
ORIGINAL ARTICLE

Proteasomal inhibition after injury prevents fibrosis by
modulating TGF-b1 signalling
Gökhan M Mutlu,1,2 G R Scott Budinger,1,2 Minghua Wu,1,2 Anna P Lam,1,2

Aaron Zirk,1,2 Stephanie Rivera,1,2 Daniela Urich,1,2 Sergio E Chiarella,1,2

Leonard H T Go,1 Asish K Ghosh,1,2 Moises Selman,3 Annie Pardo,4 John Varga,1,2

David W Kamp,1,2 Navdeep S Chandel,1,2 Jacob Iasha Sznajder,1,2 Manu Jain1,2

ABSTRACT
Background The development of organ fibrosis after
injury requires activation of transforming growth factor b1
which regulates the transcription of profibrotic genes. The
systemic administration of a proteasomal inhibitor has
been reported to prevent the development of fibrosis in
the liver, kidney and bone marrow. It is hypothesised that
proteasomal inhibition would prevent lung and skin fibrosis
after injury by inhibiting TGF-b1-mediated transcription.
Methods Bortezomib, a small molecule proteasome
inhibitor in widespread clinical use, was administered to
mice beginning 7 days after the intratracheal or intradermal
administration of bleomycin and lung and skin fibrosis was
measured after 21 or 40 days, respectively. To examine the
mechanism of this protection, bortezomib was
administered to primary normal lung fibroblasts and primary
lung and skin fibroblasts obtained from patients with
idiopathic pulmonary fibrosis and scleroderma, respectively.
Results Bortezomib promoted normal repair and prevented
lung and skin fibrosis when administered beginning 7 days
after the initiation of bleomycin. In primary human lung
fibroblasts from normal individuals and patients with
idiopathic pulmonary fibrosis and in skin fibroblasts from
a patient with scleroderma, bortezomib inhibited TGF-b1-
mediated target gene expression by inhibiting transcription
induced by activated Smads. An increase in the abundance
and activity of the nuclear hormone receptor PPARg,
a repressor of Smad-mediated transcription, contributed to
this response.
Conclusions Proteasomal inhibition prevents lung and skin
fibrosis after injury in part by increasing the abundance and
activity of PPARg. Proteasomal inhibition may offer a novel
therapeutic alternative in patients with dysregulated tissue
repair and fibrosis.

INTRODUCTION
After injury, the recovery of normal tissue function
can be prevented or delayed by the development of
fibrosis.1 In animal models, activation of the cyto-
kine transforming growth factor b1 (TGF-b1) is
required and sufficient for the development of
fibrosis in the lung and other organs.2 In the lung,
the intratracheal administration of bleomycin
results in acute lung injury that peaks 3e5 days
after the administration of bleomycin and is
followed by TGF-b1-dependent lung fibrosis.2

Active TGF-b1 binds to specific membrane
receptors inducing signalling cascades that

transcriptionally regulate myofibrobast differentia-
tion, collagen expression and endothelial/epithelial
to mesenchymal cell transition.3 The transcrip-
tional programme activated by TGF-b1 is therefore
an attractive therapeutic target for the prevention
of organ fibrosis after injury.2

In addition to its role in protein turnover, the
ubiquitin/proteasome system plays a critical role in
the modulation of critical cellular signalling path-
ways.4 Bortezomib is a proteasomal inhibitor
approved for clinical use in the treatment of
multiple myeloma and mantle cell lymphoma.5 6 In
animal models, bortezomib and other proteasome
inhibitors can prevent fibrosis in the liver, kidney,
bone marrow and heart, suggesting that it acts to
inhibit a common pathway involved in organ
fibrosis.7e10 In this study we sought to determine
whether the administration of bortezomib could
prevent lung and skin fibrosis induced by bleomycin
by inhibiting TGF-b1-mediated transcription.

METHODS
Animals and administration of bleomycin and
bortezomib
The protocols for the use of animals were approved
by the Northwestern University Animal Care and
Use Committee. The protocol for bleomycin lung
injury/fibrosis has been described elsewhere (see
online supplement for details).11 After conducting
pilot experiments using different dosing schedules
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of bortezomib (details in the online supplement), wild-type
C57BL/6 mice were treated with intratracheal bleomycin
(0.075 IU/mouse) followed 7 and 14 days later by bortezomib
(120 mg/kg intraperitoneally) or saline and lung fibrosis was
measured on day 21. For the skin fibrosis experiments,
6e8-week-old female BALB/c mice were treated with filter-
sterilised bleomycin (20 mg/mouse, Mayne Pharma, Paramus,
New Jersey, USA) or saline subcutaneously daily (27 gauge
needle) into a shaved area of skin on the back of the animal.
Bortezomib (400 mg/kg intraperitoneally) or vehicle was begun
7 days after the first dose of bleomycin and administered twice
weekly until the animals were killed on day 40.

