
Cell Physiol Biochem 2020;54:1041-1053
DOI: 10.33594/000000286
Published online: 15 October 2020 1041

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2020 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Sudo et al.: TNF Blockage Prevents Operative Adhesion

Original Paper

Accepted: 6 October 2020

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND). Usage and distribution for commercial purposes as well as any distribution of 
modified material requires written permission.

DOI: 10.33594/000000286
Published online: 15 October 2020

© 2020 The Author(s)
Published by Cell Physiol Biochem 
Press GmbH&Co. KG, Duesseldorf
www.cellphysiolbiochem.com

© 2020 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Blockade of Tumor Necrosis Factor 
by Etanercept Prevents Postoperative 
Adhesion Formation in Mice
Makoto Sudo    Kenjiro Iida    Hiroko Tsutsui    Keiko Mitani    Mayo Jimbo    
Etsuro Hatano    Jiro Fujimoto

Department of Gastroenterological Surgery, Hyogo College of Medicine, Nishinomiya, Japan

Key Words
Postoperative adhesions • Murine cecum cauterization model • Etanercept • Tumor necrosis 
factor • Neutrophil extracellular trap formation

Abstract
Background/Aims: Although adhesion formation is a frequent adverse event following in-
traperitoneal surgery, efficient prophylactic interventions have not yet been established. We 
recently reported that blockade of interleukin (IL)-6 prevented postoperative adhesion af-
ter cecum cauterization. Intriguingly, this intervention dampened tumor necrosis factor (TNF) 
induction in the injured serosa. Herein, we addressed whether TNF might be a key target 
and, if so, how TNF blockade rescued adhesion formation. Methods: Mice were administered 
an anti-TNF biologic (etanercept) on days -2 and -1 before and upon cecal cauterization. 
The adhesion scores were evaluated at day 7 postoperatively. Histological alterations were 
examined by immunochemistry/immunofluorescence studies. We incubated human neutro-
phils and mesothelial cell line cells with recombinant TNF in the presence of etanercept and 
measured transcript levels of cytokines and chemokines by quantitative reverse transcrip-
tion-polymerase chain reaction (RT-qPCR). Results: Etanercept rescued mice from adhesion 
formation, accompanied by a robust reduction of neutrophilia in the injured serosa. Immu-
nofluorescence revealed a substantial formation of neutrophil extracellular traps (NETs) with 
the potential to induce tissue damage and profibrotic responses. In contrast, the etanercept-
treated mice lacked NET formation. In addition, etanercept inhibited TNF-induced IL-6, TNF, 
and neutrophil-recruiting chemokines in neutrophils and mesothelial cells, a major cellular 
source of myofibroblasts in the adhesion band. Conclusion: Prophylactic administration of 
etanercept might be a potential strategy for preventing postoperative adhesion formation.
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Introduction

Postoperative adhesion formation frequently occurs after abdominal surgeries and can 
cause adverse effects including chronic abdominal pain, infertility in women, small bowel 
obstruction, and obstacles to re-operation [1-4]. To address these complications, additional 
treatments with possible high morbidities and substantial costs might be needed. To date, 
a few preventive medications for postoperative adhesions have been established. Several 
types of barrier sheets can prevent the physical contact of surgically injured abdominal or-
gans with neighboring intact abdominal organs and abdominal wall [5, 6]. Although these 
instruments can cover the injured peritoneum of abdominal wall and that of the organs, 
adhesion formation occurs on not only between these injured peritoneum, but also occurs 
between multiple surgical serosa such as intestine and intestine, and liver and intestines. 
Laparoscopic surgery was reported to reduce the incidence of adhesion-related read- 
missions [7]. However, the complications by adhesion-related readmissions still remain to 
be a big problem [7]. Further approach is needed to reduce the incidence of adhesion-related 
postsurgical complications.

