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Intestinal fibrosis is a major complication of Crohn disease
(CD), but the precise mechanism by which it occurs is incom-
pletely understood. As a result, specific therapies to halt or even
reverse fibrosis have not been explored. Here, we evaluated the
contribution of epithelial to mesenchymal transition (EMT) to
intestinal fibrosis associatedwith amousemodel of CD and also
human inflammatory bowel disease. Mice administered intrar-
ectal 2,4,6-trinitrobenzene sulfonic acid (TNBS) develop
inflammation and fibrosis that resemblesCDbothhistologically
and by immunologic profile. We utilized this model to molecu-
larly probe the contribution of EMT to intestinal fibrosis. Addi-
tionally, we utilized double-transgenic VillinCre;R26Rosa-lox-
STOP-lox-LacZmice, in which removal of the STOP cassette by
Cre recombinase in villin� intestinal epithelial cells activates
permanent LacZ expression, to lineage trace epithelial cells that
might undergo EMT upon TNBS administration. TNBS-in-
duced fibrosis is associated with the presence of a significant
number of cells that express both epithelial and mesenchymal
markers. In the lineage tagged transgenic mice, the appearance
of LacZ� cells that also express the fibroblast marker FSP1
unequivocally demonstrates EMT. Transforming growth factor
(TGF)-�1, a known inducer of EMT in epithelial cells, induces
EMT in rat intestinal epithelial cells in vitro, and bone mor-
phogenic protein-7, an antagonist of TGF-�1, inhibits EMT
and fibrosis both in vitro and in the TNBS-treated mice. Our
study demonstrates that EMT contributes to intestinal fibro-
sis associated with the TNBS-induced model of Crohn colitis
and that inhibition of TGF-�1 with recombinant human bone
morphogenic protein-7 prevents this process and prevents
fibrosis.

Crohn disease (CD)5 is a disorder of chronic, transmural
inflammation that can affect any part of the gastrointestinal
tract from the mouth to the anus (1, 2). Chronic inflammation
combined with dysregulated wound healing is thought to result
in a number of complications including fistula and fibrostenotic
stricture formation (3, 4). Over one-third of patients with CD
undergo surgery to relieve obstruction related to fibrotic stric-
tures, and many will require repeat interventions because of
recurrent disease (3).
As with fibrosis in other organ systems, intestinal fibrosis is

considered to follow a common pathway of fibrogenesis (4, 5).
In what is presumably a protective adaptation, activated fibro-
blasts are recruited to sites of severe inflammation for the pur-
pose of wound healing. Although fibroblasts are considered a
heterogeneous population (6, 7), those that express fibroblast-
specific protein 1 (FSP1) or �-smooth muscle actin (�-SMA)
are the main types mediating fibrosis (8–10). With persistent
inflammation, fibrosis may result from excessive deposition of
the extracellular matrix (4, 5, 11, 12). A better understanding of
why and how this happens will likely have a dramatic impact on
the treatment of CD and its myriad complications.
Epithelial tomesenchymal transition (EMT) is a key contrib-

utor to the pool of activated fibroblasts in multiple organ sys-
tems including the heart, lung, liver, and kidney (13–17). EMT
is a process in which epithelial cells lose their phenotypic and
functional characteristics while acquiring mesenchymal fea-
tures (13, 18–20). The role of EMT in intestinal fibrosis has yet
to be investigated.
Although organ fibrosis was once considered irreversible,

recent data from animal models of renal, hepatic, and cardiac
fibrosis demonstrate the anti-fibrotic effect of recombinant
human bone morphogenic protein-7 (rhBMP-7) (14, 17, 21,
22). BMP-7 is a member of the transforming growth factor-�
(TGF-�) superfamily and is one of 15 proteins with structural
and functional homology (21, 23, 24). BMP-7 was first recog-
nized for its regulatory effect on bone and cartilage formation
and is currently employed clinically to accelerate fracture heal-
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ing (25, 26). With respect to organ fibrosis, the anti-fibrotic
effect of rhBMP-7 stems from its ability to counteract the pro-
fibrotic action of TGF-�1 (17, 22), which has been implicated in
the fibrosis of various organs including the gut (27). Receptors
for BMP-7 are present on colonocytes (28), and systemically
administered rhBMP-7 binds with high affinity to the inflamed

colon and prevents inflammation in
a rat model of CD induced by rec-
tally administered 2,4,6-trinitro-
benzene sulfonic acid (TNBS) (29).
The aim of our study was to assess
the contribution of EMT to intesti-
nal fibrosis associated with both a
mouse model of Crohn colitis and
human inflammatory bowel disease
as well as to explore the mecha-
nisms underlying the anti-fibrotic
properties of rhBMP-7 in the
inflamed colon.

