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Fibrosis can occur in any human tissue when the
normal wound healing response is amplified. Such
amplification results in fibroblast proliferation, myo-
fibroblast differentiation, and excessive extracellular
matrix deposition. Occurrence of these sequelae in
organs such as the eye or lung can result in severe
consequences to health. Unfortunately, medical treat-
ment of fibrosis is limited by a lack of safe and effec-
tive therapies. These therapies may be developed by
identifying agents that inhibit critical steps in fibrotic
progression; one such step is myofibroblast differen-
tiation triggered by transforming growth factor-�1
(TGF�1). In this study, we demonstrate that TGF�1-
induced myofibroblast differentiation is blocked in
human fibroblasts by a candidate endogenous aryl
hydrocarbon receptor (AhR) ligand 2-(1=H-indole-
3=-carbonyl)-thiazole-4-carboxylic acid methyl ester
(ITE). Our data show that ITE disrupts TGF�1 sig-
naling by inhibiting the nuclear translocation of
Smad2/3/4. Although ITE functions as an AhR ago-
nist, and biologically persistent AhR agonists, such
as 2,3,7,8-tetrachlorodibenzo-p-dioxin, cause se-
vere toxic effects, ITE exhibits no toxicity. Interest-
ingly, ITE effectively inhibits TGF�1-driven myofi-
broblast differentiation in AhR�/� fibroblasts: Its
ability to inhibit TGF�1 signaling is AhR indepen-
dent. As supported by the results of this study, the
small molecule ITE inhibits myofibroblast differen-
tiation and may be useful clinically as an antiscar-
ring agent. (Am J Pathol 2011, 178:1556–1567; DOI:
10.1016/j.ajpath.2010.12.025)

1556
Scarring, or fibrosis, can occur in any human tissue as a
result of injury, surgery, certain drugs, or infection.1 Fibrosis
results from an amplification of the normal wound healing
response, in which fibroblasts proliferate, differentiate to
myofibroblasts, and deposit collagen to rebuild damaged
tissue.2–5 In fibrosis, an imbalance exists between the pro-
duction of extracellular matrix components (eg, fibronectin
and collagen I) and their degradation.1–3,5–7 In certain or-
gans, such as the eye and lung, fibrosis can result in
complete failure of tissue function and significant morbid-
ity. Scarring in the orbit can result as a complication of
thyroid eye disease (TED). TED is a condition in which
intense inflammation leads to remodeling and expansion
of the connective tissues of the orbit.8 The increased
volume of orbital connective tissue leads to forward pro-
trusion of the eye (exophthalmos), accompanied by
nerve and muscle damage.9–11 In patients with severe
TED, the initial inflammation subsides, but infiltration of
muscle fibers by fibroblasts leads to fibrosis of the extra-
ocular muscles, which limits their motility.8,10,11 The lung
is another organ in which the consequences of scarring
are particularly severe. Idiopathic pulmonary fibrosis
(IPF) is characterized by fibrotic remodeling of lung tis-
sue, including excessive deposition of extracellular ma-
trix components.5,12 This process thickens and stiffens
the alveolar walls, interfering with gas exchange and
ventilation.3–5,7,13 IPF is a progressive disease, with poor
prognosis and a median survival of only 2 to 5 years from
the time of diagnosis.12 The consequences of both ocular
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and pulmonary fibrosis are severe, and effective clinical
treatments are urgently needed, but not currently avail-
able.1,2,4,14,15 To develop such therapies, we need to
establish a firm understanding of fibrotic mechanisms
that might be exploited in fibrosis prevention or treatment.

Fibroblasts and myofibroblasts play major regulatory
roles in both the normal wound-healing process and the
development of fibrosis.4,5,12,16,17 Myofibroblasts are dif-
ferentiated fibroblasts with contractile properties similar
to smooth muscle cells.12 Myofibroblast contractility is
conferred by their expression of smooth muscle proteins,
such as �-smooth muscle actin (�-SMA) and cal-
ponin.2,5,12 Myofibroblasts are also a major source of
extracellular matrix proteins, including collagen and
fibronectin.3,6,12,13 Because of their prominent role in
the fibrotic response, myofibroblast differentiation is a
promising target for the development of novel antifi-
brotic therapies.12 We have used transforming growth
factor-�1 (TGF�1) to stimulate myofibroblast dif-
ferentiation in primary cultures of human fibroblasts.3–

5,12,14,15 This serves as a useful model system for the
identification of potential small molecule inhibitors of
myofibroblast differentiation.12

The results of many studies support the idea that
TGF�1, produced during the normal wound healing re-
sponse, is a master regulator of fibrosis.2,5,7,12,14,18 Be-
cause of the prominent role of TGF�1 signaling in myofi-
broblast differentiation and fibrosis, this pathway is an
obvious target for potential antifibrotic therapies.1,18

TGF�1 signaling is mediated primarily by members of the
Smad family of signal transduction molecules.19 TGF�1
binding to its receptors results in the phosphorylation of
receptor-regulated Smads, including Smad2/3.18–21

Phosphorylated receptor-regulated Smads dissociate
from the receptor and recruit the common-mediator,
Smad4.21 This association allows for translocation of the
Smad2/3/4 complex to the nucleus and initiation of
TGF�1-induced transcriptional responses.20,21 Although
the overall mechanism of TGF�1 signaling has been well
studied, unrecognized regulatory factors that modulate
the pathway may remain. This study is the first to suggest
that the aryl hydrocarbon receptor (AhR) ligand 2-(1=H-
indole-3=-carbonyl)-thiazole-4-carboxylic acid methyl es-
ter (ITE) may play such a role.

