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Abstract 

EVALUATION OF A SIMULATED PNEUMOPERITONEUM ENVIRONMENT ON 

CANCER CELL GROWTH USING AN IN VITRO MODEL WITH POSITIVE 

PRESSURE CARBON DIOXIDE INSUFFLATION AND CANINE TRANSITIONAL 

CELL CARCINOMA  

Rashi Asthana         Co-Advisors: Dr. Michelle Oblak 

University of Guelph, 2017                 and Dr. Ameet Singh 

 

Laparoscopy is routinely performed in canine patients with cancer and the effects of CO2 

insufflation on growth and dissemination of neoplastic cells are unknown. Canine TCC and 

MDCK cells were exposed to 100% CO2 at various pressures for 2 hours using an insufflator at 

37°C in vitro. Culture media pH was measured. Viability, proliferation and migration were 

assessed using Resazurin, Trypan Blue Dye, and Scratch Migration assays, respectively up to 7 

days post CO2. ANOVA were used for statistical analyses. pH significantly decreased 

immediately after CO2 exposure. Various CO2 exposure pressures significantly influenced 

viability with a nonlinear trend in effect. CO2 pressure had no significant effects on proliferation 

and migration. In conclusion, a positive pressure CO2 environment causes a significant change in 

cell viability of canine TCC and MDCK cells without affecting their proliferation or migration 

up to 7 days post CO2. Longer term effects are unknown.  
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1.1 Introduction 

Laparoscopy is commonly performed in patients with neoplasia but the effects of carbon 

dioxide (CO2) insufflation on growth and dissemination of neoplastic cells are unknown 1. This 

literature review will introduce laparoscopy, discuss the use of CO2 as an insufflation medium 

along with its systemic and peritoneal effects. The focus will then shift to how laparoscopic 

surgery could potentially disseminate cancer cells, and/or provide an ideal environment for 

tumour growth and metastasis. Port site metastasis and the effects of increasing insufflation 

pressures that may enable tumour growth and metastasis will be evaluated.  

The in vitro and in vivo pneumoperitoneum (PNP) models, and the use of various 

controls will be critiqued in their applications to the study question. Rodent studies have been 

performed in vivo and malignant rodent cells in vitro have been studied in colon cancer, 

mammary adenocarcinoma, and transitional cell carcinoma cells. Several types of human cancer 

cell lines have also been studied to determine the effects of simulated CO2 PNP on cancer cell 

proliferation and apoptosis. These types of cancers include pancreatic adenocarcinoma, 

colorectal cancer, gastric cancer, cervical cancer, and neuroblastoma cancer cells. The results 

from various rodent and human studies will be contrasted to different cancer types.  

No clinical trials, or in vivo studies, in companion animals have been conducted to study 

the effects of laparoscopic tumour resections on abdominal wall tumour growth and metastasis. 

The physiological response to CO2 PNP is similar between humans, canines, and other animals 2–

4. Therefore, this study will help us understand the effects of various CO2 insufflation pressures 

on the growth and metastasis of cancer cells in canines. The purpose of this literature review is to 

outline the gaps in knowledge and controversies regarding tumour growth and dissemination 

post-laparoscopic surgery for neoplasia in canines. 
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1.2 Laparoscopy  

 

Figure 1: Schematic diagram of a pneumoperitoneum (obtained from 

http://www.newhealthadvisor.com/Laparoscopy-Endometriosis.html) . 

Laparoscopy is a type of minimally invasive surgery that facilities viewing of internal 

structures of the abdominal cavity by distending, illuminating and magnifying the operative field 

1,5,6. Ports are placed into the abdominal wall, and  with the use of a gas such as CO2, the 

abdominal cavity is insufflated to create a positive pressure environment to distend the 

abdominal wall away from the visceral organs 5,7. This distention allows the surgeon to visualise 

the organs by creating a working space, resulting in a closed, hypertensive, CO2 filled 

environment 2,5 (Figure 1). A pressure-regulated, mechanical insufflator is used to distend the 

abdomen by filling it with CO2 to create and maintain consistent intra-abdominal pressures (IAP) 

during laparoscopic surgery 8. Insufflation pressures are measured and regulated mechanically to 

maintain IAP, which facilitates instrument manipulation and visualisation 5,8.  

http://www.newhealthadvisor.com/Laparoscopy-Endometriosis.html
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The distention of the peritoneal cavity can also be achieved using lift laparoscopy, also 

known as gasless laparoscopy 4,9–11. In the case of gasless laparoscopy, a lift device is used to 

retract the abdominal wall away from the visceral organs 4,9–11. Gasless laparoscopy is commonly 

used in patients with cardiopulmonary compromise in humans 4,11. It is associated with less 

cardiopulmonary and hemodynamic changes compared to traditional CO2 laparoscopy 4,9–11. Lift 

laparoscopy causes more pain due to mechanical retraction than traditional CO2 laparoscopy, and 

does not provide optimal visualization 4,9–11. Therefore, operating times are higher in gasless 

laparoscopy 4,9. Lateral aspects of the peritoneal cavity are harder to observe with gasless 

laparoscopy because the lifting tension creates a tenting effect, rather than a dome effect shaped 

by CO2 laparoscopy 4,9,10. Even in gasless laparoscopy, the physical and physiological functions 

are similar between canines and humans 4,9–11.  

The most common reasons for diagnostic laparoscopic surgeries include peritoneal cavity 

exploration, visualisation of abdominal abnormalities and tissue biopsies 1. Laparoscopic 

surgeries provide high-quality biopsies of multiple organs during one anaesthetic episode 1,5,7–

9,12. Definitive treatment with laparoscopy has been described for several canine procedures 

including ovariectomy, cryptorchidectomy, cholecystectomy, adrenalectomy, splenectomy, and 

cystoscopic calculi removal 1,13. Surgeon experience is crucial in determining the efficacy of the 

surgical outcomes 14. This brings up questions of ethical burdens that come with training 

surgeons using client-owned pets, and long learning curves that increase complication rates, 

though experience improves patient outcomes 9,14. This has propagated the use of surgical 

robotics that restore stereoscopic vision, hand-eye coordination, degrees of freedom of motion to 

enhance technical dexterity to perform procedures with greater precision, and minimize the 

damage to the surrounding tissues 14.  
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The reasons for the use of laparoscopic surgery, as well as potential complications that 

could occur should be taken into consideration prior to performing the procedure. Due to smaller 

incisions, laparoscopic surgery minimises surgical tissue trauma, reduces inflammatory response, 

and postoperative pain 1,5,7,8,13,15. Overall, laparoscopy leads to faster recovery and shorter 

hospital stays by reducing blood loss and analgesia requirements, and has a lower complication 

rate in veterinary medicine 1,7,9,13,14,16. Moreover, complications can include lethal gas embolisms 

secondary to CO2 gas entering hollow viscus organs, and tension pneumothorax due to 

inadvertent diaphragmatic puncture 1,5,7. Other major impediments to laparoscopic surgeries 

include cardiovascular and systemic anomalies such as: acid-base disturbances, hypotension, 

bradycardia, asystole, ischemia-reperfusion injury, local peritoneal and systemic hypoxia, among 

others 8.  

1.2.1 Ideal gas 

In exploring the type of gas best used to manage a PNP, it was clarified that an ideal gas 

for laparoscopy should be readily available, inexpensive, colorless, highly soluble in plasma, 

suitable for most patients and procedures, chemically stable, physiologically inert, and non-

explosive 17. CO2 is the most commonly used distention medium for laparoscopy in veterinary 

and human medicine because it is an inert, colorless, odorless, non-flammable soluble gas that 

does not support combustion when using electrosurgery 17–19. Due to its high diffusibility, it is 

quickly absorbed and rapidly expelled from the circulatory system in healthy patients, therefore 

it poses a reduced risk of venous air embolisms 7,17–19. 

1.2.1.1 Other gases 

Various gases have been studied as distention mediums, such as Nitrous oxide (N2O), 

room air, pure oxygen, helium (He) and nitrogen gas (N2). However, flammable gases are 
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immediately disqualified as they can combust and cause fatal intra-abdominal explosions 17,20. 

He and N2 have been proposed as alternatives to CO2 as they do not induce local and systemic 

acidosis 17. He and N2 displace CO2 that is excreted by tumour cells, thereby increasing 

intracellular and extracellular pH 17. These gases do, however, cause unwanted hemodynamic 

effects and acid-base disturbances, similar to CO2 insufflation 
17. In addition, all of the mentioned 

gases except CO2 are insoluble in plasma, thus pose an increased risk of lethal venous 

embolisms, which is why their use in laparoscopic surgeries has been prohibited 17,20.  

1.2.2 Effects of CO2 Pneumoperitoneum 

As CO2 avoids intra-abdominal combustion and reduces the risk of lethal venous 

embolisms, it is the most commonly used distention medium during laparoscopic surgeries 17–19. 

However, the use of CO2 in creating and maintaining a PNP does have its limitations. The 

current approach of laparoscopy in human and veterinary medicine is to use 100% CO2 at 21°C 

with 0% humidity 21. This approach can generate hypothermia and peritoneal injuries, due to 

desiccation, alterations in physiological processes such as a switch from aerobic to anaerobic 

metabolism, oxidative stress 22, and prompt an inflammatory response by activating mediators 

such as interleukin (IL)-8 and IL-10 23; all of which increase pain 21,24. CO2 has been implicated 

as one of the major contributing factors to port site metastases 17,25. CO2 gas has almost 

immediate effects in terms of hematogenous spread, trocar wound contamination, and other 

effects of the PNP itself such as acidosis and hypoxia, compared to other gases 17,25. 

1.2.2.1 Systemic Effects 

Acidosis 

CO2 content in systemic circulation increases through the local laparoscopic environment 

17,20. CO2 PNP decreases intracellular and extracellular pH in the nearby cells in the peritoneal 
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cavity, thereby triggering acidosis, hypoxia, and oxidative stress 26,27. The systemic absorption 

leads to hypercapnia or hypercarbia, which is excessive CO2 in systemic circulation that 

instigates acidosis and decreases myocardial function; this effect could potentially cause 

arrhythmias and cardiovascular collapse 3,19. Acidosis affects intracellular and extracellular 

parameters that regulate essential cell functions, such as oxidative phosphorylation to produce 

ATP, cell proliferation and apoptosis 15,18,28. The solubility of CO2 increases as insufflation 

pressures increase, thereby increasing proton concentration 29. Due to hydrolysis, the reduced pH 

inhibits the cell’s aerobic respiration and enzyme activity and induces anaerobic respiration 29.  

Hypoxia 

Hypoxia is the lack of adequate tissue oxygenation, which during laparoscopic surgery, is 

caused by insufflation of 100% CO2 at various pressures 15,18,30. CO2 PNP at higher pressures 

restricts splanchnic perfusion to elicit impairments in hemodynamic parameters 31. This restricted 

perfusion decreases extracellular pH to 6.2 and oxygen partial pressure (PaO2) to 5 mmHg, thus 

activating a systemic hypoxic stress response 15,30. There are minimal effects of laparoscopic 

surgeries on veterinary patients as mechanical ventilation is used to maintain end-tidal carbon 

dioxide (ETCO2) in systemic circulation to 35-40 mmHg and to eliminate excess CO2 
32 . 

Insufflation pressures less than 15 mmHg CO2 do not affect pulmonary gas exchange and do not 

cause significant hypercarbia in healthy canines 32. Healthy canines do not retain CO2 as they are 

capable of expelling it through respiration, compared to their cardiopulmonary compromised 

counterparts who have difficulties, hence have an increased impact of acidosis and hypoxia 32. 

1.2.2.2 Peritoneal Effects  

Acidosis 

Changes in the peritoneal fluid pH are secondary to systemic changes 3. Hypoxia and 
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hypercapnia are instigated by transperitoneal absorption of CO2 insufflation, rather than an 

increase in IAP 31. CO2 PNP causes rapid absorption across the intraperitoneal membrane leading 

to hypercarbia, hypoxia, hemodynamic alterations, gut ischemia, oxidative stress and 

postoperative pain 15,17. The primary cause of these impediments to the use of CO2 is peritoneal 

irritation, physiological and immunological impairments that induce local and systemic 

responses in humans, canines and other animals 15,17,31. As a result, peritoneal acidosis can 

provide an environment that favours tumour cell implantation during laparoscopy 3,15,33.  

Hypoxia 

CO2 PNP induces metabolic changes that affect local peritoneal oxygen levels, which in 

turn generates systemic hypoxia 15. As IAP increases, it exerts mechanical compression on the 

vascular bed in the peritoneal cavity, thereby severely decreasing splanchnic blood flow to 

induce local and systemic hypoxia 31. Furthermore, higher IAP, such as 15 mmHg or higher, 

cause vasoconstriction of the vessels in the peritoneal cavity, which may have a significant 

impact on the secretion and accumulation of metabolic wastes including CO2 and nitrogen 

compounds in both healthy and cardiopulmonary compromised patients 31. Locally, hypoxic 

lesions are associated with a more aggressive tumour phenotype that is resistant to radiation and 

chemotherapy 30.  

A major culprit in the hypoxic stress response is Hypoxia Inducible Factor (HIF), a 

transcription factor 30. Under hypoxic conditions, alpha and beta subunits come together and bind 

to Hypoxia Responsive Elements (HRE) in the nucleus that can either activate or inhibit gene 

expression of various proteins to influence cell survival 34. Laparoscopic surgery with CO2 

induces pH fluctuations and a low oxygenation environment that inhibits the degradation of HIF-

1α, thus stabilizing it and translocating it into the nucleus to induce a hypoxic stress response 34. 
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Locally, HIF-1α regulates hypoxia-induced apoptosis, which is caused by an intracellular 

increase in reactive oxygen species (ROS) 34. The redox reaction sensitive pathways promote 

mitochondrial cell death by upregulating apoptotic relevant protein expressions 34. 

Overexpression of HIF-1α is correlated with cancer progression by activating tumour 

dedifferentiation, and is also an independent negative prognostic factor for treatment outcomes 

27,30.  

1.2.3 Environmental Desiccation  

The inner abdominal wall, also known as the peritoneum, is lined with a single layer of 

mesothelial cells supported by a basement membrane and connective tissue 15. The peritoneum 

promotes proliferation and differentiation of cells in the peritoneal cavity 24. Laparoscopy is 

minimally invasive, from the perspective of surgical incisions, but it does not necessarily mean 

minimal peritoneal injury 15. There can be damage to the viscera during trocar placement 35, 

vascular damage to the inner abdominal wall due to cold and dry CO2 that causes peritoneal 

injury and hypothermia 5,21. The PNP can cause peritoneal irritation and residual CO2 can be a 

cause for pain postoperatively, which is detrimental to recovery 2. Insufflation with CO2 induces 

mechanical pain by stretching the peritoneal cavity, and dehydration of the serosal surface that 

induces chemical pain due to the formation of carbonic acids 15. Prolonged excessive IAP can 

lead to increased apoptosis of organ cells, resulting in organ dysfunction and irreversible organ 

damage 36. 

The CO2 PNP trauma causes diffuse damage to the mesothelial layer, triggers an 

inflammatory response, and disrupts contact between neighbouring cells 15,17. CO2 PNP 

encourages the mesothelial cells to balloon and detach from the basal membrane, thereby 

exposing the underlying basal lamina in which tumour cells can mesh with the fibrin gel 15,17. 
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The cancer cells may gain access to the nearby connective tissue, and these peritoneal changes 

could potentially result in a favourable environment for cancer cells to implant and proliferate 

due to growth factors present in the damaged peritoneum 15,17. These changes to the mesothelial 

layer may play a role in peritoneal metastasis post laparoscopic surgery 15,17. Laparoscopy 

reduces surgical trauma to the peritoneum, however, increased IAP, characteristics of the 

insufflation gas, and temperature changes can affect the peritoneal integrity to induce 

physiological changes 15.   

1.3 Laparoscopy and Cancer 

The use of CO2 laparoscopy may impact both local and systemic factors in patients with 

cancer. CO2 is highly soluble in plasma, so it does not just act locally in the peritoneal cavity, but 

also systemically, thus systemic CO2 may have an influence on the distant metastatic growth of 

cancer cells 37. Tumour implantation after laparoscopy may be related to the chemical 

composition of the insufflation gases 38. Differences in tumour growth may be caused by 

different gases that act on the cells themselves, or the overall change in the intracellular and 

extracellular modification in proton concentration that leads to a switch from aerobic to 

anaerobic cellular metabolism 37. In addition, these differential growth effects have been 

observed both in vitro and in vivo models. 

There is controversial data regarding the effects of laparoscopy on cancer growth and 

metastasis 2–4. Some studies show increased tumour cell growth after laparotomy 39,40, while 

others show increased cancer cell proliferation after CO2 laparoscopy 41. Nonetheless, a higher 

incidence of metastasis to the abdominal wall post-CO2 laparoscopy has been observed in in vivo 

rodent models, compared to laparotomy in various types of carcinomas 27,37. CO2 PNP affects the 

behaviour of cancer cells and can increase tumour growth and abdominal wall metastasis more 
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than other gases in both the cell seeding and the solid tumour models, compared to helium, 

standard conditions, and gasless laparoscopy by stimulating tumour growth in vitro and in vivo 

17,42,43.  

In addition to the environmental factors, CO2 used in laparoscopic tumour resections may 

impact systemic metastasis due to increased risk of lymphovascular invasion of neoplastic cells 

by encouraging intravasation to provoke distant metastasis 17,43,44. The CO2 PNP could also cause 

malignant seeding locally by making the port site or the peritoneal cavity more susceptible to 

metastatic growth 37,44,45. Increased tumour cell growth and dissemination during CO2 PNP could 

be due to various causes such as: advanced malignancy, ascites, undiagnosed malignancy, direct 

contamination of the trocar wound, and use of CO2 gas 46. However, controversial results also 

indicate that CO2 PNP does not affect tumour cell dissemination or seeding, or if it does, the 

etiology and the pathogenesis for the recurrence of malignancy is unknown 37,46,47. 