Cells and reagents
Normal human lung fibroblasts were obtained from Lonza
(Basel, Switzerland). The cells were grown to 70% confluence for
all conditions and were discarded after passage 5. Antibodies
used include aSMA (R&D Systems, Minneapolis, Minnesota,
USA), fluorescent anti-mouse antibody (Invitrogen, Carlsbad,
California, USA), p-Smad3 (Cell Signaling, Boston, Massachu-
setts, USA), Smad1,2 3 (total Smad), CTGF and PPARg (Santa
Cruz, Santa Cruz, California, USA), collagen I (SouthernBiotech,
Birmingham, Alabama, USA) and actin and tubulin (Sigma-
Aldrich, St Louis, Missouri, USA). SBE-luciferase and PPRE-
luciferase reporters have been previously described.12 13

Measurement of luciferase activity (Promega Dual-Luciferase

Reporter Assay System) was performed as previously described
(see details in online supplement).14

Real-time quantitative PCR (RT-qPCR)
Real-time quantitative PCR was performed as previously
described according to published guidelines and specific mRNA
expression was normalised to that of the mitochondrial gene
RPL19.15 Detailed protocols and primer sequences are given in
the online supplement.

Immunoblotting and immunofluorescence
Immunoblotting and immunofluorescence were performed as
previously described (see details in the online data supplement).16

Measurement of active TGF-b1

Active TGF-b1 was measured from bronchoalveolar lavage (BAL)
fluid in duplicate using the TGFb1 Emax ImmunoAssay System
(ELISA) according to the manufacturer ’s protocol (Promega,
Madison, Wisconsin, USA). This assay only measures TGF-b1
that has been cleaved and is biologically active.17

Histology and measurement of lung collagen
Lung and skin histology were performed as previously
described.11 18 Lung collagen was measured using a modification
of a previously described method.19 Details are provided in the
online supplement.

Figure 1 Bortezomib abrogates
pulmonary and skin fibrosis induced by
bleomycin in mice. (A) Mice (C57BL/6,
male) were treated with intratracheal
bleomycin or saline (0.075 IU). Seven
and 14 days later the mice were treated
with bortezomib (120 mg/kg
intraperitoneally) or saline. The mice
were killed on day 21 and the lungs
were examined by trichrome staining.
(B) A separate group of mice (BALB/c)
were treated with daily subcutaneous
injections of bleomycin (20 mg) in the
same region of the skin on their back
and bortezomib (400 mg/kg
intraperitoneally twice weekly) or saline
was begun 7 days later. After 4 weeks,
H&E-stained skin sections of the treated
skin were obtained. The thickest
regions of skin for each treatment are
shown. (C) Total lung collagen was
quantified by picrosirius red collagen
precipitation and (D) skin thickness was
measured microscopically (n$8 (lung)
and n¼5 (skin) for each treatment arm).
p Values for comparisons between
groups are indicated in italics above the
bars.
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Lentiviral PPARg shRNA
The pLKO.1 vector was used to express shRNA targeting
PPARg1 as described previously.19 The following sequence was
used: 59CCGGCTGGCCTCCTTGATGAATAAACTCGAGTTT-
ATTCATCAAGGAGGCCAGTTTTT’3. The control shRNAwas
supplied by Sigma. Stable cell lines were generated by Virapower
(Invitrogen) lentiviral infection using the 293FT packaging cell
line and puromycin selection. Forty-eight hours after 293FT
transfection, medium containing virus was supplemented with
8 mg/ml polybrene (Sigma-Aldrich) for cell line infection and
applied to normal human lung fibroblasts.

Clinical specimen collection
The collection of clinical data and specimens was approved by
the Northwestern University Institutional Review Board. BAL
fluid from 10 patients with a clinical and radiological diagnosis
of lung fibrosis and eight control patients was used.14 The
clinical details of the patients are given in the online supple-
ment. Normal human lung fibroblasts were transiently trans-
fected with the SBE-luciferase plasmid and incubated for 24 h
with BAL fluid obtained from 10 patients with lung fibrosis or
control patients without evidence of parenchymal lung disease
in the presence or absence of bortezomib (200 nM).14 Samples of
lung fibroblasts from fibrotic lungs and control lungs were
cultured and stored as previously described.20 Samples of skin
fibroblasts were obtained by skin biopsy of an affected and
unaffected area of the forearm of a patient with scleroderma as
previously described.21

Statistical analysis
The data were analysed in Prism 4 (GraphPad Software Inc, La
Jolla, California, USA). All data are shown as means with stan-
dard errors of the mean. Statistical significance was determined
by ANOVA; when the ANOVA revealed a significant difference,
individual differences were explored using t tests with the
Bonferroni or Dunnett correction for multiple comparisons. p
Values <0.05 were considered statistically significant.

