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Rosmarinic acid prevents
post-operative abdominal
adhesions in a rat model
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This study aims to determine the effects of rosmarinic acid which involved the mechanisms to
decrease the postoperative peritoneal adhesion formation in rats. Various incisions and removing a
1x1 cm piece of peritoneum was used to induce the peritoneal adhesions. Experimental groups were
as follows: 1—Sham group. 2—Control group: Peritoneal adhesions were induced and no treatments
were performed. 3—Treatment groups: Following inducing peritoneal adhesions, animals received
rosmarinic acid with 50 and 70 mg/kg dosage, respectively. Macroscopic examination of adhesions
indicated that adhesion bands were reduced in both treatment groups compared to the control group.
Moreover, the adhesion score was decreased in both treatment groups on day 14. Inflammation and
fibroblast proliferation were both reduced in the treatment groups on day 14. TGF-B1, TNF-«, and
VEGF were all evaluated by western blot and immunohistochemistry on days 3 and 14. Treatment
groups reduced inflammatory cytokines on days 3 and 14. The treatment group with a 70 mg/kg
dosage decreased TGF-B1 and TNF-a levels more than the other treatment group. The administration
of rosmarinic acid significantly reduced MDA and increased CAT levels. In conclusion, the rosmarinic
acid was effective to reduce the adhesion bands, inflammatory cytokines, angiogenesis, and oxidative

stress.

Peritoneal adhesions are fibrous connections formed in the damaged region of the peritoneum as a result of
different events, including surgical operations'. With a prevalence of 66 percent, peritoneal adhesion syndrome
produces various ailments, including abdominal discomfort, infertility in women, and intestinal blockage®.
Peritoneal adhesions are common after abdominal surgery, with a reported prevalence of 93 percent®. Different
events are effective to form the adhesions, including coagulation, inflammation, and fibrinolysis through the
healing of the damaged area. Previous research assessed multiple substances comprising the drugs and barriers

to impede the peritoneal adhesions®

Inflammatory cells, such as lymphocytes, macrophages, and neutrophils penetrate the wound site after peri-
toneal damage in terms of the activation of inflammatory and coagulation pathways*. The number of polymor-
phonuclear neutrophils increases in the first two days following damage, followed by the amount of macrophages
five or six days later®. Interleukin-1 (IL-1), tumor necrosis factor-alpha (TNF-a), transforming growth factor
(TGF-B), Interleukin-6 (IL-6), and other adhesion-associated cytokines are all secreted by macrophages>®. Mac-
rophages promote secretion leakage and adhesion by producing oxidative stress, which results in lipid peroxida-
tion and cell membrane cytolysis*’. At the same time, fibrinogen in plasma is converted to fibrin and coagulates
with platelets once thrombin activates the coagulation process®®. In situations with low oxygen pressure during
the inflammatory process, angiogenesis starts by attacking the endothelial cells utilizing the fibrinolytic system’.
Adhesive fibroblasts cause the capillary formation and increase vascular endothelial growth factor (VEGF)
levels’. Primary fibrinolysis within five to seven days after injury is critical for adhesion prevention® Collagen
production, as well as the creation and structure of the extracellular matrix, might result in persistent adhesion,

therefore avoidance is critical at this time>*.

The ester of caffeic acid with 3,4-dihydroxy phenyl lactic acid is rosmarinic acid (RA). This phenolic chemical
is found in the Boraginaceae family and Nepetoideae subfamily of plants. Anti-cancer, antioxidant, anti-aging,
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Figure 1. Macroscopic evaluation of adhesion bands in different experimental groups of the study on day 14.
(A) The diagram shows the adhesion score by the method of Nair et al. (B) * indicates a significant difference
with the control group.

anti-inflammatory, anti-bacterial, anti-diabetic, and anti-allergic characteristics are all found in RA’. By enhanc-
ing insulin sensitivity, RA has hypoglycemic effects'. In the colons of cancer-stricken animals, RA reduced tumor
formation''. In prostate cancer cell lines, RA accelerates apoptosis and the cell cycle'?. TNF-q, cyclooxygenase-2
(COX-2), and IL-6 levels are reduced by RA, which also modifies the expression of p65 and blocks its transit
from the cytosol to the nucleus'*'*. In addition to its antibacterial effects against the Staphylococcus aureus and
by increasing the effectiveness of antibiotics, RA has inhibitory effects on Escherichia coli K-12 growth!>6. RA
decreases IL-8 distribution from endothelial cells and the expression of VEGF'”!®. It prevents cardiac hypertrophy
and interferes with various stages of angiogenesis. RA increases Superoxide dismutase (SOD), Catalase (CAT),
and Glutathione peroxidase (GPx) activity and reduces lipid peroxidation, reactive oxygen species (ROS) genera-
tion, and proinflammatory mediators>'*~2!. RA lowers oxidative stress indicators and protects liver cells from
ischemia injury. Moreover, following spinal cord damage in rats, RA dramatically lowered oxidative stress?’. By
limiting the expression of a-smooth muscle actin (a-SMA) and the conversion of transforming growth factor 1
(TGF-P1)*?* evidence shows that RA may diminish the degree of hepatic fibrosis and suppress the profibrotic
response. By the changes in ERK11/2 signaling, RA is beneficial in alleviating depression®. P-tau formation is
suppressed by RA, which may restore aberrant alterations generated by chaperones®®. Tubular necrosis, urea,
creatinine, and tubular epithelial degeneration are all reduced by RA?*%. TGF-p, IL-1 B, IL-6, TNF-a, and VEGF
levels were all lower after RA treatment in hepatocellular cancer®. RA inhibits LPS-induced proinflammatory
cytokine activation, including IL-10, IL-6, IL-1 , INF-B, MCP-1, iNOS, and NF-«B’. In mice with arthritis, RA
lowered inflammation, whereas in animals with nerve damage, it reduced prostaglandin E2 (PGE-2) and inflam-
matory markers in the spinal cord***".

This research was conducted to evaluate the preventive benefits of RA on postoperative peritoneal adhesion
based on the beneficial qualities of RA and its influence on inflammatory markers and oxidative stress.

Results

Macroscopic observations showed that rosmarinic acid reduced postoperative peritoneal
adhesion. Rats were sacrificed on days 3 and 14 following surgery to assess and monitor adhesion scores.
The peritoneum and other components of visceral organs were shown to have adhesion bands, and rats showed
variable degrees of adhesion (Fig. 1A). Figure 1B displays the mean adhesion scores of rats using the scoring
system of Nair et al. in each of the groups on day 14 following surgery. Rats in the RA50 and RA70 groups had
substantially lower scores than the control group (p <0.05), as shown in Fig. 1B. On the 14th day following sur-
gery, there was no significant difference in the mean scores of the therapy groups. On the third postoperative day,
there was no significant difference among the groups (p >0/05). Table 1 provides the percentage of rats which
revealed adhesion bands in each group and visceral organs in which bands were attached.