1.3.1 Port Site Metastasis 

 
Figure 2: Schematic diagram of Port Site Metastasis. 
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A phenomenon where tumour masses grow at the trocar-cannula entry site is known as 

Port Site Metastasis (PSM) 17 (Figure 2). PSM is defined as the development of early tumour 

recurrences locally in the abdominal wall, within the scar tissue of one or more port sites, or in 

an incision wound after laparoscopy 17. It is an extension of the disease rather than true 

metastasis of neoplasia to the abdominal wall or subcutaneous tissue at the trocar-cannula 

insertion site 48. PSM is unlikely caused by hematogenous spread, but cancer cell dissemination 

through the blood stream can occur 17,44. Increased risk of PSM is associated with high-stage and 

high-grade tumours 46.  

Theoretically, laparoscopy causes less incisional tissue trauma than laparotomy and 

therefore, should be associated with less tumour growth and recurrence, but some trauma does 

occur and could lead to PSM 42. Tumour cell implantation at the trocar insertion sites has been 

reported within days to months after surgery 48. The intact peritoneum is resistant to tumour cell 

implantation, but free-floating tumour cells can attach to the injured tissue at the port sites and 

grow rapidly in the traumatized and healing tissue 48. Laparoscopic surgery has been perceived to 

promote tumour dissemination into the peritoneal cavity and trigger PSM as tumour masses are 

removed 1,43. Cautious morcellation is highly recommended with the use of an impermeable 

entrapment bag to remove larger masses 46. This practice allows breaking of the tissue into 

smaller pieces, avoid direct contact between the tumour and the trocar wound, hence, impede 

tumour seeding to the port sites and the abdominal wall 46.  

1.3.1.1 Chimney Effect 

One theory for the etiology of PSM is called the “Chimney Effect”. The “Chimney 

effect” is described as the efflux of CO2 gas along the trocar insertion site, whereby cancer cells 

use CO2 gas as a medium to transport and implant to the trocar wound to promote the extension 
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of the disease 1,17,46 (Figure 2). Due to tumour cell exfoliation, the free-floating cells implant in 

the susceptible damaged abdominal wall tissue and the port sites 17,46.  The free-floating tumour 

cells can be aerosolized by the CO2 PNP, and facilitate implantation of cancer cells to the trocar 

wound, compared to gasless laparoscopy 24,25,42. In principle, increased IAP would result in 

increased flow of gas past the port entry points thus would lead to increased “Chimney Effect”. 

This theory has not been proven as studies assessing different insufflation gases stated that CO2 

gas, rather than the insufflation pressure was the culprit in triggering PSM 24,25,42. In these cases, 

it appears that CO2 gas has an increased risk of PSM when compared to other gases, such as He 

and N2 
18.  

1.3.1.2 Instrument Contamination 

Another theory states that instrument contamination, rather than the “Chimney Effect” is 

the perpetrator of initiating PSM 1,17,43,46. The trocar wound is at an increased risk for tumour 

implantation and growth because once tumour cells are entrapped in clots, the traumatized tissue 

provides nutrients and a barrier against host cell defense 17,24,42. Cancer cells can be directly 

inoculated to port sites during repeated insertion and removal of the laparoscope and other 

instruments 17,43. While CO2 insufflation may cause tumour cell dissemination in the peritoneal 

cavity, metastasis to the port site occurs due to trocar wound contamination, rather than tumour 

cell aerosolization 17,42. Therefore, aerosolization of tumour cells through the “Chimney Effect” 

may not be the cause for PSM 17,42. However, PSM has been reported in trocar sites that have not 

been used for tumour resection 24. Thus, instrument contamination alone cannot account for the 

pathophysiology of PSM during laparoscopy 24,46.  

It is recommended that traumatic manipulation of the tumour should be avoided, 

especially with high-grade and high-stage tumours 46. Castillo and Vitagliano in 2008 concluded 
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that increased tumour manipulation increases the risk of abdominal wall or peritoneal metastasis, 

regardless of the surgical technique, laparotomy versus laparoscopic tumour resections 46. Port 

site contamination with cancer cells has also been reported when gasless laparoscopy was used 

48. Based on this, CO2 PNP does not play a role in PSM 46. Therefore, the risk of tumour seeding 

is either enhanced because of the CO2 PNP peritoneal environment, or due to a flaw in the 

surgical technique 37. 

1.3.1.3 Carcinomatosis  

Carcinomatosis is a cancerous condition where multiple carcinomas develop 

simultaneously after disseminating from a primary source, either spontaneously or through 

tumour seeding during surgery 49,50. Carcinomatosis is not just spread to regional lymph nodes or 

metastatic disease, but rather the extension of the primary disease to multiple sites in the 

peritoneal cavity 17. Progression of cancer to carcinomatosis can be explained by physical factors 

including floating cancer cells, tumour cell implantation, and abdominal wall metastasis 50. 

Patients with carcinomatosis are more likely to develop extension of the primary disease to portal 

sites, rather than true metastatic spread to the abdominal wall post CO2 laparoscopy 48. 

1.3.2 Intra-Abdominal Pressure and Metastasis  

In humans, IAP of 12-14 mmHg with a gas flow limit of 6.5 L/min is used during CO2 

PNP 21. The flow rate for CO2 insufflation in canines is 1-2 L/min, but a maximum of 4 L/min is 

permitted 7,8. Low insufflation pressures of 6-10 mmHg CO2 are typically used in canines, but 

can vary between patients from 8-12 mmHg to carry out the procedure safely and efficiently in 

healthy patients 1,7,8. At insufflation pressures higher than 15 mmHg, cardiac output is severely 

reduced due to mechanical compression of the vascular bed in the peritoneal cavity, which 

decreases venous return 7,16,32. Further respiratory compromise is caused by the restricted 
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movement of the diaphragm 7,16,32. For this reason, it is recommended that no more than 5-7 

mmHg should be used for patients with cardiopulmonary compromise to minimize the impact of 

the CO2 PNP 16,32.  

It is recognized that increased IAP decreases blood flow to the parietal and visceral 

peritoneum, thereby inducing hypoxia and prompting the peritoneum to become more 

susceptible to tumour implantation and growth 17. During laparoscopy, splanchnic circulation is 

modified and increased IAP facilitates freeing the emboli or the passage of neoplastic cells from 

the lymphatic system to venous vessels 17. The increase in IAP causes hemodynamic alterations 

that may stimulate cancer cell dissemination due to spillage in the peritoneal cavity, on the 

wounds, or by forcing viable tumour emboli to enter circulation 17,43,46. The increased pressure 

could force malignant cells to enter systemic circulation through a capsule that surrounds the 

tumour causing tumour cells to escape, a process called intravasation leading to hematogenous 

spread 17,43. Yet, locally higher IAP can also damage cell membranes to inhibit tumour growth 24.  

The theory about increasing IAP and tumour cell aerosolization that forces malignant 

cells into the traumatized tissue of the port sites has not been validated 43,46. However, increases 

in IAP are positively correlated with increased instrument contamination and PSM, thus 

implicating increased tumour seeding with increased IAP 17,43,46. Nonetheless, increased IAP 

may also encourage carcinomatosis by enabling transport of malignant cells from a primary 

source to distant sites in the peritoneal cavity 43.  

Controversy exists here as well, as a study by Agostini in 2001 concluded that tumour 

cell dissemination is not influenced by gas pressure, duration of CO2 exposure, or the type of 

surgery 17,25. The study found no significant effects of pressure and no correlation between PSM 

rates and the duration of surgery 25. The authors stated that PSM rate was higher in gasless 
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laparoscopy compared to CO2 insufflation, irrespective of pressure 25. Therefore, factors such as 

stage of cancer, malignant ascites, degree of surgical trauma, and suppression of immune 

functions are all impacted by CO2 PNP and are likely to increase the risk of PSM 25.  

1.3.3 Heated and Humidified Carbon Dioxide 

Another factor that may impact PSM and abdominal wall metastasis may be the use of 

heated and humidified CO2 (HHCO2) PNP. CO2 PNP affects the entire peritoneal environment 

and can enhance the cytotoxic effects of hyperthermia induced by HHCO2 
26. Acidification is 

crucial for biological functions of cancer cells such as proliferation, apoptosis, invasion, 

metastasis, and drug resistance 51. Therefore, HHCO2 is recommended to minimize the 

detrimental physiological effects of cold, dry CO2 used in traditional laparoscopy, and aid in the 

suppression of  tumour growth and metastasis through hyperthermia, acidosis and hypoxia 

26,47,49,51.  

Several in vitro studies have been used to assess the effect of HHCO2 on cancer growth 

and metastasis 26,47,49,51. The human colonic and gastric carcinoma cells were exposed to the 

HHCO2 environment at 42-44°C, with insufflation pressures of 12-15 mmHg for 2 to 4 hours in 

vitro 26,47,49,51.  HHCO2 reduced cell viability and it had the greatest inhibition in proliferation, 

indicating that it was more cytotoxic than conventional hyperthermia; this outcome can be 

attributed to synergistic effects of hyperthermia, acidification, and hypoxia 26,47,49,51. Although 

not discussed in the article, the figures demonstrate that there was a dose-dependent decrease in 

cell viability, where higher temperature and longer duration had an effect but it was statistically 

insignificant 26,51. While interesting, the most significant effect in increasing cytotoxicity was 

observed at 44°C 26,51, which may not be clinically applicable as this temperature level could 

escalate diffuse damage to the entire peritoneal cavity, not just to tumour cells.  
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Although apoptosis was the major form of cell death, necrosis increased in a dose-

dependent fashion 26,47,49,51. After exposure to HHCO2, the percent of apoptotic cells significantly 

increased compared to control, which was confirmed by Transmission Electron Microscopy 

(TEM) 26,47,49,51. TEM indicated the chromatin of apoptotic cells appeared to be pyknotic, which 

is irreversible condensation of chromatin and concentrated cytoplasm 47. For cells undergoing 

late stage apoptosis, their nucleus was cleaved into fragments and had incomplete membranes 47.  

Based on the work done, HHCO2 has a potent anti-tumour effects on colorectal and 

gastric cancer cells 26,47,51. Hypoxia-induced by HHCO2, as well as intracellular and extracellular 

acidosis can trigger early phase apoptosis by denaturing proteins, impairing DNA repair, and 

activating endonucleases that lead to DNA fragmentation 51. It destroys tumour blood vessels, 

and, changes the expression of extracellular matrix proteins and adhesion molecules to inhibit 

invasion and metastasis 51. Cytotoxicity observed has been associated with a combination of 

hyperthermia, acidosis, and hypoxia 51. There were time and temperature dependent decreases in 

viability and increases in apoptosis; the highest temperature and the longest duration had the 

most potent anti-tumour activity 47,51. HHCO2 could be a potential candidate for preventing and 

treating peritoneal carcinomatosis 26.  

1.4 Pneumoperitoneum Models 

1.4.1 In vitro 

Simulated PNP models used in vitro have not been well described. The PNP model was 

either not mentioned at all, or reported as an “airtight chamber”, or a “pneumoperitoneum box”, 

but the model setup was not characterized 27,41,47. It is important to have a consistent, well 

defined simulated pneumoperitoneum model to be able to compare the various in vitro studies. 

Currently, the study descriptions are vague or non-existent, subsequently the studies are not 
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reproducible which affects the validity of the results. The Hao et. al. group cite the “Ridgway 

Method”, which was performed with a Luwomed Surgiflator in 2002, without further description 

28,34,52. They placed the in vitro culture plates in a modified desiccating chamber, without 

illustrating this chamber or citing the source 28,34. In their studies, a standard surgical insufflator 

from Stryker was used 28,34. These studies do not describe the number of cells plated per well for 

each experiment, aside from stating that the cells were “subconfluent”, which could mean 

anywhere from 40-90% confluency, resulting in very different cell numbers per experiment and 

drastically impacting the interpretation of the results.  

The following studies more appropriately explained the PNP model, but important details 

required to replicate the experiments were missing. Jacobi in 1997 insufflated CO2 or helium gas 

into the “culture flask through a sterile filter which was drawn out using a control valve” in vitro 

37. This is an inadequate explanation of their model as it fails to mention how pressure was 

controlled, or which insufflation device was used. A study by Gutt in 2001 depicted a 2.5 L 

insufflation box in an incubator at 37°C connected to an insufflator, again, no other details were 

provided 53. The use of medical plastic bags with valves and an automatic pneumatic apparatus 

has also been used to infuse CO2 gas 50. These vague descriptions do not allow reproducible 

simulated PNP models.  

Another study described the use of a 70-mL sterile and sealed plastic container to create a 

simulated PNP chamber 38. In this study, two 19 gauge cannulas were inserted through a seal at 

the top of the chamber to create the inlet and outlet openings 38. The chamber was connected to a 

laparoscopic Storz insufflator and, filtered, sterile insufflation gas was used 38. Tan in 2005 used 

an electronic gas insufflator connected to an airtight custom 3L designed Perspex pressurized 

incubation box 18. This box also had airtight inlet and outlet valves which were used for the 
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simulated PNP 18. After flooding the box with 5L of gas, tumour cells were placed in the box 18. 

A major flaw in the description of this methodology is that to introduce the tumour cells, the 

container would have been opened, resulting in the box no longer containing a pure CO2 

environment. Tumour cells and the box were transferred to an incubator, which was also flushed 

with the same gas; the temperature during insufflation was not stated 18. After incubation with 

gases, the cells were transferred to an incubator at 37°C with 5% CO2 at atmospheric pressure 18. 

The authors failed to mention how the pressure during insufflation was regulated.  

An adequate insufflation model included the use of a 9L mainstay crisper, a Tupperware 

container, which could be replicated with the provided description 29. The container had inlet and 

outlet holes on the opposite sides 29. CO2 from a pressure tank was insufflated through the inlet 

hole using an automatic PNP machine attached to the airtight container by the rubber hoses, 

which was used to regulate CO2 flow 29. Despite a better description, there were a few questions 

that were left unanswered. The source of the automatic PNP machine was not mentioned, nor 

were the flow rates used for insufflation. It was also unclear if the vent hole was left open during 

insufflation, which would have impacted pressurization.  

A similar study by Lin in 2014 used a plexiglass container with an intake hole connected 

to a CO2 pressure bottle using a hose that was controlled by a valve 45. To monitor and regulate 

pressure, the outlet hole was connected to a CO2 pressure measurement device by a hose 45. The 

glass container was sterilized with 75% ethanol and ultraviolet radiation, this was not specified 

by any other study 45. The air was drawn out by a vacuum pump and 100% pure CO2 was 

instilled until pressure required was achieved 45. The temperature during insufflation was not 

detailed. The culture plates were transferred to an incubator after CO2 exposure; temperature, 

humidity and CO2 settings on the incubator were not specified but assumed to be standard 
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conditions 45. This was the best explained simulated PNP model. 

As mentioned, the simulated PNP models are not well described in the literature. The 

studies included all used 100% CO2, though some also use He and/or N2 
18. A few studies 

mentioned that before gas exposure, the boxes were filled with 15L pure CO2 or purged for 3 

minutes at 5 L/min using 100% pure CO2 through the inlet hole to remove room air, and to make 

the inside of the container pure CO2 
29,53. One study did state that to create 0 mmHg, the 

insufflation box was left open and continuous flow of CO2 gas was maintained by the insufflator 

53. In all studies, it was implicit that CO2 insufflation creates a positive pressure environment as 

none of the studies explicitly stated it. There were no studies that state 0 mmHg corresponds to 

atmospheric pressure at 760 mmHg Torr.  

The duration of insufflation for each study varied from 40 minutes to 4 hours, with the 

majority of the studies insufflating for 4 hours 18,28,34,37,38,41,53. Some studies only conducted 

experiments using one insufflation pressure, either 5 or 10 mmHg, while others varied from 0 to 

15 mmHg 18, but max 30 mmHg 18,27–29,34,37,38,41,50,53. Although not all studies explicitly specified, 

the insufflation was conducted in an incubator at 37°C 18,27,28,34. While many studies failed to 

mention, the flow rate for the insufflation gas varied from 2.5-5 L/min 29,38,53. However, it was 

unclear if the flow rate was only maintained to purge out room air before starting the 

experiments, or if it was maintained for the duration of the insufflation. The controversy in the 

results could theoretically be attributed to the variations in the simulated pneumoperitoneum 

models, the pressures used, the duration of CO2 exposure, the flow rate, all of which could 

potentially influence to cell survival. 

1.4.2 In vivo  

There were significant variations in the in vivo rodent PNP models as well. Like in vitro 
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studies, all in vivo studies were conducted with 100% CO2, and some with helium gas. The 

neoplastic cells were injected intraperitoneally and/or subcutaneously, and a PNP was 

established using an electronic insufflator 37,40,43. However, many failed to mention specific 

details about the PNP, such as the gas flow rate or the temperature of the insufflation gas. Since 

all in vivo studies were conducted in mice or rats, the insufflation pressures varied from 4-8 

mmHg, which is rarely use in canines or humans, but are the most commonly used insufflation 

pressures in felines 25,37,39,40,43. The duration of CO2 insufflation varied from 20 minutes to 3 

hours 25,37,39,40,43; although operating time is seldom less than 1 hour in canines 32.  

In some in vivo rodent models, laparoscopy was performed using 5 mm cannulas with no 

other details about the insufflation provided 37,42. Other studies used a veress needle to create and 

trocars were used to maintain the PNP 25,40. Under sterile conditions, 18 or 20-gauge catheters 

were inserted in the ventral midline of the peritoneum 25,39,43. The catheter was either placed in 

the lower left abdominal quadrant and used for insufflation 43, or a trocar was placed in each 

abdominal quadrant and CO2 was insufflated in each quadrant independently 42. After 

insufflation, the abdomen was passively deflated by removing all the trocars simultaneously 

25,39,40,42.  

