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Abstract
Numerous studies have shown that topical application of mitomycin C after surgical decompression effectively reduces scar adhesion. How-
ever, the underlying mechanisms remain unclear. In this study, we investigated the effect of mitomycin C on the proliferation and apoptosis 
of human epidural scar fibroblasts. Human epidural scar fibroblasts were treated with various concentrations of mitomycin C (1, 5, 10, 20, 
40 μg/mL) for 12, 24 and 48 hours. Mitomycin C suppressed the growth of these cells in a dose- and time-dependent manner. Mitomycin 
C upregulated the expression levels of Fas, DR4, DR5, cleaved caspase-8/9, Bax, Bim and cleaved caspase-3 proteins, and it downregulated 
Bcl-2 and Bcl-xL expression. In addition, inhibitors of caspase-8 and caspase-9 (Z-IETD-FMK and Z-LEHD-FMK, respectively) did not 
fully inhibit mitomycin C-induced apoptosis. Furthermore, mitomycin C induced endoplasmic reticulum stress by increasing the expres-
sion of glucose-regulated protein 78, CAAT/enhancer-binding protein homologous protein (CHOP) and caspase-4 in a dose-dependent 
manner. Salubrinal significantly inhibited the mitomycin C-induced cell viability loss and apoptosis, and these effects were accompanied by 
a reduction in CHOP expression. Our results support the hypothesis that mitomycin C induces human epidural scar fibroblast apoptosis, at 
least in part, via the endoplasmic reticulum stress pathway.

Key Words: nerve regeneration; spinal cord injury; mitomycin C; fibroblasts; apoptosis; endoplasmic reticulum stress; surgical decompression; 
epidural scar; fibrosis; CAAT/enhancer-binding protein homologous protein; glucose-regulated protein 78; neural regeneration
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Introduction
Early surgical decompression has proven to be an effective 
treatment after spinal cord injury (Xie et al., 2015; Bakar et 
al., 2016). However, postoperative epidural scar adhesion 
and adhesive arachnoiditis are widely accepted causes of 
failed back surgery syndrome, which significantly contrib-
utes to poor clinical outcomes, such as nerve radicular pain 
and/or low back pain (Songer et al., 1995; Robertson 1996). 
Therefore, it is important to prevent postoperative adhesion 
in spinal surgery.

Mitomycin C (MMC), a widely used chemotherapeutic 
drug, strongly inhibits fibroblast proliferation and prevents 
scar formation (Kumar et al., 2015; Na et al., 2015; Sun et 
al., 2015; Sui et al., 2016). Our previous experiments showed 
that topical application of MMC prevents epidural scar adhe-
sion in adult rats after lumbar laminectomy, and that it was 
safe at low concentrations (Sun et al., 2007; Su et al., 2010).

Recently, MMC was reported to have an anti-prolifera-
tive effect by triggering the apoptotic signaling pathway in 
fibroblasts (Liu et al., 2010). It has been reported that intrin-
sic and extrinsic apoptotic pathways are both involved in 
MMC-induced inhibition of fibroblast proliferation (Park et 
al., 2000; Pirnia et al., 2002). The tumor necrosis family of 
proteins, including the death receptors DR4, DR5 and Fas 
(CD95/APO-1), which are located on the plasma membrane, 
have been reported to be involved in the MMC-induced 
apoptosis of human Tenon’s fibroblasts and colon cancer 
cells (Hueber et al., 2002; Cheng et al., 2012). The activation 
of caspase-8 and caspase-9, and changes in the Bcl-2 family 
caused by MMC contribute to the apoptosis of human Ten-
on’s capsule fibroblasts (Seong et al., 2005). However, the 
mechanism of MMC-induced apoptosis in human epidural 
scar fibroblasts (HESFs) differs from that in these cells, and 
further studies are needed.

The endoplasmic reticulum is a multifunctional organelle 
responsible for lipid biosynthesis, folding and exporting, 
vesicular traffic, protein synthesis, and cellular calcium stor-
age (Gorman et al., 2012; Li et al., 2015). Endoplasmic re-
ticulum stress can be triggered by various stimuli, including 
chemicals, oxidative stress and disturbance in Ca2+ homeo-
stasis (Ron et al., 2007). Mild endoplasmic reticulum stress 
results in adaptation and survival involving an increase in 
glucose-regulated protein 78 (GRP78), while prolonged or 
severe endoplasmic reticulum stress leads to apoptosis in-
volving the induction of genes, such as growth arrest and 
DNA damage inducible genes (GADD153 and GADD45). 
GADD153, also known as CAAT/enhancer-binding protein 
homologous protein (CHOP), is a leucine zipper transcrip-
tion factor which is present at low levels in normal con-
ditions, but is upregulated during endoplasmic reticulum 
stress (Wang et al., 2011). Elevated CHOP levels induce the 
downregulation of Bcl-2, which leads to mitochondrial dys-
function and the excessive production of reactive oxygen 
species, resulting in apoptosis (McCullough et al., 2001). 
Endoplasmic reticulum stress-induced cell death has been 
demonstrated in several cell lines (Zhang et al., 2012). There-
fore, we hypothesized that the endoplasmic reticulum stress 

signaling pathway is involved in MMC-induced apoptosis of 
HESFs.

