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Abstract

:

Simple Summary


The drug BromAc® has been used in the treatment of pseudomyxoma peritonei, a rare peritoneal cancer. Often, patients with pseudomyxoma peritonei require colon resection with reconnection. Hence, we investigated whether BromAc® affects the healing of bowel wounds using a rat model. After colon-resection surgery, BromAc® was administered to a group of rats. Another group (control) of rats received saline. The colons were then left to heal for different time intervals. Next, the colons were assessed for healing using the burst-pressure test, whilst the effect of the BromAc® on the internal organs was investigated with histology. The results showed no significant differences in the healing of the colon wounds between the BromAc®-treated and the control rats. In addition, there was no difference in internal organ histology between the BromAc®-treated rats and the controls. Hence, the administration of intraperitoneal BromAc® is safe for the healing of colon resection.




Abstract


A combination of bromelain and acetylcysteine, BromAc®, is an efficient intraperitoneal mucolytic for thick mucus secreted in pseudomyxoma peritonei (PMP). Patients with PMP quite often undergo colon anastomosis. Hence, we investigated the effect of the intraperitoneal delivery of BromAc® on colon-anastomosis healing in a rat model. Sixteen Wistar rats were divided into two groups (N = 8). The controls received intraperitoneal saline after anastomosis, whilst the other group received BromAc®. They were monitored for body-weight and general health parameters. Half the rats in each group (N = 4) were culled at 4 or 13 days post-surgery for assessment. The healing process of the tissues was assessed by burst pressure and collagen density with histology to assess the integrity of the internal organs. The results indicated that there was a similar pattern of weight fluctuation during the experiment, although the rats treated with the BromAc® showed slightly greater weight loss during the first 4 days. Although the burst pressure was similar in both groups, the BromAc® group at day 13 showed a slightly higher burst pressure, which was complemented by a higher collagen density (albeit not statistically significant). The histology of the internal organs was comparable to those of the controls. This study indicates that the intraperitoneal delivery of BromAc® in a rat model does not interfere with the healing process of colonic anastomosis.
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1. Introduction


Pseudomyxoma peritonei (PMP) is a rare cancer that primarily originates in the appendix; however, it can also originate in colorectal tissues or the ovaries [1,2]. The cancer cells of PMP secrete copious amounts of gelatinous mucin in the peritoneal cavity, leading to nutritional compromise and death [3]. The current treatment for PMP involves rigorous cytoreductive surgery followed by hyperthermic intraperitoneal chemotherapy (HIPEC) [4,5]. This is a very invasive process with significant morbidity, but with 63% of patients with PMP survive beyond 10 years when this procedure is performed in specialized units [6]. When the colon is affected, the resection of the involved region with colon anastomosis is often performed [7]. During HIPEC, several different cytotoxic or cytostatic agents may be used, such as mitomycin C, doxorubicin, paclitaxel, cytostatics containing platinum, gemcitabine, docetaxel, melphalan, and irinotecan [8,9]; to increase the efficacy of the cytotoxics, an adjuvant comprising bromelain and acetylcysteine can be used [10].



Bromelain is an extract from the stem or the fruit of pineapple that contains numerous enzymes, such as cysteine protease, phosphatases, glucosidases, cellulases, and peroxidases [11]. The cysteine protease hydrolyzes peptide and glycoside bonds, which are prevalent in glycoproteins [12] in mucin secreted by PMP. Acetylcysteine, on the other hand, is an antioxidant that is capable of reducing disulfide bonds [13], which occur in abundance in PMP mucin. The use of these two agents in a combination known as BromAc® has been shown to be a very effective mucolytic of pseudomyxoma peritonei (PMP) mucin [14,15], with anti-cancer effects on gastrointestinal (GI) cancer cells [16] and organoids [17]. BromAc® has also been tested in the treatment of different intra-abdominal malignancies in vivo, such as colon cancer [18], pancreatic cancer [19], and a patient-derived xenograft (PDX) rat model of advanced appendiceal mucinous carcinoma peritonei (MCP) [20]. It has undergone phase I studies successfully [21], it is destined for phase II studies in PMP patients, and it is undergoing clinical assessment for use in the treatment of muco-obstructive respiratory diseases [22].



The healing process after colon anastomosis is rather complex and involves hemostasis, inflammation, proliferation, and remodeling phases [23]. Various proteases are secreted to degrade damaged tissues and thrombus and accelerate the repair process, whilst, at the same time, the immune system is activated in order to ensure that infections are controlled [24]. Bromelain has cysteine proteases that may aid the clearance of damaged tissues whilst enhancing the immune system [25]. Furthermore, it has been used for wound debridement and to enhance the healing process of burns and, currently, it is marketed under the trade name of Nexobrid® [26]. Acetylcysteine has also been shown to enhance wound healing [27], and its mechanisms of action may be due to its antioxidant properties, which quench the reactive species abundant in injured tissues [13], whilst at the same time enhancing the immune system [28]. Further, it may also aid in the regeneration of endogenous antioxidants, such as glutathione [29]. Acetylcysteine is known to enhance the proteolytic action of bromelain and, since wound healing is dependent on debridement, amongst other parameters, such as immune enhancement, the modulation of inflammation, etc., the presence of acetylcysteine may, in fact, enhance the healing process [30]. Hence, as individual agents, bromelain and acetylcysteine are known to enhance wound healing. However, there are no studies to show their joint action on colon anastomosis healing. It is known that the failure of colon-anastomosis healing may result in anastomotic leakage, which is associated with serious complications and mortality [31].



