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A novel anti-fibrotic agent pirfenidone suppresses tumor necrosis
factor-a at the translational level
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Abstract

A new experimental drug pirfenidone (5-methyl-1-phenyl-2-1H-pyridine-2-one) has been reported to have beneficial effects for the
treatment of certain fibrotic diseases. Here, we studied the anti-inflammatory activities of pirfenidone by investigating the mechanism of its
inhibitory effect on cytokine production. In RAW264.7 cells, a murine macrophage-like cell line, pirfenidone suppressed the
proinflammatory cytokine tumor necrosis factor-a (TNF-a) by a translational mechanism, which was independent of activation of the
mitogen-activated protain kinase (MAPK) 2, p38 MAP kinase, and c-Jun N-terminal kinase (JNK). In the murine endotoxin shock model,
pirfenidone potently inhibited the production of the proinflammatory cytokines, TNF-a, interferon-y, and interleukin-6, but enhanced the
production of the anti-inflammatory cytokine, interleukin-10. The in vivo model also showed that pirfenidone suppressed the cytokine
production by a translational mechanism, though interleukin-10 transcription was activated by pirfenidone. These findings show that
pirfenidone inhibits the production of the proinflammatory cytokine selectively at the translational level. Therefore, cytokine inhibitory
activities play an important role in the anti-inflammatory activities of pirfenidone. Coupled with the fact that this inhibitory effect is selective,
translational, and not for total protein synthesis, this drug may have a clinical effect on inflammation and fibrosis with very low toxicity.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the primary immune response to infection or injury,
macrophages synthesize proinflammatory cytokines, such as
tumor necrosis factor-a (TNF-a), interleukin-6, and inter-
feron-y, which play important roles in promoting inflam-
matory processes (van Deuren et al., 1992; Bendtzen, 1988).
The proinflammatory cytokines are highly expressed in the
injured tissues and induced when macrophages are exposed
to Gram-negative bacterial endotoxins (van Deuren et al.,
1992; Bendtzen, 1988; Blackwell and Christman, 1996;
Ozmen et al., 1994). Therefore, cytokine synthesis inhib-
itors prevent the immune response to invasive stimuli.

The proinflammatory cytokines are involved in the
pathogenesis of fibrosis. The series of events can be divided
into three stages: (1) the inflammatory process (Piguet et al.,
1989, 1990, 1993); (2) tissue injury; and (3) the subsequent
restoration process of woundhealing (Piguet et al., 1989;
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Khalil et al., 1996; Yoshida et al., 1995). The inflammatory
process occurs with the production of proinflammatory
cytokines, such as TNF-a. TNF-a was highly expressed
in the lungs of mice, which had received bleomycin (Piguet
et al., 1989). Therefore, the cytokine synthesis inhibitors
have anti-fiborosis activity.

Pirfenidone (5-methyl-1-phenyl-2-(1H)-pyridone) is cur-
rently being evaluated as an anti-fibrotic agent. Pirfenidone
can prevent formation of experimentally induced fibrotic
lesions, and reduce or remove excessive fibrotic lesions or
scar tissue (Iyer et al., 1995; Shimizu et al., 1996). In the
progression of fibrosis, the proinflammatory cytokines con-
tinuously cause tissue inflammation and overexpression of
collagen occurs due to an excessive response of repairing
injured tissue (Zhang and Phan, 1996; van den Blink et al.,
2000; Selman et al., 2001). Previous studies showed that
pirfenidone downregulates the proinflammatory cytokine
expression, fibroblast proliferation, and collagen matrix syn-
thesis (Cain et al., 1998; Gurujeyalakshmi et al., 1999).
Therefore, studies of the cytokine inhibition mechanism by
pirfenidone are important for clarifying the effects of this
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drug on the mechanisms of immune system and fibrosis.
However, the detailed mechanism remains to be elucidated.

