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Idiopathic pulmonary fibrosis (IPF) is a devastating disease, and its
pathogenic mechanisms remain incompletely understood. Peroxi-
somes are known to be important in ROS and proinflammatory
lipid degradation, and their deficiency induces liver fibrosis. How-
ever, altered peroxisome functions in IPF pathogenesis have never
been investigated. By comparing peroxisome-related protein and
gene expression in lung tissue and isolated lung fibroblasts be-
tween human control and IPF patients, we found that IPF lungs
exhibited a significant down-regulation of peroxisomal biogenesis
and metabolism (e.g., PEX13p and acyl-CoA oxidase 1). Moreover,
in vivo the bleomycin-induced down-regulation of peroxisomes
was abrogated in transforming growth factor beta (TGF-p) recep-
tor Il knockout mice indicating a role for TGF-p signaling in the
regulation of peroxisomes. Furthermore, in vitro treatment of IPF
fibroblasts with the profibrotic factors TGF-$1 or tumor necrosis
factor alpha (TNF-a) was found to down-regulate peroxisomes via
the AP-1 signaling pathway. Therefore, the molecular mechanisms
by which reduced peroxisomal functions contribute to enhanced
fibrosis were further studied. Direct down-regulation of PEX13 by
RNAi induced the activation of Smad-dependent TGF-p signaling
accompanied by increased ROS production and resulted in the re-
lease of cytokines (e.g., IL-6, TGF-p) and excessive production of
collagen I and lll. In contrast, treatment of fibroblasts with ciprofi-
brate or WY 14643, PPAR-a activators, led to peroxisome prolifer-
ation and reduced the TGF-p-induced myofibroblast differen-
tiation and collagen protein in IPF cells. Taken together, our
findings suggest that compromised peroxisome activity might play
an important role in the molecular pathogenesis of IPF and fibrosis
progression, possibly by exacerbating pulmonary inflammation
and intensifying the fibrotic response in the patients.
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diopathic pulmonary fibrosis (IPF) is a chronic, devastating,

and lethal fibrotic disorder in human lung. IPF is characterized
by a worsening of pulmonary function and persistent alterations
of the lung parenchyma as a result of fibrotic foci formation by
activated fibroblasts/myofibroblasts and excessive production
and deposition of extracellular matrix components (ECM) (1-4).
It is well accepted that transforming growth factor beta (TGF-f3)
signaling plays a critical role in IPF development. Inhibition of
TGF-B signaling by blocking its downstream Smad3 gene ex-
pression protects against bleomycin-induced fibrosis in animal
models (5, 6). In addition, there is increasing evidence that tu-
mor necrosis factor alpha (TNF-a) also plays an important role
in initiation and perpetuation of the fibrotic processes, possibly
by activating TGF-p signaling pathway (7). However, the mech-
anisms by which TGF-p and TNF-a promote the fibrotic re-
sponse in IPF are incompletely known.

Peroxisomes are single membrane bounded ubiquitous or-
ganelles, present in all types of cells. Particularly, type II alveolar
epithelial cells and club cells (Clara) in the lung have highly
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abundant peroxisomes (8). These organelles are involved in a
variety of metabolic pathways, including degradation of reactive
oxygen species (ROS) and bioactive lipid mediators (prosta-
glandins and leukotriens) and synthesis of antioxidant lipids
(polyunsaturated fatty acids, plasmalogens, etc.) (9). Absence or
dysfunction of peroxisomes results in increased cellular oxidative
stress, leading to severe pathological consequences in many or-
gan systems (10, 11). Lung is one of the organs with highest
exposure to various forms of reactive oxygen and nitrogen spe-
cies (ROS and RNS) due to oxygen and different environmental
oxidants in the inspired air, causing oxidation of cellular DNA,
proteins and lipids, consequently a direct lung injury (12).
Studies have shown that the most severe phenotype of a perox-
isome biogenesis disorder (e.g., Zellweger syndrome) is associ-
ated with progressive liver fibrosis or cirrhosis, leading to early
death of the patients during childhood (11). Moreover, mice with
peroxisome dysfunction caused by PEX11f knockout died during
their first days of life and exhibit morphological alterations of the
lungs (13). In contrast, treatment of rats with an agonist specific
for peroxisome proliferator-activated receptor alpha (PPAR-a)
significantly ameliorated tubulointerstitial renal fibrosis (14).
Despite the fact that peroxisomal metabolism might play an
important role in other tissue fibrosis, the role of peroxisomes in
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lung fibrosis onset and progression seen in IPF patients has never
been reported (1, 15).

Herein, using human IPF and control fibroblast cultures as well
as a bleomycin-induced mouse lung fibrosis model, we demonstrate
that peroxisomal biogenesis and metabolism is compromised in the
lung and in fibroblasts of IPF patients, in which a down-regulation
of peroxisomal proteins leads to activation and release of profi-
brotic factors such as TGF-p1 and collagen. In contrast, peroxi-
some proliferation by treatment with PPAR-a agonist (ciprofibrate,
WY14643) significantly reduces the TGF-fl1-induced myofibro-
blast differentiation in IPF fibroblast cultures.