Since wound healing depends on the deposition of collagen [32], the presence of bromelain and acetylcysteine may affect these two molecules. Collagen is composed of proteins with an abundance of peptide linkages and disulfide bonds [33] that may be affected by BromAc®.



Although bromelain and acetylcysteine appear to be relatively safe as individual agents in wound healing when applied externally, the delivery of these agents intraperitoneally following anastomosis has not been investigated before, nor has their combination in the form of BromAc®. Hence, we tested the effects of intraperitoneal BromAc® on the healing process of colon anastomosis using a rat model. We initially measured the burst pressure of the anastomosis after colon anastomosis surgery to determine differences compared to control animals, which were only exposed to saline. Further, we examined the accumulation of collagen in both the groups at two time intervals, whilst, at the same time, determining the histology of the colon between the two groups pre- and post-treatment. Owing to the absorption of BromAc® systemically with the exposure of different internal organs, we assessed the effect by comparing the histology of the tissues from the different organs from the two experimental groups in order to determine the histopathological effects.




2. Materials and Methods


2.1. Drug Preparation


BromAc® was manufactured by Mucpharm Pty Ltd. (Kogarah, Australia) as a sterile solution. The drug diluent was 0.9% NaCl. The drug used in the study was prepared as one batch and stored at −30 °C until use.




2.2. Study Ethics and Design


The study protocol was reviewed and approved by UNSW Animal Care and Ethics Committee (ACEC), approval numbers 19/139A. After arrival at the BRC animal facility, 16 Wistar rats weighing an average of 250 g each were housed for at least one week for acclimatization, in adherence to standard protocol. The rats were divided into two groups (N = 8); control received intraperitoneal saline after anastomosis, whilst the other group received BromAc® (experimental day 1). Half of the rats in each group (N = 4) were culled at 4 or 13 days post-surgery for assessment (Figure 1).




2.3. Colon-Anastomosis Surgery and Drug Treatment


All rats underwent laparotomy, colon anastomosis, and drug treatment on experimental day 1. Prior to all procedures, anesthesia was induced by 4% isoflurane inhalation. Anesthesia was confirmed using toe-pinch-response technique. Subsequently, anesthesia was maintained with isoflurane 1–3% inhalation. The surgical site was shaved, after which antiseptic skin chlorhexidine solution was applied. A 5 cm midline laparotomy was performed, and an anterior longitudinal 1.5 cm full-thickness colonic incision was made using scissors. Next, a colon-to-colon anastomosis was performed in a transverse fashion using interrupted 5/0 PDS absorbable stitches. Subsequently, two-layer closure of the abdomen was performed using running 3/0 PDS sutures. A thick local topical analgesic, lidocaine, was applied on the surgical site together with 0.01–0.05 mg/kg buprenorphine subcutaneously, every 6–12 hours, to ameliorate the pain. Both forms of analgesia (buprenorphine, topical analgesia) were applied if required, based on clinical signs of pain and distress. After the surgery, rats were injected with intraperitoneal BromAc® (3/300 mg/kg) or sham-treated (9% Saline) using a sterile 25-gauge needle. The animals were then monitored until full recovery, with subsequent daily monitoring of their health and welfare parameters including activity, movement/gait, breathing, alertness, bodyweight, signs of intra-abdominal infection, anastomosis leak or rupture. At specified time intervals, 4 or 13 days post-surgery, rats from the control and treated groups were euthanized by inhalation of carbon dioxide (30% of chamber volume/min) and were then assessed for colon-anastomosis healing.




2.4. Anastomotic Burst Pressure


Post-euthanasia, the midline laparotomy was re-opened. Signs of inflammation or anastomotic leak were explored. Identification of anastomosis and recording of surrounding abscesses or adhesions were photographed. The colon was then ligated distal to the anastomosis above the peritoneal reflection. Colon was transacted 5 cm proximal to the anastomosis and a catheter was inserted into the colon, with fixation using 3/0 silk tie to prevent leak. The catheter was connected to a syringe and sphygmomanometer via a stopcock. The syringe was used to insufflate the colons gradually with air until a sudden loss of pressure occurred. This pressure was recorded as Anastomotic Burst Pressure (ABP). Colon anastomosis and visceral specimens were then collected for histological analysis.




2.5. Histological Evaluation


Formalin-fixed, paraffin-embedded sections of colon anastomosis and other viscera were prepared. Histopathological changes were assessed using H&E staining. Fibrosis was assessed based on trichrome-stained sections, with images captured using a binocular light microscope with a digital camera.



