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Thrombospondin-1 (TSP-1) is an extracellular protein critical to
normal lung homeostasis, and is reported to activate latent trans-
forming growth factor-b (TGF-b). Because active TGF-b is causally
involved in lung fibrosis after bleomycin challenge, alterations in
TSP-1 may be relevant to pulmonary fibrosis. We sought to de-
termine the effects of TSP-1 deficiency on the susceptibility to
bleomycin-induced pulmonary fibrosis in a murine model. Age-
matched and sex-matched C57BL/6 wild-type (WT) and TSP-1–
deficient mice were treated twice weekly for 4 weeks with
intraperitoneal bleomycin (0.035 U/g) or PBS, and were allowed to
rest 1 week before being killed. Their lungs were inflated with PBS,
fixed in formalin, paraffin-embedded, and sectioned. A certified
veterinary pathologist blindly scored each slide for inflammation
andfibrosis. Lungswere homogenized toobtain RNAand protein for
the real-time RT-PCR analysis of connective tissue growth factor
(CTGF) and collagen I, and for Western blotting to detect phospho-
Smad2, or total Smad2/3, respectively. In response to bleomycin
treatment, measures of fibrosis and inflammation, along with CTGF
and collagen I mRNA concentrations, were increased in TSP-1–
deficientmice compared with WT mice. Notably, Smad 2/3 signaling
was of equal strength in WT and TSP-1 knockout mice treated with
bleomycin, suggesting that TSP-1 is not required for the activation of
TGF-b. These results demonstrate that TSP-1 deficiency does not
protect mice from systemic bleomycin challenge, and that TSP-1
deficiency is associated with increased expression of lung collagen
and CTGF.
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Pulmonary fibrosis is a complex disease that likely represents
abnormal lung repair after injury. Idiopathic pulmonary fibrosis
in humans is characterized by a dense distribution of paraseptal
and subpleural collagen and matrix, with a minor component of
interstitial inflammation (1). In the past, the primary focus of
research in pulmonary fibrosis was the role of inflammation in
the disease. More recently, the role of fibrogenesis has emerged
as an important concept in the pathogenesis of the disease (2).

A key molecular regulator of lung fibrosis in animal models
and humans with disease is active transforming growth factor-b
(TGF-b). Active TGF-b and its downstream gene product,
connective tissue growth factor (CTGF), are implicated in the
genesis and progression of pulmonary fibrosis (3–6). Previous

reports suggest that the activation of TGF-b in vivo relies on
interaction between thrombospondin-1 (TSP-1) and latent TGF-b
(7). The activation of TGF-b then leads to the production of
CTGF, a CCN (CTGF, CEF10/Cyr61, and Nov) family member
important in organ fibrosis. In addition to the potential for TGF-b
activation by TSP-1, the avb6 integrin appears responsible for
activating TGF-b in response to intratracheal bleomycin (8).
Recent work confirms the importance of the integrin-based
activation of TGF-b in murine models of inflammation, because
mice with mutations in their integrin-binding region of latency-
associated peptide (LAP) suffer organ inflammation reminiscent
of that seen in TGF-b–deficient mice (9). These data suggest that
the integrin-based activation of the TGF-b family provides a
critical biological signal to regulate TGF-b activity, leaving the
in vivo role of TSP-1 in lung fibrosis unanswered.

TSP-1 is an extracellular protein critical to normal lung
homeostasis, and is involved in a number of physiologic pro-
cesses (10). First discovered as the major component of a

granules of platelets as a ‘‘thrombin-sensitive protein,’’ TSP-1
is involved in the coagulation pathway and in wound-healing
(11). TSP-1 is important in regulating cellular apoptosis (12),
cellular proliferation (13, 14), angiogenesis (15–20), and tumor
growth through specific interactions with growth factors, cyto-
kines, and matrix components.

