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Abstract: Postsurgical adhesion formation is the most common complication in abdominal and
pelvic surgery. Adhesiolysis is the most commonly applied treatment for adhesion formation but
is often followed by adhesion reformation. Therefore, an efficient strategy should be adopted
to solve these problems. This study aimed to explore whether hyaluronic acid and oxidized
regenerated cellulose (ORC) could prevent adhesion formation and reformation. Thirty female
Sprague Dawley rats were randomly divided into three groups (n=10 each) and subjected to
different treatments during the first and second surgery. The control group was treated with
isotonic sodium chloride, the ORC group was treated with ORC (1.5x1 cm), and the medical
sodium hyaluronate (MSH) group was treated with 1% MSH (0.5 mL). At 2 weeks after the first
surgery, adhesion scores in the MSH group (1.90£0.99) and the ORC group (1.40£0.97) were
significantly lower than those in the control group (3.00£0.82) (P=0.005). Similarly, 2 weeks
after the second surgery, adhesion scores in the MSH group (2.00+0.82) and the ORC group
(1.50+1.27) were significantly lower than those in the control group (3.5010.53) (P=0.001).
In addition, body weights in the MSH group and the ORC group did not change significantly,
whereas the control group showed a consistent decrease in body weight during the experiment.
Histological examination revealed that inflammatory infiltration was involved in both adhe-
sion formation and reformation. In conclusion, hyaluronic acid and ORC were both efficient in
reducing adhesion formation and reformation in the rat model.

Keywords: hyaluronic acid, oxidized regenerated cellulose, adhesion formation, adhesion
reformation, rat model

Introduction
Postoperative adhesions have become the most frequent complications after abdominal
and pelvic surgery, occurring to different degrees in 60%—90% of patients.! This preva-
lent complication increases the disease burden in affected patients. The characteristic
symptoms of postoperative adhesions in 74% of cases of adhesion-related abdominal
obstruction include diffuse or chronic pelvic pain, and more than 40% of patients
develop infertility.** In addition, postoperative adhesions result in a large number of
reinterventions, increased hospital stays, extended reintervention times, and enormous
economic burden.? However, only few specialists are aware of the extent of this serious
problem, and increased attention and scientific investigations are urgently required.
Adhesion formation results from the fibrous connections between tissues and organs
caused by surgical trauma, inflammation, and endometriosis.* In gynecological surgery,
especially in procedures with high risk of adhesion formation, such as ovarian surgery,
endometriosis and tubal surgery, and myomectomy, good surgical practice along with
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adoption of adhesion-reducing agents is conducive to pre-
venting adhesion formation.? At present, many anti-adhesion
agents, such as oxidized regenerated cellulose (ORC),’
hyaluronic acid,® hyaluronate—carboxymethyl cellulose,” and
icodextrin,>*° are available for use in the clinic. The most
frequently adopted treatment approach for postoperative
adhesions is adhesiolysis. However, adhesiolysis is often
followed by adhesion reformation and relevant studies on
managing adhesion reformation are still limited.'

The rat uterine horn model is the most frequently used
model for investigating postsurgical adhesion formation.!!
Using this animal model, many effective anti-adhesion agents
have been developed, including ORC and sodium hyaluronic
acid. ORC was the first synthetic mechanical barrier used
for preventing adhesion formation and was designed to be
absorbed in the abdominal cavity within 2 weeks.® Sodium
hyaluronic acid is a linear polysaccharide with repeating
disaccharide units composed of sodium D-glucuronate and
N-acetyl-D-glucosamine.® It is a naturally occurring compo-
nent of many body tissues and fluids and shows lubrication
and gliding effects.’ The purpose of this experimental study
was to explore whether ORC and hyaluronic acid could
reduce adhesion reformation in rats.

Materials and methods

Animal experiment

Thirty female Sprague Dawley rats, 3—4 months old and
weighing 230-260 g, were used for generating intraperito-
neal adhesions in this study. During the entire study period,
the animals were housed under controlled conditions of
temperature (21°C-22°C), humidity (40%-60%), and light
(12-hour light/12-hour dark regime), and had free access to
food and water. In addition, the animals were starved for 6
hours before the surgery. The study and the study procedures
were approved by the Committee on the Ethics of Animal
Experiments at the Affiliated Kunshan Hospital of Jiangsu

University and the animal experiments followed the Affili-
ated Kunshan Hospital of Jiangsu University guidelines. The
rats were randomly divided into three groups according to
their treatment: the control group was treated with isotonic
sodium chloride at the first and second surgery, the ORC
group was treated with ORC at the first and second sur-
gery, and the medical sodium hyaluronate (MSH) group
was treated with MSH at the first and second surgery. All
surgeries were performed under general anesthesia, and all
efforts were made to minimize suffering.