The primary purpose of this study was to investigate the 
effect of MMC on the proliferation and apoptosis of human 
epidural scar fibroblasts.

Materials and Methods
Materials
Primary HESFs were obtained from epidural scars after 
laminectomy in patients from the First Affiliated Hospital of 
Nanjing Medical University of China. Informed consent was 
acquired from all patients. This study was approved by the 
Ethic Committee of the First Affiliated Hospital of Nanjing 
Medical University in accordance with the provisions of the 
Declaration of Helsinki (No. 2010-SR-088).

Cell culture
Under sterile conditions, epidural scars were dissected into 
5 mm × 5 mm pieces and dissociated in 0.25% trypsin (Gib-
co, Grand Island, NY, USA) for 6 minutes at 37°C. The cell 
suspension was centrifuged at 240 × g for 5 minutes. Cells 
were maintained in Dulbecco modified Eagle Medium 
(Gibco) with 10% fetal bovine serum (Gibco) and penicil-
lin (100 U/mL)/streptomycin (100 mg/L) (Gibco) at 37°C in 
a humidified atmosphere of 5% CO2 and 95% air.

MMC treatment
HESFs seeded in 24-well plates or 10-cm dishes overnight 
were washed with phosphate-buffered saline (PBS; pH7.4) 
(Keygen, Nanjing, China) and divided into MMC and con-
trol groups. Cells in the MMC group were subdivided into 
five subgroups according to the concentration of MMC 
(Kyowa Hakko Kogoyo Co., Ltd., Tokyo, Japan) used for 
treatment (1, 5, 10, 20 and 40 μg/mL). Cells in the control 
group were treated with PBS at different time points (12, 24 
and 48 hours).

To further investigate the mechanism of MMC-induced 
apoptosis of HESFs, HESFs were pretreated with or without 
caspase inhibitors, including Z-IETD-FMK (20 μM, dilut-
ed in PBS) and Z-LETD-FMK (20 μM, diluted in PBS) for 
2 hours. The cells were subjected to a single application of 
10 μg/mL MMC (diluted in PBS) for 24 hours in the MMC 
group. The control group was treated with PBS for the same 
period. After treatment, cells were immediately washed three 
times with PBS for subsequent experiments.

To examine the role of endoplasmic reticulum stress in 
MMC-induced HESF apoptosis, the endoplasmic reticulum 
stress inhibitor salubrinal was used. HESFs were pretreated 
with or without salubrinal (10 μM) for 2 hours. Then, the 
cells were treated with MMC (10 μg/mL) or PBS for 24 hours 
in the MMC group and control group, respectively. The cells 
were then analyzed by Cell Counting Kit-8 (CCK-8) assay, 
annexin V/propidium iodide double labeling and western 
blot assay.

Cell viability assay
HESFs treated with various concentrations of MMC (1, 5, 10, 
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20 or 40 μg/mL) for 12, 24 or 48 hours were evaluated using 
the cell counting kit-8 assay (Dojindo Laboratories, Kuma-
moto, Japan) according to the manufacturer’s instructions. 
Cells were treated with PBS in the control group. Cells were 
harvested and plated at a density of 1 × 104 cells/100 μL/well 
on a 96-well plate in 6 replicates. Cell-free culture medium 
was added to the blank. After 24 hours, the cells were sub-
jected to various treatments, and then the CCK-8 solution 
(10 μL) was added to each well and incubated for 3–4 hours 
at 37°C. Thereafter, the optical density (OD) was measured 
at 450 nm with an absorbance microplate reader (ELx800 
Absorbance Microplate Reader, Bio-Tek, USA). Cell viability 
(%) was equal to (ODexperimental group − ODblank)/(ODcontrol group − 
ODblank) × 100%.