We previously observed that mice undergoing cecum cauterization or partial hepatecto-
my developed adhesion formation around the injured cecum and the surgical surface of the 
remnant liver, respectively, within 1 week [8, 9]. Using these two types of animal models, we 
demonstrated that fibrin deposition and rapid induction of IFN-g are commonly required for 
the development of these adhesion formations. Upon cecum cauterization, invariant natural 
killer T (iNKT) cells immediately migrated into the injured serosa and produced interferon 
(IFN)-g, which, in turn, promoted hypercoagulation by inducing potent anti-fibrinolytic fac-
tor and plasminogen activator inhibitor 1 (PAI-1), eventually leading to adhesion formation. 
Additionally, Ifng-/- mice and iNKT-deficient mice both were equally free from adhesion for-
mation, concomitant with abrogated induction of PAI-1. Moreover, blockade of PAI-1 by the 
administration of neutralizing anti-PAI-1 antibodies prevented adhesion formation in wild-
type mice. Notably, the importance of the IFN-g-PAI-1 axis was also demonstrated for adhe-
sion formation following partial hepatectomy [9]. Thus, the prompt induction of IFN-g might 
initiate adhesion formation. Very recently, we found that transcripts of interleukin-6 (Il6) 
were immediately induced after cauterization and verified that the administration of anti-
body (Ab) against receptor (R) for IL-6 alleviated adhesion formation [10]. Intriguingly, mice 
receiving the IL-6R monoclonal Ab (mAb) showed a substantial reduction in tumor necrosis 
factor (TNF) expression. This prompted us to propose the hypothesis that neutralization of 
endogenous TNF via etanercept will prevent postoperative adhesion formation.

Etanercept, a recombinant fusion protein of human type 2 receptor for TNF (TNFR2) 
and Fc of human immunoglobulin G was approved for the treatment of human chronic 
inflammatory diseases and autoimmune diseases, including rheumatoid arthritis (RA), 
psoriasis, and ankylosing spondylitis [11, 12]. Etanercept competitively inhibits the binding 
of TNFa to TNFR1 and TNFR2 [11, 13]. Clinical trials have demonstrated the efficacy and 
safety of etanercept in these diseases, particularly RA [12]. Etanercept can protect against 
mouse models of chronic inflammatory diseases such as arthritis, gout, and glucocorticoid-
insensitive asthma [14-16]. Here, to test the above hypothesis we investigated whether neu-
tralizing endogenous TNF by etanercept pretreatment protects against the adhesion forma-
tion and, if this is the case, we investigated how etanercept prevents it.

Materials and Methods

Reagents
Recombinant (r) human (h) TNF (catalog number 210-TA/CF) was purchased from R&D. We pur-

chased a fusion protein containing a ligand-binding fragment of human TNF receptor (R)-2, named etaner-
cept, from Pfizer Inc., anti-Ly6G mAb (551459) from BD Biosciences, and anti-Histone H3 (citrulline R2 + R8 
+R17) antibody-ChIP Grade (ab5103) from Abcam.
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Mice
Previously we performed cecum cauterization in both male and female mice, and found no differen-

ces in cecum cauterization-induced adhesion formation in terms of clinical score and histological changes 
between male and female mice [7, 9, 10]. In this study we used female mice. We purchased BALB/c female 
mice (8–10 weeks of age) from Japan SLC, Inc. All animal experiments were performed under specific patho-
gen-free conditions in accordance with the guidelines of the Institutional Animal Care Committee, Hyogo 
College of Medicine (approval protocol number: 17-019).

Mouse model of surgical adhesion formation
We previously described the mouse cecum-cauterization model [7, 10]. Briefly, we anesthetized mice 

with isoflurane followed by a midline abdominal incision and cauterization of the cecum isolated using the 
coagulation mode of bipolar forceps (MERA MS-1500; output dial 3; 5 W, 500kHz, 100 Ω Senko Medical In-
strument Manufacturing CO, Japan) with a pinch width of 0.3 mm for 2 s. We closed the incision in two layers 
with silk sutures. At the indicated time points post-operation, we sampled injured ceca or adhesion tissues. 
At 168 h after operation, we scored adhesion formation from 0 to 5 according to the following scoring sys-
tem: 0, no adhesion; 1, one thin filmy adhesion; 2, more than one thin adhesion; 3, thick adhesion with focal 
point; 4, thick adhesion with plantar attachment or more than one thick adhesion with focal point; and 5, 
very thick vascularized adhesion or more than one plantar adhesion.

