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Abstract

Background Although CO, is the insufflation gas of
choice in laparoscopic procedures, room air is usually used
in natural orifice transluminal endoscopic surgery. The aim
of the present study was to compare the safety of room air
versus CO, pneumoperitoneum in terms of their effect on
the oxidative state, apoptosis and tissue injury of
splanchnic organs.

Methods FEighteen Wistar rats were assigned to three
groups (n = 6 per group) and were subjected to 8 mm Hg
room air (group Pne-Air) or CO, pneumoperitoneum
(group Pne-CO,) or sham operation for 60 min. Forty-five
minutes postdeflation, tissue samples were excised from the
liver, stomach, ileum and kidneys for reduced glutathione-
to-glutathione disulfide (GSH/GSSG) ratio, caspase-8 and
caspase-3 and hypoxia-inducible factor-la (HIF-1o)
immunohistochemical assessment and histopathologic
examination.

Results GSH/GSSG ratio substantially declined in both
pneumoperitoneum groups. No change was noted in HIF-
1o expression. Mild upregulation of caspase-8 and caspase-
3 was noted in both pneumoperitoneum groups being less
pronounced in group Pne-Air. Histopathologic score was
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increased in all organs studied, but the stomach, in both
pneumoperitoneum groups.

Conclusion Pneumoperitoneum established by either
room air or CO, induced substantial oxidative stress, mild
apoptosis and mild tissue injury in splanchnic organs.
While air pneumoperitoneum conferred a less pronounced
apoptotic effect, the oxidative state and histopathologic
profile of splanchnic organs did not differ between insuf-
flation gases.

Keywords Pneumoperitoneum - Room air - Carbon
dioxide - Oxidative stress - Apoptosis

Natural orifice transluminal endoscopic surgery (NOTES)
is a revolutionary method of minimally invasive surgery
that combines endoscopy with laparoscopy to perform
diagnostic and therapeutic procedures on splanchnic organs
via natural orifices (mouth, urethra, vagina or anus). The
method is performed using rigid or flexible endoscopes that
facilitate the establishment of pneumoperitoneum and the
insertion of standard or specially designed endoscopic
instruments through their working channels into the
abdominal cavity. Standard endoscopes are designed to
insufflate hollow organs under inspection with room air in
order to optimize their visualization, facilitate advance-
ment of the endoscope and gain working space. For prac-
tical reasons, pneumoperitoneum in NOTES procedures is
usually created by insufflation of room air, although carbon
dioxide (CO,) is considered the insufflation gas of choice
in laparoscopic procedures [1].

Nevertheless, CO, pneumoperitoneum has been shown
to induce oxidative stress [2, 3]. There is evidence that this
effect is attributed not only to high intraabdominal pressure
but also to the type of the insufflation gas used [3].
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Systemic absorption of CO, leads to increased pCO, and
decreased systemic pH with subsequent visceral vasocon-
striction and reduction in splanchnic organs’ blood flow
[4]. With deflation, this ischemia—reperfusion insult pro-
motes tissue oxidative stress which is a key triggering
factor of apoptosis and hence tissue injury [5].

Given that room air tends to be used in NOTES proce-
dures, the issue of its safety compared to CO, pneu-
moperitoneum is currently under debate. The aim of the
present study was to compare the safety of room air against
CO, pneumoperitoneum in terms of their effects on the
oxidative state, apoptosis and the tissue damage of
splanchnic organs in a rat model.

Materials and methods
Animals

Eighteen male Wistar rats, 4 months of age, weighing
300-350 g, provided from our laboratory’s rat colony,
were used. They were housed in polycarbonate cages, three
rats per cage, at 20-22 °C room temperature, on a 12:12-h
light/dark cycle, and were provided with commercial pel-
leted diet and tap water ad libitum.