EXPERIMENTAL PROCEDURES

Mice—CD1 male mice were pur-
chased from Charles River Labora-
tories (Cambridge, MA). VillinCre
mice were a gift from Dr. Raju
Kucherlapati (Harvard Medical
School, Boston, MA). R26Rosa-lox-
Stop-lox-LacZ (RStopLacZ) trans-
genic mice have been described
previously (30). VillinCre;R26Rosa-
lox-Stop-lox-LacZ (Villin-LacZ)
double transgenic mice were gener-
ated by mating VillinCre� with
homozygous RStopLacZ mice. In
these double transgenic mice, LacZ
becomes irreversibly expressed in
all cells that have at one time or cur-
rently express villin. In the adult
mouse intestine, this expression is
limited to the epithelium (31). All of
the mice were on a C57Bl/6 genetic
background. The mice were main-
tained in the animal research facility
at Beth Israel Deaconess Medical
Center under standard conditions
and with ad libitum access to pel-
leted chow and tap water. The Beth
Israel Deaconess Medical Center
Institutional Animal Care and Use
Committee reviewed and approved
all of the animal studies.
Cell Culture—The rat small intes-

tinal cell line IEC-6 was obtained
from the ATCC (Manassas, VA).
IEC-6 cells were grown in Dulbec-
co’s modified Eagle’s medium
(DMEM; ATCC) supplemented
with 10% heat-inactivated fetal
bovine serum (FBS). Stock cultures

of the cells were subcultured at appropriate intervals to main-
tain the cells at subconfluent densities.
Induction of EMT in Vitro—Rat enterocytes were cultured

for 48 h until they reached 50% confluency in DMEM supple-
mented with 10% FBS. To induce EMT, the medium was

FIGURE 1. Inflammation and fibrosis in a model of TNBS-induced Crohn colitis. Chronic inflammation and
fibrosis were induced by weekly rectal administration of TNBS for 7 weeks. Control mice received a weekly
enema of 45% ethanol alone (vehicle) for the duration of the study. Treatment with rhBMP-7 was initiated in a
subset of mice 1 day prior to the first TNBS enema and continued every other day for the duration of the study.
Paraffin-embedded colonic tissue sections were labeled with H&E or MTS. Immunofluorescent labeling with
antibodies to FSP1 (red) and �-SMA (green) was done on frozen sections. The nuclei were stained with DAPI and
appear blue. Representative photomicrographs of each treatment group are displayed. Ten high power fields
were assessed in four mice/treatment group for quantification. A, colonic tissue from mice treated with ethanol
alone served as a control. Labeling with H&E and MTS demonstrates normal architecture and no fibrosis,
respectively. Immunofluorescent labeling with antibodies to FSP1 (red) and �-SMA (green) show that �10
cells/each high power field are fibroblasts. Of these 10 cells, the majority are FSP-1-positive. B, colonic tissue
from mice treated with TNBS demonstrate architectural distortion with submucosal thickening, epithelial
destruction, and inflammatory infiltrate on H&E. The sections labeled with MTS display diffuse mucosal colla-
gen deposition and fibrosis. The frozen sections labeled with antibodies to FSP1 (red) and �-SMA (green) show
an approximately 2.5-fold increase in fibroblasts compared with control tissue. Fibroblasts expressing FSP-1
exhibited a more pronounced increase in response to TNBS than did the cells expressing �-SMA. C, adminis-
tration of rhBMP-7 in conjunction with TNBS treatments substantially protects against epithelial injury and
fibrosis as assessed by H&E and MTS, respectively. Furthermore, there is a statistically significant decrease in
both subtypes of fibroblasts labeled on immunofluorescence. D, quantification of immunofluorescent label-
ing. ***, p � 0.001.
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replaced with DMEM supplemented with 0.5% FBS containing
TGF-�1 (10 ng/ml) for 7 days (14). To evaluate the effect of
BMP-7 on EMT in vitro, a subset of IEC-6 cells in culture were
treated with rhBMP-7 (100 ng/ml) with or without medium
containing TGF-�1. The medium was changed every 2 days.
Immunocytochemistry—EMT was visualized in vitro by

immunofluorescent double labeling of cultured cells as
described in our previous publications (32). IEC-6 cells were
cultured on fibronectin-coated chamber slides and fixed in ice-
cold 100% acetone. The slides were incubated with primary
antibodies to E-cadherin (BD Biosciences, Rockville, MD) and
FSP1 (research gift from Dr, Eric G. Neilson, Vanderbilt Uni-
versity, Nashville, TN) at 4 °C overnight. Following incubation
with primary antibody, the cells were washed with Tris-buff-
ered saline and incubated for 45 min at room temperature with
Alexa Fluor 594- and Alexa Fluor 488-conjugated secondary
antibodies (Invitrogen). The nuclei were counterstained using
DAPI, and sections were covered with a glass coverslip using
Vectashield mounting medium (Vector Laboratories, Burl-
ingame, CA). Images were captured for analysis using a Zeiss
Axioskop 2 fluorescent microscope attached to a Zeiss
AxioCam HRC camera.
TNBS-induced Intestinal Colitis and Fibrosis—7–8-week-

