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Abstract: Epidural fibrosis causes serious complications in patients who have undergone laminectomy. Pirfenidone
is an effective antifibrotic agent but its effect on epidural fibrosis remains unclear. In this study, we aimed to in-
vestigate the effect of pirfenidone on epidural fibrosis and to evaluate its mechanism of action on human epidural
scar fibroblasts. In a rat model of laminectomy, the degree of epidural fibrosis was quantified via Rydell standard
classification, histological analysis, and collagen density analyses. In cultured human epidural scar fibroblasts, cell
proliferation was measured using a Cell Counting Kit-8 and EdU assay. Cell apoptosis was detected using Annexin
V/propidium iodide staining, and cytotoxicity was evaluated via lactate dehydrogenase assay. Relative mRNA levels
of a-smooth muscle actin (a-SMA) and collagen type | were analyzed using quantitative polymerase chain reaction.
The protein expression of a-SMA and collagen type | and the phosphorylation status of Smad2, Smad3, protein
kinase B (Akt), and p38 were determined via western blotting. Pirfenidone reduced epidural fibrosis by inhibiting
fibroblast proliferation and suppressing collagen formation in rats. It also inhibited human epidural scar fibroblast
proliferation with no cytotoxic or apoptotic effects. Pirfenidone inhibited fibroblast differentiation by decreasing
TGF-B1-induced transcriptional and translational expression of a-SMA. It inhibited TGF-B1-induced phosphorylation
of Smad2, Smad3, Akt, and p38. This study suggests that topical application of pirfenidone could reduce epidural
scar adhesion after laminectomy, and that its mechanism of action may be the inhibition of TGF-B1-induced epidural
scar fibroblast proliferation and differentiation into myofibroblasts through the attenuation of TGF-B1-induced Smad-
dependent and -independent pathways.
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Introduction In response to this challenge, numerous at-
tempts have been made to halt the fibrosis for-
mation process. A series of biological, pharma-
ceutical, and synthetic materials, such as re-
combinant tissue plasminogen activator [5],
cholesterol [6], mitomycin C [7], and polyester
materials [8], have been used to relieve fibrosis
formation after laminectomy. In spite of this,
there is no effective and widely used method in

clinical practice.

Laminectomy is an effective and widely used
surgical option for patients with spinal steno-
sis. The operation is performed to decompress
the spinal cord and nerves by removing the roof
of bone and thickened ligaments that lie over
the spinal canal [1]. However, this procedure
may cause fibrosis formation around the surgi-
cal site and lead to intractable back and leg
pain, which constitute the main features of

failed back surgery syndrome (FBSS) [2-4].
Unfortunately, excessive fibrosis formation may
render re-exposure of the same surgical field
technically difficult and dangerous, and may
cause more intraoperative complications [2].

Fibrosis formation is a normal physiological pro-
cess that occurs during wound healing [9],
although several key factors contribute to
excessive fibrosis formation after laminectomy.
Oxidative stress and the release of inflamma-
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tory mediators around the surgical site may
promote the recruitment of inflammatory cells
to local damaged tissues. These cells in turn
secrete various wound-healing/profibrotic cyto-
kines, including transforming growth factor-1
(TGF-B1), platelet-derived growth factor (PDGF),
and interleukin (IL)-1, which promote the prolif-
eration of local fibroblasts and the deposition
of extracellular matrix (ECM) components such
as fibronectin and type | collagen [10, 11].
Meanwhile, some fibroblasts may transform
into myofibroblasts, which are characterized by
the expression of a-smooth muscle actin (-
SMA). Myofibroblasts secrete much more ECM
than fibroblasts [12]. Excessive deposition of
ECM progressively distorts normal tissue archi-
tecture and promotes the formation of exces-
sive scar tissue around the nerve root, finally
resulting in FBSS [13].

Pirfenidone (5-methyl-1-phenyl-2-(1H)-pyridone)
has demonstrated its antifibrotic potential both
in vitro and in vivo [14-19]. It exerts anti-inflam-
matory effects by reducing the production of
inflammatory mediators such as TGF-B, thus
reducing fibroblast proliferation, myofibroblast
differentiation, and ECM accumulation [16, 20,
21]. Pirfenidone reportedly prevents the prolif-
eration, migration, and collagen contraction of
human Tenon’s fibroblasts [22]. Furthermore,
pirfenidone shows potential as an antifibrotic
drug in the treatment of idiopathic pulmonary
fibrosis [23], hepatic cirrhosis [24], and diabetic
kidney disease [25] in clinical practice. Topically
administered pirfenidone could reduce local
fibrosis formation in animal models [15, 17].
Furthermore, pirfenidone has shown promising
antifibrotic effects in patients with skin scarring
caused by burns [14] and facial trauma after
severe dog bite [26].