TSP-1 is thought to be a major regulator of latent TGF-b
activation (7) and of macrophage recruitment (21), raising the
possibility that TSP-1 augments the activation of TGF-b by
recruiting cells involved in its production. However, recent data
suggest that TSP-1 is not necessary for the biological properties
ascribed to active TGF-b1 (9). A wound model was used to
understand the role and regulation of TSP-1 in tissue repair and
remodeling (22). In that model, platelets are the initial source of
TSP-1 activity. After the initial contribution by platelets, mono-
cytes and macrophages appear to be critical sources (22–26).
The contributions of monocytes and macrophages extend to
alveolar macrophages, where TSP-1, CD36, and TGF-b localize
to regulate the activity of TGF-b (27–31). We recently found
that TSP-1 is important in the biological activity of the LAP
component of latent TGF-b, providing an additional role for
TSP-1 in the biology of the latent TGF-b complex (32).

The pathways underlying matrix interactions governing
human pulmonary fibrosis are not clear. Human lung samples
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are being collected and stored to analyze the molecular and
biochemical mechanisms involved. Although this resource is
valuable, it cannot be manipulated to uncover causal relation-
ships between targets. To facilitate this testing, animal models
of human disease were developed, including murine models of
pulmonary fibrosis. The most common murine model of
pulmonary fibrosis involves the use of bleomycin, a chemo-
therapeutic agent well-recognized for causing fibrotic lung
disease in humans. Although the model does not mirror
fibrotic lung disease in humans, the injection of bleomycin
intraperitoneally into mice results in a peripheral, subpleural
distribution of the pulmonary fibrosis evident in human
idiopathic pulmonary fibrosis (33). In this study, we investi-
gated the effects of TSP-1 deficiency on bleomycin-induced
pulmonary fibrosis in mice.

MATERIALS AND METHODS

Animal Model of Pulmonary Fibrosis

C57BL/6 wild-type mice (Jackson Laboratory, Bar Harbor, ME) and
TSP-1–deficient mice were maintained in pathogen-free conditions. To
induce pulmonary fibrosis, 8-week-old mice were challenged with
intraperitoneal bleomycin at 0.035 U/g twice weekly for 4 weeks.
Control animals received intraperitoneal PBS. Animals were killed by
carbon monoxide inhalation, 1 week after the final injection.

Histologic and Immunohistochemical Analyses

Longitudinal sections of the lung from each mouse were evaluated for
fibrosis in a blinded fashion by a board-certified veterinary pathologist.
The degree of fibrosis was graded, according to a modified Ashcroft
score, on a scale from 0–4. Similarly, inflammation was graded on a 0–4
scale for worsening inflammation, as previously described (33).

The antibodies used for immunohistochemical analyses included
CD3, F4/80, and neutrophil stain MCA771G (AbD Serotec, Raleigh,
NC). Images from each slide were obtained, and the average numbers
of pixels corresponding to specific stains were quantitated using Adobe
Photoshop software (San Jose, CA).

Collagen Expression

To determine collagen expression by PCR, cDNA was subjected to
real-time PCR on an ABI 7700 machine (Applied Biosystems, Foster
City, CA), using primers for collagen I (SABiosciences Corp., Fredrick,
MD) and SYBR Green (Invitrogen, Carlsbad, CA), with an internal
control of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Collagen content was also measured as soluble collagen with a Sircol
Assay Kit (Biocolor, Ltd., Belfast, Northern Ireland, UK). Measurements
were performed using the procedure outlined by the manufacturer.

Western Blot Analysis

Western blot analysis was performed for the measurement of phospho-
Smad2 and total Smad2/3. Results were quantitated using densitometry.

Analysis of Smad Activity from TSP-1–Deficient Bone

Marrow–Derived Macrophages

LPS is known to activate endogenous TGF-b, and was used to
determine whether TSP-1 was necessary for endogenous TGF-b
activation. Bone marrow–derived macrophages (BMMs) were derived
from TSP-1–deficient and wild-type (WT) mice by growth in the
presence of macrophage colony-stimulating factor (M-CSF) (20 ng/ml)
for 5 days, as previously described (32). Cells were serum-starved,
stimulated with 100 ng/ml of LPS, and collected at various time points.
The collected supernatants were analyzed by the transformed mink
lung epithelial cell (TMLC) assay for active TGF-b (34, 35).

Statistical Analysis

For all ELISA and real-time PCR analyses, we used Minitab software
(Minitab, State College, PA) with ANOVA and Tukey post hoc
testing. The Student t test was used for analyses of cell numbers from
murine bronchoalveolar lavage (BAL). These analyses were completed

using SAS for Windows, version 9.1 (SAS Institute, Cary, NC). A
P value of less than 0.05 was considered statistically significant for all
comparisons.