Tissue staining
Hematoxylin and eosin (HE) and Sirius red staining were performed as described elsewhere [10].

Immunohistochemistry
We performed immunohistochemical analysis as described previously [10]. Briefly, we fixed tissue 

specimens in IHC Zinc Fixative (BD PharmingenTM) and embedded them in paraffin wax before sectioning. 
For immunohistochemical analysis, we preincubated the sections with a serum-free protein block (Agilent 
Technologies) for 30 min at room temperature. The primary antibodies were added to each slide and then 
secondary Ab staining was performed using Histofine Simple Stain Mouse MAX-PO (Nichirei Biosciences 
Inc.) according to the manufacturer’s instructions. The staining was visualized under a Nikon Eclipse Ni-U 
microscope (Nikon).

Immunofluorescence staining with confocal microscopy
Immunofluorescence analysis was performed as previously described [10]. Briefly, tissue samples 

were fixed in IHC Zinc Fixative and embedded in paraffin wax. To detect fibrosis, the tissue slices were incu-
bated with antibodies for a-SMA (ab124964, Abcam) and podoplanin (ab11936, Abcam) or 4’,6-diamidino-
2-phenylindole (DAPI) to detect DNA. To detect neutrophil extracellular traps (NETs), the slices were incu-
bated with antibodies against Ly6G (551459 BD Bioscience) and anti-citrullinated histone H3 mAbs as well 
as DAPI. The fluorescence was visualized under a confocal microscope (Zeiss LSM780.)

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
We performed RT-qPCR as previously described [10]. Total RNA was prepared from tissue or cell sam-

ples using an RNeasy Plus Mini Kit (Qiagen, Valencia, CA), and reverse transcripts were synthesized using 
PrimeScriptTM RT Master Mix (Perfect Real Time) (Takara Bio, Inc.). Taqman Fast Advanced Master Mix, 
TaqMan Gene Expression Assays for Il6 (Mm00446190_m1), Tnf (Mm00443258_m1), Pai1 (Mm00435858_
m1), Cxcl2 (Mm00436450_m1), IL6 (Hs00174131_m1), TNF (Hs00174128_m1), CXCL2 (Hs00601975_m1) 
and 18S (Hs99999901_s1) were purchased from Applied Biosystems. Real-time qPCR was performed on 
a StepOnePlus Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA). The results were analyzed 
using StepOne software v.2.0. The fold-change of each gene expression was analyzed using the 2−ΔΔCt 
method. According to this method, each threshold cycle (Ct) value was first normalized to the internal refer-
ence gene (18S ribosomal RNA) of the sample and then to the controls.
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Statistical analyses
Data are presented as means ± SEM of either the results from each experimental group or triplicate 

samples. We performed statistical comparisons using Tukey tests. All statistical analyses were performed 
using free web software (www.gen-info.osaka-u.ac.jp/MEPHAS/tukey.html). P < 0.05 indicated statistically 
significant differences.

Results

Etanercept protected against postoperative adhesion formation
To investigate the role of TNF in the adhesion formation induced by cecum cauteriza-

tion, we administered 100 or 50 mg/mouse of etanercept at -2 and -1 days before and on 
the day of cecum cauterization. Mice treated with 100 mg/mouse of etanercept exhibited a 
significantly reduced adhesion score compared to that of control mice treated with phos-
phate-buffered saline (PBS) at day 7 post-operation (Fig. 1A). Treatment with etanercept 
(50 μg/mouse) reduced the adhesion sore, but not significantly (Fig. 1A). We observed a 
very thick adhesion band connecting the injured serosa to the organs in the vicinity in PBS-
treated control mice, with substantial vascularization (Fig. 1A). In contrast, we observed 
only a thin filmy adhesion in mice in the etanercept (100 μg) group (Fig. 1A). Consistent with 

