
Abstract. Rapid regrowth or recurrent growth of occult cancer
cells are often observed after esophagectomy or postoperative
complications. In order to clarify the mechanism of such
oncological circumstances, we focused on neutrophil elastase
(NE), which degrades a broad spectrum of extracellular
matrix and cell surface proteins. In the present study, we
demonstrated that NE stimulated the growth of all of the five
esophageal cell lines (TE-1, -7, -8, -12 and -13) by MTT
assay and promoted cell invasion by cell migration assay. Pro-
transforming growth factor-· (pro-TGF-·) from the cell
membrane was released to the culture medium as a mature
form after treatment with 5 μg/ml NE, and it reached the
maximum level of 153% compared to the control values at
15 min of treatment in TE-13 cells. The phosphorylation of
epidermal growth factor receptor (EGFR) rapidly occurs after
treatment with NE and triggered the extracellular signal-
regulated kinases 1 and 2 (ERK) signaling pathway. Moreover,
NE induced release of platelet-derived growth factor-AA
(PDGF-AA), PDGF-BB and vascular endothelial growth factor
(VEGF) to 141.9, 227.7, and 171.6% of the control values,

respectively. A specific NE inhibitor, sivelestat, significantly
inhibited the NE-induced cell proliferation, cell invasion and
subsequently inhibited the signal transduction pathway.
Furthermore, sivelestat significantly inhibited NE-induced
release of TGF-·, PDGF-AA, PDGF-BB and VEGF in the
medium in TE-13 esophageal carcinoma cells. These results
strongly indicate that NE released from activated neutrophils
stimulates the growth and progression of esophageal cancer
cells by releasing the growth factors on the cell surface and
that sivelestat, a specific NE inhibitor, blocks these processes.
Furthermore, we postulate that postoperative administration
of sivelestat might be useful as a new molecular-targeting
cancer therapy as well as for the treatment of postoperative
respiratory complications.

Introduction

Esophageal cancer is one of the most common malignancies
worldwide and its prognosis is extremely poor compared to
other gastrointestinal cancers, because of the difficulties in
early detection and treatment. The operation requires thora-
cotomy, laparotomy and in some cases cervical lymph node
dissection, which might cause perioperative or postoperative
complications including pneumonia and anastomotic leakage.
Under these circumstances, we often experience systemic
inflammatory response, which is caused by neutrophil elastase
(NE) produced by activated polymorphonuclear neutrophils
and monocytes/macrophages (1).

NE is a serine protease which degrades a broad spectrum
of extracellular matrix (ECM) and cell surface proteins, such
as elastin, interstitial collagens, proteoglycans, fibronectin,
laminin, and type IV collagens (2-5). Under physiological
damaged circumstances, such as presence of neoplasm, surgical
stress and inflammation, the balance between elastase and anti-
protease is collapsed, and the predominant elastolytic
activity causes the destruction of ECM. NE also cleaves pro-
transforming growth factor-· (pro-TGF-·) on the surface of
human airway epithelial cells by the proteolytic effect and
releases mature, soluble TGF-· on human airway epithelial
cells. Release of TGF-· activates the epidermal growth factor
receptor (EGFR) signaling cascade (6) resulting in excretion of
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the mucinous secretion in the peripheral airways that might
cause severe respiratory complication after major surgical or
severe inflammatory response. A specific synthetic NE
inhibitor, sivelestat, has been developed for the treatment of
various inflammatory diseases. The anti-inflammatory effect of
sivelestat provides good efficacy for surgical stress, and can
reduce the morbidity and organ dysfunction including the
acute respiratory distress syndrome (ARDS).

On the other hand, we previously demonstrated that the
multiple autocrine loops play important roles in the carcino-
genesis and progression of esophageal carcinomas, and that
TGF-·, epidermal growth factor (EGF) and EGFR are the key
growth factor receptor systems that mediate the prominent
growth signals in cancer cells.

In clinical practice, we often experience cases of rapid
recurrence or regrowth of tumors after major cancer surgery
including esophageal cancer operation, or cases of peri-
operative surgical complications with systemic inflammatory
response syndrome (SIRS) that involves the release of NE
from neutrophils or cancer cells, as reported by Yamashita
et al (7-9). These facts provoke the idea that NE released
from neutrophils may stimulate the rapid spreading of cancer
cells (10,11) and that a specific synthetic NE inhibitor,
sivelestat, can reduce the possibility of rapid regrowth of the
circulating occult cancer cells or the residual cells in the local
regions.