Results

Peroxisome Biogenesis, Lipid Metabolism, and Redox Balance Are
Compromised in IPF Patients. First we analyzed control and pa-
tient tissue samples for peroxisomal alterations. Stainings of
paraffin-embedded tissue sections of human lung biopsies of
controls and IPF patients revealed that peroxisomal markers
(PEX14p and cat) in fibroblasts were found to be significantly
(Fig. S1E) reduced in IPF lungs (Fig. 1). Next we analyzed
whereas lung fibroblasts isolated from these human IPF patients
would exhibit similar peroxisomal alterations. IPF fibroblasts
retained their profibrotic activity also in cell culture such as the
expression of a-SMA (Fig. 24) and expressed increased mRNA
levels of the profibrotic markers TGF-pl, COLIA2, and IL-6
(Fig. 2B) compared with the fibroblasts isolated from controls.
The profibrotic phenotype was also confirmed by increased
TGF-p signaling in IPF cells via luciferase reporter assay studies
using a smad-binding element (SBE)-luciferase reporter plasmid
(Fig. 20).

Analysis of protein abundance by immunofluorescence re-
vealed that the peroxisomal biogenesis protein PEX13p, the lipid
transporter protein ABCD3, the p-oxidation enzyme acyl-CoA
oxidase 1 (ACOX1), as well as the antioxidative enzyme catalase
were reduced in IPF fibroblasts (Fig. 2 D and E). The down-
regulation of the peroxisomal biogenesis protein PEX13p was
also observed at the mRNA level between control and IPF fi-
broblasts by qRT-PCR and confirmed by Western blot analysis
(Fig. 2F). Because catalase (Fig. 2E) was down-regulated, we

Fig. 1. Expression of peroxisomal proteins in human lung biopsies of control
and IPF tissues. Immunofluorescence for PEX14p and catalase (CAT) in control
and IPF lung tissue. Negative control for the secondary antibody reaction with
donkey anti-rabbit Alexa488 and donkey anti-mouse Alexa555. Co, control; IPF,
idiopathic pulmonary fibrosis; LP, Lamina propria; RE, respiratory epithelium.
Arrow, fibroblasts in the lamina propria. (Scale bar: 10 um.)
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hypothesized that IPF fibroblasts might have an impaired anti-
oxidant response. DHE stainings revealed that IPF fibroblasts
exhibited a higher ROS production in comparison with control
fibroblasts (Fig. 2G). Interestingly, a series of antioxidant en-
zymes such as SOD1, heme oxygenase (HO-1), glutathione re-
ductase (GR), and the redox-sensitive transcription factor Nrf2
were decreased in IPF fibroblasts (SI Materials and Methods and
Fig. S1 A-D). Moreover, reporter gene analyses showed that Nrf2
binding element (ARE)-driven luciferase activity was significantly
decreased in IPF fibroblasts (fivefold reduction) (P < 0.05) (Fig.
S1F), whereas the luciferase expression of the AP1 reporter con-
struct was not significantly changed in IPF fibroblasts in basal
unstimulated conditions (Fig. S1F). To summarize, these results
indicate that in IPF tissues as well as in IPF fibroblasts peroxisomal
proteins were significantly down-regulated and IPF fibroblast ex-
hibit an imbalance in the antioxidant response.

PEX13p Knockdown Activates Smad-Dependent TGF-1 Pathway and
Increases COL1 Production. Alterations in peroxisomal proteins in
IPF samples may be a collateral effect due to persistent fibrosis
or could also be a significant factor that contributes to the
pathogenesis of this devastating condition. To address this ques-
tion, PEX13p, one of the peroxin proteins involved in peroxi-
somal biogenesis, was knocked down using a siRNA-mediated
approach. The strong knockdown of PEX3 expression in both
control and IPF fibroblasts was verified by quantitative RT-PCR
and Western blot analysis (Fig. 3 A and B), and disruption of
peroxisomal biogenesis, leading in consequence to mistargeting
of catalase into the cytoplasm (Fig. S4C). Interestingly, disrup-
tion of the peroxisomal biogenesis triggered the production of
the profibrotic markers COLIA2 and TGF-f1 at mRNA level
and of the COL1 protein in Western blot analysis (Fig. 3 4 and
B). This disruption was associated with increased collagen and
TGF-p1 also in the culture medium (Fig. 3 C and D). Furthermore,
increased COLIA2 promoter activity and activation of TGF-f
signaling upon PEX13 knockdown was confirmed in COL1A42
and SBE luciferase reporter gene assays, respectively (Fig. 3 E
and F). It is noteworthy that also control fibroblasts exhibit an
increased fibrotic phenotype after peroxisomal knockdown, even
though to a lesser extent in comparison with the transfected IPF
fibroblasts (Fig. 3 A-F). Additionally, PEX13 knockdown also
led to the intracellular elevation of profibrotic markers such as
collagen I, collagen 3A1 (COL3A1), and prolyl 4-hydroxylase beta
polypeptide (PDI) as revealed by immunofluorescence studies and
also by increased mRNA levels of matrix metalloproteinase 2
(MMP2) which have been implicated in excessive TGF-p1 acti-
vation (Figs. S2 and S3 4 and E). The increased fibrotic response
of TGF-p1 and COL1A2 was also observed with semiquantitative
RT-PCR in cells with a PEX13 knockdown (Fig. S3 A-D). To
summarize, these results indicate that the down-regulation of
peroxisomes in both control and IPF fibroblasts leads to an in-
creased fibrotic phenotype in these cells associated with an in-
creased production of collagen and TGF-p1 as well as an acti-
vation of TGF-f signaling.

