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Background: Postoperative abdominal adhesions formation is considered a significant clinical entity 
implicating the healing process following major pelvic and abdominal surgery, with serious clinical 
complications and need for substantial health care expenditures. However, setting a physical barrier 
between the damage site and the neighboring tissues is a convenient and highly valid way to minimize or 
prevent peritoneal adhesions. The present experimental study evaluated the preventive effect of ligustrazine 
nanoparticles nano spray (LNNS) on postoperative abdominal adhesion in rats and explored its mechanism.
Methods: Sixty male Sprague Dawley (SD) rats were randomly divided into sham operation group, control 
group, sodium hyaluronate group and low, medium, and high dose LNNS groups. All groups were prepared 
with abdominal adhesion models except for the sham operation group. The models were made by opening 
the abdominal cavity to and filing the serosa in ileocecal junction. The abdominal cavity of rats in the sham 
operation group were only opened and sutured. The wound surface of rats in the sodium hyaluronate group, 
low, medium, and high dose LNNS groups were sprayed with sodium hyaluronate gel (0.5 mL/kg) and LNNS 
(2.5, 5, and 10 mL/kg). Rats in each group were sacrificed 7 days later. Degree of adhesion was evaluated by 
naked eyes and the pathological sections were scored afterwards. The collagen synthesis in adhesion tissues 
was detected by Masson’s trichrome stain, and the activities of reactive oxygen species (ROS), nitric oxide 
(NO), superoxide dismutase (SOD) and malondialdehyde (MDA) in peritoneal fluid were detected with the 
method of chromogenic substrate. Levels of TNF-α and IL-1β in serum, and the protein levels of MCP-1 
and MMP-9 in adhesion tissues were detected by ELISA and. immunohistochemistry respectively. RT-PCR 
and Western blot were utilized to identify the expression levels of Nrf2, heme-oxygenase-1, NQO1 mRNA 
and protein in adherent intestinal tissues.
Results: Compared with the control group, the incidence of postoperative abdominal adhesions decreased 
in the low, medium and high dose LNNS groups, while the expression of SOD in the peritoneal fluid 
significantly increased. The expression levels of ROS, MDA and NO were reduced remarkably (P<0.05), 
so were the expression levels of serum TNF-α and IL-1β (P<0.01) and the expression of MCP-1 protein in 
adhesion tissues. The MMP-9 protein expression, and Nrf2, heme-oxygenase-1, NQO1 mRNA and protein 
expressions increased.
Conclusions: LNNS with medium or high dose can significantly reduce the incidence of postoperative 
abdominal adhesions, the mechanism of which may be the activation of Nrf2/ARE pathway, resulting in the 
up-regulation of Nrf2, heme-oxygenase-1, NQO1 and mRNA expression, as well as the levels of TNF-α 
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Introduction

Postoperative abdominal adhesion refers to the pathological 
connection between the omentum, abdominal organs 
and abdominal wall after surgery, which is a common 
postoperative complication with an incidence of more 
than 90% after open surgeries according to report (1-3).  
The main clinical manifestations of postoperative 
abdominal adhesion include intestinal obstruction, chronic 
abdominal pain and female infertility (4,5), which will make 
serious adverse effects on the second surgery (6). Although 
postoperative abdominal adhesion has been extensively 
studied, there has been neither effective treatments and 
interventions so far nor relevant authoritative treatment 
guidelines and definitive treatments, and the current 
treatment methods remain a great controversy (2). 
Therefore, it is always a hot spot in abdominal surgery 
research. The minimally invasive techniques such as 
laparoscopy and hysteroscopy are widely used in clinic 
and have greatly reduced the trauma caused by abdominal 
surgery. However, they cannot completely prevent 
postoperative abdominal adhesions (7). 

The formation and mechanism of postoperative abdominal 
adhesions are so complex, that different drugs and materials 
are used in different stages to prevent its progress (8), including 
lavage of abdominal cavity (9), nonsteroidal anti-inflammatory 
drugs (10), double-layer electrostatic film made by hyaluronic 
acid (11), calcium channel blockers (12), thermosensitive 
injectable hydrogel (13) and green tea extract (14). However, 
there remains controversy in the efficacy of those agents 
preventing adhesion (15). In addition, most devices are 
limited in situations with incomplete hemostasis or bowel 
resection and consecutive anastomosis (16-18). Therefore, 
further study is needed to find more effective agents that 
could be safely used or could prevent and treat post-
surgical peritoneal adhesion. Ligustrazine is an alkaloid 
extracted from the root of Rhizoma chuanxiong, a traditional 
Chinese herb. It is one of the active constituents of 

Rhizoma chuanxiong. Several studies have demonstrated the 
biological and pharmacological effects of ligustrazine such 
as inhibiting oxidation, improving microcirculation, and 
decreasing platelet aggregation and inflammation (19-21). 
Zhang et al. (22) reported that after the existing adhesions 
being loosened by surgery, 6 patients with adhesive 
intestinal obstruction, were treated with ligustrazine 
injection to the abdominal cavity for prevention. They 
were followed up for 1–3 years and no adhesion was found. 
Zhang et al. (23) observed the clinical effect of 40 mg 
ligustrazine diluted with 250 mL saline on 70 patients with 
abdominal surgery by peritoneal perfusion. Results showed 
that the recovery time of bowel sounds and the first exhaust 
and defecation time in the ligustrazine treatment group was 
obviously shortened, compared with the control group, and 
there was a significant difference in the effective rate and 
the overall graded efficacy ratio between the two groups.