old mice were lightly anesthetized by an intraperitoneal injec-
tion of 100 mg/kg ketamine and 10 mg/kg xylazine. Approxi-
mately 3 cm of a polyethylene cannula (Intramedic PE-20
polyethylene tubing; BD Biosciences) attached to a 1-ml tubercu-
lin syringe (BDBiosciences)was inserted into thecolon, and100�l
ofTNBSwas infused.Themice received increasingdosesofTNBS
throughout the study. During the first 2 weeks, a dose of 1mg/0.1
ml TNBS in 45% ethanol was used. The dose was increased to 1.5
mg/0.1mlTNBS in45%ethanol for the thirdand fourthweeksand
again to 2 mg/0.1 ml TNBS in 45% ethanol for weeks 5–7. The
control mice received either a 100-�l enema of 45% ethanol alone
(vehicle)orwereuntreated (33).Treatmentwascarriedoutevery7
days for a total of 7 weeks.
To evaluate the effect of BMP-7 on intestinal fibrosis in this

model of CD, a subset of mice in the TNBS treatment group
were administered concomitant rhBMP-7 (research gift from
Curis). Based on our previous experience, a dose of 300 �g/kg
rhBMP-7 was delivered by intraperitoneal injection 24 h before
the initial enema and then every other day until week 7 (22). At
the conclusion of the treatment period, the mice were eutha-
nized using CO2, and the colon was collected.
Tissue Preparation—The colon of each mouse was removed

en bloc, cleared of feces, and washed in phosphate-buffered
saline before being cut into smaller sections. The samples were
either fixed in 10% formalin for future embedding in paraffin or
directly embedded in Tissue TekTM and snap frozen in liquid
nitrogen for immunohistochemistry.
Histologic Assessment of Intestinal Fibrosis and Inflammation—

Tissue samples fixed in formalin were delivered to the Histol-
ogy Core at Beth Israel Deaconess Medical Center where they
were embedded in paraffin, cut into 5-�m sections, and stained
with bothMasson trichrome stain (MTS) and hematoxylin and
eosin (H&E) under standard conditions.
Immunohistochemistry for TNF-�—Immunohistochemistry

of 10% formalin-fixed, paraffin-embedded intestinal sections

was performed as described previously with minor modifica-
tions (34). Briefly, the sections were first deparaffinized and
then microwaved in citrate buffer for antigen retrieval. After
blocking, the sections were incubated with a primary antibody
to TNF-� (rabbit polyclonal; Abcam) at 4 °C overnight. After
incubation, the sections were washed in Tris-buffered saline,
blocked with 3% hydrogen peroxide, and then incubated with a

FIGURE 2. Genetic lineage tracking of intestinal epithelial cells. Trans-
genic mice expressing Cre recombinase under control of the villin promoter
(VillinCre) were crossed with transgenic mice in which a STOP cassette flanked
by two LoxP sites separates the ubiquitous RStopLacZ reporter gene. In the
resultant double-transgenic mice (Villin-LacZ), removal of the STOP cassette
by Cre recombinase in villin� cells irreversibly activates Rosa-driven LacZ
expression in all cells of intestinal epithelial origin regardless of subsequent
further phenotypic changes. To provide evidence for EMT, intestinal fibrosis
was induced in the Villin-LacZ mice by rectal administration of TNBS. Expres-
sion of the LacZ reporter gene was assessed by enzymatic �-gal staining (blue
precipitate). The sections were counterstained with eosin. A, this schematic
summarizes generation of the Villin-LacZ double-transgenic mice by Cre-me-
diated excision of the transcriptional stop codon. B, �-gal staining is absent in
paraffin-embedded colon tissue sections from RStopLacZ control mice. C and
E, paraffin-embedded colon sections from Villin-LacZ mice treated with eth-
anol alone show no fibrosis on MTS and strong labeling of epithelial cells with
�-gal. D and F, upon treatment with TNBS, there is increased collagen depo-
sition on MTS, and �-gal� cells become present in fibrotic areas outside the
epithelial cell compartment (arrows), indicating epithelial cell-derived
fibroblasts.
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biotinylated secondary antibody from the Vectastain Elite ABC
kit (Vector Laboratories) at room temperature for 30 min. Pos-
itive staining was visualized with the 3,3�-diaminobenzidine
peroxidase substrate kit also fromVector Laboratories, and the
sections were counterstained with methylene blue after
rehydration.
Immunofluorescent Labeling for EMT in Vivo—EMT was

visualized by immunofluorescent double-labeling as described
previously (35). Frozen tissue was cut into 5-�m-thick cross-

sections that were fixed in ice-cold
100% acetone for 5–10 min. The
sections were incubated with the
following primary antibodies at 4 °C
overnight depending on the experi-
ment: mouse anti-E-cadherin (BD
Bioscience), rabbit anti-FSP1 (poly-
clonal antibody; research gift from
Eric Neilson, Vanderbilt University,
Nashville, TN), fluorescein isothio-
cyanate-conjugated mouse anti-�-
SMA (Sigma), or rabbit anti-�-
galactosidase (�-gal; polyclonal
antibody; Cappel, MP Biomedi-
cals). After incubation, the sections
were washed with Tris-buffered
saline before exposure to secondary
antibody. Primary antibodies raised
in mice were detected using the
M.O.M. kit (Vector Laboratories).
For �-gal FSP1 double-labeling
experiments, the primary antibodies
were directly conjugated with Alexa
Fluor 488 and 594 according to the
manufacturer’s recommendations
(Invitrogen). The nuclei were coun-
terstained with DAPI (Vectashield).
The sections were covered with a
glass coverslip using Vectashield
mountingmedium(VectorLaborato-
ries) and analyzed using either the
Zeiss Axioskop 2 fluorescent micro-
scope attached to an AxioCam HRC
camera or the Zeiss LSM 510 Meta
scanning confocal microscope.
LacZ Staining—�-gal activity was

visualized by staining as described
in our previous publications (14).
Colon tissue (�1 mm3) was fixed in
4% paraformaldehyde at 4 °C for 60
min and then washed three times in
phosphate-buffered saline before
being incubated at 37 °C in 1 mg/ml
�-gal (Sigma), 5 mM potassium fer-
rocyanide, 5mMpotassium ferricya-
nide, 2 mM MgCl2, 0.2% Nonidet
P-40, and 0.1% sodium deoxy-
cholate in phosphate-buffered sa-
line for 72 h as previously described