Knockdown of Peroxisomes Leads to Increased ROS and Proinflammatory
Cytokine IL-6 in Fibroblasts. As shown above, IPF fibroblasts ex-
hibit an increased production of ROS (Fig. 2G). Because per-
oxisomes are able to produce and scavenge ROS and are down-
regulated in IPF fibroblasts, we questioned whether they are
involved in the cellular ROS production observed. Indeed, the
knockdown of PEXI3 led to an increase in the production of
ROS as measured by dihydroethidine staining both in control as
well as IPF fibroblasts (Fig. 44). However, unlike in the basal
conditions of IPF fibroblasts (Fig. S1F), the increased ROS
production was also paralleled with an increase in Nrf2 and AP-1
activity (Fig. 4B), and also induced a high antioxidative response
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Fig. 2. Compromised peroxisomal biogenesis and metabolism in IPF fibroblasts. (A) Single immunofluorescence of the fibrotic marker a-SMA in control and
IPF fibroblasts. (B) Expression of fibrotic markers at mRNA level TGF-41, Col1A2 and IL-6 in control and IPF fibroblasts. (C) Luciferase reporter activity of SBE
(Smad binding element) in control and IPF fibroblasts. The activity of firefly luciferase was measured in cell lysates and normalized to the activity of renilla.
(E.V., empty vector). (D and E) Immunofluorescence staining of peroxisomal proteins Pex13p, ABCD3, ACOX1 and catalase in control and IPF fibroblasts.
(F) Expression of PEX13 at mRNA and protein level by Western blotting in both control and IPF fibroblasts. (G) Generation of reactive oxygen species (ROS)
detection with dihydroethidine (DHE) in control and IPF fibroblasts. Co, control; IPF, idiopathic pulmonary fibrosis. Data represent + SD of three independent

experiments. P value, unpaired Student t test. (Scale bar: 10 pm.)

indicated with the up-regulation of antioxidative enzymes such as
HO-1, GR, and of Nrf2 expression (Fig. S4 4 and B).

Next we analyzed the effect of the PEX13 knockdown on the
production of proinflammatory cytokines such as TNF-a and
IL-6, which have been proposed to play an important role in the
pathogenesis of fibrosis. At the mRNA level both TNF-a and
IL-6 were significantly induced in PEX13 knockdown control and
IPF fibroblast in comparison with the respective cells transfected
with the negative control siRNA (Fig. 4C). IL-6 was readily
detectable and also significantly increased in the culture super-
natants of PEX13 knockdown fibroblasts (Fig. 4D). In contrast,
by using the same supernatants under similar experimental
conditions for a TNF-a ELISA, the concentration of this cyto-
kine was too low for reliable detection. In summary, knockdown
of peroxisomes leads to increased ROS production and IL-6
release in both control and IPF fibroblasts.

TGF-p1 Signaling Down-Regulates Peroxisomal Biogenesis Proteins in
IPF Fibroblasts and in a Bleomycin-Induced Mouse Model of Fibrosis.
Having considered the pivotal role of TGF-p1 in the pathogen-
esis of lung fibrosis, we thought to examine the possibility that it
might modulate the expression of the PEXI3 gene, and that
activated TGF-f signaling could account for impaired peroxi-
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some biogenesis and metabolism in IPF. The fibrotic response of
TGF-f1 treatment was demonstrated by the up-regulation of
COL1A2 and IL-6 mRNAs, which was blocked specifically with
the TGF-p1 receptor inhibitor LY364947 (Fig. 54). Elevated
levels of IL-6 in culture supernatants of lung fibroblasts treated
with TGF-p1 and inhibition of the same with the TGF-p1 re-
ceptor inhibitor LY364947 were confirmed by ELISA (Fig. S54).
Similarly, the activation of the TGF-p1-Smad pathway in these
cells was also confirmed by increased SBE luciferase reporter
activity, increased TGF-p1 mRNA (Fig. S5 B and D and Fig. 54)
and by increased Smad3 translocation (Fig. S5C). We then an-
alyzed whether the expression of the PEX13 gene would be af-
fected by TGF-p1 stimulation. Interestingly, TGF-p1 treatment
indeed resulted in the down-regulation of PEX13 mRNA and
protein, suggesting that TGF-p1 inhibits peroxisomal biogenesis
(Fig. 5 B and C and Fig. S5D). This effect was reversed when
TGF-p signaling was specifically blocked using a TGF-f1 re-
ceptor inhibitor (Fig. 5 B and C and Fig. S5D).

To extend these findings to the in vivo situation, TGF-§ re-
ceptor II knockout mice were used. Because the anti-PEX13p an-
tibody does not work properly for stainings of PFA-fixed paraffin-
embedded tissue (16), an antibody against PEX14p, a binding
partner of PEX13p in the docking complex of the peroxisomal
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membrane that was also reduced in IPF lungs (Fig. 1) was
used. Indeed, bleomycin treatment in control mice down-
regulated peroxisomes (PEX14p) on day 7 after treatment, fol-
lowed by a recovery on day 14 and 28 compared with day 7, but
still at lower protein abundance than in appropriate control
animals (Fig. 5D). Strikingly, bleomycin treatment in TGF-p
receptor II knockout mice did not induce the down-regulation of
peroxisomes as detected by staining with PEX14p, indicating a
direct relation for TGF-p-induced signaling in the down-regu-
lation of peroxisomes (Fig. 5D). TGF-pl treatment also in-
creased ROS production in these fibroblasts (Fig. SE). In
summary, these findings indicate that TGF-p1 signaling down-
regulates peroxisomes in fibroblasts and induce the production
of ROS.

AP-1 Signaling Is Involved in TGF-p1-Mediated Down-Regulation of
PEX13 in Human IPF Fibroblasts. Earlier reports indicate a cross-
talk between TGF-f1 signaling and the transcriptional factor
AP-1, which as shown was also up-regulated in PEX13 knock-
down fibroblasts. Hence, we questioned whether the transcrip-
tional factor AP-1, normally activated during profibrotic and
proinflammatory responses, would play a role in the observed
down-regulation of PEX13p. For a comparison we also used the
luciferase reporter vector (ARE) for the ROS-activated tran-
scriptional factor Nrf2. Indeed, stimulation with TGF-f1 induced
the activity of the AP-1 luciferase reporter construct (Fig. 64),
but the activity of the ARE-luciferase construct remained un-
changed (Fig. 6B). Furthermore, the AP-1-specific inhibitor

Orugaj et al.