The AhR is a ligand-dependent transcription factor that
has been well-conserved throughout vertebrate evolution
and is constitutively expressed in most cell types.19,22 Stud-
ies using AhR knock-out (AhR�/�) mice have revealed that
the AhR plays a role in processes as diverse as cell prolif-
eration, differentiation, migration, development, tissue ho-
meostasis, vasculogenesis, and cancer.23–26 From the per-
spective of TGF�1 signaling, it is interesting to note that
AhR�/� mice are prone to develop bile duct fibrosis.23,25

Candidate endogenous ligands of the AhR include keto-
cholesterol, bilirubin, indigo, lipoxin A4, and tryptophan de-
rivatives such as ITE.22,27–32 However, the AhR is better-
known for its ligation by a diverse group of xenobiotics, the
most potent of which is 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD).22 Agonist binding induces nuclear translocation of
the AhR, which allows it to regulate expression of a variety

of genes, including those of the cytochrome P450 family of
drug-metabolizing enzymes.33 Until now, there has been no
report of the effect that AhR ligands have on TGF�1 signal-
ing in primary human fibroblasts.

Here, we present our exciting findings that the AhR ag-
onist ITE can block TGF�1-induced myofibroblast differen-
tiation and extracellular matrix production. These new find-
ings suggest that ITE acts to modulate TGF�1 signaling and
to inhibit fibrosis. Furthermore, this small molecule may find
potential therapeutic use as an antiscarring agent.

Materials and Methods

Cells and Reagents

Primary orbital and Tenon’s capsule fibroblasts were iso-
lated from individual patients undergoing eye surgery.
Primary corneal fibroblasts were derived from anatomi-
cally normal cornea tissue from corneas donated to the
Rochester/Finger Lakes Eye and Tissue Bank. Primary
lung fibroblasts were isolated from anatomically normal
lung tissue from patients undergoing surgical resection
for benign hamartoma or for small peripheral nodules. In
each case, patient samples were obtained with informed
consent under the approval of the Institutional Review
Board of the University of Rochester. Primary mouse fi-
broblasts (corneal and lung) were generated from wild-
type (AhR�/�) and AhR�/� C57BL/6 mice (Jackson Lab-
oratory, Bar Harbor, ME). All primary fibroblasts were
established by standard explant techniques, as previ-
ously described.34 Strains were cultured in Minimum Es-
sential Medium (MEM; Invitrogen, Carlsbad, CA) supple-
mented with 10% FBS (Hy Clone Labs, Logan, UT), 2
mmol/L L-glutamine, penicillin (100 units/mL), streptomy-
cin (100 �g/mL), and amphotericin (0.25 �g/mL) (Invitro-
gen) at 37°C in 7% CO2. In all cases, the resulting cells
were morphologically consistent with fibroblasts: they
were adherent, did not express CD45, factor VIII, or cy-
tokeratin, but did express vimentin and types I and III
collagen.35 Strains were stored in liquid N2 until needed
and were used between passages 4 and 10. ITE (Sigma
Aldrich, St. Louis, MO) was prepared as a 20 mmol/L
stock in DMSO. It was added to cell cultures to the final
concentrations indicated. Recombinant human TGF�1
was purchased from R&D Systems (Minneapolis, MN).

Western Blots for �-SMA, Calponin,
Fibronectin, Collagen I, Smad2/3, Smad4, AhR,
CYP1B1, pErk1/2, and pAkt

Primary human fibroblasts were cultured to confluence,
serum starved for 24 hours, and treated with TGF�1
and/or ITE as described. Cell lysates were prepared us-
ing either sample buffer (50 mmol/L dithiothreitol, 0.01%
bromophenol blue, 62.5 mmol/L Tris-HCl, pH 6.8, 10%
glycerol, 2% SDS) or the commercially available Nuclear
Extract kit (Active Motif, Carlsbad, CA). Lysates contain-
ing 2 to 15 �g total protein were separated using precast
4% to 15% SDS-PAGE gradient gels (Bio-Rad, Hercules,
CA), transferred to PVDF membranes (Millipore, Billerica,

MA), and probed for the proteins of interest by Western
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blotting (Immobilon Western, Millipore) and chemilumi-
nescence detection via HRP-conjugated secondary anti-
bodies (Jackson ImmunoResearch, West Grove, PA). Ly-
sates were examined for expression of �-SMA (1:2000
dilution; Sigma Aldrich #A2547 for human samples and
Sigma Aldrich #A5228 for mouse samples), calponin (1:
5000 dilution; Dako, Carpinteria, CA; #M3556), fibronectin
(1:5000 dilution; Sigma Aldrich #F3648), collagen I (1:1000
dilution; Santa Cruz, Carlsbad, CA; #sc8783), Smad2/3
(1:1000 dilution; Cell Signaling, Beverly, MA; #3102),
pSmad2/3 (1:1000 dilution; Cell Signaling #3101), Smad4
(1:1000 dilution; Cell Signaling #9515), AhR (1:5000 dilu-
tion; Biomol, Plymouth Meeting, PA; #SA-210), CYP1B1 (1:
1000 dilution; Santa Cruz #sc32882), pErk1/2 (1:1000 dilu-
tion; Cell Signaling #9101), or pAkt (1:1000 dilution; Cell
signaling #4060). GAPDH (1:10,000 dilution; Calbi-
ochem, Gibbstown, NJ; #CB1001), �-tubulin (1:2000 di-
lution; Cell Signaling #2146) and/or Lamin A (1:5000 di-
lution; Sigma Aldrich #L1293) were used as loading
controls. Densitometry of the resulting bands was per-
formed using Quantity One Imaging Software (Bio-Rad)
and normalized to the loading control.

Slot-Blot for Collagen I

A goat anti-human collagen type I antibody (1:2000 dilu-
tion; SouthernBiotech, Birmingham, AL, #1310-01) was
used for immunodetection of collagen I in the conditioned
supernatants of human orbital fibroblasts. Supernatants
(5 �l per sample in triplicate) were applied to a nitrocel-
lulose membrane using a manifold apparatus (Schleicher
and Schuell, Keene, NH). The antibody-bound collagen I
was visualized by use of an anti-goat IgG secondary
antibody and enhanced chemiluminescence kit (Western
Lightning, Perkin Elmer, Wellesley, MA), according to the
manufacturers’ guidelines.