RESULTS
Bortezomib inhibits bleomycin-induced fibrosis in lung and skin
Similar to previous reports, we observed that >70% of mice
died when high- or low-dose bortezomib (400 or 120 mg/kg
intraperitoneally, respectively) was administered before or
concomitant with bleomycin.22 We did not observe excess
mortality in mice when bortezomib was given 7 days or more
after bleomycin administration (a description of the dosing
schedules employed is given in the online supplement). The
lowest dose of bortezomib used (120 mg/kg intraperitoneally)
was sufficient to acutely inhibit the chymotrypsin-like activity
of the proteasome in red blood cells and serum of control mice
(see figure S1 in online supplement). Mice treated with borte-
zomib (120 mg/kg intraperitoneally) 7 and 14 days after bleo-
mycin administration were harvested for assessment of lung
collagen assessed by histological examination of trichrome-
stained lung sections, picrosirius red collagen precipitation
(figures 1A and C) and immunoblotting using an antibody
against type I collagen (see figure S2f in online supplement).
Fibrosis was also attenuated in mice treated with the single
dose of bortezomib on day 7 (see figure S3 in online supple-
ment) and in a limited number of mice treated with bortezomib
(120 mg/kg intraperitoneally) 14 and 21 days after bleomycin
administration and harvested for assessment of fibrosis at day
28 (see figure S4 in online supplement).

We also examined the effect of bortezomib in a murine model of
scleroderma skin fibrosis.23 Compared with saline, bortezomib
(400 mg/kg intraperitoneally twice weekly) substantially attenu-
ated skin fibrosis in bleomycin-treated mice as assessed by histology
and quantification of dermal thickness (figures 1B and 1D).

Bortezomib inhibits TGF-b1-induced gene expression in
fibroblasts by preventing Smad-mediated transcription
We transfected primary normal human lung fibroblasts with
a Smad-responsive luciferase reporter construct.12 Bortezomib
resulted in a dose-dependent inhibition of Smad-mediated

Figure 2 Bortezomib does not inhibit transforming growth factor b1
(TGF-b1)-induced Smad3 phosphorylation or nuclear translocation but
inhibits Smad-mediated transcription. (A) Primary cultures of normal
human lung fibroblasts were transfected with a plasmid containing SBE-
luciferase and 24 h later treated with TGF-b1 (5 ng/ml) with or without
bortezomib. SBE-luciferase activity was measured 24 h later. Treatment
with the ALK-5 inhibitor SB431542 (10 mM) is shown as a control.
p<0.0001 for difference in dose determined by one-way ANOVA;
Bonferroni-corrected p<0.05 for comparisons between TGF-b1 alone
and all other conditions. (B, C) Primary cultures of normal human lung
fibroblasts were grown to 70% confluence and incubated with TGF-b1
(5 ng/ml) with or without bortezomib (0.2 mM). The level of
phosphorylated Smad3 was measured in (B) total cell lysates and (C)
nuclear extracts using total Smad3 and RNA polymerase II (RNA Pol II)
as loading controls, respectively. Phosphorylated-Smad3 expression
was quantified using densitometry. p Values for comparisons are
indicated in italics above the bars (N $3 for all measures).
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transcription in response to recombinant TGF-b1 (figure 2A). At
a dose of 200 nM, bortezomib was as effective as the ALK5
receptor inhibitor SB431542 (10 mM) (figure 2A). No significant
cell death was observed at the doses of bortezomib used (see
figure S5 in online supplement). Following TGF-b1 stimulation,
bortezomib caused a non-significant increase in basal and
phosphorylated Smad3 levels in whole cell lysates (figure 2B)
and did not affect nuclear levels of phosphorylated Smad3
(figure 2C).
In normal human lung fibroblasts treated with recombinant

TGF-b1, the increase in mRNA and protein levels of the TGF-b1
target genes a-smooth muscle actin (a-SMA) and connective
tissue growth factor (CTGF) were attenuated by treatment with
bortezomib (200 nM) (figures 3A and 3B). The suppression of
TGF-b1-mediated transcription of mRNA encoding CTGF and
another TGF-b1 target gene plasminogen activator-1 (PAI-1)
persisted for at least 6 days after the removal of bortezomib
from the culture medium (figure 3C). This was associated with
a persistent reduction in the proteasomal activity of the cell
lysates (see figure S3 in online supplement).

Bortezomib increases PPARg abundance and activity in lung
fibroblasts
The apparent half-life of PPARg, a repressor of Smad-mediated
transcription, in normal human lung fibroblasts was measured
in the presence or absence of bortezomib.24 Bortezomib
increased the protein abundance and half-life of PPARg in the
presence and absence of TGF-b1 (figures 4A and 4B). Treatment
with bortezomib prevented the TGF-b1-mediated repression of
PPARg transcription as measured using a PPRE-luciferase
reporter assay (figure 4C) and the transcription of the PPARg
target gene fatty acid binding protein 4 (FABP4) (figure 4D)
(positive (rosiglitazone) and negative (GW9662) controls in
figure S6 in online supplement). Wild-type animals were also
treated with bortezomib (120 mg/kg intraperitoneally) and 24 h
later lung homogenates were immunoblotted using an antibody
against PPARg. Treatment with bortezomib resulted in an
increase in total lung levels of PPARg (figure 4E).
We reasoned that, if the inhibition of TGF-b1-mediated tran-

scription by bortezomib is in part due to an increase in PPARg,
then PPARg agonists should potentiate and the loss of PPARg
should attenuate the effects of bortezomib. We treated normal
human lung fibroblasts with a dose of bortezomib that mini-
mally inhibited TGF-b1-mediated transcription (10 nM, figure
5A), rosiglitazone (10 mM) or the two together. Compared with
either agent alone, the combination of low-dose bortezomib
with rosiglitazone significantly attenuated the TGF-b1-mediated
increase in CTGF mRNA (figure 5A). We used lentiviral shRNA
to generate a line of normal human lung fibroblasts with a stable
knockdown of PPARg (or a control lentivirus) and treated these
cells with TGF-b1 in the presence or absence of bortezomib. The
inhibition of TGF-b1-mediated transcription of CTGF by
bortezomib was significantly attenuated in the PPARg knock-
down cells (figure 5B).