In light of these findings, we hypothesized that
pirfenidone could suppress epidural fibrosis
and provide a potential treatment method to
inhibit fibrosis formation after laminectomy.
The aim of the study was to investigate the
effect of pirfenidone on epidural fibrosis forma-
tion in a rat model of laminectomy, and to fur-
ther explore the mechanism of pirfenidone on
human epidural scar fibroblasts in vitro. These
findings may provide experimental evidence for
pirfenidone’s potential as a new therapeutic
agent for the prevention of epidural scar adhe-
sions after laminectomy.
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Materials and methods
Ethics statement

Human epidural scar fibroblasts were donated
by the Nanjing Medical University. Briefly, a pri-
mary fibroblast cell line was established from
epidural scar fibroblasts isolated from patients
who took part in a clinical study approved by
the Ethical Committee of the First Affiliated
Hospital of Nanjing Medical University in accor-
dance with the provisions of the Declaration of
Helsinki. The clinical trial registration number is
ChiCTR-TRC-10001079. We have used this cell
line in a previous study focused on the relation-
ship between endoplasmic reticulum stress
and the apoptotic effect of mitomycin C on
human epidural scar fibroblasts [27].

Animals

This study included 48 adult, healthy, Sprague-
Dawley rats, with weights ranging from 260 to
310 g, that were purchased from the Xuzhou
Laboratory Animal Center, Xuzhou, China. All
animals received care in accordance with the
international principles of Laboratory Animal
Care. The 48 healthy rats were divided into the
following four groups (12 rats in each group):
80 mg/ml pirfenidone group (Sigma-Aldrich,
St. Louis, MO, USA), 40 mg/ml pirfenidone
group, 10 mg/ml pirfenidone group, and con-
trol group (saline).

Establishment of a rat model of laminectomy
and in vivo drug intervention

Rats were anesthetized using 1% pentobarbital
sodium via intraperitoneal injection and fixed in
a prone position. After depilation and disinfec-
tion of the surgical area around the first and
second lumbar vertebrae (L1 and L2), a longitu-
dinal incision was made along the spinous pro-
cesses to expose the entire lamina. The spi-
nous processes and laminas of L1 or L2 were
removed using a rongeur. Next, intact 5 mm x 2
mm areas of the dura mater were exposed fol-
lowed by careful hemostasis. Pirfenidone was
dissolved in saline to prepare solutions with
varying concentrations (10 mg/ml, 40 mg/ml,
and 80 mg/ml). Cotton slices with size of 5 mm
x 2 mm were immersed in the pirfenidone solu-
tion, and those used for the control group were
soaked in saline. Next, the cotton slices were
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removed, and the laminectomy areas were
immediately covered by paraspinal muscles.
Finally, the wounds were closed in layers. Rats
were postoperatively injected with 1,600,000
U/kg penicillin to prevent infection.

Macroscopic assessment of epidural fibrosis

After 4 weeks, six rats were randomly selected
from each group for macroscopic evaluation.
The surgical sites were reopened through the
previous operative incision, and the extent of
epidural scar fibrosis was evaluated under dou-
ble-blind trials according to the Rydell standard
[28]: grade O, little epidural scar tissue without
adherence to the dura mater; grade 1, moder-
ate epidural scar tissue with slight adherence
to the dura mater; grade 2, moderate epidural
scar tissue with tight adherence to the dura
mater and dissected with difficulty without dis-
rupting the dura matter; and grade 3, epidural
scar tissue was firmly adherent to the dura
mater and could not be dissected.