Real-Time RT-PCR

RNA was isolated from homogenized primary human or-
bital fibroblast cultures using RNeasy according to the
manufacturer’s protocol (Qiagen, Valencia, CA). RNA
(0.5 �g) was incubated with PCR buffer, 0.5 �g oligo
(dT)12-18 primer (Invitrogen) and 10 mmol/L each dNTP
for 10 minutes at 70°C and 5 minutes in ice water followed
by addition of 40 U recombinant RNasin ribonuclease
inhibitor (Promega, Madison, WI), 0.1 mmol/L dithiothre-
itol, and 200 U Superscript III reverse transcriptase (RT;
Invitrogen). The mixture was further incubated for 5 min-
utes at room temperature, 60 minutes at 50°C, and 15
minutes at 70°C. The reaction contents were diluted to 80
�l volume and stored at �20°C. Negative controls con-
tained no RT enzyme. Quantitative real-time RT-PCR re-
actions were performed using a Bio-Rad iCycler with
SYBR Green Supermix (Bio-Rad) according to the sup-
plier’s recommended protocol with the following modifi-
cations. For amplification of the collagen I (COL1A1)
mRNA, the reaction contained 4 mmol/L MgCl2 and 0.1
�mol/L of each primer, whereas for collagen III
(COL3A1), �-SMA (ACTA2), and GAPDH, the reactions

contained 3 mmol/L MgCl2 and 0.2 �mol/L of each
primer. Oligomer primers were ordered from Real Time
Primers (COL1A1, Elkins Park, PA) and Integrated DNA
Technologies (COL3A1, ACTA2 and GAPDH, Coral-
ville, IA). The primer sequences were as follows. COL1A1
sense: 5=-GGACACAGAGGTTTCAGTGG-3=; antisense: 5=-
CCAGTAGCACCATCATTTCC-3=. GAPDH sense: 5=-AAG-
GTCGGAGTCAACGGATTTGGT-3=; antisense: 5=-AGCCT-
TGACGGTGCCATGGAATTT-3=. ACTA2 sense: 5=-TCTG-
GAGATGGTGTCACCCACAAT-3=; antisense: 5=-AATAGC-
CACGCTCAGTCAGG-3=. COL3A1 sense: 5=-GGAGAAT-
GTTGTGCAGTTTGCCCA-3=; antisense 5=-TCTGAGGA-
CCAGTAGGGCATGATT-3=.

Cell Viability Assay

Primary human orbital fibroblasts were cultured and
treated with TGF�1 and/or ITE as described. Culture me-
dium was removed from cells, AlamarBlue solution (10%;
Biosource, Carlsbad, CA; #DAL1100) was added ac-
cording to the manufacturer’s instructions, and cultures
were incubated at 37°C for 3 hours. Fluorescence was
measured at excitation 530 nm and emission 590 nm
using a Thermol electron corporation plate reader with
Varioskan Flash 2.4.3 software. Cell viability was calcu-
lated as percent control.

Imaging Flow Cytometry

Primary human orbital fibroblasts were cultured and
treated as described above. At harvest, cells were
trypsinized, washed twice with PBS, and fixed with 100%
methanol for 30 minutes at 4°C. The cells were then
washed twice with PBS/0.1% Tween-20 (PBS-T) and
blocked with 5% normal mouse serum for 20 minutes at
room temperature. Blocked cells were washed once with
PBS-T and incubated with FITC-labeled mouse anti-�-
SMA antibody (1:400 dilution; Sigma Aldrich #F3777) in
PBS-T � 1% BSA, overnight at 4°C. The next day, cells
were washed twice with PBS-T and once with PBS, and
stained with Draq5 (Axxora, San Diego, CA) at a 1:200
dilution in PBS. Samples were analyzed directly on an
ImageStream System 100 (Amnis Corporation, Seattle,
WA). Signals from brightfield, �-SMA-FITC and Draq5
were collected in channels 5, 3, and 6, respectively. The
area and aspect ratio of the brightfield image were used
in a gating strategy to isolate single cells from clumps
and debris. The aspect ratio was calculated based on the
ratio of cellular width to height. A single, round cell has an
aspect ratio close to 1.0, whereas clumps of cells have a
lower aspect ratio. A region was drawn on a dot-plot of all
collected events (aspect ratio versus area) to enclose
mostly single, round objects of average size. The accu-
racy of this strategy was verified by examining the bright-
field images from events inside and outside of the result-
ing single cell region. Subsequently, objects from this
region were subjected to �-SMA expression analysis.
�-SMA expression was defined by the total intensity of
the FITC (�-SMA) signal and the area of the cell covered

by the �-SMA signal.
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Immunofluorescence Microscopy for �-SMA
and Collagen I or Smad3

Primary human fibroblasts were cultured and treated with
TGF�1 and/or ITE as described above and in figure leg-
ends. Cells were then fixed in 4% paraformaldehyde for
15 minutes (�-SMA and collagen I) or in �20°C methanol
for 10 minutes (Smad3) and labeled for �-SMA (1:800
dilution; Sigma Aldrich #A2547) and collagen I (1:50 di-
lution; Santa Cruz #sc8783) or Smad3 (1:100 dilution;
Cell Signaling #9523) using an immunofluorescent pro-
cedure in which biotinylated secondary antibodies were
visualized with Avidin D fluorochrome conjugates (FITC-
Avidin D for collagen I, Texas Red-Avidin D for �-SMA
and Fluorescein Avidin DCS for Smad3). TO-PRO�3 io-
dide (642/661; Invitrogen #T3605) or DAPI (Vector Lab-
oratories #H-1200) was used for nuclear counterstain.
Samples were observed with an Olympus BX51 fluores-
cence microscope (Olympus Imaging America, Center
Valley, PA) or a Zeiss Axio Imager MI microscope (Carl
Zeiss, Oberkochen, Germany), and images were cap-
tured using AxioVision Rel 4.6 software. All images were
acquired using the same intensity and photodetector
gain to allow quantitative comparisons of relative levels of
immunoreactivity between samples.