Rosmarinic acid treatment reduced fibroblast proliferation and inflammation. On day 14 after
surgery, histological specimens and mean fibroblast proliferation and inflammation scores are shown in Figs. 2
and 3 according to modified Ziihlke’s scale. In this research, there was a statistically significant difference in
the score of inflammation in terms of chronic inflammatory cells, necrosis, and edema between the treatment
(RA50, RA70) and control groups (p <0.05). Besides, as compared to the control group, the treatment groups
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Parameter
Groups
Sham Control RAS0 RA70
Percentage (%) of rats with adhesion 0 100 80 60
bands
Ziihlke’s microscopic adhesion scale 0 4 rats, grade 3 rats, grade 3 rats, grade
4 2 1
1 rat, grade 3 2 rats, grade 2 rats, grade
1 2
Adhesion to liver 0 20 0 0
-
0 20 20 0
0 20 40 40
0 20 0 0
0 20 20 20

Table 1. Percentage of rats with adhesion bands, Ziihlke’s microscopic adhesion scale, and visceral organs in
which bands were attached. In the control group, rats developed more than one adhesion band in each group
that was attached to various organs.

showed a significant reduction in fibroblast proliferation (p <0.05). In terms of the measured scores, however,
there was no statistically significant difference among the treatment groups (p>0.05). Based on Ziihlke’s scale,
no adhesion was found in the sham group and the score for this group was 0. A significant difference was
observed among the control (3.8+0.44), RA 50 (1.6 +0.54), and RA 70 (1.4 £0.54) groups for the Ziihlke grade
(p<0.05). No significant difference was found between RA 50 and RA 70 treatment groups (p >0.05).
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Figure 2. Control group{A-D}. (A, a): parietal peritoneum; Visceral cavity aspect: massive connective tissue
fibroblast proliferation. A large population of fibroblasts and mononuclear inflammatory cells are infiltrated
throughout the lesion, which stretched to the middle layers of striated muscles. (A). Ineffectual regeneration is
demonstrated by bizarre multinucleate muscle giant cells (arrows) inset; (a), H&E. (B, b): immunoexpression of
TGF-P1 in accumulated inflammatory cells (arrow) (B). Intensive cytoplasmic inset; (b). (C, ¢): Immunopositive
staining of TNF-a in both accumulated and diffuse states (arrows) (C). Strongly cytoplasmic staining inset;
(¢). (D, d): immunolabeling of VEGF in both aggregated and diffused forms (arrows) (D). Strong cytoplasmic
staining of inflammatory cells inset; (d). A-D =400 pm & a-d =40 pm. Rosmarinic 50 {E-H} (E, e): The
fibroblasts and inflammatory cells, mainly mononuclear cells are limited at the margin of striated muscles of
parietal peritoneum. (E). Dense collagen fibers with thick-walled microvessels are embedded at the center of
the lesion (arrows) inset; (e). H&E (F, f): focal immunostaining of TGF-f1 (arrow) (F). Moderate staining of
scattered cells. inset; (f). (G, g): focal immunolabeling of TNF-a (G). Intensive staining of inflammatory cells
inset (g). (H, h): focal immunoexpression of VEGF (H). Intensive staining of cells is presented inset; (h). E,

G, H=400 um, F=150 pm & (e) h=40 pm. Rosmarinic 70 {I-L} (I, i): Fibrous connective tissue formation is
prominently limited in the area compared to control and Rosmarinic 50 groups (asterisk). The small amount
of edema is also obvious at the bottom (blank asterisk) (I). Visceral cavity (Vc) Mature scar as dense collagen
is present with microvascular channels (arrows) and few inflammatory cells (arrows) inset; (i). HE. (J, j): low
population of cells demonstrates immunolabeling with TGF-B1 (arrows) (J). only a few inflammatory cells
appear with strong staining inset; (j). (K, k): mild immunoreaction of TNF-a (K). only a few cells demonstrate
deep brown staining in their cytoplasm (arrows) inset; (k). (L, 1): scant cells are immunoreacted with VEGF
(L). A small number of inflammatory cells are deeply immunoreacted (arrows) inset; (1). (I) L=400 pm &
i-1=40 um.

The diagram shows inflammation, fibroblast proliferation, and THC scores. * Indicates significant difference
with the control group.

Rosmarinic acid reduced postoperative peritoneal adhesion formation by reducing TGF-B1
expression. On the third day after surgery, western blot analysis revealed that the expression of TGF-1 in
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Figure 3. Visceral peritoneum; (A) Sham group. (B) Control group. Intensive granulomatous inflammation
(arrows) and fibroblast proliferation (f). (C) Rosmarinic 50 group. Moderate inflammation of the peritoneum,
which is mostly bordered at the margins (arrows). (D) Rosmarinic 70 group. Mild to moderate fibroblast
proliferation with a low population of inflammatory cells throughout the lesion. A-D =400 pm.

the sham and RA50 groups was significantly lower than in the control group (p <0.05) (Fig. 4A1). However, as
compared to the sham and RA50 groups (p <0.05), the RA70 group showed a considerable increase but was not
statistically different from the control group (p >0.05). On day 14, the expression of TGF-B1 in the control group
was significantly higher than that in the sham group (Fig. 4A2) (p <0.05). TGF-p1 levels were also considerably
lower in the RA70 group than in the control group (p<0.05). However, the RA50 group showed a significant
rise when compared to the sham group (p <0.05), whereas the control and RA50 groups, showed no significant
difference (p >0.05). TGF-P1 expression in immunohistochemical labeling in the RA50 and RA70 groups com-
pared to the control group on day 14 demonstrated the aforementioned findings, which were also supported by
semi-quantification analysis (p <0.05) (Figs. 2, 3).

Rosmarinic acid reduced postoperative peritoneal adhesion by inhibiting TNF-a expres-
sion. TNF-a expression levels by Western blotting on the third postoperative day are shown in Fig. 4B1.
TNF-a levels were considerably lower in both treatment groups compared to the control group (p <0.05), as seen
in the figure. Compared to the sham group, the control group shows a substantial increase (p < 0.05). Rats in both
the treatment and sham groups indicated a significant reduction on day 14 after surgery when compared to the
control group (p <0.05) (Fig. 4B2). Furthermore, as compared to the RA50 group, the RA70 group substantially
lowered TNF-a levels (p <0.05). TNF-a levels in the RA50 group, on the other hand, were significantly higher
than in the sham group (p <0.05). Moreover, the immunohistochemical and semi-quantitative analysis demon-
strated a substantial reduction in TNF-a levels on day 14 (p <0.05) as compared to the control group (Figs. 2, 3).