Experimental design

Animals were assigned to three groups of six rats each and
were subjected to 8 mm Hg room air pneumoperitoneum
(group Pne-Air), 8 mm Hg CO, pneumoperitoneum (group
Pne-CO,) or sham operation (group Sham) for 60 min.
Forty-five minutes postdeflation, tissue samples were
excised under general anesthesia from the liver, stomach,
ileum and kidneys for oxidative state and apoptosis
assessment and histopathologic examination. Finally, the
animals were euthanized by exsanguination. The experi-
mental protocol was approved by the Animal Care and Use
Committee of the local veterinary service (License number
T/701/17-3-2010) since it complied with the requirements
set by the Directive 86/609/EEC and the PD 160/91 which
was the legislation in force at the time of experimentation.

Animal preparation

Animals were anesthetized by intraperitoneal injection of
ketamine (90 mg/kg) and placed at a supine position on a
heated-surface operation table. After proper preparation of
the surgical field (clipping of the abdomen and disinfection
with 10 % povidone iodine solution), a 21G intravenous
catheter was inserted intraabdominally through the
umbilicus, connected to a insufflator tube and inflated the
abdominal cavity with either room air (group Pne-Air) or

CO, (group Pne-CO,) up to a 8-mm Hg intraabdominal
pressure for a 60-min period (Insufflator for Laparoscopy,
Lemke Vision F103, World of Medicine A.G., Lud-
wigsstadt, Germany). Another 21G intravenous catheter
was inserted intraabdominally through the midline to
facilitate relief of gas and equilibration of intraabdominal
pressure. No gas was insufflated in group Sham.

Oxidative state assessment

Tissue oxidative state was assessed on the basis of reduced
glutathione-to-glutathione disulfide ratio (GSH/GSSG). The
concentrations (UM) of GSH and GSSG were measured in
tissues using a commercially available kit (GSH/GSSG
Ratio Assay Kit, CALBIOCHEM, San Diego, CA) accord-
ing to the manufacturer’s instructions. The assay utilizes
glutathione reductase and allows quantitative assessment of
GSSG by the use of the thiol-scavenging reagent 1-methyl-
2-vinylpyridinium trifluoromethane sulfonate (M2VP, US
Patent 5,543,298) that rapidly scavenges GSH without
interfering with the glutathione reductase assay. Ileal seg-
ments, approximately 5 cm long, were excised and opened
longitudinally to expose the mucosal epithelium which was
rinsed with ice-cold normal saline (0.9 % NaCl). The
mucosal layer was then harvested by gentle scraping of the
epithelium with a glass slide. Tissue specimens were also
harvested from the liver, kidneys and stomach. Homologous
pieces of each tissue (weighing approximately 10 mg) were
collected in pairs of preweighed Eppendorf tubes. One tube
was empty, while the other contained the scavenger M2VP.
The samples were homogenized therein before being snap-
frozen in liquid nitrogen and stored at —75 °C until later
analyzed. The tube which did not contain the scavenger was
meant for quantification of GSH concentration, while the
other was meant for quantification of GSSG concentration.
The assay was performed measuring the rate of optical
density change of 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB) used as a chromophore at 412 nm (DOD412/min).
For each pair of homologous samples, the levels of GSH and
GSSG were determined by reference to standard corre-
sponding concentrations of GSH (supplied by the manu-
facturer) and were recalculated per mg of protein content of
the corresponding samples. Finally, the GSH/GSSG ratio
was calculated according to the formula: ratio = [(GSH)-
2(GSSG)]/(GSSG).

Histopathology: immunohistochemistry

Tissue specimens excised from the liver, ileum, stomach
and kidneys were fixed in 10 % formalin solution and
embedded in paraffin according to standard procedures.
Histopathologic examination was performed in 4 um
hematoxylin—eosin-stained sections under a Nikon Eclipse
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50i microscope (Nikon/Kawasaki, Japan). The histopatho-
logic endpoints evaluated for each organ tissue were the
following: liver: hyperemia/distension of sinusoidal space,
hepatocellular degeneration/steatosis, portal infiltration,
necrosis; ileum: (a) mucosa: neutrophil granulocyte infil-
tration, lymphocyte/plasmacell infiltration, (b) intestinal
crypts: hyperplasia, neutrophil granulocyte infiltration,
lymphocyte/plasmacell infiltration, (c) stroma: edema,
hyperemia, neutrophil granulocyte infiltration, lympho-
cyte/plasmacell infiltration, (d) submucosa: neutrophil
granulocyte infiltration, lymphocyte/plasmacell infiltration,
hyperemia/vascular dilatation, (e) serosa/mesenterium:
hyperemia/vascular dilatation; stomach: hyperemia, dis-
tension, infiltration; kidneys: hyperemia/distension of
parenchymal blood vessels, hyperemia/distension of renal
corpuscles’ blood vessels, interstitial nephritis, tubular
necrosis, perivascular infiltration; Stomach: hyperemia,
distension of blood vessels. Severity of lesions was quan-
tified according to the following scoring system: 0, none; 1,
mild; 2, moderate; and 3, severe. Lesion severity scores
were added to obtain the histopathologic score.