Immunocytochemistry for �-SMA

Primary fibroblasts cultured as described above at a
density of 2000 cells per well on four-well chamber slides
were treated for 96 hours with recombinant human
TGF�1 (1 ng/mL) and/or with ITE (1 �mol/L). Cells were
then fixed with methanol and sequentially treated with
mouse monoclonal �-SMA antibody (1:400 dilution;
Sigma Aldrich #A2547) or IgG2A isotype control (1:90
dilution; R&D Systems #MAB-003), biotinylated goat anti-
mouse (1:200 dilution; Vector Labs, Burlingame, CA;
#BA-9200), and HRP-streptavidin conjugate (1:1000 di-
lution; Jackson Immunoresearch; #016-030-084). Cells
were then stained with aminoethyl carbazole (Invitrogen)
and counterstained with Gill’s hematoxylin no. 1 (Sigma
Aldrich) before mounting with Immunomount (Shandon,
Thermo Fisher Scientific, Waltham, MA).

Collagen Gel Contraction Assay

Collagen gels were prepared from lyophilized rat-tail col-
lagen (Roche, Switzerland). Collagen was dissolved in
0.2% acetic acid (v/v) and mixed with complete medium
and neutralized with NaOH for a final collagen concen-
tration of 0.75 mg/mL. A total of 5000 primary human
orbital fibroblasts were added to each collagen gel, and
gels were allowed to polymerize at 37°C and 5% CO2 in
24-well plates preblocked with complete medium. After 1
hour, gels were floated in medium containing ITE (0 to 1
�mol/L) and TGF�1 (0 to 1 ng/mL). After 4 days, the gels
were weighed and percent contraction, as compared

with gels without cells, was calculated.
Luciferase Assay

Primary human orbital fibroblasts were plated in a 24-well
plate at 40 � 103 cells/well 1 day before transfection.
Fugene HD (Roche, Switzerland) was used as per the
manufacturer’s instructions to transfect 0.8 �g Smad
Binding Elements-luciferase plasmid (SBE-luc). SBE-luc
was a kind gift from Dr. Jian-Dong Li (University of Roch-
ester, School of Medicine and Dentistry, Rochester
NY).36 After transfection, the cells were allowed to grow
for 24 hours; they were then pretreated with 0 to 1 �mol/L
ITE for 1 hour and treated with 0 to 1 ng/mL TGF� for 48
hours. Subsequently, luciferase activity was measured in
cell lysates using the Luciferase Assay System (Pro-
mega, Madison, WI) and the DTX 880 multimode detector
(Beckman Coulter, La Brea, CA) according to the manu-
facturer’s instructions.

Results

ITE Inhibits TGF�1-Induced Myofibroblast
Differentiation and Extracellular Matrix
Production in Primary Human Orbital Fibroblasts

Primary cultures of human orbital fibroblasts were treated
with TGF�1 (1 ng/mL) to stimulate myofibroblast differen-
tiation. ITE was included in some cultures to assess its
ability to inhibit this process. Western blotting confirmed
that AhR protein is expressed in this cell type (Figure 1A).
Furthermore, the expressed AhR is responsive to ligand-
induced activation, as shown by both the induction of the
cytochrome P450 protein CYP1B1 and the degradation of
AhR in response to ITE treatment. Figure 1A also shows that
TGF�1 treatment does not influence AhR expression in hu-
man orbital fibroblasts. Once we knew that AhR protein was
expressed and active in this cell type, we conducted dose-
response experiments of AhR activation based on induction
of CYP1B1 to choose the concentrations of ITE to use in
subsequent experiments (data not shown).

Myofibroblast differentiation was measured using
Western blot analysis to monitor the expression of the
canonical myofibroblast marker �-SMA as well as the
smooth muscle protein calponin and extracellular matrix
components, collagen I and fibronectin. Collagen I was
also detected in cell culture supernatants via slot blot
analysis. Real time RT-PCR was used to measure steady
state mRNA levels of �-SMA, collagen III (COL3A1) and
collagen I (COL1A1). ITE (1 �mol/L) inhibited TGF�1-
induced fibronectin, collagen I, �-SMA, and calponin ex-
pression, as shown by Western blot (Figure 1B). Slot blot
analysis revealed that levels of collagen I in cell culture
supernatants were increased in TGF�1-treated cultures
and that this increase was inhibited in the presence of ITE
(Figure 1C). ITE was also shown by real time RT-PCR to
reduce the expression of TGF�1-induced �-SMA and
collagen III (Figure 1D). Collagen I mRNA levels were
also reduced, but the magnitude of the reduction failed to

reach statistical significance (P � 0.05).
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ITE Treatment Is Not Toxic to Primary Human
Orbital Fibroblasts

After treatment for 96 hours with 1 ng/mL TGF�1 and/or 1
�mol/L ITE, the AlamarBlue assay was used to measure
cell viability in primary cultures of human orbital fibro-
blasts (Figure 1E). AlamarBlue is a cell-permeable com-
pound that fluoresces only when it is reduced after
entry into a viable cell. Compared with untreated cul-
tures, treatment with ITE alone had no impact on Ala-
marBlue fluorescence while treatment with TGF�1 in-
creased fluorescence by about 40%. However, it is
more likely that the increased fluorescence observed
in the TGF�1-treated samples resulted from increased
fibroblast proliferation rather than enhanced viability
for the following reasons: (1) the cells were cultured for
4 days before the assay was run, (2) AlamarBlue es-
sentially provides a measure of viable cell number, and
(3) TGF�1 is known to be an important mitogenic signal
for fibroblasts.37 The addition of ITE to TGF�1-treated
cultures did reduce AlamarBlue fluorescence relative
to samples treated with only TGF�1. However, Alamar-
Blue fluorescence was still greater than control in these
co-treated cultures, confirming that ITE treatment of