According to the clinical trials and our previous research 
on the effect of ligustrazine on postoperative abdominal 
adhesions, it is found that ligustrazine can effectively inhibit 
abnormal fibrosis so as to prevent postoperative abdominal 
adhesions (24). However, ligustrazine, as an alkaloid, is 
characterized by fast absorption, metabolism and short 
half-life (25), leading to low bioavailability, thus its clinical 
application is limited. Our research group developed 
ligustrazine nano preparations according to the metabolic 
characteristics of ligustrazine. The use of nanotechnology 
increases the solubility of drug particles so as to improve 
bioavailability (26), and cover to isolate with the aid of 
polylactic acid (27). Ligustrazine nanoparticles nano 
spray (LNNS) is easy to use and characterized by targeted 
administration, high bioavailability, good biocompatibility 
and low cytotoxicity whereby effectively compensates for 
the short-term metabolism of ligustrazine. It is found that 
LNNS can inhibit TGF-β1/Smad signaling pathway so 
as to reduce peripheral blood TNF-α and IL-1β levels, 
lessens the proliferation of collagen I of adhesion tissue and 

and IL-1β in peripheral blood and the expression of MCP-1 protein in adhesion tissues. Meanwhile, the 
content of MMP-9 protein in adhesion tissues were raised, and oxidative stress and inflammatory response 
are released.
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increases levels of TGF-β1, FN, CTGF in order to balance 
t-PA and PAI-1 to further reduce the extent of peritoneal 
adhesions in rats (28,29).

Recent literature studies have shown that oxidative stress 
is an important pathological mechanism for postoperative 
abdominal adhesions (30). Reactive oxygen is a chemically 
reactive factor containing oxygen, a by-product of 
oxygen metabolism. The surgical trauma generated and 
foreign body invasion can cause a large amount of active 
oxygen produced by the body in a short time. When the 
accumulation of active oxygen exceeds the body’s ability 
to remove, it can lead to peroxidative damage to tissues 
and organs (31). Oxidative stress is closely related to 
pathological changes, inflammatory reaction, and immune 
and fibrinolysis system imbalance. Therefore, eliminating 
reactive oxygen species (ROS) is an important way to 
regulate antioxidant capacity of the body so as to prevent 
postoperative abdominal adhesions (30).

Based on the beneficial effects of ligustrazine described 
above, this study aimed to explore the effects of LNNS 
on inflammation and oxidative stress which are the two 
major pathological mechanisms involved in post-surgical 
peritoneal adhesion.

Methods

Drugs and chemicals

Ligustrazine (purity higher than or equal to 98%, No. JD-
45630) was purchased from Shanghai Jingdu Biotechnology 
Co., Ltd. TNF-α and IL-1β rat ELISA kits were prepared 
from Nanjing Jiancheng Bioengineering, China. Sodium 
hyaluronate gel was purchased from Shandong Bausch & 
Lomb Pharmaceutical Co., Ltd.; while rabbit polyclonal 
NRF2 antibody (Abcam, USA), rabbit polyclonal to 
HO-1 antibody (Abcam, USA), rabbit polyclonal NQO1 
antibody (Abcam, USA), TRIzon, Reagent, monoclonal 
Anti-β-Actin antibody, goat anti-mouse antibody, high-
sensitivity chemiluminescence detection kit and the reverse 
transcription kit were all purchased from Thermo; the 
QPCR premix was purchased from Vazyme.

Animals

A total of 60 healthy 8-week-old male Sprague Dawley 
(SD) rats weighting of 250±25 g were purchased from 
Shanghai Jiesijie Experimental Animal Co., Ltd. They 
were acclimatized and housed in separated standard cages. 

The animal room was well ventilated with temperature of 
21±2 ℃ and 60%±3% humidity, and was equipped with 12 
h natural light-dark cycle. Rats had free access to standard 
tap water and laboratory pellet chow. Good hygiene was 
maintained by frequent cleaning and removal of feces and 
spilled feeds from cages daily. All animals received humane 
care in compliance with the guidelines of the China Council 
on Animal Care and Use. All animal procedures performed 
in this study were reviewed, approved, and supervised by the 
Institutional Animal Care and Use Committee of the Ethics 
Committee of Nanjing University of Chinese Medicine, 
China.

Preparation of LNNS

LNNS was defined using the method which previously 
described (28,29). In briefly, the ligustrazine and polylactic 
acid were dissolved in an acetone solution at a feed ratio of 
1:4, 20 g/L as with the concentration of lactic acid in the 
acetone solution. This solution was used as the oil phase. 
While 0.25% poloxamer solution of 4 times the volume of 
the oil phase was used as the aqueous phase. The oil phase 
was injected into the aqueous phase at high-speed magnetic 
stirrer, and then kept stirred at constant temperature of 30 ℃  
for 70 min to evaporate the acetone. After that 1 g/L of a 
ligustrazine nanoparticle solution with an average particle 
diameter of about 200 nm was obtained. Afterwards, the 
solution is filled, sealed, and radiated for sterilization to 
make a ligustrazine nanoparticle spray. The encapsulation 
efficiency of the prepared ligustrazine polylactic acid 
nanoparticles was stable. The nanoparticles observed under 
transmission electron microscopy were spherical-like matter 
whose surface was smooth and non-adhesive and particle 
size distribution was narrow with the average diameter of 
about 210 nm and the average diameter distribution of 
around 0.09 (32).