Histopathological features of colon post-anastomosis were evaluated using a semi-quantitative histopathology score. All tissues/slides were examined by an accredited contracted veterinary histopathologist for absence or presence of histopathological features. The pathologist was masked to group treatments but was familiar with background information. Histopathological features in the colon’s lamina propria were then segregated into two categories, at the surgical site and away from surgical site. The presence of histopathological findings was reported as number of animals which had the pathological features out of the 4 animals in each treatment group.




2.6. Statistical Analysis


Data were analyzed using GraphPad Prism version 9.0 (GraphPad Software, Inc., San Diego, CA, USA). Quantitative variables were compared using Student’s t-test and data were reported as the mean ± SD. Differences were considered statistically significant when p < 0.05.





3. Results


The autopsies performed on the control and treated animals revealed no anastomosis leaks or ruptures, and no infections. The body-weight measurements showed the same weight fluctuation pattern between the control and drug-treated groups (Figure 2A,B). However, the BromAc®-treated groups showed slightly greater weight loss during the first 5 days, with subsequent gains in weight, although these were not significant. The initial losses in weight in both the animal groups may have been due to surgical trauma. However, the animals in both the groups subsequently regained their weight (normal feeding). Other wellbeing parameters monitored during the course of the treatment showed normal health.



The healing of the colon anastomosis was assessed at two time periods in the animals (4 days & 13 days). All the colons were examined for the locations of burst perforations. The burst perforations were located at or next to the anastomosis sites. The outcomes of the anastomotic-burst-pressure experiment are shown in Figure 2C,D and Table 1. The t-test was used to compare the bursting-pressure values of the controls to those treated with the BromAc®, and there were no significant differences between the control and the BromAc®-treated groups at 4 days (p = 0.59) and 13-days (p = 0.10) post-surgery. Although this was not significant, on the 13th day, the BromAc® group showed higher burst pressure. This was suggested by the slightly higher collagen density (again, the t-test was non-significant).



Inflammatory changes (lamina propria, submucosal, muscle layers, and serosal surfaces), the loss of structures/necrosis (e.g., epithelial cells, crypts), and vascular congestion, both at a point away from the site of the anastomosis and at the site of the anastomosis on H&E-stained sections were evaluated. No difference were between the control and the BromAc®-treated groups 4 days and 13 days post-surgery (Figure 3A; Table 2).



The fibrosis at the sites of colon anastomosis was interpreted based on trichrome-stained (collagen density) sections (Figure 3B). The quantitative analyses of the collagen density showed no differences in the percentage increase in collagen between the control and BromAc®-treated groups 4 days (p = 0.52) and 13 days (p = 0.26) post-surgery (Figure 3C). On the 13th day, there appeared to be a slightly higher collagen density, although the t-test did not show significance, owing to the small number of animals used in this study.



No abnormalities were detected upon the histopathological evaluations of the liver, kidney, spleen, pancreas, small intestine, heart, lung, trachea, and bronchus sections stained with H&E from the control and treated groups 4 and 13 days post-surgery (Figure 4). Hence, the results indicated the safety of the intraperitoneal concentration of BromAc® administered over the study period.




4. Discussion


Colon anastomosis after the resection of diseased colon sections is a procedure that is carried out routinely on peritoneal cancer patients [7]. The subsequent healing process to re-establish a firm connection between the sections of the sutured colon involves a wound-repair process with the regeneration of tissues with increased tensile strength [23]. However, wound healing is a complex process that requires the presence of a number of chemokines with the enhanced formation of collagen, elastin, and fibronectin, the upregulation of immune cells, protein synthesis etc. [24].



Since bromelain contains cysteine protease and a number of other enzymes that primarily act on glycoside and peptide linkages with the hydrolysis of proteins and glycoproteins [12], and since it sis a fibrinolytic, it is envisaged that it may interfere with the healing process, since a number of protein molecules are involved in the reconstruction of new tissues. Similarly, acetylcysteine is a known reducing agent that may also affect the formation of tissues, although studies have indicated that acetylcysteine promotes wound healing [27]. Further, several studies show that bromelain has anti-inflammatory properties, which enhance wound healing; however, the effect of the combination of these two agents (BromAc®) on wound healing has not been investigated before. Dos Reis et al. observed a large reduction in chemokines and cytokines in the sputum of COVID-19 patients following BromAc® treatment [22]. Patients with PMP have been treated with BromAc®; however, we did not investigate its effect on colon anastomosis [21]. The effect of BromAc® delivered intraperitoneally is short-lived in the cavity owing to the absorption of the agents into the peritoneal membrane and, hence, their systemic distribution. However, BromAc® has previously been delivered intra-tumorally into the mucinous mass, not post colonic anastomosis. Therefore, we proceeded to study how wound healing was affected in a rat model during colon anastomosis, along with the effect on the vital organs. Whilst there are potential benefits for healing associated with the components of BromAc®, the study team were very concerned about the possibility of anastomotic leakage due to the fibrinolytic and debriding nature of bromelain.