Rosmarinic acid reduced angiogenesis in postoperative peritoneal adhesion by inhibiting
VEGF expression. On days 3 and 14, the levels of VEGF expression are shown in Fig. 4C1 and C2. On days
3 and 14, postoperatively, both doses of rosmarinic acid showed a substantial reduction in VEGF expression
compared to the control group (p<0.05). Furthermore, immunohistochemical and semi-quantitative analysis
results on day 14 following surgery were consistent with the aforesaid findings (p <0.05) (Figs. 2, 3).

Rosmarinic acid reduced postoperative oxidative stress. On days 3 and 14 after surgery, the levels
of oxidative stress indicators in the peritoneal fluid are shown in Fig. 5. On days 3 and 14 after surgery, there was
a significant difference between the sham group and the control group in all evaluated biomarkers (p <0.05). On
day 14 after surgery, MDA concentration in the RA70 group was significantly lower than in the control group
(p<0.05). On both days, the decrease in MDA levels in the RA50 group was not significant, and on the third day,
it was not significant in the RA70 group (p>0.05) (Fig. 5A). When compared to the control group, the increase
in GPx levels in the treatment groups was not significant (p>0.05) (Fig. 5B). On both days, rats in the RA70
group, as well as the RA50 treated group on day 14, had significantly higher CAT levels than the control group
(p<0.05). However, as compared to the control group, the increase in CAT level in the RA50 group on day 3
was not significant (p>0.05) (Fig. 5C). NO levels in the treatment groups decreased, although not significantly
(p>0.05) compared to the control group (Fig. 5D).

Discussion

Following the surgical procedures in the abdominal cavity, peritoneal adhesion formation is always a concern
which occurs in approximately 93% of patients experiencing a laparotomy?2. Excessive manipulation during
surgery, damage to the peritoneal cavity, and the entry of infectious organisms into the abdomen, which induces
fibrin deposition, all produce peritoneal adhesions®. Inflammatory responses and the admission of inflammatory
cells into the region, overproduction of reactive oxygen species, and fibrin deposition all occur concurrently
with the onset of healing in the peritoneum, all of which are factors in the creation of adhesive bands (Fig. 6)**.
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Figure 4. Al, B1, and C1 show western blot analysis for TGF-p1, TNF-a, and VEGF on day 3. A2, B2, and
C2 show western blot analysis for TGF-B1, TNF-a, and VEGF on day 14. * Indicates significant difference with
the control group. # Shows significant difference with the sham group. + Shows significant difference with the
RA 50 group. The photo-micrographs were cropped from the same gel and original blots/gels are presented in
Supplementary Figs. 1-8.

Peritoneal adhesions are still one of the most prevalent consequences of abdominal surgery, despite major
advancements in laparotomy operations and the advent of less invasive methods™. Previous research showed
that the healing process begins the day after mesothelial cell injury and takes 8-10 days to complete. Peritoneal
incisions and the removal of a small piece of the peritoneal layer were used to generate the experimental model
in this work®>*. On days 3 and 14 after surgery, the samples were obtained to assess the chronic and acute phases
of the adhesion process.

In previous studies, macroscopic scores were widely utilized to analyze the establishment of adhesions. On
days 3 and 7, the effects of peripheral serotonin on postoperative intra-abdominal adhesion development were
examined, and the findings showed that Tryptophan hydroxylase 1 knockout mice exhibited lesser adhesion
bands than wild-type rats*”. Adhesion scores were assessed on day 14 post-surgery in another research by Askari
et al., and groups treated with Iranian propolis had lower adhesion ratings than the control group®. On days 3
and 14, the macroscopic scores of the peritoneal adhesions were assessed using the grading technique published
by Nair et al.*®. On day 3, there were few adhesion bands, and there was no significant difference between groups,
according to the findings. On day 14, however, treatment groups had a considerably lower adhesion score than
the control group.

After peritoneal damage, inflammation is common, leading to the release of inflammatory cytokines and the
development of fibrous bands***!. Previous research*’ showed the anti-inflammatory benefits of rosmarinic acid
in inflammatory disorders such as colitis, arthritis, and atopic dermatitis. In a research, Rocha et al. surveyed the
anti-inflammatory effects of rosmarinic acid in rat models of local and systemic inflammation and discovered
that RA dramatically decreased inflammation following thermal damage*’. Previous research has shown that RA
has antithrombotic and fibrinolytic properties*. Inflammation and fibroblast proliferation were considerably
lower in the RA-treated groups compared to the control group, confirming earlier findings.

TGF-P1 is a pleiotropic cytokine that helps with wound healing, angiogenesis, and immunoregulation®. It
may either suppress or reduce inflammation, which is a double-edged sword. The presence of IL-6 on leukocytes
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Figure 5. Oxidative stress biomarkers in various experimental groups of the study on days 3 and 14. (A)
Malondialdehyde (MDA); (B) Glutathione peroxidase (GPx); (C) catalase (CAT); (D) Nitric oxide (NO). *
Indicates significant difference with the control group.
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Figure 6. Rosmarinic acid reduced the development of postoperative intra-abdominal adhesion. Rosmarinic
acid decreased inflammation, fibroblast proliferation, and inflammatory cytokines such as TGF-B1, TNF-a,
and VEGE Moreover, rosmarinic acid reduced oxidative stress. As a result, collagen deposition, angiogenesis,
secretion of extracellular matrix (ECM), and fibroblast production are reduced, which are all involved

mechanisms in adhesion development.
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has a strong chemotactic impact in the early stages of tissue damage, resulting in a fast accumulation of mac-
rophages and PMN*%7, As a result, the immunosuppressive effect is dominant when combined with IL-2, which
enhances FOXP3 expression and T-regulatory cell clonal development. T-helper 1 and 2 cells, NK cells, PMN,
CTLs, macrophages, and DCs are among the immune cells impacted, highlighting the bipolar character of the
disease*®*. TGF-B1 enhances the production of other cytokines such as VEGF and CTGF in late stages of inflam-
mation, which contribute to angiogenesis and fibrosis while suppressing the production of pro-inflammatory
cytokines, such as MIP-al, IL-1f, TNF-a, and IFN-y***". TGF-B1 and fibrosis grade were considerably reduced
in an experimental liver fibrosis rat model treated with RA?%. Lin et al. studied the effects of rosmarinic acid
in an extrahepatic cholestasis rat model and found that TGF-B1 expression in the liver tissue of the treatment
groups was considerably decreased®'. Ghadiri et al. surveyed the effects of pomegranate peel extract lavage on
peritoneal adhesion and found that TGF-p1 expression was significantly reduced in the extract-treated group®.
In line with prior research, TGF-P1 expression in ITHC stained slides was dramatically decreased in the RA 70
group. On days 3 and 14, relative expression of TGF-p1/B-actin in the treatment groups was considerably lower
than in the control group.

