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Intra-abdominal adhesion is a complication following abdominal surgery caused by the suppression of fibrinolytic activity and
aggravated fibroblast invasion of the injured area, which may lead to chronic illnesses such as chronic pain, intestinal
obstruction, and female infertility. This study hypothesized that lumbrokinase, a fibrinolytic enzyme extracted from the
earthworm, supports the wound healing process. Therefore, we assessed the effect of lumbrokinase on intra-abdominal
adhesion. Lumbrokinase treatment significantly decreased the severity and the area of intra-abdominal adhesion in vivo in a
dose-dependent manner compared with the controls (untreated and hyaluronate-treated). Lumbrokinase-associated adverse
effects were not observed. Immunohistochemical analysis of adhesion tissues revealed a loosened adhesive band between
tissues, coupled with significantly decreased peritoneal thickening in the lumbrokinase-treated group versus the control group.
Three-dimensional spheroid, MTT, and scratch wound migration assays using the IMR-90 human fibroblast cell line
demonstrated that lumbrokinase significantly attenuated the migration and adhesive activity of fibroblasts without
compromising cell proliferation. The luciferase assay and western blot analysis showed that lumbrokinase inhibited the AP-1/
ICAM-1 cell adhesion signaling pathway. Therefore, lumbrokinase decreases intra-abdominal adhesion and peritoneal
thickening by augmenting fibrinolytic action and inhibiting fibroblast migration and adhesive activity via attenuation of the
AP-1/ICAM-1 signaling pathway. Lumbrokinase is thus a promising agent to prevent intra-abdominal adhesion.

1. Introduction

Postsurgical adhesion is a consequence of tissue injury and the
wound healing process. Approximately one-third of patients
that underwent laparotomy or laparoscopy were readmitted
for complications directly or indirectly related to adhesions
[1]. Postsurgical adhesions increase operation time and the
risk of bowel injury during subsequent surgery [2, 3] and are
a major cause of unsolved chronic problems such as chronic
pain, intestinal obstruction, urinary dysfunction, and female
infertility [4]. Anti-inflammatory agents or various adhesion

barriers have been used to minimize postsurgical adhesion.
However, there is insufficient evidence that such approaches
improve or prevent postsurgical adhesion [5].
Intra-abdominal adhesions are pathological fibrous con-
nections bridging peritoneal surfaces due to incomplete perito-
neal repair. Following peritoneum injury, the fibrin-containing
exudates of cells (e.g., leukocytes and macrophages) are depos-
ited in the injured area to prevent bleeding, and a preliminary
fibrin scaffold is quickly formed. Most fibrinous exudates are
transient and are normally broken down by fibrinolysis within
72h [6]. Healing then occurs through a combination of fibrosis
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and mesothelial regeneration. However, trauma-induced local
suppression of fibrinolytic activity leads to early fibrinous adhe-
sions, which is soon followed by the invasion of fibroblasts and
blood vessels, resulting in permanent adhesions [7]. The prolif-
erating fibroblasts exacerbate matrix invasion, continuously
organizing and depositing collagen in the extracellular matrix
and establishing mature, fibrous adhesions [8, 9]. Therefore,
the recovery of fibrinolytic activity in injured sites and blocking
early migration and excessive invasion by fibroblasts are
important to prevent postsurgical adhesion.

Lumbrokinase is a 25-32kDa fibrinolytic enzyme
extracted from earthworms [10, 11]. Due to its effective fibri-
nolytic activity and inhibitory effects on platelet aggregation,
lumbrokinase has been clinically proven to prevent and treat
cardiovascular disease, and its amyloid degrading potential
was recently reported [12-15]. Although lumbrokinase has
a similar fibrinolytic effect to streptokinase or urokinase,
which mediate the conversion of inactive plasminogen to
active plasmin, possibly leading to systemic bleeding [16],
lumbrokinase does not activate plasminogen into plasmin
[17], thereby reducing the risk of hemorrhage. Moreover,
unlike trypsin, which catalyzes the hydrolysis of peptide
bonds and breaks down proteins such as fibrin clots [18],
lumbrokinase shows high specificity for fibrin [17] and
therefore does not induce hyperfibrinolysis. Given that
impaired fibrinolytic activity of the injured peritoneum is
the main reason for adhesion formation, lumbrokinase
might reduce intra-abdominal adhesion by intensifying the
fibrinolytic activity of the injured peritoneum. To investigate
the potential of lumbrokinase as an antiadhesion agent to
prevent postoperative tissue adhesion, we investigated the
effect of lumbrokinase on intra-abdominal adhesion by
establishing in vitro and in vivo study models and demon-
strated its molecular mechanism.

2. Materials and Methods

2.1. Preparation of Rats. Male Sprague-Dawley rats weighing
150 to 200 g were purchased from Young Bio (Seoul, Korea).
The rats were housed at room temperature (24 + 2°C) and
fed with standard rat chow and provided with drinking
water ad libitum. All rats were acclimatized for at least seven
days before the experiment, and they were allowed to fast
12h before the procedure. This study was approved by the
Institutional Animal Care and Use Committee of Chung-
Ang University (Approval No. 2016-00081).