Model establishment

Rats were randomly divided into sham operation (sham) 
group, control group, sodium hyaluronate (HA) group and 
low dose LNNS (L-LNNS) group, medium dose LNNS 
(M-LNNS) group, and high dose LNNS (H-LNNS) group 
according to random number table, each with 10 rats.  
According to the previous study, the experimental 
abdominal adhesion model was established by needle files 
(29,33,34). The rats were fasted for 12 h but given free 
access to drinking water before the model established, and 
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then they were intraperitoneally injected with 10% chloral 
hydrate (3.5 mL/kg). The rats were fixed in supine position, 
shaved and sterilized. Afterwards, 1.5 cm front median 
incision was made in the lower abdomen layer by layer. The 
assorted file repeatedly rubbed the serosal layer on the right 
ileocecal area until the surface appears spotted hemorrhage 
to form a 2.0 cm × 1.5 cm wound that was brought into the 
abdominal cavity after exposure in air for 5 min. The 3-0 
sterile silk thread was sutured. In the sham operation group, 
there was no modeling and the abdominal cavity of rats 
was only sutured after being opened. In the control group, 
the abdomen was sutured after modeling, but no drug was 
given. While, in the low, medium and high dose groups, 2.5, 
5, 10 mL/kg LNNS were applied to the wounds respectively 
after modeling. Besides, 1% sodium hyaluronate gel was 
used in the sodium hyaluronate groups (0.5 mL/kg) before 
closing the abdomen of models. After the model was 
established, the rats in each group were fasted for 24 h and 
then they were fed for 7 days, during which, their feeding, 
activity and wound healing were observed.

Macroscopic evaluation of adhesion score

Incision healing, abscess, general condition (body weight), 
incision and abdominal infection were observed after the 
operation, and animal’s mortality was recorded. Rats were 
fasted on the 8th day after surgery before euthanized by 
cervical dislocation. Next, “U” type incision was made 
under the xiphoid into the abdomen. The adhesion scores 
were evaluated according to a modified classification of 
Phillips, Bhatia grading standards from reported literatures 
(35,36) (Table 1) The levels of adhesion were scored as 
follows: 0= no adhesion; 1= single band of adhesions 
between viscera or from one viscus to the abdominal wall, 
spontaneously separating adhesion; 2= two bands, either 
between viscera or from viscera to the abdominal wall, 

separation of adhesion with traction; 3= more than two 
bands between viscera or viscera to the abdominal wall, or 
whole of intestines forming a mass, without being adherent 
to the abdominal wall, separation of adhesion with a blunt 
dissection; and 4= whole model area covered with adhesion, 
separation of adhesion with a sharp dissection. The scorers 
who have experience on peritoneal adhesions were arranged 
to different groups randomly.

Histopathological evaluation

The tissue samples were dehydrated, embedded in paraffin, 
and stained with HE so as to observe inflammatory 
response and fibrosis. Fixed for 24 h, the injured cecum 
wall and the peritoneal adhesion tissue were embedded 
in paraffin. Then they were cut and divided into 5 μm 
paraffin sections. Histopathological changes in fibrosis 
and inflammation were observed under light microscope. 
According to the microscopic scoring standard (36) (Table 2), 
two pathological sections were evaluated by the researchers 
of the Department of Pathology, Nanjing University of 
Chinese Medicine. Six HE slices from each group were 
chosen. Five fields of each slice in view were randomly 
selected under light microscope. The images were taken 
with a color pathological image analysis system to calculate 
the degree of inflammation and fibrosis.

Masson’s trichrome stain for collagen deposition

Some paraffin sections were observed for by Masson’s 
trichrome stain, and the collagen fibers were stained blue. 
The staining was carried out according to the instruction 
of the Masson’s trichrome stain kit (Sigma-Aldrich, United 
States). The percentage of positive staining was assessed. 
Eight microscope fields were randomly selected by Image-
Pro Plus 5.0 software (Leica, Germany) to measure the 

Table 1 Definitions of scores and grades of the peritoneal adhesions

Grade Description of adhesions Score

0 No adhesion 0

I Single band of adhesions between viscera or from one viscus to the abdominal wall, spontaneously separating 
adhesion

1

II Two bands, either between viscera or from viscera to the abdominal wall, separation of adhesion with traction 2

III More than two bands between viscera or viscera to the abdominal wall, or whole of intestines forming a mass, 
without being adherent to the abdominal wall, separation of adhesion with a blunt dissection

3

IV Whole model area covered with adhesion, separation of adhesion with a sharp dissection 4
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average collagen thickness in the adhesive tissues.

Detection of ROS, NO, SOD and MDA activity in 
peritoneal fluids

On the 8th day after operation, rats in each group were 
intraperitoneally injected with 0.5 mL normal saline. The 
peritoneal fluid was collected (abandoned if blood was 
contaminated) 0.5 h later. The fluid’s pH was adjusted to 3.9, 
and then centrifuged at 3,000 ×g for 5 min. The supernatant 
was taken and finally stored at 4 ℃ in refrigerator. The 
activity of ROS, nitric oxide (NO), superoxide dismutase 
(SOD) and malondialdehyde (MDA) in the sample was 
calculated following the kit instructions.

Enzyme-linked immunosorbent assays (ELISA) 

Ten percent chloral hydrate (3.5 mL/kg) was intraperitoneally 
injected into rats in each group. Blood was collected 
from abdominal aorta and centrifuged at 3,000 ×g/min  
for 15 min at 4 ℃. The serum was taken and stored in 
a refrigerator at −80 ℃ for testing. The concentrations 
of TNF-α and IL-1β in serum were evaluated using 
commercial ELISA kits (R&D Systems, USA) according to 
the manufacturer’s instructions. The optical density (OD) of 
samples were read on a microplate reader (Spectra Max190, 
Thermo Fisher, USA) with a wavelength of 450 nm.  
The OD value was plotted on the ordinate, and the 
concentration of the standard product was plotted on the 
abscissa to draw a graph. The corresponding concentration 
range was searched according to the OD value of the 
sample.