When the peritoneal damage occurs, inflammatory cells, such as neutrophils, monocytes, and lymphocytes
migrate to the injured area. TNF-a is mainly secreted by monocytes which are regarded as one of the principal
inflammatory cytokines which identify the degree of adhesion?. Rocha et al. surveyed the anti-inflammatory
impact of rosmarinic acid on thermal damage and found that rosmarinic acid considerably lowered blood TNF-a
levels when compared to the control group*’. Rosmarinic acid was shown to be efficient in lowering TNF-a
expression in a mouse model of acetaminophen-induced liver injury in a study®’. TNF-a levels in the treatment
groups were considerably lower on day 3 compared to the control group. TNF-a expression was considerably
lower in the treatment groups on day 14, with RA 70 much lower than the RA 50 group. The expression of TNF-a
in the IHC stained slides matched the western blot results.

The formation of adhesion bands is complicated by angiogenesis. As a consequence of hypoxia in the injured
peritoneum, macrophages produce vascular endothelial growth factors to deliver blood, oxygen, and nutrients
for the healing process®. Adhesion formation may be reduced by substances that inhibit VEGF expression and
angiogenesis™. In research by Huang et al., rosmarinic acid inhibited the proliferation and migration of human
umbilical vein endothelial cells. Furthermore, rosmarinic acid reduced VEGF-positive immunohistochemistry
cells'”. The protective effects of rosmarinic acid on hepatocellular carcinoma inflammation and angiogenesis
were surveyed, and the findings indicated that RA significantly decreased VEGF®. In a rat model of ethanol-
induced gastric ulcer, rosmarinic acid decreased VEGF immunopositive cells®. In an ovarian torsion/detorsion
rat model, rosmarinic acid therapy decreased VEGF IHC expression in ovarian cells*’. These findings support
our findings, indicating that rosmarinic acid dramatically reduces VEGF expression on days 3 and 14 in both
western blot and THC.

Hypoxia develops at the site of peritoneal damage, which is followed by the release of reactive oxygen spe-
cies and oxidative stress®®. Inflammation and tissue hypoxia causes mitochondrial malfunction, resulting in an
increase in reactive oxygen and nitrogen species in the injured tissue. In order to scavenge and neutralize free
radicals, the amount of antioxidant enzymes in the damaged area rises®®. Sadeghi et al. found that rosmarinic
acid lowered MDA and NO levels while increasing the activity of GPx and SOD enzymes in lipopolysaccharide-
induced peripheral blood mononuclear cells®. Another study found that rosmarinic acid protects cells from
oxidative damage by lowering MDA levels and increasing SOD levels in acrylamide-induced cell death®. The
amount of SOD and CAT in the liver and kidney of diabetic rats was reduced by rosmarinic acid®'. The findings
of this study support earlier observational studies that show rosmarinic acid decreases oxidative stress by lower-
ing MDA and NO levels while increasing GPx and CAT levels.

Conclusion

This study aimed to survey whether rosmarinic acid may help prevent post-operative abdominal adhesions.
Our data show that rosmarinic acid inhibited peritoneal adhesion, inflammation, and fibroblast proliferation,
as well as the release of inflammatory cytokines including TGF-B1 and TNF-a. It also inhibited angiogenesis.
Furthermore, antioxidant actions such as reducing MDA and NO while raising GPx and CAT levels contribute
to its positive benefits. The present research was conducted just on rats. Future research in other species will be
necessary to assess deeper processes. Furthermore, clinical research on the effects of rosmarinic acid on peritoneal
adhesions should be conducted.

Materials and methods

Animal studies. 40 healthy male Wistar albino rats weighing nearly 250 to 300 g and aged 6 to 8 weeks that
had not previously undergone previous surgical or any medical intervention were obtained. They had not previ-
ously experienced any surgical or medicinal intervention. The animals were housed in the Lorestan University of
Medical Sciences animal house under conventional settings, which included a 12-h light cycle, 65% + 3% humid-
ity, and a temperature of 23 +2 °C, as well as unrestricted access to plate food for laboratory animals and water.
The current research was reviewed and approved by the Lorestan University ethics committee (code NO. LU.
ECRA.2022.15, Lorestan University, Faculty of Veterinary Medicine). All methods were performed in accord-
ance with the relevant guidelines and regulations. This study was carried out in compliance with ARRIVE’s
guidelines.

The rats (n=40) were split into four groups of ten rats each at random:

Sham group: The induction of anesthesia and midline surgical incision without the induction of adhesions
(n=10).
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Control group: The induction of adhesion and treatment with 3 ml of normal saline (n=10).

Rosmarinic acid 50 mg/kg (RA 50) group: The induction of adhesion and treatment with 3 ml of rosmarinic
acid (SIGMA-ALDRICH, CO.,3050 Spruce Street, St. Louis, MO 63178 USA 314-771-5765) at a dose of
50 mg/kg®* (n=10).

Rosmarinic acid 70 mg/kg (RA 70) group: The induction of adhesion and treatment with 3 ml of rosmarinic
acid at a dose of 70 mg/kg® (n=10).

None of the animals in this study were excluded from analysis and experiments. Moreover, no deaths or major
complications were found during the experiments.

Surgical procedure. Inall groups, the anesthesia was intramuscularly administered with a mixture of keta-
mine and xylazine (75 mg/kg / 10 mg/kg). Because the rats were operated on under sterile settings, no antibiotics
were administered to them. During the procedure, the breathing and heart rate of animals were monitored. After
the anesthesia of rats, for inducing the adhesions in experimental groups, the hair of the surgical site was shaved
and the skin of the abdomen was disinfected by applying 10% Povidone-iodine solution. Subsequently, a 3 cm
long incision was created in the abdomen’s midline. Except for the sham group, 3 shallow incisions of 2 cm were
made longitudinally and transversely in the parietal peritoneum of the right abdominal wall after entering the
abdominal region in the other groups. Then, on the left side of the inner wall of the abdomen, a portion meas-
uring 1x 1 cm was cut from the peritoneal surface using a surgical scissor. Immediately after the development
of lesions, 3 ml of the required solution was poured over the lesion site in RA 50 and RA 70 treatment groups.
A positive control group was formed by pouring 3 mL of normal saline over the injured area. The sham group
of rats did not have any lesion inductions and did not get any treatments; hence they were deemed a negative
control. Suture material 3-0 polyglycolic acid (PGA, Supa, Karaj, Iran) was used to stitch linea alba and 4-0
Polyamide suture material was used to seal the abdomen (Nylon; Ethicon Inc., Somerville, NJ). Finally, the rats’
skin was sutured, and they were placed in temperature-controlled environments until they recovered conscious-
ness. The first day of therapy was the day when adhesions were induced.