The present study on rats showed that there was a slight drop in body weights of the animals after the surgical interventions, indicating that the nutritional intake was reduced in both the control and the BromAc®-treated groups, suggesting slight trauma, pain, and discomfort in the animals. Noticeably, there was also a slightly greater loss of body weight in the BromAc®-treated group at experimental days 3–5, which eventually normalized. The loss of body weight was a general indication of wellbeing after surgical intervention in all the animals [34] (Figure 2A). From the seventh day to the 13th day, both the control and the BromAc®-treated group gained weight, indicating normal feeding habits or food intake (Figure 1B).



In our study, no anastomosis leakage was observed post-euthanasia in either the control or the BromAc®-treated rats. Previous studies using rat models showed very low incidences in control rats ranging, from 0–5% (0–1 out of 20 animals) [35,36]. A comparison of the burst pressure in the healing colon indicated no differences at 4 days after surgical intervention between the groups, and similar findings were observed at 13 days. Notably, the burst pressure at 4 days post-surgery was smaller than at 13 days (80 vs. about 120–150 mm Hg), indicating that at 4 days, the tissues were much weaker, with incomplete healing. Colon anastomosis was studied previously in Wistar rats. The recorded colon-burst pressure in the control rats varied due to differences in sex, the day of sacrifice post-operation, the type of suture, and the disease model [37,38,39,40,41]. However, overall, the results showed the increase in burst pressure with time, which was in conformity with our results [37,41]. Although, at 13 days, the differences between the control and the BromAc®-treated group were not significant according to the t-test, bromelain and acetylcysteine are known to enhance wound healing, which may have been the case in this study. However, owing to the small number of animals in the groups, we were unable to show any distinct differences.



Collagen is a fibrous protein that is specially assembled during wound healing at the site of an injury in order to strengthen the tensile quality of tissues, preventing rupture if pressure is applied. In the present work, the percentage collagen increases at 4 days shows similarities between the control and the BromAc®-treated groups (Figure 3C), with a 40% increase for both the groups at day four, indicating that the presence of BromAc® does not interfere with collagen synthesis, which is highly important for wound healing.



Similarly, at 13 days, the collagen assessment again indicated no differences between the control and the BromAc®-treated rats, further demonstrating that BromAc® does not interfere with collagen synthesis. The percentage collagen increase in the two groups (control and BromAc) at 13 days was slightly smaller when compared to the increase 4 days post- surgery, presumably due to the repair process reaching completion. Further, although not statistically significant (owing to the small number of animals in each group), there was a slightly greater amount of collagen in the BromAc® group compared to control, which may indicate the enhancement of wound healing with increases in the amount of collagen synthesis.



Since the BromAc® was administered intraperitoneally in these animals, the agent was absorbed by the peritoneal cavity and distributed systemically. Hence, we monitored the integrity of various other organs, such as the lungs, heart, kidneys, spleen, pancreas etc., by histology, in order to determine the end result of their pharmacological and biochemical effects on these vital organs. No abnormalities in the histological appearances of the various structures and cells in any of the vital organs were observed in either the saline- or the BromAc®-treated groups, indicating that at the concentration of BromAc® delivered there was no effect on the microstructures of the internal organs, further indicating the complete systemic safety of the product at the concentrations in this protocol.



The present study indicates that colon-anastomosis healing is not affected by BromAc® in healthy rats. Patients with PMP are often immunocompromised with other comorbidities; hence, there is a certain amount of uncertainty regarding the transfer of the current findings to patients. However, depending on the health of the PMP patient, as well as their age, nutritional status, and comorbidities, the healing process may vary, although the effect of BromAc® on colon healing may be minimal or totally absent, in agreement with current animal studies. Furthermore, preclinical studies are required to ensure safety in the setting of an anastomosis, although current ongoing clinical studies without anastomosis have indicated no complications or concerns to date [42].




5. Conclusions


The results in this study suggest that the intraperitoneal delivery of the combination of bromelain and acetylcysteine (BromAc®) does not interfere with colon-anastomosis healing. The results also indicate the safety of the intraperitoneal delivery of BromAc®.



Although there are limitations in the current study, such as small number of animals in each group, the usage of animals that were robust and healthy, and the evaluation of colon anastomosis only, future studies may involve a more comprehensive approach, including the healing of other organs that may undergo resection during the surgical procedure. Further, additional studies should be designed to combine BromAc® with chemotherapeutic agents and hyperthermia prior to expansion into early phase clinical trial.







Author Contributions


Conceptualization, A.H.M., M.B., K.P., J.A., S.J.V. and D.L.M.; methodology, D.L.M., A.H.M., M.B., K.P., S.B. and J.A.; software, A.H.M., K.P. and S.B., formal analysis, A.H.M., M.B. and K.P.; investigation, A.H.M. and M.B.; writing—original draft preparation, A.H.M., M.B. and K.P.; writing—review and editing, D.L.M., A.H.M., M.B., K.P., S.B., J.A. and S.J.V. visualization, A.H.M., M.B. and K.P.; supervision, D.L.M.; project administration, J.A. and S.J.V.; funding acquisition, D.L.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Mucpharm Pty Ltd., Australia.