Immunohistochemistry 

Tissue of each group were fixed with paraformaldehyde 
for 24 h and then they were embedded in paraffin. 
Immunohistochemical staining was used for the 4 μm 
sections, which were processed by conventional dewaxing, 

hydration, washing with double distilled water, antigen 
retrieval. They were then blocked at room temperature, 
followed by incubation of MCP-1 and MMP-9 primary 
antibodies overnight. The secondary anti-DAB was 
incubated at room temperature, counterstained with 
hematoxylin and differentiated with hydrochloric acid 
alcohol, dried, and coverslipped with mounting. The 
average OD of positive cells in each section was analyzed 
by an upright microscope, and the plasma membrane in 
brownish yellow was considered positive. Five intestine 
tissue sections with complete structure (10×10) were 
randomly selected for as application. The semi-quantitation 
of immunohistochemical staining was performed, and 
the intensity was scored as follows: 0, negative; 1, mild; 2, 
moderate; and 3, severe. The extent of staining was assessed 
based on the percentage of positive cells and was scored 
as follows: 0, negative; 1, 1–25%; 2, 26–50%; 3, 51–75%; 
and 4, 76–100%. The total staining scores (0–7) were 
determined by the score for staining intensity and extent for 
positive area in the adhesive tissue.

RT-PCR 

Five hundred mg intestinal tissue of rat was taken on the 
ice. Five hundred mg of the colon 2 cm to the ileocecal area 
was cut out, in the event of adhesion absent. The tissue was 
then placed in a sterile cryotube kept in liquid nitrogen, 
and transferred to −80 ℃ for cryopreservation. Then, 100 
mg of the tissue was taken from each group to extract total 
RNA by Trizon kit. The total RNA concentration in each 
sample was determined by Nanodrop 2000c with the value 
of A260/A208 between 1.8 and 2.0. The transcribed cDNA 
was subjected to a PCR with a reaction system of 20 μL [2× 
ChamQ SYBR qPCR Master Mix (High ROX Premixed) 
10 μL, PCR Forward Primer (10 μmol/L) 0.4 μL, PCR 
Reverse Primer (10 μmol/L) 0.4 μL, cDNA template 0.5 μL  
(total 500 ng), ddH2O 8.7 μL]. The reaction conditions 
were set to 95 ℃ for 30s pre-denaturation, 95 ℃ for 10 s,  
60 ℃ for 30s annealing (40 cycles). The reaction was 

Table 2 Histopathologic criteria for inflammatory scaling

Degree of inflammation Degree of fibrosis Score

No inflammation None 0

Presence of giant cells, occasional lymphocytes and plasma cells Minimal, loose 1

Presence of giant cells, plasma cells, eosinophils and neutrophils Moderate 2

Presence of numerous inflammatory cells and microabscesses Florid, dense 3
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designed with Primer Premier 5.0 software and synthesized 
by Nanjing Kingsray Biotechnology Co., Ltd. GAPDH 
was used as the internal reference primer. PCR primer 
sequences were as follows: GAPDH: forward 5'-ATCTCG 
CTC CTG GAA GAT GG-3', reverse 5'-CAA GTT 
CAACGG CAC AGT CA-3'; Nrf2: forward 5'-CCA TTT 
ACGGAG ACC CAC-3', reverse 5'-TCT GAG CGG 
CAA CTTTAT-3'; heme-oxygenase-1: forward 5'-ATG 
GAGCGC CCA CAG CTC GAC AGC A-3', reverse 
5'-ACTGGGTTC TGC TTG TTT CG-3'; NQO1: 
forward 5'-GGGGACATGAACGTCATTCTCT-3', 
reverse 5'-AGTGGTGACTCCTCCCAGATGGTG-3'. 
The 2-ΔΔCt method was used to quantify the relative changes 
in mRNA.

Western blot analysis

One hundred mg tissue of the intestinal tube was taken 
from each group, and the relevant protein was extracted 
by homogenization with 1 mL of RIPA buffer. Qubit 2.0 
was used to measure the protein content. The protein was 
separated by SDS-polyacrylamide gel electrophoresis, 
transferred to a PVDF membrane, and incubated with 5% 
skim milk powder PBST (PBS containing 0.05% Tween-20) 
for 1 h at 37 ℃. Afterwards, the primary antibody was 
incubated overnight at 4 ℃, and rinsed 3 times with PBST 
for 5 min each time. The secondary antibody was incubated 
for 1 h at room temperature and rinsed 3 times with PBST 
for 5 min each time. The signals were detected by ECL kit, 
imaging was made by chemiluminescence imager, and bands 
were analyzed by Image Lab 5.0.

Statistical analysis

The data was analyzed using SPSS 19.0 software. The 
measurement data were expressed as mean ± standard 
deviation, consistent with normality and homogeneity 
of  variance.  The one-way ANOVA compared the 
means among groups. LSD was used for comparison 
between groups. Kruskal-Wallis rank sum test for sample 
nonparametric rank sum test. P<0.05 was considered 
significant.

Results

General observation

One rat in the control group died of the intra-abdominal 

infection 5 days after scraping because the contents spilled 
out from intestines. Another rat in high dose LNNS group 
died of preoperative anesthesia. Abdominal incision of all 
the other rats healed well without swelling or incisional 
hernia. Rats in each group were in poor condition in general 
24 hours after surgery. They were inactive, taking little food 
and water. While, two days later found the rats more active, 
taking food and water as normal. On the third day after 
surgery, the suture of the abdominal wound gradually fell 
off. The rats’ activity and diet recovered.

Macroscopic adhesion evaluation

As shown in Figure 1, compared with the sham operation 
group, abdominal adhesions of the control group were 
tight without cracks in general, only a few adhesions were 
thickened and expanded, but their toughness was increased, 
and some adhesions were occasionally associated with 
blood vessels. In the sodium hyaluronate group and LNNS 
groups, adhesions were reduced and loosened at different 
degrees, and no angiogenesis was observed. In particular, 
the high dose group showed a loose film-like adhesion 
in the cecal area of the filing part. Abdominal adhesion 
grades of the groups were shown in Figure 1. Compared 
with the sham group, the abdominal adhesion grade of the 
control group was significantly higher than that of the sham 
operation group, and the difference between the groups 
was statistically significant (P<0.01). Compared with the 
control group, the intraperitoneal adhesion grade of LNNS 
groups all decreased. Abdominal adhesion grade fell as dose 
of LNNS increased, with significant difference (P<0.05 or 
P<0.01).