Figure 3 Bortezomib inhibits transforming growth factor b1 (TGF-b1)-
induced gene expression in primary normal human lung fibroblasts. (A)
Early passage primary cultures of normal human lung fibroblasts were
grown to 70% confluence, serum-starved for 24 h and incubated with
TGF-b1 (5 ng/ml) with or without bortezomib (200 nM). After 24 h, a-
smooth muscle actin (a-SMA) mRNA and protein were measured using
RT-qPCR and immunohistochemistry, respectively. (B) Identically treated
cells were harvested for measurement of connective tissue growth
factor (CTGF) mRNA and protein expression using RT-qPCR and
immunoblotting, respectively. (C) Normal human lung fibroblasts were

treated with bortezomib (200 nM) for 24 h, cultured in media without
bortezomib for 5 days, treated with TGF-b1 (5 ng/ml) in the absence of
serum and 24 h later RNA was harvested for measurement of mRNA
encoding the TGF-b1 target genes CTGF and plasminogen activator-1
(PAI-1). The number of days after the single dose of bortezomib is
indicated (N$3 for all conditions). p Values are indicated in italics above
the bars.

[Continued]
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Bortezomib inhibits the autocrine release of TGF-b1

Normal human lung fibrblasts were treated with TGF-b1 in the
presence or absence of bortezomib and TGF-b1 mRNA was
measured. The autocrine induction of TGF-b1 was inhibited by
bortezomib (figure 6A). To determine whether this mechanism
might be important in vivo, BAL fluid levels of active TGF-b1
were measured 14 days after the administration of bleomycin
in mice that were treated on day 7 with either bortezomib
(120 mg/kg) or saline. The increase in active TGF-b1 in BAL fluid
observed 14 days after bleomycin was attenuated in mice that
received a single dose of bortezomib at day 7 (figure 6B).

Bortezomib inhibits profibrotic gene expression in biological
samples from patients with pulmonary fibrosis and scleroderma
We examined the effect of bortezomib on the profibrotic gene
transcription induced by BAL fluid samples from patients with
lung fibrosis. Consistent with our previous report, higher levels
of active TGF-b1 were seen in the BAL fluid from patients with
lung fibrosis than controls (see figure S7 in online supplement).14

The administration of BAL fluid from 9 out of 10 patients with
lung fibrosis increased SBE-luciferase activity in normal human
lung fibroblasts and, for each of these nine patients, the increase
was inhibited by bortezomib (figure 7A). We then compared the
effect of bortezomib on TGF-b1-induced gene transcription in
skin fibroblasts isolated from regions of fibrotic or normal skin
from a patient with scleroderma.21 Baseline CTGF and PAI-1
mRNA levels were higher in fibroblasts isolated from regions of
fibrotic skin than in those from normal skin. In both normal and
fibrotic skin fibroblasts the TGF-b1-mediated transcription of
these genes was significantly inhibited by bortezomib (figure
7B). Lastly, we examined the effect of bortezomib on TGF-
b1-induced gene transcription in primary lung fibroblasts
isolated from three patients with lung fibrosis. Both basal and

TGF-b1-induced transcription of CTGF and PAI-1 were inhibited
by bortezomib in these cells (figure 7C).

DISCUSSION
This study shows that the systemic administration of the
proteasomal inhibitor bortezomib to mice beginning 7 days after
bleomycin administration prevented lung and skin fibrosis. In
primary normal human lung fibroblasts, bortezomib inhibited
the TGF-b1-mediated transcription of profibrotic genes down-
stream of the phosphorylation and nuclear translocation of
Smads. Furthermore, bortezomib inhibited Smad-mediated
transcription induced by BAL fluid from patients with lung
fibrosis and prevented TGF-b1-induced gene transcription in skin
and lung fibroblasts from patients with scleroderma and lung
fibrosis, respectively. A bortezomib-induced increase in the
abundance and activity of PPARg is an important mechanism
contributing to this response.
In animal models, proteasomal inhibitors have been reported

to ameliorate liver steatosis/fibrosis,7 myelofibrosis,8 cardiac
fibrosis9 and renal fibrosis.10 In these reports, several distinct
mechanisms were postulated to explain the antifibrotic effects
of proteasomal inhibition including the induction of hepatic
stellate cell apoptosis, activation of NF-kB signalling and acti-
vation of matrix metalloproteinases. None of these mechanisms
accounts for the broad antifibrotic effects of proteasomal inhi-
bition in response to divergent profibrotic stimuli in multiple
organs. Our finding that bortezomib inhibits TGF-b1-mediated
transcription provides a common mechanism that is consistent
with all of these findings.
Consistent with previous reports, we observed that borte-

zomib did not prevent the phosphorylation and nuclear trans-
location of Smad3 in response to TGF-b1 in normal human lung
fibroblasts.22 Despite this, the activity of a Smad reporter and the