Surgical technique

The animals were anesthetized with intraperitoneal injection
of 100 mg/L chloral hydrate (300 mg/kg body weight) and
were then placed on the operating table in a supine position on
awarm blanket. A 3 cm midline incision was made along the
linea alba on the abdominal wall, and the abdominal cavity
was opened to expose the uterus. At the corner of the uterus,
a | cm incision was made until hemorrhage points appeared.
The incision was then closed with 3—0 Dexon sutures, and
one of the following agents was retained in the abdominal
cavity: isotonic sodium chloride (10 mL) was used in the
control group, ORC (1.5x1 c¢m) was used in the ORC group,
and 1% MSH (0.5 mL) was used in the MSH group. The
abdominal wall was then closed (Figure 1). After surgery,
the rats were exposed to infrared light until they awoke and
were provided access to water alone for the first 6 hours.
After a recovery period of 2 weeks, the rats underwent the
second surgery and adhesiolysis by the same surgeon who
was blinded to animal allocation, and the same agents were
applied in the abdominal cavity of the rats (Figure 2A-D).
Two weeks after the second surgery, a U-shaped incision
was made to reveal the condition of intraperitoneal adhesions
(Figure 2E, F). Finally, all rats were euthanized and the
tissues in the adhesion zones were sent for pathological

examinations.

Figure | The surgical technique for creating the adhesion model.

Notes: (A) After a 3 cm incision was made, the uterus was externalized; (B) the uterus was incised and then sutured; (C) an agent (ORC) was then injected into the

abdominal cavity; (D) the abdominal wall was closed.
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Adhesions after
first surgery

Adhesions after
second surgery

Figure 2 The representative adhesions after the first surgery (A-D) and second surgery (E-H).

Notes: (A) The adhering zone between the gastrocolic omentum and the abdominal wall; (B) the adhering zone between the gastrocolic omentum and the uterus; (C) the
adhering zone between the uterus and the abdominal wall; (D) complicated and tight adhesions or internal organs sticking to the abdominal wall; (E) no adhesion; (F) the
adhering zone between the gastrocolic omentum and the uterus; (G) the adhering zone between the gastrocolic omentum and the uterus; (H) the adhering zone between

the gastrocolic omentum and the abdominal wall.

Evaluation of postoperative adhesion

The severity of postoperative adhesions was evaluated

according to a modified Niar’s scoring system as follows: '

0 = no adhesion;

1 = one adhering zone between internal organs or between
internal organs and the abdominal wall, equaling
1%-25% of uterine involvement;

2 = two adhering zones between internal organs or between
internal organs and the abdominal wall, equaling
26%—-50% of uterine involvement;

3 = more than two adhering zones between internal organs
or between internal organs and the abdominal wall,
which equals to 51%—75% of uterine involvement;

4 = complicated and close-up adhesions or direct attach-
ment of internal organs to the abdominal wall irre-
spective of the number and circumscription of the
adhering zones, which equals to 76%—100% of uterine
involvement.

Adhesion scorings were evaluated by two investigators
blinded to the treatment regimen. In addition, the body weight
of each rat was measured every week during the experiment.

Statistical analyses

All measurement data and ranked data are reported as
mean + standard deviation (SD). Student’s ¢-tests were
performed to identify the significant differences between
two independent groups. Adhesion scores and weights
of multiple groups were established by analysis of vari-
ance (ANOVA). Data regarding adhesion scoring were

analyzed and compared using the Kruskal-Wallis test,
and the Mann—Whitney U-test was utilized for intergroup
dual comparisons if any statistical significance was found.
A P-value of <0.05 was considered as statistically signifi-
cant. All analyses were performed with SPSS 17.0 software
(SPSS Inc., Chicago, IL, USA).

Results

Adhesion evaluation

The adhesions in the ORC and MSH groups were milder
compared to the control group at 14 days after first surgery.
In the ORC and MSH groups, adhesions were generally loose
and consistent, and most were of the omental type, which
could be easily separated by blunt dissection. However, in
the control group, the adhesions were much stronger, and
some adhesions could only be separated by sharp dissec-
tion; appearance of clear vascularization was also observed
in complicated and tight adhesions or where internal organs
stuck to abdominal wall. Fourteen days after the second
surgery, the adhesions in the ORC and MSH groups showed
no further aggravation. However, adhesions in the control
group continued to worsen. Most adhesions could only be
separated by sharp dissection resulting in visceral damage.
The adhesion scores were calculated as follows: 3.00+0.82
in the control group, 1.90+£0.99 in the MSH group, and
1.40£0.97 in the ORC group at 2 weeks after the first surgery
and 3.50%0.53 in the control group, 2.00+£0.82 in the MSH
group, and 1.50£1.27 in the ORC group at 2 weeks after the
second surgery (Figure 3). The MSH and ORC groups had
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Figure 3 The adhesion scores of the control, ORC, and MSH groups at 2 weeks
after first or second surgery.