Histologic adhesion scores

It is shown in Figure 2 that no abnormal changes in the 
villus epithelium of the sham operation group were observed 
under the light microscope, and there were no hyperemia 
or inflammation in the mucosa, submucosa, muscle layer 
and serosal tissue. The blood vessels in the intestinal wall 
of the control group were highly dilated and edematous. 
Lymphocyte infiltration and fibroblast proliferation were 
observed in the serosa layer. Some microabscesses formed 
by small focal neutrophil accumulation were observed. 
Edema was observed in the sodium hyaluronate group, 
with infiltrating lymphocytes and other inflammatory cells 
as well as serosal fibrosis. The muscle layer structure of 
LNNS groups was intact, and the serosa layer was slightly 
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Figure 1 The administration of different concentrations of LNNS and HA prevent postoperative abdominal adhesion formation. (A) Sham 
operation group, almost no adhesions or only a small amount of peritoneal adhesions was occurred. (B) Control group, large adhesions 
formed in the abdominal cavity, and the adhesion tissue was strong and difficult to separate. (C) HA group, moderate abdominal adhesion 
severity was observed, and the adhesion area was larger than that of the control group. (D) L-LNNS group, the adhesions were lighter than 
those in the control group. (E) M-LNNS group, there were only relatively soft adhesions in some rats. (F) H-LNNS group, significantly 
reduced incidence and severity of postoperative abdominal comparing to the control group. Data are the means ± SD, the gross adhesion 
score for each group (compared with the control group, *, P<0.05 and **, P<0.01 by Kruskal-Wallis test). LNNS, ligustrazine nanoparticles 
nano spray; HA, hyaluronate; L-LNNS, low dose LNNS; M-LNNS, medium dose LNNS; H-LNNS, high dose LNNS.
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thickened. In the low dose group intestinal mucosa, 
submucosal congestion and edema, inflammatory cell 
infiltration were found; while in the medium dose group, 
there were mild congestion, edema in the serosa layer 
and connective tissue hyperplasia of the serosal surface; 
fibroblasts and capillary proliferation were observed in 
the high dose group. Figure 2D,E,F demonstrated that the 
inflammation and fibrosis scores of the low, medium and 
high doses of LNNS groups were lower than those of the 
control group which was statistically significant (P<0.05). 
It is suggested that all the LNNS groups reduced the 
inflammation and fibrosis scores of the adhesions.

LNNS reduces collagen synthesis in adhesive tissue 

Masson’s trichrome stain is a classic collagen fiber staining 
method in which the blue portion is considered to be a collagen 
fiber, while muscle fiber is shown in pale red. As shown in 
Figure 3, it was found that the sham operation group had little 
pale-blue collagen tissue; the subcutaneous connective tissue of 
the control group showed a deep blue broad distribution with 
the intestinal wall or pulp as well as tightly bound membrane, 
suggesting there were a large amount of collagen fibers. In 
the sodium hyaluronate group and the low, medium and high 
doses of LNNS groups, it showed a thin, light blue local 
distribution, which indicates a decrease in collagen fibrosis 
(P<0.05). The most obvious decrease of collagen thickness 
occurred in the high dose group.

Effects of LNNS on the activity of ROS, SOD, MDA and 
NO in peritoneal fluid of rats

Compared with the sham operation group, levels of ROS, 
MDA and NO in the peritoneal fluid of the control group 
were significantly increased (P<0.01); while the expression 
of SOD decreased (P<0.01). SOD of LNNS groups 
increased, but their ROS, MDA and NO were significantly 
lower than those of the control group (P<0.05), as shown in 
Figure 4.

Effects of LNNS on serum TNF-α and IL-1β levels of rats

Compared with the sham operation group, the levels of 
TNF-α and IL-1β in the control group were dramatically 
increased (P<0.01). The expression of TNF-α and IL-1β 
declined after intervention with LNNS (P<0.01). Compared 
with the control group, its difference was significant, 
as shown in Figure 5, suggesting that LNNS reduced 

abdominal adhesion by lowering the level of inflammatory 
mediators.

LNNS reduces the expression of MCP-1 and MMP-9 in 
adhesion tissues

The semiquantitative results of MCP-1 immunohistochemistry 
are shown in the Figure 6. Results showed that MCP-
1 expression in the control group (4.48% vs. 1.58%) had 
significantly increased compared with the sham operation 
group, and the level of MCP-1 protein in the adhesion 
tissues of the high, middle and low doses of LNNS groups 
was significantly lower than that of the control group after  
7 days (P<0.05). There was no significant difference 
between the high-dose group of LNNS group and the 
sham-operated group. The concentration of protein in 
LNNS groups decreased as the dose increased, while the 
protein expression level decreased in a dose-dependent 
manner. The semi-quantitative results of MMP-9 
immunohistochemistry are shown in Figure 7. Compared 
with the control group, the MMP-9 protein level in the 
adhesion tissues of the high, medium and low doses of 
LNNS groups was significantly increased (P<0.05). The 
level of MMP-9 in the high dose group of LNNS group 
was superior to that of the sham operation group.