In the present study, we demonstrated the potential
activity of NE on growth stimulation and invasion of esopha-
geal cancer cells and also clarified the important role of
sivelestat on the inhibition of these processes. 

Materials and methods

Chemicals. Human NE isolated from human purulent sputum
was purchased from Elastin Products (Pacific, MO, USA).
Sivelestat was kindly provided by Ono Pharmaceutical Co.
(Tokyo, Japan). All other chemicals were of analytical grade
and were purchased from Wako Pure Chemicals (Osaka,
Japan).

Cell lines. TE-1, -7, -8, -12 and -13 esophageal cancer cell lines
were kindly provided by the Institute of Development, Aging,
and Cancer, Tohoku University (Sendai, Japan). All eso-
phageal carcinoma cell lines were routinely grown in RPMI-
1640 (Nissui Co., Tokyo, Japan) supplemented with 7% fetal
bovine serum (FBS), 20 mM HEPES (pH 7.4), 100 UI/ml
penicillin, 100 μg/ml streptomycin, 2.0 mM L-glutamine, and
1% non-essential amino acids in a humidified atmosphere of
5% CO2 at 37˚C.

Cell growth assay. Cell growth was assessed by a standard
3-(4,5-dimethyl-2-tetrazolyl)-2,5-diphenyl-2H tetrazolium
bromide (MTT) assay (CellTiter 96 aqueous non-radioactive
MTT cell proliferation assay; Promega, Madison, WI) (12).
Briefly, cells were seeded into 96-well culture plates (104 cells/
well) in RPMI-1640 containing 7% FBS. Following a 24-h
incubation, the cells were incubated for 48 h with varied
concentrations of 0.1-10 μg/ml NE, and 1-1000 μg/ml
sivelestat in either the absence or presence of 5 μg/ml NE.
After incubation, 10 μl of MTT (Sigma, St. Louis, MO)

solution (5 mg/ml) was added to each well and the plates were
incubated for 3 h at 37˚C. The growth medium was then
replaced with 150 μl of dimethyl sulfoxide per well and the
absorbance at 450/540 nm was measured using a Titertek
multiscan.

Cell migration assay. The chemotaxis assay was done using
QCM Chemotaxis 96-well cell migration assay kit according
to the manufacturer's instructions. RPMI-1640 medium
(150 μl) with 10% FBS as a chemoattractant was added to
the lower chamber. Cell suspension (100 μl) (105 cells/ml)
added indicated concentrations (1-500 μg/ml) of sivelestat
alone or together with 5 μg/ml neutrophil elastase without
chemoattractant into upper migration chamber. A membrane
(8 μm) was placed between the upper and lower chamber.
After incubation for 24 h at 37˚C in a humidified 5% CO2

incubator, cells remaining in the upper chamber were
discarded. Cells that migrated to the lower side of the filter
were completely dislodged by Cell detachment solution in
the wells. Dislodged cells were stained by Lysis buffer/dye
solution and the absorbance at 450/540 nm was measured
using a Titertek multiscan, as reported previously (13).

Isolation of RNA and semi-quantitative RT-PCR. Total RNA
was isolated using the RNeasy mini kit (Qiagen, Valencia,
CA) according to the manufacturer's instructions. Total RNA
(1 μg) was converted to cDNA using the GeneAmp RNA PCR
core kit (Applied Biosystems, Foster City, CA) according to
the manufacturer's instructions. PCR was performed using
SYBR Premix Ex Taq (Takara Bio Inc., Shiga, Japan) for
the TGF-· gene. Real-time detection of the emission
intensity of SYBR-Green bound to double-stranded DNA
was carried out using the Roche PCR thermal cycler MP.
The PCR conditions for TGF-· amplification consisted of an
initial 15 sec denaturation at 95˚C, followed by 50 cycles of
95˚C for 5 sec and 60˚C for 20 sec. The initial template
concentrations were derived from the cycle number at which
the fluorescent signal crossed a threshold in the exponential
phase of the PCR reaction. The relative gene expression was
determined by the threshold cycles (cross point) for the TGF-
· gene and for the ß-actin (ACTB) gene (initial control), as
described previously (14). The TGF-· primer sequences were
5'-AGA TTC CCA CAC ACT CAG TTC TGC TTC-3'
(TGF-·-F) and 5'-TCA CAG GTG CAC CAA CGT A-3'
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Figure 1. Proliferative effect of neutrophil elastase in esophageal cancer
cells, TE-1, -7, -8, -12 and -13, assessed by MTT assay. Clear dose-dependent
growth proliferation was observed. Results are representative of three
separate experiments.
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(TGF-·-R). The ACTB primer sequences were 5'-CCA ACT
GGG ACG ACA TGG AG-3' (ACTB-L) and 5'-GCA CAG
CCT GGA TAG CAA CG-3' (ACTB-R).