Institutional Review Board Statement


The study protocol was reviewed and approved by UNSW Animal Care and Ethics Committee (ACEC), approval numbers 19/139A, approved on 15 October 2019.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets generated and/or analyzed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


We would like to thank Lorna Rasmussen from Cerberus Sciences, Melbourne, for helping with the histopathological evaluation of the lungs. We thank members of Mucpharm laboratories for their assistance in the study.




Conflicts of Interest


D.L.M. is the co-inventor and assignee of the license for this study and director of the spin-off sponsor company, Mucpharm Pty Ltd. A.H.M., K.P., J.A. and S.L.V. are employees of Mucpharm Pty Ltd.




References


	



Gleeson, E.M.; Feldman, R.; Mapow, B.L.; Mackovick, L.T.; Ward, K.M.; Morano, W.F.; Rubin, R.R.; Bowne, W.B. Appendix-derived Pseudomyxoma Peritonei (PMP): Molecular Profiling Toward Treatment of a Rare Malignancy. Am. J. Clin. Oncol. 2017, 41, 777–783. [Google Scholar] [CrossRef] [PubMed]

	



Mukherjee, A.; Parvaiz, A.; Cecil, T.D.; Moran, B.J. Pseudomyxoma peritonei usually originates from the appendix: A review of the evidence. Eur. J. Gynaecol. Oncol. 2004, 25, 411–414. [Google Scholar]

	



Noguchi, R.; Yano, H.; Gohda, Y.; Suda, R.; Igari, T.; Ohta, Y.; Yamashita, N.; Yamaguchi, K.; Terakado, Y.; Ikenoue, T.; et al. Molecular profiles of high-grade and low-grade pseudomyxoma peritonei. Cancer Med. 2015, 4, 1809–1816. [Google Scholar] [CrossRef] [PubMed]

	



Ansari, N.; Chandrakumaran, K.; Dayal, S.; Mohamed, F.; Cecil, T.D.; Moran, B.J. Cytoreductive surgery and hyperthermic intraperitoneal chemotherapy in 1000 patients with perforated appendiceal epithelial tumours. Eur. J. Surg. Oncol. 2016, 42, 1035–1041. [Google Scholar] [CrossRef] [PubMed]

	



Chua, T.C.; Yan, T.D.; Smigielski, M.E.; Zhu, K.J.; Ng, K.M.; Zhao, J.; Morris, D.L. Long-term survival in patients with pseudomyxoma peritonei treated with cytoreductive surgery and perioperative intraperitoneal chemotherapy: 10 years of experience from a single institution. Ann. Surg. Oncol. 2009, 16, 1903–1911. [Google Scholar] [CrossRef]

	



Chua, T.C.; Moran, B.J.; Sugarbaker, P.H.; Levine, E.A.; Glehen, O.; Gilly, F.N.; Baratti, D.; Deraco, M.; Elias, D.; Sardi, A.; et al. Early- and long-term outcome data of patients with pseudomyxoma peritonei from appendiceal origin treated by a strategy of cytoreductive surgery and hyperthermic intraperitoneal chemotherapy. J. Clin. Oncol. 2012, 30, 2449–2456. [Google Scholar] [CrossRef]

	



Dell, D.D.; Held-Warmkessel, J.; Jakubek, P.; O’Mara, T. Care of the open abdomen after cytoreductive surgery and hyperthermic intraperitoneal chemotherapy for peritoneal surface malignancies. Oncol. Nurs. Forum 2014, 41, 438–441. [Google Scholar] [CrossRef]

	



Aziz, M.B.; Di Napoli, R. Hyperthermic Intraperitoneal Chemotherapy. In StatPearls [Internet]; StatPearls Publishing: Tampa, FL, USA, 2022. [Google Scholar]

	



Brown, S.; Hunt, J.; Hill, R. Differential thermal sensitivity of tumour and normal tissue microvascular response during hyperthermia. Int. J. Hyperth. 1992, 8, 501–514. [Google Scholar] [CrossRef]

	



Pillai, K.; Mekkawy, A.H.; Akhter, J.; Badar, S.; Dong, L.; Liu, A.I.; Morris, D.L. Enhancing the potency of chemotherapeutic agents by combination with bromelain and N-acetylcysteine—An in vitro study with pancreatic and hepatic cancer cells. Am. J. Transl. Res. 2020, 12, 7404–7419. [Google Scholar]

	



Chobotova, K.; Vernallis, A.B.; Majid, F.A. Bromelain’s activity and potential as an anti-cancer agent: Current evidence and perspectives. Cancer Lett. 2010, 290, 148–156. [Google Scholar] [CrossRef]

	



Wang, S.L.; Lin, H.T.; Liang, T.W.; Chen, Y.J.; Yen, Y.H.; Guo, S.P. Reclamation of chitinous materials by bromelain for the preparation of antitumor and antifungal materials. Bioresour. Technol. 2008, 99, 4386–4393. [Google Scholar] [CrossRef] [PubMed]

	