The Western blot proteins (pSMAD/total SMAD, and pSMAD/
PBS control) were analyzed using ANOVA. A group was defined by
the combination of genotype (WT or TSP-12/2) and treatment (PBS or
bleomycin). If an overall F-test was statistically significant, four
comparisons were tested for each protein: WT PBS versus WT
bleomycin, TSP-12/2 PBS versus TSP-12/2 bleomycin, WT bleomycin
versus TSP-12/2 bleomycin, and WT PBS versus TSP-12/2 PBS. All
P values were adjusted using the Holm procedure to conserve Type I
error. These analyses were performed using Stata 10.0 (Stata Corp.,
College Station, TX).

RESULTS

TSP-12/2 Mice Manifest Greater Amounts of Fibrosis than WT

Mice after Bleomycin Challenge

Similar to our previous findings (33), pulmonary fibrosis pre-
dominated in subpleural areas of TSP-1–deficient and WT mice
after intraperitoneal bleomycin challenge (Figure 1A). Accord-
ing to light microscopy, pulmonary fibrosis appeared to be more
severe in TSP-12/2 mice (Figure 1A). Importantly, the patho-
logic fibrosis score of TSP-12/2 mice treated with bleomycin
tended to be higher than of bleomycin-treated WT mice
quantified in a blinded fashion by a board-certified veterinary
pathologist (Figure 1B). No fibrosis was evident in the PBS
(vehicle)-treated control mice (data not shown). Thus, in
contrast to our initial hypothesis, TSP-1–deficient mice were
not protected against fibrosis after bleomycin challenge com-
pared with WT animals, and in fact, appeared to manifest more
fibrosis than control mice.

TSP-12/2 Mice Manifest More Collagen in Response

to Bleomycin Challenge than WT Animals

We analyzed lungs from TSP-12/2 and WT mice to quantify the
effects of TSP-1 on bleomycin-induced collagen production.
Lungs from TSP-12/2 mice tended to contain more collagen
according to Sircol assay after bleomycin challenge than lungs
from bleomycin-treated WT mice (Figure 1C). Bleomycin-
challenged TSP-12/2 animals also had more collagen I mRNA
than WT animals in whole-lung preparations after bleomycin
treatment (Figure 1D).

Lung Inflammation in TSP-12/2 and WT Animals after

Bleomycin Challenge

TSP-12/2 and WT mice both suffered inflammation after
bleomycin treatment (Figure 2A). Inflammation scores were
higher in the lungs of TSP-12/2 bleomycin-treated mice com-
pared with WT-treated mice, as quantitated in a blinded fashion
by a board-certified veterinary pathologist (Figure 2B), and
tended toward significance. According to the immunohisto-
chemical staining of lung tissue, no difference was evident in
neutrophil or macrophage numbers in TSP-12/2 murine lungs
compared with the lungs of WT mice after bleomycin treatment
(Figure 2C). However, TSP-12/2 mice tended to manifest more
lung lymphocytes at baseline and after bleomycin treatment
than WT mice after anti-CD3 immunohistochemical staining of
lung sections from these mice (P value of 0.09 for TSP-12/2

versus WT). This finding is consistent with previous observa-
tions of leukocyte infiltration into the lungs, pancreas, and
spleens of these animals (36). Interestingly, upon examination
of BAL fluid, TSP-12/2 animals had fewer total cells than WT
mice after bleomycin challenge (Figure 2D), suggesting a key
difference in tissue-bound inflammation versus lower airway/
alveolar inflammation in these animals.
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TSP-12/2 Mice Manifest More CTGF mRNA than Do WT Mice

after Bleomycin Challenge

Because collagen expression was elevated in TSP-12/2 mice
after bleomycin treatment, we assayed CTGF, a growth factor
that induces collagen synthesis. TSP-12/2 animals exhibited
a higher expression of lung CTGF mRNA than did WT animals
with or without bleomycin treatment (Figure 3A).