In the present study, we show that the suppression of
proinflamatory cytokines by lipopolysaccharide is specific,
translational, and independent of mitogen-activated protein
kinase (MAPK) 2, p38 MAP kinase and c-Jun N-terminal
kinase (JNK). Because of the posttranscriptional inhibition,
pirfenidone inhibits cytokine production even when cyto-
kine transcription becomes fully activated by lipopolysac-
charide. In the in vivo application of pirfenidone, cytokine
inhibition is posttranscriptional and independent of MAPK2
as in vitro, and it can enhance the production of the
protective interleukin-10.

2. Materials and methods
2.1. Animals and reagents

Female C57BL/6 mice (7—11 weeks) were purchased
from Charles River Japan (Osaka, Japan). Lipopolysacchar-
ide from Escherichia coli strain O55:B5 prepared by Boi-
von’s method was obtained from Difco Laboratories (Detroit,
MI). p-Galactosamine hydrochrolyde was purchased from
Tokyo Chemicals (Tokyo, Japan). Actinomycin D was ob-
tained from Sigma (St. Louis, MO). Multigel and immobilon
polyvinylidene difluoride (PVDF) transfer membrane were
purchased from Daiichi Pure Chemicals (Tokyo, Japan).
RPMI 1640 was purchased from Nikken (Kyoto, Japan).
Fetal calf serum was obtained from Hyclone (Logan, UT).
Penicillin—streptomycin was obtained from Life Technolo-
gies (Grand Island, NY).

All experiments using animals were followed according
to Animal Care and Use Committee of Shionogi (Shionogi).

2.2. RAW264.7 cell culture

RAW264.7 murine macrophage-like cells were obtained
from American Type Culture Collection (Rockville, MD)
and maintained in culture as described previously (Jue et al.,
1990; Cohen et al., 1996). The confluent cells in 96-well
plates were treated with lipopolysaccharide (1 pg/ml) in the
absence or presence of pirfenidone. Next, after washing
with phosphate buffered saline (PBS), the cells were lysed
by cell lysis buffer (New England Biolabs, Beverly, MA).
Cytokines in conditioning media and cell lysates were
measured by enzyme-linked immuno-solvent assay (ELISA)
as described below. Cell viability was measured by Cell
counting kit (Dohjin Chemicals, Japan) after simulation
with lipopolysaccharide.

2.3. Cytokine assays
TNF-a, interleukin-1, interleukin-6, interleukin-10, and

interferon-y concentrations in the supernatants and cell
lysates were determined by ELISA kits purchased from

Genzyme Techne (Minneapolis, MN). All ELISA kits were
utilized as described by the manufacturers.

2.4. Metabolic labeling

RAW264.7 cells were cultured with lipopolysaccharide (1
pg/ml) in the absence or presence of pirfenidone for 2 h, then
incubated for another 30 min in methionine-free media. After
1 h labeling with [**S]methionine (Amersham Pharmacia
Biotech, Buckinghamshire, UK), the cells were lysed by cell
lysis buffer after washing with PBS. The metabolically
labeled conditioning media and cell lysates were collected
by centrifugation and precleared with Protein G Sepharose FF
(Amersham Pharmacia Biotech). Subsequently, TNF-a pro-
teins were immunoprecipitated with rat monoclonal anti-
mouse antibody (BD PharMingen, San Diego, CA) and
Protein G Sepharose FF. Immune precipitates were separated
with Multigel-15/25. The gels were then amplified, vacuum
dried, and exposed to X-ray film at — 70 °C. For measure-
ment of the pirfenidone effect on protein synthesis, the total
labelled cell lysates were treated with hot trichloroacetic acid
and counted by liquid scintillation counter.

2.5. Northern blot analysis

RAW264.7 cells were cultured with lipopolysaccharide
(1 pg/ml) in the absence or presence of pirfenidone for 4 h.
Next, total cellular RNA was isolated from cells with an
RNeasy mini kit (QIAGEN, Hilden, Germany). The 2-ug
samples of RNA were electrophorased through 1% agarose
gel and transferred to a nylon membrane. For standardiza-
tion, ribosomal RNAs were detected by soaking the blot in
methylene blue solution. Hybridization in 0.5 M sodium
phosphate pH 7.2, 1% bovine serum albumin (BSA), 1 mM
EDTA, and 7% sodium dodecyl sulfate (SDS) at 45 °C and
washing in 2 X standard saline citrate (SSC) and 0.1% SDS
at 25 °C were done with TNF-a probe. RT-PCR amplimer
sets for mouse TNF-a (Clontech, Palo Alto, CA) were used
to prepare probe for TNF-a probe.