Annexin V/propidium iodide double staining
Annexin V/propidium iodide double staining (BD Biosci-
ences, CA, USA) was used to detect cell apoptosis. HESFs 
were plated in 60-mm dishes (4 mL, 1 × 106/well) and incu-
bated for 24 hours. After treatment with different concentra-
tions of MMC, the detached and adherent cells were collect-
ed at the indicated time points and washed twice with ice-
cold PBS. The cells were then resuspended in binding buffer 
at a concentration of 1 × 106/mL and incubated with annexin 
V-FITC and propidium iodide for double staining, accord-
ing to the manufacturer’s instructions. The mixture was in-
cubated in the dark for 15 minutes at room temperature and 
analyzed using the Beckman Coulter FC500 flow cytometry 
system and CXP software (Beckman Coulter, Fullerton, CA, 

Figure 1 Effects of MMC on human epidural scar fibroblasts.
The cells shown in the bottom right quadrant were positive for annexin V-FITC and negative for propidium iodide, indicating an early stage of 
apoptosis. The cells in the top right quadrant stained positively for annexin V-FITC and propidium iodide, indicating that they consisted of second-
ary late apoptotic cells. The cells in the bottom left quadrant were normal cells, while those in the upper left quadrant were dead cells. (A) MMC 
induced growth inhibition in a dose-and time-dependent manner. Cell viability was evaluated using the cell counting kit-8 at the indicated time 
points (0, 12, 24, 48 hours) after treatment with various concentrations of MMC (1, 5, 10, 20, 40 μg/mL) or PBS. (B) Apoptosis was assessed with 
annexin V/propidium iodide double staining. Cells were exposed to various concentrations of MMC and PBS for 24 hours. Apoptosis rates were 
determined via flow cytometry. The total percentage of apoptotic cells is shown in bold. Statistical analysis of the total recorded apoptotic cells was 
performed, and the results are shown in the bar graphs. (C) Fluorescence microscopic (scale bar: 100 μm) examination of control or MMC (10 μg/
mL)-treated cells for 24 hours followed by TUNEL staining (white arrowheads show positive cells). The percentage of TUNEL-positive cells was 
quantified and is shown by histogram. *P < 0.05, **P < 0.01, ***P < 0.001, vs. control group (treated with PBS). The histograms in panels A, B and 
C represent the mean ± SD of three independent experiments (A, B: One-way analysis of variance followed by Dunnett’s t-test; C: Student’s t-test). 
MMC: Mitomycin C; TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling; DAPI: 4′,6-diamidino-2-phenylindole.
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USA). The apoptosis rate in this study represents the total 
apoptosis rate, including early apoptosis rate and late apop-
tosis rate.

Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) staining
TUNEL staining (Roche, Mannheim, Germany) was used 
to observe apoptotic cells. Cells were treated with 10 μg/mL 
MMC for 24 hours and fixed in 3.7% paraformaldehyde for 
30 minutes at room temperature. After washing with PBS, 
the cells were incubated with blocking solution (3% H2O2 
in methanol) for 10 minutes at 15–25°C. After rinsing with 
PBS, cells were permeabilized in 0.1% Triton X-100 in 0.1% 
sodium citrate for 2 minutes on ice, then incubated in the 
TUNEL reagent (green fluorescence) for 1 hour at 37°C in 

a humidified atmosphere in the dark and rinsed with PBS. 
To visualize the total number of cells in the field, slides were 
stained with 1 mg/L 4′,6-diamidino-2-phenylindole (blue 
fluorescence) (Beyotime, Hangzhou, China) for 10 minutes. 
Then, the apoptotic features of cells were examined by flu-
orescence microscopy (Olympus BX51, Tokyo, Japan). The 
experiment was performed in triplicate, and a minimum of 
100 cells/field and at least 12 fields in each well were counted 
by a blind observer.

Western blot assay
HESFs were treated with 0 (control group), 5, 10 or 20              
μg/mL MMC for 24 hours. Then, FAS, DR4, DR5, caspase-8, 
caspase-9, caspase-3 and cleaved caspase-3 protein levels 
were measured using western blot assay. Cells were lysed 