Fig. 1. Prophylactic administra-
tion of etanercept suppresses 
adhesion formation. (A) Phos-
phate-buffered saline (PBS), 
etanercept (50 μg/mouse), or 
etanercept (100 μg/mouse) 
was administered subcutane-
ously on days -2, -1, and the 
day of cecum cauterization. We 
evaluated the adhesion scores 
at day 7 post-operation. Data 
are presented as mean ± SEM. 
*p<0.05 indicated statistically 
significant differences. Rep-
resentative photos of intraab-
dominal adhesion formations 
in the PBS (score 5) and etan-
ercept (100 µg/mouse) (score 
1) groups are shown. (B) In-
testinal specimens around the 
injured serosa were sampled 
from mice treated with PBS or 
100 mg/mouse etanercept on 
day 7 after cecum cauterization. 
We also sampled the cecum of 
mice on day 7 after sham opera-
tion. Sample slices were stained 
with hematoxylin and eosin 
(HE) (left panels) or Sirius red 
(second from left panels). Im-
munohistochemical staining 
for α-SMA was performed (second from right panels). Immunofluorescence analysis of α-SMA (green) and 
podoplanin (red) were performed (right panels). Representative photographs are shown. Three to five mice 
were used for each experimental group. We performed the experiments three times with similar results.
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this, Sirius red staining revealed very thick fibrosis in the PBS-treated mice receiving cecum 
cauterization compared to mice that underwent sham operations (Fig. 1B). In contrast, only 
moderate changes positive for Sirius red were found in etanercept (100 μg/mouse)-treated 
mice (Fig. 1B). This was also the case for immunohistochemical analysis of a-SMA. Robust 
and only mild accumulation of a-SMA+ cells were observed in the serosa of PBS- and etan-
ercept-treated mice, respectively, (Fig. 1B). As previously reported, mesothelial cells are the 
major cellular source of myofibroblasts [10, 17]. a-SMA+ cells co-stained with podoplanin, 
a cellular marker of mesothelial cells, were abundant and only scattered in the PBS- and 
etanercept-treated mice, respectively, (Fig. 1B). These results demonstrated that etanercept 
protected against adhesion formation following cecum cauterization. Etanercept impaired 
adhesion-associated molecule induction

To investigate the molecular mechanisms underlying the anti-adhesion effects of etan-
ercept, we investigated the kinetics of mRNA expression of various molecules involved in ad-
hesion formation after cecum cauterization by real-time qPCR. Consistent with our previous 
report [10], in the control group, Tnfa expression levels started to increase at 3 h (approxi-
mately 17-fold), continued to increase to 24 h (approximately 40-fold), and reduced by 72 h 
after cecum cauterization. In the etanercept group, however, Tnf induction was significantly 
reduced at 6 to 24 h compared to that in the control group (Fig. 2A), suggesting a positive 
circuit for Tnf induction in an autocrine/paracrine manner. Our previous study showed that 
Il6 induction peaked at 3 h after cauterization [10]. Consistent with this, Il6 expression was 
increased by approximately 850-fold at 3 h in the control group (Fig. 2). At 6 h and later, the 
levels remained around 200-fold (Fig. 2). However, Il6 induction was significantly suppressed 
in the etanercept group at 3 h, suggesting the involvement of TNF signaling in Il6 induction. 
However, no significant difference in Il6 induction was observed between the control and 
etanercept groups thereafter (Fig. 2B). CXCL-2, a major chemokine for neutrophil recruit-
ment in mice, was also aberrantly induced post-operation [10]. Expectedly, Cxcl2 induction 
was observed in the con-
trol group, while that in the 
etanercept group appeared 
to be suppressed, although 
not significantly, compared 
to the control group (Fig. 
2C). PAI-1, a potent coagu-
lation factor that inhibits 
fibrinolysis, was induced 
after cecum cauterization 
in IFN-g and IL-6 pathway-
dependent manners [7, 10]. 
Consistent with our previ-
ous studies [7, 10], Pai1 
was induced in the control 
group postoperatively (Fig. 
2D). Intriguingly, etanercept 
did not affect the early in-
duction of Pai1 (3 and 6 h) 
but did significantly reduce 
Pai1 induction in the late 
phase (24 and 72 h) (Fig. 
2D), suggesting that PAI-1 
was induced in a manner 
independent of and depen-
dent on TNF in the early and 
late phases, respectively.