SR11302 partially blocked the TGF-f1 stimulated activity of
both the AP-I-luciferase construct and also the ARE-luciferase
construct (Fig. 6 4 and B). This inhibition was expected as the
AP-1 binding element shares the consensus sequence of the Nrf2
binding element but not vice versa. The luciferase reporter assays
revealed that the inhibitor luteolin used generally as Nrf2 in-
hibitor is not specific, because it also inhibits the TGF-p1-induced
activation of AP-1 (Fig. 64) in addition to the inhibition of
ARE luciferase (Fig. 6B). Interestingly, pretreatment of cells with
an AP-1 specific inhibitor SR11302 or the Nrf2/AP-1 inhibitor
luteolin blocked the TGF-pl-mediated SBE activation, indi-
cating a role for AP-1 in the TGF-p1-mediated Smad-dependent
pathway (Fig. 6C). Moreover, pretreatment with SR11302 and
luteolin also reversed the TGF-p1-mediated down-regulation of
the PEX13p protein (Fig. 6D). To summarize, the profibrotic
factor TGF-p1 might down-regulate PEX13 through the tran-
scriptional factor AP-1.

Proinflammatory Cytokines TNF-a and IL-6 also Suppress the
Peroxisome Biogenesis Protein PEX13p in Human IPF Fibroblasts. In
a complex condition such as IPF, factors other than TGF-p1 may
also contribute to the down-regulation of peroxisomal genes in
vivo. Macrophage-mediated TNF-a production might play an
important paracrine role in this process. To determine whether
TNF-a affects peroxisome biogenesis, IPF fibroblasts were
treated with 10 ng/mL of TNF-« for the indicated time points
(Fig. 7A4 and C). TNF-o induced a significant down-regulation of
the PEX13 mRNA as early as 1 h (Fig. 74), as well as the protein
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Induction of ROS and cytokine production (IL-6) in PEX13 knockdown control and IPF fibroblasts. (A) Generation of reactive oxygen species (ROS)

detection with dihydroethidine (DHE) and quantification in control and IPF siRNA treated fibroblasts, (N-number of cells for quantification). (B) ARE and AP-1
luciferase reporter assays in PEX13 knockdown control and IPF fibroblasts, si vs. Sc (E.V., empty vector). The activity of firefly luciferase was measured in cell
lysates and normalized to the activity of renilla. (C) gPCR mRNA expression of cytokines (TNF-a and IL-6) in PEX13 knockdown of control and IPF fibroblasts.
(D) Human IL-6 secretory levels measured by Quantikine ELISA in siRNA PEX13 treated control and IPF fibroblasts. Sc (scrambled siRNA control), si-1 (siRNA
PEX13-1), si-2 (siRNA PEX13-2). Data represent + SD of three independent experiments. P value, unpaired Student t test.

abundance of PEX13p after 10 h (Fig. 7B). Similar to TGF-p1,
TNF-a also induced the activity of the AP-1 luciferase construct
and also increased the luciferase activity of the ARE-luciferase
construct (Fig. 7C). Interestingly, the AP-1 inhibitor SR11302
reversed the TNF-a-mediated down-regulation of PEX13p (Fig.
7D). Finally, treatment with the proinflammatory cytokine IL-6
also induced the down-regulation of PEX13p (Fig. 7E). In
summary, proinflammatory cytokines (TNF-a and IL-6) down-
regulate PEX13p in IPF fibroblasts. Moreover, TNF-oa—mediated
down-regulation of PEX13p is at least partially mediated
through AP-1 signaling.

PPAR-a Agonists Proliferate Peroxisomes and Block the TGF-f1-
Induced Profibrotic Response in IPF Fibroblasts. As suggested by
the studies above, reduced peroxisome biogenesis is associated
with an increased profibrotic response as shown by the activation
of TGF-B1 signaling and collagen production. This reduction
raises the possibility that increasing peroxisomal biogenesis may
be beneficial as a treatment strategy in IPF. To evaluate this we
used two structurally distinct PPAR-o agonists (ciprofibrate and
WY14643), classical peroxisome proliferators, and investigated
the relationship between peroxisome proliferation and TGF-p1-
induced myofibroblast differentiation (as shown by a-SMA) and
up-regulation of collagen I protein. Treatment with either
ciprofibrate or WY14643 for 48 h resulted in proliferation of
peroxisomes as detected by PEX14p stainings (Fig. 84). The
peroxisomal biogenesis protein PEX13p was also induced after
treatment of IPF cells with ciprofibrate or WY 14643 (Fig. 8B).
PPAR-a has been shown to exert multiple effects on cellular tar-
gets that are independent of peroxisome proliferation, wherefore
it is important to distinguish the peroxisome-dependent anti-
fibrotic effects of PPAR-a agonists. To do this, the experimental
setup (mentioned in detail in SI Materials and Methods) contained
two different controls: (i) IPF cells, which were pretreated with
PPAR-a agonists for 48 h, after which the medium was replaced
with the PPAR-a antagonist to block endogenous PPAR-« acti-
vation. Ideally, these cells then contain proliferated peroxisomes
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but further PPAR-« activation is blocked. (ii) IPF cells pretreated
with PPAR-a agonists only for 2 h before TGF-p1 stimulation and
hence will exhibit an activation of PPAR-a but no peroxisome
proliferation due to the insufficiently short time period of drug
treatment. The concentration of PPAR-a agonist and antago-
nist that was used for this approach activated and inhibited the
PPAR-response-element (PPRE)-luciferase reporter constructs,
respectively (Fig. 8C). Interestingly, IPF cells pretreated with
ciprofibrate or WY 14643 for 48 h showed a significant reduction
in the TGF-pl-induced myofibroblast differentiation represented
by the abundance of the a-SMA protein. The strongest reduction
was observed in the cells pretreated with PPAR-a agonist for 48 h
followed by pretreatment with PPAR-a antagonist for 1 h before
the addition of TGF-p1 (Fig. 8 C and D), whereas pretreatment
with PPAR-a agonist for 2 h before TGF-p1 stimulation did not
block the TGF-pl-induced a-SMA protein. Similarly, TGF-p1-
induced COLI1 protein was also blocked by the addition of
PPAR-a agonists treated for 48 h followed by antagonist, but not
in IPF cells pretreated with PPAR-a agonists alone for 2 h or
48 h (Fig. 8 C and D). In summary, these findings suggest that
IPF cells containing proliferated peroxisomes block the TGF-p1-
induced up-regulation of myofibroblast differentiation and COL1
protein and endogenous PPAR activity might interfere with
this mechanism.