2.2. Lumbrokinase and Hyaluronate. Lumbrokinase was
purchased from Canada RNA Biochemical Inc. (Richmond
BC, Canada), and the hyaluronic acid and sodium carboxy-
methyl cellulose gel (HA; Guardix-sol®) was purchased
from Hanmi Inc. (Seoul, Korea). The lumbrokinase was
diluted with 0.9% NaCl normal saline solution or HA. Before
applying the solution to the injury site, the solutions were
prepared using identical syringes numbered for identifica-
tion. To avoid selection bias, each treatment was randomly
numbered and the experimenter did not know the content
of each bottle. Therefore, the solutions were blindly applied
to the rats.
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2.3. Operation Procedure for Adhesion Formation. After anes-
thetizing the rats via enflurane inhalation (Gerolan® solution,
Joongwae Pharmaceutical Co., Seoul, Korea), the entire
abdominal skin was disinfected with povidone-iodine under
aseptic conditions in a laminar flow hood. The abdominal cav-
ity was accessed through a midline 8 to 10 cm long skin inci-
sion along the linea alba. To generate a dense and wider
adhesion, a nickel coin-sized area of the peritoneum was
scratched using sharp forceps to induce spot bleeding and, at
the same time, the cecum wall was injured with a cytobrush
until petechial spotting occurred. After inducing these tissue
injuries, 500 uL of the solution was applied topically to thor-
oughly cover the injury area. The peritoneum was closed with
a continuous suture using 3-0 polyglactin 910 (Ethicon Inc.,
Somerville, NJ, USA), and the skin was closed with an auto
clip (Jeung-Do Bio & Plant, Seoul, Korea). Sterilization with
povidone was applied to the suture sites. On the indicated
day, a skin incision was made to monitor the adhesion status
and to perform an accurate adhesion grading. The tissues were
obtained for histopathological analysis.

2.4. Assessment of Adhesion. To determine the optimal time
for evaluating tissue adhesion, adhesion formation was
observed 1, 2, and 3 weeks after the tissue injuries. One week
after the tissue injuries, histological analyses indicated that
fibroblasts and inflammatory cells were accumulated in the
adhesion tissues during the healing process. In contrast,
the tissues were completely healed two and three weeks after
the tissue injuries (Figure S1). Therefore, all downstream
evaluations were conducted at two weeks postinjury.

An abdominal adhesion was defined as a fibrous attach-
ment between the peritoneum wall and abdominal visceral
organs. Attachment of the omentum to the surrounding struc-
tures was not considered an adhesion. Two blind observers
evaluated the severity and area of the adhesion based on the
Linsky scoring system [19], and each score is represented in
Figure S2.

2.5. Immunohistochemical Analysis. The adherent tissue sam-
ples, including the cecum wall and peritoneum, were taken,
fixed in 4% formalin, and then, the paraffin-embedded sec-
tions were cut to 5 ym in thickness. After dewaxing in xylene
and dehydrating in an alcohol gradient, the nuclei were
stained with Mayer’s hematoxylin solution for 8 min. The
slides were then rinsed in tap water until the water was color-
less. Next, 1% eosin Y solution was used to stain the extracel-
lular matrix and cytoplasm. After rinsing with tap water, the
slides were dehydrated and cleared with an alcohol gradient
and xylene, respectively. A coverslip was placed over the sec-
tion and held in place with a mounting medium. Histological
analyses were conducted under light microscopy. For Mas-
son’s trichrome staining, the slides were deparaffinized and
dehydrated in an alcohol gradient. Then, the slides were
refixed in Bouin’s fluid at 56-60°C for 1 h and stained in Wei-
gert’s iron hematoxylin solution for 10 min after rinsing the
slides under running tap water for 5 min to remove the yellow
color. Next, the slides were rinsed again and stained in Bieb-
rich scarlet-acid fuchsin solution for 10-15min. The slides
were then transferred directly to aniline blue solution, stained
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for 5-10min, briefly rinsed, and differentiated in a 1%
phosphomolybdic-phosphotungstic acid solution with 1%
acetic acid for 2-5min. Afterward, the slides were quickly
dehydrated through 95% alcohol, wiped with absolute ethyl
alcohol to remove the Biebrich scarlet-acid fuchsin staining,
and cleared with xylene. A mounting medium was used to
bond the coverslip to the slide. Finally, a single-blinded pathol-
ogist assessed the histological finding of each slide.

2.6. Cell Line. The IMR-90 human fibroblast cell line was pur-
chased from the Korean Cell Bank (Seoul, Korea). The cells
were maintained in minimum essential medium (Welgene,
Gyeongsan, Korea) with 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 100 pg/mL streptomycin (Invitrogen,
Carlsbad, CA, USA). All cells were kept at 37°C in a humidified
atmosphere with 5% CO,. The cell media was changed every
three days.