Figure 4 Bortezomib increases
PPARg abundance and activity in
normal human lung fibroblasts. (A)
Primary normal human lung fibroblasts
were cultured in the presence of
cycloheximide (10 mg/ml) with and
without bortezomib (200 nM) and the
protein abundance of PPARg was
assessed by immunoblotting at the
indicated times. (B) The same
experiment to that described in (A) was
performed in cells treated with
transforming growth factor b1 (TGF-b1,
5 ng/ml). (C) Primary normal human
lung fibroblasts were infected with
a plasmid containing PPARg response
element (PPRE)-luciferase. Twenty-four
hours after transfection the cells were
treated with TGF-b1 (5 ng/ml) with or
without bortezomib and PPRE-luciferase
activity was measured 24 h later. (D)
Primary normal human lung fibroblasts
were treated with TGF-b1 (5 ng/ml)
with or without bortezomib and the
mRNA level of the PPARg target gene
FABP4 was measured 24 h later by RT-
qPCR. (E) Bortezomib (120 mg/kg
intraperitoneally) was administered to
mice and 24 h later lung homogenates
were immunoblotted using an antibody against
PPARg. p Values are indicated in italics above
the bars (N $3 for all measures).
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expression of TGF-b1 target genes were inhibited in cells treated
with bortezomib. These findings suggest that bortezomib exerts
its antifibrotic effects at the level of Smad-mediated transcrip-
tion. The transcriptional response to activated Smads is
controlled by both transcriptional co-activators (eg, p300) and
co-repressors. The latter include PPARg, SnoN and Ski.3 25 PPARg
is a nuclear hormone receptor and transcription factor essential
for normal adipogenesis and glucose homeostasis that can be
activated by endogenous lipids and eicosanoids or thiazolidine-
dione antidiabetic drugs such as rosiglitazone.26 We have previ-
ously reported that PPARg inhibits TGF-b1 signalling and target
gene expression in fibroblasts by acting as a co-repressor of Smad-
mediated transcription.25 In this study we found that bortezomib
increased the half-life and transcriptional activity of PPARg.
In fibroblasts harbouring a stable knockdown of PPARg, the
effect of bortezomib on TGF-b1-mediated transcription was

significantly diminished. Furthermore, bortezomib acted syner-
gistically with the PPARg agonist rosiglitazone to inhibit TGF-
b1-mediated transcription. Collectively these data suggest that,
along with other mechanisms, an increase in the abundance and
activity of PPARg contributes to the inhibition of TGF-b1-
mediated transcription by bortezomib.
Similar to reports describing the pharmacodynamics of

bortezomib in humans, we observed only modest reductions in
serum and red blood cell proteasomal activity 3 h after admin-
istering the drug.27 Nevertheless, we observed a profound anti-
fibrotic effect when the drug was administered once weekly.
This finding is similar to the results obtained in clinical trials
using a weekly dosing schedule for the treatment of haemato-
logical malignancies.28 It has been speculated that differential
clearance of bortezomib from the serum and tissues explains the
discrepancy between the kinetics of recovery of proteasomal
activity in the blood and the frequency of dosing required to
achieve an antineoplastic effect. Our observation that treatment
of normal human lung fibroblasts with a single dose of borte-
zomib inhibited intracellular proteasomal activity and TGF-b1-
mediated transcription for up to 7 days supports this hypoth-
esis. Furthermore, TGF-b1 has been reported to induce its own
transcription and release from fibroblasts in an autocrine loop.29

We found that bortezomib inhibited the autocrine production of
TGF-b1 in vitro and in vivo. We speculate that both the
prolonged effect of bortezomib intracellularly and interruption
of the autocrine production of TGF-b1 explain its antifibrotic
effects at the low doses and less frequent dosing schedules we
employed.
The PPARg agonist rosiglitazone provides modest protection

against bleomycin-induced lung fibrosis in mice when adminis-
tered 3 days before bleomycin.30 This contrasts with the nearly
complete protection we observed in mice treated with borte-
zomib 7 or 14 days after bleomycin. We speculate this difference
might result from accelerated proteasomal degradation of PPARg
induced by treatment with rosiglitazone and other thiazolidi-
nediones.31 Consistent with this mechanism, we observed
a synergistic inhibition of TGF-b1-mediated transcription in
mice treated with a combination of rosiglitazone and borte-
zomib; the concentration of bortezomib required to completely
suppress TGF-b1-mediated transcription was 20-fold lower
when it was administered in combination with rosiglitazone.

Figure 5 Bortezomib modulates fibrotic gene expression via PPARg.
(A) Primary normal human lung fibroblasts were incubated with
transforming growth factor b1 (TGF-b1, 5 ng/ml) with or without low-
dose bortezomib (10 nM) or rosiglitazone (10 mM) and 24 h later
connective tissue growth factor (CTGF) mRNA expression was
measured using RT-qPCR. (B) Primary normal human lung fibroblasts
were stably transfected with a shRNA against PPARg or a control
lentivurus and PPARg levels were measured by immunoblotting
(densitometry shown to the right of the blot). These cells were treated
with TGF-b1 (5 ng/ml) with or without bortezomib (200 nM) and CTGF
mRNA was measured 24 h later (RT-qPCR). p Values are indicated in
italics above the bars. In addition, p¼0.026 for comparison between
control transfected cells treated with TGF-b1 or TGF-b1 and bortezomib
and p¼0.12 for comparison between PPARg and control shRNA cells
treated with TGF-b1 alone.