Macroscopic evaluation and grading of adhesions. Each group of animals was separated into two
equal groups with half of them undergoing reoperation after three days and the other half after fourteen days
of surgical procedures. Adhesion grading was conducted by a person who was ignorant of the groups after the
anesthesia and opening the abdomen of each rat using the procedure provided by Nair et al.*. An overdose of
thiopental sodium (250 mg/kg) was used to euthanize the rats.

Sample collection method. To analyze the oxidative stress indicators, peritoneal fluid samples were taken
by lavaging the peritoneal cavity with 2 mL of sterile saline and then maintained at — 80°C®. The adhesive bands
as well as the underlying tissues were sampled, sliced equally, and cleaned with an aseptic PBS solution. For
Western blotting, half of the tissues were maintained at — 80 °C, while the other half were deposited in a 10%
neutral buffered formalin solution for histopathological and immunohistochemical examination.

Histopathological evaluation. Tissue samples, including the peritoneal adhesions and underlying tissue
(abdominal muscles), were fixed in a 10% neutral buffered formalin solution. The next stages for the H&E stain-
ing method were performed as follows. Dehydration by applying the ethylene alcohol, clearing using xylene,
and preparing blocks by embedding them in paraffin wax were done, respectively. Afterwards, 3 pm pieces were
made using a rotary microtome. Eventually, H&E staining was performed and inflammation and fibroblast pro-
liferation scores were done in three degrees based on our previous study®. A Pathologist who was blinded to the
groups evaluated the H&E slides and performed Ziihlke’s microscopic adhesion classification®.

Immunohistochemical evaluation. Immunohistochemistry staining on peritoneal sections was con-
ducted using the following antibodies: polyclonal rabbit anti-TGF-b (MBS462142, Mybiosource, USA) at 1:100
dilution, TNF- (ab6671, Abcam, UK) at 1:100 dilution, and VEGF (LS-B7747, LSBio, USA) at 1:100 dilution in
the current investigation. The sections were deparaffinized, rehydrated, and treated in a target retrieval solution
of Tris-EDTA (pH=9). To deliver unmasked antigens, samples containing the target retrieval solution were put
in a 98 °C heating bath and kept there for 20 min. To halt endogenous peroxidase, samples were treated with
hydrogen peroxide (3 percent H202) in PBS for 15 min, and normal rabbit serum (5 percent) in PBS was used
to avoid nonspecific background staining. The samples were incubated with primary antibodies for one hour.
Secondary antibody staining using a goat antirabbit biotinylated antibody (prediluted, Biocare, USA) for 20 min
was used to identify primary antibodies. Then, 20-min incubation with prediluted streptavidin horseradish per-
oxidase (sHRP) (Biocare, USA) was done. Finally, DAB was used as a chromogen to observe antibody binding
areas, and Mayer’s Hematoxylin (Bio Optica, Italy) was used to counterstain the samples. IHC grading was per-
formed on a scale of 0 to 3 (0: no reaction | 1: mild reaction<10% | 2: moderate reaction 10-30% | 3: intensive
reaction>30%).

Western Blotting. Previous studies® were used to guide the western blot. To reduce tissue proteases and
facilitate protein extraction, adhesion tissue samples were first homogenized in RIPA lysis buffer solution (Sigma-
Aldrich S8820, USA). Then, a loading buffer was used to dilute the protein samples, which were then heated in
a 95 °C bath for five minutes. Then, the isolated proteins were electrophoresed on a polyvinylidene fluoride
membrane (PVDF) at 100 V for 1-2 h using sodium dodecyl sulphate-polyacrylamide (SDS-PAGE, 120 V).
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PVDF membrane was treated in a particular buffer (5 percent non-fat milk) for a night to suppress endogenous
peroxidases. Hence, the membranes were washed in Tris-buffered saline (pH=7.2, including 0.1 percent Tween
20,% 3, 15 min each time) and incubated with TNF-a, TGF-f1, VEGE, and p-Actin (E-AB-40015, E-AB-67255,
E-AB-33090, E-AB-20058) antibodies for two hours at 4 °C. Unattached antibodies were rinsed with a washing
solution before being incubated for 60 min at 25 °C with horseradish peroxidase (HRP)-conjugated secondary
antibody (E-AB-1003, E-AB-1001). Finally, an enhanced chemiluminescence detection kit (ECL, Thermo Scien-
tific, USA) was used to visualize the blots. Using improved laser densitometer software, the relative intensity of
protein/p-Actin was determined (Arash-Teb-Pishro, Iran).

Oxidative stress biomarkers analysis. Commercial biochemical kits (Asan, Khorramabad, Iran) were
used to measure the malondialdehyde (MDA), glutathione peroxidase (GPx), catalase (CAT), and total antioxi-
dant capacity (TAC) levels in the peritoneal fluid based on manufacturer’s procedure.

Malondialdehyde (MDA). The biomarker malondialdehyde is used to identify lipid peroxidation and cell
damage. Previous studies® showed that the thiobarbituric acid (TBA) approach is an accurate method to detect
MDA. Kit methods were followed to evaluate MDA levels in peritoneal fluid samples. Initially, 100 uL of the
sample was put into a tube. The tube was then filled with 1500 uL TBA 0.06 percent and 1000 uL TCA 1 percent
solutions. Tubes were submerged in a 95 °C water bath for 30 min. Then, the supernatant was centrifuged at
1000 rpm for 15 min, and the absorbance of the supernatant was measured using a spectrophotometer (JEN-
WAY 6715 UV/Vis Spectrophotometer, Staffordshire, UK). The MDA concentration in peritoneal fluid samples
was measured at umol/mg-pr.

Glutathione peroxidase (GPx). The level of glutathione peroxidase was determined using Assay kit’s
instructions. All of the chemicals were measured out and placed into a test tube, which was then filled with
200 pl of peritoneal fluid. Thus, the tubes were put in a 37 °C heating bath for 10 min. After that, a three-minute
centrifugation at 3000-rpm was performed after 400 pl of 10% tricarboxylic acid was added (TCA). After cen-
trifugation, 25 pl of supernatant were mixed with 140 pl of Tris EDTA solution. The obtained solution was then
combined with 30 uL of a 5,5"-dithiobis (DTNB) solution. The resultant solution was eventually kept at 25 °C
for half an hour. An ELAISA reader was used to measure the intensity of the solution color at 450 nm. The final
GPx values were given in unit/mg-pr.

Catalase (CAT). Assan kit protocol to assess the catalase level in the peritoneal fluid was based on the
dichromate method described by Sinha®. In brief, 50 ul of peritoneal fluid was mixed with 1000 pl of Potassium
Phosphate Buffer (PPB, pH=7). Then, 50 pl of H202 was combined with the obtained solution. The absorbance
of the resulting solution was measured at 240 nm using a spectrophotometer. Catalase activity in the peritoneal
fluid was expressed as unit/mg-pr.