2.6. TNF-a transcript stability

RAW264.7 cells were cultured with lipopolysaccharide
(1 pg/ml) in the absence or presence of pirfenidone for 4 h.
Total RNA was isolated from parallel cultures before and at
various times after transcriptional arrest with 5 ug/ml actino-
mycin D. The relative levels of TNF-« transcripts in total
RNA from each sample were determined by reverse tran-
scriptase-polymerase chain reaction (RT-PCR) analysis, as
described below.

2.7. RT-PCR analysis
Total RNA was reverse transcribed by using First-strand

synthesis system for RT-PCR kit (Life Technologies) and
amplified by ExTaq DNA polymerase (Takara, Kyoto,
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Japan). The thermo-cycle conditions were 95 °C for 2
min, 60 °C for 1 min, and 72 °C for 1 min for denaturing,
annealing, and extension. RT-PCR amplimer sets for mouse
TNF-q, interleukin-6, interferon-y, and interleukin-10
(Clontech) were used for PCR. The PCR products were
analyzed on a 2% agarose gel and visualized by ethidium
bromide fluorescence.

2.8. MAPK?2 assay

A total of 1 X 10° RAW264.7 cells in six-well plates
were starved in medium containing 0.1% bovine serum
albumin for 16 h. The cells were then pretreated with
pirfenidone (300 pg/ml) and, 3 h later, cultured with lip-
opolysaccharide (1 pg/ml) for 30 min. After washing with
PBS, the cells were lysed using 200 ul cell lysis buffer (50
mM HEPES (pH 7.5), 150 mM NaCl, 1.5 mM MgCl,, 1
mM EGTA, 10% glycerol, 1% Triton X-100, 100 mM NaF,
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Fig. 1. Effect of pirfenidone on TNF-a secretion and expression in
lipopolysaccharide-stimulated RAW264.7 cells. (A) RAW264.7 cells were
treated with lipopolysaccharide (1 pg/ml) in the absence or presence of
pirfenidone at indicated concentrations for 8 h. TNF-a in conditioning
medium and cell lysate was measured by ELISA. Data shown are
mean®SD (n=3). (B) RAW264.7 were treated with lipopolysaccharide (1
pg/ml) in the absence or presence of pirfenidone at indicated concentrations
for 2.5 h. After being labeled with [>*S]methionine for 1 h, conditioning
medium and cell lysate were immunoprecipitated with anti-TNF Ab.
Samples were analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and visualized by fluorography. LPS: lip-
opolysaccharide.
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Fig. 2. Interleukin-10 was much less induced by lipopolysaccharide than
TNF-a in RAW264.7 cells, and pirfenidone did not enhance interleukin-10
induction. RAW264.7 cells were treated with lipopolysaccharide (1 pg/ml)
in the absence or presence of pirfenidone at indicated concentrations for 8
h. TNF-a and interleukin-10 in conditioning medium was measured by
ELISA. Data shown are mean+SD (n=3). UD: underdetectable limit.

1 mM phenylmethylsulfonyl fluoride, 10 pg/ml aprotinin).
Protein concentrations were determined using a BCA (bicin-
choninic acid) protein assay (Pierce, Rockford, IL). For
determination of MAPK?2, c-Jun N-terminal kinase and p38
MAP kinase activities, SAPK/c-Jun kinase Assay Kit and
SAPK2a/p38/RK Assay Kit (Upstate Biotechnology, Lake
Placid, NY) were used. Each sample was separated on
Multigel-10/20. The gels were then vacuum dried and
exposed to X-ray film at — 70 °C.