Immunoprecipitation. Cells were seeded onto a 90 mm2 dish.
When cells were confluent, they were gathered and lysed in a
lysis buffer (50 mM Tris-HCl (pH 8.0), 150 mM sodium
chloride, 1% Triton X-114, 50 mM sodium fluoride, 1 mM
sodium orthovanadate and compleate protease inhibitor
cocktail tablets (Roche, Indianapolis, IN) and clarified by
centrifugation. Supernatants were incubated with 10 μg of
anti-EGFR antibody (Santa Cruz Biotechnology, Santa Cruz,
CA) immobilized onto protein G Sepharose for 2 h at 4˚C with
gentle rotation. Beads were washed extensively with lysis
buffer and immune complexes were eluted in x2 Laemmli
buffer, boiled and microcentrifuged.

Western blot analysis. In order to further examine the effects
of NE and sivelestat on the phosphorylation of EGFR-signaling
in TE-13 cells, Western blot analysis was performed. Cells
were seeded onto a 90 mm2 dish, grown to confluence and
incubated in the presence of 5 μg/ml NE either alone or
simultaneously with 100 μg/ml sivelestat for different periods
of incubation up to 60 min. Cells were then harvested and lysed
in lysis buffer and the protein concentration of the lysates
was measured. Total cell protein extracts (15 μg/lane) were
separated by SDS-PAGE using readygels J (Bio-Rad Lab-
oratories, Milan, Italy) and electrophoretically transferred
onto PVDF membranes. The membranes were then incubated
with anti-human ß-actin (Sigma), EGFR, PY99, ERK1/2, and
pERK1/2 (Santa Cruz) antibodies. Immunoreactive proteins
were visualized by enhanced chemiluminescence (Amersham
International, Buckinghamshire, UK), as reported previously
(14).

Immunoassay. The concentrations of TGF-·, platelet-derived
growth factor-AA (PDGF-AA), PDGF-BB or vascular endo-
thelial growth factor (VEGF) in the cell culture supernatant
and the cell lysate obtained from TE-13 was measured using
commercially available sandwich ELISA kits according to
the manufacturer's instructions. The ELISA kit for TGF-·

was purchased from Oncogene Research Products (Cambridge,
MA). The ELISA kits for PDGF-AA, PDGF-BB and VEGF
were purchased from R&D Systems, Inc. (Minneapolis, MN).
The kit for detecting the VEGF recognizes all the subtypes of
VEGFs including VEGF-A, B, C and D. TE-13 cells were
seeded onto six-well culture plates. TE-13 cells were incubated
with serum-starved medium for 24 h and washed with PBS
three times and then treated for 10 min with 5 μg/ml NE and/
or 10 or 100 μg/ml sivelestat. The cell culture supernatants
were harvested and the cell lysates were collected on ice with
lysis buffer after cells were washed with cold PBS three times.
Assays were performed using the 10-min collected supernatants
and cell lysates.

Statistical analysis. Statistical analysis was performed using the
Student's t-test, and p<0.05 was considered statistically
significant.