Four-micron (4 pum) sections of representative blocks from
each case were obtained for immunohistochemical assess-
ment. They were deparaffinized, rehydrated, and treated with
0.3 % H,0, for 5 min in methanol to prevent endogenous
peroxidase activity and were immunostained using the
Chemicon [THC Select Immunoperoxidase secondary detec-
tion system (Chemicon International Inc/Temecula, CA,
USA). They were then incubated for 60 min with the rabbit
polyclonal antibody caspase-3-active (Acris Antibodies, San
Diego, CA, USA), the rabbit polyclonal antibody caspase-8
(Acris Antibodies) or the mouse monoclonal antibody
hypoxia-inducible factor-1o. (HIF-1a, Santa Cruz Biotech-
nology, Dallas, Texas, USA) at 1:80, 1:80 or 1:250 dilutions,
respectively. Control slides were incubated for the same
period with nonimmunized rabbit serum (negative control).
Positive controls were, also, set up during the process. Bound
antibody complexes were stained for 10 min with freshly
prepared 0.05 % diaminobenzidine (DAB). Sections were
then briefly counterstained with Mayer’s hematoxylin,
mounted, and examined under a Nikon Eclipse 50i micro-
scope. Caspase-3, caspase-8 and HIF-1a tissue expression
was graded in terms of density and extent of presence of
positively stained cells in the entire slide, according to the
following scoring system: 0, absence; 1, low; 2, moderate;
and 3, high. The score for each histopathologic and
immunohistochemical parameter was the average of scores
obtained by two independent operators.

Statistical analysis

Before the beginning of the study, a sample size calculation
was performed with 80 % power and o error set at 0.01
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(two-sided). We estimated that a maximum of 6 rats per
group would be required to detect a difference of 12 in
GSH/GSSG ratio, 0.3 in caspase-8 expression score and 1.4
in histopathologic score with 10.0, 0.2 and 1.0 standard
deviations, respectively. Data were expressed as
means =+ standard deviation. After normality of data was
tested with the Kolmogorov—Smirnov test, those were
subjected to analysis of variance (ANOVA). The Bonfer-
roni test was used for multiple comparisons among groups.
A p < 0.05 was considered statistically significant.

Results
All animals survived during the experimental period.
Ocxidative state

Severe oxidative stress was induced in both pneumoperi-
toneum groups, as evidenced by a substantial decrease in
GSH/GSSG ratio, in all organs studied. However, no dif-
ference was noted between pneumoperitoneum groups

(Fig. 1).
HIF-1a

No significant changes in HIF-1a tissue expression were
noted among groups in all tissues studied (data not shown).

Apoptosis

Immunohistochemical analysis revealed a mild upregula-
tion of apoptosis markers in both pneumoperitoneum
groups. Mild upregulation of caspase-8 expression was
noted in both pneumoperitoneum groups in the liver, ileum
and stomach, while it was noted only in group Pne-CO, in
the kidneys (Fig. 2). Expression score was lower in group
Pne-Air compared to Pne-CO, in the ileal tissue (Fig. 3).
Mild upregulation of caspase-3 expression was also noted
in both pneumoperitoneum groups in the liver, ileum and
stomach, but not the kidneys. Expression score was lower
in group Pne-Air compared to group Pne-CO, in the ileal
and stomach tissue (Fig. 4).

