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pulmonary fibrosis. Researchers reported pirfenidone (>100 µg/ml)

significantly suppressed fibroblast growth in vitro. However,

clinically, the maximum concentration of pirfenidone in the blood

is approximately 10 μg/ml. We hypothesized there might be an

additional mechanism of pirfenidone to fibroblasts indirectly.

Macrophages are known to control the activation of fibroblasts

via the regulation of inflammatory M1 and suppressive M2 polar�

ization. The aim of this study was to investigate the effects of

pirfenidone on alveolar macrophage polarization. Rat alveolar

macrophages (NR8383) were stimulated in vitro with lipopolysac�

charide (LPS) + interferon (IFN)�γ, or interleukin (IL)�4 + IL�13. Expres�

sion of M1 and M2 markers and supernatant’s levels of TGF�β1

were assessed after pirfenidone treatment (0–100 μg/ml). Treat�

ment with LPS + INF�γ or IL�4 + IL�13 significantly increased the

expression of M1 and M2 markers, respectively. In macrophage

polarization assays, pirfenidone significantly reduced the expres�

sion of M2 markers at concentrations greater than 10 μg/ml but

had no effect on the expression of M1 markers. At these concen�

trations, pirfenidone significantly reduced TGF�β1 levels in NR8383

culture supernatants. In rat lung fibroblasts treated with NR8383

culture supernatants, pirfenidone significantly suppressed prolif�

eration, and the collagen mRNA and protein levels. In conclusion,

our results demonstrated that pirfenidone suppressed polariza�

tion to M2 macrophages at clinically relevant concentrations and

suppressed the rat lung fibroblasts fibrogenic activity.
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IntroductionIdiopathic pulmonary fibrosis (IPF) is a chronic, progressive
and inevitably fatal scarring lung disease with a poor prog-

nosis.(1) The etiology and the pathogenesis of IPF are still incom-
pletely understood. The representative therapeutic drugs approved
for patients with IPF are Pirfenidone (PFD) and Nintedanib.(2) The
anti-fibrotic properties of Nintedanib, an intracellular tyrosine
kinase inhibitor, have been attributed to its inhibitory effects on
the platelet derived growth factor, fibroblast growth factor and
vascular endothelial growth factor receptors.(3) PFD is an orally
active small molecule comprising a modified phenyl pyridine that
has been demonstrated clinically to reduce the mortality rate in
IPF patients.(4) PFD exhibits well-documented anti-fibrotic and
anti-inflammatory activities in a variety of animal and cell-based
models.(5–7) However, the mechanism of action and molecular
targets of PFD remain poorly understood.(8)

Some clinical reports have shown that oral administration of
PFD significantly improves survival rate and respiratory function
in IPF patients.(9,10) The recommended oral dose of PFD is 200–

600 mg, three times a day. The maximum plasma concentration
following an oral dose of 200 mg PFD has been reported to be
3.88 ± 0.82 μg/ml and with a dose of 600 mg PFD, 10.57 ± 1.78
μg/ml.(11) From these data, the maximum plasma concentration
of PFD in the human body can be calculated to be approximately
3–13 μg/ml. Although several studies have reported that PFD can
suppress fibroblast growth directly in vitro, they required PFD
concentrations of more than 100 μg/ml, which greatly exceeds
maximal plasma concentrations expected for this drug in the
clinical setting.(12,13) Moreover, low concentrations of PFD (less
than 10 μg/ml) have not been reported to be effective in inhibiting
fibroblast growth in in vitro studies.(12) Given this discrepancy in
the efficacy of PFD between the in vivo and in vitro setting, we
hypothesized that there might be an additional mechanism of
PFD action besides its direct inhibitory effect on fibroblasts.

Alveolar macrophages play a key role in the progression of
pulmonary fibrosis.(14) Macrophages comprise a heterogeneous
population of cells with diverse functions and phenotypic plas-
ticity. However, they can broadly be classified as belonging to
either the M1 (classically activated) phenotype or the M2 (alterna-
tively activated) phenotype.(15) M1 macrophages are known to pre-
dominate during the progression of the inflammatory response.(14)