(34). The tissues were mounted in paraffin and counterstained
with eosin.
HumanTissue—Samples of human colon and terminal ileum

demonstrating active inflammatory bowel disease (eitherCDor
ulcerative colitis) were obtained from the Ardais/Beth Israel
Deaconess Medical Center Biomaterials and Information for
Genomic Research Tissue Library (Boston, MA). All of the dis-
eased samples were derived from surgical resection specimens
and were cryopreserved. Histologically normal intestinal tissue

FIGURE 3. Evidence for EMT associated with intestinal fibrosis in CD1 mice. Frozen colonic tissue sections
from control CD1 mice that received treatment with either ethanol alone, TNBS alone, or TNBS plus rhBMP-7
were labeled with antibodies to E-cadherin (green) and FSP1 (red). The nuclei were stained with DAPI and
appear blue. In the merged images, double positive cells appear yellow. Representative immunofluorescent
images from each group are displayed. Five high power fields were assessed in three mice/treatment group for
quantification. A, frozen colonic tissue samples from mice treated with ethanol alone exhibit few FSP1� fibro-
blasts with no detectable colocalization of E-cadherin and FSP1. B, fibrotic colonic tissue samples from mice
treated with TNBS demonstrate increased FSP1� fibroblasts compared with control tissue as well as colocal-
ization of E-cadherin and FSP1. This colocalization indicates EMT and appears yellow (arrows). C, treatment with
TNBS plus rhBMP-7 results in a statistically significant decrease in both the total number of FSP1� fibroblasts
and the degree of colocalization with E-cadherin. D, quantification of immunofluorescent labeling. **, p � 0.01.
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at the margin of a surgical resection specimen for cancer or
from an unaffected area in a patient with inflammatory bowel
disease was obtained from the same tissue library and used as a
normal control. Immunofluorescent labeling was performed as
described above, and the images were analyzed using either the
Zeiss Axioskop 2 fluorescent microscope or the Zeiss LSM 510
Meta scanning confocal microscope.
Western Blot Analysis—Western blots were performed using

standard procedures. Total cell culture and tissue lysates were
made using radioimmune precipitation assay buffer plus a pro-

tease inhibitor mixture (Roche
Applied Science). Antibodies to
�-actin and E-cadherin were pur-
chased from Sigma and BD Bio-
sciences, respectively. A polyclonal
antibody to TNF-� was purchased
from Abcam (Cambridge, MA).
Statistical Analysis—The results

are expressed as the means � S.E.
Multiple comparisons were per-
formed by one-way analysis of vari-
ance with a Bonferroni correction.
A p value� 0.05was considered sta-
tistically significant.

RESULTS

TNBS-induced Chronic Colitis Is
Associated with Intestinal Fibrosis—
Paraffin-embedded colonic tissue
samples from TNBS-treated and
ethanol control mice were assessed
for inflammation and fibrosis after
labelingwithH&E andMTS (Fig. 1).
Treatment with TNBS but not the
vehicle control alone (45% ethanol)
was associated with colitis marked
by considerable thickening of the
submucosa, infiltration by immune
cells, and destruction of the epithe-
lial layers on H&E (Fig. 1, A and B).
Treatment with TNBS but not the
vehicle was similarly associated
with diffuse collagen deposition in
the mucosa and submucosa on
labeling with MTS (Fig. 1, A and B).

Given the heterogeneous nature
of activated fibroblasts (6, 7), we
next sought to identify which popu-
lations were involved in this model
of intestinal fibrosis. Fresh frozen
sections from control and TNBS-
treated mice were labeled with anti-
bodies to FSP1 and �-SMA. Frozen
sections from mice with colitis and
fibrosis on H&E and MTS, respec-
tively, showed considerably more
FSP1� and �-SMA� fibroblasts as
compared with similar sections
from control mice (Fig. 1, A and B).