2.9. Western blot analysis

Cell lysates were prepared from 1 X 10° RAW264.7 cells
in six-well plates as described above. A total of 150 pl cell
lysates were concentrated by Microcon-10 (Millipore, Bed-
ford, MA), added to Laemmli buffer and boiled for 5 min.
The sample was separated using Multigel-12.5, and trans-
ferred to a PVDF membrane. The membrane was probed
with anti-phospho-activation transcription factor (ATF2) or
anti-phospho-c-Jun (Upstate), the substrate of p38 MAP
kinase and JNK, and subsequently incubated with a secon-
dary anti-rabbit antibody conjugated to horse radish perox-
idase (New England Biolabs). Bands were detected using
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Fig. 3. Lack of effect of pirfenidone on TNF-a mRNA induction by
lipopolysaccharide in RAW 264.7 cells. RAW264.7 cells were cultured
with lipopolysaccharide (1 pg/ml) in the absence or presence of pirfenidone
for 4 h and total cellular RNA was isolated. Two-microgram samples of
RNA were electrophorased, standardized by ribosomal RNAs detection, and
used for Northern blot analysis with TNF-a probe as Materials and
methods. LPS: lipopolysaccharide.
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ECL Western Blotting Detection Reagent (Amersham Phar-
macia Biotech).

2.10. Experimentally induced endotoxic shock and protocols

C57BL/6 mice received oral administration of pirfeni-
done. After 10 min, murine endotoxin shock was induced by
intraperitoneal injection with 50 pg/kg lipopolysaccharide
and 250 mg/kg p-galactosamine hydrochrolyde. Each
mouse was sacrificed at various time points after lipopoly-
saccharide treatment and the plasma was harvested. All
plasma were stored at —80 °C until cytokine assays.
Plasma cytokine levels were measured by ELISA, as
described above. For determination of the transcription level
of each inflammatory cytokine, spleens were removed from
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Fig. 4. Posttranscriptional suppressive effect of pirfenidone on TNF-a
production. (A) Effect of pirfenidone on TNF-a production, when added to
RAW?264.7 cells at the same time or after lipopolysaccharide. RAW264.7
cells were incubated without (closed square) or with 300 pug/ml pirfenidone
either at the same time (closed triangle) or 4 h (x) after 1 pg/ml
lipopolysaccharide treatment. Control cells were not treated with lip-
opolysaccharide (open square). TNF-a in conditioning medium was
measured by ELISA. Each value represents mean+SD (n=3). (B) Effect
of pirfenidone on TNF-a production after transcriptional arrest by
actinomycin D. RAW264.7 cells were treated only with lipoplysaccharide
(1 pg/ml) for 4 h, and conditioning medium was changed for new medium
containing lipopolysaccharide, pirfenidone, and actinomycin D (5 pg/ml).
TNF-a in conditioning medium at 2 h after the medium change was
measured by ELISA. Each value represents mean+SD (n=3). LPS:
lipopolysaccharide.
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Fig. 5. Lack of effect of pirfenidone on TNF-a transcript stability in
lipopolysaccharide-stimulated RAW264.7 cells. RAW264.7 cells were
cultured with lipopolysaccharide (1 pg/ml) in the absence or presence of
300 pg/ml pirfenidone for 4 h and then treated with 5 pg/ml actinomycin D
to inhibit new mRNA synthesis. At the times indicated, total cellular RNA
was isolated and analyzed for TNF-a mRNA by RT-PCR method. LPS:
lipopolysaccharide.

individual mice at the times indicated, and total spleen RNA
was isolated using TRIzol reagent (Life Technologies).
Cytokine expressions were determined by RT-PCR analysis,
as described above. All experiments using animals were
followed according to Animal Care and Use Committee of
Shionogi (Shionogi).