Figure 6 Bortezomib inhibits transforming growth factor b1 (TGF-b1)
autocrine expression. (A) Primary normal human lung fibroblasts were
incubated with TGF-b1 (5 ng/ml) with or without bortezomib (200 nM)
and 24 h later TGF-b1 mRNA expression was measured using RT-qPCR.
(B) Intratracheal bleomycin (0.075 IU) or saline was instilled into mice
and intraperitoneal bortezomib (120 mg/kg) or saline was administered
7 days later. Bronchoalveolar lavage was performed 14 days after
bleomycin treatment for measurement of the level of active TGF-b1 by
ELISA. p Values are indicated in italics above the bars.

144 Thorax 2012;67:139e146. doi:10.1136/thoraxjnl-2011-200717

Interstitial lung disease

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2011-200717 on 15 S

eptem
ber 2011. D

ow
nloaded from

 

http://thorax.bmj.com/


Fineschi et al reported that bortezomib failed to protect
against lung fibrosis in bleomycin-exposed mice; however, these
investigators administered bortezomib before or concomitant
with the administration of bleomycin.22 Consistent with their
findings, we observed excess mortality when bortezomib
and bleomycin were administered concomitantly. As the
administration of bleomycin results in acute lung injury that
peaks 3e5 days later and slowly resolves thereafter, these find-
ings may provide insight into the sporadic reports of patients
who have developed pulmonary toxicity, including fatal inter-
stitial pneumonias, while receiving twice weekly bortezomib for
haematological malignancies.32e34 While speculative, it may be
that the fatal pulmonary events associated with bortezomib
resulted from its administration to patients with untreated
pneumonia. In support of this hypothesis, therapeutic guidelines
developed in response to the reports of bortezomib-related
pulmonary complications recommend avoiding bortezomib in
patients with evidence of pneumonia. The implementation of
these guidelines has been associated with a reduction in borte-
zomib-related pulmonary toxicity.27 35

Our finding that bortezomib is effective when started 7 days
after bleomycin administration is in sharp contrast to other
pharmacological therapies that prevent bleomycin-induced lung
fibrosis. For example, treatment of mice with imatinib (an
inhibitor of Smad-independent signalling by TGF-b1) prior to
the administration of bleomycin prevented the subsequent
development of lung fibrosis36 but was ineffective when
administered after bleomycin.37 A recent clinical trial of imatinib
in patients with idiopathic pulmonary fibrosis failed to show
improvement in mortality or in lung physiological parameters.38

Based on these and other data, some investigators have advo-
cated that only drugs that are effective in preventing fibrosis
when administered after bleomycin should be considered for
clinical development.39

CONCLUSIONS
Bortezomib, a drug with a well-defined and acceptable toxicity
profile and clear mechanism of action,5 6 prevents bleomycin-
induced lung fibrosis in mice. It differs from other therapeutic

strategies shown to inhibit bleomycin-induced lung fibrosis as it
was effective when given after bleomycin-induced acute lung
injury had peaked and TGF-b1 was active in the lung. The
administration of bortezomib was similarly effective in
preventing bleomycin-induced skin fibrosis. Bortezomib effec-
tively inhibited TGF-b1 signalling in primary normal human
lung fibroblasts and in fibroblasts from the lungs and skin of
patients with lung fibrosis or scleroderma, respectively, and
inhibited the profibrotic activity induced by BAL fluid from
patients with lung fibrosis. Our results suggest that the borte-
zomib-mediated increase in the abundance and activity of the
TGF-b1 transcriptional repressor PPARg contributes to its anti-
fibrotic activity. Given the dearth of proven antifibrotic thera-
pies, clinical trials assessing the efficacy of bortezomib alone or
in combination with PPARg agonists in patients with tissue
fibrosis may be justified.
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construct. The PPRE-luciferase plasmid was generated by Dr Ronald Evans and
kindly provided to us by Dr Christopher Glass. The authors thank Dr Aaron
Ciechanover for his assistance in the development and review of this manuscript.

Funding This work was supported by NIH ES015024, ES 013995, HL092963 and
HL071643 the Veterans Administration and the Northwestern Memorial Foundation.

Competing interests None.

Ethics approval This study was conducted with the approval of Northwestern
University Institutional Review Board.

Contributors GMM, GRSB and MJ designed the experiments, reviewed the data and
wrote the manuscript. MW, APL, AZ, SR, DU, SEC, LHTG and AKG conducted the
experiments and assisted with the data analysis. MS and AP provided cell lines from
patients with lung fibrosis. JV provided skin fibroblasts, designed the skin fibrosis
experiments and reviewed the data. DWK, NSC and JIS assisted with the design and
interpretation of the experiments.