TSP-12/2 and WT Mice Manifest Similar Concentrations

of Active TGF-b and Smad Activity after Bleomycin Challenge

Because TGF-b is important in lung fibrosis and the expression
of CTGF, we wanted a direct assessment of the role of TSP-1 in
activating TGF-b. We performed an active TGF-b ELISA on
BAL fluid from the mice. The amount of active TGF-b was
below detectable levels in the majority of samples tested from
both PBS and bleomycin-treated animals. Therefore, because
Smad2/3 phosphorylation is an endogenous downstream activa-
tion event driven by active TGF-b, we examined the phosphor-
ylation of Smad2/3 from vehicle-treated and bleomycin-treated
lung tissue in TSP-12/2 and WT mice (Figure 3B). The
phosphorylation of Smad2/3 occurred equally in TSP-12/2 mice
and in WT mice treated with bleomycin (Figure 3C).

Because we previously reported that macrophages are
important in the pathogenesis of pulmonary fibrosis (33), we
were interested in understanding whether macrophages from
the TSP-12/2 mice were able to produce active TGF-b. To
confirm our in vivo observation, we harvested macrophages
from TSP-12/2 and WT mice and challenged these cells in vitro
with LPS, to evaluate differences in the generation of active
TGF-b. Active TGF-b production, as measured by the TMLC
assay, was similar in LPS-stimulated TSP-12/2 and WT macro-
phages (Figure 4).

DISCUSSION

This report demonstrates that TSP-1 deficiency conferred no
protection against bleomycin-induced pulmonary fibrosis in
a murine model. Our initial hypothesis that TSP-1 deficiency
would protect mice against bleomycin-induced pulmonary fi-
brosis was based on the reported role of TSP-1 as a major
activator of latent TGF-b. Because active TGF-b plays a causal

Figure 1. Analysis of bleomycin-induced fibrosis in thrombospondin-1

(TSP-1)2/2 mice. (A) TSP-12/2 mice suffer more fibrosis than do wild-

type (WT) animals after intraperitoneal (I.P.) bleomycin challenge.
Representative trichrome stains of these lungs are shown. Data are

representative of six mice per group. (B) TSP-1–deficient mice tended

to manifest more fibrosis after bleomycin challenge. A certified veter-
inary pathologist blindly scored each slide for fibrosis. The average pa-

thology scores 6 SEMs for six mice per group are shown. No fibrosis was

evident in vehicle-treated control mice (data not shown). (C) TSP-12/2

lungs contain more collagen according to Sircol assay after bleomycin
challenge. Lungs were homogenized with acetic acid, and Sircol dye

was added to each sample to bind collagen. Alkali reagent was added

to release the bound dye into solution, and absorbance at a 540-nm

wavelength was obtained. Results were normalized to the dead weight
of each mouse. The average data 6 SEMs are shown for a minimum of

four animals per treatment group. P 5 0.05, comparing bleomycin-

treated WT mice (WT Bleo) versus TSP-1–deficient mice. (D) Bleomycin-

challenged TSP-12/2 mice exhibited more collagen I mRNA than did
WT animals in whole-lung preparations after bleomycin treatment.

RNA was extracted and subjected to real-time RT-PCR analysis, using

SYBR Green. Shown is the average fold increase of Collagen I (Col1) ex-
pression over Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 6

SEMs in untreated versus bleomycin-treated mice.

b
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role in murine bleomycin-induced pulmonary fibrosis, we
anticipated that a deficiency of TSP-1 would reduce the
activation of TGF-b. As a reflection of endogenous TGF-b
activity in the lungs of bleomycin-treated TSP-12/2 or WT mice,
we measured the activation of Smad2/3, and found no differ-
ences in Smad2/3 activation in bleomycin-treated murine lung
tissue or in LPS-stimulated macrophages from TSP-12/2 mice

compared with WT mice. Similarly, we found no differences in
fibrosis or neutrophil or macrophage recruitment to the lungs
between bleomycin-challenged TSP-12/2 and WT mice. We did
find more lung lymphocytes in TSP-1–deficient mice after
treatment with bleomycin, demonstrating a role for TSP-1 in
lymphocyte trafficking after lung injury. Finally, we found that
TSP-12/2 mice manifested increased amounts of lung collagen
according to a Sircol assay, and also displayed increased
collagen I and CTGF mRNA after the administration of
bleomycin, compared with WT mice.