Nitric oxide (NO). NO levels in the peritoneal fluid were measured applying Griess’ method®. NO3 should
first be converted to NO2, after which the created NO2 will be determined. The operation was done by mixing 50
uL of peritoneal fluid with 100 pL of reagent (Griess reagent solution). Then, the produced mixture was poured
into a 100 mL flask and kept at 25° for 10 min. The absorbance of the samples was measured between 492 and
630 nm. The final NO concentration was given as nanomole/ml.

Statistical analysis. An investigator who was blind to group allocation and treatments conducted the data
analysis. SPSS software was used to examine the data (version 25 for windows, SPSS Inc. Chicago IL USA). Dis-
tributions of the groups were analyzed with the one-sample Kolmogorov—-Smirnov test. Normally distributed
data were expressed as mean +standard deviation (SD) and non-normally distributed data were expressed as
median and interquartile ranges. The data with normal distribution were analyzed using a one-way ANOVA
with a Tukey post hoc test. A non-parametric Kruskal-Wallis test was used to compare groups having non-
normal distributions. The significance threshold was set at p <0.05.

Data availability
The datasets analyzed during this study are available from the corresponding author on reasonable request.

Received: 14 June 2022; Accepted: 7 October 2022
Published online: 03 November 2022

References

1. Roohbakhsh, Y. et al. Evaluation of the effects of peritoneal lavage with rosmarinus officinalis extract against the prevention of
postsurgical-induced peritoneal adhesion. Planta Med. 86, 405-414 (2020).

2. Tang, J., Xiang, Z., Bernards, M. T. & Chen, S. Peritoneal adhesions: Occurrence, prevention and experimental models. Acta
Biomater. 116, 84-104 (2020).

3. Ward, B. C. & Panitch, A. Abdominal Adhesions: Current and Novel Therapies. J. Surg. Res. 165, 91-111. https://doi.org/10.1016/j.
j$5.2009.09.015 (2011).

4. Biondo-Simées, M. L. P,, Oda, M. H., Pasqual, S. & Robes, R. R. Comparative study of polyglactin 910 and simple catgut in the
formation of intraperitoneal adhesions. Acta Cirurg. Bras. 33, 102-109 (2018).

5. Torres, K. et al. TGF-P and inflammatory blood markers in prediction of intraperitoneal adhesions. Adv. Med. Sci. 63, 220-223.
https://doi.org/10.1016/j.advms.2017.11.006 (2018).

Scientific Reports |

(2022) 12:18593 | https://doi.org/10.1038/s41598-022-22000-x nature portfolio


https://doi.org/10.1016/j.jss.2009.09.015
https://doi.org/10.1016/j.jss.2009.09.015
https://doi.org/10.1016/j.advms.2017.11.006

www.nature.com/scientificreports/

6. Wei, G. et al. Effect of emodin on preventing postoperative intra-abdominal adhesion formation. Oxid. Med. Cell. Longevity 2017
(2017).

7. Capella-Monsonis, H., Kearns, S., Kelly, J. & Zeugolis, D. I. Battling adhesions: from understanding to prevention. BMC Biomed.
Eng. 1, 5. https://doi.org/10.1186/s42490-019-0005-0 (2019).

8. Davie, E. W. & Kulman, J. D. in Seminars in thrombosis and hemostasis. 003-015 (Copyright© 2006 by Thieme Medical Publishers,
Inc., 333 Seventh Avenue, New ...).

9. Nadeem, M. et al. Therapeutic potential of rosmarinic acid: A comprehensive review. Appl. Sci. 9, 3139 (2019).

10. Runtuwene, J. et al. Rosmarinic acid ameliorates hyperglycemia and insulin sensitivity in diabetic rats, potentially by modulating
the expression of PEPCK and GLUT4. Drug Des. Dev. Ther. 10, 2193 (2016).

11. Jazayeri, K. G. A., Amiri, H., Abbasi, M. & Gholami, M. Study of effect of methanolic extracts daphne mucronata (stem, leaves,
flowers) on skin wound healing in rat. . Knowl. Health 11, 9-15 (2016).

12. Jang, Y.-G., Hwang, K.-A. & Choi, K.-C. Rosmarinic acid, a component of rosemary tea, induced the cell cycle arrest and apoptosis
through modulation of HDAC?2 expression in prostate cancer cell lines. Nutrients 10, 1784 (2018).

13. Karthikkumar, V., Sivagami, G., Viswanathan, P. & Nalini, N. Rosmarinic acid inhibits DMH-induced cell proliferation in experi-
mental rats. J. Basic Clin. Physiol. Pharmacol. 26, 185-200. https://doi.org/10.1515/jbcpp-2014-0044 (2015).

14. Wu, C.-E, Hong, C., Klauck, S. M., Lin, Y.-L. & Efferth, T. Molecular mechanisms of rosmarinic acid from Salvia miltiorrhiza in
acute lymphoblastic leukemia cells. J. Ethnopharmacol. 176, 55-68. https://doi.org/10.1016/j.jep.2015.10.020 (2015).

15. Ekambaram, S. P. et al. Antibacterial synergy between rosmarinic acid and antibiotics against methicillin-resistant Staphylococcus
aureus. J. Intercul. Ethnopharmacol. 5, 358 (2016).

16. Suriyarak, S., Bayrasy, C., Schmidt, H., Villeneuve, P. & Weiss, J. Impact of fatty acid chain length of rosmarinate esters on their
antimicrobial activity against Staphylococcus carnosus LTH1502 and Escherichia coli K-12 LTH4263. J. Food Prot. 76, 1539-1548
(2013).

17. Huang, S.-S. & Zheng, R.-L. Rosmarinic acid inhibits angiogenesis and its mechanism of action in vitro. Cancer Lett. 239, 271-280
(2006).

18. Karthik, D., Viswanathan, P. & Anuradha, C. V. Administration of rosmarinic acid reduces cardiopathology and blood pressure
through inhibition of p22phox NADPH oxidase in fructose-fed hypertensive rats. J. Cardiovasc. Pharmacol. 58, 514 (2011).

19. Elufioye, T. O. & Habtemariam, S. Hepatoprotective effects of rosmarinic acid: Insight into its mechanisms of action. Biomed.
Pharmacother. 112, 108600 (2019).

20. Ferlemi, A.-V. et al. Rosemary tea consumption results to anxiolytic- and anti-depressant-like behavior of adult male mice and
inhibits all cerebral area and liver cholinesterase activity; phytochemical investigation and in silico studies. Chem. Biol. Interact.
237, 47-57. https://doi.org/10.1016/j.cbi.2015.04.013 (2015).

21. Ramalho, L. N. Z. et al. Rosmarinic acid attenuates hepatic ischemia and reperfusion injury in rats. Food Chem. Toxicol. 74, 270-278
(2014).