Figure 2 MMC-induced HESF apoptosis involves death receptor and mitochondrial apoptotic pathways.
HESFs were treated with various concentrations of MMC (5, 10, 20 μg/mL) or phosphate-buffered saline for 24 hours and immunoblot analysis for 
apoptosis-related proteins was performed. (A) Effect of MMC on death receptor apoptotic pathway associated proteins (western blot assay). (B) 
Effect of MMC on mitochondrial apoptotic pathway associated proteins (western blot assay). (C) HESFs were treated with 10 μg/mL MMC for 24 
hours and then harvested for analysis of cell surface FAS, DR4 and DR5 by flow cytometry. The band intensities for related proteins are expressed 
as a histogram relative to GAPDH. The control group was normalized to a value of 1.0-fold. Data are expressed as the mean ± SD of three indepen-
dent experiments. *P < 0.05, **P < 0.01, vs. control group (one-way analysis of variance followed by Dunnett’s t-test). MMC: Mitomycin C; HESFs: 
human epidural scar fibroblasts; GAPDH: glyceraldehyde phosphate dehydrogenase.
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on ice with RIPA lysis buffer (Beyotime, Hangzhou, Chi-
na). Protein concentrations were determined using the 
Bicinchoninic Acid Protein Assay Kit (Thermo Scientific, 
Waltham, MA, USA). Equal amounts (25 μg/lane) of total 
protein were subjected to electrophoresis on 10% sodium 
dodecyl sulfate-polyacrylamide gels and transferred onto 
polyvinylidene difluoride membranes (Millipore, Bedford, 
MA, USA). The membranes were blocked with 5% skim 
milk in Tris-buffered saline and Tween 20 at room tempera-
ture for 2 hours and subsequently incubated with primary 
antibodies at 4°C overnight. The following primary antibod-
ies (1:500–1:1,000) were used: mouse monoclonal FAS anti-
body, mouse monoclonal DR4 antibody, mouse monoclonal 
DR5 antibody, mouse monoclonal cleaved caspase-3 and 
caspase-3 antibody, mouse monoclonal cleaved caspase-8/9 
and caspase-8/9 antibody (Cell Signaling Technology, Dan-
vers, MA, USA), mouse monoclonal cleaved caspase-4 and 
caspase-4 antibody (MBL, Nagoya, Japan), mouse monoclo-
nal GRP78 antibody, rabbit monoclonal CHOP antibody, 
rabbit polyclonal BCL-2 antibody, rabbit polyclonal Bax an-
tibody, rabbit polyclonal Bcl-xL antibody, rabbit polyclonal 
Bim antibody (Cell Signaling Technology), and rabbit poly-
clonal GAPDH antibody (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA). The membranes were washed three times 
in Tris-buffered saline and Tween 20 and incubated with 
horseradish peroxidase-conjugated goat anti-mouse or an-
ti-rabbit IgG (1:5,000; Cell Signaling Technology) for 1 hour. 
The immune complexes were visualized by fluorography 
using enhanced chemiluminescence western blot detection 
reagents (Millipore, Bedford, USA) and visualized on X-ray 
films (GE, Little Chalfont, Buckinghamshire, UK). The grey 
value of each band was measured using Lab 2.0 Software 
(Bio-Rad Laboratories Inc., CA, USA). The ratio of the grey 
value normalized to GAPDH represents the relative concen-
tration of the protein.

Analysis of FAS, DR4 and DR5 surface expression
Cells were treated with MMC (10 μg/mL) for 24 hours and 
washed with PBS supplemented with 2% fetal bovine serum 
after detachment by trypsinization. Cells were incubated 
with mouse or rabbit monoclonal anti-human FAS, DR4 
or DR5 antibody (similar to the western blot assay) for 20 
minutes at room temperature. Cells were then washed and 
incubated with FITC- or phycoerythrin-conjugated goat 
anti-mouse or rabbit antibody (Invitrogen, Carlsbad, CA, 
USA) for 20 minutes at room temperature before washing 
and resuspension in PBS supplemented with 2% fetal bovine 
serum for flow cytometric analysis (excitation wavelength of 
488 nm). Samples were analyzed on a FACSCalibur flow cy-
tometer (BD Biosciences, San Jose, CA, USA). Results were 
expressed as mean fluorescence intensity. Mouse and rabbit 
IgG isotype controls were used.

Caspase activity assay
To measure the catalytic activity of caspase family cysteine 
proteases, including caspase-8 and caspase-9, HESFs were 
lysed with a lysis buffer (1% Triton X-100, 0.32 M sucrose, 5 

mM ethylenediamine tetraacetic acid, 1 mM phenylmethyl 
sulfonylfluoride, 1 g/mL leupeptin, 2 mM dithiothreitol, 10 
mM Tris-HCl, pH 8.0) on ice for 30 minutes, and centri-
fuged at 16,000 × g for 20 minutes at 4°C. The supernatant 
fraction was collected and used for the assay. Caspase ac-
tivity was determined using a fluorometric caspase assay kit 
(Promega, Madison, WI, USA) according to the manufac-
turer’s instructions. Ac-IETD-AFC and Ac-LEHD-AFC were 
used as substrates for caspase-8 and caspase-9, respectively. 
Caspase activity was measured with a fluorescence micro-
plate reader (Jasco FR-777, Midland, Canada) at 495 nm.