3. Results
3.1. Pirfenidone suppression of TNF-« is translational

To investigate the mechanism of pirfenidone action on
cytokine synthesis, we used the murine macrophage-like
cell line RAW264.7. First, we determined whether pirfeni-
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Fig. 6. Lack of effect of pirfenidone on MAPK2 pathway in lip-
opolysaccharide-stimulated RAW264.7 cells. RAW264.7 cells were starved
for 16 h and pretreated with 300 pg/ml pirfenidone for 3 h prior to a 30 min
stimulation with 1 pg/ml lipopolysaccharide. The cells were lysed, and an
equal amount of each sample was analyzed for (A) MAPK2 activity and (B)
phosporylation of the MAPK?2 substrates as Materials and methods. LPS:
lipopolysaccharide.
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done inhibits TNF-a secretion or expression when
RAW264.7 cells were exposed to lipopolysaccharide for 8
h. Exposure of RAW264.7 cells to pirfenidone significantly
suppressed the levels of both cell-associated and secreted
TNF-a by ELISA (Fig. 1A). But pirfenidone did not affect
RAW264.7 cell viability (data not shown).

We then examined the effect of pirfenidone on TNF-a
synthesis by metabolically labeling lipopolysaccharide-
stimulated RAW264.7 cells with [>>S]methionine for 1 h
in the absence or presence of pirfenidone. The levels of
synthesized pro-TNF-a and mature protein were monitored
by immunoprecipitation analysis of cell lysates and con-
ditioning medium. As shown in Fig. 1B, 26 kDa pro-TNF-a
measured in the cell lysates was inhibited by pirfenidone in
the same manner as 17 kDa mature-TNF-« in the condition-
ing medium. Pirfenidone did not affect total *>S-labelled
protein synthesis (data not shown). These results provide
direct evidence that the mechanism of pirfenidone action
occurs via inhibition of cytokine synthesis, and not by
suppressing cytokine release or processing.

We also investigated whether anti-inflammatory cytokine
interleukin-10 expression is enhanced by pirfenidone in
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RAW264.7 cells. Interleukin-10 was undetectable level in
lipopolysaccharide-treated RAW264.7 cells. As shown in
Fig. 2, pirfenidone was not able to enhance interleukin-10
expression.

Next, we determined whether pirfenidone inhibits the
TNF-a transcription. Northern blots of total RNA extracted
from RAW264.7 cells treated concomitantly with lipopoly-
saccharide and pirfenidone showed that pirfenidone had no
effect on the level of TNF-a mRNA (Fig. 3). So pirfenidone
did not affect lipopolysaccharide-stimulated TNF-a tran-
scription. This finding was confirmed in experiments, in
which pirfenidone was added to the cells at 4 h after the
lipopolysaccharide challenge when TNF-a transcription was
fully activated, and was able to suppress TNF-a production
at 8 h after the lipopolysaccharide challenge (Fig. 4A). The
level of TNF-a mRNA at 2 h after the pirfenidone addition
at 4 h after the lipopolysaccharide challenge was same as
that at 6 h after the lipopolysaccharide challenge (data not
shown). In addition, pirfenidone suppressed lipopolysac-
charide-induced TNF-a production even after transcrip-
tional arrest by actinomycin D added at the time when
TNF-« transcription was fully activated by lipopolysacchar-
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Fig. 7. Pirfenidone suppression of TNF-a (A), interferon-y (B), and interleukin-6 (C) production but enhancement of interleukin-10 (D) production in
lipopolysaccharide-injected mice. Female C57BL/6 mice were pretreated with 500 mg/kg pirfenidone 10 min before intraperitoneal injection of 50 ng/kg
lipopolysaccharide and 250 mg/kg D-galactosamine. Plasma from two mice were used for cytokine production analysis by ELISA. All cytokine
determinations are representative two independent experiments.
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ide (Fig. 4B). Therefore, the effect of pirfenidone on TNF-a
production is posttranscriptional.

To determine whether pirfenidone affects posttranscrip-
tional events by reducing the stability of mRNA, we
compared the decay profiles of TNF-oo mRNA in lipopoly-
saccharide-stimulated RAW264.7 cells incubated with and
without pirfenidone. As shown in Fig. 5, the decay patterns
of TNF-ao mRNA in both pirfenidone-treated and untreated
RAW264.7 cells were very similar. Therefore, pirfenidone
had no effect on the mRNA stability.