Because FSP1� fibroblasts were more prominent at base line
and increased in number more dramatically following treat-
ment with TNBS (Fig. 1), we chose to use this mesenchymal
marker in our subsequent murine experiments.
Genetic EvidenceDemonstrates EMT Is a Source for Intestinal

Fibrosis—To provide evidence for EMT involving epithelial
cells in intestinal fibrosis, we performed lineage tracing of intes-
tinal epithelium. We generated double transgenic mice that
express Cre recombinase under control of the villin promoter

FIGURE 4. Evidence for EMT associated with intestinal fibrosis in Villin-LacZ mice. Frozen colonic tissue
sections from ethanol control and TNBS-treated Villin-LacZ mice were either labeled with antibodies to �-gal
(red) and FSP1 (green) or with antibodies to E-cadherin (red) and FSP1 (green). The nuclei are stained with DAPI
and appear blue. Representative immunofluorescent images of each group are displayed. In the merged panels
�-gal� FSP1� and E-cadherin� FSP1� cells indicate EMT and appear yellow (arrows). A, colonic tissue samples
from Villin-LacZ mice treated with ethanol alone exhibit few FSP1� fibroblasts with no colocalization of FSP1
and �-gal. B, fibrotic colonic tissue samples from mice treated with TNBS demonstrate increased FSP1� fibro-
blasts and colocalization of FSP1 and �-gal, indicating EMT. C, colonic tissue samples from Villin-LacZ mice
treated with vehicle alone exhibit few FSP1� fibroblasts and no colocalization of FSP1 and E-cadherin.
D, fibrotic colon tissue from TNBS-treated Villin-LacZ mice shows colocalization of E-cadherin and FSP1, sug-
gesting EMT.
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(VillinCre) and that also harbor an allele in which a STOP cas-
sette flanked by two LoxP sites is inserted between the ubiqui-
tous Rosa promoter and the LacZ gene (RStopLacZ) (Fig. 2A).
Within the gut, the villin gene is expressed in the epithelium. In
VillinCre mice, the Cre recombinase is expressed under the
villin promoter and thus is present in intestinal epithelial cells
(31). In the RStopLacZ reporter strain, the LacZ reporter gene
is activated only after Cre-mediated excision of a LoxP stop
cassette. Thus, in the Villin-LacZ double transgenic mice, the
LacZ gene remains activated in intestinal epithelial cells and in
all cells of intestinal epithelial origin regardless of any further
phenotypic changes.
To demonstrate the lineage-specific expression of LacZ in

our double transgenic mice, colonic tissue from control
RStopLacZ and Villin-LacZ mice was labeled for �-gal.
Whereas �80% of the colonic epithelial cells from the double
transgenic mice were �-gal� (Fig. 2E), there was no detectable
labeling in RStopLacZ control mice (Fig. 2B).
Colonic sections from TNBS-treated Villin-LacZ mice dem-

onstrating fibrosis on MTS (Fig. 2D) were assessed for LacZ
activity (Fig. 2F) and compared with the control samples
labeled for the same enzyme (Fig. 2E). Within the area of max-

imal fibroblast accumulation, there
were several�-gal� cells outside the
epithelium in theTNBS-treatedVil-
lin-LacZ mice (Fig. 2F).
To provide evidence for EMT, we

double-labeled fibrotic colon sec-
tions from CD1 mice treated with
ethanol alone or TNBS with anti-
bodies to the epithelial cell adhesion
molecule E-cadherin and the fibro-
blast marker FSP1. In CD1 mice,
treatment with TNBS but not vehi-
cle alone was associated with the
appearance of E-cadherin� FSP1�

cells (Fig. 3, A, B, and D).
To provide further evidence of

EMT,we next performed double-la-
beling experiments to assess for
colocalization of FSP1 with either
�-gal (Fig. 4,A and B) or E-cadherin
(Fig. 4, C and D) in the Villin-LacZ
double transgenic mice. Although
double-positive cells were absent in
control colon tissues (Fig. 4, A and
C), FSP1� cells of gastrointestinal
epithelial origin (�-gal� or E-cad-
herin�) were detected within the
colon of mice treated with TNBS
(Fig. 4, B and D).
BMP-7 Inhibits TGF-�1-induced

EMT in Intestinal Epithelial Cells in
Vitro—EMT was induced in rat
IEC-6 cells by exposure to TGF-�1
for 7 days once they became sub-
confluent. IEC-6 cells in control
medium displayed cuboidal mor-

phology (Fig. 5A) and had robust E-cadherin expression by both
immunofluorescent labeling andWestern blot (Fig. 5, B andC).
In contrast, the same cells became spindle-shaped (Fig. 5A), lost
E-cadherin expression, and increased FSP1 expression upon
incubation with TGF-�1 (Fig. 5, B–D). The addition of
rhBMP-7 to the medium containing TGF-�1 completely pre-
vented EMT (Fig. 6A).
Inhibition of Intestinal Fibrosis by rhBMP-7 inVivo—Colonic

tissue from CD1 mice treated with either vehicle alone, TNBS,
orTNBSplus rhBMP-7was double-labeled for FSP1 andE-cad-
herin (Fig. 3, A–C). In mice treated with TNBS, 33% of the
FSP1� fibroblasts were also E-cadherin� (Fig. 3D). Colocaliza-
tion was significantly reduced (p � 0.01) in CD1 mice that
received concomitant treatment with rhBMP-7 (Fig. 3D).
Colocalization of FSP1 with an epithelial marker was next

assessed in our Villin-LacZ double transgenic mice. In mice
treated with either vehicle alone, TNBS, or TNBS plus
rhBMP-7, colocalization of FSP1 with either �-gal or E-cad-
herin was measured (Fig. 6, B and D). In mice treated with
TNBS, 31% of the total FSP1� population of cells was also
�-gal� (Fig. 6C). The percentage of FSP1� �-gal� cells was
significantly decreased (p � 0.01) upon rhBMP-7 treatment