Aldini, G.; Altomare, A.; Baron, G.; Vistoli, G.; Carini, M.; Borsani, L.; Sergio, F. N-Acetylcysteine as an antioxidant and disulphide breaking agent: The reasons why. Free Radic. Res. 2018, 52, 751–762. [Google Scholar] [CrossRef]

	



Akhter, J.; Pillai, K.; Chua, T.C.; Alzarin, N.; Morris, D.L. Efficacy of a novel mucolytic agent on pseudomyxoma peritonei mucin, with potential for treatment through peritoneal catheters. Am. J. Cancer Res. 2014, 4, 495–507. [Google Scholar] [PubMed]

	



Pillai, K.; Akhter, J.; Chua, T.C.; Morris, D.L. A formulation for in situ lysis of mucin secreted in pseudomyxoma peritonei. Int. J. Cancer 2014, 134, 478–486. [Google Scholar] [CrossRef] [PubMed]

	



Amini, A.; Masoumi-Moghaddam, S.; Ehteda, A.; Liauw, W.; Morris, D.L. Potentiation of chemotherapeutics by bromelain and N-acetylcysteine: Sequential and combination therapy of gastrointestinal cancer cells. Am. J. Cancer Res. 2016, 6, 350–369. [Google Scholar] [PubMed]

	



Erali, R.A.; Wajih, N.; Forsythe, S.; Shen, P.; Levine, E.; Soker, S.; Morris, D.L.V.K. Assessing the Mucolytic and Cytotoxic Activity of Bromelain in Appendiceal Cancer Organoids [abstract]. In Proceedings of the Society of Surgical Oncology SSO 2023—International Conference on Surgical Cancer Care. In Annals of Surgical Oncology, Boston, MA, USA, 22–25 March 2023. [Google Scholar]

	



Mekkawy, A.H.; Pillai, K.; Badar, S.; Akhter, J.; Ke, K.; Valle, S.J.; Morris, D.L. Addition of bromelain and acetylcysteine to gemcitabine potentiates tumor inhibition in vivo in human colon cancer cell line LS174T. Am. J. Cancer Res. 2021, 11, 2252–2263. [Google Scholar] [PubMed]

	



Mekkawy, A.H.; Pillai, K.; Suh, H.; Badar, S.; Akhter, J.; Képénékian, V.; Ke, K.; Valle, S.J.; Morris, D.L. Bromelain and Acetylcysteine (BromAc) alone and in combination with Gemcitabine inhibits subcutaneous deposits of pancreatic cancer after intraperitoneal injection. Am. J. Transl. Res. 2021, 13, 13524–13539. [Google Scholar]

	



Dilly, A.K.; Honick, B.D.; Frederick, R.; Elapavaluru, A.; Velankar, S.; Makala, H.; Hitchens, T.K.; Foley, L.M.; Guo, J.; Beumer, J.H.; et al. Improved chemosensitivity following mucolytic therapy in patient-derived models of mucinous appendix cancer. Transl. Res. J. Lab. Clin. Med. 2021, 229, 100–114. [Google Scholar] [CrossRef]

	



Valle, S.J.; Akhter, J.; Mekkawy, A.H.; Lodh, S.; Pillai, K.; Badar, S.; Glenn, D.; Power, M.; Liauw, W.; Morris, D.L. A novel treatment of bromelain and acetylcysteine (BromAc) in patients with peritoneal mucinous tumours: A phase I first in man study. Eur. J. Surg. Oncol. 2021, 47, 115–122. [Google Scholar] [CrossRef]

	



dos Reis, J.G.A.C.; Ferreira, G.M.; Lourenço, A.A.; Ribeiro, A.Á.L.; de Melo Oliveira, P.; de Almeida Marques, D.P.; Ferreira, L.L.; Clarindo, F.A.; da Silva, M.F.; Póvoas Filho, H.P. Ex-vivo mucolytic and anti-inflammatory activity of BromAc in tracheal aspirates from COVID-19. Biomed. Pharmacother. 2022, 148, 112753. [Google Scholar] [CrossRef]

	



Rosendorf, J.; Klicova, M.; Herrmann, I.; Anthis, A.; Cervenkova, L.; Palek, R.; Treska, V.; Liska, V. Intestinal Anastomotic Healing: What do We Know About Processes Behind Anastomotic Complications. Front. Surg. 2022, 9, 904810. [Google Scholar] [CrossRef] [PubMed]

	



Isabela Avila-Rodriguez, M.; Melendez-Martinez, D.; Licona-Cassani, C.; Manuel Aguilar-Yanez, J.; Benavides, J.; Lorena Sanchez, M. Practical context of enzymatic treatment for wound healing: A secreted protease approach (Review). Biomed. Rep. 2020, 13, 3–14. [Google Scholar] [CrossRef]

	



Chakraborty, A.J.; Mitra, S.; Tallei, T.E.; Tareq, A.M.; Nainu, F.; Cicia, D.; Dhama, K.; Emran, T.B.; Simal-Gandara, J.; Capasso, R. Bromelain a potential bioactive compound: A comprehensive overview from a pharmacological perspective. Life 2021, 11, 317. [Google Scholar] [CrossRef] [PubMed]

	