Comparison of mRNA expression levels of Nrf2,  
heme-oxygenase-1 and NQO1 protein between groups

Compared with the sham operation group, mRNA 
expression levels of Nrf2, heme-oxygenase-1 and NQO1 
in the adhesion in control group increased (P<0.05); the 
LNNS groups found them grew further, compared with the 
control group (P<0.01, P<0.05), as shown in Figure 8. It was 
suggested that LNNS significantly activated the expression 
of Nrf2, heme-oxygenase-1 and NQO1 mRNA in rats with 
abdominal adhesion.

Comparison of the expression levels of Nrf2,  
heme-oxygenase-1 and NQO1 proteins between groups

Compared with the sham operation group, the expression 
of Nrf2, heme-oxygenase-1 and NQO1 proteins in the 
control group significantly went up (P<0.05, P<0.01), and 
they further increased in LNNS groups, compared with the 
control group (P<0.01) (Figure 9), suggesting that oxidative 
stress caused by surgical injury promoted the up-regulation 
of Nrf2, heme-oxygenase-1 and NQO1 proteins expression, 
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Figure 2 LNNS reduces scores of inflammation and fibrosis in histopathological examinations. HE staining of each group at 400× 
magnification. (A) Sham operation group; (B) control group; (C) HA group; (D) L-LNNS group; (E) M-LNNS group, (F) H-LNNS group. 
Data are the means ± SD, the score of inflammation and fibrosis (compared with the control group, *, P<0.05 and **, P<0.01 by Kruskal-
Wallis test). LNNS, ligustrazine nanoparticles nano spray; HA, hyaluronate; L-LNNS, low dose LNNS; M-LNNS, medium dose LNNS; 
H-LNNS, high dose LNNS.

thereby exerting antioxidant effects.

Discussion

Postoperative abdominal adhesion is a major problem 

after clinical laparotomy that needs to be resolved. The 
formation of complex and orderly abdominal adhesion 
involves different pathological processes such as post-
traumatic immune activation, inflammatory response and 
fibrinolysis imbalance (37). Previous studies have shown 
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Figure 3 Administration of LNNS decreases collagen exposition in the impaired peritoneum. Masson staining of each group at 400× 
magnification. (A) Sham operation group; (B) control group; (C) HA group; (D) L-LNNS group; (E) M-LNNS group; (F) H-LNNS 
group. Data are the means ± SD, adhesion thickness in each group (compared with the control group, *, P<0.05 and **, P<0.01 by Kruskal-
Wallis test). LNNS, ligustrazine nanoparticles nano spray; HA, hyaluronate; L-LNNS, low dose LNNS; M-LNNS, medium dose LNNS; 
H-LNNS, high dose LNNS.

that ligustrazine, a major active ingredient derived from 
Rhizoma chuanxiong, has a positive therapeutic effect on 
various postoperative tissue adhesions. The mechanism 

may be involved in anti-inflammatory response, inhibiting 
fibroblast nuclear division and proliferation, reducing 
fibroblast DNA as well as the synthesis of collagen (38). 
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Figure 4 ELISA-based quantification of ROS, SOD, MDA, and NO levels in peritoneal lavage fluid. *, P<0.05 and **, P<0.01 versus the 
control group. LNNS, ligustrazine nanoparticles nano spray; HA, hyaluronate; L-LNNS, low dose LNNS; M-LNNS, medium dose 
LNNS; H-LNNS, high dose LNNS; SOD, superoxide dismutase; MDA, malondialdehyde; NO, nitric oxide; ROS, reactive oxygen species. 
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Figure 5 The changes of serum cytokines in the post-surgical adhesion rat model were quantified by ELISA. *, P<0.05 and **, P<0.01 versus 
the control group. LNNS, ligustrazine nanoparticles nano spray; HA, hyaluronate; L-LNNS, low dose LNNS; M-LNNS, medium dose 
LNNS; H-LNNS, high dose LNNS.

Our team initially confirmed the LNNS decreased TNF-α 
dose-dependently, and restored the balance between tPA 
and PAI-1. In addition, it was confirmed that ligustrazine 
had no obvious cytotoxicity to L929 cells (29).

In the present study, the rat model of abdominal adhesion 
was established by using needle files. The results showed 
that the gross abdominal adhesion index and microscopic 
inflammation and fibrosis scores of the control group 
increased. Compared with the control group, the middle 

and high dose groups of LNNS showed a decrease in the 
number of adhesions and looseness without angiogenesis, 
and a significant difference in the scores of abdominal 
adhesions and pathological sections of the inflammation and 
fibrosis scores (P<0.01) were found. Masson staining showed 
that in the medium and high dose groups of LNNS, the 
thickness of collagen in adhesion tissues was significantly 
reduced and the formation of abdominal adhesions was 
inhibited, which is consistent with the previous studies (29).  
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Figure 6 Immunohistochemical analysis of MCP-1 expression in the adhesion samples from different groups. Representative 
immunostaining images for MCP-1. Original magnification, ×400. (A) Sham operation group; (B) control group; (C) HA group; (D) L-LNNS 
group; (E) M-LNNS group; (F) H-LNNS group. Average number of MCP-1-positive cells per ×400 high-power field (HPF) for each 
group. *, P<0.05 and **, P<0.01 versus the control group. LNNS, ligustrazine nanoparticles nano spray; HA, hyaluronate; L-LNNS, low 
dose LNNS; M-LNNS, medium dose LNNS; H-LNNS, high dose LNNS.