Statistical analysis
Data are presented as the mean ± SD of triplicate experi-
ments. Statistical differences between MMC subgroups were 
analyzed by one-way analysis of variance followed by Dun-
nett’s t-test or Student’s t-test using SPSS 13.0 software (SPSS, 
Chicago, IL, USA). Statistical significance was defined at P < 
0.05.

Results
MMC inhibited the proliferation of HESFs and induced 
apoptosis
Cells were treated with various concentrations of MMC (0, 
1, 5, 10, 20, 40 μg/mL) for 0, 12, 24 or 48 hours and evalu-
ated using the CCK-8 assay. As shown in Figure 1A, MMC 
inhibited the proliferation of these fibroblasts in a time- and 
dose-dependent manner. The IC50 was estimated at 10 μg/mL 
for the 24-hour incubation. A remarkable reduction in cell 
viability was observed 24 hours after treatment with MMC at 
a concentration of 10 μg/mL. Similar results were observed 
by annexin V/propidium iodide double staining. Cells treat-
ed with 0, 1, 5, 10, 20 or 40 μg/mL MMC for 24 hours under-
went apoptosis in the early stage; approximately 0.98 ± 0.21%, 
2.17 ± 0.94%, 4.37 ± 1.25%, 9.21 ± 3.27%, 13.34 ± 3.55% and 
25.28 ± 4.59%, respectively (bottom right quadrant) (Figure 
1B). The total percentage of apoptosis (bottom and top right 
quadrant) increased gradually with MMC concentration 
(Figure 1B). Additionally, to determine the cytotoxicity 
of MMC in HESFs, the apoptotic cells were subjected to 
TUNEL staining and visualized under a fluorescence mi-
croscope. As expected, the number of TUNEL-positive cells 
(stained with green fluorescence) significantly increased 24 
hours after the treatment with 10 μg/mL MMC (Figure 1C). 
These results show that MMC inhibits HESF proliferation 
and induces apoptosis.

Mechanism of MMC-induced HESF apoptosis
To test whether the MMC-induced apoptosis of HESFs 
results from the activation of the death receptor and mito-
chondrial apoptotic pathways, cells were treated with 0, 5, 
10 or 20 μg/mL MMC for 24 hours, and FAS, DR4, DR5, 
caspase-8, caspase-9, caspase-3 and cleaved caspase-3 pro-
tein levels were measured using western blot assay. As shown 
in Figure 2A, MMC-treated cells exhibited a significant 
upregulation in FAS, DR4, DR5 and cleaved caspase-8 levels. 
Furthermore, FACS analysis showed a significant upregula-
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tion of cell surface receptor density for FAS, DR4 and DR5 
(Figure 2C). This result is in accordance with the western blot 
assay. This finding suggests that the death receptor apoptosis 
pathway is involved in MMC-induced HESF apoptosis.

Immunodetection of caspase-9 showed a concentra-
tion-dependent decrease in the procaspase band and an 
increase in the cleaved caspase-9 band, indicating activa-
tion of caspase-9 in MMC-treated HESFs. In addition, the 
expression of cell survival proteins, Bcl-2 and Bcl-xL, was 
downregulated. In contrast, the expression of pro-apoptotic 
proteins, Bax and Bim, was upregulated (Figure 2B). In ad-
dition, the Bcl-2/Bax ratio was decreased. These results show 
that MMC induces HESF apoptosis through the mitochon-
drial pathway.

Effects of Z-IETD-FMK and Z-LETD-FMK on MMC-
induced apoptosis of HESFs
To further clarify the mechanism of MMC-induced apop-
tosis of HESFs, we used pharmacological inhibitors of 
caspase-8 (Z-IETD-FMK; 20 μM) and caspase-9 (Z-LE-
HD-FMK; 20 μM) to test whether inhibition of these pro-
teases impacts the cytotoxic effect of MMC on HESFs. As 
shown in Figure 3A, Z-IETD-FMK and Z-LEHD-FMK 
strongly decreased the corresponding caspase activity. Then, 
cells were pretreated with Z-IETD-FMK, Z-LEHD-FMK or 
a combination of these two drugs for 2 hours, and thereafter 
treated with 10 μg/mL MMC for 24 hours. The CCK-8 assay 
showed that Z-IETD-FMK and Z-LEHD-FMK pretreatment 
effectively increased cell viability (25.25 ± 3.45%) compared 
with the MMC group (Figure 3B). However, the combi-
nation of Z-IETD-FMK and Z-LEHD-FMK did not fully 
inhibit MMC-induced growth inhibition (P < 0.05) (Figure 
3B). Pretreatment with Z-IETD-FMK and Z-LEHD-FMK 
impaired MMC-mediated apoptosis (75.24 ± 7.28%), com-
pared with the MMC group (96.28 ± 6.32%). In addition, 
Z-IETD-FMK and Z-LEHD-FMK significantly diminished 
the MMC-induced increase in cleaved caspase-3 protein 
levels (Figure 3D). Annexin V/propidium iodide double 
labeling showed that in cells treated with MMC, the rate of 
apoptosis was 4.33% in the control group, whereas 19.99% 
of cells treated with Z-IETD-FMK plus Z-LEHD-FMK were 
apoptotic (P < 0.05) (Figure 3C). These results indicate that 
other apoptotic pathways might be involved in MMC-in-
duced apoptosis in HESFs.