Fig. 2. Etanercept protects against the induction of mRNA expression 
of adhesion-associated molecules. At 0, 3, 6, 24, and 72 h after cecum 
cauterization, cecal specimens were sampled to measure the mRNA 
levels of tumor necrosis factor (Tnf) (A), interleukin-6 transcript (Il6) 
(B), chemokine (C-X-C motif) ligand 2 transcript (Cxcl2) (C), and plas-
minogen activator inhibitor-1transcript (Pai1) (D). Data are presented 
as mean ± SEM. *p<0.05 indicated statistically significant differences. 
Three mice were used for each experimental group. We performed the 
experiments three times or more with similar results.

 



Cell Physiol Biochem 2020;54:1041-1053
DOI: 10.33594/000000286
Published online: 15 October 2020 1046

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2020 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Sudo et al.: TNF Blockage Prevents Operative Adhesion

Importance of TNF for neutrophil accumulation
Other studies have demonstrated that neutrophils are promptly and robustly recruited 

to the injured serosa and that in vivo depletion of neutrophils rescued mice from postopera-
tive adhesion [10, 18], suggesting the importance of neutrophils in the development of adhe-
sion formation. We found that etanercept treatment, similar to treatment with anti-IL-6R 
mAb [10], tended to reduce Cxcl2 induction (Fig. 2C), prompting us to investigate whether 
etanercept inhibited neutrophilia. Immunohistochemical analysis of Ly-6G, a surface marker 
of neutrophils, showed consistent migration of neutrophils into the cauterized serosa in the 
control mice (Fig. 3A). We counted total Ly6G+ cells in the serosa or adhesion indicated by 
the green dotted line in the control and experimental group (Fig. 3A, B), quantified the Ly6G-
positive proportion to the area, and calculated the relative ratio of each proportion to that of 
tissue slices of the control group at 6 h (Fig. 3C). We found that etanercept inhibited neutro-
phil accumulation at 24 and 72 h (Fig. 3C). These results, together with those of our previous 
report [10], suggested the dependence of adhesion formation on serosal neutrophilia.

NETs may participate in adhesion formation
We next assessed whether neutrophils that migrated to the serosa were activated or 

in resting form. NETs released from activated neutrophils reportedly to serve as a potent 
host defense mechanism against pathogen microbes such as bacteria, fungi, and viruses [19, 
20]. NETs are neutrophil-derived chromatin filaments decorated by cytotoxic molecules, 
including histones, proteases, and cytoplasmic and granular proteins [21]. After activation 
by microbes or microbial products, neutrophils release NETs, which trap and efficiently kill 
them the microbes by means of their web-like configuration. Recent intensive studies, how-
ever, unveiled their dark side: NETs also participate in various noninfectious diseases such 
as those related to autoimmunity and thrombosis [21, 22]. This allowed us to investigate 
whether the infiltrating neutrophils might be activated to form NETs. To detect NETs, we per-
formed co-staining for Ly-6G, DNA, and citrullinated histone H3 (CitH3), which are essential 
for the generation of NETs by inducing nuclear decondensation, a key event for NET release 
[21, 23]. We found that the unique fibrous structures comprising CitH3 and DNA were gener-
ated around the neutrophilia at 24 h after cecum cauterization (Fig. 4A), suggesting that the 
migrated neutrophils might have released substantial NETs. In contrast to the PBS-treated 
mice, NETs were almost absent in the injured serosa of etanercept-treated mice (Fig. 4B). 
These results suggest that, upon cecum cauterization, neutrophils promptly migrate to the 
injured sites to generate NETs in a TNF-dependent manner.

Etanercept inhibited TNF action in human neutrophils and mesothelial cells
Mesothelial cells were the major cellular source of myofibroblasts in the adhesions (Fig. 

1B). We investigated whether etanercept directly protected against TNF induction of the ad-
hesion-associated molecules in mesothelial cells. Consistent with our previous report [10], 
human mesothelial cell line, MeT5A cells expressed higher levels of IL6, CXCL2, and PAI1 
in response to TNF (Fig. 5A). Pretreatment with etanercept suppressed the TNF induction 
of these molecules to the control levels (Fig. 5A). Consistent with our findings [10], human 
neutrophils showed increased TNF, CXCL2, and IL6 levels (Fig. 5B). As was observed in Me-
T5A, etanercept completely prevented TNF induction of these molecules (Fig. 5B). Etaner-
cept alone did not affect the expression levels of these molecules in either cell type (Fig. 5A, 
5B).