TSP-1 is an extracellular protein critical to normal lung
homeostasis, and is involved in a number of physiologic pro-
cesses (36). TSP-1 is an important regulator of TGF-b activation
(7) and macrophage recruitment (21), raising the possibility that
in some environments, TSP-1 augments the activation of TGF-b
by recruiting cells involved in its production. Much of the
information about TSP-1 comes from the TSP-12/2 mouse
(36). Phenotypically, these animals exhibit hyperplasic epithelia
and leukocyte infiltration in many organs, with acute and chronic
inflammatory changes in the lung and pancreas (36). Because the
phenotype of TSP-12/2 mice resembles that of TGF-b1–deficient
animals, and because TSP-1 can regulate latent TGF-b activation
in vitro, TSP-1 was hypothesized to act as a critical physiologic
activator of TGF-b (7). However, we found that the activation of
Smad2/3 was normal in TSP-12/2 murine lungs in vivo and in
BMMs in vitro. We also found that TSP-12/2 mice manifested
a higher expression of lung collagen and CTGF after bleomycin
challenge than did WT mice. Interestingly, the amount of collagen
measured by the Sircol assay was similar in WT mice receiving
bleomycin and in TSP-12/2 mice treated only with vehicle. This
finding suggests that the mice possess some background defect
in collagen production. TSP-1 may, in fact, limit lung inflam-
mation and fibrosis after an injurious challenge, and our data
raise new questions of how TSP-1 affects lung homeostasis.

Other reports demonstrated that integrins are important in
regulating lung fibrosis after bleomycin challenge. Specifically,
the integrin avb6 is critically important in the pathogenesis of
pulmonary fibrosis and the activation of TGF-b after intra-
tracheal bleomycin challenge (8). Interestingly, a mutation of
the Arg-Gly-Asp (RGD) binding site on LAP, blocking inter-
action with integrins, recapitulates the basal inflammatory pheno-
type of TGF-b1–deficient mice (9). We showed that RGD binding
sites on LAP are not required for interacting with TSP-1, raising

Figure 2. Analysis of bleomycin-induced inflammation in TSP-12/2

mice. (A) TSP-12/2 and WT mice suffer inflammation after bleomycin

injection. Representative hematoxylin-and-eosin stains of these lungs
are shown. Data are representative of six mice per group. (B) TSP-12/2

mice tended to exhibit more inflammation after bleomycin challenge.

A certified veterinary pathologist blindly scored each slide for inflam-
mation. Shown is the average pathology score 6 SEM for six mice per

group. No inflammation was evident in vehicle-treated control mice

(data not shown). (C ) Analysis of cellular recruitment. Slides were sub-

jected to immunohistochemical analysis. From each slide, 10 images
were obtained using an Olympus microscope with digital camera

(Center Valley, PA). Average numbers of pixels corresponding to

specific stains were quantitated using Adobe Photoshop software.

Average data 6 SEMs are shown for a minimum of five animals per
treatment group. All P values not shown are . 0.20. (D) Fresh lungs

were flushed with 1.5 ml of sterile PBS. Cell pellets were obtained and

resuspended in 200 ml PBS, and cells were counted using a hemacy-

tometer. Cells in PBS were cytospun and stained. One hundred cells
were counted to obtain cell differential percentages, and total cell-line

numbers were obtained by multiplying the differential by the total cell

count. Macs, macrophages; Lymphs, lymphocytes; Neuts, neutrophils.

b
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the likelihood that TSP-1 is dispensable for the binding of LAP,
to facilitate the activation of latent TGF-b (32). We previously
reported that TSP-1 is critical for the independent biological
activity of LAP, independent of the ability of LAP to sequester
active TGF-b (32). In vivo, LAP independently reduces ear
inflammation in a delayed-type hypersensitivity response
(DTHR) injury model and induces the recruitment of macro-
phages, both requiring TSP-1 (32).