Effects of MMC on endoplasmic reticulum stress
Endoplasmic reticulum stress-associated apoptosis can 
be seen in several cell lines (Yoon et al., 2011; Wang et al., 
2012). To examine whether the effects of MMC on HESFs 
are associated with endoplasmic reticulum stress signaling, 
we assessed levels of GRP78, caspase-4 and CHOP, which 
have been used as markers of endoplasmic reticulum stress 
(Gorman et al., 2012). As shown in Figure 4A, B, MMC in-
duced a robust increase in the levels of GRP78, CHOP and 
cleaved caspase-4 in a dose-dependent manner (Figure 4A, 
B). These results indicate that endoplasmic reticulum stress 
is involved in MMC-induced HESF apoptosis.

Effect of salubrinal on MMC-induced HESF apoptosis
To test whether endoplasmic reticulum stress is important 
for MMC-induced HESF apoptosis, we used the endoplas-
mic reticulum stress inhibitor salubrinal. Cells were pretreat-
ed with salubrinal (10 μM) for 2 hours and then incubated 
with 10 μg/mL MMC for 24 hours. CCK-8 assay showed 
that salubrinal significantly increased cell viability compared 
with the MMC group (Figure 5A). Annexin V/propidium 
iodide double staining showed that in cells treated with 
MMC, the rate of apoptosis was 44.35 ± 5.39% in the MMC 
group, whereas it was only 22.88 ± 2.87% in the salubrinal 
pretreatment group (P < 0.01) (Figure 5C). Western blot 
assay showed that CHOP was significantly upregulated in 
MMC-treated HESFs. However, compared with the MMC 
group, salubrinal pretreatment downregulated CHOP pro-
tein expression (Figure 5B). Additionally, no difference in 
cell viability, apoptosis or CHOP expression levels was found 
between the control and salubrinal only groups. The results 
indicate that endoplasmic reticulum stress is involved in the 
MMC-induced apoptosis of HESFs.

Discussion
Excessive fibroblast proliferation following spinal cord de-
compression surgery plays a key role in epidural scar adhe-
sion. Triggering apoptosis in HESFs is a promising approach 
for preventing postoperative epidural scar adhesion (Sun 
et al., 2016). The features of apoptosis (programmed cell 
death) include cell shrinkage, chromatin condensation, DNA 
fragmentation and caspase activation. Caspase-3, the most 
important executor of apoptosis, plays a crucial role in apop-
tosis (Brentnall et al., 2013; Huang, 2016; Yu et al., 2016). In 
the present study, CCK-8 assay showed that MMC inhibits 
cell proliferation in HESFs in a time- and dose-dependent 
manner. Annexin V/propidium iodide double staining and 
TUNEL staining were used to observe apoptotic cells. High-
er concentrations of MMC enhanced apoptosis in HESFs. 
MMC increased cleaved caspase-3 protein levels. Collective-
ly, these results demonstrate that MMC inhibits HESF prolif-
eration and induces apoptosis in these cells.