Discussion

The findings presented here provide compelling evidence that
peroxisomes are protective organelles against the development
of pulmonary fibrosis. Importantly, we show that, in lung tissue
samples of IPF patients as well as in IPF fibroblast cultures,
peroxisomal proteins are down-regulated. Moreover, siRNA-
mediated down-regulation of the peroxisomal biogenesis protein
PEX13p elicits a profibrotic response, characterized by the ac-
tivation of TGF- signaling and increased collagen production.
Furthermore, treatment with PPAR-a agonists increased the
peroxisomal abundance in IPF fibroblasts and decreased the
TGF-p1-induced myofibroblast differentiation.
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Fig. 5. TGF-B1 signaling suppresses PEX13 peroxisomal biogenesis protein in control/IPF and in a bleomycin-induced mouse model of lung fibrosis. Confluent
control and IPF fibroblasts were pretreated with 5 uM LY364947 (TGF-1 inhibitor) for 1 h, followed by a stimulation with 5 ng/mL TGF-81, or combined for
24 h. (A and B) RNA expression of TGF-31, COL1A2, IL-6, and PEX13 was examined by real-time qRT-PCR. The results were normalized with 285 rRNA and HPRT
mRNA. (C) Total protein was isolated following 24 h incubation with TGF-81, LY364947, or combinations and subjected to Western blotting for indicated
proteins. Relative density in donor and IPF fibroblasts treated with TGF-B1 and the specific TGF-B1 inhibitor LY364947. GAPDH was used as loading control.
(D) Double immunofluorescence of PEX14 and a-SMA in bleomycin-induced mouse model of pulmonary fibrosis. Bleo, Bleomycin; Ctrl, Control; RII-KO, TGF-
receptor Il knockout; WT, wild type. (E) TGF-B1-induced reactive oxygen species (ROS) detection with dihydroethidine (DHE) in control and IPF fibroblasts. C,
control; LY, LY364947; T, TGF.p1; T+LY, TGF-B-1+LY364947. Data represent + SD of three independent experiments. P value, unpaired Student t test. (Scale

bar: 10 pm.)

Peroxisomes are present in different pulmonary cell types and
exhibit strong heterogeneity in their abundance and enzyme
composition (8). It is well known that the lung is one of the
organs mostly exposed to the various forms of reactive oxygen
species due to its high oxygen environment (12). In this respect,
the protective role of peroxisomes in pulmonary fibrosis is
closely associated with their functions in diminishing ROS spe-
cies thus preventing excessive ROS production and inflammatory
reactions (1, 8, 15). Accordingly, our findings also indicate that
dysfunctional peroxisomes lead to increased cellular ROS pro-
duction in IPF cells. This notion is in line with previous studies
showing that the deficiency of peroxisomal proteins leads to in-
creased ROS production and oxidative stress (10, 17).

The observation that IPF samples have reduced peroxisomal
proteins is of particular interest because one of the clinical fea-
tures of Zellweger syndrome, a peroxisomal disorder with com-
plete absence or reduced number of peroxisomes, is the de-
velopment of hepatic fibrosis (11). A continuous trigger would be
necessary to induce this consistent down-regulation of peroxi-
somes in in vitro IPF fibroblast cultures because peroxisomal
biogenesis will complement for this down-regulation over time.

Orugaj et al.

Based on our findings that the SBE-luciferase activity was higher
in IPF cells in their basal state and also contained increased
concentrations of TGF-p1 in the cell culture medium (Figs. 2C
and 3D), we propose that the persistent activation of TGF-p
signaling in these cells might be responsible for the observed
down-regulation of peroxisomal proteins. This notion is also
supported by the in vivo findings in the bleomycin-induced
TGF-p receptor II knockout mouse model studies in which loss
of TGF-f signaling prevented the bleomycin-induced down-reg-
ulation of peroxisomes (Fig. 5D). To our knowledge, this is the
first study to show a direct role for TGF-f signaling in the reg-
ulation of peroxisomal genes.