Histological analysis

The other six rats in each group were also
assessed 4 weeks after operation. Rats were
anesthetized using pentobarbital sodium and
perfused with 4% paraformaldehyde solution
intracardially for histological analysis. The
entire L1 spine columns and surrounding tis-
sues were removed. Specimens were soaked in
10% buffered formalin for 4 days, decalcified in
ethylenediaminetetraacetic acid (EDTA) and
glycerol solution for 30 days, and embedded in
paraffin. Vertebrae were divided into 12 con-
tinuous transversal sections of 4 ym thickness,
and of these, six odd sections were stained
with hematoxylin and eosin (H&E). The epidural
scar adhesion was observed through a light
microscope with 40 x magnification. Fibroblast
density was calculated from three fields in each
section at 400 x magnification. The other six
even sections were treated with Masson'’s tri-
chrome stain, and the process of collagen tis-
sue proliferation was observed through a light
microscope with 200 x magnification. Image-
Pro Plus 6.0 image analysis software was used
to determine the optical density of positively
stained collagen.

Cell culture and drug intervention in vitro

Fibroblasts were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco BRL,
Grand Island, NY, USA) with 10% fetal bovine
serum (FBS; Gibco BRL) and penicillin (100 1U/
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ml)/streptomycin (100 pg/ml, PS; Thermo
Fisher Scientific, Waltham, MA, USA) at 37°C
in 5% CO,. A fibroblast monolayer seeded in
96-well plates or 10-cm dishes was allowed to
grow overnight and the cells were treated with
pirfenidone (0, 0.01, 0.1, 0.5, 1.0, and 1.5 mg/
ml) dissolved in DMEM. Cells were used in in
vitro experiments after four to seven pa-
ssages.

Cell viability assay

Cell viability was determined using a Cell
Counting Kit-8 (CCK-8; Dojindo Laboratories,
Kumamoto, Japan) according to the manufac-
turer’s instructions. Cells were plated in repli-
cates of six in 96-well plates (2 x 108 cells/well)
in 100 pyL DMEM and subjected to various
treatments. Next, 10 yL CCK-8 solution was
added to each well and incubated for 3 h at
37°C. The absorbance was measured at 570
nm using an absorbance microplate reader
(ELx800 Absorbance Microplate Reader, Bio-
Tek, Winooski, VT, USA). Cell viability was
expressed as a percentage relative to that of
control cells and reported as mean + standard
deviation (SD).

5-ethynyl-2-deoxyuridine (EdU) incorporation
assay

Incorporated EdU was detected using Click-iT®
EdU Imaging Kits (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instruc-
tions. The cell photographs were captured us-
ing a fluorescent microscope (Olympus BX51,
Olympus, Tokyo, Japan) and Image-Pro Plus 5.0
image analysis software (Media Cybernetics,
Shanghai, China). We randomly selected at
least 50 cells from a single captured field and
calculated the average nuclear fluorescence
intensity. Data points presented in the study
were obtained from five different fields.

Annexin V/propidium iodide (PI) double stain-
ing

Annexin V/Pl double staining was used to detect
apoptosis. Human epidural scar fibroblasts
were plated in 60-mm dishes (3 ml, 1 x 10°
cells/well) and incubated for 48 h at 37°C.
After treatment with pirfenidone, the detached
and adherent cells were collected and washed
twice with ice-cold phosphate-buffered saline
(PBS). The cells were then resuspended in bind-
ing buffer at a concentration of 1 x 108 cells/ml
and incubated with annexin V-fluorescein iso-
thiocyanate (FITC) and Pl (BD Biosciences,
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Franklin Lakes, NJ, USA) to achieve double
staining, according to the manufacturer’s in-
structions. The mixture was incubated in the
dark for 15 min at 25°C prior to analysis on a
Beckman Coulter FC500 flow cytometry system
and CXP software (Beckman Coulter, Brea, CA,
USA).

Lactate dehydrogenase (LDH) assay

Cell viability was evaluated via measurement of
LDH released from the cytosol of damaged
cells. Cells were treated with pirfenidone at
concentrations of O, 0.1, 0.5, or 1.5 mg/ml for
48 h. The culture medium was collected and
LDH release activity from damaged cells was
measured using a Cytotoxicity Detection Kit
(Roche, Basel, Switzerland). Cell death was
determined as LDH release and expressed as a
percentage of the mean absorbance measured
in untreated control cultures.