Notable in vivo laparoscopic studies on cancer growth and metastasis were conducted by 

Tseng in 1998 and Agostini in 2001 25,42. Tseng explored the effects of tissue trauma and gas 

leakage on cancer growth 42. In their tissue trauma model, the researchers created incisions on 

the right side of the ventral abdomen, which endured standard surgical trauma for 10 minutes, 

while the 2 incisions on the left side had no trauma 42. In their gas leakage model, a 5 mm 

incision was made in the upper right quadrant and a 2 mm trocar was inserted, in which gas was 

allowed to escape 42. The Agostini 2001 study used human ovarian cancer cells that were 
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xenografted in female rats, and the effects of laparoscopy were observed 25. The PNP models in 

other aspects were similar. Evidently, there are notable differences between PNP models and 

therefore interpretation and comparison of the results should be considered carefully. 

1.4.3 Controls  

1.4.3.1 In vitro 

Justification for the use of various controls is not explicitly stated in the literature. The 

most commonly used control for experimental insufflation designs is standard incubation 

conditions with 95% atmospheric air and 5% CO2 at 37°C, with humidity ≥98% at atmospheric 

pressure, which is equivalent to 760 mmHg Torr, or if using a mechanical insufflator, it is 0 

mmHg 41,45. Culture vials exposed to the same gas, such as 100% CO2 or 100% helium at 

atmospheric pressure (0 mmHg), were used to assess the difference in the pressure variable 18. 

Air PNP with 75% N2, 20% O2 (Oxygen gas) and 5% CO2 at various pressures has also been 

used as a control to determine if the effects were due to insufflation gas, or the pressure, or both 

34. Studies that used room atmosphere at 21°C with 35-45% humidity at 0 mmHg, in vivo were 

justified to stimulate gasless laparoscopy 25,38, but the logic of it in in vitro studies was not stated 

37.  

1.4.3.2 In vivo  

The most common control used in in vivo studies is the open surgery, which is also 

known as ventral celiotomy, or laparotomy, reproduced using a midline incision where no 

intraabdominal procedure was performed 39–41,43. Secondly, the use of general anesthesia only, in 

which no incision was made and no procedure was performed was valid in assessing if the 

effects were caused by the surgery itself 37,39. The use of port only experimental groups, where an 

18-gauge catheter was placed and rats were maintained under anesthesia without CO2 
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insufflation has been used to differentiate between the use of CO2 gas, or creation of the ports to 

mitigate tumour cell implantation and growth 43. Gasless laparoscopy with the use of mechanical 

elevation of the abdominal wall by traction was used as a control and an experimental design 

2,21,40. 

1.4.4 In vivo Tumour Analysis  

In vivo tumour analysis was conducted in different ways. Before insufflation with the 

experimental gas, tumour cells were injected into both sides of mice and rats either 

subcutaneously, intraperitoneally, or both 37,39,41. The rationale behind inoculating cancer cells 

subcutaneously was not explained in any study. Tumour cells were injected through the midline 

and equally distributed in the peritoneal cavity, it was not clarified how this was achieved 42. 

After inoculation with cancer cells, CO2 insufflation either occurred 20 minutes or 7 days later 

depending on the study, the reason for this was not mentioned 25,40,43. The time frame for CO2 

insufflation to tumour growth analyses differed anywhere between 7 days to 6 weeks 

postoperatively, in which the animals were killed and their tumours were excised 25,37,39–42. There 

was a discrepancy in which the author reported half of 36 mice, 16 mice were killed, but half of 

36 is 18 39.  

The trocar incision sites and tumour masses were excised and weighed in grams. The 

masses were then analyzed using immunohistochemistry (IHC) 25,37,39,41,42 and/or macroscopic 

tumour growth were evaluated with respect to the number of nodules present, 40 and cancer index 

was determined on the basis of tumour diameter 40. There was a nonlinear correlation between 

the weight of the excised nodule and its volume 40. To determine tumour growth, hematoxylin 

and eosin (H&E) staining, TUNEL staining, proliferating cell nuclear antigen (PCNA) 

counterstained with methylene blue were observed using fluorescence microscopy 25,37,39.  In an 
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ex vivo experiment, CO2 insufflation occurred in vivo after tumour cells were injected into the 

peritoneal cavity 37. The rats then underwent laparotomy and had an intraperitoneal lavage to 

harvest cells that were cultured in vitro 37. The authors wanted to evaluate the influence of 

insufflation in vivo but also to minimize the effect of the immune system, such as the impact of 

macrophages on tumour growth 37.  

1.5 Outcome Measures 

1.5.1 pH 

The decrease in pH immediately after CO2 insufflation is unanimous; CO2 PNP creates 

an acidic environment in vitro and in vivo. The decline in pH of the extracellular environment 

was similar in vitro to the decline in pH of the peritoneal fluid in vivo to approximately 6.2, 

lowest observed was 5.9 18,37,38,41. The pH reduction was also observed when analyzing blood 

arterial pH, which normalized 30 minutes after the start of CO2 insufflation in vivo 37. However, 

in in vitro studies, pH of the culture media took anywhere from 4 to 12 hours to return to basal 

values 28,29. Yet, there was a controversy regarding the dose-dependent effects of higher 

pressures on pH decline 18,28,29,50. In the Cao 2005 study, 100% CO2 at atmospheric pressure (0 

mmHg) did not have an effect on pH, which the authors did not mention in their report 50. That 

finding is highly unusual as it is the CO2 infusion into the fluid that induces acidosis, not the 

insufflation pressures.  

1.5.2 Results from Rodent Studies  

1.5.2.1 In vitro 

 Several rodent cell lines have been used to determine the effects of simulated CO2 PNP. 

Studies using rat mammary adenocarcinoma cells stated that greatest growth occurred in the 

control environment, indicating that CO2 insufflation may have impeded cell growth in vitro 
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immediately after exposure 38. Another study stated that no effects on live cell numbers were 

observed up to 1-week post-CO2 exposure 50. In a rat TCC study, within the first 24 hours after 

CO2 exposure, there was an initial cell growth which decreased thereafter 18. Dose-response 

effects in proliferation and adhesion rates were observed, decreased proliferation at increasing 

pressures 18. The apoptosis results paralleled proliferation results with an initial increase during 

the first 24 hours, which then subsequently decreased 18. In colon cancer cells, however, there 

was increased tumour growth on days 4-6 compared to control, whereas no significant effects 

were observed on days 1-3 post CO2 
37. In an ex vivo study, tumour growth was assessed on days 

1-3 post insufflation where the number of viable cells were 3 times higher in the CO2 group, 

compared to control after 48 and 72 hours post insufflation 37. Based on these rodent in vitro 

studies, it appears that the different types of carcinomas may respond differently to CO2 PNP. 

1.5.2.2 In vivo 

In colon cancer cells, in vivo studies suggest the frequency of tumour growth was 

increased after CO2 insufflation at abdominal incision sites, compared to helium insufflation and 

control 37. Ninety percent of the tumours developed subcutaneously, and tumour growth in more 

than 1 incision site was also observed after CO2 insufflation; interestingly, no rats in the control 

group developed tumours 37. IHC confirmed that there was no differences between the 

intraperitoneal or incisional tumours in animals that underwent insufflation with either CO2 or 

helium gas, compared to control 37. The authors concluded that colon cancer tumour growth was 

significantly increased after insufflation with CO2 in vitro, ex vivo and in vivo compared to 

control 37. 

In a similar study using rat mammary adenocarcinoma, control rats (those who underwent 

anesthesia only but did not undergo surgery) had tumour burden in the posterior abdominal wall 
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43. The difference in control mice, and whether they developed tumour burden apparently 

corresponded to the type of cancer cells (colon cancer 37 versus mammary adenocarcinoma 43) 

that were inoculated. Rats that underwent laparotomy had tumour burden at the incision site and 

the posterior abdominal wall 43. Rats that had ports without CO2 insufflation also had tumour 

formation and implantation at non-port sites 43. However, rats with ports without CO2 

insufflation had higher tumour burden compared to laparotomy or control groups 43. The rats that 

underwent CO2 PNP had significantly increased tumour burden and tumour seeding, compared 

to rats in the control, laparotomy, and those with ports without CO2 insufflation groups 43.  

 In a murine colon adenocarcinoma model, there were no statistically significant 

differences in the proliferative index or the apoptosis rate between CO2 and control up to 7 days 

postoperatively 39. However, 14 days postoperatively, the proliferative index was significantly 

higher in mice that underwent CO2 laparoscopy compared to control, while the apoptotic rate 

was significantly lower 39. The authors theorized that the immune mediators released 

postoperatively may stimulate tumour proliferation at a higher rate while decreasing their 

apoptosis simultaneously 39. Interestingly, mice that underwent laparotomy had the highest 

proliferative index and the lowest apoptosis rate, compared to mice that underwent CO2 

insufflation and control 39. The rodent colon cancer studies show contradictory results; CO2 

either increased tumour growth or had no effects. Notably, these effects may take longer than 1 

week to show significant results. 

The study on trauma and gas leakage elucidated that CO2 does, in fact, play a role in 

PSM and abdominal wall metastasis. The rats with colon adenocarcinoma that experienced 

trauma at the incisions had significantly higher tumour deposits, compared to sites that were not 

traumatized 42. By assessing gas leakage during CO2 PNP, 90% of the rats had abdominal wall 
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metastases in ports where CO2 gas was allowed to leak, compared to the nonleaking trocar sites 

that were closed using purse string sutures 42. The median tumour weight was also higher at the 

leaking sites compared to the nonleaking trocar sites 42.  

Another study assessed macroscopic tumour growth on the liver after injecting colon 

cancer cells intraperitoneally, the rationale for this experimental design was not clarified 40. The 

researchers assessed the number of nodules and determined the cancer index, which was 

appointed based on the diameter of the nodules 40. The number of nodules present and the cancer 

index was significantly lower in rats that underwent gasless laparoscopy 40. There was no 

statistically significant difference between CO2 laparoscopy and laparotomy 40. Therefore, the 

studies that use similar cancer types show contradictory results.  

1.5.3 Xenograft Study 

An in vitro and in vivo xenograft analysis on human colorectal cancer using nude mice to 

assess the effects of CO2 insufflation proved inconclusive 41. The use of the lactate 

dehydrogenase (LDH) test indicated increases in LDH post-CO2 insufflation compared to control 

41. Thus, the authors claimed that CO2 insufflation had a toxic effect on the cancer cells 41. That 

claim is unwarranted as no statistically significant difference was observed in proliferation in 

vitro or in vivo compared to control 41. Whereas cell viability decreased significantly 48 and 72 

hours post-CO2 insufflation 41.  

1.5.4 Results from Human Studies  

1.5.4.1 In vitro  

There are several in vitro simulated PNP studies conducted using human malignancies 

such as pancreatic adenocarcinoma 53, colorectal cancer 29,53, gastric cancer 28,34, cervical cancer 

45 and neuroblastoma cells 27. The growth of pancreatic adenocarcinoma cells decreased 3 days 
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after CO2 exposure but increased thereafter compared to control 53. The effect of CO2 

insufflation on colorectal cancer cells in that study was variable 53. There were no clear dose-

response effects in the growth of either of the cell lines. Another study assessed cell proliferation 

markers, such as TK-1 and Ki67 in the growth of colorectal cancer cells post CO2 exposure 29. 

CO2 insufflation significantly decreased the expression of TK-1 and Ki67 but returned to basal 

values within 48 to 72 hours 29. There were pressure and duration dose-response effects, higher 

pressure and longer duration had a greater impact on the expression of the markers 29. There 

were no statistically significant differences between lower pressures and control 29.  

With regards to cell death, necrosis was determined immediately after CO2 insufflation, 

although not explicitly stated 53. The pancreatic adenocarcinoma had significantly higher 

necrosis rate at all pressures, compared to control and the colorectal cancer cell line; there were 

dose-dependent effects of pressure on cell death 53. The layout of the figures did not allow easy 

comparison of the graphs because the growth graphs were split in half, and the reason for this 

layout was not explained 53. The significance value on the graphs would be helpful as the 

description of the results were not well defined.  

Before deducing the results into a general understanding of the effect of simulated PNP 

on gastric cancer cells, it is important to critique the interpretation and justifications of the results 

28. The authors failed to reference their statements on numerous occasions without detailing the 

applications and relevance of several arbitrary statements in their study 28. For example, the 

authors cite a paper that studied pH and calcium levels are altered due to CO2 PNP, but the 

relevance of the changes in calcium levels due to pH fluctuations was not specified, among 

others 28. 

The Hao group studied simulated CO2 PNP using human gastric cancer cell lines. The 
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authors did not clarify their control but it is assumed to be standard conditions 28. When they 

compared MTT viability results, it was unclear what the results were being compared to, control 

or 0 mmHg 28. The authors conclude that it is the CO2 gas, rather than pressure that inhibits the 

growth of cancer cells and increases apoptosis 28. This is contradictory to their results that 

indicate higher pressures, such as 10 and 15 mmHg, decreased viability and increased apoptosis; 

there were no effects were observed in insufflation pressures less than 10 mmHg compared to 

control 28,34. They also used the terms viability and proliferation interchangeably, which is 

incorrect 28,34.  

 In another study, the Hao group compared results to standard incubation conditions and 

air PNP exposed to same pressures as CO2 insufflation 34. There were no differences between air 

PNP and control groups 34. The apoptotic ratio significantly increased post-CO2 exposure to 

higher pressure (15 mmHg) 34. Western blot analyses verified that 15 mmHg CO2 significantly 

decreased BCL-2 and increased BAX expression compared to control and air PNP 34. In their 

study, 15 mmHg CO2 significantly upregulated HIF-1α mRNA expression, which was not 

detected in the air PNP and control groups 34. This led the authors to conclude that HIF-1α 

activation was involved in upregulating the BAX protein expression and increasing the apoptotic 

ratio observed at higher insufflation pressures 34.  

A study using cervical cancer cells, showed decreased proliferation after the first 3 days 

post CO2 insufflation, but increased significantly thereafter compared to control 45. After CO2 

exposure, the proportion of early apoptotic cells increased and cell invasion and migration was 

inhibited compared to control 45. There were no significant effects of pressure 45. MTT assay 

optical density was used to assess cancer cell growth and adhesion; the logic in using that assay 

was not explained as it is a viability assay. An assumption would be that viable cells are adherent 
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to the culture plate, whereas non-viable or dead cells are not adherent; although this was not 

explicitly stated.  

Proto-oncogenes are mutations which occur in the healthy genes and could contribute to 

cancer development by promoting tumour initiation 27. In an in vitro study using human 

neuroblastoma cells, experimental conditions consisted of exposing cells to 100% CO2 (hypoxia 

and acidosis), 95% helium with 5% CO2 (hypoxia only) and MES buffered media with a pH of 

6.2 (acidosis only) 27. The relevance of the PNP environment could be debated, as cells were 

only exposed to atmospheric pressure, 0 mmHg, and it is not possible to perform laparoscopic 

surgery at 0 mmHg 27. This study is applicable because 100% CO2 exposure increased 

expression and activation of the proto-oncogenes, C-Myc and HMGB-1, and decreased apoptosis 

of neuroblastoma cells 27. Interestingly, after exposure to the hypoxia only environment, 

apoptotic activity decreased 3 hours post exposure, not immediately after 27. The apoptotic 

caspase activity results were not specified for cells incubated in the acidic media. This study is 

an example suggesting that the 100% CO2 environment can significantly decrease apoptosis and 

activate proto-oncogenes to promote cancer development or potentially increase malignancy of 

tumour cells 27.  

1.5.4.2 In vivo 

There are no human in vivo studies or clinical trial assessing the risk of PSM or 

abdominal wall metastasis post laparoscopic surgery. There are 3 clinical trials to determine the 

effect of heated and humidified CO2 laparoscopic surgery and postoperative pain 21,54,55. There 

are 3 retrospective observational studies that used Cancerline, Medline, Pubmed and Cochrane 

databases to document the effects of laparoscopic surgery on cancer growth and metastasis 

15,17,44. The searches ranged from 1966 to 2009 15,17,44. These comprehensive literature reviews 
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and analyses of medical records unveil possible etiology and prevention of PSM and documented 

peritoneal changes that occurred due to laparoscopic surgery 15,17,44. The effects on the 

peritoneum, morphological alterations caused by laparoscopic surgery, the effect of hypoxia and 

acidosis in the peritoneum, immunology and growth factors were all assessment aspects in the 

literature and medical record reviews 15. 

1.6 Controversy  

There are substantial discrepancies and inconsistencies between studies regarding trocar 

placement in vivo, the PNP models in vitro and in vivo, and the controls used. Therefore, the 

results should be interpreted and compared carefully. The outcomes between the in vitro and in 

vivo studies with the same cancer type are contradictory. Cell line-dependent effects have been 

observed 53. Numerous studies reveal dose-dependent effects in terms of higher pressure and 

longer duration having a greater impact on cytotoxicity 26,29,45,47,49,51. It has been argued that the 

observed effects were due to acidosis and hypoxia, regardless of the insufflation pressure, and a 

CO2 PNP could potentially contribute to increasing the malignancy of cancer cells 27.  

The xenograft models of human cancer cells injected into mice either consisted of human 

ovarian cancer cells 25, or human colon cancer cells 41, and showed no statistically significant 

effects in proliferation 25,41. There were no significant effects in regards to insufflation pressures, 

insufflation duration, nor the type of surgery 25. However, viability was significantly decreased 

and LDH was significantly increased post CO2 insufflation 41. The authors reported that PSM 

incidence was highest in mice that underwent gasless laparoscopy 25. 

Studies conducted on rodent colon cancer either in vitro or in vivo showed increased 

tumour cell growth after CO2 insufflation 37,42. Interestingly, one in vivo study showed no 

difference between CO2 laparoscopy and laparotomy 40. In vivo, tissue trauma and gas leakage 
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significantly increased tumour growth and cancer cell dissemination post CO2 insufflation 42. 

Using the mice studies, it could be argued that no significant effects may be observed up to 7 

days postoperatively 39. However, proliferative index of the murine colon cancer in vivo model 

was significantly increased 14 days postoperatively 39.  