The results of the present study suggested that TNF produced by both neutrophils and 
mesothelial cells promptly after cauterization might be a key trigger to initiate postopera-
tive adhesion formation at the injured serosa. Etanercept may neutralize TNF to suppress 
the induction of adhesion formation-related molecules. Thus, prophylactic administration 
of etanercept could prevent postoperative adhesion formation, presumably by inhibiting in-
flammation, neutrophil accumulation, and NET formation (Fig. 5C).
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Fig. 3. Etanercept hampers neutrophil accumulation at injured serosa. Mice were administered phosphate-
buffered saline (PBS) (A) or etanercept (100 µg/moues) (B) and the cecal lesions were sampled at the indi-
cated time points after cecum cauterization for hematoxylin and eosin staining or immunohistochemistry 
for Ly6G. (C) We counted total Ly6G+ cells in the serosa or adhesion indicated by the green dotted line (A, B), 
quantified the Ly6G-positive proportion to the area, and calculated the relative ratio of each proportion to 
that of tissue slices of the control group at 6 h. Data are given as means ± SEM. *p<0.05 indicated statistically 
significant differences. ns, not significant. Three mice were used for each experimental group. We performed 
the experiments three times with similar results.
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Fig. 4. Etanercept prevents neutrophil extracellular trap (NET) formation in injured serosa. Mice were ad-
ministered phosphate-buffered saline (PBS) (A) or etanercept (100 mg/mouse) (B). The cecal lesions were 
sampled at 24 h after cecum cauterization for HE staining or immunofluorescence for Ly6G (red), citrul-
linated histone 3 (CitH3) (green), and DAPI (blue). Photographs with low (upper panels) and high (lower 
panels) magnifications are shown. Three mice were used for each experimental group. We performed the 
experiments three times with similar results.
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Fig. 5. Etanercept inhibits tumor necrosis factor (TNF) action on mesothelial cells and neutrophils. (A, B) 
Human mesothelial cell line, MeT5A cells (A) or primary human neutrophils (B) were exposed to 10 ng/
mL TNF for 21 h with or without 3 h-etanercept pretreatment. Cells were harvested for quantification of 
mRNA levels of IL-6 (A, B), CXCL-2 (A, B), PAI-1 (A), and TNF (B). Data are presented as mean ± SEM. *p<0.05 
indicated statistically significant differences. (C) Proposed model for the role of TNF in the induction of 
postoperative adhesion: upon abdominal surgery, the injured serosa is exposed to TNF in the early phase. 
TNF triggers various adhesion formation-related events such as IL-6 and CXCL-2 induction and neutrophil 
extracellular trap (NET) formation. Prophylactic administration of etanercept might prevent postoperative 
adhesion formation by inhibiting these events.
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Discussion

In this study, we found that TNF blockade by etanercept protected against adhesion for-
mation following cecum cauterization in mice, concomitant with a reduction in the induction 
of proinflammatory cytokines such as Il6 and Tnf, pro-fibrotic and anti-fibrinolytic protein 
Pai1, and neutrophil accumulation with somewhat impaired induction of Cxcl2. A similar 
protective efficacy was also induced by treatment with anti-IL-6R mAb [10]. We previously 
reported that blockade of the IL-6-mediated signal pathway prevented adhesion formation 
with reduced induction of Tnf and neutrophilia in the injured serosa. IL-6 can induce IL6 
and TNF expression. TNF can also induce IL6 and TNF [10]. This bidirectional positive circuit 
between these two proinflammatory cytokines and unidirectional positive circuits of the in-
dividual cytokines might account for the phenomena by which IL-6 and TNF appeared to 
equally contribute to adhesion formation.