Western blot analysis

The protein concentration was determined
using a Bicinchoninic Acid (BCA) Protein Assay
Kit (Thermo Fisher Scientific). Equal amounts of
proteins were resolved via electrophoresis on a
10% sodium dodecyl sulfate (SDS)-polyacry-
lamide gel and transferred onto polyvinylidene
fluoride (PVDF) membranes (Merck Millipore,
Burlington, MA, USA). The primary antibodies
(diluted 1:500 to 1:1000) including anti-a-SMA,
anti-type collagen type-l, anti-Smad2, anti-Sm-
ad3, anti-P38, anti-Akt, anti-phospho-Smad2,
anti-phospho-Smad3, anti-phospho-p38, and
anti-phospho-Akt, were purchased from Cell
Signaling Technology (Danvers, MA, USA). Mou-
se anti-B-actin antibody was purchased from
Santa Cruz Biotechnology (Dallas, TX, USA).
Membranes were washed three times in Tris-
buffered saline with Tween® 20 (TBST) and
incubated with horseradish peroxidase (HRP)-
conjugated goat anti-mouse or anti-rabbit
immunoglobulin G (IgG, diluted 1:5000) for 1 h.
The immune complexes were visualized via flu-
orography using enhanced chemiluminescence
(ECL) western blotting detection reagents
(Merck Millipore).

Quantitative polymerase chain reaction (QPCR)

gPCR was used to investigate gene expression
in human epidural scar fibroblasts treated with
TGF-B1 and pirfenidone. After treatment, total
RNA was extracted using TRIzol reagent (In-
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vitrogen) according to the manufacturer’'s
instructions. First-strand cDNA was synthe-
sized using random primers (Invitrogen), and
gPCR was performed using a ABI Prism 7000
sequence detection system (Applied Biosys-
tems, Foster City, CA, USA) and SYBR Green
PCR Master Mix (Applied Biosystems). The
primers used were as follows: human collagen
type 1 al (COL1A1) mRNA, 5-ACGAAGACA-
TCCCACCAATC-3’ (sense) and 5-AGATCACG-
TCATCGCACAAC-3’ (anti-sense); human a-SMA
MRNA, 5-CTGCTGAGCGTGAGATTGTC-3’ (sense)
and 5-CTCAAGGGAGGATGAGGATG-3' (anti-se-
nse); and human glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA, 5-GGGCTC-
TCCAGAACATCATCC-3’ (sense) and 5-GTCCAC-
CACTGACACGTTGG-3’ (anti-sense). The PCR
reaction was performed as follows: 50°C for 2
min, 95°C for 10 min, followed by 40 cycles at
95°C for 30 s and 60°C for 30 s. Gene expres-
sion was quantified using the 222°t method.

Statistical analysis

Data are presented as means + SD of three
independent experiments. Statistical differenc-
es between treatment groups were analyzed
via one-way analysis of variance (ANOVA) fol-
lowed by Dunnett test or Student’s t-test using
SPSS 16.0 software. Statistical significance
was defined as P<0.05.

Results
Macroscopic assessment of epidural adhesion

Results showed that all scar adhesions in the
control group were classified as grade 3. In the
10-mg/ml and 40-mg/ml pirfenidone-treated
group, most rats showed grade 2 or grade 1
adhesions. However, in the 80-mg/ml pirfeni-
done-treated group, three rats displayed grade
0 adhesions and no rats showed grade 3 adhe-
sions (Table 1). This suggests that pirfenidone
inhibits epidural adhesion in a rat model of
laminectomy.

Histological analysis of pirfenidone on epidural
adhesions

Histopathological evaluation and epidural cell
density analysis were performed to detect the
effect of pirfenidone on reducing epidural fibro-
sis. In the control group, severe epidural fibro-
sis adhesions to the dura mater and a particu-
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Table 1. Epidural scar formation according to
the Rydell standard

Grade
Group
0 1 2 3
Pirfenidone (O mg/ml) 0 0 0 6
Pirfenidone (10 mg/ml) 0 2 3 1
Pirfenidone (40 mg/ml) 1 4 1 0
Pirfenidone (80 mg/ml) 3 2 1 0

Six rats were randomly selected from each group. The
values within the table represent the number of rats.

larly high number of fibroblasts were observed
in the laminectomy sites. However, moderate
epidural fibrosis and a reduction in the number
of fibroblasts around the laminectomy sites
were observed in the 10-mg/ml and 40-mg/ml
pirfenidone-treated group. Furthermore, little
epidural fibrosis and fewer fibroblasts were
observed in the 80-mg/ml pirfenidone-treated
group (Figure 1). These results indicate that
pirfenidone reduced scar formation by reduc-
ing epidural fibrosis and inhibiting fibroblast
proliferation.