FIGURE 5. EMT involving intestinal epithelial cells in vitro. Rat intestinal epithelial cells (IEC-6) in culture were
exposed either to control medium (DMEM plus 10% FBS) or to DMEM plus 0.5% FBS with TGF-�1 for 7 days.
A, on phase contrast, IEC-6 cells display cuboidal morphology in control medium but acquire a spindle-shaped
morphology on exposure to TGF-�1. B, total protein lysates were analyzed by immunoblot using an antibody
to E-cadherin. The blots were stripped and reprobed with a �-actin antibody as a control. A representative
experiment is displayed. E-cadherin expression is considerably decreased upon exposure to TGF-�1. C and
D, the cells in culture were labeled with antibodies to E-cadherin (green) and FSP1 (red). The nuclei were labeled
with DAPI and appear blue. The photomicrographs display representative immunofluorescence pictures of
each group at an original magnification of 60�. In control medium, IEC-6 cells are E-cadherin� FSP1�. Upon
exposure to TGF-�1, the IEC-6 cells in culture become E-cadherin� FSP1�, indicative of EMT.
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(Fig. 6C). Similar statistically significant results were obtained
whenFSP1was colocalizedwith E-cadherin (Fig. 6E). In fibrotic
colon tissues from Villin-LacZ mice, 24% of the FSP1� fibro-
blasts were also E-cadherin�, and this percentage was signifi-
cantly decreased (p � 0.001) if the mice received concomitant
rhBMP-7 (Fig. 6E). Together, these data suggest that BMP-7
inhibits EMT in vivo, similar to its effect in the in vitro culture
experiments.
Treatment with rhBMP-7 Reduces Colonic TNF-�Expression—

To investigate the effect of rhBMP-7 on inflammation, paraffin-

embedded colonic tissue sections were stained for TNF-� (Fig.
7A). Mice treated with ethanol alone (vehicle control) demon-
strated low levels of TNF-� staining. The presence of TNF-�
was significantly increased in the colonic tissue of mice
treated with TNBS (Fig. 7B; p � 0.01). Concomitant treat-
ment with rhBMP-7 resulted in substantially less TNF-�
staining in the colonic epithelium than those treated with
TNBS alone (Fig. 7B; p � 0.01). The immunohistochemical
results were confirmed by colonic tissue Western blot for
TNF-� (Fig. 7C).

FIGURE 6. BMP-7 inhibits EMT of intestinal epithelial cells in vitro and in vivo. A, IEC-6 cells were exposed to control medium alone (DMEM plus 10% FBS),
DMEM plus 0.5% FBS with TGF-�1, or medium containing rhBMP-7 with or without TGF-�1 for 7 days. The cells were labeled with antibodies to E-cadherin
(green) and FSP1 (red). The nuclei are labeled with DAPI and appear blue. The photomicrographs display representative immunofluorescence pictures of each
group (original magnification, 60�). Control cells are E-cadherin� but FSP1�. Upon incubation with TGF-�1, cells become E-cadherin� FSP1�, indicating EMT.
Incubation with rhBMP-7 alone does not affect E-cadherin or FSP1 expression. Coincubation with rhBMP-7 and TGF-�1 protects the IEC-6 cells from undergoing
EMT, as can be seen in the far-right panel. B, colon tissue sections from ethanol-treated Villin-LacZ mice, fibrotic TNBS-treated Villin-LacZ mice, and Villin-LacZ
mice that received rhBMP-7 in addition to TNBS were labeled with antibodies to �-gal (red) and FSP1 (green). The nuclei stained with DAPI appear blue. �-gal�

FSP1� cells, which are indicative of EMT, appear yellow (arrows in the middle panel). In tissues from TNBS-treated mice that received rhBMP-7, �-gal� FSP1� cells
were only sporadically present. C, the bar graph summarizes both the total number of FSP1� fibroblasts and the number of FSP1� �-gal� cells in each
treatment group. Treatment with rhBMP-7 results in a statistically significant decrease in both the total number of FSP1� fibroblasts and the amount of
colocalization with �-gal. **, p � 0.01. Ten high power fields were assessed in three mice/group for quantification. D, colon tissue sections from ethanol-treated
Villin-LacZ mice, fibrotic TNBS-treated Villin-LacZ mice, and Villin-LacZ mice that received rhBMP-7 in addition to TNBS were labeled with antibodies to
E-cadherin (red) and FSP1 (green). The nuclei stained with DAPI appear blue. E-cadherin� FSP1� cells, which are indicative of EMT, appear yellow (arrows in the
middle panel). In tissues from TNBS-treated mice that received rhBMP-7, E-cadherin� FSP1� cells were only sporadically present. E, the bar graph summarizes
both the number of FSP1� fibroblasts and the amount of EMT as evidenced by colocalization of FSP1 and E-cadherin in each group. Treatment with rhBMP-7
results in a statistically significant decrease in both the total number of FSP1� fibroblasts (**, p � 0.01) and the amount of colocalization with E-cadherin (***,
p � 0.001). Ten high power fields were assessed in three mice/group for quantification.
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Demonstration of Epithelial to Mesenchymal Transition in
Human Inflammatory Bowel Disease—Colocalization of
�-SMAandE-cadherinwas demonstrated in human samples of
active inflammatory bowel disease but not in normal-appearing
intestinal tissue (Fig. 8, A and B). There was a statistically sig-
nificant increase in the percentage of crypts harboring double-
positive cells in the samples from patients with inflammatory
bowel disease compared with controls (Fig. 7C). These results
favor the notion that EMT may also be a source for activated
fibroblasts associated with fibrosis in inflammatory bowel dis-
ease in general. Further studies are required to assess whether
this finding is unique to CD, but the data likely validate the
earlier observation that EMTmay play a role in human fistuliz-
ing CD (36).