3.2. The effect of pirfenidone is independent of MAPK?2

The MAPK2s, p38 MAPK and c-Jun N-terminal kinase
(JNK), regulate lipopolysaccharide-stimulated cytokine
translation (Lee et al., 1994; Swantek et al., 1997; Ander-
sson and Sundler, 2000). We tested whether the posttran-
scriptional effect of pirfenidone is due to interference with
MAPK?2 pathways. Fig. 6A shows that the activation of p38
and JNK by lipopolysaccharide was not influenced by
pretreatment with pirfenidone. The data was the same when
pirfenidone was added at the time of lipopolysaccharide
addition (data not shown). It is reported that the peak
activity occurs at approximately 30 min poststimulation by
lipopolysaccharide (Swantek et al., 1997).

We also determined whether pirfenidone has an effect on
the phosphorylation of ATF-2 and c-Jun, the substrate of
p38 and JNK, by lipopolysaccharide. Fig. 6B shows that
pirfenidone did not inhibit phophorylation of ATF-2 and c-
Jun in RAW264.7 cells. The phosphorylation of ATF-2 and
c-Jun in both lipopolysaccharide and pirfenidone-treated
RAW264.7 cells decreased same as that in only lipopoly-
saccharide-treated cells from 30 min until 7 h after lip-
opolysaccharide treatment (data not shown). Therefore, the
pirfenidone posttranscriptional effect on cytokine produc-
tion is independent of the MAPK2 pathway.

3.3. The effect of pirfenidone on cytokine production is
posttranscriptional

Based on the above in vitro data, we surmised that
pirfenidone can also have a posttranscriptional effect on
cytokine production in vivo.

First, we determined whether pirfenidone could regulate
cytokine production in serum of lipopolysaccharide-injected
mice. We administered pirfenidone (250 mg/kg) orally to
mice, followed by an intraperitoneal injection of lipopor-
ysaccharide (50 pg/kg) and 250 mg/kg p-galactosamine
hydrochrolyde 10 min later, and determined the serum
levels of the different cytokines at 1.5 and 4.5 h after the
lipopolysaccharide challenge. As shown in Fig. 7, pirfeni-
done suppressed serum levels of TNF-«, interferon-y, and
interleukin-6, but the suppression of interleukin-6 produc-
tion was weak. In contrast, under parallel experimental
conditions, anti-inflammatory interleukin-10 production
was enhanced by pirfenidone.
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Fig. 8. Pirfenidone does not suppress TNF-a, interferon-vy, and interleukin-
6 mRNA expression but enhances interleukin-10 mRNA expression in
spleen from lipopolysaccharide-injected mice. Female C57BL/6 mice were
pretreated with 500 mg/kg pirfenidone 10 min before intraperitoneal
injection of 50 pg/kg lipopolysaccharide and 250 mg/kg D-galactosamine.
Spleen was isolated 1.5 h after lipopolysaccharide for TNF-a,
interleukin-6, and interleukin-10, 4.5 h after lipopolysaccharide for
interferon-y, and used for RT-PCR analysis of cytokine mRNA
expression. LPS: lipopolysaccharide.

Next, we determined the cytokine mRNA levels in spleen
at 1.5 and 4.5 h after the lipopolysaccharide challenge.
Similar to its in vitro effect, pirfenidone had no effect on
the levels of TNF-q, interferon-y, and interleukin-6 (Fig. 8).
On the other hand, pirfenidone enhanced the interleukin-10
mRNA level. Taken together, though pirfenidone upregu-
lates the transcriptional level of the anti-inflammatory
cytokine interleukin-10, Pirfenidone also downregulates
the posttranscriptional level of the preinflammatory cyto-
kine production in vivo.