The human colon cancer in vitro studies demonstration a decline in proliferation markers 

post CO2 insufflation with pressure and duration dose-response effects 29. The in vitro study 

using pancreatic and colon cancer cell lines show variable results 53. The pancreatic cancer cell 

line decreased growth for 3 days post CO2 exposure and then increased thereafter 53. Whereas, 

the colon cancer cell line growth decreased, then increased, then decreased growth compared to 

control post CO2 exposure 53.  

Experiments conducted using human gastric cancer cells in vitro showed a decrease in 

cell viability from days 4-7 after exposure to higher pressures (15 mmHg) 28. No significant 

effects were observed in cells exposed to less than 10 mmHg CO2 compared to control 28. Cells 

exposed to higher CO2 insufflation pressures, such as 10 and 15 mmHg, had a significantly 

higher apoptotic rate 28,34. The apoptosis was contributed to increased expression of BAX and 

decreased expression of BCL-2 driven by the activation of HIF-1α 34.  

Studies conducted on rat mammary cells, in vitro showed that CO2 insufflation impedes 

the growth of cancer cells 38 or does not affect the cell number up to 1 week post CO2 
50. While 

the in vivo rat adenocarcinoma results suggest that CO2 PNP had significantly increased tumour 

burden and tumour seeding 43. An in vitro study using rat TCC cells showed decreased 

proliferation post CO2 
18. In human cervical cancer cells in vitro, pressure had no statistical 

significance but colony formation was significantly increased after CO2, compared to control 45. 

In human neuroblastoma cells, 100% CO2 insufflation in vitro increased expression of proto-
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oncogenes involved in cancer development and increased malignancy of tumour cells 27 . 

The disparity in results could be due to different histological types of tumours, inherent 

growth characteristics and the differing potential for metastasis in each cancer type 18. Although 

cell line dependent effects have been observed, the same type of cancer cannot be compared to 

another using a different study design; the PNP models and the controls used varied considerably 

and must be interpreted carefully. Thus, the contradictory results between studies, in vitro versus 

in vivo, could be due to the experimental designs or the controls. Consequently, it is still 

debatable whether it is the surgical technique or CO2 environment that causes tumour seeding, or 

both; further studies are warranted. 

The most logical explanation for PSM and abdominal wall metastasis would be leakage 

of ascetic or effusion fluid through gravity in the ventral abdomen in canines postoperatively 48. 

It is reasonable to affirm that the damaged peritoneum can be implanted with cancer cells, which 

creates a nourishing environment for cancer cell growth in the traumatized and healing tissue 48. 

The major contributing factors to PSM are pre-existing peritoneal metastases, instrument 

contamination with tumour cells, tumour coming in direct contact with the trocar wound during 

removal through the port site, or excessive tumour manipulation 48. Portal site contamination is 

also reported when mechanical retraction (gasless laparoscopy) was used 48. Though, CO2 PNP 

can also hinder trocar implantation and abdominal metastasis compared to laparotomy 50. 

The effect of laparoscopy on the immune system could be an influencing factor in the 

development of PSM and abdominal wall metastasis. Laparoscopy preserves immune function 

by decreasing cytokine release, both locally in the peritoneum and systemically, but the results 

from different studies show ambiguous and conflicting results 23–25,39–41. CO2 insufflation and 

surgical intervention have been implicated in promoting peritoneal dissemination of cancer cells, 
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while others argue that acidosis promotes immune protection thus preventing tumour seeding to 

the peritoneal cavity 47. Due to reduced perioperative stress, laparoscopy reduces regional and 

systemic inflammation 47. The justification provided is that decreased surgical trauma would 

lessen the potential for tumour dissemination, thereby reducing the risk of PSM 24,46. On the 

contrary, laparoscopy suppresses the local immune response and decreases macrophage function, 

which could promote tumour growth 24. Or, increasing IAP can cause direct damage to the cell 

membranes, thereby depressing the growth of cancer cells 24.  

1.7 Canine Transitional Cell Carcinoma 

The effects of CO2 PNP have not been studied in canine cancers and current literature 

does not provide a clear indication of whether laparoscopic tumour resections are safe for 

companion animals. To create a canine in vitro model, a cell line needs to be selected that grows 

well and is highly aggressive to allow changes in behaviour to be easily seen. Transitional Cell 

Carcinoma (TCC), also known as “urothelial carcinoma”, is the most common form of urinary 

bladder cancer in canines 56. The exact cause of TCC is unknown, but its etiology is suspected to 

be multifactorial 56–59. The most common clinical signs of canine TCC are hematuria, stranguria, 

pollakiuria, tenesmus and dysuria 56,57,60. More than 90%  of TCC in canines is intermediate to 

high grade, papillary infiltrative and invasive at the time of diagnosis 56,57,59–62. TCC can 

disseminate to the abdominal wall through the lymphatics, hematogenous spread, tumour seeding 

or surgical implantation 56,63.  

1.8 Madin-Darby Canine Kidney  

To determine the effects of a simulated PNP on non-cancerous cells, MDCK epithelial 

cells were used. The Madin-Darby Canine Kidney, MDCK, epithelial cell line was established in 

1958 and was derived from a healthy canine adult female cocker spaniel’s kidney distal tubules 
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64–67. MDCK cells were used as a control because they are non-cancerous, originate from the 

urinary tract system, have clear apico-basolateral polarity, well-defined cell junctions, and a 

rapid growth rate 65.  

One of the limitations of this cell line as a control is they can occasionally develop the 

capacity to form tumours during cellular passaging 66. The MDCK cells may undergo epigenetic 

events, where their interaction with the micro-environment induces epithelial to mesenchymal 

transition (EMT) or mesenchymal to epithelial transition, both of which involve tumour 

development, invasion and metastasis 66. The MDCK cell tumorigenicity phenotype is highly 

variable and the proportion of potential tumour forming cells in the population would be 

expected to increase as passaging continues 66.  

In the literature, both Dulbecco’s Modified Eagle Medium (DMEM) and Minimum 

Essential Medium (MEM) media with 10% Fetal Bovine Serum (FBS) have been documented to 

grow and maintain MDCK cell lines 66–68. It is recommended to change culture media every day 

except it is extra work and increases the risk of contamination 67. After passaging, there is a lag 

phase of 2 days in which the cell population decreases but exponential growth phase follows 68. 

The doubling time is reported to be 11 hours but stationary phase is reached after 5 days of 

growth 68. 
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Rationale 

Cancer is the leading cause of death in older pets, considering 40% of all canines over 10 

years of age have cancer with increasing prevalence and morbidity 57. Due to the local and 

systemic influence of the CO2 laparoscopic environment, it is important to investigate the effects 

of acidosis, hypoxia and the presence of increased positive pressure CO2 environment 44. Based 

on the controversy in the literature, it can be argued that either surgical intervention instigates 

tumour seeding, or the CO2 PNP and a positive pressure environment individually creates an 

ideal environment for tumour growth and metastasis, or that both work synergistically. This 

study aims to increase our understanding of canine tumour cell growth and metastasis. As the 

physiologic response to CO2 insufflation is similar between canines and humans, this study may 

further our understanding the physiology of human malignancies as well. 

The effects of a positive pressure CO2 PNP on cancer growth and metastasis are 

debatable. No such studies have been conducted in companion animals. Animal testing comes 

with both ethical and emotional considerations for researchers and funders. Thus, before 

conducting in vivo studies, in vitro studies are warranted to investigate the possible cellular 

responses to hypoxia, acidosis, and increased positive pressure CO2 environment.  

Objectives 

The objectives of this study are to determine if various CO2 insufflation pressures affect the 

following parameters in vitro in the TCC and MDCK cells, compared to cells in standard 

conditions: 

1. pH of the culture media  

2. Viability and proliferation  

3. Migration  



 

 

37 

 

Hypotheses 

The pH of the culture media will decrease immediately after CO2 insufflation but will 

return to basal values within 4 hours. Both carcinoma and healthy cell viability and proliferation 

will decrease after CO2 exposure to higher pressures (10 and 15 mmHg) but no effects will be 

seen at lower pressures (0 and 5 mmHg) when compared to the control. CO2 insufflation will 

inhibit cell migration compared to standard conditions but no effect of pressure will be observed. 

The non-cancerous MDCK cells will be more influenced by the CO2 environment than the 

cancerous TCC cells.
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Chapter 2: In vitro evaluation of a positive pressure 

simulated pneumoperitoneum environment using 

carbon dioxide on canine transitional cell carcinoma 
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2.1 Abstract 

Laparoscopy is performed in canine patients with cancer and the effects of CO2 insufflation on 

the growth and dissemination of neoplastic cells is unknown. The purpose of this study was to 

determine viability and proliferation of canine transitional cell carcinoma (TCC) following 

exposure to an in vitro positive pressure CO2 environment. Canine TCC and MDCK cells were 

exposed to 100% CO2 at 0, 5, 10 and 15 mmHg for 2 hours using a mechanical insufflator at 

37°C. Culture media pH was measured. Viability and proliferation were assessed using the 

Resazurin assay and Trypan Blue Dye, respectively. The pH in the media significantly decreased 

immediately after CO2 exposure (p<0.01) but returned to normal within 1 hour. Viability was 

significantly (p<0.01) affected by different pressures of CO2 in both TCC and MDCK cells. The 

viability trend was non-linear; 0 and 5 mmHg had cell-line dependent effects, and 10 mmHg had 

a distinct effect in decreasing cell viability in all cell lines. The impact of 15 mmHg CO2 was 

comparable to 0 mmHg and control. CO2 insufflation pressure had no significant effects on 

proliferation (p=0.95) up to 7 days post-exposure. A positive pressure CO2 environment caused a 

significant change in the cell viability of TCC and MDCK cells without affecting their 

proliferation. CO2 insufflation pressures of 10 mmHg had the greatest impact on decreasing the 

viability of the canine carcinoma cells. Significant effects on cancer cell growth may take longer 

than 7 days to observe, and the longer-term effects are unknown. 

 

Keywords: Simulated pneumoperitoneum, carbon dioxide, transitional cell carcinoma, viability, 

proliferation, canine, MDCK. 
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2.2 Introduction  

Laparoscopic surgery is gaining popularity in veterinary medicine due to the ability of the 

surgeon to view the abdominal contents and perform procedures through small incisions, 

resulting in decreased postoperative pain and shorter hospitalization 1,5,6,16,69. In order to improve 

working space, a pneumoperitoneum is created with insufflation of an inert gas 1,17. Carbon 

dioxide (CO2) is the most commonly used insufflation gas, as it is colorless, odourless, non-

flammable, and does not support combustion when using electrosurgery 17,18. Low insufflation 

pressures of 6-10 mmHg CO2 are commonly used in dogs, but pressures can vary between 

patients and procedures from 8-12 mmHg to carry out the procedure safely and efficiently 

1,16,20,69. The clinically accepted maximum pressure is considered to be 15 mmHg 1,16,20,69. 

Laparoscopy and a CO2 pneumoperitoneum result in a CO2 rich, hypoxic and 

hypertensive local peritoneal environment 17. Hypoxia is a well-known promotor of tumour 

induction and proliferation, and the effect of the short-term hypoxia associated with laparoscopic 

procedures on the long-term outcome of cancer patients is unknown 34. Systemic hypoxia and 

hypercapnia occur as a result of transperitoneal absorption of CO2, the magnitude of which 

appears to be independent of intra-abdominal pressures (IAP) 31. Even at subclinical levels, CO2 

insufflation has been shown to decrease extracellular pH and oxygen partial pressure to 5 mmHg, 

thereby triggering a systemic hypoxic response; an effect that is not observed when insufflation 

with room air is used 15,18,30,34.  

Although increasing IAP may not play an important role in the degree of systemic 

hypoxia, increased IAP may result in intravasation, where neoplastic cells are forced into the 

circulation due to increased local pressure on the vascular beds in the peritoneal cavity 17,43. In 

addition, increased IAP may impact cell survival and growth, increase tumour aerosolization, 
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and encourage CO2 leakage through the trocar sites, thereby potentially increasing the risk of 

port site metastasis (PSM) via the Chimney Effect 17,24,25,42,48.  

The impact of pressure on cell growth and proliferation in a CO2 rich environment has 

been studied in vitro in human colon, 29,41,53 gastric 28,34 and cervical 45 cancer, as well as  

neuroblastoma 27 cell lines. Cell line dependent and dose response effects have been observed; 

higher pressures and longer duration have a more obvious effect on cancer cell growth 18,28,29,53.  

In these studies, no significant influence on cell growth was observed at lower pressures (10 

mmHg or less) 28,29,41. No work of this nature has been performed using malignant canine cell 

lines.  

Transitional cell carcinoma (TCC) is the most common form of canine urinary bladder 

cancer 56. It is usually high grade, papillary infiltrative, and invasive at the time of diagnosis 56,59. 

TCC can disseminate within the bladder through a field effect, or to distant locations through the 

lymphatics, hematogenous spread, or surgical implantation 56,63,70. Through tumour seeding, TCC 

cells can be implanted in the abdominal wall through surgical procedures. Once in the abdominal 

wall, TCC grows aggressively and does not respond to medical therapy 56. Due to its highly 

aggressive nature and ability to grow in the abdominal wall, TCC was chosen as a model in this 

study 58,63.  

The mechanisms whereby CO2 laparoscopy and increasing IAP may govern tumour 

growth and metastasis are largely unexplored. The objective of this study was to evaluate the 

effects of different CO2 insufflation pressures on cell viability and proliferation in three canine 

TCC cell lines in vitro. We hypothesized that the viability and proliferation of cancerous and 

non-cancerous cells would decrease linearly after CO2 exposure to higher pressures (10 and 15 

mmHg) but there will be no effects at lower pressures (0 and 5 mmHg) when compared to the 



 

 

42 

 

control (standard incubation conditions). Furthermore, the non-cancerous MDCK cells will be 

influenced to the greater extent by the CO2 environment than the TCC cells in vitro. 

2.3 Materials and Methods 

2.3.1 Cell Culture 

Three previously characterized canine TCC cell lines were generously provided by Dr. Deborah 

Knapp Purdue University: TCC 1 (canine TCC original), TCC 2 (AXA) and TCC 3 (SH). The 

canine kidney epithelial cell line, Madin-Darby Canine Kidney (MDCK) provided by Dr. 

Anthony Mutsaers at the Ontario Veterinary College University of Guelph, was used as a non-

cancerous control. Cells were grown and maintained in a standard cell culture environment at 

37°C with 5% CO2 and humidity ≥98%. The TCC cell lines were maintained in Dulbecco’s 

Modified Eagle Medium F12 (DMEM-F12) [Thermo Fisher Scientific, Ontario, Canada] with 

10% Fetal Bovine Serum (FBS) [Thermo Fisher Scientific, Ontario, Canada]. The MDCK cell 

line was maintained in alpha Minimum Essential Medium (αMEM) with 10% FBS [Thermo 

Fisher Scientific, Ontario, Canada]. The cells were passaged once they reached 90% or more 

confluency using 0.05% Trypsin-EDTA [Thermo Fisher Scientific, Ontario, Canada] and 

Phosphate Buffered Saline (PBS) [Thermo Fisher Scientific, Ontario, Canada] in 60 mm cell 

culture dishes [Sarstedt, Canada]. The TCC cell lines were passaged every 3 to 4 days, and the 

MDCK cell line was passaged approximately once weekly. Following cell seeding, the cells 

were placed in standard conditions for 24 hours prior to CO2 exposure. 

2.3.2 Pneumoperitoneum Model 

A simulated pneumoperitoneum environment was created to mimic clinical conditions using a 

modular incubator chamber (MIC) [Billups-Rothenberg Inc., Del Mar, California, USA], a 

Stryker mechanical insufflator [Stryker, Canada], carbon dioxide (CO2) tank [Linde, Canada] 
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and an incubator [Thermo Forma II 3110, Thermo Fisher Scientific, Ontario, Canada] (Figure 1). 

A 20-ml dish of sterile water was placed below the lower rack of the MIC to minimize media 

desiccation during CO2 exposure. Using the insufflator, 100% CO2 was flooded through the MIC 

for 2 minutes through the inflow tube at a flow rate of 1 L/min to purge room air, then the 

outflow tube was occluded, and the incubator was sealed at 37°C. Cells in the MIC were exposed 

to 100% CO2 (21°C) at pressures of either 0, 5, 10 or 15 mmHg, above atmospheric pressure, for 

2 hours at a flow rate of 1 L/min. After CO2 exposure, the cells were returned to the standard 

conditions for the duration of the experiment. Cell culture media after CO2 exposure was not 

changed prior to pH, viability, and proliferation measurements.  

 

Figure 3: Schematic diagram of the simulated pneumoperitoneum environment. 

2.3.3 pH 

For each cell line at each pressure, 4.5*104 cells well-1 were seeded in a 6-well plate in 3 ml 

media. pH of the culture media was assessed before CO2 exposure, immediately after CO2 

exposure, 30-minutes, 1-hour, 2-hours and 4-hours post CO2 exposure. A VWR sympHony pH 

meter [VWR, Ontario, Canada] was used and calibrated before each reading. All experiments 

had 3 biological replicates and each experiment was conducted in triplicate with each cell line. 
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2.3.4 Cell Viability 

Cell number and incubation time was optimized prior to starting experiments to determine 

optimal cell seeding density. The border wells of a 96-well flat bottom plate [Sarstedt, Canada] 

were filled with 200 µl of Phosphate Buffered Saline (PBS). All cell lines were plated at 1.5*103 

cells well-1 in 200 µl media. Viability assessment was performed every 24 hours for 7 days post 

CO2 exposure. The relative cell viability was assessed using a Resazurin [Resazurin Sodium Salt, 

Sigma, Canada] colorimetric assay in accordance with the manufacturer’s instructions. Each day, 

9 hours prior to reading the absorbance, 10% Resazurin was added with media, totaling the 

volume per well to 250 µl. Absorbance was quantified with a multimode plate reader fluorescent 

detection system [BioTek Synergy 2, BioTek, Winooski, Vermont, USA] at an excitation 

wavelength of 570 nm and emission wavelength of 600 nm. Control wells, without cells, were 

used as reference absorbance for each day 71. All experiments had a minimum of 3 biological 

replicates and each experiment was conducted in triplicate with each cell line. 