Figure 1. ITE potently suppresses TGF�1-induced expression of myofibro
cultures of human orbital fibroblasts were treated for 96 hours with TGF�1
antibodies specific for AhR, CYP1B1, and GAPDH, as indicated. B: Whole c
separate individuals) were Western blotted using antibodies specific for fi
supernatants were slot-blotted and probed using a collagen I antibody. D: P
TGF�1 and ITE (1 �mol/L) and mRNA was harvested after 48 hours. �-SMA
time RT-PCR. *P � 0.01 compared with untreated; **P � 0.001 compared w
TGF�1 alone (analysis of variance). E: Percent control cell viability was me
fibroblasts produces no toxicity.
Cellular Imaging Confirms that ITE Inhibits
TGF�1-Induced �-SMA Expression in Primary
Human Fibroblasts

In addition to the standard techniques for measuring
myofibroblast differentiation described above, we have
also developed and used a protocol to monitor �-SMA
expression via imaging flow cytometry. This technique
has proved to be invaluable for the quantification of cells
expressing the myofibroblast phenotype, a parameter
that has, until now, been inadequately addressed by
available techniques. Imaging flow cytometry uses the
Amnis ImageStream instrument to collect fluorescent im-
ages from thousands of cells per sample. These images
are used to make quantitative measurements of protein
expression based on fluorescence pattern and intensity.
Imaging flow cytometry effectively combines the advan-
tages of both microscopic and flow cytometric analyses,
allowing for quantitative measurement of �-SMA expres-
sion on a per-cell basis with an event count sufficient for
statistical analysis. Myofibroblasts were distinguished
from fibroblasts based on the area and intensity of �-SMA
staining, as described in Materials and Methods. TGF�1
treatment for 96 hours resulted in myofibroblast differen-

rker proteins but is not toxic in primary human orbital fibroblasts. Primary
L) and ITE (1 �mol/L). A: Whole cell lysates were Western blotted using

es from two separate strains of fibroblasts (ie, fibroblasts derived from two
n, collagen I, �-SMA, calponin, and GAPDH, as indicated. C: Cell culture
human orbital fibroblasts were treated with TGF�1 alone (1 ng/mL) or with
n III (COL3A1), and collagen I (COL1A1) mRNAs were quantified using real
eated; †P � 0.01 compared with TGF�1 alone; ††P � 0.001 compared with
sing the AlamarBlue cell viability assay.
blast ma
(1 ng/m

ell lysat
bronecti
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tiation in 79% of cultured orbital fibroblasts (Figure 2A).
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Figure 2. Cellular imaging confirms that ITE attenuates TGF�1-induced myofibroblast differentiation. (A–C) Human orbital fibroblasts were treated with TGF�1
(1 ng/mL) and ITE (1 �mol/L) for 96 hours. They were then fixed with methanol and stained for �-SMA using a FITC-conjugated antibody and analyzed on an
Amnis ImageStream imaging flow cytometer. Live single cells were identified as described in Materials and Methods. A: Myofibroblasts were distinguished from
fibroblasts based on the intensity (y axis) and area (x axis) of �-SMA staining. Numerical percentage value on each dot-plot refers to the percentage of cells
contained within the myofibroblast region. Representative images of cells from both (B) outside and (C) inside the myofibroblast region are shown. Image
panels show brightfield (BRF), �-SMA (green), and nuclei (DNA) stained with Draq5 (pink). D: Tenon’s capsule fibroblasts were treated with TGF�1 (1
ng/mL) and ITE (1 �mol/L) for 96 hours. Cells were stained with antibodies specific for collagen I and �-SMA then counterstained with TO-PRO�3 iodide
to detect nuclei. Green staining indicates the presence of collagen I. Red spindles represent positive staining for �-SMA. Nuclei are also stained red, but
they can easily be distinguished morphologically from �-SMA. E: Primary cultures of human orbital fibroblasts were treated with TGF�1 (1 ng/mL) and ITE

(1 �mol/L) for 96 hours. Cells were stained with �-SMA antibody and counterstained with hematoxylin. Red spindles represent positive staining for �-SMA.
Magnification, �200.
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Addition of 1 �mol/L ITE to the cultures resulted in a
decrease in the percentage of differentiated cells to only
40%. Figure 2, B and C show examples of the images
gathered by the ImageStream, which form the basis for
the quantitative data in Figure 2A.

More traditional cellular imaging techniques were also
used to assess myofibroblast marker expression in fibro-
blasts treated with TGF�1 and/or ITE. Here, primary cul-
tures of human fibroblasts from Tenon’s capsule (Figure
2D) or orbit (Figure 2E) were treated with 1 ng/mL TGF�1
to stimulate myofibroblast differentiation in the presence
of ITE. Myofibroblast differentiation was measured by
immunofluorescence microscopy for �-SMA and colla-
gen I (Figure 2D) or by immunocytochemistry for �-SMA
(Figure 2E). The results of these techniques confirm that ITE
treatment attenuates TGF�1-induced myofibroblast marker
expression in human fibroblast cultures.