4. Discussion

In the primary immune response, the inflammation is
regulated by cytokine induction and function. The proin-
flammatory cytokines, such as TNF-a, interferon-y, and
interleukin-6, are highly expressed in the inflammatory
tissue site, and induced when macrophages are exposed to
Gram-negative bacterial endotoxins (van Deuren et al.,
1992; Bendtzen, 1988; Blackwell and Christman, 1996;
Ozmen et al., 1994). On the other hand, the anti-inflamma-
tory cytokines, such as interleukin-10, suppress induction of
the proinflammatory cytokines (Fiorentino et al., 1991;
Howard et al., 1993). Therefore, cytokine synthesis inhib-
itors have anti-inflammatory effects and can be used clin-
ically as anti-inflammatory drugs (McNiff et al., 1995;
Takahashi et al., 1993; Karin, 1998).
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Pirfenidone, a small molecular weight molecule (m.w. of
185.2), is known to be a broad spectrum anti-fibrotic agent.
It has been developed for clinical use against idiopathic
pulmonary fibrosis, which is extremely difficult to treat.
Pirfenidone can safely arrest further progression of existing
fibrotic lesions, reduce or remove excessive fibrotic lesions
or scar tissue, and prevent the development of fibrotic
lesions (Iyer et al., 1995; Shimizu et al., 1996). Pirfenidone
is also reported to regulate cytokine synthesis. Pirfenidone
suppresses not only growth factors, such as platelet-derived
growth factor (PDGF) (Gurujeyalakshmi et al., 1999) and
transforming growth factor (TGF)-p (Iyer et al., 1999), that
increase the fibrotic lesion, but also proinflammatory cyto-
kines, such as TNF-a and interleukin-6 (Cain et al., 1998). It
is reported that TNF-a, one of the proinflammatory cyto-
kines, is expressed in the lung of mice that receive bleomy-
cin and plays an important role in primary fibrosis formation
(Piguet et al., 1989, 1990, 1993). The process of the fibrosis
formation can be divided into three stages: (1) the inflam-
matory process, (2) tissue injury, and (3) a subsequent
restoration process of woundhealing (Khalil et al., 1996;
Yoshida et al., 1995). Therefore, the suppressive effect of
pirfenidone on TNF-a production is one of the important
factors of the anti-fibrotic pirfenidone action.

In our current study, pirfenidone selectively suppressed
cytokine induction by lipopolysaccharide, but not the tran-
scription and mRNA stability. Therefore, the suppressive
effect of pirfenidone on cytokine synthesis is posttranscrip-
tional. From in vitro data, pirfenidone suppressed induction
of both 26 kDa pro-TNF-a in cells and 17 kDa mature-TNF-
« in medium. TNF-a coverting enzyme is known as a pro-
TNF-a processing enzyme. However, because pirfenidone
suppressed intracellular pro-TNF-a, the suppression is not
dependent on TNF-a coverting enzyme but translational.

MAPK2s, p38 MAPK, and c-Jun N-terminal kinase
(JNK) are know to regulate cytokine production at the post-
transcriptional level. (Lee et al., 1994; Swantek et al., 1997;
Andersson and Sundler, 2000). Indeed, it is reported that the
p38 MAPK inhibitors, SB203580 (4-(3-fluorophenyl)-2-(4-
methylsulfinylphenyl)-5-(4-pyridyl) 1H-imidazole) (Ander-
sson and Sundler, 2000), SB202190 (4-(4-fluorophenyl)-2-
(4-hydroxyphenyl)-5-(4-pyridyl) 1 H-imidazole) (Manthey et
al., 1998), and CNI-1493 (N,N-bis[3,5-bis[1-(aminoimino-
methyl)hydrazonoethyl]phenyl]decanediamide tetrahydro-
chloride) (Cohen et al., 1996) suppress cytokine production
at the posttranscriptional level. However, pirfenidone did not
affect both activation of MAPK2 and phosphorylation of the
substrates of MAPK2 in RAW264.7 cells. Thus, cytokine
suppression of pirfenidone may be independent of MAPK2.
As molecules that suppress cytokine production at the trans-
lational level, inosine (Hasko et al., 2000a) and spermine
(Zhang et al., 1997; Hasko et al., 2000b) are known, and both
have anti-inflammatory effects. It is reported that an adenine
and uridine (AU)-rich element (ARE), UUAUUUAUU in the
3’ -untranslated region (3’ -UTR) of cytokine transcripts is an
important determinant of the posttranscriptional regulation of