2.3.5 Cell Proliferation 

A 12-well plate [Sarstedt, Canada] was seeded with a cell density of 1.8*104 cells well-1 in 2 ml 

media and cells were counted on days 1, 2, 3, 5 and 7 days post CO2 exposure following 

incubation under standard conditions. Proliferation was assessed using a Trypan Blue (TB) 

exclusion assay [Gibco, Thermo Fisher, Canada]. Cells were trypsinized and treated with TB and 

the InVitrogen countess automated cell counter [Thermo Fisher Scientific, Ontario, Canada] was 

used to quantify the number of live cells. All experiments had a minimum of 3 biological 

replicates and each experiment was conducted in triplicate with each cell line. 

2.4 Statistical Analyses  

Graphpad Prism 6 [Graphpad Software, La Jolla San Diego, California USA] was used to 
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analyze pH values and One-Way ANOVA with Holm-Sidak corrections for multiple 

comparisons was performed. All values were compared to “before CO2 exposure” in the same 

cell line and pressure. Mean ± standard deviation (SD) were reported. The viability and 

proliferation data were analyzed using Statistical Analysis Software (SAS). A general linear 

mixed model three-way ANOVA with residual analyses and tests for normality were performed 

on the viability and proliferation data sets. The viability data was not log transformed, thus, 

means with upper and lower limits of the 95% confidence intervals (CI) were reported. The 

proliferation data was log transformed due to variances in the growth of different cell lines. 

Therefore, medians with upper and lower limits of the 95% CI were reported. The unequal error 

variance was statistically accommodated for each cell line. Formal tests for normality for the 

proliferation data were rejected due to outliers, however, the outliers were not removed. 

Otherwise, all ANOVA assumptions were met. P ≤0.05 was considered significant. 

2.5 Results 

2.5.1 pH  

All cell lines, at all pressures, demonstrated a decrease in pH immediately after CO2 

exposure (p<0.01). In all cases, pH returned to normal within 1 hour post CO2 exposure. There 

were no significant (p≤0.36) dose-response effects of insufflation pressures on pH in any cell 

line, higher insufflation pressures did not lead to further decline in culture media pH. Both TCC 

and MDCK cell lines declined to pH of about 6.4 immediately after CO2 exposure. The lowest 

pH observed was 6.2 in TCC cells after 15 mmHg CO2. The trend for all cell lines is represented 

in Figure 4 . 
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Figure 4: Effect of CO2 on pH in the TCC 1 cell line. Mean pH values ± SD. Significant values are represented by (*). N = 3. 
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2.5.2 Cell Viability 

There was a significant (p<0.01) impact of various CO2 pressures when compared to 

control (standard conditions), however, the influence was nonlinear and cell line dependent. In 

all cell lines, there was a decrease in viability (p<0.01) in the first 3 days post CO2 exposure, but 

cell line dependent varied effects were observed on days 4-7 post CO2 insufflation, compared to 

control. TCC cell viability was significantly higher (p<0.01) than MDCK at any pressure, 

including cells in standard conditions (Figure 6). Cells exposed to 0 mmHg, had either decreased 

viability (p<0.01) on days 1-4, or no significant effects (p>0.05) were observed (Figure 6). Cells 

exposed to 5 mmHg and 10 mmHg had significant (p<0.01) decrease in viability in all cell lines 

compared to control and 0 mmHg. Cells exposed to 15 mmHg did not have any significant 

effects (p>0.05) on viability in any cell line, the effects were comparable to control and 0 mmHg 

(Figure 6).  

In the TCC 1 cell line, significant variable effects (p<0.01) were observed at 0 and 5 

mmHg but 10 mmHg significantly decreased viability (p<0.01) compared to control and 0 

mmHg. When exposed to 15 mmHg, viability was comparable to control and 0 mmHg (p>0.05) 

(Figure 6).  

In the TCC 2 cell line, on days 1-4, cells exposed to 0 mmHg significantly decreased 

(p<0.01) viability compared to control, but no significant effects (p>0.05) were observed on days 

5-7. The TCC 2 cells that were exposed to 5 mmHg had significant variable effects (p<0.01) 

throughout. However, TCC 2 cells exposed to 10 mmHg viability was significantly increased on 

days 1-4 (p<0.01) compared to cells exposed to 0 mmHg, but was comparable to control on days 

2-5 (p>0.05). There were significant decreases (p<0.01) in viability in TCC 2 cells exposed to 10 

mmHg, compared to control and 0 mmHg on days 6-7. In TCC 2 cells exposed to 15 mmHg, 
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their viability was significantly higher than 0 mmHg (p<0.01) but was comparable to control 

(p>0.05) (Figure 6).  

 In the TCC 3 cell lines, 0 mmHg significantly decreased (p<0.01) cell viability on days 1-

2 but was comparable to control on days 3-7 (p>0.05). TCC 3 cells exposed to 5 mmHg had 

significant variable effects (p<0.01) in viability throughout. On days 1-2, 10 mmHg had 

significantly increased viability (p<0.01) compared to control and 0 mmHg, but viability was 

significantly decreased (p<0.01) on days 3-7. Other than 1 day post CO2, there were no 

significant effects (p>0.05) observed in cells exposed to 15 mmHg, it was comparable to control 

and 0 mmHg throughout (Figure 6).  

In the healthy MDCK cells, 0 mmHg significantly decreased viability (p<0.01) on days 

1-6 but was significantly increased (p<0.01) on day 7 compared to control. The insufflation 

pressure of 5 mmHg had significant variable effects (p<0.01) throughout. When cells were 

exposed to 10 mmHg, there was increased cell viability on days 1-4 (p<0.01) but decreased 

(p<0.01) on days 5-7. There were no statistically significant effects (p>0.05) of 15 mmHg CO2, 

except on days 3, 4, and 7 (p<0.01) compared to control and 0 mmHg (Figure 6).



 

 

49 

 

 

Figure 5: Cell viability in response to various CO2 exposure pressures. P values <0.05 are signified by (*) and (#). The bars marked with (*) 

are compared to control (standard conditions) and bars marked with (#) are compared to 0 mmHg, on the same day in the same cell line. 

Cell line dependent effects were observed. All cell lines had a variable response to 0 and 5 mmHg compared to control. CO2 exposure with 

10 mmHg increased viability during the first 2-3 days but viability subsequently decreased thereafter. The response to 15 mmHg CO2 

exposure was comparable to control and 0 mmHg. Cell line dependent effects were observed. N = 3. 
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(B) (A) (C) 

(D) (E) 

Figure 6: Cell viability assessed using the Resazurin Reduction Assay. The results are expressed as mean absorbance of the triplicates. All values 

are compared to the MDCK values on the respective days. The error bars represent SD. N=3. (A) The viability of cells in standard conditions was 

used as control. With variable effects, the TCC viability was significantly higher than MDCK (p<0.01) in standard conditions (A), 0 mmHg (B) 

and 5 mmHg (C). Although TCC cell viability was still significantly (p<0.01) higher than MDCK cells, at higher pressures (10 and 15 mmHg) 

(D) and (E), TCC 2 viability was comparable to MDCK (p>0.05).  
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Figure 7: Summary of the viability data. 10 mmHg had the greatest decrease in cell viability, as 

represented by the red arrows. The green arrows represent variable effect in viability at 0 and 5 

mmHg as compared to control and 0 mmHg. N = 3. 

2.5.3 Cell Proliferation 

For up to 7 days post CO2, various insufflation pressures had no significant effects 

(p=0.95) on proliferation in any cell line compared to control and 0 mmHg. The growth rate of 

TCC cell lines was significantly (p<0.01) higher than MDCK cells regardless of the 

environment. The results are illustrated in Figure 8.
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Figure 8: Trypan Blue was used to determine the number of live cells post CO2 

exposure. (A) The graph shows median live cells post exposure to various CO2 

pressures. Although there was a slight decrease post CO2 exposure to 15 mmHg, 

pressure had no significant effects on cell proliferation (p = 0.95). (B) The graph shows 

the significant (p<0.01) difference between the proliferation rates of TCC versus 

MDCK cells. N = 3. 

(A) 

(B) 
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Figure 9: The general trend of viability and proliferation summarizes the discrepancies observed between viability and proliferation. There is a linear 

increase in viability first 3 days post CO2 exposure, however, there were minimal increases in proliferation at that time. On days 4-7 post CO2 

exposure, viability plateaus, but there is an exponential in the number of live cells at that time.  
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2.6 Discussion  

There are contradictory results on the effects of a CO2 pneumoperitoneum on the growth 

of cancer cells, and no studies have been conducted using malignant canine cells. We studied the 

effects of a simulated CO2 pneumoperitoneum environment on viability and proliferation of 

canine TCC cells. The cell culture media pH was assessed to determine if CO2 was being 

incorporated into the media, thus potentially influencing our cells. In this study, pH significantly 

decreased immediately after various CO2 insufflation pressures in all experiments, but returned 

to normal within 1 hour (Figure 4). There were no significant dose-response effects on the 

decline of cell culture media pH. There was a nonlinear impact of a simulated CO2 

pneumoperitoneum on cell viability (Figure 5 and Figure 6), however, no significant effects on 

cell proliferation were observed up to 7 days post CO2 exposure (Figure 8). 

CO2 exposure significantly impacted cell viability in canine TCC and MDCK cells, 

however, a sigmoidal or linear dose-response curve was not observed. Higher pressure did not 

have a greater impact on viability as expected. Instead, a non-monotonic, “U-shape” dose 

response effect was observed. The viability effects varied depending on the cell line, especially 

on days 4-7 post CO2 at lower pressures (0 and 5 mmHg). TCC cells exposed to 10 mmHg had 

the greatest decrease in cell viability, compared to the control, 0 mmHg, and MDCK cells. The 

effect of 15 mmHg was comparable to control and 0 mmHg (Figure 7).  

A “U-shape” dose-response effect is well documented as a pharmacological effect 72. The 

“U-shape” curve indicates that lower doses have effects similar to higher doses, but an 

intermediate dose has considerably significant treatment effects 72. Consequently, in our study, 

10 mmHg CO2 was the optimal insufflation pressure that significantly decreased the viability of 

TCC cells, compared to control and 0 mmHg. However, many factors need to be examined in an 



 

 

55 

 

in vivo setting before translating these findings clinically, as the multi-functional in vivo 

environment may have a different influence on the growth and dissemination of cancer cells post 

laparoscopic surgery, compared to in vitro studies.  

Viability was evaluated using assays that estimate mitochondrial activity, or the ability of 

cells to survive. Higher mitochondrial activity does not necessarily equate to an increase in the 

number of cells. Cell proliferation is the increase in the number of cells, usually quantified by 

assays that determine DNA synthesis. In our study, cell proliferation was evaluated using Trypan 

Blue, which determines the number of live cells based on intact cell membranes. Our viability 

and proliferation results did not correlate. 

When observing the effects of days and comparing viability and proliferation, there was a 

significant linear increase in viability on days 1-3 post CO2 exposure, but the effects in 

proliferation are not as pronounced during that time (Figure 9). When cell viability plateaued on 

days 4-7, there was an exponential increase in cell proliferation, irrespective of the environment 

(100% CO2 versus standard conditions) or the insufflation pressure (Figure 9). This sequential 

change in viability and proliferation may be explained, at least in part, by the fact that during the 

stress of the positive pressure CO2 environment, some cells may undergo apoptosis, while others 

adapt to survive. Therefore, it is possible that only the cells with a more aggressive and resilient 

phenotype survived the positive pressure CO2 environment 29,45,50. However, similar proliferation 

trends were observed in cells in standard conditions. Hence, the effect may not be due 

specifically to the CO2 environment. 

While there is no effect on overall cell proliferation at various CO2 insufflation pressures, 

it is also possible that it may take longer than 7 days to show the consequence on cancer cell 

growth (Figure 8). It is likely that aggressive cell phenotypes survive but may need more time to 
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recuperate  39. In a tumour growth post CO2 laparoscopy experiment using a murine colon cancer 

in vivo model, cancer cell proliferation was significantly increased 14 days postoperatively, 

while no significant effects were observed after 7 days 39, which was the endpoint of our study.  

A potential mechanism to explain a delay in active proliferation following CO2 

insufflation may be autophagy. Autophagy is a process that allows tumour cells to survive under 

hostile conditions, such as a CO2 pneumoperitoneum 73. Autophagy degrades damaged 

organelles and misfolded proteins caused by cell stress, and releases them back into the cytosol 

to keep the cell alive in harmful conditions 74,75. In early stages of cancer, autophagy can 

eliminate dysfunctional organelles (mitochondria) to restrict cell growth or induce apoptosis 75. 

However, in later stages of cancer, autophagy supports tumour growth under hypoxic and 

nutrient deprived conditions to maintain mitochondrial function and provide the cell with 

nutrients 75. 

Endoplasmic reticulum (ER) stress is activated when cells undergo stress such as 

hypoxia, pH fluctuations, oxidative stress and nutrient deprivation 76,77. In such conditions, ER 

stress may allow the tumour to adapt to the harsh CO2 insufflation environment, or it can induce 

tumour cell apoptosis 76,77. One of the main adaptive mechanisms for this is the activation of the 

Unfolded Protein Response (UPR) 76,77. The UPR can protect cancer cells from apoptosis under 

stress by inducing tumour dormancy, so the tumour can regrow once the environment becomes 

favorable for growth 76. During prolonged ER stress, such as extended CO2 exposure, UPR may 

also assist in cancer cell apoptosis 76,77. 

Numerous studies show that insufflation dose-dependent effects, higher pressure and 

longer duration of CO2 exposure have a greater impact on cytotoxicity 26,29,45,47,49,51. However, 

there were no dose-response effects of CO2 exposure on cancer cell growth in our study. Similar 
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to our work, there are studies that show no significant effects of CO2 exposure on the 

proliferation of carcinoma cells 25,40,41,50, while others show variable effects depending on the cell 

line 53. It is also documented that lower insufflation pressures (0 and 5 mmHg) show no 

significant effects in proliferation or viability, compared to control 28.  

There are also studies that show increased 29,37,42,43,45 or decreased 18,28,38 viability or 

proliferation. It is possible that different histological types of tumour cells, inherent growth 

characteristics, variations in cancer cell lines and the potential for metastasis, all impact how CO2 

insufflation affects the tumour, and how the tumour responds to it 18,41. Hence, the effects of a 

positive pressure CO2 environment cannot be attributed to only pH changes, there may be other 

factors involved, such as the hypoxic stress response 28,29.  

Cell line dependent effects and varied experimental designs could be responsible for 

contradictory results post CO2 exposure. Tan et. al. in 2005 conducted an in vitro study using rat 

TCC cells and their results concluded that after an initial increase in growth, 15 mmHg CO2 

significantly decreased proliferation, compared to control, helium, and nitrogen gases 18. The 

authors observed dose-response effects of increasing pressure on cell proliferation, whereas our 

study did not 18. This could potentially speak about species specific TCC differences, however, a 

comparison study would be needed to further investigate that possibility.  

2.7 Conclusion  

It is established that CO2 pneumoperitoneum alters the chemical environment through 

hypoxia, pH fluctuations, and increased IAP that influence diverse cell functions 27. Based on our 

results, CO2 insufflation pressures of 10 mmHg may be ideal in reducing the viability of 

carcinoma cells, and the effects on cancer cell growth may take longer than 7 days to show 

effect. However, it is important to consider further experiments that investigate these effects in 
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an in vivo environment in which port site metastasis occurs as there may be different tumour type 

dependent responses and individual biological characteristics that may influence tumour growth. 

Further in vitro studies to examine apoptosis, autophagy, and ER stress with multiple cancer 

types following CO2 exposure may be helpful in determining the mechanisms in which port site 

metastasis may occur as cancer cells react and adapt to this stressful environment. 
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Chapter 3: Cell Migration 
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3.1 Introduction 

Tumour seeding of cancer cells into the surrounding structures and abdominal wall 

through surgery is a concern as bladder cancer cells have been detected in the abdominal wall at 

the time of surgical resection 56,70. Definitive diagnosis of TCC requires histopathological 

examination of the bladder tissue from multiple sites 56,58,60. Biopsies can be obtained from 

cystoscopy, surgery or traumatic catheterization 56,57,60,61,70. Percutaneous aspirates, such as 

cystocentesis should be avoided due to the increased risk of tumor seeding 56. Malignant cells 

have been identified in the abdominal wall along the needle tracts, therefore, the needle tract 

should be resected during surgery to further reduce the risk of abdominal wall metastasis 70. The 

needle track implantation of cancer cells to the abdominal wall is most common from carcinomas 

in the retroperitoneum 70.  

When cancer cells lose cell-to-cell contact, they can leave the primary tumour 78. As cells 

gain the ability to move and penetrate through the neighbouring tissues, they relocate to 

eventually gain access to the surrounding tissues, systemic and/or lymphatic circulation, through 

a process called invasion 51,78. When cancer cells enter systemic circulation through a process 

called intravasation, they translocate via the vasculature 78. Then, the cancer cells decide if they 

would like to implant in the capillaries, or in the distant organ tissue parenchyma, through a 

process called extravasation 78. In their new location, the cancer cells proliferate and form 

micrometastases into macroscopic secondary tumours over time 51,78. During CO2 insufflation, 

damaged mesothelial cells in the peritoneum can shrink and separate from each other 15. This 

separation can allow cancer cells to gain access to the underlying connective tissue, thereby 

encouraging peritoneal metastasis 15.  