Abbreviations: ORC, oxidized regenerated cellulose; MSH, medical sodium
hyaluronate.

significantly lower adhesion scores than the control group
at day 14 (P=0.005) and at day 28 (P=0.001). No significant
difference was found among the control group (P=0.102), the
MSH group (P=0.914), or the ORC group (P=0.816) with
respect to adhesion scores at 2 weeks after the first surgery
and at 2 weeks after the second surgery.

Changes in body weight

No mortality was observed during this study. The body
weights of all 30 Sprague Dawley rats were measured before
the first surgery and were measured once a week thereafter
until they were sacrificed. The day of the time of first sur-
gery was set as day 1 to form the timeline. The changes in
body weight are depicted in Figure 4. At the beginning of

-8 Control group - ORC group =& MSH group |
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Figure 4 The body weights in each group are depicted.

Notes: At day |, the body weights in the control, MSH, and ORC groups were
242.816.8, 242.315.0, and 240.5£6.6 g, respectively. On day 14, the body weights in
the control, MSH, and ORC groups were 224.9+7.1, 238.0£12.1, and 239.6+12.1 g,
respectively. On day 28, the body weights in the control, ORC, and MSH groups
were 189.317.8, 245.5+9.0, and 241.9+6.7 g, respectively.

Abbreviations: ORC, oxidized regenerated cellulose; MSH, medical sodium
hyaluronate.

the experiment, there was no significant difference in body
weights between the three groups (P=0.688). At day 14, the
body weights of rats were significantly different between
the three groups (P=0.009). The weight of rats in the con-
trol group was lower than that in the MSH (P=0.011) and
ORC groups (P=0.005) on day 14. On day 28, the weights
were significantly higher in both the MSH and ORC groups
compared to the control group (P=0.000). Notably, the
weight in the control group showed a consistent decrease on
day 14 and day 28 compared to that before the first surgery
(P=0.000). On the other hand, the body weights were not
changed significantly during these 2 weeks in both the MSH
(P=0.207) and ORC (P=0.843) groups.

Histological examination

In order to investigate the pathogenesis of adhesion formation/
reformation, we performed histological evaluation of the adhe-
sions on the uterus—abdominal wall and omentum—abdominal
wall. Two weeks after the first surgery, tissue staining showed
obvious proliferation of fibrous tissue, low-level inflammatory
infiltration, and foreign body giant cells around the suture knot
in the uterus—abdominal wall (Figure 5A). At 2 weeks after
the second surgery, a similar histological change appeared
in the adhesion reformation of the uterus—abdominal wall
with a higher level of inflammatory infiltration, fibrous tissue
growth around vessels, and initiation of blood vessel ingrowth
(Figure 5C). In the omentum—abdominal wall, at 2 weeks after
the first surgery, tissue staining showed proliferation of fibrous
tissue, formation of granulation tissue, a low level of inflam-
matory infiltration, and foreign body giant cell (Figure 5B).
At 2 weeks after the second surgery, tissue staining showed
proliferation of fibrous tissue and adipose tissue along with
local angiectasis and hemorrhage with inflammatory infiltra-
tion was observed (Figure 5D).

Discussion

Postsurgical adhesion is a complicated process and is
mainly formed by an imbalance between fibrogenesis and
fibrinolysis induced by infection and surgical trauma."!?
The adhesions usually develop in the peritoneal membrane
within 4—6 days of the surgery and are an inevitable problem
for any surgeon.? Decreased fibrinolytic activity and gain in
fibrogenesis contribute to adhesion formation.'*'> Hypoxia
plays a central role in the formation of adhesions. Hypoxia
leads to oxidative stress, anaerobic metabolism, formation
of free radicals, and eventual adhesion formation. The high
levels of free radicals initiate a cascade of inflammatory
pathways.!%!” Many cellular and humoral factors affect the
adhesion formation by influencing the process of fibrogenesis
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Uterine—abdominal wall
adhesion

Two weeks after
first surgery

Two weeks after
second surgery

Figure 5 Hematoxylin—eosin staining of representative adhesion formation.

Omentum-abdominal wall
adhesion

Notes: Adhesion formation in the uterus—abdominal wall and the omentum—-abdominal wall at 2 weeks after the first surgery (A, B) and adhesion reformation at 2 weeks

after the second surgery (C, D) are depicted, (100x).

and fibrinolysis, including transforming growth factor-p1,
vascular endothelial growth factor, and tumor necrosis
factor-alpha.'®!® Several types of inflammatory cells includ-
ing granulocytes, lymphocytes, macrophages, and fibroblasts
actively participate in the process of adhesion formation.'®
Our results revealed the inflammatory response involved in
adhesion formation/reformation (Figure 5). Besides, since
physical contact is necessary, separation of the peritoneal
tissue and the adjacent organs may be effective in preventing
both adhesion formation and reformation."