Oxidative-antioxidant system in the body maintains a 
dynamic balance under physiological condition. When the 
body suffers from trauma (open surgery), a large number 
of ROS will be accumulated. Antioxidant factors are unable 
to eliminate excessive ROS so that oxidative stress occurs, 

which further damages organs and tissues (39). ROS is a 
chemically reactive factor containing oxygen, significant for 
cell signaling and homeostasis maintenance (40). Abnormally 
elevated ROS causes vascular cell damage, inflammatory cell 
recruitment, lipid peroxidation, etc. (41). ROS also mediates 
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Figure 7 Immunohistochemistry was performed to evaluate the levels of MMP-9 in the adhesive tissues from different groups. Original 
magnification ×400. (A) Sham operation group; (B) control group; (C) HA group; (D) L-LNNS group; (E) M-LNNS group; (F) H-LNNS 
group. Average number of MMP-9 positive cells per ×400 high-power field (HPF) for each group. *, P<0.05 and **, P<0.01 versus the 
control group. LNNS, ligustrazine nanoparticles nano spray; HA, hyaluronate; L-LNNS, low dose LNNS; M-LNNS, medium dose 
LNNS; H-LNNS, high dose LNNS.

changes in vascular fibrosis and regulates collagen and 
fibronectin (30). It has been reported that ROS can induce 
fibroblast proliferation and extracellular matrix secretion to 
promote tissue fibrosis (42).

NO, as a signaling molecule, plays a critical role in 

neurotransmission, blood pressure regulation, inhibition 
of platelet aggregation and leukocyte adhesion, inhibition 
of vascular smooth muscle cell proliferation, and immune 
regulation (43,44). Both NO and ROS are important 
regulating factors in wound healing. Phospholipids on cell 
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Figure 8 The expression of Nrf2, HO-1 and NQO1 mRNA in the peritoneal adhesions. Nrf2, HO-1 and NQO1 mRNA level in the 
adhesive tissues of rats was assessed using RT-PCR. Compared with the control group, the expression of Nrf2, HO-1 and NQO1 mRNA 
in L-LNNS group, M-LNNS group and H-LNNS group were significantly increased (*, P<0.05). In addition, the Nrf2, HO-1 and NQO1 
mRNA level in LNNS group with high dose was significantly suppressed compared to control group (**, P<0.01). LNNS, ligustrazine 
nanoparticles nano spray; HA, hyaluronate; L-LNNS, low dose LNNS; M-LNNS, medium dose LNNS; H-LNNS, high dose LNNS.
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Figure 9 Western blot analysis was conducted to evaluate the levels of Nrf2, HO-1 and NQO1 proteins in the adhesive tissues. A 
representative image presented that LNNS with three doses effectively increased the expression of Nrf2, HO-1 and NQO1 proteins. 
Compared with the control group, *, P<0.05 and **, P<0.01. LNNS, ligustrazine nanoparticles nano spray; HA, hyaluronate; L-LNNS, low 
dose LNNS; M-LNNS, medium dose LNNS; H-LNNS, high dose LNNS.

membranes can be oxidized as oxidative stress damage, thus 
a stable lipid peroxide MDA was formed. MDA content 
reflects the degree of lipid peroxidation in the body as well 
as ROS attacking on cells (45). SOD is an important defense 
against free radical damage in organisms. Widely distributed 
in various tissues of the body, SOD keeps the balance of free 
radicals in the body and scavengs superanionic free radicals 
to protect cells, so its vitality reflects the body’s ability to 

eliminate oxygen free radicals (46). A recent study showed 
that by taking Paeoniflorin for 7 days, ROS and SOD 
activity in the enterocoelia fluid of rats with postoperative 
abdominal adhesions was reduced and the expression of 
SOD in peritoneal adhesion specimens increased (47). 
Askari et al. (48) explained that the activity of antioxidant 
enzymes such as GSH and the levels of NO and MDA 
significantly decreased after administration of high, medium 
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and low doses of propolis for 14 days, especially in the high 
dose group.

Results of this study showed that levels of ROS, MDA 
and NO in the peritoneal fluid of the control group were 
higher than those in the sham operation group, while the 
level of SOD decreased, suggesting that oxidative stress is 
closely related to the formation of postoperative abdominal 
adhesion. LNNS reduced the levels of ROS, MDA and 
NO in peritoneal fluid of rats with experimental abdominal 
adhesion, and increased the activity of SOD, suggesting 
that anti-oxidative stress may be caused by LNNS in the 
prevention and treatment of postoperative abdominal 
adhesions.

In the inflammatory phase of healing, once the 
inflammatory cells (white blood cells and macrophages) 
are activated, they will produce a large amount of peroxide 
for sterilization, regulation of inflammation and transfer 
of signals. Excessive peroxide may induce oxidative stress 
response, leading to delayed or excessive wound repair to 
form adhesions (49). The inflammatory response is the 
result of the interaction of various inflammatory cytokines, 
of which TNF-α and IL-1β are two important pro-
inflammatory cytokines. TNF-α is a key mediator in the 
cytokine chain reaction of abdominal adhesion injury (10). 
It stimulates vascular endothelial cells and neutrophils to 
express surface adhesion molecules, promote aggregation, 
and aggravate the degree of injury (50). In addition, TNF-α 
stimulates the synthesis of inducible NO synthase to release 
a large amount of NO (51), which in turn reacts rapidly 
with superoxide anion to further produce more oxidative 
hydroxyl radicals. This will cause lipid peroxidation in cell 
membrane to worsen the damage. Besides, the expression 
of TNF-α and IL-1β in the serum of the control group 
was up-regulated 7 days after surgery, which was related to 
the inflammatory response induced by oxidative stress to 
trauma after surgery.