cytokine production (Akashi et al., 1994; Lagnado et al.,
1994; DeMaria and Brewer, 1996). ARE has been regarded as
aregulator of cytokine mRNA stability, and it is reported that
AUF1 protein binds the ARE domain and makes cytokine
mRNA unstable (Demaria and Brewer, 1996). However, as
pirfenidone did not suppress TNF-o mRNA stability, its
suppressive effect may not be related to these proteins. A
recent study has shown that TIA-I binds to ARE in TNF-a
transcripts 3’ -UTR as a translational silencer, and does not
regulate the transcript stability (Piecyk et al., 2000). Pirfeni-
done may regulate activity of translational silencers such as
TIA-I at the translational level.

Pirfenidone suppressed proinflammatory cytokine pro-
duction, but on the other hand, enhanced that of the anti-
inflammatory cytokine interleukin-10. Inosine, which sup-
presses cytokine production at the posttranscriptional level,
also enhances interleukin-10 production in vivo (Hasko et
al., 2000a). In case of cytokine suppression by pirfenidone
in vivo, there may be a similar mechanism of cytokine
regulation for both inosine and pirfenidone. Though pirfe-
nidone suppressed proinflammatory cytokine at the post-
transcriptional level, pirfenidone enhanced interleukin-10 at
the transcriptional level. It is reported that no relevant
contribution from Rel, C/EBP, or AP-1 binding sites, which
regulate most proinflammatory cytokine promoters, was
observed in the interleukin-10 promoter (Brightbill et al.,
2000). Therefore, pirfenidone may regulate other transcrip-
tion factors (e.g. Spl). Interleukin-10 suppresses the serum
level of TNF-a and lethal shock in endotoxin-challenged
mouse (Howard et al., 1993). It is reported that introduction
of the interleukin-10 gene into mice was reported to inhibit
bleomycin-induced lung injury in vivo (Arai et al., 2000).
Therefore, interleukin-10 may have an anti-inflammatory
effect and an anti-fibrotic effect. However, interleukin-10
was much less induced by lipopolysaccharide than TNF-a
and pirfenidone did not enhance interleukin-10 production
in RAW264.7 cells though pirfenidone suppressed lipopo-
lysaccharide-stimulated TNF-a induction. It suggests that
the mechanism of pirfenidone action is unlikely to occur
through interleukin-10 production or that the mechanism of
pirfenidone action is both cell and tissue dependent. It is
reported that sodium butyrate is able to inhibit proinflam-
matory cytokine interleukin-12 but enhance interleukin-10
in vitro model (Selman et al., 2001). But pirfenidone does
not have mechanism like this in RAW264.7 cells.

In the endotoxic shock model, transcription of proinflam-
matory cytokines is already activated. The TNF-ao mRNA
level is reported to increase in the bleomycin fibrosis model
(Piguet et al., 1989). Pirfenidone suppressed TNF-a induc-
tion even after transcription became fully activated. Con-
sequently, the posttranscriptional effect of pirfenidone on
cytokine production is one of the reasons that this drug can
be used clinically as an anti-fibrotic drug.

In conclusion, pirfenidone suppressed the proinflamma-
tory cytokine TNF-a and interferon-y selectively at the
posttranscriptional level, and while it enhanced the anti-
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inflamatory cytokine interleukin-10. In the in vitro model,
TNF-a production was suppressed at the translational level
and even after transcription became fully activated. These
findings suggest that pirfenidone has not only an anti-
fibrotic effect but also an anti-inflammatory effect via
cytokine regulation and offers a clinical effect with few
side effects because it acts on not transcription but post-
transcription.
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