22. Shang, A.-]. et al. Spinal cord injury effectively ameliorated by neuroprotective effects of rosmarinic acid. Nutr. Neurosci. 20,
172-179 (2017).

23. Domitrovi¢, R. et al. Rosmarinic acid ameliorates acute liver damage and fibrogenesis in carbon tetrachloride-intoxicated mice.
Food Chem. Toxicol. 51, 370-378 (2013).

24. Li, G.-S. et al. In vitro and in vivo antifibrotic effects of rosmarinic acid on experimental liver fibrosis. Phytomedicine 17, 282-288
(2010).

25. Jin, X,, Liu, P, Yang, F,, Zhang, Y.-H. & Miao, D. Rosmarinic acid ameliorates depressive-like behaviors in a rat model of CUS and
up-regulates BDNF levels in the hippocampus and hippocampal-derived astrocytes. Neurochem. Res. 38, 1828-1837. https://doi.
0rg/10.1007/s11064-013-1088-y (2013).

26. Shan, Y. et al. Aging as a precipitating factor in chronic restraint stress-induced tau aggregation pathology, and the protective
effects of rosmarinic acid. J. Alzheimers Dis. 49, 829-844 (2016).

27. Ozturk, H. et al. Protective effects of rosmarinic acid against renal ischaemia/reperfusion injury in rats. ] Pak Med Assoc 64, 260-265
(2014).

28. Tavafi, M. & Ahmadvand, H. Effect of rosmarinic acid on inhibition of gentamicin induced nephrotoxicity in rats. Tissue Cell 43,
392-397 (2011).

29. Cao, W, Hu, C., Wu, L., Xu, L. & Jiang, W. Rosmarinic acid inhibits inflammation and angiogenesis of hepatocellular carcinoma
by suppression of NF-kB signaling in H22 tumor-bearing mice. J. Pharmacol. Sci. 132, 131-137 (2016).

30. Gautam, R. K. et al. Rosmarinic acid attenuates inflammation in experimentally induced arthritis in Wistar rats, using Freund’s
complete adjuvant. Int. J. Rheum. Dis. 22, 1247-1254 (2019).

31. Ghasemzadeh Rahbardar, M., Amin, B., Mehri, S., Mirnajafi-Zadeh, S. J. & Hosseinzadeh, H. Anti-inflammatory effects of ethanolic
extract of Rosmarinus officinalis L. and rosmarinic acid in a rat model of neuropathic pain. Biomed. Pharmacother. 86, 441-449.
https://doi.org/10.1016/j.biopha.2016.12.049 (2017).

32. Nishiguchi, A., Ichimaru, H., Ito, S., Nagasaka, K. & Taguchi, T. Hotmelt tissue adhesive with supramolecularly-controlled sol-gel
transition for preventing postoperative abdominal adhesion. Acta Biomater https://doi.org/10.2139/ssrn.4041686 (2022).

33. Zhang, S., Xu, Z., Wen, X. & Wei, C. A nano chitosan membrane barrier prepared via Nanospider technology with non-toxic
solvent for peritoneal adhesions’ prevention. J. Biomater. Appl. 36, 321-331 (2021).

34. Raisi, A., Dezfoulian, O., Davoodi, E, Taheri, S. & Ghahremani, S. A. Salvia miltiorrhiza hydroalcoholic extract inhibits postopera-
tive peritoneal adhesions in rats. BMC Complem. Med. Ther. 21, 1-11 (2021).

35. Bayhan, Z. et al. Antiadhesive and anti-inflammatory effects of pirfenidone in postoperative intra-abdominal adhesion in an
experimental rat model. J. Surg. Res. 201, 348-355 (2016).

36. Parsaei, P, Karimi, M., Asadi, S. Y. & Rafieian-Kopaei, M. Bioactive components and preventive effect of green tea (Camellia
sinensis) extract on post-laparotomy intra-abdominal adhesion in rats. Int. J. Surg. 11, 811-815 (2013).

37. Bi, J. et al. Peripheral serotonin regulates postoperative intra-abdominal adhesion formation in mice. Sci. Rep. 7, 1-12 (2017).

38. Askari, V. R. et al. Evaluation of the effects of Iranian propolis on the severity of post operational-induced peritoneal adhesion in
rats. Biomed. Pharmacother. 99, 346-353 (2018).

39. Nair, S. K., Bhat, I. K. & Aurora, A. L. Role of proteolytic enzyme in the prevention of postoperative intraperitoneal adhesions.
Arch. Surg. 108, 849-853 (1974).

40. Thompson, J. Pathogenesis and prevention of adhesion formation. Dig. Surg. 15, 153-157 (1998).

41. Holmdahl, L. & Ivarsson, M.-L. The role of cytokines, coagulation, and fibrinolysis in peritoneal tissue repair. Eur. J. Surg. 165,
1012-1019 (1999).

42. Luo, C. et al. A review of the anti-inflammatory effects of rosmarinic acid on inflammatory diseases. Front. Pharmacol. 11, 153
(2020).

43. Rocha, J. et al. Anti-inflammatory effect of rosmarinic acid and an extract of Rosmarinus officinalis in rat models of local and
systemic inflammation. Basic Clin. Pharmacol. Toxicol. 116, 398-413 (2015).

44. Zou, Z., Xu, L. & Tian, J. Antithrombotic and antiplatelet effects of rosmarinic acid, a water-soluble component isolated from radix
Salviae miltiorrhizae (danshen). Acta Pharma. Sin. 28, 241-245 (1993).

45. PrudHomme, G. J. Pathobiology of transforming growth factor f in cancer, fibrosis and immunologic disease, and therapeutic
considerations. Lab. Invest. 87, 1077-1091 (2007).

Scientific Reports|  (2022) 12:18593 | https://doi.org/10.1038/s41598-022-22000-x nature portfolio


https://doi.org/10.1186/s42490-019-0005-0
https://doi.org/10.1515/jbcpp-2014-0044
https://doi.org/10.1016/j.jep.2015.10.020
https://doi.org/10.1016/j.cbi.2015.04.013
https://doi.org/10.1007/s11064-013-1088-y
https://doi.org/10.1007/s11064-013-1088-y
https://doi.org/10.1016/j.biopha.2016.12.049
https://doi.org/10.2139/ssrn.4041686

www.nature.com/scientificreports/

46. Rubtsov, Y. P. & Rudensky, A. Y. TGFp signalling in control of T-cell-mediated self-reactivity. Nat. Rev. Immunol. 7, 443-453 (2007).

47. Wahl, S. M. Transforming growth factor-p: innately bipolar. Curr. Opin. Immunol. 19, 55-62 (2007).

48. Weaver, C. T, Hatton, R. D., Mangan, P. R. & Harrington, L. E. IL-17 family cytokines and the expanding diversity of effector T
cell lineages. Annu. Rev. Immunol. 25, 821-852 (2007).