They release pro-inflammatory chemokines that exacerbate the
injury, amplify the inflammatory response, and contribute to fibro-
blast proliferation and the recruitment of fibrocytes.(16) Following
the acute phase of inflammation, Th2 cytokines [e.g., interleikin-4
(IL-4) and interleikin-13 (IL-13)] are produced to promote the
polarization and recruitment of M2 macrophages.(17) Furthermore,
M1 macrophages recognize and phagocytose apoptotic cells, and
also promote macrophage alternative activation at the site of
inflammation.(18) In contrast to M1 macrophages, M2 macro-
phages induced by Th2 cytokines are intended to create an anti-
inflammatory environment and promote healing and wound
regeneration. However, when the lesion is persistent, M2 macro-
phages adopt an important pro-fibrotic role and these cell popula-
tions are known to secrete large amounts of pro-fibrotic factors
such as transforming growth factor-β (TGF-β).(19) From these
insights, we sought to determine whether PFD suppressed inflam-
mation by suppressing macrophage polarization towards the M1
phenotype, and whether PFD had an indirect inhibitory effect on
fibroblast proliferation by suppressing macrophage polarization
towards the M2 phenotype.
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Methods

Reagents. PFD was kindly provided by Shionogi & Co., Ltd.
(Osaka, Japan). Ham’s F-12K was purchased from Wako (Osaka,
Japan), Dulbecco’s modified Eagle’s medium (DMEM) from
Sigma-Aldrich (St. Louis, MO), fetal bovine serum (FBS) from
Equitech-Bio, Inc. (Kerrville, TX), and penicillin and strepto-
mycin from Gibco Invitrogen (NY). The protease inhibitor
cocktail was from Roche Diagnostics (Mannheim, Germany), the
Cell Counting Kit-8 from Dojindo (Kumamoto, Japan), and the
BCA protein assay kits from Wako (cat. #PDG6489). Lipopoly-
saccharide (LPS) (E coli serotype 055: B5) was from Difco Labo-
ratories (Detroit, MI), recombinant rat interferon-γ (IFN-γ) from
Itsi Biosciences (Johnstown, PA), and recombinant rat IL-4 and
recombinant rat IL-13 from Peprotech (Rocky Hill, NJ). Block
ACE blocking reagent was from DS Pharma Biomedical Co., Ltd.
(Osaka, Japan). The anti-inducible nitric oxide synthase (iNOS)
mouse monoclonal antibody was from BD Bioscience (Franklin
Lakes, NJ; cat. #610328), and the anti-TNF-α rabbit polyclonal
antibody from Peprotech (cat. #500-P72). The anti-mannose
receptor (CD206) rabbit polyclonal antibody (cat. #ab64693) and

the anti-chitinase 3 like protein 3 + chitinase 3 like protein 4 (YM-1)
rabbit polyclonal antibody (cat. #ab192029) were from Abcam
(Cambridge, UK). The anti-transferrin receptor rabbit polyclonal
antibody was from Bioss antibodies (Woburn, MA; cat.
#AD082519), the anti-iron regulatory protein-1 (IRP-1) rabbit
polyclonal antibody from Bioworld Technology (Saint Louis
Park, MN; cat. #XCJ44121), and polyclonal secondary antibodies
were from Dako (Glostrup, Denmark). The anti-collagen type 1
rabbit polyclonal antibody was from Rockland Immunochemicals,
Inc. (Limerick, PA; cat. #38928). The anti-heat shock protein 47
(HSP47) mouse monoclonal antibody was from ENZO Life
Science, Inc. (Farmingdale, NY; cat. #03031509). The enhanced
chemiluminescence immunoblot assay kit (ECL prime) was from
GE Healthcare (Little Chalfont, UK), and the enzyme-linked
immunosorbent assay (ELISA) kit was from R&D Systems
(Minneapolis, MN). The Nucleo Spin RNA kit was from Machery-
Nagel (Dueren, Germany), and the ReverTra Ace qPCR RT Kit
from Toyobo (Osaka, Japan). The TaqMan Universal PCR Master
Mix, Optical reaction plates with adhesive covers, and the ABI
Prism system were all from Applied Biosystems (Foster City, CA).

Cells culture. The NR8383 rat alveolar macrophage cell line
was purchased from the American Type Culture collection
(Manassas, VA). Rat lung fibroblast (RLF) cell line was purchased
from Sigma-Aldrich (St. Louis, MO). NR8383 cells were cultured
in Ham’s F-12K medium supplemented with 15% FBS and RLF
were cultured in DMEM with 10% FBS. All cells cultures were
maintained at 37°C in a humidified atmosphere containing 5%
CO2.