HHCO2 pneumoperitoneum inhibited invasive, metastatic potential and adherent 
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capabilities of cancer cells in vitro in colon cancer cells 49 and decreased migration in gastric 

cancer cells 51. Western blot analyses of invasion and adhesion proteins indicated that high 

temperatures down-regulated the expression of MMP2, which is a marker associated with 

invasive metastatic potential 49. HHCO2 has been documented to decrease the metastatic 

potential of cancer cells by influencing the expression of adhesion proteins such as upregulation 

of E-cadherin, and down-regulation of ICAM-1 and CD44 49. Considering cold and dry CO2 used 

in standard laparoscopy decreases cell adhesion, this could improve detachment of cancer cells 

from the primary tumour, thus facilitating metastasis 18,45. 

3.2 Methods and Materials 

Cell migration was assessed using the Scratch Migration Assay in vitro 79. The confluent 

cell monolayer was “scratched” using a 200 µl pipette tip to create a wound 79. The cells on the 

edge of the scratch moved towards the opening to close the wound until new cell-to-cell contacts 

were created 79. Cell density optimization was performed [Appendix G]. Various cell densities 

were plated and confluency was determined 24 and 48 hours post cell seeding. The cell densities 

seeded for 24 hours did not reach confluency, hence were not imaged. The cells were trypsinized 

and counted as usual. For the experiment, in a 12-well plate 150,000 cells well-1 were seeded in 2 

ml media. The cells were incubated in standard conditions for 48 hours after which they were 

exposed to the designated CO2 pressures.  

The cell monolayer was scratched using a sterile 200 µl pipette tip immediately after CO2 

exposure; a new tip for each well was used. The cell culture media was aspirated, rinsed with 1 

ml PBS and 2 ml fresh media was added. The cells in standard conditions underwent the same 

treatment. The wound was imaged at regular intervals post CO2 exposure using an inverted 

microscope during migration to close the scratch 79. The images were then compared and 
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analyzed using ImageJ software to quantify the migration rate of the cells 79.  

3.3 Statistical Analysis 

Graphpad Prism 6 was used to analyze the scratch migration data and a two-way ANOVA was 

performed with Holm-Sidak corrections. P <0.05 was considered significant.  

3.4 Results 

There were no significant effects of pressure on migration patterns of carcinoma cells in 

vitro compared to control, 0 mmHg or MDCK cells within 48-hours post CO2 insufflation 

(p=0.29). The wound was closed 48 hours post CO2 exposure in TCC cells and nearly closed for 

MDCK cells. Time post CO2 exposure had a significant effect on cell migration (p<0.01). The 

results are illustrated in Figure 10 and Figure 11. 

 
Figure 10: Migration patterns 24-hours post CO2 exposure in TCC versus MDCK cells. The 

percent of wound closure after exposure to various pressures ± SD. N = 1. 
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Figure 11: Migration patterns 48-hours post CO2 exposure in TCC versus MDCK cells. The 

percent of wound closure after exposure to various pressures ± SD. N = 1. 

3.5 Discussion 

 CO2 exposure pressure did not influence cell migration patterns of canine TCC and 

MDCK cells in our study. A study by Zhang et al. in 2009 studied the effect of CO2 

pneumoperitoneum in vitro on human ovarian cancer cells on cell adhesion and the expression of 

metastasis markers, Heparanase and VEGF-C (Vascular Endothelial Growth Factor C) 80. Their 

migration results showed a similar trend as our viability results. Lower insufflation pressure (8 

mmHg) and higher insufflation pressure (12 mmHg) significantly decreased the expression of 

metastasis markers, whereas, 10 mmHg significantly increased the expression of Heparanase and 

VEGF-C and increased cell adhesion capabilities 80. The authors hypothesized that exposure to 

higher pressure (12 mmHg), exerted mechanical compression on the nearby cells, which 

decreased the PaO2, thus apoptosis was triggered and the expression of metastasis markers was 

decreased 80. 

In another study, peritoneal tumour dissemination and ovarian cancer cell invasion into 

the musculature was detected in all mice at all time points, but it was significantly higher in mice 
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that underwent laparotomy, or laparoscopy with high IAP (8 mmHg) in vivo 81. The expression 

of various genes (Beta Integrin 1, cMet, uPA, uPAR, PAI-1 and GAPDH), all of which are 

involved in metastasis, were evaluated in the disseminated nodules 81. The expression of the 

genes responsible for metastasis was significantly higher up to 14 days post laparotomy, but 

returned to normal by 42 days postoperatively 81. There were no significant effects observed in 

lower pressure CO2 and control groups 81. Long term results, 42 days postoperatively indicated 

that CO2 pneumoperitoneum, at any pressure, had significantly higher tumour cell dissemination, 

but short-term effects were minimal and comparable to control 81. Cancer cells acquire a less 

aggressive phenotype after exposure to lower CO2 pressures, therefore, lower IAP could reduce 

tumour cell dissemination 81.  

In a murine in vivo neuroblastoma model, mice underwent CO2 laparoscopy or 

laparotomy, and tumour manifestation was detected in both surgical techniques 82. After 28 days 

postoperatively, 10/12 mice in the CO2 laparoscopy group and 9/13 mice in the laparotomy 

group had tumour masses, this effect was statistically insignificant 82. After assessing the liver, 

lungs, and spine for metastasis, the authors concluded that CO2 increases intrahepatic metastasis, 

but not local peritoneal carcinomatosis, compared to laparotomy 82. Their results also indicate 

that increased systemic cancer cell dissemination was not due to an increase in cancer cell 

proliferation in mice that underwent CO2 laparoscopy 82. 
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Chapter 4: General Discussion
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4.1 Study Limitations 

The main objective of this study was to evaluate the effects of 100% CO2 insufflation 

pressures on cancer cell survival and growth. This objective was accomplished using a 

mechanical insufflator with the goal of simulating clinical conditions as closely as possible. 

Consequently, CO2 gas was insufflated to purge room air out of the MIC for 2 minutes, and the 

outflow clamp was occluded to allow the insufflator to modulate CO2 gas pressure inside the 

MIC. A limitation of the methodology was the cell culture media was not changed post CO2 

exposure at any time during the viability and proliferation experiments. This was done to 

simulate what would occur clinically, but could have led to nutrient depletion and accumulation 

of waste products in the culture media, and may have had a significant negative impact on cell 

survival.  

The Trypan Blue Exclusion dye was used to determine if various CO2 insufflation 

pressures affected live cell numbers. TB detects live cells as they have intact cell membranes. 

However, cells undergoing early apoptosis, those with death receptors on their cell membranes, 

would also have intact cell membranes. Thus, using a DNA synthesis marker, such as PCNA or 

BrdU assays would have been more appropriate to assess cell proliferation.  

Secondarily, the in vitro simulated pneumoperitoneum environment was used to study the 

impact of CO2 gas, and how it altered the chemical environment. The influence of acidosis, 

hypoxia and increased positive pressure CO2 environment on cancer cells can be studied using 

our simulated pneumoperitoneum model. The major limitation of this pneumoperitoneum model 

is that the environment in which tumour growth and metastasis occurs cannot be reproduced in 

vitro 18. In vivo studies are needed to support the response to CO2 insufflation in the whole-body 

systems in various types of cancers. Individual tumour variability was not accounted for in this 
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study. Only one non-cancerous cell line, MDCK, was used as a comparative to cancerous cells. 

The results should be carefully interpreted as the MDCK cell line has been documented to 

resemble papillary adenocarcinoma and renal tubular epithelium simultaneously 64.  

4.2 Results Summary 

Our results refuted our hypothesis; higher CO2 pressures did not have a greater cytotoxic 

impact on cell viability and proliferation. In our study, the pH significantly decreased 

immediately after CO2 exposure but returned to normal within 1 hour (Figure 4 and Table 3), we 

expected it to return to normal within 4 hours. We expected to see a linear decrease in viability 

and proliferation with increasing insufflation pressure; higher insufflation pressures (10 and 15 

mmHg) having a greater impact, while no effects were expected at lower pressures (0 and 5 

mmHg). CO2 pressures had nonlinear and cell line dependent effects on cell viability. Exposure 

to 0 and 5 mmHg CO2 had variable effects on viability, 10 mmHg CO2 noticeably decreased 

viability, and the effect of 15 mmHg CO2 was comparable to control and 0 mmHg (Figure 7). 

However, there were no significant effects of various CO2 insufflation pressures on proliferation 

for up to 7 days post CO2 compared to control (Figure 8).  

With regards to the overall trends, viability decreased on days 1-3 post CO2 exposure, 

when compared to control, but had variable effects on days 4-7 depending on the cell line and 

pressure (Figure 9). Likewise, the inclusive viability in all cell lines had a linear increase on days 

1-3 post CO2 exposure, while there were minimal increases in proliferation during that time 

(Figure 9). However, on days 4-7, the viability plateaued but proliferation increased 

exponentially (Figure 9). Based on our results, the presence of CO2 did not alter cell migration 

patterns, thus refuting our hypothesis. However, we hypothesized that CO2 pressure will not 

influence cell migration patterns in any cell line, and there were no significant migration pattern 
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differences between TCC and MDCK cells, which was confirmed by our results (Figure 10 and 

Figure 11).  

Many studies show insufflation dose-dependent effects, higher pressure and longer 

duration of CO2 have a greater impact on cytotoxicity 26,29,45,47,49,51. However, a dose-response 

effect of CO2 exposure was not observed in our study. Similar to our results, there is data that 

shows no significant effects of CO2 exposure on the growth of carcinoma cells 25,40,41,50, while 

others show variable effects depending on the cell line 53. It is also documented that at pressures 

10 mmHg or lower, no significant effects in proliferation or viability were observed compared to 

control 28. Nonetheless, there is data that show increased 29,37,42,43,45 or decreased 18,28,38 viability 

or proliferation. It could be asserted that significant effects may take longer than 7 days post CO2 

exposure to show the significant results on tumour growth 39.  

4.3 Acidosis 

During CO2 pneumoperitoneum, pH dramatically decreases 18. Acidosis can cause 

detrimental changes to intracellular and extracellular environments that regulate cell functions 

such as oxidative phosphorylation, ATP production, intracellular free calcium levels, cell 

proliferation, and apoptosis 15,17,18,24,28. Acidosis can also significantly increase apoptosis and 

necrosis, thus exerting a cytotoxic effect 18. Or, it can increase mitotic enzyme activity to 

transition cells from G1 to S phase (DNA replication) to promote tumour growth 29,45,50. 

Activation of cellular enzymes for mitosis can also protect cells from free oxygen radicals that 

are produced during desufflation, or re-oxygenation post CO2 pneumoperitoneum 37.  

CO2 insufflation causes acidic culture fluid in in vitro studies 18. During CO2 insufflation, 

acidic culture media reacts with water to form carbonic acids to decrease pH 18. Other gases such 

as He and N2 displace CO2 excreted by tumour cells from the culture fluid to increase pH 18. 
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Some studies have noticed a dose-response effect of higher CO2 insufflation pressures on a 

greater decline in the pH 28,41, while others did not 18. The in vitro pH declines from 7.4 to 6.2 

post CO2 insufflation 18,37,41. The culture media takes about 4-12 hours in in vitro studies to 

return to basal values 28,29. The pH in our study returned to normal within 1 hour post CO2 

insufflation, no dose-response effects were observed. 

CO2 pneumoperitoneum causes peritoneal acidosis independent of systemic pH, whereas 

helium insufflation does not affect peritoneal pH 15. During CO2 pneumoperitoneum in vivo, the 

pH declines but stabilizes within 30 minutes after the surgery 15,37. The pH is restored during the 

recovery period and has a significant impact on the systemic acid-base balance due to 

transperitoneal absorbance of CO2 
15. Due to hydrolysis, when the pH is reduced, it inhibits the 

cell’s aerobic metabolism and enzyme activity 29. It is also suspected that the peritoneal pH can 

be responsible for providing an environment that favors tumour cell implantation during CO2 

laparoscopy 15,29.  

The peritoneum is protected by the innate immune system, but the peritoneal immune 

response is depressed during CO2 insufflation due to acidosis 17,24,28. The immune response 

depression suppresses macrophage function and its ability to release cytokines 17,24,28. This 

failure of activation of the immune system due to acidosis could encourage PSM, tumour cell 

dissemination, and growth after CO2 laparoscopy 17,24,37,46. A likely explanation could be that 

impaired macrophages cannot destroy tumour cells through phagocytosis, thus giving them a 

chance to implant in the abdominal wall 17,24,37,46. The immune system is not suppressed by open 

laparotomy, it is documented to enhance macrophage function and protect against tumour 

formation 17. 
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4.4 Cell Viability  

We used the Resazurin Reduction assay to determine cell viability post CO2 exposure and 

control. It uses the redox reactions of metabolically active cells to assess cell viability. The 

Resazurin assay is easy to perform with multiple replicates for reliable data. This allowed us to 

compare the changes in viability in response to time, various CO2 insufflation pressures, and 

control. A major limitation of this assay is the assumption that increased viability is associated 

with an increase in the number of cells. However, cancer cells have innately higher metabolic 

activity due to higher energy demands 73. Therefore, higher metabolic activity does not 

necessarily indicate an increase in the number of cells 73. 

CO2 insufflation significantly impacted cell viability in canine TCC and MDCK cells in 

our study. However, a sigmoidal or a linear dose-response curve was not observed; higher 

pressure did not have a greater impact on viability. Instead, a non-monotonic “U-shape” dose-

response effect was observed. This “U-shape” response is extensively documented as a 

pharmacological effect 72. The “U-shape” results from a treatment having multiple mechanisms 

of actions, and the bottom portion of the “U” corresponds to the ideal dose of the treatment 72. In 

other words, lower doses have effects similar to higher doses, but an intermediate dose has a 

considerably significant impact 72.  

In our study, cell line dependent effects were observed, with variable effects after 

exposure to 0 and 5 mmHg CO2 (Figure 5). Exposure to 10 mmHg CO2 may be an optimal 

insufflation pressure in which the viability of TCC cells was significantly decreased, as cell 

viability after exposure to 15 mmHg CO2 was comparable to 0 mmHg and control (Figure 5). 

However, no significant effects on cell proliferation were observed post exposure to various CO2 

pressures (Figure 8). While this lack of effect may demonstrate that various CO2 insufflation 
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have no influence on cell proliferation, it is also possible that significant effects may take longer 

than 7 days to show the consequence of insufflation, as the aggressive cell phenotypes are 

surviving but need more time to recover and proliferate 39,73.  

4.5 Cellular Proliferation  

Changes in tumour size are reflected by a balance between proliferation and apoptosis 39. 

Tumour growth occurs due to increased proliferation and decreased apoptosis 39. In our study, 

cell proliferation was assessed using the TB exclusion dye. The automated cell counter analyzes 

the image of the hemocytometer based on a principle that live cells have intact cell membranes 

that exclude the dye. It gives an output of the number of live cells present. However, importantly, 

an intact cell membrane does not exclude the cells from possible impending apoptosis via the 

death receptor mechanism.  

4.6 Theories  

CO2 pneumoperitoneum stimulates in vitro and in vivo tumor growth in rodents. The 

differences in results could be due to one or more growth factors that are released 

postoperatively that account for differences in tumor cell proliferation 39. It could also be caused 

by different gases that act on the cells themselves that induce an effect in the intracellular and 

extracellular change in proton concentration, thereby triggering a switch from aerobic to 

anaerobic metabolism 37. An important factor to consider is that CO2 does not just act locally in 

the peritoneal cavity, but also systemically, as it is highly soluble in plasma 37. Therefore, the 

effects on cancer cells may not just be limited to the peritoneal cavity but distant locations as 

well. Nonetheless, it is also plausible that tumour dissemination is not influenced by gas 

pressures, duration of the procedure, nor the type of surgery 25. The results vary significantly in 

the literature and the effects of gas pressure on cell proliferation were not linear 18.  
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4.6.1 Cellular Adaptation 

During the pneumoperitoneum, some cells may undergo apoptosis, while others adapt to 

survive. In our study, the initial resistance in proliferation could be explained by the fact that post 

CO2 exposure, cells undergo apoptosis and only the resilient cells survive, which then activate 

mitotic enzymes and promote proliferation 29,45,50. Therefore, it is suspected that only the cells 

that underwent a more aggressive phenotype survive CO2 insufflation. The CO2 insufflation 

could affect the performance of enzymes involved in the production of deoxyribonucleic acid 

(DNA) 29. Another theory states that higher pressures (15 mmHg) exert cytotoxic effects by 

inducing growth retardation due to acidosis 18,28. Increased CO2 pressure can apply mechanical 

compression to damage the cell membrane, inadvertently causing the cell to lyse 24.  

Cancer cells have high energy demands so they are constantly faced with nutrient 

deprivation and hypoxia, especially if tumour vascularization has not yet been achieved 76. 

Therefore, in cancer cells, anaerobic metabolism (glycolysis) is considerably higher and 

inefficient, compared to non-cancerous cells 76. This switch in metabolism can be further 

facilitated by the CO2 pneumoperitoneum environment, which triggers acidosis and hypoxia 29,37. 

There are adaptive cellular mechanisms such as autophagy, Endoplasmic Reticulum (ER) stress, 

and the Unfolded Protein Response (UPR) that facilitate cell survival under taxing conditions.  

4.6.2 Autophagy  

Autophagy can explain the delay in active proliferation following CO2 insufflation. 

Autophagy is a process that allows tumour cells to survive under hostile conditions, such a CO2 

pneumoperitoneum 73. Under cell stress, when cells accumulate misfolded proteins and damaged 

organelles, a nuclear membrane begins to assemble to start encircling the impaired cellular 

components 74,75. Eventually, the vesicle elongates to form an autophagosome 74,75. The 
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autophagosome fuses with a lysosome, thus forming an autolysosome 74,75. The lysosomal 

enzymes degrade the matter inside the autolysosome 74,75. The nutrients derived from the 

disintegrated misfolded proteins and damaged organelles are released back into the cytosol to 

keep the cell alive in stressful conditions 74,75. The process of autophagy allows the cells to meet 

the high energy requirements during nutritionally deprived or stressful conditions such as a CO2 

pneumoperitoneum 73. 