In contrast, down-regulation of the peroxisomal genes by the
proinflammatory cytokine TNF-a has been shown previously in
the liver (18). In this study we extend our knowledge on the
molecular mechanisms leading to the TNF-a—mediated down-
regulation of peroxisomes by showing that TNF-a mediates this
effect through activation of AP-1 (Fig. 7 C and D). It is known
that TNF-o'~ mice develop less liver fibrosis in comparison with
littermate controls, exhibit reduced levels of a-SMA, a marker
for activated myofibroblasts, and reduced TGF-p1 mRNA (19).
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Fig. 6. AP-1 signaling is activated in TGF-p1-mediated down-regulation of
PEX13 in human IPF fibroblasts. Confluent IPF fibroblasts were pretreated
1 h before with luteolin 25 pM or SR11302 (SR) 10 pM. Then, cells were
challenged with 5 ng/mL TGF-B1 for 24 h as indicated. (A-C) AP1, ARE, and
SBE luciferase reporter assays in IPF fibroblasts. The activity of firefly lucif-
erase was measured in cell lysates and normalized to the activity of renilla.
(E.V., empty vector). (D) Protein analysis of PEX13p in IPF fibroblasts treated
with TGF-B1, luteolin or SR11302. GAPDH was used as loading control. Data
represent + SD of three independent experiments. P value, unpaired Student
t test.

Consistent with our findings are the existing evidences from the
literature that TNF-a is crucial in initiation and progression of
the fibrotic processes via AP-1 in Swiss 3T3 fibroblasts (7, 20).
Similarly, the interplay between Smad-dependent TGF-f signaling
and AP-1 that we observed in our study has also been reported in
numerous studies and are contradicting. In one study, the tran-
scriptional factor AP-1 was reported to be essential for ROS-
mediated TGF-p1 activation and TGF-pl-induced IL-6 pro-
duction (21), which is in line with our finding that AP-1 signaling
activates Smad-dependent SBE activation (Fig. 6C). In contrast
to this observation, Verrecchia and colleagues reported that the
Jun family of AP-1 factors act as inhibitors of Smad-dependent
signaling (22). The AP-1 family of transcriptional factors is a
broad class of transcriptional factors that can form hetero and
homo dimers and are shown to be both profibrotic and anti-
fibrotic based on the specific factors activated in different con-
ditions (23, 24). Further studies to specifically identify the AP-1
factors activated in our experimental conditions are required to
understand this observed profibrotic nature in our experimental
conditions.

In the proposed mechanism TGF-pl-mediated down-regula-
tion of peroxisomes would lead to a synergistic effect on the
proinflammatory and profibrotic responses and induce a vicious
cycle. In agreement with this notion are the findings that PEX13
knockdown in fibroblast induce activation of TGF-f1 signaling,
increased ROS, collagen and IL-6 production. Several studies
have reported that ROS and release of proinflammatory cyto-
kines are the main triggers of TGF-p1 signaling pathway, shown
also during the peak of inflammation on day 7 using the bleo-
mycin-induced lung fibrosis mouse model (1, 25). Interestingly,
in our bleomycin model, the strongest down-regulation of per-
oxisomes is also observed during day 7 (Fig. 5SD), which is con-
sistent with our in vitro findings that proinflammatory cytokines

E2054 | www.pnas.org/cgi/doi/10.1073/pnas.1415111112

TNF-o and IL-6 down-regulate peroxisomes in IPF fibroblasts
(Fig. 7 D and E). IL-6 is known to mediate many inflammatory
processes in the lung and has been implicated in the pathogen-
esis of a variety of respiratory disorders and a possible associa-
tion between IL-6 and development of fibrosis (26, 27). In
addition, IL-6 plays an important role in development of bleo-
mycin-induced lung inflammation and subsequent fibrotic
changes through the activation of TGF—p1 (28).

ROS interferes with many cellular functions and results in
activation of the master regulator of the cellular response to
oxidative stress NRF2 and the antioxidant machinery (29). Al-
though we were able to identify the activation of Nrf2 in our
PEX13 knockdown fibroblasts based on the ARE-luciferase ac-
tivity, luteolin which is commonly used in studies as an Nrf2
inhibitor was also found to inhibit the transcriptional factor
AP-1. Hence at present we cannot conclude that the observed
effect of luteolin on SBE activation is dependent on its ability as
an Nrf2 inhibitor.

Finally, we also show that pretreatment of IPF cells with
PPAR-a agonists for longer time points reduced the TGF-p1-
induced collagen and myofibroblast differentiation, provided
that the endogenous PPAR-« activation during TGF-p1 stimu-
lation is blocked. This result is particularly interesting because
several independent studies that reported antifibrotic effects of
PPAR-a agonists have not considered peroxisome proliferation
by these agonists into context. Their observation was largely
based on the vast amount of accumulating evidence in the lit-
erature describing its broad antifibrotic and antiinflammatory
properties of PPARs. In particular are the studies which report
that PPAR—« agonists (i) inhibit cardiac fibrosis by inhibiting the
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Fig. 7. TNF-a suppresses peroxisome biogenesis by induction of AP1 in
human IPF fibroblasts. (A) IPF fibroblasts were treated with 10 ng/mL TNF-a
for the indicated times, and the expression of PEX13 mRNA was determined
by using gqRT-PCR. (B) IPF fibroblasts were treated with 10 ng/mL TNF-a for
for 6 h, and cells were lysed for Western blot analysis. As loading control
GAPDH was used. (C) ARE and AP-1 dual luciferase reporter assays of IPF
fibroblasts treated with 10 ng/mL TNF-a for indicated times. The activity of
firefly luciferase was measured in cell lysates and normalized to the activity
of renilla luciferase. (D) IPF fibroblasts were treated with 10 ng/mL TNF-a for
6 h, cells were pretreated 1 h before with ARE inhibitor Luteolin and AP-1
inhibitor SR11302 (SR), PEX13 abundance was analyzed with Western blot-
ting. GAPDH was used as loading control. (E) IPF fibroblasts were treated
with 20 ng/mL IL-6 cytokine and PEX13 abundance was analyzed with
Western blotting. GAPDH was used as loading control. Data represent the
results of at least three experiments performed in triplicates (E.V., empty
vector). (Mean + SEM, relative units, n = 3). P value, unpaired Student t test.
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ciprofibrate; CTRL, control; GW, GW6471; WY, WY 14643. Data are a representative of at least three reproducible experiments. Statistical analysis for lucif-

erase assays was performed by ANOVA. (Scale bar: 10 pm.)