Results

Potentiation of cell proliferation by NE. The initial study was
performed to clarify that NE stimulates the growths of
esophageal cancer cells. Cells were incubated for 48 h with
0.1, 1 or 10 μg/ml NE and the MTT assays were performed.
As shown in Fig. 1, the growth of the five esophageal cancer
cell lines was increased in a dose-dependent manner after
treatment with NE. Growth of TE-1, -7, -8, -12 and -13 cells
was stimulated to 103, 114, 107, 110 and 112% of control
levels, respectively (p=0.09, <0.01, <0.01, <0.01 and <0.01,
respectively), when cells were treated with a concentration of
10 μg/ml NE. In order to confirm that this growth stimulatory
effect of NE was neutralized by sivelestat, MTT assays were
performed for TE-1, -7, -8, -12 and -13 cells treated with 5 μg/
ml NE and with 1, 10, 100, 500 or 1000 μg/ml sivelestat for
48 h. As shown in Fig. 2, the growth stimulatory effect of NE
was reversed with concomitant treatment with NE even at the
concentration of 1-10 μg/ml sivelestat in TE-1, -8 and -12.
Significant growth suppression was noted when concentrations
of 500-1000 μg/ml sivelestat were used, and suppression
occurred in a dose-dependent manner. Especially, the growth
of TE-13 cells treated with sivelestat at concentrations of
100, 500 and 1000 μg/ml with NE was significantly inhibited
to 81.0, 50.0 and 20.1% compared with the controls,
respectively (p<0.001), demonstrating that the growth
stimulatory effect of NE was blocked by sivelestat and also
sivelestat itself might have the potential of cancer cell growth
inhibition.

Migration activity. To elucidate the possibility that NE released
from activated neutrophils after surgery can stimulate the
invasive potential of esophageal cancer cells, the invasion
assay was performed. TE-13 cells were incubated with NE
and/or sivelestat in Boyden Chamber with pores sized 8 μm
for 48 h, and cells which migrated through the membrane
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Figure 2. Growth inhibitory effects of sivelestat in five esophageal cancer
cell lines, TE-1, -7, -8, -12 and -13. Cells were seeded onto 96-well plates
and incubated for 24 h, following pretreatment. The cells were incubated
for 48 h at 37˚C in a humidified atmosphere of 5% CO2 with various
concentrations (1, 10, 100, 500 and 1000 μg/ml) of sivelestat with 10 mg/ml
Na2CO3 alone or together with 5 μg/ml neutrophil elastase. MTT assays
were performed to examine the growth inhibitory effect of sivelestat.
Significant growth inhibition of cells was observed at concentrations >100 μg/
ml sivelestat.
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were measured by fluorescence detection. As shown in Fig. 3,
5 μg/ ml of NE treatment increased the number of the cells
through the membrane to 125% compared to number of the
cells without NE treatment (p<0.01). Addition of 10 μg/ml
sivelestat with 5 μg/ml NE prevented migratory activity
induced by NE in TE-13 cells. Furthermore, 500 μg/ml
sivelestat inhibited NE-induced migration to 30.7%
compared to cells with NE treatmenet alone (p<0.001).

Secretion of TGF-·. We have demonstrated the growth
stimulatory effects of NE in esophageal cancer cells.
However, the mechanism of the phenomenon remains
unclear. In the analysis of normal airway epithelial cells,
Kohri et al (6) reported that human NE cleaved and released
from the cell membrane, and exerts its function by
stimulating EGFR and signal transduction resulting in the
mucinous secretion from the peripheral air way epithelial
cells. To examine whether the stimulation of NE cleaves and
releases TGF-· in esophageal carcinoma cells, the quantity of
TGF-· in the supernatant or in the cell lysate was determined
following treatment with 5 μg/ml NE in TE-13 by ELISA.
After treatment with 5 μg/ml NE for 10 min in the serum-
starved medium, the secreted TGF-· detected in the medium

was increased to 1.53-fold in the supernatant compared with
that detected in serum-starved control cells (4.82 pg/ml after
stimulation with NE, 1.37 pg/ml in serum-starved cells,
p<0.01) as shown in Fig. 4A. However, the concentration of
TGF-· in the cell lysate was reduced in NE-treated TE-13
cells (5.55 pg/ml, p<0.01) compared with the control cells
(8.20 pg/ml) as demonstrated in Fig. 4B. This result suggested
that TGF-· was released and secreted from the cells to the
supernatant after treatment of cells with NE. Moreover, we
demonstrated that sivelestat alone does not affect the amount
of TGF-· in the supernatant and the lysate. Furthermore, it
was clearly shown that sivelestat completely inhibited the
NE-induced release of TGF-· to the supernatant (Fig. 4A and
B).