2.7. MTT Assay. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay was performed to assess
cell viability in both two-dimensional (2D) and three-
dimensional (3D) cultures. The MTT reagent (12 mM) was
added to the cells and incubated for 3 h according to the man-
ufacturer’s instructions (M6494, Invitrogen, Eugene, OR,
USA). Afterward, 100 uL of dimethyl sulfoxide was added to
dissolve the generated formazan crystals (i.e., the MTT reac-
tion product) at room temperature for 30 min. Cell viability
was then estimated by measuring the sample absorbance at
540nm using an enzyme-linked immunosorbent assay
(ELISA) reader (Epoch2, BioTek; Winooski, VT, USA). The
experiment was performed in triplicate and repeated at least
three times.

2.8. 3D Spheroid Assay and Cell Adhesion Assay. IMR-90 cells
were cultured in a microwell array, as described previously
[20]. Briefly, the cells were loaded into a microwell array at a
5x 10° cell/mL density, and approximately 3 x 10° cells were
present in each microwell. The cells aggregated after 20 min
of seeding, which was indicative of spheroid formation. Then,
the IMR-90-forming spheroids were incubated with the media
with or without lumbrokinase (2,000 U/mL), and half of the
medium was replaced every day. After 14 days, the spheroids
in each well were imaged using light microscopy (4x magnifi-
cation; scale bar, 300 ym) to compare the spheroid formation
ability of the two groups. To assess the viability of the cell
spheroids, the MTT assay was performed after preparing a
single-cell suspension. To assess the cell adhesion ability, the
spheroids were transferred to a 2D surface-coated culture
plate. After incubation for 24 h, the media was changed, and
the attached cells were counted after 14 days.

2.9. Scratch Wound Migration Assay. Cell migration was deter-
mined by a scratch wound migration assay. IMR-90 cells were
seeded onto 6-well plates at 80%-90% confluence. After 24 h of
seeding, the cells were washed with phosphate-buffered saline,
scratched with a 1,000 uL pipette tip, and incubated in media
with or without lumbrokinase at 1,000 and 2,000 U/mL. Cell
motility was tracked 24h posttreatment, and cells migrating
from the basal line were observed. The migrating cells were cal-
culated as the number of cells in the recovered area compared

3
TaBLE 1: Severity of adhesion.
Groups Severity value
p 0 1 2 3 p
Control 0 0 0 4
5,000 U/mL 2 0 0 2
0.040
10,000 U/mL 4 0 0 0
15,000 U/ml 3 0 0 1
HA 0 2 0 2
5,000 U/ml+HA 3 0 0 1
0.014
10,000 U/ml+HA 4 0 0 0
15,000 U/ml+HA 4 0 0 0
HA: hyaluronic acid and sodium carboxymethyl cellulose.
TABLE 2: Area of adhesion.
Groups Area value
p 0% <25% 25-50% >50% F
Control 0 0 0 4
5,000 U/ml 2 0 2
0.009
10,000 U/ml 4 0 0 0
15,000 U/ml 3 1 0 0
HA 0 2 1 1
5,000 U/ml+HA 3 1 0 0
0.007
10,000 U/ml+HA 4 0 0 0
15,000 U/ml+HA 4 0 0 0

HA: hyaluronic acid and sodium carboxymethyl cellulose.

to the initial gap at Oh. Images were captured using a light
microscope (40x magnification; scale bar, 200um). The
migrated cells were then counted using the Image] software
(NIH Image Processing and Analysis in Java).

2.10. Dual-Luciferase Reporter Assay. The dual-luciferase
assay was performed using the Dual-Luciferase Reporter
Assay System kit (Promega; Madison, WI). Each experiment
was performed in triplicate. Briefly, the cells were cotrans-
fected with a 10:1 ratio of transcription factors produced
by firefly luciferase and Renilla luciferase (pRL-SV40). The
cells were harvested and dissolved in 200 uL of passive lysis
buffer. Lysates were cleared by centrifugation at 14,000 rpm
for 15min, and 20 uL of each cell extract was transferred
to a 1.5mL centrifuge tube containing 100 uL/tube of the
provided Luciferase Assay Reagent II. The provided Stop
and Glo Reagent (100 yL/tube) was then added to initiate
Renilla luciferase activity, and the ratio of firefly luciferase
activity to Renilla luciferase activity was calculated.

2.11. Western Blot Analysis. The western blot analyses were
performed as previously described [21]. The following anti-
bodies were used for the western blot analysis: anti-c-Jun
(sc-166540), anti-phospho-c-Jun (sc-822), anti-intracellular
adhesion molecule-1 (anti-ICAM-1) (sc-8439), and anti-f3-
actin (all from Santa Cruz Biotechnology, Santa Cruz, CA,
USA). B-Actin was used as the loading control. Phorbol 12-
myristate 13-acetate (PMA; Glentham Life Science, Corsham,
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FIGURE 1: Loosening of adhesion in the central area. Hematoxylin and eosin (H&E) and Masson’s trichrome (MT) (40x) staining were
performed in the tissue samples obtained after two weeks of lumbrokinase application. Masson’s trichrome stain showed fibrosis (blue-
stained), which represented the adhesion site between the cecum and abdominal wall. The arrows indicate fibrosis of the peritoneal wall

side. Scale bar, 100 ym.