(20,21) The medium was changed every 3 days until the culture

Fig. 1. Cytotoxic effects of PFD on NR8383 cells and RLFs. Cell viability
assays were performed to assess the cytotoxic effect of PFD on NR8383
cell and RLF proliferation. Plots show the effects of different concentra�
tions of PFD on NR8383 cell (a) and RLF (b) growth over the indicated
durations. Drug concentrations were as follows: ○, Vehicle; ▲, PFD:
10 μg/ml; ■, PFD: 100 μg/ml; ●, PFD: 1,000 μg/ml. Experiments were
carried out in duplicate. Data are means ± SD from six experiments.
*p<0.05, when compared with vehicle.

Fig. 2. Effects of PFD on NR8383 cell polarization towards the M1
phenotype. Western blots and associated densitometry analysis of the
expression of the M1 phenotypic markers (a) iNOS and (b) TNF�α in
NR8383 cells pre�treated with the indicate concentrations of PFD for
24 h followed by stimulation with or without LPS (5 ng/ml) + IFN�γ
(10 ng/ml) for an additional 24 h. Data are means ± SD from at least five
experiments. #p<0.01, when compared with the untreated group.
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had reached 90% confluency. For experiments, cells were sus-
pended in culture medium at a density of 1 × 106 cells/ml. Passage
3–5 cells were used for all experiments. PFD was dissolved in
distilled water containing 0.5% dimethyl sulfoxide (DMSO) and
used at a final concentration of 0.1, 1, 10, 100 or 1,000 μg/ml.

Proliferation assay. To determine the cytotoxic effects of
PFD on NR8383 cells and RLFs, a viability assays was performed
that measures the conversion of 2-(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium
salt (WST-8) to a water-soluble orange formazan dye. Briefly,
5 × 103 cells/well were seeded into a 96-well microtiter plate and
incubated at 37°C in a 5% CO2, humidified atmosphere overnight.
After 24 h, various dilutions of PFD (0, 10, 100 or 1,000 μg/ml)

were added to the wells. NR8383 cells were then cultured for an
additional 72 h and RLF for an additional 48 h in the presence of
the drug before assessment of cell viability.

The WST-8 assay was also used to assess the proliferation
of RLFs cultured in supernatants from NR8383 cells treated
with PFD. RLFs (5 × 103 cells/well) were seeded into a 96-well
microtiter plate and cultured overnight. After 24 h, cell-free
medium or conditioned medium from NR8383 cells treated with
PFD (0, 1, 10 or 100 μg/ml) were added to the wells at a concen-
tration of 10% (vol./vol.). The cells were incubated for 24 h and
then Cell Counting Kit-8 reagent (10 μl) added to each well and
the cells then incubated for an additional 2–3 h. The absorbance
was measured at 450 nm using a Spectra Max 190 microplate

Fig. 3. Effects of PFD on NR8383 cell polarization towards the M2 phenotype. Western blots and associated densitometry analysis of the
expression of the M2 phenotypic markers (a) CD206, (b) transferrin receptor, (c) YM�1, and (d) IRP�1 in NR8383 cells pre�treated with the indicate
concentrations of PFD for 24 h followed by stimulation with or without IL�4 (10 ng/ml) + IL�13 (10 ng/ml) for an additional 24 h. Data are
means ± SD from at least five experiments. #p<0.05 and ##p<0.01, when compared with the untreated group. *p<0.05 and **p<0.01, when
compared with the IL�4 + IL�13 stimulated group.
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reader (Molecular Devices, CA). All experiments were carried out
in duplicate.

Macrophage polarization under PFD treatment. NR8383 
cells grown in 12-well culture plates were cultured in Ham’s
F-12K medium/15% FBS supplemented with PFD (0, 0.1, 1, 10 or
100 μg/ml) for 24 h before treatment with chemokines to promote
macrophage polarization. After the 24 h PFD incubation, NR8383
cells were stimulated with LPS (5 ng/ml) + IFN-γ (10 ng/ml) or
IL-4 (10 ng/ml) + IL-13 (10 ng/ml), to promote M1 and M2
polarization, respectively. After an additional 24 h, cell superna-
tants were collected for ELISA analysis and the cells washed
twice with PBS and harvested in sample buffer (50 mM HEPES
pH 7.5, 200 mM NaCl, 1 mM EDTA 2Na, 2.5 mM EGTA, 0.1%
Tween-20, 10% glycerol, 0.1 mM Sodium orthovanadate, 1 mM
Sodium fluoride, protease inhibitor cocktail) for subsequent
analysis by western blotting.