DISCUSSION

Intestinal fibrosis in the form of fibrostenotic strictures is a
well described complication of longstanding CD and is thought
to occur as a result of chronic inflammation and dysregulated
wound healing (2, 3). The mechanism by which inflammation
leads to fibrosis is only beginning to be understood but likely
involves EMT to some degree (13). Although various anti-in-

flammatory and immunosuppressive agents have demon-
strated efficacy for active CD, they have little impact on fibrosis
once it occurs (3).
EMT is a complex process in which epithelial cells lose their

phenotypic and functional characteristics and develop features
of the mesenchyme. Specifically, the epithelial cell loses polar-
ity, intercellular adhesion molecules, and membrane-bound
transporters to develop a specialized cytoskeleton and invasive
capacity (19, 37).
To provide evidence for EMT involving epithelial cells in

intestinal fibrosis, we generated double transgenic mice in
which intestinal epithelial cells can be lineage-traced by expres-
sion of LacZ. By inducing colitis in the Villin-LacZ mice, we
were able to demonstrate for the first time that EMT contrib-
utes to the pool of activated fibroblasts that accumulate in a
murine model of Crohn colitis generated by treatment with
TNBS.
Activated fibroblasts are the main mediators of fibrogen-

esis in the colon as in other organs (38, 39). Fibroblasts are a
heterogeneous cell population (6) and the major populations
that are known to mediate fibrosis express FSP1 or �-SMA
(8). FSP1� fibroblasts have been well characterized during

FIGURE 7. Treatment with rhBMP-7 reduces colonic TNF-� expression. A, TNF-� expression was assessed in paraffin-embedded colonic sections from mice
that received either ethanol alone (EtOH Control), TNBS, or TNBS plus rhBMP-7. An average of 10 high power fields were assessed from four TNBS-treated mice
and three mice from the control and TNBS plus rhBMP-7 groups. The arrows indicate cells scored as positive for TNF-� expression. Representative photomi-
crographs are shown (original magnification, 40�). B, the bar graph summarizes the average number of positively labeled cells/high power field from each
treatment group. Mice treated with TNBS demonstrate statistically significant increased TNF-� labeling compared with control mice. **, p � 0.01. Concomitant
administration of rhBMP-7 with TNBS leads to a statistically significant reduction in colonic TNF-� expression compared with TNBS treatment alone. **, p � 0.01.
C, the Western blots (top panels) depict the colonic tissue levels of TNF-� in mice treated with ethanol alone, TNBS plus rhBMP-7, and TNBS alone. The blot was
stripped and reprobed with a �-actin antibody. The bar graph represents the quantitation of the Western blot normalized to the ethanol control (bottom).
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the fibrogenesis of kidney, liver, and heart (14, 16, 17) and
often derive from resident epithelia via EMT (18). In our
model of colitis, the numbers of both FSP1� and �-SMA�

fibroblasts increase upon disease induction. The effect of
treatment with TNBS is more dramatic on the population of
fibroblasts expressing FSP1. Thus, we used this marker for
our subsequent experiments.
Our experiments suggest that approximately one-third of

FSP1� fibroblasts are derived from intestinal epithelial cells.
This result is consistent with our studies of EMT in mouse
models of renal (�35%) (40) and liver (�45%) (14) fibrosis
but may actually be an underestimate because the LacZ
transgene is only active in 80% of the cells. Although E-cad-
herin FSP1 double labeling is insufficient to detect epithelial
cells that have fully acquired a fibroblast phenotype, and lost
expression of epithelial cell markers, these data further sup-
port the idea that EMT occurs in the model of TNBS-in-
duced intestinal fibrosis.