UK) and T-5224 (MedChemExpress, NJ 08852, USA) were
used to enhance and inhibit AP-1 activation, respectively.
The protein bands in the western blot films were quantified
with the Image] software (NIH). All experiments were per-
formed in triplicate and repeated at least three times.

2.12. Statistical Analysis. The data of the two groups were
compared using Student’s ¢-test or the Mann-Whitney test
for continuous variables. The Kruskal-Wallis H test was
used to compare the adhesion scores among the experimen-
tal groups. All reported p values are two-sided; a p value less
than 0.05 was considered statistically significant. All analyses
were conducted using the SPSS software version 17.0 (SPAA
Inc., Chicago, IL, USA).

3. Results

3.1. Lumbrokinase Reduces Intra-Abdominal Adhesion. To
assess the optimal time to evaluate intra-abdominal adhe-
sion in rats, we evaluated the adhesion status one, two, and
three weeks after inducing the tissue injuries (Figure S1).
The gross evaluation showed that serious adhesions were
well established in all rats, but no perforation was found,
indicating an adequate and safe degree of tissue injuries.

Histologic evaluation revealed the accumulation of
inflammatory cells and fibroblasts at the adhesion area one
week after tissue injury, suggesting that the healing process
was in the inflammatory and proliferation phase. The
adhesion area two and three weeks after the tissue injuries
exhibited the characteristic hallmarks of the late stage of
wound healing with collagen synthesis. Therefore, we
concluded that the optimal time to observe adhesion was
two weeks after tissue injury.

From the result of the fibrin lysis assay (Figure S3), we
determined that 5,000U/mL was the minimal effective
concentration of lumbrokinase. Therefore, lumbrokinase
concentrations of 5,000, 10,000, and 15,000 U/mL were
evaluated. HA has been widely used in the clinical field to
prevent postoperative adhesion, and therefore, the nontreated
and HA-treated groups were used as controls. Each group
had four subjects, and the adhesion status was assessed two
weeks after lumbrokinase treatment. The adhesion score in
the control was grade three of severity, covering >50% of the
injured tissue area in all rats, thus confirming the successful
production of adhesion formation (Tables 1 and 2). The
severity and area of adhesions were significantly reduced in
the lumbrokinase-treated group compared with the control
group (p=0.040 and p =0.009, respectively). The adhesion
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FIGURE 2: Peritoneal thickness in normal and injured areas. (a) After one week of injury, peritoneum tissue from noninjured and injured
areas was obtained and stained with hematoxylin and eosin (H&E). The reduction in peritoneal thickness occurred in a dose-dependent
manner. Scale bar, 100 um. A monolayer of mesothelial cells was observed in the normal peritoneum from the noninjured peritoneum
(arrow). The peritoneum of the injured area was thickened in the nontreated group, whereas peritoneal thickness was significantly
reduced in the lumbrokinase-treated groups. (b) Quantification of the peritoneal thickness. The thickness measurement is the average
obtained at four different sites in each rat based on image analysis with the Image] software (p value for the indicated groups compared

with the control).

score was significantly lower in the HA+lumbrokinase-treated
group than in the group treated with HA without
lumbrokinase (p = 0.014 and p = 0.007, respectively).

3.2. Lumbrokinase Causes Loosening of Adhesion Band. To
assess the effect of lumbrokinase on adhesion through micros-
copy observations, the adherent tissue samples containing the
cecum wall and peritoneum were collected. Rats with a severe
score for adhesion in each group were selected. Immunohisto-
chemical analysis showed that the adhesion was tight in the
entire adhesion lesion of control rats. In lumbrokinase-treated
rats, the edges of the adhesion lesion between the cecum and

the abdominal wall were tightly adherent, similar to the control
rats. However, the central area was loosened and detached
(Figure 1). A severe score was assigned because of the dense
attachment of the edge of the adhesion area. The loosening
of the central area was likely caused by the decreased fibrin
deposition, providing evidence of the inhibitory effect of
lumbrokinase.