Based on the mechanism of adhesion formation, anti-
adhesion agents, including pharmacological agents and
nonpharmacological agents developed by targeting activation
of fibrinolysis, hampering of fibrogenesis, downregulation of
inflammatory response, and inhibition of collagen synthesis
have been investigated."!! At present, even though several
agents such as tadalafil,' melatonin, and dexamethasone!'!-140
are tested in animals and proven to be effective for prevent-
ing adhesion formation/reformation, no pharmacological
agents are available for humans. Therefore, numerous
studies are now focused on nonpharmacological agents to
prevent adhesions. Nonpharmacological anti-adhesive agents
are available in many forms, including liquid, membrane,
and textile embodiments, and they mainly provide a physical
barrier between adjacent peritoneal surfaces and organs, thus
reducing adhesion formation/reformation in clinical use.”!

ORC and hyaluronic acid are frequently used anti-adhesive
agents in the clinic.

ORC was the first generation of mechanical barrier agents
used to cover the peritoneum, and has been approved by the
US Food and Drug Administration (FDA) for prevention of
adhesion development.*'® ORC is composed of ORC fabric
that provides a continuous coat over damaged tissues within
8 hours and will be completely absorbed within 2 weeks. ">
In this study, ORC could significantly reduce adhesion for-
mation and reformation compared to the control group in an
experimental rat model. Similar to ORC, MSH also has no
significant impact on the body weights of these rat models.
In contrast, the body weights in the control group showed
a gradual decrease. Although some studies have observed
change in body weight, few studies have performed an exten-
sive investigation.”>** This outcome may be derived from
the peritoneal adhesions and their relevant complications,
such as bowel obstruction and abdominal pain.**?¢ Since
the models used in our study were adult rats, their bodies
would not show extreme changes under normal conditions.
The unchanging body weights in the treated groups indicate
that the anti-adhesive agents were conducive to postoperative
recovery and helped avoid malnutrition. The present study
demonstrated that oxidized regenerated cellulose could play
an important role in reducing postsurgical de novo adhesions
and reformation. A classical literature reported in literature
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found that ORC could reduce adhesion formation and sig-
nificantly prevent adhesion reformation in rabbit and dog
models.?”” Recently, a systematic review demonstrated that
ORC could reduce the incidence of both de-novo adhesions,
as well as the reformation of adhesions.* More importantly,
ORC has no effects on either pain or fertility outcomes in
women of reproductive age.*

Hyaluronic acid has excellent physical and biological
features as an anti-adhesive agent. This high-density polymer
shows high viscosity, viscoelasticity, and water-retaining
capacity, and could therefore function as a lubricant.'® Addi-
tionally, hyaluronic acid is biocompatible, biodegradable
(completely degrades within 5 days), and nontoxic, which
enhances its popularity as a barrier agent.'®*! In earlier studies,
hyaluronic acid was not found to reduce adhesion formation
or reformation.’®?* However, with the development of basic
research and synthesis technologies, more studies have demon-
strated its role in preventing adhesion formation/reformation.
In 1997, Rodgers et al** demonstrated that administration of
hyaluronic acid at the end of surgery could reduce adhesion
formation in a standard rabbit model. Two years later, Osada
et al found that 1% sodium hyaluronate could decrease the
area of adhesion reformation in a rabbit model.’' However,
relevant studies on rat models are relatively few. In this study,
hyaluronic acid proved to significantly inhibit the adhesion
formation/reformation in a rat model. These plausible results
contribute to the excellent physical and biological features of
hyaluronic acid. Thus, hyaluronic acid and various hyaluronic
acid combinations show promise for providing efficient anti-
adhesive treatments in the future.’?34

Women undergoing gynecological surgery are exposed
to a high risk of adhesion formation especially in ovarian
surgery, endometriosis surgery, tubal surgery, myomectomy,
and adhesiolysis.? Although in adherence to microsurgical
principles, minimally invasive surgery is widely accepted, it
is not sufficient to prevent adhesion formation/reformation.'¢
Therefore, in addition to applying meticulous surgical
techniques and principles of microsurgery, proper use of
anti-adhesion agents could reduce the incidence of adhesion
formation/reformation.! In conclusion, hyaluronic acid and
ORC proved to reduce adhesion scores and had no effect
on body weights in the rat model. However, their feasibility
and safety for preventing adhesion reformation in clinical
practice still needs to be warranted.
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