Many biologics targeting TNF, including anti-TNF mAbs and etanercept, have been clini-
cally used to treat chronic inflammation and autoimmune diseases with substantial efficacy 
[12]. TNF is a soluble protein (sTNF) and transmembrane protein (mTNF), both of which 
have equivalent biological actions [24]. TNF-targeting biologics, anti-TNF mAbs, and etan-
ercept have neutralizing activity against both mTNF and sTNF. Furthermore, both types of 
biologics can equally exert complement-dependent cytotoxicity and antibody-dependent 
cellular cytotoxicity (ADCC) against mTNF-expressing cells [12]. However, mAb types of bi-
ologics but not etanercept can additionally activate reverse signaling in mTNF-expressing 
cells, eventually leading to the apoptotic cell death of mTNF-expressing cells [13, 24]. This 
difference in anti-TNF action mode between the two types of biologics might be attributed 
to their distinct clinical efficacy against Crohn’s disease; etanercept has no efficacy, whereas 
mAbs show substantial efficacy [24-26]. It remains to be elucidated whether etanercept pro-
tected against adhesion formation by neutralizing sTNF and mTNF, complement-dependent 
cytotoxicity against mTNF-expressing cells, ADCC against mTNF-expressing cells, and/or in-
duction of reverse signaling in mTNF-expressing cells in mice.

 Our results showed that treatment with etanercept protected against NET release in 
injured serosa. TNF activates neutrophils to release NETs [27, 28]. By immunoblotting analy-
sis, Neeli et al. reported that human peripheral blood neutrophils citrullinated histone H3 in 
response to TNF [27]. Wang et al. also verified this TNF-induced citrullinated histone H3 by 
immunofluorescence analysis [28]. Interestingly, peripheral blood and synovial neutrophils 
of patients with rheumatoid arthritis (RA) spontaneously released NETs according to endog-
enous TNF [29]. These reports indicate that TNF can induce NET formation. As shown here, 
etanercept could hamper serosal neutrophilia after cecum cauterization. Therefore, etaner-
cept might directly protect against NET formation by inhibiting neutrophil decondensation 
through abrogation of histone H3 citrullination and presumably indirectly via suppression 
of neutrophil accumulation.

It has been well documented that NETs potently trigger or promote proinflammatory 
responses in various diseases [20, 21]. Recently, NETs were reported to induce fibrotic alter-
ations [30]. Chrysanthopoulous et al. reported that NETs induced fibroblast differentiation 
to myofibroblasts [31]. In response to NETs, primary human lung fibroblasts expressed high-
er levels of ACTA2 (transcript of aSMA) and increased collagen production in vitro. Fibrosis-
related agents, including cigarette smoke extract and bleomycin, could activate human neu-
trophils to release NETs [31]. Thus, NETs may be involved in tissue fibrosis. Furthermore, 
a recent report by Martinoid et al. demonstrated that NETs contributed to organ fibrosis, 
particularly age-related cardiac and pulmonary fibrosis in mice [32]. During aging, organ 
function declines, presumably due to the replacement of parenchymal cells with age-related 
fibrosis [32]. The authors found that aged wild-type mice but not young mice, developed 
cardiac and pulmonary fibrosis accompanied by robust NETs in these organs. In contrast, 
PAD4-deficient mice were resistant to age-related fibrosis. Together with our present study, 
these findings suggest that NETs might become a new target for tissue fibrosis.
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The present study revealed prophylactic effects of etanercept on the postoperative adhe-
sion. However, this study contains several limitations that would have been broken through 
for clinical trials. First, the injury used in this mouse model is cauterization. However, 
actual surgical procedures generate other types of injuries, such as an abrasion. Therefore, 
we need to test protective roles of etanercept in adhesion formation induced by other types 
of intraperitoneal damages. Second, it is unclear whether etanercept protects against adhe-
sion formation upon surgery in human. Third, single or double etanercept treatments might 
render the patients immunocompromized to be susceptible to microbial infection. It is well 
established that multiple treatments with chronic inflammatory diseases with etanercept 
potentially activate endogenous microbial infection, such as Mycobacterial tuberculosis [33]. 
Beyond these limitations, this study might still provide a milestone to generate the prophy-
lactic maneuver against adhesion formation after intraperitoneal surgery.

Conclusion

The prophylactic administration of etanercept might be a potential strategy to prevent 
clinical postoperative adhesion formation.
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