49. Bettelli, E. et al. Reciprocal developmental pathways for the generation of pathogenic effector TH17 and regulatory T cells. Nature
441, 235-238 (2006).

50. Shull, M. M. et al. Targeted disruption of the mouse transforming growth factor-p1 gene results in multifocal inflammatory disease.
Nature 359, 693-699 (1992).

51. Lin, S.-Y. et al. Hepatoprotective activities of rosmarinic acid against extrahepatic cholestasis in rats. Food Chem. Toxicol. 108,
214-223 (2017).

52. Ghadiri, M. et al. Standardised pomegranate peel extract lavage prevents postoperative peritoneal adhesion by regulating TGF-p
and VEGEF levels. Inflammopharmacology 29, 855-868 (2021).

53. Yu, Y. et al. Rosmarinic acid ameliorates acetaminophen-induced acute liver injury in mice via RACK1/TNF-a mediated antioxidant
effect. Pharm. Biol. 59, 1286-1293 (2021).

54. Chegini, N. Peritoneal molecular environment, adhesion formation and clinical implication. Front Biosci 7, 91-115 (2002).

55. Basbug, M. et al. The effect of antivascular endothelial growth factor on the development of adhesion formation in laparotomized
rats: experimental study. Gastroenterol. Res. Pract. 2011 (2011).

56. de Oliveira Formiga, R. et al. Effect of p-cymene and rosmarinic acid on gastric ulcer healing-Involvement of multiple endogenous
curative mechanisms. Phytomedicine 86, 153497 (2021).

57. Deger, U. & Cavus, Y. Investigation of the role of rosmarinic acid treatment in regulating inflammation, cell damage, and angio-
genesis in rat ovarian torsion and detorsion models. Acta Cirtirg. Bras. 35 (2020).

58. Awonuga, A. O. et al. Advances in the pathogenesis of adhesion development: the role of oxidative stress. Reprod. Sci. 21, 823-836
(2014).

59. Sadeghi, A., Bastin, A. R., Ghahremani, H. & Doustimotlagh, A. H. The effects of rosmarinic acid on oxidative stress parameters
and inflammatory cytokines in lipopolysaccharide-induced peripheral blood mononuclear cells. Mol. Biol. Rep. 47, 3557-3566
(2020).

60. Hong, Z. et al. Rosmarinic acid attenuates acrylamide induced apoptosis of BRL-3A cells by inhibiting oxidative stress and endo-
plasmic reticulum stress. Food Chem. Toxicol. 151, 112156 (2021).

61. Mushtag, N. et al. Protective effect of rosmarinic acid against oxidative stress biomarkers in liver and kidney of strepotozotocin-
induced diabetic rats. J. Physiol. Biochem. 71, 743-751 (2015).

62. Raisi, A, Davoodi, F, & Mohammadi, R. Protective effects of rosmarinic acid on testicular torsion-detorsion in an animal model.
Iran. ]. Vet. Surg. 17, 80-86. https://doi.org/10.30500/ivsa.2022.327175.1293 (2022).

63. Heydrick, S.J. et al. Intraperitoneal administration of methylene blue attenuates oxidative stress, increases peritoneal fibrinolysis,
and inhibits intraabdominal adhesion formation. J. Surg. Res. 143, 311-319 (2007).

64. Zihlke, H. V., Lorenz, E., Straub, E. M., Savvas, V. Pathophysiologie und Klassifikation von Adhdsionen [Pathophysiology and
classification of adhesions]. Langenbecks Arch Chir Suppl II Verh Dtsch Ges Chir., 1009-1016 (1990).

65. Zhao, Y. et al. Exacerbation of diabetes-induced testicular apoptosis by zinc deficiency is most likely associated with oxidative
stress, p38 MAPK activation, and p53 activation in mice. Toxicol. Lett. 200, 100-106 (2011).

66. Davoodi, F. et al. Leech therapy (Hirudo medicinalis) attenuates testicular damages induced by testicular ischemia/reperfusion in
an animal model. BMC Vet. Res. 17, 1-15 (2021).

67. Sinha, A. K. Colorimetric assay of catalase. Anal. Biochem. 47, 389-394 (1972).

68. Tavafi, M., Ahmadvand, H., Tamjidipour, A. & Hasanvand, A. Rosmarinic acid ameliorates renal ischemia reperfusion damage in
rats. J. Nephropharmacol. 9, e15 (2019).

Acknowledgements

This paper has been extracted from a DVM thesis of Ali Kakanezhadi and Mehrdad Rezaei carried out in Lorestan
University and the authors want to appreciate the vice-chancellor of research of Lorestan University and RASTA
research lab. This work was financially supported by the Lorestan University (LU-9411511025-21).

Author contributions

K.A. & R.M.,; methodology, investigation, performed most experiments and wrote the paper. R.A.; research
design, Writing—review & editing, and directed the overall project. D.O.; Methodology, IHC performance,
Writing—review & editing. D.E; Writing—original draft, Methodology, Investigation, Data curation, and Formal
analysis. A.H.; Methodology, Visualization, and Resources.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-22000-x.

Correspondence and requests for materials should be addressed to A.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:18593 | https://doi.org/10.1038/s41598-022-22000-x nature portfolio


https://doi.org/10.30500/ivsa.2022.327175.1293
https://doi.org/10.1038/s41598-022-22000-x
https://doi.org/10.1038/s41598-022-22000-x
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:18593 | https://doi.org/10.1038/s41598-022-22000-x nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Rosmarinic acid prevents post-operative abdominal adhesions in a rat model
	Results
	Macroscopic observations showed that rosmarinic acid reduced postoperative peritoneal adhesion. 
	Rosmarinic acid treatment reduced fibroblast proliferation and inflammation. 
	Rosmarinic acid reduced postoperative peritoneal adhesion formation by reducing TGF-β1 expression. 
	Rosmarinic acid reduced postoperative peritoneal adhesion by inhibiting TNF-α expression. 
	Rosmarinic acid reduced angiogenesis in postoperative peritoneal adhesion by inhibiting VEGF expression. 
	Rosmarinic acid reduced postoperative oxidative stress. 

	Discussion
	Conclusion
	Materials and methods
	Animal studies. 
	Surgical procedure. 
	Macroscopic evaluation and grading of adhesions. 
	Sample collection method. 
	Histopathological evaluation. 
	Immunohistochemical evaluation. 
	Western Blotting. 
	Oxidative stress biomarkers analysis. 
	Malondialdehyde (MDA). 
	Glutathione peroxidase (GPx). 
	Catalase (CAT). 
	Nitric oxide (NO). 
	Statistical analysis. 

	References
	Acknowledgements