In the early stages of cancer, autophagy can eliminate dysfunctional organelles (e.g. 

mitochondria) to restrict cell growth or induce cell death 75. However, in the later stages of 

cancer, autophagy supports tumour growth under hypoxic and nutrient deprived conditions to 

maintain mitochondrial function and provide the cell with ATP 75. Autophagy also resists 

anoikis, which is detachment induced apoptosis 75. When cancer cells detach from a primary 

tumour or the extracellular matrix, they usually die 75. Autophagy prevents anoikis in the later 

stages of cancer, thus facilitating invasion, metastasis, and cancer cell dormancy 75.  

4.6.3 Endoplasmic Reticulum Stress 

The endoplasmic reticulum (ER) is responsible for many functions to maintain cellular 

homeostasis 76. Disturbances in the ER environment could be due to biochemical, physiological, 

and pathological stimuli 76. The stressors could include hypoxia, pH fluctuations, oxidative 

stress, and nutrient deprivation 76,77, all of which could induce ER stress during CO2 

pneumoperitoneum. In such conditions, ER stress may allow the tumour to adapt to the harsh 

CO2 insufflation environment, or it can induce cancer cell apoptosis 76,77. One of the main 

adaptive mechanisms for this is the activation of the Unfolded Protein Response (UPR) 76,77. 

4.6.4 Unfolded Protein Response 

Due to the tumour’s inherent hypoxic and nutrient deprived environment, cancer cells 
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adapt and induce ER stress and UPR to enhance tumour growth and metastasis 76. The UPR can 

be cytotoxic or cytoprotective, depending on the cell status 76. The UPR can protect cancer cells 

from apoptosis under stress by encouraging tumour dormancy, so the tumour can regrow once 

the environment becomes favorable for growth 76. Yet, during prolonged ER stress such as 

extended CO2 exposure, UPR could also assist in cancer cell apoptosis due to accumulation of 

protein aggregates inside the cell 76.  

Although autophagy and ER stress explain the conceivable adaptive mechanisms for cells 

exposed to a positive pressure CO2 environment, there is no clear explanation as to why there 

were no significant immediate effects in proliferation as there were in viability. It is possible that 

different histological types of tumour cells, inherent growth characteristics, variations in cancer 

cell lines and the potential for metastasis, all impact how CO2 insufflation affects the tumour, 

and how the tumour responds to it 18,41. Hence, the effects of a positive pressure CO2 

environment cannot be attributed to only pH changes, there are other factors involved such as a 

hypoxic stress response 28,29.  

4.7 Metastasis  

The potential for hematogenous spread depends on the cancer cell’s inherent malignant 

behaviours, the immune system, and the protective barrier of the peritoneal cavity, all of which 

play a role in cancer cell dissemination and growth 83. The mesothelium provides a single layer 

of mechanical barrier that protects and acts as a local defense 83. CO2 alters the cellular 

morphology and function of mesothelial cells, as well as, cancerous cells in the peritoneal cavity, 

thus it may facilitate tumour cell migration 83.  

Incubation with 100% CO2 for 4 hours induced alterations on the apical surface of 

mesothelial cells 83. It reduced the number of microvilli, increased the number of spherical 
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protrusions, and caused irregularly shaped domes 83. This significantly increased the number of 

cells migrated, whereas, migration was inhibited in cells incubated in standard conditions 83. CO2 

alters the morphology of mesothelial cells by rearranging the cytoskeleton, inducing microvilli 

retraction into the cells by actin filament disruption, and modifying tight junctions between the 

cells 83. 

In human ovarian cancer cells in vitro, 10 mmHg significantly increased the expression 

of cell metastasis markers, VEGF-C and Heparanase and increased cell adhesion 80. However, 

lower pressure (8 mmHg) and higher pressure (12 mmHg) had decreased expression of the 

metastasis markers and cell adhesion 80. In mice ovarian cancer cells in vivo, mice that 

underwent laparotomy and higher IAP (8 mmHg) had significantly higher peritoneal tumour cell 

dissemination, and genes responsible for metastasis were also elevated postoperatively 81. In a 

mice neuroblastoma model, there was no statistically significant difference in tumour spread 

between CO2 laparoscopy and laparotomy, but tumour masses were detected in all mice 28 days 

postoperatively 82. CO2 laparoscopy did not increase local peritoneal carcinomatosis, but 

increased hematogenous spread to the liver 82.  

4.8 Conclusion 

CO2 pneumoperitoneum triggers multiple physiological processes through changes in the 

local and systemic chemical environment, to activate mechanisms via pH fluctuations and 

hypoxia. Our results indicated that CO2 insufflation pressure of 10 mmHg may be ideal in 

reducing the viability of TCC cells. Though, these results are not transferrable to a clinical 

recommendations as whole body systems, individual biological and tumour variations impact 

whether port site metastasis or abdominal wall metastasis occur. Additionally, the environment 

in which port site metastasis occurs cannot be reproduced in vitro, it must be studied in vivo to 
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account for various biological factors involved. Furthermore, intra-operative manipulation and 

instrumental contamination due to increased CO2 pressures could promote tumour growth by 

provoking the development of intraperitoneal and extraperitoneal metastases in vivo 37. In future 

studies, the duration of the experiments should be longer than 7 days. Cell culture media should 

be changed periodically to replenish nutrients and discard metabolic wastes. Supplementary 

research to assess apoptosis, autophagy, and ER stress with multiple types of carcinomas is 

warranted to determine the mechanisms that cause port site metastasis post laparoscopic surgery 

with CO2.  
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Appendices  

Appendix A: CO2 pressures and Sterile water 

Note: Before exposure, MIC was purged with 100% CO2 for 2 minutes at 1 L/min. 

Note: Volume is the volume of CO2 used during the 2 hour CO2 exposure 

Note: From the average of each exposure, median values are reported. 

 

 

 

Median 

CO2 

Pressure 

Set CO2 

Pressure 

Flow rate  

(L/min) Volume (L) 

CO2 

Temperature 

(°C) 

0 mmHg 1.44 1 1 0.80 36.97 

5 mmHg 5.89 5 1 2.15 36.97 

10 mmHg 11.28 10 1 1.25 36.98 

15 mmHg 16.00 15 1 0.70 36.98 

Table 1: The mechanical insufflator settings for each CO2 exposure, with the reported medians of pressure, and means of volume and temperature.  

Note: Average values are reported    

Note: Average volume is the water that evaporated during the 2 hour CO2 exposure. 

 

 

Before 

CO2 

exposure  

Immediately 

after CO2 

exposure 

30-minutes 

post CO2 1-hour post CO2 

2-hour 

post CO2 

4-hour 

post CO2 

Volume 

(mL) water 

0 mmHg 5.68 4.44 4.95 5.26 5.57 5.57 0.56 

5 mmHg 5.86 4.43 4.94 5.39 5.71 6.12 0.36 

10 mmHg 5.68 4.45 5.03 5.24 5.52 5.83 0.25 

15 mmHg 6.22 4.22 4.95 5.66 5.87 6.14 0.63 

Table 2: The mean sterile water pH and volume post CO2 exposure. 
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Appendix B: pH Table 

TCC 1 

Before CO2 

Exposure 

Immediately CO2 

after 

30-minutes 

post CO2 

1-hour post 

CO2 

2-hour post 

CO2 

4-hours post 

CO2 

0 mmHg 7.58 ± 0.15 6.69 ± 0.17* 7.25 ± 0.18* 7.46 ± 0.07 7.56 ± 0.14 7.6 ± 0.2 

5 mmHg 7.62 ± 0.05 6.61 ± 0.07* 7.3 ± 0.26* 7.53 ± 0.19 7.47 ± 0.02* 7.5 ± 0.04 

10 mmHg 7.6 ± 0.17 6.63 ± 0.17* 7.13 ± 0.23* 7.36 ± 0.22 7.52 ± 0.13 7.57 ± 0.14 

15 mmHg 7.65 ± 0.18 6.67 ± 0.28* 7.15 ± 0.24* 7.44 ± 0.11 7.54 ± 0.10 7.6 ± 0.2 

       

TCC 2 

Before CO2 

Exposure 

Immediately CO2 

after 

30-minutes 

post CO2 

1-hour post 

CO2 

2-hour post 

CO2 

4-hours post 

CO2 

0 mmHg 7.63 ± 0.15 6.74 ± 0.18* 7.42 ± 0.16 7.41 ± 0.17 7.61 ± 0.14 7.5 ± 0.07 

5 mmHg 7.7 ± 0.16 6.59 ± 0.15* 6.99 ± 0.39* 7.39 ± 0.13* 7.49 ± 0.1* 7.55 ± 0.1 

10 mmHg 7.59 ± 0.1 6.67 ± 0.19* 7.13 ± 0.13* 7.31 ± 0.22* 7.55 ± 0.11 7.55 ± 0.08 

15 mmHg 7.6 ± 0.15 6.54 ± 0.23* 6.94 ± 0.01* 7.34 ± 0.12* 7.53 ± 0.08 7.52 ± 0.11 

       

TCC 3 

Before CO2 

Exposure 

Immediately CO2 

after 

30-minutes 

post CO2 

1-hour post 

CO2 

2-hour post 

CO2 

4-hours post 

CO2 

0 mmHg 7.54 ± 0.09 6.49 ± 0.25* 7.18 ± 0.12* 7.36 ± 0.21 7.53 ± 0.08 7.52 ± 0.05 

5 mmHg 7.65 ± 0.15 6.59 ± 0.17* 7.12 ± 0.06* 7.49 ± 0.04 7.5 ± 0.08 7.58 ± 0.07 

10 mmHg 7.56 ± 0.09 6.57 ± 0.11* 7.09 ± 0.09* 7.32 ± 0.21* 7.51 ± 0.11 7.55 ± 0.05 

15 mmHg 7.6 ± 0.15 6.29 ± 0.36* 7.05 ± 0.12* 7.32 ± 0.13* 7.51 ± 0.08 7.52 ± 0.1 

       

MDCK 

Before CO2 

Exposure 

Immediately CO2 

after 

30-minutes 

post CO2 

1-hour post 

CO2 

2-hour post 

CO2 

4-hours post 

CO2 

0 mmHg 7.67 ± 0.2 6.78 ± 0.1* 7.13 ± 0.17* 7.48 ± 0.08 7.68 ± 0.12 7.83 ± 0.16 

5 mmHg 7.74 ± 0.07 6.75 ± 0.17* 7.34 ± 0.08* 7.58 ± 0.07 7.70 ± 0.07 7.67 ± 0.12 

10 mmHg 7.75 ± 0.14 6.74 ± 0.12* 7.3 ± 0.03* 7.53 ± 0.13* 7.63 ± 0.1 7.74 ± 0.08 

15 mmHg 7.7 ± 0.12 6.44 ± 0.47* 7.16 ± 0.07* 7.48 ± 0.08 7.65 ± 0.08 7.68 ± 0.09 

Table 3: The mean pH values with standard deviations after CO2 exposure in each cell line. N = 3.
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Appendix C: Resazurin Optimization 

Cell Density Optimization  

Serial dilutions were used to determine optimum cell seeding density for viability and 

proliferation experiments. They were performed using 96-well plates. The outer wells of the 96-

well plates were filled with 200 µl PBS. The cells were counted using 10 µl of cells with media 

and 10 µl of TB, pipetted gently to mix. In a hemocytometer, 10 µl of the mixture was pipetted 

and counted using the InVitrogen Automated Cell counter. Various cell densities (varying from 

200 to 200,000 cells well-1) were seeded in a 96-well plate with six replicates. The cells could 

acclimate for 24 hours in standard incubation conditions prior to incubation with Resazurin. Two 

hours after mixture of Resazurin with the cells, the 96-well plate was read using a 

spectrophotometer at 570 nm and 600 nm.  

Cell concentration per well for future experiments was determined based on the 

optimization curve (Figure 12). The TCC cell lines were incubated with Resazurin for 14 hours 

prior to its optical density readings. The MDCK cell line was incubated with Resazurin for 2 

hours prior to its optical density readings. Based on the optimization graphs, the cell density for 

the viability and proliferation experiments was determined to be 1,500 cells well-1. The actual 

cell density per assay was adjusted based on the surface area of the culture plate used.  

 



 

 

87 

 

 

Figure 12: Cell density optimization was performed prior to experimentation in each cell line. 
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Appendix D: SAS Viability Output 

 

General Linear Mixed Model       

Statistician: William Sears       

         

         

Fit Statistics        

Res Log Likelihood  -4139.9      
AIC (smaller is 

better)  -4081.9      

AICC (smaller is better) -4081.3      
BIC (smaller is 

better)  -4108      

         

Type 3 Tests of Fixed Effects       

Effect  Num DF 

Den 

DF F Pr > F    

line  3 2925 1069.03 <.0001    

press  4 2925 6.68 <.0001    

days  6 2925 2649.96 <.0001    

line*press  12 2925 11.68 <.0001    

line*days  18 2925 96.61 <.0001    

press*days  24 2925 9.25 <.0001    

line*press*days 72 2925 3.8 <.0001    

 

The UNIVARIATE Procedure       

Variable: Resid (Residual)       

N   3067   ∑ Weights   3067   

Mean   0   

∑ 

Observations   0   
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Std Deviation   0.1279745   Variance   0.01637746   

Skewness   -0.046791   Kurtosis   1.19446909   

Uncorrected SS   50.213306   Corrected S   50.2133058   

Coeff Variation       

Std. Err 

Mean   0.00231082   

         

Basic Statistical Measures       

Mean 0  Std Deviation     0.12797   

Median -0.00006  Variance     0.01638   

Mode -0.11098  Range     1.06282   

   

Interquartile 

Range     0.14617   

Note: The mode displayed is the smallest of 3 modes with a count of 3.   

         

Tests for Location: Mu0=0       

Students t    0   Pr > |t|   1   

Sign M   -0.5   Pr >= |M|   1   

Signed Rank S   17256   Pr >= |S|   0.725   

         

Tests for Normality        
Kolmogorov-

Smirnov   D 0.04006   Pr > D   <0.0100  

Cramer-von   W-Sq 1.49071   

Pr > W-

Sq   <0.0050  

Anderson-Darling   A-Sq 9.29831   

Pr > A-

Sq   <0.0050  

         

Quantiles (Definition 5)       

Quantile   Estimate       

100% Max   5.24E-01       

99%   3.31E-01       
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95%   2.03E-01       

90%   1.56E-01       

75% Q3   7.52E-02       

50% Median   -6.00E-05       

25% Q1   -7.10E-02       

10%   -1.51E-01       

5%   -2.14E-01       

1%   -3.39E-01       

0% min   -5.39E-01       

         

Line Pressure Days StdErr LL Mean UL   

MDCK 0 1 0.0249 0.21756 0.26638 0.31519   

MDCK 0 2 0.0339 0.3629 0.42938 0.49585   

MDCK 0 3 0.04925 0.4908 0.58738 0.68395   

MDCK 0 4 0.04743 0.64552 0.73853 0.83154   

MDCK 0 5 0.04626 0.58077 0.67149 0.7622   

MDCK 0 6 0.06632 0.69066 0.82071 0.95075   

MDCK 0 7 0.03518 0.90522 0.9742 1.04319   

MDCK 10 1 0.0249 0.32984 0.37865 0.42747   

MDCK 10 2 0.03588 0.55398 0.62433 0.69467   

MDCK 10 3 0.05219 0.737 0.83933 0.94167   

MDCK 10 4 0.04443 0.79419 0.88131 0.96843   

MDCK 10 5 0.04757 0.77024 0.86352 0.9568   

MDCK 10 6 0.06834 0.70633 0.84033 0.97432   

MDCK 10 7 0.03324 0.7503 0.81549 0.88067   

MDCK 15 1 0.0301 0.2659 0.32492 0.38395   

MDCK 15 2 0.04302 0.38669 0.47105 0.55541   

MDCK 15 3 0.06932 0.66126 0.79718 0.9331   

MDCK 15 4 0.05338 0.83046 0.93512 1.03979   
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MDCK 15 5 0.05893 0.66358 0.77912 0.89466   

MDCK 15 6 0.08229 0.60939 0.77074 0.9321   

MDCK 15 7 0.04043 0.96449 1.04376 1.12302   

MDCK 5 1 0.02557 0.25934 0.30947 0.35961   

MDCK 5 2 0.0339 0.40645 0.47293 0.53941   

MDCK 5 3 0.06016 0.62123 0.73919 0.85715   

MDCK 5 4 0.04195 0.61202 0.69426 0.77651   

MDCK 5 5 0.04758 0.88064 0.97393 1.06722   

MDCK 5 6 0.06447 0.86585 0.99226 1.11868   

MDCK 5 7 0.03518 0.91958 0.98855 1.05753   

MDCK control 1 0.01725 0.33008 0.36391 0.39775   

MDCK control 2 0.02277 0.47065 0.51531 0.55996   

MDCK control 3 0.03614 0.69112 0.76199 0.83285   

MDCK control 4 0.03004 0.75333 0.81223 0.87114   

MDCK control 5 0.03263 0.70972 0.7737 0.83768   

MDCK control 6 0.04584 0.76097 0.85084 0.94072   

MDCK control 7 0.02236 0.83743 0.88126 0.92509   

TCC 1 0 1 0.01469 0.27741 0.30622 0.33503   

TCC 1 0 2 0.03773 0.69713 0.77111 0.84509   

TCC 1 0 3 0.03921 1.14901 1.22589 1.30277   

TCC 1 0 4 0.0337 1.13609 1.20217 1.26824   

TCC 1 0 5 0.02668 1.07955 1.13186 1.18417   

TCC 1 0 6 0.02514 1.07764 1.12694 1.17625   

TCC 1 0 7 0.01733 1.05958 1.09356 1.12753   

TCC 1 10 1 0.01469 0.22997 0.25878 0.28759   

TCC 1 10 2 0.03773 0.59591 0.66989 0.74387   

TCC 1 10 3 0.03921 0.97401 1.05089 1.12777   

TCC 1 10 4 0.0337 1.00259 1.06867 1.13474   

TCC 1 10 5 0.02597 1.05146 1.10239 1.15332   
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TCC 1 10 6 0.02514 0.87703 0.92633 0.97564   