3.3. Lumbrokinase Reduces Peritoneal Thickness. Peritoneal
inflammation leads to the exfoliation of mesothelial cells and
the thickening of the submesothelium, thus affecting perito-
neal thickness. To assess the effects of lumbrokinase on the
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F1GURE 3: Lumbrokinase inhibits the migration and adhesive ability of fibroblast cells. (a) IMR-90 cells were seeded at a density of 1 x 10*
cells/well of a 96-well plate. One day after seeding, the cells were treated with the indicated concentrations of lumbrokinase. After treatment
for 24, 48, and 72 h, cell viability was measured by the MTT assay and cell viability ratios were calculated as the ratio of the OD540 value of
the lumbrokinase treatment groups relative to the OD540 value of the untreated control (0 U/mL) following each time point. The
experiment was performed in triplicate and repeated at least three times. (b) IMR-90 cells (5x 10° cells/mL) were loaded in the
microwell array. The cells aggregated after 20 min of seeding, which was indicative of spheroid formation. One day after seeding, the
cells were treated with lumbrokinase every three days. The viability of cell spheroids was measured 14 days later using the MTT assay
after preparing a single-cell suspension (left panel, ns, not significant). The shape of the spheroids from lumbrokinase-treated cells was
distorted, whereas the control spheroids were circular in shape (right panel). (c) The effect of lumbrokinase on fibroblast cell motility
was evaluated by the scratch wound migration assay. After lumbrokinase treatment at the indicated concentration for 24 h, migrated cells
were counted based on images generated with the Image] software (**p < 0.01 vs. control (0 U/ml); *p <0.01 indicates a significant
difference between the 1,000 and 2,000 U/mL lumbrokinase-treated groups). (d) Schematic diagram of the experimental protocol to
assess fibroblast adhesive ability under lumbrokinase treatment. (e) Three-dimensional spheroids were made for 14 days after
lumbrokinase treatment. Photos were taken under light microscopy. The spheroids were separated into single cells, after which these
cells were recultured in a two-dimensional 6-well culture plate. The number of attached cells was counted under a light microscope on
day 14.

injured peritoneum, we assessed the peritoneal thickness after
peritoneal injury in two rats in each group (Figure 2). One
week after tissue injury, peritoneal tissues were collected from
the injured site. Normal peritoneum tissues without tissue
injuries, which were obtained from the nontreated rats, were

significantly affected by lumbrokinase and HA treatment
(Figure S4). Additionally, there were no differences in the red
blood cell count, hemoglobin, and platelet count. The rats
treated with high doses (10,000 and 20,000U/mL) of
lumbrokinase exhibited leukocytosis due to lymphocytosis

covered with a monolayer of mesothelial cells. The injured
peritoneum of the nontreated rat was thickened and enriched
with the infiltration of numerous cells. In contrast, the thick-
ness of the injured peritoneum in the lumbrokinase-treated
rat was significantly decreased in a dose-dependent manner.

3.4. Lumbrokinase Has No Negative Hematological Effects.
Enhanced fibrinolytic activity is linked to postsurgery bleeding.
Therefore, we assessed the coagulation and hematological pro-
files on day 7 after the intraperitoneal application of lumbroki-
nase. The evaluation was performed on 14 rats, which were
divided into two groups. To assess the coagulation profile, the
bleeding time and prothrombin time were measured in seven
rats and our findings indicated that these endpoints were not

(Table S1). However, these were within normal ranges [22].
Feeding difficulty, death, cecum perforation, severe peritonitis,
and other complications were not found. Moreover, none of
the rats exhibited any adverse effects.

3.5. Lumbrokinase Inhibits the Migration and Adhesion of
Fibroblast Cells with No Effect on Proliferation. Mesothelial
cells are lost upon peritoneal injury, and peritoneal fibroblasts
play key roles in inflammation and immune cell recruitment
to sites of tissue injury and as a source of inflammatory medi-
ators [23]. The fact that lumbrokinase reduced peritoneal
thickness prompted us to assess the effect of lumbrokinase
on fibroblasts. We first assessed cell viability after lumbroki-
nase treatment; lumbrokinase did not influence fibroblast cell
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FIGURE 4: Lumbrokinase inhibits the AP-1/ICAM-1 signaling pathway. (a) IMR-90 cells (1 x 10°) were seeded into a 24-well culture plate.
One day after incubation, the cells were treated with lumbrokinase (2,000 U/mL) for two days. The cells were then transfected with reporter
plasmids containing the promoter of AP-1, B-catenin (OT), ERK (ARE), and NF-«B. The cells were harvested two days after transfection,
and the transcriptional activity was measured using a dual-luciferase reporter assay kit. **p < 0.01 and *p < 0.05. (b) 5x 10° IMR-90 cells
were seeded in 6-well plates, then treated with the indicated concentration of lumbrokinase after 24 h. After 48 h of incubation, the cells
were harvested for western blot analysis. (c) 5% 10° IMR-90 cells were incubated with or without lumbrokinase (2,000 U/ml) in the
presence and absence of phorbol 12-myristate 13-acetate (PMA), an AP-1 enhancer, for 48h. Then, the cells were harvested and
subjected to western blotting. The graph was plotted based on the band densities measured using the ImageJ software. **p < 0.01 and *p
<0.05. (d) 5x 10° IMR-90 cells were plated and treated with lumbrokinase (2,000 U/mL) and T-5224 (an AP-1 inhibitor) 24 h later. The
cells were harvested after 48 h of incubation in their respective, after which western blotting was performed. The graph was plotted based
on the band densities measured using the Image]J software. ** p < 0.01 and *p < 0.05.
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proliferation in both 2D (Figure 3(a)) and 3D spheroid
cultures (Figure 3(b)). Notably, spheroids produced from
lumbrokinase-treated cells were distorted in shape in contrast
to the circular control spheroids (Figure 3(b)). The cell migra-
tion assays showed that the number of migrated cells in the
lumbrokinase-treated group was significantly low compared
with those in the nontreated group, and the reduction of
migrated cells occurred in a dose-dependent manner
(Figure 3(c)). Despite the different features of the spheroids,
the cell viability of the spheroids in the two groups was not sig-
nificantly different. This finding suggests that the cells treated
with lumbrokinase might lose cell-cell adhesion ability. To fur-
ther prove whether lumbrokinase compromises cell-to-cell
adhesion, we replated the 3D spheroids onto a commercial
coated 2D culture plate as illustrated in Figure 3(d). Our find-
ings demonstrated that the number of lumbrokinase-treated
cells attached to the surface of the cell culture plate was signif-
icantly lower compared with that of the nontreated cells
(Figures 3(e) and 3(f)).

