) mice were lower
than wildtype mice. The increase IGF-IEa transcript levels with TNBS administration in
IGF-I(+/−) mice was lower than in wildtype mice. IGF-IEa transcripts were measured by
qRT-PCR by the 2−ΔΔCt method using β-actin as control. Panel B: IGF-I protein levels in
muscle cells of vehicle treated IGF-I(+/−) mice were lower than in wildtype mice. The
increase IGF-I in IGF-I(+/−) mice with TNBS treatment was lower than in wildtype mice.
IGF-I was measured by ELISA. Results were expressed as ng/mg protein. Values represent
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the mean ± SE of 8–11 animals in each group. * denotes P < 0.05 vs vehicle treated wildtype
mice, ** denotes P < 0.05 vs TNBS treated wildtype mice.
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Figure 3. TNBS-induced upregulated IGFBP-5 and IGFBP-3 expression and production is
decreased in IGF-I(+/−) mice
Panel A: IGFBP-5 transcripts in muscle cells of vehicle treated IGF-I(+/−) mice were lower
than in wildtype mice. The increase in IGFBP-5 transcripts with TNBS treatment in IGF-
I(+/−) mice was lower than wildtype mice. IGFBP-5 transcripts were measured by qRT-
PCR by the 2−ΔΔCt method using β-actin as control. Panel B: IGFBP-5 protein levels in
muscle cells of vehicle treated IGF-I(+/−) mice were lower than in wildtype mice. The
increase in IGFBP-5 levels with TNBS treatment in IGF-I(+/−) mice was lower than in
wildtype mice. IGFBP-5 was measured by ELISA. Panel C: IGFBP-3 transcripts in muscle
cells of vehicle treated IGF-I(+/) mice were lower than in C57BL/6J wildtype mice. The
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increase in IGFBP-3 transcripts with TNBS treatment in IGF-I(+/−) mice was lower than in
wildtype mice. IGFBP-3 transcripts were measured by qRT-PCR by the 2−ΔΔCt method
using β-actin as control. Panel D: IGFBP-3 protein levels in muscle cells of vehicle treated
IGF-I(+/−) mice were lower than in C57BL/6J wildtype mice. The increase in IGFBP-3
protein with TNBS treatment in IGF-I(+/−) mice was lower than in wildtype mice. IGFBP-3
was measured by ELISA. Results were expressed as ng/mg protein. Results were expressed
as ng/mg protein. Values represent the mean ± SE of 8–11 animals in each group. * denotes
P < 0.05 vs vehicle treated wildtype mice, ** denotes P < 0.05 vs TNBS treated wildtype
mice.
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Figure 4. TNBS-induced TGF-β1 expression and production is unchanged in muscle cells of IGF-
I(+/−) mice
Panel A: TGF-β1 transcripts in muscle cells of vehicle treated IGF-I(+/−) mice and wildtype
mice were similar. TGF-β1 transcript levels were increased to a similar extent in wildtype
and IGF-I(+/−) mice with TNBS treatment. TGF-β1 transcripts were measured by qRT-PCR
by the 2−ΔΔCt method using β-actin as control. Panel B: TGF-β1 protein levels in muscle
cells of vehicle treated IGF-I(+/−) mice and wildtype mice were similar. TGF-β1 protein
levels increased to a similar extent with TNBS treatment in wildtype and IGF-I(+/−) mice.
TGF-β1 was measured by ELISA. Results were expressed as ng/mg protein. Values
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represent the mean ± SE of 8–11 animals in each group. * denotes P < 0.05 vs vehicle
treated wildtype mice.
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Figure 5. TNBS-induced collagen IαI expression and fibrosis are decreased in muscle cells of
IGF-I(+/−) mice
Panel A: Collagen IαI transcripts in muscle cells of vehicle treated IGF-I(+/−) mice and the
increase in response to TNBS were lower than in wildtype mice. Collagen IαI transcripts
were measured by qRT-PCR by the 2−ΔΔCt method using β-actin as control. Panel B:
Collagen IαI protein levels in muscle cells of vehicle treated IGF-I(+/−) mice and the
increase in response to TNBS were lower than in wildtype mice. Inset: Representative
immunoblots of collagen IαI and β-actin. Results were expressed as relative levels after
normalization to β-actin levels. Panel C: Representative Masson’s-trichrome stained sections
of colons from IGF-I(+/−) and wildtype (WT) mice 7 days after rectal administration of
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TNBS or vehicle. Panel D: Collagen levels are in the muscularis propria of vehicle treated
IGF(+/−) mice are similar to wildtype mice but significantly lower amounts of collagen
deposition occur in IGF(+/−) mice with TNBS treatment. Results were expressed as percent
of muscularis propria area. Values represent the mean ± SE of 8–11 animals in each group. *
denotes P < 0.05 vs vehicle treated wildtype mice, ** denotes P < 0.05 vs TNBS treated
wildtype mice.
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Figure 6. TNBS-induced smooth muscle cell proliferation is decreased in IGF-I(+/−) mice
Levels of PCNA in muscle cells of vehicle treated IGF-I(+/−) were lower than in vehicle
treated wildtype mice. The increase in proliferating muscle cells with TNBS treatment was
lower in IGF-I(+/−) mice. Inset: representative immunoblots of PCNA and β-actin levels.
Results were expressed as levels relative to vehicle treated wildtype mice after
normalization of β-actin levels. Values represent the mean ± SE of 11 animals in each group.
* denotes P < 0.05 vs vehicle treated wildtype mice, ** denotes P < 0.05 vs TNBS treated
wildtype mice.
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Figure 7. TNBS-induced decreased apoptosis in smooth muscle cells is accentuated in IGF-I(+/−)
mice
Levels of apoptosis in muscle cells of vehicle treated IGF-I(+/−) mice were lower than in
vehicle treated wildtype mice. Apoptosis was decreased further in wildtype and IGF-I(+/−)
mice with TNBS treatment compared to vehicle treated mice. The decrease with TNBS
treatment in IGF-I(+/−) mice was lower than in wildtype mice. Inset: Representative
immunoblots of cleaved caspase-3(Asp-175), total caspase-3 and β-actin. Apoptosis was
measured cleaved caspase-3(Asp-175)/total caspase-3 levels and results expressed as the
relative levels after normalization to β-actin levels. Values represent the mean ± SE of 8
animals in each group. * denotes P < 0.05 vs vehicle treated wildtype mice, ** denotes P <
0.05 vs TNBS treated wildtype mice.
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