Collagen density analysis of pirfenidone on
epidural adhesions

Masson’s trichrome staining was used to detect
the effect of pirfenidone on reducing collagen
secretion. In the control group, high-density col-
lagen was observed. However, in the pirfeni-
done treatment groups, the collagen density
was relatively low. We observed a dramatic
decrease in collagen density in the 40-mg/ml
and 80-mg/ml pirfenidone treatment groups
compared to that in the 10-mg/ml pirfenidone
treatment group and control group. Represen-
tative images of Masson’s trichrome staining
in each group are shown in Figure 2A and sta-
tistical analysis of the optical density of the col-
lagen tissues in each group is shown in Figure
2B. These results suggest that pirfenidone may
inhibit the secretion of ECM.

Pirfenidone inhibited human epidural scar fi-
broblast proliferation

To gain further insight into the mechanism of
action of pirfenidone on stimulated human epi-
dural scar fibroblasts, a CCK-8 was used to
measure cell viability after stimulation with dif-
ferent concentrations of TGF-f1 (0, 1.0, 5.0,
and 10.0 ng/ml). Cell proliferation increased in
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a dose-dependent manner, and the median
effective concentration of TGF-B1 was 5 ng/ml
(Figure 3A). Next, cells were treated with 5 ng/
ml TGF-B1 and different concentrations of pir-
fenidone (0, 0.01, 0.1, 0.5, 1.0, and 1.5 mg/ml)
for 48 h. The results showed that pirfenidone
inhibited TGF-B1-induced fibroblast prolifera-
tion in a dose-dependent manner. The optimum
concentration of pirfenidone was 0.5 mg/ml
(Figure 3A). Consistent with the findings of the
CCK-8 assay, the EdU assay also demonstrated
the significantly anti-proliferative effects of pir-
fenidone on TGF-B1-treated fibroblasts (Figure
3B and 3C). These data suggest that pirfeni-
done inhibits TGF-B1-induced fibroblast pro-
liferation.

Apoptotic effect and toxicity of pirfenidone

To investigate whether the anti-proliferative
effects of pirfenidone were mediated by apop-
tosis or cellular toxicity, annexin V/Pl double
staining (Figure 4A and 4B) and an LDH (Figure
4C) release assay were carried out. Human epi-
dural scar fibroblasts were exposed to various
concentrations of pirfenidone (0, 0.1, 0.5, and
1.5 mg/ml) for 48 h. Results indicated that pir-
fenidone showed no significant apoptotic ef-
fects and cytotoxicity on cultured human epi-
dural scar fibroblasts at the concentrations and
time periods tested. These results suggest that
pirfenidone exert its anti-proliferative effects in
a non-apoptotic and -cytotoxic manner.

Effects of pirfenidone on TGF-B1-induced
a-SMA and collagen type | protein expression

Fibroblast differentiation is considered to be an
important process in fibrosis formation. Be-
cause the expression of a-SMA is characteristic
of myofibroblasts, the effects of pirfenidone on
TGF-B1-induced a-SMA mRNA and protein lev-
els were measured via gPCR and western blot-
ting, respectively. Pirfenidone treatment re-
duced TGF-Bl-induced a-SMA mRNA expres-
sion in a dose-dependent manner (Figure 5A).
Consistent with this result, treatment with 0.5
mg/ml pirfenidone reduced o-SMA protein
expression in the presence of TGF-B1 stimula-
tion (Figure 5B and 5C). Collagen type | protein
is a major ECM component that leads to the for-
mation of fibrosis. Next, we performed qPCR
and western blotting to investigate the effect of
pirfenidone on the TGF-B1-induced synthesis of
COL1A1 mRNA (encoding pro-collagen type-I)
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Figure 1. Histological images of epidural scar adhesion and fibroblast proliferation in control and pirfenidone-treat-
ed rats after laminectomy. After surgery, rats were treated with saline or pirfenidone (10 mg/ml, 40 mg/ml, and 80
mg/ml) at the laminectomy site. (A) Representative histological images of epidural scar adhesions. Dense scar tis-
sue (asterisk) with tight adherence to the dura mater (arrow) was observed in the control group (grade 3). Moderate
scar tissue was observed in 10-mg/ml pirfenidone-treated group (grade 2) and 40-mg/ml pirfenidone-treated group
(grade 1). Loose scar tissue without adherence to the dura mater was observed in 80-mg/ml pirfenidone-treated
group (grade 0). (B) Representative histological images of fibroblast proliferation. The number of cells decreased as
the concentration of pirfenidone increased. (C) Number of cells in the epidural scar tissue in each group, expressed
as the number per counting area. *P<0.05, **P<0.01 versus the control group (saline). The magnification used was
40 x in (A) and 400 x in (B). “S” represents the spinal cord and “L” represents the laminectomy defect.
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Figure 2. Pirfenidone inhibited collagen secretion. A. Histological images of collagen tissue hyperplasia in the lami-
nectomy sites of rats treated with saline or pirfenidone (10 mg/ml, 40 mg/ml, and 80 mg/ml). The collagen density
in scar tissue decreased with the increasing of pirfenidone concentration. B. The area of scar tissue for each rat
was defined as the mean scar area of six sections and the data are expressed as means * standard deviation (SD)
in mm?2, *P<0.05, ***P<0.001 versus the area of scar tissue in the control group. #P<0.01, ##P<0.001 versus the
10-mg/ml pirfenidone-treated group. The magnification used was 200 x.