ITE Inhibits TGF�1-Induced Myofibroblast
Differentiation in Primary Human Fibroblasts
Derived from a Wide Variety of Tissue Types

Thus far in this study, we have established that ITE inhib-
its TGF�1-induced myofibroblast differentiation in pri-
mary cultures of human orbital fibroblasts. However, our
laboratory and others have shown that fibroblasts from
different human tissues are truly heterogeneous, and
have different biosynthetic repertoires and responses to
provocation with activating agents.38 Therefore, we won-
dered whether the inhibitory effects of ITE on TGF�1
signaling would prove to be specific to orbital fibroblasts
or would generalize to fibroblasts derived from a variety
of human tissues. As shown above, we were able to
demonstrate that ITE exerts an effect on Tenon’s capsule
fibroblast cultures that is similar to that observed in cul-
tures of orbital fibroblasts (Figure 2D). However, to further
confirm the generality of this effect, primary cultures of
human fibroblasts from cornea (Figure 3A) and lung (Fig-
ure 3B) were treated with 1 ng/mL TGF�1 to stimulate
myofibroblast differentiation in the presence of 0 to 20
�mol/L ITE. AhR activation by ITE was confirmed in lung
fibroblasts via CYP1B1 Western blot (Figure 3B). Myofi-
broblast differentiation was measured by Western blot-
ting for �-SMA, calponin and fibronectin in corneal (Fig-
ure 3A) and lung (Figure 3B) fibroblasts. The cumulative
results of these studies show that ITE inhibited myofibro-
blast differentiation in a variety of primary human fibro-
blast cultures, including those derived from orbit, Tenon’s
capsule, cornea, and lung.

Collagen Gel Contraction Assay Provides
Functional Confirmation that ITE Inhibits
TGF�1-Induced Myofibroblast Differentiation
in Primary Human Orbital Fibroblasts

The collagen gel contraction assay is used to study the
interaction between cells and the extracellular matrix pro-
tein collagen. On TGF�1 treatment, collagen gels con-

taining primary human orbital fibroblasts contracted due
to the increased contractile properties of myofibroblasts
relative to undifferentiated fibroblasts (Figure 3C). ITE
treatment significantly attenuated the collagen gel con-
traction induced by TGF�1.

Inhibition of Myofibroblast Differentiation by ITE
Is AhR Independent

To assess the importance of AhR expression to the anti-
fibrotic activity of ITE, we repeated our experiments using

Figure 3. Inhibition of TGF�1-induced myofibroblast differentiation by ITE
is not specific to orbital fibroblasts, and it results in decreased myofibroblast
activity, as demonstrated by collagen gel contraction assay. A: Human cor-
neal fibroblasts were treated with TGF�1 (1 ng/mL) and ITE (1 �mol/L) for
1, 3, or 5 days. Cell lysates were Western blotted using antibodies specific for
�-SMA and GAPDH. B: Human lung fibroblasts were treated with TGF�1 (1
ng/mL) and ITE (0 to 20 �mol/L) for 96 hours. Cell lysates were Western
blotted using antibodies specific for fibronectin, �-SMA, calponin, CYP1B1,
and GAPDH. C: Collagen gels were prepared with primary human orbital
fibroblasts and treated with TGF�1 (1 ng/mL) and ITE (1 �mol/L) for 4 days.
Collagen gels were weighed and percent contraction, as compared with gels
without cells, is shown. *P � 0.001 compared with TGF�1 alone (Student’s
t-test).
AhR�/� mouse fibroblast strains from corneal tissue and
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from lung. In an initial experiment, AhR�/� mouse corneal
fibroblasts were treated with 1 ng/mL TGF�1 in the pres-
ence of 1 �mol/L ITE. Western blotting revealed an ITE-
dependent attenuation of TGF�1-induced �-SMA up-reg-
ulation even in the complete absence of AhR expression
(Figure 4A). To build on this finding, a similar protocol was
followed using AhR�/� and AhR�/� mouse lung fibroblasts.
These cells were also treated with TGF�1 and ITE, but in this
expanded experiment, we blotted lysates for CYP1B1, col-
lagen I, fibronectin, and calponin. Here, we found that a lack

Figure 4. ITE functions through an AhR-independent pathway to inhibit
TGF�1-induced myofibroblast marker expression. A: AhR�/� mouse corneal
fibroblasts were treated with TGF�1 (1 ng/mL) and ITE (1 �mol/L) for 96
hours. Cell lysates were Western blotted using antibodies specific for �-SMA,
AhR, and GAPDH. Far right lane contains lysate from untreated AhR�/�

mouse fibroblasts to demonstrate the ability to detect AhR under these
blotting conditions. B and C: AhR�/� and AhR�/� mouse lung fibroblasts
were treated with TGF�1 (1 ng/mL) and ITE (1 �mol/L) for 96 hours. Cell
lysates were Western blotted using antibodies specific for AhR, CYP1B1,
�-SMA, and GAPDH. Band intensities of AhR, CYP1B1, and �-SMA blots were
quantified by densitometry and normalized to GAPDH. C: Band intensities
are expressed as fold change versus untreated fibroblasts.
of AhR expression and activity (as indicated by a lack of
CYP1B1 induction in response to ligand) did not signifi-
cantly reduce the ability of ITE to inhibit TGF�1-induced
myofibroblast differentiation, as measured by �-SMA ex-
pression (Figure 4, B and C). Because we eliminated AhR
signaling as a factor in the antifibrotic mechanism of this
compound, we sought to identify the point in the TGF�1
signaling pathway targeted by ITE.

ITE Inhibits TGF�1-Induced Nuclear
Translocation of Smad2, Smad3, and Smad4 in
Primary Human Orbital Fibroblasts

One mechanism by which ITE may inhibit TGF�1 signal-
ing is by interference with the Smad pathway. Primary
human orbital fibroblasts were pretreated with ITE for 2
hours, then treated with TGF�1 and harvested after 1
hour. Western blot analysis demonstrated that TGF�1 treat-
ment significantly increased pSmad2/3 levels in primary
human orbital fibroblasts and that pretreatment with ITE did
not inhibit TGF�1-induced phosphorylation of Smad2/3 in
these cells (Figure 5A). Neither total Smad 2/3 nor Smad4
levels were altered by either TGF�1 or ITE treatment (Figure
5A). These results indicate that activation of AhR sig-
naling does not block TGF�1-induced phosphorylation
of Smad2/3, and that disruption of Smad2/3 phosphory-
lation does not account for the inhibitory effects of ITE on
TGF�1-induced myofibroblast differentiation.