Apoptotic signaling primarily proceeds in one of two clas-
sic apoptotic pathways—the mitochondrial pathway and the 
death receptor pathway (Lu et al., 2014; Wang et al., 2014). 
TRAIL, a member of the tumor necrosis factor superfam-
ily, induces apoptosis through the action of the death do-
main receptors DR4 and DR5. It directly induces apoptosis 
through the extrinsic pathway, which involves activation of 
the initiator caspase-8, which in turn activates downstream 
caspases. A previous study showed that MMC upregulates 
cell surface expression of the TRAIL death receptors DR4 
and DR5, and gene silencing of DR5 by short hairpin RNA 
reduces MMC-induced apoptosis (Cheng et al., 2012). A 
similar effect was found in our study. MMC upregulated 
DR4 and DR5 protein levels and cell surface receptor density. 
MMC induces apoptosis through activation of the Fas/FasL 
system or caspase cascades (with associated mitochondrial 
dysfunction), including the activation of caspase-9, release 
of cytosolic cytochrome c, and a decrease in Bcl-2 (Chang 
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Figure 3 Z-IETD-FMK and Z-LETD-FMK partially inhibit MMC-induced apoptosis.
Cells were pretreated with Z-IETD-FMK and Z-LEHD-FMK alone or their combination for 2 hours and then treated with or without MMC (10 
μg/mL) for 24 hours. (A) Catalytic activity of caspase-8 and caspase-9 was measured by cleavage of the fluorogenic biosubstrate Ac-IETD-AFC (100 
μΜ) and Ac-LEHD-AFC (100 μΜ), respectively. (B) Cell viability was assessed by cell counting kit-8 assay. (C) HESF apoptosis was assessed by 
annexin V/propidium iodide double staining. (D) Equal amounts of whole cell lysates were analyzed by western blot assay with antibodies specific 
for cleaved caspase-3 and GAPDH. This experiment was performed in triplicate. The histograms represent the mean ± SD of three independent ex-
periments (one-way analysis of variance followed by Dunnett’s t-test). *P < 0.05, **P < 0.01, vs. control group (phosphate buffered saline, without 
MMC, Z-IETD-FMK and Z-LEHD-FMK). #P < 0.05, ##P < 0.01, vs. the MMC group (without Z-IETD-FMK and Z-LEHD-FMK). MMC: Mitomy-
cin C; HESFs: human epidural scar fibroblasts; GAPDH: glyceraldehyde phosphate dehydrogenase.

Figure 4 MMC induces endoplasmic reticulum stress.
(A) Dose-dependent effect of MMC on endoplasmic reticulum stress-associated proteins. Cells were treated with various concentrations of MMC (5, 
10, 20 μg/mL) or phosphate buffered saline for 24 hours and immunoblot analysis was performed with antibodies specific for GRP78, Caspase-4, 
CHOP and GAPDH (control). (B) Quantitative analysis of GRP78, CHOP and cleaved caspase-4. The results are expressed as the mean ± SD of 
three separate experiments (A, B: one-way analysis of variance followed by Dunnett’s t-test; C: Student’s t-test). *P < 0.05, **P < 0.01, vs. control 
group. MMC: Mitomycin C; GRP78: glucose-regulated protein 78; CHOP: CAAT/enhancer-binding protein homologous protein; GAPDH: glycer-
aldehyde phosphate dehydrogenase.
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et al., 2010; Matsunaga et al., 2010). In our present study, 
MMC treatment significantly increased levels of Fas, cleaved 
caspase-8, cleaved caspase-9, and the pro-apoptotic proteins 
Bax and Bim. Furthermore, MMC treatment significantly 
decreased expression of the anti-apoptotic proteins Bcl-2 and 
Bcl-x. Collectively, these results clearly show that treatment 
with MMC leads to a rapid change in death receptor and mi-
tochondrial apoptotic pathway-associated proteins. Based on 
these results, we speculate that MMC induces apoptosis in 
HESFs by the death receptor and mitochondrial pathways.

The activation of caspase-8 and caspase-9 was inhibited by 
Z-IETD-FMK and Z-LEHD-FMK, respectively (Pirnia et al., 
2002). This result is consistent with the observation of anoth-
er group (Wu et al., 2008), who reported that both Z-IETD-
FMK and Z-LEHD-FMK inhibit MMC-induced apoptosis 
in cultured corneal endothelial cells. However, in the present 
study, we found that pretreatment with Z-IETD-FMK and 
Z-LEHD-FMK did not fully inhibit MMC-induced activa-
tion of caspase-3. In addition, MMC-mediated apoptosis was 
partially inhibited by caspase-8 and caspase-9 inhibitors. We 

hypothesize that other apoptotic pathways might be involved 
in the process of apoptosis induced by MMC.