as well as collagen type | protein. The results
indicate that pirfenidone inhibited TGF-B1-
induced expression levels of COL1A1 mRNA
and collagen type | protein in a dose-dependent
manner (Figure 5B and 5C).

Effects of pirfenidone on TGF-B1-induced
Smad2, Smad3, Akt, and p38 activity

TGF-B1 induces tissue fibrosis via activation of
both Smad-dependent and -independent sig-
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naling pathways, which results in the activation
of fibroblasts and the excessive production of
ECM. To further elucidate the molecular mecha-
nism of pirfenidone on TGF-B1-treated fibro-
blasts, the expression of related proteins was
detected via western blotting. The results indi-
cate that TGF-B1 activated the phosphorylation
of Smad2, Smad3, p38, and Akt, and that pir-
fenidone significantly impaired the phosphory-
lation of Smad2, Smad3, p38, and Akt in a
dose-dependent manner (Figure 6A and 6B).
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Figure 3. Pirfenidone inhibited the proliferation of human epidural scar fibroblasts. A. Cells were treated with O, 1,
5, or 10 ng/ml transforming growth factor-B1 (TGF-B1) for 48 h or pretreated with 5 ng/ml TGF-B1 and then incu-
bated with different concentrations (0.01, 0.1, 0.5, 1.0, and 1.5 mg/ml) of pirfenidone for 48 h. Cell viability after
different treatments was detected using a Cell-Counting Kit-8 (CCK-8). B. Cells pretreated with 5 ng/ml TGF-1 were
stained with 5-ethynyl-2-deoxyuridine (EdU) 48 h after pirfenidone treatment and then visualized using a fluores-
cence microscope. Nuclei are shown in blue, and EdU staining is shown in green. C. The histograms represent the
means + SD of three independent experiments. *P<0.05 versus the control group, #P<0.01 versus the TGF-B1 only
treatment group.
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Figure 4. Toxicology and apoptotic effects of pirfenidone. Cells were treated with O, 0.1, 0.5, or 1.5 mg/ml pir-
fenidone for 48 h and then used for subsequent experiments. A. Apoptotic rates were assessed using annexin V/
propidium iodide (Pl) double staining and flow cytometry. The cells shown in the bottom right quadrant are an-
nexin V-fluorescein isothiocyanate (FITC)-positive and Pl-negative, indicating an early stage of apoptosis. The cells
in the top right quadrant stained positive for annexin V-FITC and PI, indicating late apoptotic/necrotic cells. The
total percentage of cell apoptosis is shown in bold. B. Statistical analysis of the total recorded apoptotic cells was
performed. The results are shown in the bar graphs. C. A lactate dehydrogenase (LDH) assay was performed to
detect the cytotoxicity of pirfenidone. Data represent means * standard error of the mean (SEM) of the percentage
cytotoxicity calculated in cells from three independent experiments. No significant cytotoxic effects were observed
for any treatment.
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Figure 5. Pirfenidone inhibited TGF-B1-induced a-SMA and type | collagen (COL1A1) expression. Cells were treated
with 5 ng/ml TGF-B1 and then incubated with different concentrations (0, 0.1, 0.5, and 1.5 mg/ml) of pirfenidone
for 48 h. A. Relative a-SMA and COL1A1 mRNA levels were detected via quantitative real-time polymerase chain
reaction (PCR) and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA levels. These values
were compared with those of the TGF-B1 only treatment group. The values represent means + SD of three separate
experiments. B. Equal amounts of whole cell lysates were analyzed via western blotting with antibodies specific for
a-SMA, type | collagen, and B-actin (loading control). C. The band intensities for -SMA and type | collagen are shown
as a histogram. Those of the control group were normalized to a value of 1. Gel data are derived from experiments
performed in triplicate with similar results. The bar graphs represent the average results from three different experi-
ments. *P<0.05, **P<0.01 versus the control group. ¥P<0.05, #P<0.01 versus the TGF-B1 only treatment group.
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Figure 6. Effect of pirfenidone on TGF-B1-induced Smad 2, Smad 3, p38, and Akt expression. Cells were treated with
5 ng/ml TGF-B1 and then incubated with different concentrations (0, 0.1, 0.5, and 1.5 mg/ml) of pirfenidone for
48 h. A. Equal amounts of whole cell lysates were analyzed via western blotting with antibodies specific for Smad?2,
Smad3, p38, Akt, and their phosphorylation statuses were determined. Expression of 3-actin was used to normalize
sample loading. Pirfenidone significantly impaired TGF-B1 activated the phosphorylation of Smad2, Smad3, p38,
and Akt in a dose-dependent manner. B. The band intensities for each protein are shown as a histogram. Those of
the control group were normalized to a value of 1. Gel data are derived from experiments performed in triplicate with
similar results. The bar graphs represent the average results from three different experiments. *P<0.05, **P<0.01,
***P<0.001 versus the control group. “P<0.05, #P<0.01, ##P<0.001 versus the TGF-B1 only treatment group.