To explore the anti-fibrotic effects of rhBMP-7 in this model
of CD, a subset of mice receiving TNBS enemas were concom-
itantly treatedwith rhBMP-7. As we and others have previously
shown, BMP-7 exerts its anti-fibrotic action in the setting of
chronic disease of the kidney, liver, and heart at least partially
via inhibition of EMT (14, 17, 22). Therefore we speculated that
enterocytes could contribute to the pool of FSP1� fibroblasts in
the setting of intestinal fibrosis and that inhibition of EMT by
rhBMP-7 would inhibit fibrosis. Administration of rhBMP-7 in
conjunction with TNBS prevented the epithelial injury and
fibrosis seen in the mice treated with TNBS.
Previous studies have demonstrated that the TNBS-induced

model ofCrohn colitis is associatedwith substantially increased
BMP receptor expression (29) This finding suggests that
administration of rhBMP-7 exerts its anti-fibrotic action via
utilization of a pre-existing repair pathway in which colono-
cytes play a pivotal role (29). Our studies do not exclude the
possibility that other BMPs are equally effective to prevent

FIGURE 8. Evidence for EMT in human inflammatory bowel disease. E-cadherin (red) and �-SMA (green) colocalization (yellow) was assessed in three
intestinal sections from patients with active inflammatory bowel disease (IBD, either CD of the terminal ileum or ulcerative colitis) (A) and in four frozen sections
of normal-appearing human intestine (B). The number of crypts harboring a double positive cell was assessed for each section and expressed as a percentage
of the total number of crypts/section. The representative images were acquired using a Zeiss Axioskop 2 fluorescent microscope (original magnification, 60�).
The arrow indicates colocalization, which is present in the inflammatory bowel disease sample but not in normal tissue. The bar graph (C) summarizes the
percentage of crypts harboring a double-positive cell in diseased versus control tissue. **, p � 0.01.
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intestinal fibrosis. In this regard, BMP-1, BMP-2, BMP-4, and
BMP-5 have been found to be expressed in the colon in addition
to BMP-7 (41, 42).
Anti-TNF-� therapy is associated with a loss of inhibitory

effect of TNF-� on TGF-�1 signaling (43). In this regard, our
studies demonstrate that TGF-�1 is a potent inducer of EMT
and that BMP-7 significantly inhibits TGF-�1-induced EMT
even while inhibiting TNF-�. Additional studies are needed to
explore possible synergistic effects of the combination of anti-
TNF-� therapy and rhBMP-7 in the effective suppression of
inflammation and fibrosis in CD. Although controversial, there
is some evidence that treatmentwith infliximab, an anti-TNF-�
monoclonal antibody, may enhance stricture formation in
some patients (44, 45). In these patients, dual treatmentmay be
safer and more efficacious.
TGF-�1 is regarded as a principal mediator of intestinal

fibrosis (4), and it is the most potent inducer of EMT in various
organ systems (13). Therefore, we tested the capacity of
TGF-�1 to induce EMT in adult rat intestinal epithelial cells.
The findings in vivo were confirmed in the IEC-6 cell line.
Although repeated treatment with TNBS leads to a TH1 T

cell inflammatory process that resembles CD both in histopa-
thology and immunology (46–48), the role of EMT in human
inflammatory bowel disease remains virtually unexplored. A
recent paper demonstrated a potential role for EMT in fistulas
from a small cohort of patients with CD (36). Our finding of
colocalized E-cadherin and�-SMA in intestinal resection spec-
imens from patients with active inflammatory bowel disease
suggests that EMT likely occurs in human intestinal fibrosis as
well. The pooling of samples from patients with CD and ulcer-
ative colitis clearly limits the scope of our interpretation of
these human data. Nevertheless, our data support a role for
EMT in active human inflammatory bowel disease. Whether
the findings are unique to CD or merely a result of active
inflammation associated with any number of colitides remains
to be established. Analysis of additional samples collected in a
prospective and nonpooledmanner will be necessary to further
characterize this process as it applies to human intestinal fibro-
sis in general and CD in particular.
Our study demonstrates a clear role for EMT in the develop-

ment of TNBS-induced intestinal fibrosis. As has been demon-
strated in the kidney and heart, treatment with rhBMP-7 both
in vivo and in vitro prevents EMT associated with interstitial
fibrosis. This finding suggests that rhBMP-7 may be an impor-
tant future therapy for intestinal fibrosis in general and CD in
particular.
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45. Sorrentino, D., Terrosu, G., Vadalà, S., and Avellini, C. (2007) Digestion
75, 22–24

46. Wirtz, S., Neufert, C., Weigmann, B., and Neurath, M. F. (2007) Nat.
Protoc. 2, 541–546

47. Neurath, M., Fuss, I., and Strober, W. (2000) Int. Rev. Immunol. 19,
51–62

48. Scheiffele, F., and Fuss, I. J. (2002) Curr. Protocols Immunol. Chapter 15,
Units 15–19

EMT in Intestinal Fibrosis

20212 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 26 • JUNE 25, 2010

 by guest on O
ctober 5, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


Zeisberg and Raghu Kalluri
Sarah N. Flier, Harikrishna Tanjore, Efi G. Kokkotou, Hikaru Sugimoto, Michael

Fibroblasts in Intestinal Fibrosis
Identification of Epithelial to Mesenchymal Transition as a Novel Source of

doi: 10.1074/jbc.M110.102012 originally published online April 2, 2010
2010, 285:20202-20212.J. Biol. Chem. 

  
 10.1074/jbc.M110.102012Access the most updated version of this article at doi: 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/285/26/20202.full.html#ref-list-1

This article cites 47 references, 12 of which can be accessed free at

 by guest on O
ctober 5, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/lookup/doi/10.1074/jbc.M110.102012
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;285/26/20202&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/285/26/20202
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=285/26/20202&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/285/26/20202
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/285/26/20202.full.html#ref-list-1
http://www.jbc.org/