Provenance and peer review Not commissioned; externally peer reviewed.

REFERENCES
1. Wynn TA. Cellular and molecular mechanisms of fibrosis. J Pathol

2008;214:199e210.
2. Sheppard D. Transforming growth factor beta: a central modulator of pulmonary

and airway inflammation and fibrosis. Proc Am Thorac Soc 2006;3:413e17.
3. Derynck R, Zhang YE. Smad-dependent and Smad-independent pathways in TGF-

beta family signalling. Nature 2003;425:577e84.

Figure 7 Bortezomib inhibits
profibrotic gene expression in biological
samples obtained from patients with
lung fibrosis or scleroderma. (A)
Primary cultures of normal human lung
fibroblasts transfected 24 h earlier with
a plasmid containing SBE-luciferase
were incubated with bronchoalveolar
lavage fluid obtained from 10 patients
with lung fibrosis or eight patients
without evidence of lung fibrosis with or
without bortezomib (200 nM). SBE-
luciferase activity was measured 24 h
later. (B) Primary cultures of skin
fibroblasts obtained from a region of
normal or fibrotic skin from a patient
with scleroderma and (C) primary lung
fibroblasts cultured from three patients
(Pts 1, 2 and 3) with lung fibrosis were
treated with transforming growth factor
b1 (TGF-b1, 5 ng/ml) with or without
bortezomib or bortezomib alone and the
levels of connective tissue growth factor
(CTGF) and plasminogen activator-1
(PAI-1) mRNA were measured using RT-qPCR.
p Values are indicated in italics above the bars.

Thorax 2012;67:139e146. doi:10.1136/thoraxjnl-2011-200717 145

Interstitial lung disease

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2011-200717 on 15 S

eptem
ber 2011. D

ow
nloaded from

 

http://thorax.bmj.com/


4. Elliott PJ, Zollner TM, Boehncke WH. Proteasome inhibition: a new anti-
inflammatory strategy. J Mol Med (Berl) 2003;81:235e45.

5. Richardson PG, Sonneveld P, Schuster MW, et al. Bortezomib or high-dose
dexamethasone for relapsed multiple myeloma. N Engl J Med 2005;352:2487e98.

6. Fisher RI, Bernstein SH, Kahl BS, et al. Multicenter phase II study of bortezomib in
patients with relapsed or refractory mantle cell lymphoma. J Clin Oncol
2006;24:4867e74.

7. Anan A, Baskin-Bey ES, Bronk SF, et al. Proteasome inhibition induces hepatic
stellate cell apoptosis. Hepatology 2006;43:335e44.

8. Wagner-Ballon O, Pisani DF, Gastinne T, et al. Proteasome inhibitor bortezomib
impairs both myelofibrosis and osteosclerosis induced by high thrombopoietin levels
in mice. Blood 2007;110:345e53.

9. Meiners S, Hocher B, Weller A, et al. Downregulation of matrix metalloproteinases
and collagens and suppression of cardiac fibrosis by inhibition of the proteasome.
Hypertension 2004;44:471e7.

10. Tashiro K, Tamada S, Kuwabara N, et al. Attenuation of renal fibrosis by
proteasome inhibition in rat obstructive nephropathy: possible role of nuclear factor
kappaB. Int J Mol Med 2003;12:587e92.

11. Budinger GR, Mutlu GM, Eisenbart J, et al. Proapoptotic Bid is required for
pulmonary fibrosis. Proc Natl Acad Sci U S A 2006;103:4604e9.

12. Zawel L, Dai JL, Buckhaults P, et al. Human Smad3 and Smad4 are sequence-
specific transcription activators. Mol Cell 1998;1:611e17.

13. Kliewer SA, Umesono K, Noonan DJ, et al. Convergence of 9-cis retinoic acid and
peroxisome proliferator signalling pathways through heterodimer formation of their
receptors. Nature 1992;358:771e4.

14. Synenki L, Chandel NS, Budinger GR, et al. Bronchoalveolar lavage fluid from
patients with acute lung injury/acute respiratory distress syndrome induces
myofibroblast differentiation. Crit Care Med 2007;35:842e8.

15. Bustin SA, Benes V, Garson JA, et al. The MIQE guidelines: minimum information for
publication of quantitative real-time PCR experiments. Clin Chem 2009;55:611e22.

16. Soberanes S, Urich D, Baker CM, et al. Mitochondrial complex III-generated
oxidants activate ASK1 and JNK to induce alveolar epithelial cell death following
exposure to particulate matter air pollution. J Biol Chem 2009;284:2176e86.

17. Budinger GR, Chandel NS, Donnelly HK, et al. Active transforming growth factor-
beta1 activates the procollagen I promoter in patients with acute lung injury.
Intensive Care Med 2005;31:121e8.

18. Wu M, Melichian DS, de la Garza M, et al. essential roles for early growth response
transcription factor Egr-1 in tissue fibrosis and wound healing. Am J Pathol
2009;175:1041e55.

19. Jain M, Budinger GRS, Lo A, et al. Leptin promotes fibroproliferative acute
respiratory distress syndrome by inhibiting peroxisome proliferator-activated
receptor-{gamma}. Am J Respir Crit Care Med 2011;183:1490e8.