Discussion [29]. It occurs via the same mechanism as

wound scarring and proceeds through three
The formation of fibrosis in the epidural space overlapping dynamic phases. First is the inflam-
is a natural healing process after laminectomy matory phase, in which multiple cytokines such
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as TGF-B and basic fibroblast growth factors
are released from damaged tissue. Next is the
cell proliferation phase in which cytokines pro-
mote the proliferation and differentiation of
fibroblasts. The increasing number of myofibro-
blasts leads to increased production of ECM.
The third is the scar formation phase, involving
the imbalanced deposition and degradation of
ECM that lead to fibrosis formation [30]. In all
three phrases, fibroblasts perform the most
important function. Therefore, various drugs
including non-steroidal anti-inflammatory agen-
ts are used in the treatment of epidural scar
formation as they inhibit the proliferation and
differentiation of epidural fibroblasts. To date,
there is no satisfactory treatment for this path-
ological process.

Pirfenidone is the only drug approved for the
treatment of idiopathic pulmonary fibrosis in
Europe and Japan [23]. Scholars are increas-
ingly investigating its antifibrotic propertiesin a
variety of in vitro and in vivo models of lung,
liver, renal, and ocular tissue fibrosis [15,
19-22, 31, 32]. In this study, multiple parame-
ters, including the histological analysis, area of
scar tissue, and number of fibroblasts, were
used to evaluate the effect of pirfenidone on
epidural fibroblast proliferation and scar forma-
tion in a rat model of laminectomy. Our results
indicate that pirfenidone inhibited epidural
fibroblast proliferation and reduced fibrosis for-
mation at laminectomy sites in a rat model.

Next, we studied the underlying mechanism of
action of pirfenidone on the inhibition of fibro-
sis formation. Numerous studies have estab-
lished that TGF-B is part of a superfamily of
related growth factors. Three separate TGF-3
isoforms (TGF-B1, TGF-B2, and TGF-B3) have
been identified in mammals. These control pro-
liferation, differentiation, and other functions in
many cell types [10]. Among the three isoforms,
TGF-B1 plays a dominant role in the initiation
and progression of fibrosis formation [10, 11,
33]. During the inflammatory phase of tissue
repair, TGF-B1, which is secreted by damaged
tissue, recruits and promotes the differentia-
tion of fibroblasts, and regulates the secretion
of ECM [11]. In this experiment, we stimulated
fibroblasts with TGF-B1 and observed the effect
of pirfenidone on these. The CCK-8 and EDU
assays showed that pirfenidone inhibited the
TGF-B1-induced proliferation of cultured human
epidural scar fibroblasts in a dose-dependent
manner.