3.6. Lumbrokinase Inhibits the AP-1/ICAM-1 Signaling
Pathway. To understand the underlying mechanism of the anti-
adhesive effect of lumbrokinase, we next screened transcription
factors involved in cell adhesion, including activator protein 1
(AP-1), B-catenin, extracellular signal-regulated kinase (ERK),
and nuclear factor kappa B (NF-xB) [24-27]. Our findings
demonstrated that the transcriptional activities of ERK, AP-1,
and NF-«xB were significantly reduced in fibroblast cells with
lumbrokinase treatment compared to those without treatment,
whereas the transcriptional activity of 8-catenin was not differ-
ent between the two groups (Figure 4(a)). AP-1 is a downstream
target of ERK [27], and therefore, our observations promoted us
to further assess the regulatory association between AP-1 and
lumbrokinase. ICAM-1, a protein downstream of AP-1 [28],
is associated with the collective invasion of fibroblast by mediat-
ing the actomyosin contractility of fibroblast [29] and may serve
as a marker to identify proinvasive stromal fibroblasts. There-
fore, we assessed whether lumbrokinase reduces the AP-1 pro-
tein and its downstream protein, ICAM-1. Western blotting
analyses demonstrated that lumbrokinase downregulated AP-
1 and phosphorylated AP-1 and also reduced ICAM-1 in a
dose-dependent manner (Figure 4(b)). The c-Fos protein was
not detected in IMR-90 fibroblast cells because c-Jun is the pre-
dominant AP-1 in fibroblast. Quiescent fibroblasts have mainly
c-Jun homodimers, and exponentially growing fibroblasts
exhibit Fra:c-Jun heterodimers [30].

The AP-1 signaling pathway was stimulated using PMA,
an AP-1 enhancer, to further assess the effect of lumbrokinase
on AP-1 and ICAM-1 in fibroblast cells. Western blot analyses
demonstrated that PMA induced upregulation of phospho-c-
Jun and ICAM-1 and that upregulation of both proteins was
attenuated by lumbrokinase treatment (Figure 4(c)). We then
blocked AP-1 by using T-5224, a specific AP-1 inhibitor [31].
T-5224 inhibited c-Jun, resulting in a marked reduction in
ICAM-1 expression (Figure 4(d)). This finding indicated that
ICAM-1 is dominantly regulated by AP-1. Additionally,
ICAM-1 was not further inhibited by lumbrokinase. Taken
together, our finding demonstrated that lumbrokinase down-
regulates the ICAM-1 via the AP-1 signaling pathway. Consid-

ering that ICAM-1 plays important roles in cell adhesion and
migration [32], lumbrokinase inhibits the adhesion and
migration of fibroblast cells by negatively targeting AP-1/
ICAM-1.

4. Discussion

Although lumbrokinase is a known fibrinolytic enzyme, it has
not yet been studied in the context of tissue adhesion. The
present study demonstrated that lumbrokinase has a signifi-
cantly better preventive effect on intra-abdominal adhesion
compared with hyaluronate treatment as well as no treatment.
Furthermore, our in vitro and in vivo data showed that the
inhibitory effect of lumbrokinase on postoperative adhesion
involved reducing the diminished fibrinolytic activity and
attenuating the migration and adhesive activity of fibroblasts.
At the intracellular level, our findings demonstrated that lum-
brokinase modulates fibroblast activity by inhibiting AP-1, a
transcriptional factor of ICAM-1, which in turn downregu-
lated ICAM-1, an adhesion molecule. Therefore, lumbroki-
nase is a promising therapeutic agent to prevent intra-
abdominal adhesion after abdominal surgery.

Postoperative intra-abdominal adhesion is caused by an
abnormal healing process in which deficient fibrinolytic activ-
ity in the injured area leads to early fibrinous adhesion [7].
Accordingly, an increase in fibrinolytic activity was demon-
strated to reduce adhesion formation [33]. In our study, in con-
trast to the dense attachment of the entire adhesion area in the
control rats, the loosening of adhesion in the central area in the
lumbrokinase-treated group indicated that adhesion formation
was compromised. This could be due to the effect of lumbroki-
nase, which immediately covered the injured peritoneum and
the surface of the cecum and rescued the decreased fibrinolytic
activity in the early stages of wound healing.