MCP-1 is considered to be a highly potent chemotactic 
factor that plays an important role in inducing fibroblast 
prol i ferat ion and promoting extracel lular  matrix  
deposition (52), accelerating the progression of abdominal 
adhesions (53). Mononuclear/macrophage chemokines 
are secreted in a large number of major cell groups such 
as peritoneal fibroblasts and peritoneal mesothelial cells. 
Once the body has an inflammatory reaction, the secretion 
of monocyte/macrophage chemokines rapidly increases to 
bind with receptor CCR2, thus inflammatory cytokines 
are activated (54). Abdominal adhesions are characterized 
by adhesion tissue formation and excessive deposition of 

extracellular matrix. The remodeling and alteration of 
extracellular matrix is the basic condition for the occurrence 
and development of abdominal adhesion. The synthesis and 
degradation of extracellular matrix are affected by many 
factors, among which hydrolysis of matrix metalloproteinase 
and the synergistic effect of inhibitor are the key ones, 
therefore MMP’s role in adhesion tissue attracts increasing 
attention. MMP-9 (gelatinase B) is one of the major 
members of the matrix metalloproteinase family, and its 
main function is to degrade the extracellular matrix and the 
basement membrane component of type IV collagen (55).

The present study found, compared with the control 
group, the low, medium and high doses of LNNS 
significantly reduced MCP-1 protein and increased MMP-
9 protein expression in adhesion tissues. It is consisted with 
the findings of Wei et al. that immunohistochemistry showed 
a significant increase in the protein content of MMP-9 in 
adhesion tissues and a drop of the protein content of α-SMA 
after 7 days of emodin administration (56).

Studies have shown that oxidative stress regulation 
is considered to be an important intervention target for 
abdominal adhesions, and the Nrf2-ARE signaling pathway 
is one of the crucial stress pathways to regulate endogenous 
defense systems (57,58). The nuclear factor-E2-related 
factor (2NF-E2)-antioxidant response element (ARE) 
pathway is the most significant endogenous antioxidant 
stress pathway discovered so far. Its role in regulating the 
body's antioxidant capacity has been initially confirmed 
in various diseases such as digestive system, circulatory 
system and immune system (59,60). Nrf2 is an important 
transcription factor that promotes the reduction of cellular 
ROS and protects against harmful external stimuli (61). 
Under physiological conditions, Kelch-like ECH-associated 
protein 1 (Keap1) in the cytoplasm is linked to Nrf2 to 
inactivate it. Once Nrf2 is activated, it will separate from 
Keap1 and transfer into the nucleus to recognize and 
bind a series of ARE that can initiate the expression of the 
corresponding downstream phase II detoxification enzyme 
gene, and the expression of such genes can induce the 
expression of some important antioxidant substances (such 
as SOD, CAT, etc.) in the cell, which in turn increases 
clearance and metabolism of exogenous toxic substances 
and free radicals (59). As an important downstream 
target gene driven by Nrf2, HO-1, NAD(P) and Nqo1 are 
representative components of antioxidant stress injury (62). 
HO-1 and NQO1 are the two major antioxidant enzymes 
of downstream in this pathway. HO-1 is a rate-limiting 
enzyme that catalyzes the production of bilirubin, Fe2+ and 
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carbon monoxide, while biliverdin can be further formed 
into bilirubin by reductase. Bilirubin has a broad spectrum 
of antioxidant against a variety of harmful stimuli such 
as hypoxia, inflammation and other damage (63). The 
Nrf2-ARE pathway is the major endogenous antioxidant 
stress pathway and an important factor for the imbalance 
of inflammation-coagulation-fibrosis and the formation 
of adhesions (30). Therefore, study of the oxidative 
stress pathway surrounding Nrf2 and the regulation of 
downstream factors is conducive to the prevention and 
treatment of abdominal adhesions.

The results of this study showed that the expression 
of Nrf2, heme-oxygenase-1, NQO1 protein and mRNA 
in postoperative abdominal adhesion rats were higher 
than those in the sham-operated group, suggesting that 
the surgical damage can destroy the homeostasis of the 
organism and it may induce compensatory protection. 
It then activates the Nrf2-ARE signaling pathway under 
stress, and promotes the up-regulation of Nrf2 and heme-
oxygenase-1 to protect against damage caused by harmful 
stimuli. Compared with the control group, the expression 
levels of Nrf2, heme-oxygenase-1, NQO1 protein and 
mRNA further increased, suggesting that Nrf2, heme 
oxygenase 1 and NQO1 were further increased in the 
postoperative abdominal adhesion rats intervened with 
LNNS in this experiment. They exerted antioxidant and 
cytoprotective effects.

In summary, activation of Nrf2-ARE signaling pathway 
promotes dissociation of Nrf2 from Keap1 to bind into 
nucleus and combine with ARE. It then up-regulates the 
expression of HO-1 and NQO1, and induces the expression 
of antioxidant protein to reduce lipid peroxidation damage 
in vivo. Therefore, attenuating the inflammatory response 
may be an effective target and pathway for the anti-adhesion 
effect of LNNS. The regulation of Nrf2-ARE signaling 
pathway may provide new attempts and considerations for 
the prevention and treatment of postoperative abdominal 
adhesions.

However, shortcomings are inevitable. The main adverse 
drug reactions (ADR) of ligustrazine injection in clinic is 
rash (64). Besides, gastrointestinal ADR (30% of total ADR) 
including nausea, vomiting, abdominal distension, stomach 
discomfort should not be ignored (65-67). Its ADR might 
be the results from plasma protein amino compounds that 
synthesizes larger molecules (67). The primary problem is 
a lack of evaluation of the side effects of LNNS. In spite 
of its advantages of low cytotoxicity and biocompatibility, 
whether LNNS will cause stress stimulation after spraying 

directly on the wound has not been studied. So, while 
paying attention to the application of LNNS, we should 
pay more attention to the biosafety of the dosage, form and 
application method. Its clinical transformation requires 
further experimental and clinical research.

Conclusions

This present results indicated that LNNS can attenuate 
the extent and severity of peritoneal adhesion, either 
through reduction of inflammatory factors or modulation 
of antioxidants status. Therefore, LNNS can be considered 
as a great potential agent against post-surgical peritoneal 
adhesion.
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