TGF�1 treatment significantly stimulated nuclear trans-
location of Smad2/3 as indicated by increased band in-
tensities on a Western blot of isolated nuclear extracts
(Figure 5B). Pretreatment with ITE significantly attenuated
nuclear translocation of Smad2/3 (Figure 5B). Purity of
nuclear extracts was confirmed via Western blotting for
the cytosolic marker �-tubulin (data not shown) and the
nuclear marker lamin A (Figure 5B). When primary human
orbital fibroblasts were exposed to TGF�1 for 0.5 to 6
hours, the nuclear accumulation of Smad2/3/4 peaked
at 1 to 3 hours and decreased but did not reach pre-
treatment levels by 6 hours of TGF�1 treatment (Figure
5C). Thirty-minute pretreatment with ITE (1 �mol/L) de-
creased TGF�1-induced Smad2/3/4 nuclear transloca-
tion at every time point tested (Figure 5C). These re-
sults were confirmed using immunofluorescence
microscopy, which clearly shows nuclear translocation
of Smad3 with TGF�1 treatment, but not in the pres-
ence of ITE (Figure 5D).

To demonstrate the effect of ITE on Smad binding to
Smad binding elements (SBE) located in gene promot-
ers, we transfected primary human orbital fibroblasts with
a SBE-luciferase plasmid (SBE-luc). Transfected fibro-
blasts were pretreated with ITE for 1 hour before 48 hour
treatment with TGF�1. Smad binding to SBE-luc was mea-
sured as luciferase activity in cell lysates. As expected,
TGF�1 treatment increased Smad binding to SBE-luc (Fig-
ure 5E). However, the addition of ITE to TGF�1-treated
cultures decreased Smad binding as is consistent with a

reduction in Smad nuclear translocation.
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ITE Does Not Inhibit TGF�1-Induced
Phosphorylation of Erk1/2 or Akt in Primary
Human Orbital Fibroblasts

In addition to the Smad pathway, TGF�1 activates ad-
ditional signaling pathways including ras/MEK/ERK
and PI3K/Akt.39,40 To investigate the possible role of
these alternate pathways in ITE-mediated suppression
of TGF�1-induced myofibroblast differentiation, we as-
sessed the phosphorylation of Erk1/2 and Akt in
TGF�1- and ITE-treated primary human orbital fibro-
blasts by Western blotting (Figure 6). Specific inhibi-
tors, U0126 and LY294004 were used as positive con-
trols to demonstrate inhibition of TGF�1-induced
Erk1/2 and Akt phosphorylation, respectively. ITE treat-
ment failed to inhibit TGF�1-induced phosphorylation
of either Erk1/2 or Akt, suggesting that these pathways
are not involved in inhibition of TGF�1-induced myofi-
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broblast differentiation by ITE.
Discussion

Fibrosis occurs when the normal wound healing re-
sponse is amplified, resulting in aberrant myofibroblast
persistence and excessive extracellular matrix deposi-
tion.1–3,5–7 The biological consequences of fibrosis can
range from cosmetic to disabling to deadly, depending
on the function of the affected tissue.1,3–5,7,12,13 Because
they are urgently needed and not readily available, we
seek to identify agents with the potential to act as safe,
reliable, and efficacious therapies for the prevention or
treatment of scarring.1,2,4,14,15 In this context, the myofi-
broblast is an important therapeutic target. We have
found TGF�1-challenged cultures of primary human fi-
broblasts to serve as a useful model system for the iden-
tification of small molecules that inhibit myofibroblast dif-
ferentiation.12 Using this model, we have discovered that
ITE possesses this ability and may form the basis for the
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The AhR ligand ITE was found to inhibit TGF�1-in-
duced myofibroblast differentiation in fibroblasts from
several distinct tissue types as indicated by the following:
(1) expression of smooth muscle proteins (�-SMA and
calponin); (2) production of extracellular matrix compo-
nents (collagen I, collagen III, and fibronectin); and (3)
collagen gel contraction (Figures 1–3). ITE did not reduce
cell viability, as measured by the AlamarBlue assay (Fig-
ure 1E). ITE did reduce the amount of AlamarBlue fluo-
rescence generated in TGF�1-treated cultures, but this
result is not surprising in light of our overall findings of
ITE-induced inhibition of TGF�1-mediated effects. Al-
though ITE is best known as an AhR agonist,22,27 we
ultimately came to the conclusion that the antifibrotic
activity of this compound is independent of AhR expres-
sion (Figure 4). We then sought to identify the point in the
TGF�1 signaling pathway targeted by ITE.

TGF�1 is a key mediator of fibrotic tissue remodeling,
and its increased expression correlates with the devel-
opment of fibrotic disease.2,5,7,12,14,18 Activated TGF�1
binds to a heteromeric receptor that transduces intracel-
lular signals via Smad2/3 phosphorylation.18–21 Phos-
phorylation drives the activation of Smad2/3, which is nec-
essary for recruitment of Smad4 and subsequent nuclear
translocation of the Smad2/3/4 complex. If this complex
does not enter the nucleus, it cannot bind to transcriptional
co-activators and DNA to regulate the expression of down-
stream genes, including �-SMA and collagen I.20,21 Aside

Figure 6. ITE does not inhibit TGF�1-induced phosphorylation of Erk1/2 or
were pretreated with ITE (1 �mol/L) for 2 hours. A: Whole cell lysates were
antibodies specific for pErk1/2 and GAPDH. Far-right lane contains positive c
B: Band intensities of pErk1/2 at each time point were quantified by densito
48 hours after TGF�1 addition and Western blotted using antibodies sp
TGF�1-treated fibroblasts pretreated with the PI3K inhibitor LY294004. D:
normalized to GAPDH.
from phosphorylation by the activated TGF� receptor com-
plex, site-specific phosphorylation of Smad2/3 can also oc-
cur by a variety of other kinases and has been shown,
depending on the context, to augment or interfere with
downstream Smad signaling.41 This serves as a conver-
gence point for different signaling pathways and is largely
responsible for the diverse, context-specific effects of
TGF�1 signaling.42 It is possible that alterations in Smad2/3
phosphorylation outside of the sites targeted by the TGF�
receptor provide a mechanism by which ITE is able to
interfere with TGF�1 signaling.