This study demonstrated that lumbrokinase has an appre-
ciable effect on peritoneal wound healing. Peritoneal thickness
was significantly decreased in a dose-dependent manner in the
rats treated with lumbrokinase compared with the control rats.
Throughout the wound healing process, an inflammatory and
fibrinous exudate was deposited at the site of peritoneal
trauma. If fibrinolytic activity is deficient, fibroblasts invade
the fibrin-/fibronectin-rich provisional extracellular matrix,
leading to collagen deposition. Finally, structural alterations
such as thickening are generated [33, 34]. Therefore, the
reduced peritoneal thickness could be due to the early recovery
of fibrinolytic activity by lumbrokinase, leading to the inhibi-
tion of fibroblast migration and eventually suppressing colla-
gen deposition. This finding demonstrated the beneficial
effect of lumbrokinase on wound healing in the peritoneum.

Fibroblast migration plays an important role in dense
adhesion, and peritoneal thickening involves fibroblast recruit-
ment [34, 35]. Lumbrokinase induced loosening of the adhe-
sion site and decreased peritoneal thickening, suggesting that
lumbrokinase affects fibroblast migration and recruitment.
Our study demonstrated that lumbrokinase diminishes the
adhesion and motility of fibroblast cells without compromising
cell proliferation. Given that excessive fibroblast invasion in the
initial step of the wound healing process is critical for adhesion
formation, the modulation of fibroblasts by lumbrokinase
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might be a crucial mechanism for preventing adhesion. There-
fore, fibroblast modulation could be a unique function of lum-
brokinase, distinguishing it from other fibrinolytic enzymes.

In contrast to our study, a previous report demonstrated
that earthworm extract applied after two days of injury pro-
moted skin wound healing and recruited more fibroblasts in
the earthworm group compared with the control group [36].
However, the earthworm extract used in the aforementioned
study was an ultrafiltered solution collected from homogenized
earthworms, which might contain various amino acids, fatty
acids, microelements, lumbritin, lumbrofebrin, terrestrolum
brolysin, purine, choline, cholesterin, and vitamins [37]. This
suggests that the observed effects could have resulted from a
complex synergistic response to various ingredients rather than
a single component. In contrast, we studied the effects of pure
lumbrokinase on intra-abdominal adhesion, and the lumbroki-
nase was immediately applied. These discrepancies between the
two studies could explain their opposing results.

Several studies have explored the effects of earthworm
extract components on cell motility. Similar to lumbrokinase,
earthworm (Eisenia fetida) fibrinolytic enzyme reduced the
migration of MCF-7 breast cancer cells by inhibiting adhesion
factor CD44v6 and the focal adhesion kinase (FAK) signaling
pathway. However, unlike lumbrokinase, E. fetida fibrinolytic
enzyme induced cell apoptosis [38]. Conversely, an in vitro
study demonstrated that the ethanolic extracts of lyophilized
earthworm powder induced the migration of RSC96 Schwann
cells via activation of plasminogen activators and matrix
metalloproteinase- (MMP-) 2 and MMP-9 [39]. Moreover,
an in vivo study showed that lumbrokinase increased osteo-
blast activity and migration and reduced osteoblast activity
in bone remodeling [40]. Therefore, the function of earth-
worm extracts might depend on the extracted components,
cell types, and pathological conditions, requiring clarification
through further studies.

We further demonstrated that the underlying mechanism
of the antiadhesive effect of lumbrokinase on fibroblasts was
the downregulation of the AP-1/ICAM-1 signaling pathway.
ICAM-1 is expressed at basal levels in several cell types, includ-
ing fibroblasts and leukocytes. Its expression increases during
inflammation to facilitate extravasation and migration into the
injured area, thereby influencing the wound healing cascade
[41]. For example, endothelial ICAM-1 is involved in monocyte
recruitment into the wounded tissue, macrophage ICM-1 con-
tributes to wound debridement and resolution of inflammation,
and epithelial cell ICM-1 facilitates wound reepithelialization
[42]. Therefore, fibroblast ICAM-1 could play a role in fibro-
blast deposition. By reducing the ICAM-1 expression of fibro-
blasts, lumbrokinase reduces fibroblast motility and adherent
ability and consequently obstructs its recruitment to the injured
peritoneum, thus preventing adhesion formation.

Clinical trials have been conducted to assess whether fibri-
nolytic agents such as streptokinase and urokinase can prevent
postsurgical adhesions. Intraperitoneal streptokinase adminis-
tration after laparotomy significantly decreased the occurrence
of postoperative adhesion in a clinical trial [43] as well as in
animal studies, whereas urokinase was ineffective on postsur-
gical adhesion in an animal study [44]. Based on our results,
we evaluated lumbrokinase as a potential candidate for adhe-
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sion inhibition. The difference between lumbrokinase and
streptokinase is that lumbrokinase does not activate plasmin-
ogen into plasmin, thus minimizing the risk of systemic bleed-
ing [17]. Therefore, lumbrokinase is a promising antiadhesive
material with a low risk of adverse effects. However, similar to
streptokinase and urokinase, lumbrokinase raises antigenicity
and immunogenicity concerns, which should be solved prior
to its clinical application.