Our data suggest that TSP-1 is dispensable for the activation
of TGF-b, but may limit fibrosis in a murine model of lung
injury and inflammation. We observed that the expression of
collagen and CTGF increased after bleomycin challenge in
TSP-12/2 mice compared with WT mice. Growing evidence
indicates that CTGF plays a critical role in organ fibrosis,
including pulmonary fibrosis and cirrhosis. In models of repair
and remodeling versus organ fibrosis, the relationship of CTGF
to TGF-b was surmised to play an important role in the

reversibility of fibrosis. In situations where fibrosis is reversible,
a well-orchestrated serial production of active TGF-b appears
to occur, followed by CTGF. In sustained fibrosis, the parallel
expression of active TGF-b and CTGF appears to occur, which
may drive and sustain fibrosis (3). However, the presence of
CTGF alone may not be sufficient for fibrosis to occur (3).
Instead, we speculate that the presence of CTGF with active
TGF-b is important in tissue fibrosis. Furthermore, the non–
TGF-b activation of CTGF is certainly a possibility, as pre-
viously described (37). CTGF can be induced independent of
TGF-b by vascular endothelial growth factor, among other
factors (38). In addition, posttranscriptional events also appear
to be involved, given that CTGF is a matrix-bound protein.
Although we observed an increase in CTGF mRNA, no
significant change was evident in protein concentrations be-
tween WT and TSP-12/2 mice at baseline. Because we observed
significant increases in the protein concentrations of CTGF
after bleomycin treatment in both kinds of mice, the system may
be primed, but may require bleomycin treatment to facilitate
the production of CTGF.

The relationship between TSP-1 and CTGF was previously
reported in a murine model of erosive arthritis. TSP-1 was
shown to play a role in regulating CTGF gene and protein
expression in synovial tissue. Reduced concentrations of TSP-1
with increased expression of CTGF were evident in synovial
tissue. Treatment with a TSP-1 peptide downregulated the ex-
pression of CTGF (39). In human pulmonary fibrosis, increased
CTGF gene expression and elevated concentrations of CTGF
protein in isolated fibroblasts occur (4). In an animal model of
bleomycin-induced lung fibrosis, antibodies targeting CTGF
were protective against the development of lung fibrosis (3).
Interestingly, basal CTGF expression was elevated in TSP-12/2

murine lungs, suggesting that TSP-1 may in fact basally suppress
CTGF expression. In our study, TSP-1 deficiency appeared to
worsen lung fibrosis in response to bleomycin. A greater
deposition of collagen and expression of CTGF occurred in

Figure 3. Phospho-Smad2 is induced in TSP-12/2 animals treated with
bleomycin, which is accompanied by increased expression of connec-

tive tissue growth factor (CTGF). (A) Real-time PCR for CTGF expres-

sion. RNA was isolated from lung tissue and subjected to real-time PCR

analysis, using SYBR Green. The relative copy number 6 SEM,
compared with GAPDH for CTGF, is shown. CTGF mRNA expression

is increased in TSP-1–deficient mice. (B) Western blot for endogenous

Smad activity after bleomycin challenge in TSP-12/2 or WT murine

lungs after bleomycin challenge. Lungs were homogenized to obtain
protein from WT or TSP-12/2 mice treated with either PBS or

bleomycin. Equal concentrations of protein were subjected to Western

blot analysis for phospho-Smad2, or total Smad2/3. (C ) Densitometry

for Smad activity. Western blots for phospho-Smad2 and Smad2/3
were quantitated by densitometry to average numbers of pixels for

untreated WT mice. Shown is the average ratio 6 SD. For the overall F-

test, the P value was 0.031. All comparison P values were greater than
the F-test P value.

Figure 4. Active TGF-b production in vitro by TSP-12/2 macrophages

stimulated with LPS is similar to that by WT macrophages. Bone

marrow–derived macrophages (BMMs) were derived from TSP-12/2

(TSP KO) and WT mice were treated with 20 ng/ml of M-CSF for 5 days.

Cells were serum-starved, stimulated with 100 ng/ml LPS, and col-

lected at 4-hour, 8-hour, 12-hour, and 24-hour time points. The

collected supernatants were analyzed by TMLC assay for active TGF-b
and relative light units (RLUs) were determined. Active TGF-b concen-

trations were equivalent in WT and TSP-12/2 mice at zero hours. The

fold change in active TGF-b from TSP-12/2 BMMs is the same as that
from WT BMMs (n 5 4).
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TSP-12/2 mice treated with bleomycin than in WT mice, but
this finding appeared to be independent of active TGF-b.
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