In primary human orbital fibroblasts, we found that ITE
inhibited TGF�1-induced nuclear translocation of Smad2/
3/4 and its subsequent binding to SBE (Figure 5 B–E). ITE
did not inhibit TGF�1-induced phosphorylation of Smad2/3,
Erk1/2, or Akt (Figures 5A and 6). These findings suggest
that future exploration should focus on mechanisms by
which Smad2/3/4 nuclear translocation may be dis-
rupted. For example, activation of the Ca2�/calmodulin-
dependent CaM kinase II (CaMKII) has been shown to
result in phosphorylation of Smad2 and inhibition of its
TGF�1-induced nuclear import.43 Perhaps ITE-induced
CaMKII activity results in the phosphorylation of resi-
dues on Smad2/3 that disrupt their nuclear transloca-
tion, resulting in repression of transcriptional activation
of TGF�1-responsive promoters, such as those found
on �-SMA and collagen I genes. Erk has also been
shown to phosphorylate sites on Smad2/3 that are both
independent of those targeted by the TGF� receptor

imary human orbital fibroblasts. Primary cultures of human orbital fibroblasts
d at 5, 15, 30, or 60 minutes after TGF�1 addition and Western blotted using
sate from TGF�1-treated fibroblasts pretreated with the MEK inhibitor U0126.
nd normalized to GAPDH. C: Whole cell lysates were harvested at 6, 24, or
r pAkt and GAPDH. Far-right lane contains positive control lysate from
tensities of pAkt at each time point were quantified by densitometry and
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accumulation.44 The precise molecular basis for retention
of Smad2/3/4 in the cytosol after ITE treatment remains to
be identified.

In animal models of fibrotic disease, anti-TGF� therapy
has shown great promise. Anti-TGF� antibodies pre-
vented the progression of fibrosis in a murine model of
scleroderma45 and in murine models of lung fibrosis in-
duced by heat-killed Mycobacterium bovis (BCG)46 and
bleomycin.47 In a rat model of pulmonary fibrosis trig-
gered by adenovirus-mediated gene transfer of active
TGF�1, a TGF� receptor I inhibitor blocked both fibrotic
induction and progression.48 Transient gene transfer and
expression of Smad7 or decorin, both negative regulators
of TGF�, prevented bleomycin-induced lung fibrosis in
mice.49,50 There have been several studies of myofibro-
blast differentiation in response to photorefractive kera-
tectomy (PRK) in which anti-TGF� antibodies have been
applied directly to the ocular surface of rabbits or cats.
According to the results, blocking TGF� signaling after
PRK reduced corneal haze51,52 and enhanced optical
quality.53 Although the efficacy of anti-TGF� therapy has
been demonstrated in animals and related pharmaceuti-
cal approaches to the treatment of IPF are close to clin-
ical trial,54 an ideal antifibrotic therapeutic candidate has
yet to be identified. In this study, ITE has proven to be a
very effective inhibitor of TGF�1 signaling in vitro. As a
next step, preclinical animal models of fibrotic disease
should be used to assess the efficacy of ITE for its po-
tential as a novel antiscarring therapy.

This study clearly demonstrates for the first time that
the AhR ligand ITE inhibits TGF�1-stimulated myofibro-
blast differentiation in primary human fibroblasts from
several different tissues, suggesting the potential use of
this compound as an exciting new antifibrotic therapy. Of
course, the AhR is infamous as the mediator of a number
of toxic effects that result from exposure to its synthetic
and highly stable ligands (eg, TCDD), including terato-
genicity, immunotoxicity and tumor promotion.55–57

These toxicities may, at first, seem to contraindicate the
use of AhR ligands as therapeutic agents. However, the
discovery of a variety of potential, nontoxic, endogenous
ligands for the AhR22,27–32 has opened up the possibility
that these small molecules might be exploited in a safe
and effective manner. ITE has been tested extensively by
Henry et al both in vitro and in vivo to evaluate its potency
as an AhR ligand and its potential to exert toxicity.22,58

These tests have shown ITE to be remarkably similar to
TCDD in terms of its ability to bind and activate the AhR.
The compounds show only two major differences. The
first is that ITE is rapidly metabolized, whereas TCDD is
exceptionally stable in biological systems. The second
difference is that TCDD induces toxicities such as cleft
palate and hydronephrosis in fetal mice, whereas ITE
does not. These findings suggest that the toxic conse-
quences of TCDD exposure may result not only from AhR
activation per se but specifically from abnormal prolon-
gation of AhR signaling that is not achievable with a less
stable ligand such as ITE. Another clue to suggest that
endogenous AhR ligands may exhibit a favorable safety
profile is the fact that these ligands are produced endog-

enously. ITE, for example, was initially isolated from por-
cine lung.27 Thus, it is unlikely that it exerts toxicity, at
least not in the lung at the concentrations at which it is
found naturally. Furthermore, given its pulmonary origin
and the results of this study, it is tempting to speculate
that ITE may serve some natural function in the preven-
tion of pulmonary fibrosis.

In this study, we have convincingly demonstrated the
ability of the synthetic AhR agonist ITE to potently attenuate
key TGF�-mediated profibrotic effects, including myofibro-
blast differentiation and stimulation of extracellular matrix
production. These data reveal the intriguing potential for this
agent to play a role in antiscarring therapies.
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