Western blotting. The protein concentration of samples was
assessed by BCA protein assay. Equal amounts of protein (5 μg)
were subjected to 10% SDS-PAGE and subsequently transferred
onto polyvinylidene difluoride (PVDF) microporous membranes
(Merck Millipore, Darmstadst, Germany) as described previously.(18)

Membranes were blocked for 30 min with 4% Block ACE, and
incubated overnight at 4°C with antibodies directed against either
iNOS and TNF-α (all at 1:1,000) as M1 phenotype markers,(22) or
CD206, transferrin receptor, YM-1 and IRP-1 (all at 1:1,000)
as M2 phenotype markers,(23–25) or collagen type 1 and HSP47 (all
at 1:1,000) as collagen synthesis markers.(6,26) The membranes
were then washed in tris-buffered saline/0.5% Tween-20 (TBST)
and incubated with appropriate alkaline phosphatase-conjugated
secondary antibodies (1:20,000) for 1 h. Protein bands were
detected using the ECL prime kit and the LAS-3000 chemilumi-
nescence detection/luminescent image analyzer system (Fujifilm,
Tokyo, Japan). Densitometric analysis of protein bands was per-
formed using Image-J software.

ELISA. TGF-β1 levels in culture supernatants obtained from
NR8383 cells that had been pretreated with PFD (0, 0.1, 1, 10 or
100 μg/ml) before the induction of macrophage polarization were
examined by ELISA. The optical density of each sample was
measured at 450 nm using a Spectra Max 190 microplate reader.
The background TGF-β1 level (480 pg/ml) for cell-free medium
was subtracted from each experimental value to calculate the level
of TGF-β1 produced by the NR8383 cells.

Quantitative real�time PCR. Total RNA from RLFs cultured
in either cell-free medium or conditioned media from NR8383
cells treated as described above (see ‘Macrophage polarization
under PFD treatment’) was extracted using the Nucleo Spin RNA
kit. cDNA was synthesized using the ReverTra Ace qPCR RT Kit.
Gene-specific primers were used to examine the expression of
Col1a1 (Rn01463848_m1) and HSP47 (Rn00567777_m1) mRNA
by PCR using the Taq Man Universal PCR Master Mix. Reaction
volumes of 20 μl were loaded into 96-well optical reaction
plates with adhesive covers and reactions were performed using
the ABI PRISM 7500 real-time PCR system (Applied Biosystems,
CA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
Rn99999916_s1) served as the control target gene for reaction
efficiency. Results were analyzed using the comparative cycle
threshold (ΔΔCt) method. The primers for these genes were from
Thermo Fisher Scientific (Yokohama, Japan).

Western blot analysis of collagen type 1 and HSP47 in
RLFs. RLFs were cultured in DMEM with 10% FBS supple-
mented with cell-free medium or conditioned medium from
NR8383 cells treated with PFD (0, 1, 10 or 100 μg/ml). After 48 h,
RLF supernatants were collected, and the RLFs were washed
twice with PBS and harvested in sample buffer as described above
for subsequent analysis by western blotting.

Statistical analysis. All values are presented as mean ± SD.
Statistical analysis was performed using one-way ANOVA. P

values <0.05 were considered to be statistically significant. Statis-

tical analysis was performed with the JMP11.0 software package
(SAS Institute Inc., Cary, NC).

Results

Effects of PFD on the viability of alveolar macrophages
and lung fibroblasts. The proliferative rate of NR8383 cells
significantly decreased following treatment with PFD at a concen-
tration of 1,000 μg/ml (Fig. 1a). However, PFD concentrations of
100 μg/ml or less had no effect on NR8383 cell proliferation.
Therefore, subsequent experiments were performed using PFD
concentrations of 100 μg/ml or less. In the non-stimulated
(vehicle) NR8383 group, the OD value had increased 2.1 fold
by 72 h. The proliferative rate of RLFs significantly decreased
following treatment with 1,000 μg/ml PFD (55% of the OD value
of the vehicle group; Fig. 1b). PFD concentrations of 100 μg/ml or
less had no direct effects on the proliferation of RLFs.