With regard to mRNA, semi-quantitative RT-PCR analysis
was performed to examine the alteration of mRNA for TGF-·.
TE-13 cells were incubated with 5 μg/ml NE either alone or
in combination with 100 μg/ml sivelestat for 10 min, and cells
were harvested and mRNA was then isolated from the cells.
There was no difference in the mRNA levels of TGF-· among
the control, NE, sivelestat and NE/sivelestat combination
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Figure 3. Cell migration inhibitory effects of sivelestat in TE-13 cells. Cells
were seeded with various concentrations (1, 10, 100 and 500 μg/ml) of
sivelestat alone or together with 5 μg/ml neutrophil elastase into the upper
migration chamber. After incubation for 24 h at 37˚C in a humidified 5%
CO2 incubator, cells were measured through the filter. Data are expressed as
mean ± SD of 6 wells.

Figure 5. TGF-· mRNA expression levels. TE-13 cells were incubated with
5 μg/ml NE alone or together with 100 μg/ml sivelestat for 10 min. RNA
was extracted from cells in the exponential growth phase, and mRNA levels
were normalized against ACTB expression. The values (mean ± SD) were
obtained from three separate experiments.

Figure 4. TGF-· secretion levels. TE-13 cells were grown to confluence.
Cells were then treated for 10 min with NE (5 μg/ml) alone or together with
sivelestat (100 μg/ml). The concentrations of TGF-· protein in aliquots of
the cell culture supernatants (A) or the cell lysates (B) were measured by
using a TGF-· ELISA kit. The values (mean ± SD) were obtained from
three separate experiments.

Figure 6. Neutrophil elastase (NE) transactivates EGFR and sivelestat
inhibits NE-induced EGFR activation. TE-13 cells were treated for up to
60 min with 5 μg/ml NE alone (A) or together with 100 μg/ml sivelestat
(B). After lysis, EGFR was immunoprecipitated with anti-EGFR antibody
and tyrosine-phosphorylated EGFR was detected by immunoblotting with
anti-phosphotyrosine antibody. The total amount of EGFR in the immuno-
precipitate was determined by reprobing the same blot with anti-EGFR
antibody.
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treatment groups (Fig. 5), confirming that the process of these
phenomena do not involve the mRNA levels.

Phosphorylation of EGFR and ERK cascade. In order to
confirm that NE-induced cleavage of TGF-· activates the
EGFR phosphorylation, we investigated the EGFR phosphory-
lation after TE-13 cells were treated with NE and/or sivelestat
for 0, 5, 15, 30 and 60 min. Initial increase of EGFR phos-
phorylation induced by treatment with 5 μg/ml NE was
observed at only 5 min of treatment with NE, and reached its
maximal level (5.16 times compared to the control level) at
30 min as demonstrated in Fig. 6A. Total intracellular level of
EGFR detected by Western blot was not affected by NE
treatment.

To confirm that this increase of the EGFR phosphorylation
can be reversed by the administration of sivelestat, the EGFR
phosphorylation was observed when TE-13 cells were
co-treated with 5 μg/ml NE and 100 μg/ml sivelestat. As
demonstrated in Fig. 6B, although the initial phophorylation
of EGFR at 5 min was not affected by sivelestat, NE-induced
phosphorylation of EGFR was significantly decreased after
co-treatment with NE and sivelestat for 15, 30 and 60 min,
suggesting that sivelestat might prevent the signal trans-
duction by inhibiting the release of TGF-· from the cell
surface.

Furthermore, we investigated phosphorylation of the ERK
cascade, downstream of EGFR. Initial increase of the ERK
phosphorylation was induced by treatment with 5 μg/ml NE at

only 5 min, reaching its maximal level at 15 min as shown in
Fig. 7A; however, after treatment with 100 μg/ml sivelestat in
combination with 5 μg/ml NE, sivelestat significantly inhibited
the peak level of the ERK phosphorylation as clearly demon-
strated in Fig. 7B. Moreover, the dose-dependent inhibition
was examined. As shown in Fig. 7C, sivelestat inhibited the
peak phosphrylation of ERK at 15 min by treatment with NE in
a dose-dependent manner. Sivelestat (100 μg/ml) completely
inhibited NE-induced ERK phosphorylation compared to the
control level.