Recently, the endoplasmic reticulum stress pathway was 
identified as a third apoptotic pathway (Binetet al., 2010; 
Ding et al., 2012; Yang and Hu, 2015; Sun et al., 2016). En-
doplasmic reticulum stress is triggered by the alteration of 
endoplasmic reticulum homeostasis brought about by var-
ious pathological conditions and treatments with a variety 
of agents. There are three distinct signaling pathways that 
are triggered in response to endoplasmic reticulum stress, 
including Ire-1, PERK and ATF-6 (Ron and Walte, 2007). 
Under unstressed conditions, the luminal domains of these 
sensors are occupied by the endoplasmic reticulum chaper-
one GRP78, which inhibits their activation. During endo-
plasmic reticulum stress, GRP78 is released from these three 
transmembrane proteins, thereby activating these sensors 
by inducing the phosphorylation and homodimerization of 
PERK and IRE1 and the mobilization of ATF-6 to the Golgi 
for activation. Activated PERK then phosphorylates eIF2α, 
which causes global translational attenuation. Activation of 

Figure 5 Sal reduces MMC-induced apoptosis in HESFs.
HESFs were pretreated with or without Sal (10 μM) for 2 hours. After treatment with MMC (10 μg/mL) or PBS for 24 hours, the cells were analyzed 
using a number of assays. (A) Cell viability was evaluated with the CCK-8 kit. (B) Whole-cell lysates were used for western blot assay with antibod-
ies specific for CHOP and GAPDH (loading control). This experiment was performed in triplicate. The band intensities for CHOP were expressed 
as a histogram relative to GAPDH. The control group was normalized to a value of 1.0-fold. (C) Annexin V/propidium iodide double staining was 
performed to assess the apoptosis rate. The data in panels A, B and C are expressed as the mean ± SD of three independent experiments (one-way 
analysis of variance followed by Dunnett’s t-test). **P < 0.01, vs. control group (phosphate-buffered saline, without Sal or MMC). †P < 0.05, vs. 
HESFs treated with Sal (without MMC). Sal: Salubrinal; HESFs: human epidural scar fibroblasts; MMC: mitomycin C; GAPDH: glyceraldehyde 
phosphate dehydrogenase.
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IRE1 initiates the nonconventional splicing of Xbp-1 mRNA 
and promotes the synthesis of spliced Xbp-1 protein (Treglia 
et al., 2012). In addition, a number of molecules, including 
CHOP, caspase-4 and c-Jun N-terminal kinase, are activated 
in endoplasmic reticulum stress. CHOP and caspase-4 are 
indispensable in endoplasmic reticulum stress-induced 
apoptosis in humans (Huang et al., 2012; Lu et al., 2014). 
CHOP, also known as CCAAT/enhancer-binding protein, 
is expressed at a low level under physiological conditions, 
but is strongly upregulated under endoplasmic reticulum 
stress. Increased expression of the transcription factor 
CHOP leads to the downregulation of Bcl-2 and Bim and 
the upregulation of Bax (Puthalakath et al., 2007; Jung et 
al., 2015), which may cause mitochondrial dysfunction and 
induce apoptosis (B’Chir et al., 2014). Additionally, CHOP 
knockout inhibits endoplasmic reticulum stress-induced 
apoptosis (Watanabe et al., 2008). Our present findings in-
dicate that MMC induces transient increases in the levels of 
GRP78, CHOP and caspase-4 in a dose-dependent manner. 
Taken together, our results show that MMC-induced apop-
tosis of HESFs is coupled to endoplasmic reticulum stress.

Salubrinal, a selective inhibitor of eIF2α dephosphor-
ylation, was found to be protective against endoplasmic 
reticulum stress-mediated apoptosis (Boyce et al., 2005). By 
inhibiting eIF2α dephosphorylation, salubrinal attenuates 
unfolded or misfolded protein synthesis and rescues cells 
from apoptosis. In neurons, salubrinal can reduce the load of 
mutant or mislocated proteins retained in the endoplasmic 
reticulum under conditions associated with neurodegener-
ation (Sokkaet al., 2007). Previous studies have also demon-
strated that salubrinal reduces tunicamycin and hypoxia-in-
duced apoptosis in the rat (Liu et al., 2012). Similar results 
were obtained in our analysis; the viability of MMC-treated 
HESFs was significantly increased after pretreatment with 
salubrinal. Salubrinal partially abrogated MMC-induced 
apoptosis. A recent study showed that salubrinal protects 
cardiomyocytes against apoptosis by downregulating the ex-
pression of CHOP and cleaved caspase-12 (Liu et al., 2012). 
In the present study, we assessed CHOP levels by western 
blot assay. Compared with the MMC-treated (without sa-
lubrinal) groups, salubrinal downregulated CHOP protein 
expression. This suggests that endoplasmic reticulum stress 
is involved in MMC-induced apoptosis.

In conclusion, we found that MMC inhibits proliferation 
and induces apoptosis in HESFs partially via the endoplas-
mic reticulum stress pathway. The intracellular signal trans-
duction mechanisms remain to be clarified. MMC might 
have therapeutic potential for preventing excessive postop-
erative scarring after surgical decompression in spinal cord 
injury patients.
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