1601

To further confirm the apoptotic and toxic
effects of pirfenidone, annexin V/Pl double
staining and LDH assays were performed.
Pirfenidone exerted no significant apoptotic
and cytotoxic effects on cultured human epi-
dural scar fibroblasts. Thus, these results sug-
gest that pirfenidone inhibited fibroblast activi-
ty by inhibiting cell proliferation rather than by
inducing cell apoptosis or cytotoxicity. In agree-
ment with our study, similar results were
observed in cardiac fibroblasts [34], human
lung fibroblasts [21], and human Tenon’s fibro-
blasts [22]. Pirfenidone showed no cytotoxic
effects on various cell lines, suggesting that it
may be used as a promising scar-suppressing
drug in clinical practice. However, its potential
side effects on epidural fat cells and nerve cells
require further study.

TGF-B1 induces the transition of fibroblasts to
myofibroblasts [10, 12, 13, 30, 33, 35, 36].
Myofibroblasts, which are characterized by the
expression of a-SMA, play a crucial role in
wound healing, fibrosis formation, contraction,
and connective tissue remodeling. Furthermore,
myofibroblasts can promote more endogenous
TGF-B1 secretion, thereby promoting the forma-
tion of pathological scarring [36]. In this study,
we demonstrated that pirfenidone inhibited
exogenous TGF-Bl-induced expression of o-
SMA. This finding is in agreement with previous
studies on human Tenon’s fibroblasts [22],
keloid fibroblasts [19], and corneal fibroblasts
[15]. This result is noteworthy considering that
prevention of fibroblast differentiation may rep-
resent a crucial target for therapies aimed at
limiting fibrosis formation in the epidural space
after laminectomy. Furthermore, using gqPCR
and western blot analysis, we clearly demon-
strated that pirfenidone inhibited TGF-B1-
induced synthesis of collagen type | protein at
both mRNA and protein levels.

TGF-B1 induces scar formation by activating
both canonical (Smad-based) and non-canoni-
cal (non-Smad-based) signaling pathways [11,
21, 37]. Inthe canonical pathway, TGF-B1 binds
to TGF-B receptor 2 (TGFR2), which then recruits
and activates TGFR1. The active TGFR1 then
phosphorylates Smad2 and Smad3, which
complex with Smad4 and translocate to the
nucleus, and then induce transcription of profi-
brotic molecules, including a-SMA and collagen
type | protein [21]. Therefore, we investigated
whether pirfenidone was able to inhibit Smad2
and Smada3 activation. In this study, we demon-
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strated that pirfenidone treatment significantly
reduced TGF-Bl-induced Smad2 and Smad3
phosphorylation in human epidural scar fibro-
blasts. These results bear similarities with
those of a previous study showing that pirfeni-
done inhibited TGF-B-induced phosphorylation
of Smad2 or Smad3 in many cell lines such as
human lung fibroblasts [21], lens epithelial
cells [38], and retinal pigment epithelial cells
[20].

In non-canonical signaling pathways, TGF-f1
activates Ras and mitogen-activated protein
(MAP) kinases, the phosphoinositide 3-kinase
(PI3K)/Akt pathway, and Rho GTPases, and reg-
ulates cell growth, survival, migration, and cyto-
skeleton organization [37, 39, 40]. In this study,
we investigated the putative effects of pirfeni-
done on Akt, p38. We showed that pirfenidone
significantly impaired Akt and p38 phosphory-
lation in TGF-B1-induced human epidural scar
fibroblasts. Our data reinforce the work of oth-
ers who have shown that pirfenidone inhibited
Akt and p38 activation in primary human lung
fibroblasts [21]. As a complement to the canon-
ical pathway, the role of the non-canonical
pathway in the inhibition of fibroblast prolifera-
tion and differentiation by pirfenidone and the
interaction with canonical pathways requires
further study. The role of other signaling path-
ways, such as the RhoA-Rho kinase signaling
pathway, the Ras-Erk MAP kinase pathway, and
the JNK MAP kinase pathway, also needs more
investigation.

In summary, our data indicate that pirfenidone
reduced epidural scar tissue formation by inhib-
iting fibroblast proliferation and suppressing
collagen formation in a rat model of laminecto-
my. Moreover, we found that pirfenidone modu-
lated TGF-B1-induced Smad2, Smad3, Akt, and
p38 phosphorylation in human epidural scar
fibroblasts. This study provides preliminary evi-
dence for the future clinical use of pirfenidone.
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