PFD has no effect on the polarization of alveolar macro�
phages towards the M1 phenotype. Expression of the M1
macrophage phenotypic markers iNOS and TNF-α significantly
increased following treatment of NR8383 cells with LPS + IFN-γ
(Fig. 2a and b). PFD treatment had no effect on the protein levels
of these M1 phenotypic markers.

PFD attenuates the expression of M2 phenotypic markers
in alveolar macrophages. Expression of the M2 macrophage
phenotypic markers CD206, transferrin receptor, YM-1 and IRP-1
significantly increased after treatment of NR8383 cells with IL-
4 + IL-13 (Fig. 3). PFD treatment significantly decreased the
expression of these M2 phenotypic markers in a dose-dependent
manner.

PFD suppresses TGF�β1 release from M2 alveolar macro�
phages. TGF-β1 levels in the culture supernatants of NR8383
cells were significantly increased by IL-4 + IL-13. PFD dose-
dependently attenuated this increase in TGF-β1 at concentrations
of 10 μg/ml or more (Fig. 4). Moreover, TGF-β1 levels in the
10 μg/ml and 100 μg/ml PFD treatment groups decreased to 70%
and 50% of that of the naïve cell group, respectively.

PFD attenuates the proliferative effects of M2 alveolar
macrophage culture supernatants on lung fibroblasts.
RLF proliferation was unaffected by treatment with either 10%
cell-free medium supplemented with LPS + IFN-γ and varying

Fig. 4. Effects of PFD on TGF�β1 levels in the culture supernatants of
NR8383 cells stimulated with IL�4 + IL�13. NR8383 cells were pre�treated
with the indicated concentrations of PFD for 24 h and then treated with
or without IL�4 (10 ng/ml) + IL�13 (10 ng/ml) for an additional 24 h as
indicated. TGF�β1 levels in culture supernatants were quantified by
ELISA. Data are means ± SD from six experiments. #p<0.05, when
compared with the untreated group. *p<0.01, when compared with the
IL�4 + IL�13 stimulated group.
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concentrations of PFD (Fig. 5a), or 10% conditioned medium
obtained from NR8383 cell cultures stimulated with LPS + IFN-γ
and varying concentrations of PFD (Fig. 5b). RLF proliferation
significantly increased after stimulation with 10% cell-free
medium containing IL-4 + IL-13, while 10% cell-free medium
containing varying concentrations of PFD had no effect on prolif-
eration (Fig. 5c). However, the proliferation of RLFs was signifi-
cantly attenuated by 10% NR8383 cell conditioned media
containing IL-4 + IL-13 and PFD at concentrations of 10 μg/ml
or more (Fig. 5d).

Effects of PFD on Col1a1 and HSP47 mRNA expression in
lung fibroblasts. PFD treatment had no effect on Col1a1

(Fig. 6a) and HSP47 (Fig. 6b) mRNA expression in RLFs treated
with 10% cell-free medium containing IL-4 + IL-13. However,
Col1a1 and HSP47 RLF mRNA levels increased significantly
following treatment with 10% conditioned medium from NR8383
cells stimulated with IL-4 + IL-13. The expression of these
mRNAs was only significantly suppressed when RLFs were
cultured with conditioned medium from NR8383 cells treated with
the highest concentration of PFD (100 μg/ml).

PFD attenuates the levels of collagen type 1 and HSP47 in
lung fibroblasts. PFD treatment had no effect on the levels of
collagen type 1 (Fig. 7a) and HSP47 (Fig. 7c) in RLFs treated with
10% cell-free medium containing IL-4 + IL-13. However, the
levels of these proteins significantly increased following treatment
with 10% conditioned medium from NR8383 cells stimulated
with IL-4 + IL-13. The levels of these proteins were significantly
suppressed when RLFs were cultured with conditioned medium
from NR8383 cells treated with PFD (10, 100 µg/ml; Fig. 7b and d).