Secretion of PDGF and VEGF. We demonstrated previously
that multiple growth factor-receptor systems are involved in
the growth and progression of esophageal carcinoma cells
(15,16). PDGF and VEGF are also involved in these
processes and these growth factors are also cleaved in the
cell membrane by proteolytic enzymes as reported elsewhere
(17,18). We speculated that the NE cleaves and stimulate the
secretion of these growth factors in the medium- like TGF-·.

TE-13 cells were treated with NE and/or sivelestat at
indicated concentration for 10 min and then cell culture super-
natant was collected and cells were diluted with lysis buffer
to collect the cell lysate. Secretions of PDGF-AA, PDGF-BB
and VEGF were examined by ELISA. Although the
stimulation of 1 μg/ml NE did not significantly induce
PDGF-AA, treatment with 10 μg/ml NE induced PDGF-AA
levels in the cell culture supernatant to 141.9% (p<0.01)
compared to the control (Fig. 8A). On the other hand, PDGF-
AA in the cell lysate was decreased following stimulation
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Figure 7. Sivelestat inactivates the mitogenic ERK1/2 signaling pathway in
TE-13 cells. TE-13 cells were treated for up to 60 min with 5 μg/ml NE
alone (A) or together with 100 μg/ml sivelestat (B). After lysis, serine-
phosphorylated ERK1/2 was detected by immunoblotting with anti-
phosphorylated ERK1/2 antibody. The total amount of ERK1/2 in the lysis
protein was determined by reprobing the same blot with anti-ERK1/2
antibody. Results are representative of three separate experiments. (C)
Sivelestat inhibits NE-induced EGFR activation in a dose-dependent
manner. Western blotting shows the dose-dependent protein phosphorylation
levels of ERK1/2. TE-13 cells were grown to confluence, and incubated
with 5 μg/ml NE alone or together with 1 and 100 μg/ml sivelestat and
100 μg/ml sivelestat alone. Results are representative of three separate
experiments.

Figure 8. Secretion levels of PDGF-AA, PDGF-BB and VEGF. TE-13 cells
were grown to confluence. Cells were then treated for 10 min with NE
(5 μg/ml) alone or together with sivelestat (10 or 100 μg/ml). The
concentrations of PDGF-AA (A), PDGF-BB (B) and VEGF (C) protein
in aliquots of the cell lysates or the cell culture supernatants were measured
by using a PDGF-AA, PDGF-BB and VEGF ELISA kit, respectively. The
values (mean ± SD) were obtained from three separate experiments.
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with 10 μg/ml NE. This result suggested that PDGF-AA was
secreted to the cell culture supernatant by stimulation of NE.
NE-induced secretion of PDGF-AA was also reversed as
shown in Fig. 8A. Sivelestat (10 and 100 μg/ml) decreased
PDGF-AA levels to 133.0 and 117.6%, respectively,
compared to the control in the cell culture supernatant. The
effect of sivelestat inhibiting NE was dose-dependent.

The similar results were obtained in the secretion of the
PDGF-BB (Fig. 8B) and VEGF (Fig. 8C). Secretion of PDGF-
BB to the cell culture supernatant was also increased to
227.7% (p<0.01) compared to the control following stimulation
with 10 μg/ml NE. Sivelestat also inhibited the secretion of
PDGF-BB in the supernatant and 100 μg/ml sivelestat
completely inhibited the increased secretion of PDGF-BB by
10 μg/ml NE (36.5% compared to 10 μg/ml NE treatment,
p<0.05). Moreover, we determined the secretary effect of NE
to VEGF. NE (10 μg/ml) promoted the secretion of not only
PDGF-AA and PDGF-BB but also VEGF to 171.6% compared
to the control (p<0.05) (Fig. 8C). Sivelestat (10 and 100 μg/
ml) inhibited 10 μg/ml NE-induced secretion of VEGF 106.1
and 88.4% compared to the control, respectively.

Discussion

We previously demonstrated that esophageal carcinoma cells
have multi-autocrine loops for the development of growth
and metastatic potential. Among these growth factors, EGF
and TGF-· play prominent roles through EGFR, which is
activated by phosphorylation of tyrosine residues. The
activated receptor mediates the growth signal through the
ras-raf-mitogen-activated protein (MAP)/extracellular signal-
regulated kinase (ERK) kinase MAPK pathway (19,20).
Activation of this pathway leads to phosphorylation of two
MAPKs, ERK-1 (p44MAPK) and ERK-2 (p42MAPK),
which translocate to the nucleus to regulate gene transcription
necessary for mitogenesis, including G1 cyclines. Moreover,
EGF and TGF-· induce not only the expression of their own
receptor but also the expression of other autocrine growth
factor-receptor systems including PDGF, VEGF, insulin-like
growth factor, ERBB2 and matrix metalloproteinases which
degrade extracellular conformation for cancer cells to invade
and metastasize to other organs (15,16,21-24).