In summary, lumbrokinase significantly prevents intra-
abdominal adhesion after abdominal surgery by intensifying
fibrinolytic activity and inhibiting fibroblast migration. The
novel molecular mechanism of lumbrokinase is the downreg-
ulation of adhesion protein ICAM-1 via the AP-1 pathway in
fibroblasts. Therefore, lumbrokinase could be a promising
antiadhesive material to prevent intra-abdominal adhesion
after abdominal surgery.
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Supplementary Material and Methods. Fibrin Plate Assay.
Fibrinogen (#F3879) and thrombin (#T6884-250UN) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Fibrinogen
was diluted in phosphate-buffered saline (Welgene, Gyeongsan,
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Korea) to make 0.3% concentrated fibrinogen, which was incu-
bated at 30°C for 60 min. After completely dissolving the fibrin-
ogen, the fibrinogen solution was filtered through a 0.2 ym
filter, and 10 uL of 20 U/mL thrombin was added to 15mL of
the fibrinogen solution. Next, 13mL of 1% agarose solution
was added to 15mL of the fibrinogen-thrombin mixture [1,
2]. Afterward, 10 mL of the solution was clotted in a 1007t Petri
dish. The plates were allowed to stand at room temperature
(25°C) for at least 30 min before being used. After clotting, holes
were made using a Pasteur pipette. Next, 50 L of the indicated
concentration of lumbrokinase was dispensed into the holes of
the plates, which were then incubated for the indicated hours at
37°C. Plasmin (P1867-500UG, Sigma, St. Louis, MO, USA) was
used (0.1 U/mL) as a positive control. The fibrinolytic activity
was calculated as the lytic area surrounding each well of the
fibrin plate. The diameter of the area was measured with a ruler.
Bleeding Time and Hematological Test. Bleeding time was mea-
sured using primary saline [3]. This test is performed by
immersing the tip of the ear in 0.9% saline at 37°C for 2 min.
Then, the tip is transfixed with a scalpel blade (approximately
0.5 cm), after which the cut ear tip is resubmerged in the warm
saline, and the time to cessation of bleeding is recorded. A nor-
mal value is defined as <5min, and an abnormal value is
defined as >15min. After measuring the bleeding time, whole
blood was collected from the carotid artery. The tests of com-
plete blood count and prothrombin time were performed in
the laboratory of Chung-Ang University Hospital. Blood was
collected into tubes containing ethylenediaminetetraacetic acid
(EDTA) and tubes containing sodium citrate. The normal
ranges of hematological parameters of male Sprague-Dawley
rats are reported in literature [4]. Figure SI: histological analysis
of adhesion area between cecum and peritoneum. Two subjects
were used in each group. The adhesion areas at one, two, and
three weeks after tissue injuries were shown with hematoxylin
and eosin (HE) staining (left panels) and Masson’s trichrome
staining (right panels). Fibroblasts and inflammatory cells
(arrow) were accumulated in the adhesion area in the 1-week
tissues, and these were resolved in the two- and three-week tis-
sues. This finding indicated that two weeks is the optimal time
to observe tissue adhesion. Figure S2: gross scoring of adhesion
two weeks after tissue injuries; the degree of intra-abdominal
adhesion was measured by scoring the severity and area of
adhesion. The severity of adhesion was as follows: 0, no adhe-
sions; 1, filmy adhesions that are easily separated with blunt dis-
section or traction; 2, dense adhesions that are separated by
blunt dissection but partly sharp dissection; and 3, dense vascu-
larized adhesions that are separated by sharp dissection only.
The adhesion area of the initially injured area was assessed
as follows: 0, no adhesion; 1, <25% of the traumatized area;
2, 25-50% of the traumatized area; and 3, >50% of the trau-
matized area. Figure S3: fibrinolytic activity of lumbrokinase.
(A) To validate the effect of lumbrokinase, the represented
concentration of lumbrokinase was applied to the holes of
the fibrin plate and incubated at 37°C for the indicated time.
The circles around the hole of the fibrin plate indicated fibri-
nolysis, and the lysis effect was assessed by measuring the
diameter of the circles. Plasmin was used as a positive control.
The result showed that lumbrokinase lyses fibrin in a dose-
dependent manner. (B) To obtain the minimum concentra-
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tion to lyse fibrin, low concentrations of lumbrokinase were
applied. Treatment with 2,000 U/mL of lumbrokinase had
no effect and 3,750 U/mL had minor effects. Therefore,
5,000 U/mL was used as the minimum concentration. Hyalur-
onate (HA) had no effect on fibrin lysis. (C) To assess whether
hyaluronate influenced the lumbrokinase effect, cotreatment
of lumbrokinase and hyaluronate was performed. The results
showed that HA had no effect and did not compromise the
lumbrokinase effect. Figure S4: coagulation profiles after lum-
brokinase treatment. Bleeding time (A) and prothrombin time
(B) (HA: hyaluronate). Table S1: laboratory results on day 7.
(Supplementary Materials)
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