Discussion

This is the first study to show that PFD suppresses fibroblast
proliferation through the inhibition of macrophage polarization
towards the M2 phenotype, and not by the direct effect of the drug
on the fibroblasts themselves. Although PFD did not affect M1
macrophage polarization, low concentrations of PFD (10 μg/ml)
suppressed polarization towards the M2 phenotype, under our
experimental conditions. Effective PFD doses observed in this
study are in a similar range to the maximal plasma concentrations

Fig. 5. Effects of conditioned media from PFD�treated NR8383 cells on RLF proliferation. RLF proliferation following 24 h culture in either (a) 10%
cell�free medium containing LPS (5 ng/ml) + IFN�γ (10 ng/ml) and PFD (0, 1, 10 or 100 μg/ml), (b) 10% conditioned medium from NR8383 cells
stimulated with LPS + IFN�γ after 24 h pre�treatment with PFD, (c) 10% cell�free medium containing IL�4 (10 ng/ml) + IL�13 (10 ng/ml) and PFD or (d)
10% conditioned medium from NR8383 cells stimulated with IL�4 + IL�13 after 24 h pre�treatment with PFD. Treatments are as follows; A: 10%
cell�free medium or conditioned medium with no stimulation; B0, B1, B10, B100: 10% cell�free media or conditioned media containing LPS + IFN�γ
and PFD (0, 1, 10 or 100 μg/ml); C0, C1, C10, C100: 10% cell�free media or conditioned media containing IL�4 + IL�13 and PFD (0, 1, 10 or 100 μg/ml).
Data are means ± SD from six experiments. All experiments were conducted in duplicate. #p<0.05, when compared with A group, and *p<0.05, when
compared with C0 group.
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of this drug observed in humans when used at the recommended
clinical dose.(11)

Macrophages can influence a variety of pathologies and are able
acquire several phenotypes.(27–29) Among the various macrophage
phenotypes, the M2 phenotype has been shown to be associated
with the secretion of pro-fibrotic factors and the promotion the
fibroblast proliferation.(19) M2 macrophage numbers have been
reported to be elevated in lung tissue in a mouse model of pulmo-
nary fibrosis.(30) Therefore, the inhibitory effects of PFD observed
in our study are of potential relevance for the suppression of
lung fibrosis.

The increase in protein expression of M2 phenotype markers in
NR8383 cells was suppressed following PFD treatment and was
approximately 90–110% of the level observed for naïve cells
(unstimulated macrophage) with a PFD concentration of 10 µg/ml,
and approximately 75–90% with a PFD concentration of 100 µg/ml
(Fig. 3). It has been suggested that PFD not only suppresses
IL-4 + IL-13-dependent macrophage polarization towards the M2
phenotype, but also the inherent propensity for naïve cells to
polarize towards this phenotype.(31) Similarly, we have shown that
PFD can suppress the increase in TGF-β1 levels induced by IL-
4 + IL-13 (Fig. 4). TGF-β1 is secreted by M2 macrophages(32) and
has been shown to induce polarization from the M0 to the M2
phenotype by autocrine action.(33) PFD may suppress both macro-
phage polarization towards the M2 phenotype and TGF-β1 levels
secreted from M2 macrophages through its effects on paracrine
and autocrine signaling.

Although it had been reported that the proliferation of fibroblast
in vitro can be attenuated following treatment with PFD at concen-

trations of 300–1,000 μg/ml,(12,13) in our experiments 1,000 μg/ml
PFD showed toxicity towards fibroblasts (Fig. 1b). The addition
of 10% cell-free medium containing 10 μg/ml PFD did not affect
RLF proliferation (Fig. 5a and c). Although conditioned medium
from NR8383 cells treated with IL-4 + IL-13 promoted RLF
proliferation, the same conditioned medium from NR8383 cells
that had also been treated with PFD (10 μg/ml) suppressed RLF
proliferation significantly (Fig. 5d). These results suggest that low
doses of PFD may be effective in suppressing the proliferation of
fibroblasts by suppressing macrophage polarization towards the
M2 phenotype. However, Col1a1 and HSP47 mRNA expression
was suppressed by the addition of conditioned medium treated
with the highest concentration of PFD (Fig. 6), whereas collagen
type1 and HSP47 protein levels were significantly suppressed by
the addition of conditioned medium treated with the lowest dose of
PFD (10 μg/ml; Fig. 7b and d). HSP47 transiently associates with
procollagen and is involved in collagen processing.(26) Therefore,
these results suggest that PFD post-transcriptionally suppressed
the collagen triple helix by suppressing polarization to M2 pheno-
type macrophages. Furthermore, various bio-activators derived
from NR8383 cells are affected by PFD, and can suppress the
expression of fibrogenesis-related proteins in RLFs. In biological
fibrosis environment, macrophages in closed to fibroblasts may
release much higher concentrations of various bio-activators.
These mechanisms should be examined in detail in the future.