proliferation of cardiac fibroblasts (30), (if) reduce the lung in-
jury induced by bleomycin (31), and (iii) inhibit TGF--induced
transcription of 5 integrin in vascular smooth muscle cells (32).
PPAR-a as a transcription factor mediates the peroxisome pro-
liferation in rodent liver. A functional PPRE is found about
8.4 kb downstream of the PEX11a promoter (33). Moreover,
PEXIIa is one of the PEX genes responsible for peroxisome
proliferation (33, 34). Lack of specific and potent peroxisome
proliferators that are independent of PPARs is one of the main
technical limitations in distinguishing the beneficial effects of
peroxisome proliferation. Although the findings presented here
suggest that peroxisome proliferation rather than the endoge-
nous PPAR-a activation mediates the antifibrotic effects ob-
served, we cannot rule out the possibility of other molecular
targets being altered during this 48 h pretreatment with PPAR-a
agonists. Similarly, it should also be taken into consideration that
the PPAR-a antagonist, GW6471 used in this study might also
interfere in the activation/regulation of other PPAR family
members leading to secondary effects which could result in the
inhibitory effect observed on TGF-pl-induced a-SMA and col-
lagen. Future studies have to be carried out to confirm the
specificity of this PPAR-a antagonist and to get more insights
into the complex interactions of distinct PPARs on the PPREs of
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dependent genes, e.g., genes for peroxisomal proteins. Our
study also highlights the necessity to design and synthesize new
drugs with selective peroxisome proliferation activity that is
independent of PPARs to resolve the technical difficulties in
studying the beneficial effects of peroxisome proliferation in
disease models.

Taken together, activation of TGF-f signaling during lung
injury and subsequent induction of proinflammatory mediators
such as TNF-a, ROS and IL-6 in IPF, leads to the down-regu-
lation of peroxisomes specifically PEX13 via AP-1 transcription
factor, thus enabling the persistence of a fibrotic phenotype,
which in turn generates more ROS and elevates secretion of
proinflammatory cytokines (e.g., IL-6) (Fig. 9). Moreover, the
activation of TGF-p signaling (Smad-dependent pathway) by
peroxisome down-regulation promotes an increased extracellular
matrix production and generation of a fibrotic phenotype (Fig.
9). In summary, this study identifies a functionally relevant and
potentially possible target for future development of new viable
therapeutic approaches, and significantly extends the role of this
organelle in the maintenance of normal cellular function by
scavenging ROS, metabolizing lipid mediators, and by protecting
against inflammatory processes leading eventually to exacerba-
tions in patients with pulmonary fibrosis.
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Fig. 9. Mechanism: Schematic illustration of TGF-p1 effects on peroxisome
function, described as proposed model in this study. In idiopathic pulmonary
fibrosis, lung injury leads to the production of proinflammatory mediators
such as TNF-q, IL-6, and ROS and the activation of profibrogenic TGF-$ and
AP-1 signaling. This damage leads to down-regulation of peroxisomes spe-
cifically PEX13p, which in turn generates more ROS, elevates secretion of
cytokines such as IL-6 and promotes the activation of TGF-p1 and AP-1 sig-
naling in a vicious cycle thus enabling the persistence of fibrotic phenotype
and inflammatory exacerbation phases in IPF patients. In addition, this cycle
also leads to increased production of collagen. In contrast, treatment with
PPAR-a agonists induce the proliferation of peroxisomes and inhibit the
profibrogenic factors such as a-SMA and collagen.

Materials and Methods

Detailed descriptions of cell culture, animal model, reagents, enzymatic treat-
ments, confocal fluorescence microscopy, immunofluorescence, Western blotting,
gRT-PCR and RT-PCR, and ELISAs are provided in S/ Materials and Methods.

Cell Culture, Cell Isolation, and Tissue Sections. Lung tissue and fibroblasts
were obtained from 10 IPF patients with typical IPF characteristics (mean age
49 + 13 y; four females and six males) and 10 control subjects (organ donors,
56 + 10 y, five females and five males) from the Giessen DZL-biobank at
Universities of Giessen and Marburg Lung Center. The study protocol was
approved by the Ethics Committee of the Justus-Liebig-University School of
Medicine (AZ 31/93) in accordance with the national law and with the “Good
Clinical Practice/International Conference on Harmonisation.” Informed
consent was obtained in written form from each subject for the study pro-
tocol. Control and IPF fibroblasts were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) low-glucose media supplemented with 2 mM
L-glutamine, 10 U of penicillin/mL, 100 pg of streptomycin/mL, and 10% FBS
and maintained at 37 °C with 5% CO,. Paraffin embedding sections and
isolation of cells are described in detail in S/ Materials and Methods.

Animal Model. C57BL/6) mice were housed under standard conditions in the
central animal facility of the University of Southern California. Floxed TGF-f
receptor Il (TBRII) mice were provided Harold Moses (Vanderbilt University,
Nashville, TN) (35, 36). C57BL/6J and TGF-p receptor Il (TBRII) mice were used in
experimental model in accordance with the National Institutes of Health (NIH)
guidelines for animal care as approved by the USC Institutional Animal Care
and Use Committee.