In the present study, we clearly demonstrated that the
inflammatory regulation is closely related to the progression
of esophageal carcinomas. Firstly, the growth and invasion
activity of esophageal carcinoma cells are stimulated by NE
which is released from the activated neutrophils. Secondly, the
growth stimulation occurs via the cleaved TGF-· from the
cell membrane, which activates the EGFR and then the
subsequent intracellular signal transduction. Thirdly, NE
stimulates the release of several growth factors including
PDGFs and VEGF that are closely related to the growth and
angiogenesis of tumor cells. Finally, sivelestat, a specific
inhibitor of NE, can inhibit the NE-induced stimulation of
the esophageal cancer cells.

A considerable amount of NE is released from activated
neutrophils which are induced by systemic cytokines including
TNF-·, IL-8 and IL-6 produced by macrophages in the lung
(25,26). This systemic inflammatory response syndrome
(SIRS) is often observed after surgical injury like

esophagectomy, which influences on the function of
leukocytes and endothelial cells leading to the acute
respiratory distress syndrome (ARDS) or acute lung injury
(ALI) with the destruction of the alveolar construction of the
lung. NE mediates both direct tissue damage and the
upregulation of pro-inflammatory cytokines such as
interleukin-8 (27), and it has also been demonstrated that NE
impairs apoptotic cell recognition by cleaving the
phosphatidylserine receptor and CD14 (28-30). Surgical
stress promotes inflammation and suppresses apoptotic cell
recognition of host factors. Considering these perioperative
and oncological circumstances, it is quite reasonable to argue
that the occult carcinoma cells in the focal area or the
circulating blood systems, acquire the capacity to regrow and
spread rapidly after surgery.

NE has been reported to cleave TGF-· precursor that are
located on the cell surface (31), resulting in the release of
mature TGF-· in fibroblasts (32) and human airway
epithelial cells (6), however, it has not been demonstrated in
esophageal carcinomas so far. As shown in the present study,
the EGFR tyrosine phosphorylation occurred as early as
5 min and it reached the maximal level at 30 min by NE
stimulation in TE-13 cells caused by the release of TGF-·

which functions in an autocrine manner. Addition of a specific
NE inhibitor sivelestat with NE highly suppressed the EGFR
tyrosine phosphorylation at maximal level and this inhibition
effect was maintained during the stimulation period with
NE. Moreover, we demonstrated that sivelestat significantly
suppressed the activation of the MAPK trans-duction,
suggesting that inhibition of NE can be one of the molecular
target for the treatment of cancer progression.

The other findings in the present study show that NE
induced other growth factors including PDGFs and VEGF from
the cell surface of esophageal carcinoma cells like TGF-·

and that the release of these growth factors were completely
abolished by the concomitant administration with 100 μg/ml
sivelestat. The activation of the MAPK signal transduction is
also mediated via PDGFs (33) and VEGF (34). As we have
shown, NE-induced activation of these signal transduction
might also involve the activation of these growth factor
receptor systems (35). As induction of VEGF initiates the
formation of new blood vessels, PDGFs might be involved in
the maintenance of these vessels as well as stimulation of the
proliferation of tumor cells (36-39). Although it can not be
concluded which growth factors have major roles in the
growth promotion and migratory ability in TE-13 cells, NE
might have potential to activate other growth factor-receptor
systems in vivo. As it was reported that NE-like enzymes
cleave and release TGF-· (40,41), NE-like enzymes from
cancer cells might also be involved in the progression of
esophageal carcinomas, which should be elucidated in further
studies. The higher concentration of sivelestat >500 μg/ml
inhibited the growth of carcinoma cells further than was
expected. The mechanism of the growth suppression of
sivelestat is not fully understood; however, these results
strongly indicate that the administration of the agent might be
useful in preventing not only surgical complications including
ARDS but also the rapid progression of occult cancer cells
by inhibiting the release of growth factors from esophageal
carcinoma cells.
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