Hirche, C.; Kreken Almeland, S.; Dheansa, B.; Fuchs, P.; Governa, M.; Hoeksema, H.; Korzeniowski, T.; Lumenta, D.B.; Marinescu, S.; Martinez-Mendez, J.R.; et al. Eschar removal by bromelain based enzymatic debridement (Nexobrid®) in burns: European consensus guidelines update. Burns 2020, 46, 782–796. [Google Scholar] [CrossRef]

	



AlMatar, M.; Batool, T.; Makky, E.A. Therapeutic Potential of N-Acetylcysteine for Wound Healing, Acute Bronchiolitis, and Congenital Heart Defects. Curr. Drug Metab. 2016, 17, 156–167. [Google Scholar] [CrossRef]

	



Zhu, L.; Xu, F.; Kang, X.; Zhou, J.; Yao, Q.; Lin, Y.; Zhang, W. The antioxidant N-acetylcysteine promotes immune response and inhibits epithelial-mesenchymal transition to alleviate pulmonary fibrosis in chronic obstructive pulmonary disease by suppressing the VWF/p38 MAPK axis. Mol. Med. 2021, 27, 97. [Google Scholar] [CrossRef]

	



Echeverri-Ruiz, N.; Haynes, T.; Landers, J.; Woods, J.; Gemma, M.J.; Hughes, M.; Del Rio-Tsonis, K. A biochemical basis for induction of retina regeneration by antioxidants. Dev. Biol. 2018, 433, 394–403. [Google Scholar] [CrossRef] [PubMed]

	



Oguz, A.; Uslukaya, O.; Alabalık, U.; Turkoglu, A.; Kapan, M.; Bozdag, Z. Topical N-acetylcysteine improves wound healing comparable to dexpanthenol: An experimental study. Int. Surg. 2015, 100, 656–661. [Google Scholar] [CrossRef] [PubMed]

	



Gessler, B.; Eriksson, O.; Angenete, E. Diagnosis, treatment, and consequences of anastomotic leakage in colorectal surgery. Int. J. Color. Dis. 2017, 32, 549–556. [Google Scholar] [CrossRef] [PubMed]

	



Xue, M.; Jackson, C.J. Extracellular Matrix Reorganization During Wound Healing and Its Impact on Abnormal Scarring. Adv. Wound Care 2015, 4, 119–136. [Google Scholar] [CrossRef]

	



Snellman, A.; Tuomisto, A.; Koski, A.; Latvanlehto, A.; Pihlajaniemi, T. The role of disulfide bonds and α-helical coiled-coils in the biosynthesis of type XIII collagen and other collagenous transmembrane proteins. J. Biol. Chem. 2007, 282, 14898–14905. [Google Scholar] [CrossRef] [PubMed]

	



Bayne, K. Assessing Pain and Distress: A Veterinary Behaviorist’s Perspective. In Definition of Pain and Distress and Reporting Requirements for Laboratory Animals: Proceedings of the Workshop Held June 22, 2000; National Academies Press (US): Washington, DC, USA, 2000. [Google Scholar]

	



Despoudi, K.; Mantzoros, I.; Ioannidis, O.; Loutzidou, L.; Christidis, P.; Chatzakis, C.; Gkasdaris, G.; Raptis, D.; Pramateftakis, M.G.; Angelopoulos, S. Healing of colonic anastomosis in rats under obstructive ileus conditions. Discoveries 2021, 9, e129. [Google Scholar] [CrossRef]

	



Ghiselli, R.; Lucarini, G.; Ortenzi, M.; Salvolini, E.; Saccomanno, S.; Orlando, F.; Provinciali, M.; Casciani, F.; Guerrieri, M. Anastomotic healing in a rat model of peritonitis after non-steroidal anti-inflammatory drug administration. Eur. J. Histochem. 2020, 64, 3085. [Google Scholar] [CrossRef]

	



Kosmidis, C.; Efthimiadis, C.; Anthimidis, G.; Basdanis, G.; Apostolidis, S.; Hytiroglou, P.; Vasiliadou, K.; Prousalidis, J.; Fahantidis, E. Myofibroblasts and colonic anastomosis healing in Wistar rats. BMC Surg. 2011, 11, 6. [Google Scholar] [CrossRef] [PubMed]

	



Czeiger, D.; Osyntsov, A.; Osyntsov, L.; Ball, C.G.; Gigi, R.; Shaked, G. Examining the safety of colon anastomosis on a rat model of ischemia-reperfusion injury. World J. Emerg. Surg. 2013, 8, 24. [Google Scholar] [CrossRef]

	



Mantzoros, I.; Kanellos, I.; Demetriades, H.; Christoforidis, E.; Kanellos, D.; Pramateftakis, M.-G.; Zaraboukas, T.; Betsis, D. Effects of steroid on the healing of colonic anastomoses in the rat. Tech. Coloproctology 2004, 8, s180–s183. [Google Scholar] [CrossRef]

	