Supplemental Fig. 1* showed that PFD treatment significantly
decreased the hydroxyproline content and the levels of an M2
phenotypic marker in bleomycine (BLM)-treated rat lung tissue
at concentrations of 10 mg/kg or more.

Fig. 6. Effects of conditioned medium from PFD�treated NR8383 cells on Col1a1 and HSP47 mRNA expression in RLFs. RLFs were incubated at 37°C
for 24 h. RLFs were stimulated with either 10% cell�free medium or conditioned media from NR8383 cells pre�treated with the indicated concentra�
tions of PFD. Col1a1 mRNA (a) and HSP47 mRNA (b) expression were measured by real�time PCR and values were normalized to GAPDH. Treatments
are as described Fig. 5. Each bars represents the following; open bar: cell�free medium; shaded bar: conditioned medium from naïve cells; closed
bar: conditioned medium from NR8383 cells stimulated with IL�4 + IL�13; hatched bars: conditioned medium from NR8383 cells stimulated with IL�
4 + IL�13 and indicated concentrations of PFD. Data are means ± SD from six experiments. #p<0.05 and ##p<0.01, when compared with A group and
*p<0.01, when compared with C0 group.

*See online. https://www.jstage.jst.go.jp/article/jcbn/63/1/jcbn17�111/_article
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The mortality of acute exacerbations of IPF (AE-IPF) is a
serious clinical problem. Kimura et al.(34) established a BLM-
induced mouse model for AE-IPF triggered by LPS. Because
LPS promoted macrophage polarization towards the M1 pheno-
type (Fig. 2), it is possible that both M2 phenotype macrophages
(induced by BLM) and M1 phenotype macrophages (induced by
LPS) exist in AE-IPF lung. In our study, PFD did not suppress the
polarization of M1 macrophages (Fig. 2), which release pro-
inflammatory chemokines to amplify the inflammatory response.(16)

Clinically, it has been reported that PFD is not effective in AE-IPF
patients with acute inflammation.(35) Therefore, using PFD in
combination with other drugs that suppress the activation of M1
macrophages or the inflammatory response(36) may prove to be a
more effective therapeutic strategy for AE-IPF.

In conclusion, this study has shown that clinically relevant

concentrations of PFD can suppresses the proliferation and
collagen levels of fibroblasts in vitro through the suppression of
macrophage polarization towards the M2 phenotype. Further
elucidation of the suppressive mechanisms by which PFD exerts
its effects on macrophages and further study of the effects of PFD
on macrophage polarization in vivo may lead to the development
of more effective drugs for the treatment of fibrosis as well as
other macrophage-related diseases.(26–28)
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Fig. 7. Effects of conditioned medium from PFD�treated NR8383 cells on collagen type 1 and HSP47 protein levels in RLFs. RLFs were treated as
described in Fig. 6. The cell lysates were collected after 48 h of culture and examined by western blotting. (a) Collagen type 1 and (c) HSP47 after
treatment with 10% cell�free medium. (b) Collagen type 1 and (d) HSP47 after treatment with 10% conditioned medium. Treatments were as
follows: A: 10% cell�free medium or conditioned medium with no stimulation; C0, C1, C10, C100: 10% cell�free media or conditioned media contain�
ing IL�4 + IL�13 and PFD (0, 1, 10 or 100 μg/ml). Data are means ± SD of six experiments. All experiments were conducted in duplicate. #p<0.01, com�
pared with group A, and *p<0.01, compared with group C0.
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BLM bleomycine
DMSO dimethyl sulfoxide
FBS fetal bovine serum
GAPDH glyceraldehyde-3-phosphate dehydrogenase
HSP47 heat shock protein 47
IFN-γ interferon-γ
IL-4 interleukin-4
IL-13 interleukin-13
iNOS inducible nitric oxide synthase
IPF idiopathic pulmonary fibrosis
IRP-1 iron regulatory protein-1

LPS lipopolysaccharide
PFD pirfenidone
PVDF polyvinylidene difluoride
RLF rat lung fibroblast
TGF-β1 transforming growth factor β1
TNF-α tumor necrosis factor-α
WST-8 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-

(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt
YM-1 chitinase 3-like protein 3 + chitinase 3-like protein 4
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