20. Ramos C, Montano M, Garcia-Alvarez J, et al. Fibroblasts from idiopathic pulmonary
fibrosis and normal lungs differ in growth rate, apoptosis, and tissue inhibitor of
metalloproteinases expression. Am J Respir Cell Mol Biol 2001;24:591e8.

21. Wei J, Ghosh AK, Sargent JL, et al. PPARg downregulation by TGFß in fibroblast and
impaired expression and function in systemic sclerosis: a novel mechanism for
progressive fibrogenesis. PLoS One 2010;5:e13778.

22. Fineschi S, Bongiovanni M, Donati Y, et al. In vivo investigations on anti-fibrotic
potential of proteasome inhibition in lung and skin fibrosis. Am J Respir Cell Mol Biol
2008;39:458e65.

23. Lakos G, Takagawa S, Chen SJ, et al. Targeted disruption of TGF-beta/Smad3
signaling modulates skin fibrosis in a mouse model of scleroderma. Am J Pathol
2004;165:203e17.

24. Ghosh AK, Bhattacharyya S, Lakos G, et al. Disruption of transforming growth factor
beta signaling and profibrotic responses in normal skin fibroblasts by peroxisome
proliferator-activated receptor gamma. Arthritis Rheum 2004;50:1305e18.

25. Ghosh AK, Bhattacharyya S, Wei J, et al. Peroxisome proliferator-activated
receptor-{gamma} abrogates Smad-dependent collagen stimulation by
targeting the p300 transcriptional coactivator. FASEB J 2009;
23:2968e77.

26. Tontonoz P, Spiegelman BM. Fat and beyond: the diverse biology of PPARgamma.
Annu Rev Biochem 2008;77:289e312.

27. Ogawa Y, Tobinai K, Ogura M, et al. Phase I and II pharmacokinetic and
pharmacodynamic study of the proteasome inhibitor bortezomib in Japanese
patients with relapsed or refractory multiple myeloma. Cancer Sci
2008;99:140e4.

28. Bringhen S, Larocca A, Rossi D, et al. Efficacy and safety of once-weekly
bortezomib in multiple myeloma patients. Blood 2010;116:4745e53.

29. Chambers RC, Leoni P, Kaminski N, et al. Global expression profiling of fibroblast
responses to transforming growth factor-beta1 reveals the induction of inhibitor of
differentiation-1 and provides evidence of smooth muscle cell phenotypic switching.
Am J Pathol 2003;162:533e46.

30. Milam JE, Keshamouni VG, Phan SH, et al. PPAR-gamma agonists inhibit profibrotic
phenotypes in human lung fibroblasts and bleomycin-induced pulmonary fibrosis. Am
J Physiol Lung Cell Mol Physiol 2008;294:L891e901.

31. Hauser S, Adelmant G, Sarraf P, et al. Degradation of the peroxisome proliferator-
activated receptor gamma is linked to ligand-dependent activation. J Biol Chem
2000;275:18527e33.

32. Miyakoshi S, Kami M, Yuji K, et al. Severe pulmonary complications in Japanese
patients after bortezomib treatment for refractory multiple myeloma. Blood
2006;107:3492e4.

33. Ohri A, Arena FP. Severe pulmonary complications in African-American patient after
bortezomib therapy. Am J Ther 2006;13:553e5.

34. Boyer JE, Batra RB, Ascensao JL, et al. Severe pulmonary complication after
bortezomib treatment for multiple myeloma. Blood 2006;108:1113.

35. Narimatsu H, Hori A, Matsumura T, et al. Cooperative relationship between
pharmaceutical companies, academia, and media explains sharp decrease in
frequency of pulmonary complications after bortezomib in Japan. J Clin Oncol
2008;26:5820e3.

36. Daniels CE, Wilkes MC, Edens M, et al. Imatinib mesylate inhibits the profibrogenic
activity of TGF-beta and prevents bleomycin-mediated lung fibrosis. J Clin Invest
2004;114:1308e16.

37. Vittal R, Zhang H, Han MK, et al. Effects of the protein kinase inhibitor, imatinib
mesylate, on epithelial/mesenchymal phenotypes: implications for treatment of
fibrotic diseases. J Pharmacol Exp Ther 2007;321:35e44.

38. Daniels CE, Lasky JA, Limper AH, et al. Imatinib treatment for idiopathic pulmonary
fibrosis: randomized placebo-controlled trial results. Am J Respir Crit Care Med
2010;181:604e10.

39. Thannickal VJ, Roman J. Challenges in translating preclinical studies to effective
drug therapies in idiopathic pulmonary fibrosis. Am J Respir Crit Care Med
2010;181:532e3.

PAGE fraction trail=7.75

Thorax online

Visit Thorax online and listen to the latest podcast, post comments and download any you might
have missed. Keep informed and up to date by visiting thorax.bmj.com.

146 Thorax 2012;67:139e146. doi:10.1136/thoraxjnl-2011-200717

Interstitial lung disease

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2011-200717 on 15 S

eptem
ber 2011. D

ow
nloaded from

 

http://thorax.bmj.com/