Kanellos, I.; Mantzoros, I.; Demetriades, H.; Kalfadis, S.; Sakkas, L.; Kelpis, T.; Betsis, D. Sutureless colonic anastomosis in the rat: A randomized controlled study. Tech. Coloproctology 2002, 6, 143. [Google Scholar] [CrossRef] [PubMed]

	



Jansen-Winkeln, B.; Tagkalos, E.; Heimann, A.; Gaiser, T.; Hirsch, D.; Gockel, I.; Mittler, J.; Lang, H.; Heinrich, S. Pringle maneuver increases the risk of anastomotic leakage after colonic resection in rats. HPB 2018, 20, 392–397. [Google Scholar] [CrossRef]

	



Maimónides Biomedical Research Institute of Córdoba (Spain). Intratumoral Bromelain + Acetylcysteine in Relapsed and Unresectable Pseudomyxoma Peritonei. Identifier NCT04982146. 2021. Available online: https://clinicaltrials.gov/ct2/show/NCT04982146 (accessed on 6 January 2023).








[image: Cancers 15 03321 g001 550] 





Figure 1. Research design. Sixteen Wistar rats were divided into two groups (N = 8); control received intraperitoneal saline after anastomosis, whilst the other group received BromAc® (experimental day 1). Half of the rats in each group (N = 4) were culled for assessment at 4 or 13 days post-surgery (experimental days 5 and 14, respectively). 
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Figure 2. (A,B) Graphs show percentage changes in body weights of control and BromAc®-treated animals monitored for 4 and 13 days after colon-anastomosis surgery, respectively. (C,D) Graphs showing the potency of colon anastomotic burst pressure expressed by mmHg 4 days and 13 days post-colon-anastomosis surgery, respectively. Data presented as mean ± SD. Differences were considered statistically significant when p < 0.05, ns = not significant. 






Figure 2. (A,B) Graphs show percentage changes in body weights of control and BromAc®-treated animals monitored for 4 and 13 days after colon-anastomosis surgery, respectively. (C,D) Graphs showing the potency of colon anastomotic burst pressure expressed by mmHg 4 days and 13 days post-colon-anastomosis surgery, respectively. Data presented as mean ± SD. Differences were considered statistically significant when p < 0.05, ns = not significant.



[image: Cancers 15 03321 g002]







[image: Cancers 15 03321 g003 550] 





Figure 3. (A) H&E-stained histological images of colon resection and anastomosis sections. Final magnification, ×100; scale bar = 300 µm. (B) Trichrome-stained histological images of colon resection and anastomosis sections. Final magnification, ×50; scale bar = 250 µm. (C) Graphs show average percentage increase in collagen present in the colon-anastomosis sites. Data presented as mean ± SD. Differences were considered statistically significant when p < 0.05. ns = not significant. 
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Figure 4. Microscopic histological images of liver, spleen, kidney, pancreas, and intestine stained with H&E. No abnormalities were detected upon histopathological evaluations when comparing BromAc®-treated group with sham control group 4- or 13-days post-surgery. Final magnification, ×100; scale bar = 300 µm. 
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Table 1. Bursting pressure values of the groups. Sixteen Wistar rats were either treated with intraperitoneal saline or BromAc® post-colon-anastomosis surgery (N = 8/each treatment group). Half of the rats in each group (N = 4) were culled for assessment at 4 or 13 days post-surgery. Next, anastomotic burst pressure (ABP) test was performed to assess the tensile strength of colon healing. Data presented as range and (mean). Differences were considered statistically significant when p < 0.05.
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4 Days Post-Surgery

Range (Mean); mmHg

	

	
13 Days Post-Surgery

Range (Mean); mmHg

	




	
Control

	
BromAc®

	
p-Value

	
Control

	
BromAc®

	
p-Value






	
64–100 (81.50)

	
50–90 (75.00)

	
0.59

	
90–145 (116.3)

	
125–185 (153.8)

	
0.10
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Table 2. Histopathological-features scores in t the rat-colon-anastomosis model. Rats were treated either with intraperitoneal BromAc® or with saline. Histopathological features in the colon lamina propria were segregated into two categories, at the surgical site and away from the surgical site. The presence of histopathological findings was reported as the number of animals which had the pathological features out of the 4 animals in each treatment group. ^ Surgical site in one control animal could not be identified.
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Histopathological

Findings

	
4 Days Post-Surgery

	
13 Days Post-Surgery




	
Control ^

	
BromAc®

	
Control

	
BromAc®






	
Colon, away from surgical site–lamina propria

	




	
Diffuse lymphocytic infiltration

	
3/3

	
2/4

	
0/4

	
0/4




	
Mixed inflammatory infiltration

	
0/3

	
2/4

	
4/4

	
4/4




	
Colon, surgical site–lamina propria

	




	
Diffuse colitis, or mixed inflammation

	
4/4

	
3/4

	
4/4

	
4/4




	
Multifocal necrosis

	
4/4

	
4/4

	
1/4

	
1/4




	
Multifocal granulomata with multinucleated giant cells

	
0/4

	
0/4

	
3/4

	
4/4




	
Foreign-body pyogranuloma

	
0/4

	
1/4

	
2/4

	
1/4
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