Bleomycin-Induced Pulmonary Fibrosis. C57BL/6J control and TGF-§ receptor
Il (TBRII) female mice 8-wk-old, anesthetized with pentobarbital sodium
(30-40 pg/g ip) were administered with 4 U/kg bleomycin (BLM) (Sigma) di-
luted in 120 pL of saline, or saline alone by intratracheal instillation using an
intratracheal aerosolizer (MicroSprayer Aerosolizer, Model IA, Penn-Century)
(37) on day 0 (6). The mouse lungs were then harvested 7, 14, and 28 d after
BLM treatment. The harvesting and further processing of paraffin embed-
ded sections was done as described in S/ Materials and Methods.
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PEX 13 siRNA Transfection. Control and IPF fibroblasts were transfected twice
with 15 nM PEX 13 siRNA (Ambion, catalog no. AM16708), (Ambion, catalog
no. AM16773), or silencer select negative control siRNA (Ambion, catalog
no. 4390843), with Interferin reagent (Peqlab, catalog no. 13-409-10),
processed after 72 h for harvesting and immunofluorescence as described in
SI Materials and Methods.

IL-6 Treatment. IPF fibroblasts were seeded as described at a density of 8 x 10*
cells per well in 12-well plates. After 24 h, they were challenged with
20 ng/mL human IL-6 (Biomol, catalog no. 50435), for 6 h duration. At the
end of incubation period, the cells were processed for protein analysis
with Western blotting.

Treatment of Fibroblast Cultures with Cytokines and Drugs. Treatment of cells
with rhTGF-B1 5 ng/mL, 24 h (R&D catalog no. 240-B); LY364947 5 uM, 24 h
(Tocris catalog no. 2718); rhTNF-a 10 ng/mL, 0 h, 1 h, 4 h, and 6 h duration
(Biomol catalog no. 50435); interleukin 6, human recombinant (rHulL-6)
(Biomol, catalog no. 50436) for 6 h; SR11302 (Tocris, catalog no. 2476), in-
hibitor of activator protein-1 (AP-1) transcription factor activity, for in-
dicated times and concentrations; Luteolin (Sigma, L9283), an Nrf2 inhibitor
for indicated concentration and duration; ciprofibrate, a PPAR-a agonist
(Sigma-Aldrich Chemie), for 48 h, with the indicated concentrations: 0 uM, 150
uM, 300 pM, 600 pM; WY 14643, a selective PPAR-a agonist (Tocris, catalog no.
1312) for 48 h for indicated concentrations: 0 pM, 50 pM, 100 pM, 200 pM;
GW®6471, a PPAR-a-specific antagonist (Tocris catalog no. 4618), for 24 h with
the indicated concentration 10 uM, were performed in cell culture for the
indicated times and conditions as described in S/ Materials and Methods.

Immunofluorescence. Control and IPF fibroblasts were plated on poly-L-lysine
coated coverslips in 24-well plates for 24 h. Thereafter, cells were treated
with the compounds mentioned above and described in detail in S/ Materials
and Methods for different time points. After treatment, they were subjected
to an indirect immunofluorescence staining protocol as described (38).

Western Blot Analysis. Total cell lysates of control and IPF fibroblasts were
separated by SDS/PAGE, transferred to PVDF membranes, and incubated with
antibodies as described in S/ Materials and Methods (8).

Quantitative RT-PCR. Control and IPF cells were grown in basal conditions as
well as treated with the compounds described above and the cells were
harvested after the respective time-points. Total RNA was isolated using the
RNeasy kit (Qiagen), and cDNA was synthesized by reverse transcription with
SuperScript Il as described by the manufacturer (Applied Biosystems). The
relative expression, fold change of a defined gene was calculated using the
ddCT method. All primer pairs and incubation conditions are given in S/
Materials and Methods.

Luciferase Reporter Gene Assay and Plasmid Constructs. Luciferase reporter
gene assays were done for ARE, AP1, PPRE reporter, SBE elements, and the
COL1A2 promoter. Plasmids were obtained from B. Vogelstein (SBE), E. Jung
(COL1A2), W. E. Fahl (p-ARE), and C. A. Hauser (AP-1). PPRE reporter plasmid
was from Qiagen Cignal PPAR Reporter (luc) kit. PPAR-a expression plasmid
pSG5 PPAR alpha was a gift from B. Spiegelman (Addgene plasmid no.
22751). Empty control vectors pGL2-basic and pGL3-basic were obtained
from Promega. Transfection of plasmid DNA into cells was done with
TransIT-LT1 (Mirus Bio) as described (39). See S/ Materials and Methods.

Measurement of Reactive Oxygen Species. Reactive oxygen species (ROS)
production was detected with dihydroethidine (DHE) final concentration of
5 uM, incubated for 20 min. DHE is oxidized by superoxide to its fluorescent
product, ethidine. Ethidine remains intracellularly after it is oxidized, thus
allowing quantitative estimations of the intracellular ROS level (40). See S/
Materials and Methods.

Cytokine ELISAs and Sircol Collagen Assay. Cytokine ELISAs and the collagen
assay were used according to the manufacturer’s instructions as described in
detail in S/ Materials and Methods. Collagen Sircol Assay (Biocolor; catalog
no. $1000), human TGF-B1 immunoassay (R&D, catalog no. DB100B) and
human IL-6 Quantikine ELISA Kit (R&D, catalog no. D6050).

Statistics. All values are expressed as means + SEM where n = 3 or 4. An
unpaired Student'’s t test or ANOVA were used to assess the difference be-
tween two groups. Image J was used for quantification of RT-PCR expres-
sion. Differences were considered statistically significant when P < 0.05.
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