TCC 1 10 7 0.01733 0.93169 0.96567 0.99965   

TCC 1 15 1 0.01469 0.20241 0.23122 0.26003   

TCC 1 15 2 0.03773 0.54136 0.61533 0.68931   

TCC 1 15 3 0.03921 1.09878 1.17567 1.25255   

TCC 1 15 4 0.0337 1.08603 1.15211 1.21819   

TCC 1 15 5 0.02597 1.02968 1.08061 1.13154   

TCC 1 15 6 0.02514 1.0272 1.0765 1.1258   

TCC 1 15 7 0.01733 1.01613 1.05011 1.08409   

TCC 1 5 1 0.01541 0.29137 0.32159 0.3518   

TCC 1 5 2 0.03773 0.7003 0.77428 0.84826   

TCC 1 5 3 0.03921 1.08534 1.16222 1.2391   

TCC 1 5 4 0.0337 1.00037 1.06644 1.13252   

TCC 1 5 5 0.02597 1.09357 1.1445 1.19543   

TCC 1 5 6 0.02514 1.01597 1.06528 1.11458   

TCC 1 5 7 0.01733 0.95447 0.98844 1.02242   

TCC 1 control 1 0.0114 0.27939 0.30175 0.32411   

TCC 1 control 2 0.02709 0.69122 0.74433 0.79745   

TCC 1 control 3 0.02812 1.06292 1.11806 1.1732   

TCC 1 control 4 0.02429 1.01782 1.06544 1.11307   

TCC 1 control 5 0.01944 1.10077 1.13889 1.17701   

TCC 1 control 6 0.01862 1.02041 1.05692 1.09343   

TCC 2 control 7 0.01313 0.99771 1.02344 1.04918   

TCC 2 0 1 0.02426 0.09129 0.13886 0.18644   

TCC 2 0 2 0.04861 0.18995 0.28528 0.3806   

TCC 2 0 3 0.03823 0.57231 0.64728 0.72224   

TCC 2 0 4 0.02914 0.8474 0.90454 0.96168   

TCC 2 0 5 0.02446 0.9784 1.02636 1.07433   

TCC 2 0 6 0.01613 0.97873 1.01035 1.04198   
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TCC 2 0 7 0.01764 0.97844 1.01303 1.04762   

TCC 2 10 1 0.02426 0.21868 0.26626 0.31383   

TCC 2 10 2 0.05 0.45632 0.55435 0.65239   

TCC 2 10 3 0.03931 0.69461 0.77169 0.84876   

TCC 2 10 4 0.02914 0.88855 0.94569 1.00283   

TCC 2 10 5 0.02382 0.96667 1.01339 1.0601   

TCC 2 10 6 0.01575 0.92567 0.95656 0.98744   

TCC 2 10 7 0.01722 0.86869 0.90244 0.9362   

TCC 2 15 1 0.02426 0.16283 0.2104 0.25798   

TCC 2 15 2 0.04861 0.40457 0.49989 0.59521   

TCC 2 15 3 0.03823 0.7902 0.86517 0.94013   

TCC 2 15 4 0.02914 0.93242 0.98956 1.0467   

TCC 2 15 5 0.02446 0.91029 0.95826 1.00622   

TCC 2 15 6 0.01575 0.94195 0.97283 1.00372   

TCC 2 15 7 0.01722 0.88141 0.91517 0.94893   

TCC 2 5 1 0.02363 0.11833 0.16467 0.211   

TCC 2 5 2 0.04861 0.28534 0.38067 0.47599   

TCC 2 5 3 0.0466 0.59225 0.68363 0.77501   

TCC 2 5 4 0.02836 0.99116 1.04678 1.10239   

TCC 2 5 5 0.02516 0.97612 1.02546 1.0748   

TCC 2 5 6 0.01575 1.00545 1.03633 1.06722   

TCC 2 5 7 0.01764 0.93374 0.96834 1.00293   

TCC 2 control 1 0.01491 0.18048 0.20971 0.23894   

TCC 2 control 2 0.02937 0.39775 0.45534 0.51294   

TCC 2 control 3 0.02423 0.76185 0.80936 0.85687   

TCC 2 control 4 0.01739 0.96171 0.99581 1.02991   

TCC 2 control 5 0.01501 0.98837 1.01781 1.04725   

TCC 2 control 6 0.01072 0.97743 0.99844 1.01945   

TCC 2 control 7 0.01147 0.92277 0.94526 0.96775   
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TCC 3 0 1 0.01753 0.49997 0.53433 0.5687   

TCC 3 0 2 0.02799 0.94033 0.99521 1.05009   

TCC 3 0 3 0.01866 1.21186 1.24844 1.28503   

TCC 3 0 4 0.02468 1.21733 1.26572 1.31412   

TCC 3 0 5 0.02301 1.09117 1.13628 1.18139   

TCC 3 0 6 0.02117 1.0428 1.08432 1.12584   

TCC 3 0 7 0.02084 1.05709 1.09794 1.1388   

TCC 3 10 1 0.01753 0.57275 0.60711 0.64147   

TCC 3 10 2 0.02724 1.04941 1.10283 1.15625   

TCC 3 10 3 0.01773 1.16963 1.20439 1.23915   

TCC 3 10 4 0.02468 1.01755 1.06594 1.11434   

TCC 3 10 5 0.02301 0.89217 0.93728 0.98239   

TCC 3 10 6 0.02064 0.89453 0.935 0.97547   

TCC 3 10 7 0.02084 0.90884 0.9497 0.99055   

TCC 3 15 1 0.01753 0.57247 0.60683 0.6412   

TCC 3 15 2 0.0297 0.96181 1.02004 1.07827   

TCC 3 15 3 0.01919 1.23343 1.27106 1.30869   

TCC 3 15 4 0.02468 1.20577 1.25417 1.30256   

TCC 3 15 5 0.02362 1.12227 1.16858 1.21489   

TCC 3 15 6 0.02064 1.05165 1.09211 1.13258   

TCC 3 15 7 0.02031 1.01435 1.05417 1.09399   

TCC 3 5 1 0.01897 0.4982 0.53539 0.57258   

TCC 3 5 2 0.0288 0.95187 1.00834 1.06481   

TCC 3 5 3 0.01866 1.19895 1.23554 1.27212   

TCC 3 5 4 0.02535 1.23469 1.28439 1.33408   

TCC 3 5 5 0.02301 1.14156 1.18667 1.23178   

TCC 3 5 6 0.02176 1.10589 1.14856 1.19123   

TCC 3 5 7 0.02205 1.08971 1.13294 1.17617   

TCC 3 control 1 0.01276 0.63016 0.65517 0.68019   
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TCC 3 control 2 0.01915 1.04098 1.07852 1.11606   

TCC 3 control 3 0.01255 1.2237 1.2483 1.2729   

TCC 3 control 4 0.01644 1.15795 1.19018 1.22242   

TCC 3 control 5 0.0153 1.07613 1.10613 1.13613   

TCC 3 control 6 0.01429 1.01483 1.04286 1.07088   

TCC 3 control 7 0.01396 1.04574 1.07312 1.1005   
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Appendix E: SAS Proliferation Output 

Three-Way ANOVA           

General Linear Mixed Model           

Statistician: William Sears           

            

Fit Statistics            

Res Log Likelihood 546.8          

AIC (smaller is better) 600.8          

AICC (smaller is better) 601.7          

BIC (smaller is better) 595.2          

            

Type 3 Tests of Fixed Effects           

Effect Num DF  Den DF F Pr > F        

cancer 1 4 114.23 0.0004        

pressure 4 32 0.18 0.9472        

days 4 1782 3090.48 <.0001        

cancer*days 4 1782 282.82 <.0001        

            

Effect cancer pressure days Estimate LL Median UL     

cancer carcinoma     12.9 332034.7 409000.1 503806.2     

cancer healthy     11.6 84559.3 110582.2 144613.5     

                    

days     1 10.8 43083.0 49413.3 56673.7     

days     2 11.6 99040.6 113634.9 130379.8     

days     3 12.3 200699.8 229926.5 263409.4     

days     5 13.2 458056.4 523993.2 599421.6     

days     7 13.4 562291.7 643059.7 735429.3     

                    

pressure   0   12.3 181286.4 217142.8 260091.1     
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pressure   10   12.3 176711.3 211847.5 253970.1     

pressure   15   12.2 168536.1 202076.7 242292.3     

pressure   5   12.3 181878.9 217982.8 261253.6     

pressure   control   12.3 179362.2 214691.1 256978.8     

                    

cancer*days carcinoma   1 11.1 54443.3 64015.6 75270.8     

cancer*days carcinoma   2 12.1 146617.2 172412.2 202745.4     

cancer*days carcinoma   3 13.0 373848.4 438974.1 515444.8     

cancer*days carcinoma   5 14.1 1147962.4 1346288.6 1578878.3     

cancer*days carcinoma   7 14.4 1496288.2 1754634.7 2057586.8     

                    

cancer*days healthy   1 10.5 30571.9 38141.8 47586.1     

cancer*days healthy   2 11.2 59980.5 74895.5 93519.3     

cancer*days healthy   3 11.7 96705.6 120431.3 149977.8     

cancer*days healthy   5 12.2 164214.6 203945.1 253288.1     

cancer*days healthy   7 12.4 189879.3 235676.3 292519.0     

            

Assumption of normality somewhat violate, primarily because of heavy tails (moderately high kurtosis). Unequal variance accommodated in the model. 

Otherwise, assumptions are adequately met, and furthermore, there is lots of data, so Central Limit Theorem comes into play.   

            

The Univariate Procedure           

Variable: Resid (Residual)           

N 1832  ∑ Weights 1832        

Mean 

-

0.0010972  ∑ Observations -2.01008        

Std Dev 0.2804591  Variance 0.08        

Skewness 0.17  Kurtosis 1.56        

Uncorrected SS 144.02  Corrected SS 144.02        

Coeff Variation 

-

25561.223  Std Err Mean 0.01        
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Basic Statistical Measures           

Location   Variability         

Mean -0.0011   Std Deviation   0.28046       

Median 0.0009   Variance   0.07866       

Mode -0.04055   Range   2.6026       

      

Interquartile 

Range   0.31773       

            

Tests for Location: Mu0=0           

Test Statistic   P value        

Students T -0.16745   Pr > |t| 0.867        

Sign M 7   Pr >= |M| 0.7613        

Signed Rank S -6728   Pr >= |S| 0.7665        

            

Tests for Normality           

Test   Statistic   P Value      

Shapiro-Wilk   W 0.984832   Pr < W <0.0001      
Kolmogorov-

Smirnov   D 0.044912   Pr > D <0.0100      

Cramer-von   W-Sq 1.072806   Pr > W-Sq <0.0050      

Anderson-Darling   A-Sq 6.234642   Pr > A-Sq <0.0050      

            

Quantiles (Definition 5)           

Quantile Estimate           

100% Max 1.456           

99% 0.778           

95% 0.458           

90% 0.338           

75% Q3 0.152           
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50% Median 0.001           

25% Q1 -0.166           

10% -0.346           

5% -0.457           

1% -0.704           

0% Min -1.146           
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Appendix F: Doubling Time 

 

  Day 1 Day 2 Day 3 Day 5 Day 7 

TCC 1 8.27E+04 2.27E+05 6.18E+05 1.86E+06 2.18E+06 

TCC 2 5.41E+04 1.22E+05 2.99E+05 1.21E+06 1.78E+06 

TCC 3 6.91E+04 2.03E+05 5.38E+05 1.26E+06 1.37E+06 

MDCK 3.91E+04 7.79E+04 1.31E+05 2.34E+05 2.65E+05 

Table 4: Cell proliferation was assessed using cells in standard incubation conditions using the 

Trypan Blue Exclusion Dye. 

 

  Days  Hours 

TCC 1  1.48 35.52 

TCC 2  1.39 33.36 

TCC 3  1.62 38.88 

MDCK  2.54 60.96 

Table 5: The doubling time was calculated using the values from Table 4 and the equation 

doubling time = time between counts * ln2/ln(count after time t / initial count). ln = natural log.
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Appendix G: Scratch Migration Assay Optimization 

      

50,000 Cells/well 

12 

hours 

24 

hours 

36 

hours 

48 

hours 

60 

hours 

Control 41.51 57.58 88.30 87.17 100 

0 mmHg   63.16 79.10 89.20 100 

5 mmHg           

10 mmHg   63.03 82.66 96.14 100 

15 mmHg 31.16 65.02 72.06 95.59 100 

75,000 cells/well 

12 

hours 

24 

hours 

36 

hours 

48 

hours 

60 

hours 

Control 31.93 71.52 87.37 91.35 100 

0 mmHg   60.58 82.74 86.54 100 

5 mmHg           

10 mmHg 28.36 76.90 94.80 100   

15 mmHg 37.74 64.71 80.72 96.55 100 

100,000 cells/well 

12 

hours 

24 

hours 

36 

hours 

48 

hours  

Control 22.99 71.35 95.40 100  
0 mmHg          
5 mmHg   49.39   100  
10 mmHg 43.00 77.03   100  
15 mmHg 3.64 55.89 91.03 92.22  

150,000 cells/well 

12 

hours 

24 

hours 

36 

hours 

48 

hours  

Control 41.31 65.63 70.61 100  
0 mmHg   80.47 97.80 100  
5 mmHg   82.49   100  
10 mmHg 50.99 86.30 97.09 100  
15 mmHg 37.51 84.55 91.32 100  

200,000 cell/well 

24 

hours 

48 

hours    

Control 95.54 100    

0 mmHg        

5 mmHg 82.24 100    

10 mmHg 73.88 100    

15 mmHg        

Table 6: Cell density optimization for the scratch migration assay using the TCC 1 cell line. The 

CO2 exposure occurred 48-hours post cell seeding. The numbers reflect the percent wound 

closure at that time point.  
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50,000 Cells/well 

12 

hours 

24 

hours 

36 

hours 

48 

hours  

Control 33.64 74.43 75.65 100  
0 mmHg          
5 mmHg          
10 mmHg 41.02 65.83   100  
15 mmHg 46.49 88.48   100  

75,000 cells/well 

12 

hours 

24 

hours 

36 

hours   

Control 63.20 67.71 100   

0 mmHg         

5 mmHg         

10 mmHg 41.86 93.25 100   

15 mmHg 48.03 94.07 100   

100,000 cells/well 

12 

hours 

24 

hours 

36 

hours 

48 

hours  

Control 56.42 73.12   100  
0 mmHg          
5 mmHg       100  
10 mmHg 38.00 PQ   PQ  
15 mmHg 55.71 92.14 100    

150,000 cells/well 

12 

hours 

24 

hours 

48 

hours   

Control 57.68 82.30 100   

0 mmHg         

5 mmHg   68.65 93.00   

10 mmHg 43.11 79.64 100   

15 mmHg 62.84 92.41 100   

200,000 cell/well 

24 

hours 

48 

hours    

Control 79.62 100    

0 mmHg   100    

5 mmHg 82.38 100    

10 mmHg 73.50 100    

15 mmHg        
Table 7: Cell density optimization for the scratch migration assay using the TCC 2 cell line. The 

CO2 exposure occurred 48-hours post cell seeding. The numbers reflect the percent wound 

closure at that time point.
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50,000 Cells/well 

12 

hours 

24 

hours 

36 

hours 

control 85.99 88.25 100 

0 mmHg       

5 mmHg       

10 mmHg 17.36 86.83 100 

15 mmHg   43.12 100 

75,000 cells/well 

12 

hours 

24 

hours 

36 

hours 

control 97.76 100   

0 mmHg       

5 mmHg       

10 mmHg 51.95 100 100 

15 mmHg 45.17 89.29 100 

100,000 cells/well 

12 

hours 

24 

hours 

48 

hours 

control PQ 63.56 100 

0 mmHg       

5 mmHg   59.81 100 

10 mmHg 53.64 61.35 100 

15 mmHg 52.27 100   

150,000 cells/well 

12 

hours 

24 

hours 

48 

hours 

control   92.18 100 

0 mmHg       

5 mmHg   96.59 96.89 

10 mmHg 59.22 86.98 100 

15 mmHg 45.35 90.26 100 

200,000 cell/well 

12 

hours 

24 

hours 

48 

hours 

control   100 100 

0 mmHg       

5 mmHg   100 100 

10 mmHg   95.21 100 

15 mmHg       

Table 8: Cell density optimization for the scratch migration assay using the TCC 3 cell line. The 

CO2 exposure occurred 48-hours post cell seeding. The numbers reflect the percent wound 

closure at that time point.
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50,000 Cells/well 

24 

hours 

36 

hours 

48 

hours 

60 

hours 

72 

hours 

control 48.22 42.29 57.50 96.32 100 

0 mmHg 25.44 53.97 53.71 98.73 100 

5 mmHg           

10 mmHg           

15 mmHg           

75,000 cells/well 

24 

hours 

36 

hours 

48 

hours 

60 

hours 

72 

hours 

control 60.18 72.94 78.19 100   

0 mmHg 38.12 53.19 86.14 100   

5 mmHg           

10 mmHg           

15 mmHg 45.84 43.63 76.23 96.25 98.60 

100,000 cells/well 

24 

hours 

48 

hours    

control 74.27 100    

0 mmHg        

5 mmHg 60.24 90.97    

10 mmHg        

15 mmHg        

150,000 cells/well 

24 

hours 

36 

hours 

48 

hours   

control 65.80 91.85 100   

0 mmHg 78.89 65.15 100   

5 mmHg 55.05   92.99   

10 mmHg 87.97   96.91   

15 mmHg 65.54 94.38 100   

200,000 cell/well 

24 

hours 

48 

hours    

control 57.01 100    

0 mmHg        

5 mmHg   78.48    

10 mmHg 88.51 100    

15 mmHg        
Table 9: Cell density optimization for the scratch migration assay using the MDCK cell line. The 

CO2 exposure occurred 48-hours post cell seeding. The numbers reflect the percent wound 

closure at that time point. 