Histopathology

Histopathologic lesions noted in each organ tissue are
presented in Table 1. Histopathologic score was increased
in both pneumoperitoneum groups in the kidneys and
ileum, while only in group Pne-Air in the liver. In specific,
the increase was attributed (a) in the kidneys to mild
hyperemia/distension of parenchymal and renal corpuscles’
blood vessels, (b) in the ileum to mild inflammatory cell
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Fig. 1 Tissue GSH/GSSG ratio (mean, n = 6) following room air pneumoperitoneum (group Pne-Air), CO, pneumoperitoneum (group Pne-
CO,) or sham operation (group Sham). Error bars represent standard deviation. *p < 0.001 versus group Sham
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Fig. 2 Representative caspase-8, caspase-3 and hematoxylin—eosin-
stained slides from liver, kidneys, ileum and stomach tissues
following room air (group Pne-Air) or CO, pneumoperitoneum
(group Pne-CO,). Caspase-8: mild expression in all organs; caspase-
3: mild expression in liver, ileum and stomach, absence in kidneys;
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hematoxylin—eosin: liver, mild hyperemia/distension of sinusoidal
space; kidneys, mild hyperemia/distension of parenchymal and renal
corpuscles’ blood vessels; ileum, mild inflammatory cell infiltration
of all layers and hyperemia of the intestinal crypts; stomach, mild
hyperemia and distension of blood vessels
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Fig. 3 Caspase-8 immunohistochemical tissue expression score
(mean, n = 6) following room air pneumoperitoneum (group Pne-
Air), CO, pneumoperitoneum (group Pne-CO,) or sham operation
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Fig. 4 Caspase-3 immunohistochemical tissue expression score
(mean, n = 6) following room air pneumoperitoneum (group Pne-

Air), CO, pneumoperitoneum (group Pne-CO,) or sham operation
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Table 1 Histopathologic lesions (mean + standard deviation, n = 6) noted in splanchnic organs’ tissues following room air pneumoperitoneum
(group Pne-Air), CO, pneumoperitoneum (group Pne-CO,) or sham operation (group Sham)

Organ tissue Histopathologic lesions Group
Sham Pne-Air Pne-CO,
Liver Hyperemia/distension of sinusoidal space 0.6 £0.5 1.4 £ 0.5 1.2 +£04
Hepatocellular degeneration/steatosis 0.0 £ 0.0 0.1 £0.2 0.0 £0.0
Portal infiltration 0.1 £0.2 0.6 £0.4 02+£03
Necrosis 0.1 £0.2 0.1 £0.2 0.0 £0.0
Histopathologic score 0.8 £0.8 2.2 £ 0.6 14 £07
Kidneys Hyperemia/distension of parenchymal blood vessels 0.6 £ 0.5 1.6 £ 0.5 1.6 £ 0.5
Hyperemia/distension of renal corpuscles’ blood vessels 04 £05 1.2£04 1.2 £04
Perivascular infiltration 0.0 £ 0.0 03+03 0.5+ 0.0
Histopathologic score 1.0+ 1.0 3.1 £ 1.1% 33 £ 0.8%
Ileum
Mucosa Neutrophil granulocyte infiltration 0.0 £ 0.0 02+04 0.0 £0.0
Lymphocyte/plasmacell infiltration 0.8 +£04 1.0 £ 0.0 1.0 £ 0.0
Intestinal crypts Lymphocyte/plasmacell infiltration 0.6 £ 0.5 1.0 £ 0.0 14+ 05
Stroma Hyperemia 0.0 £ 0.0 1.0 £ 0.0 1.0 £ 0.0
Neutrophil granulocyte infiltration 0.0 £ 0.0 02+03 02+03
Lymphocyte/plasmacell infiltration 0.6 £0.5 1.0 £ 0.0 0.8 £0.3
Submucosa Lymphocyte/plasmacell infiltration 0.0 £ 0.0 0.2+03 0.7 £0.3
Hyperemia/vascular dilatation 12 +£04 0.6 £0.5 1.0 £ 0.0
Serosa/mesenterium Hyperemia/vascular dilatation 1.0 £0.0 1.0 £ 0.0 1.0 £ 0.0
Histopathologic score 4.8 £ 0.8 6.2 + 0.6* 7.1 £ 0.9*
Stomach Hyperemia 04 £05 0.8 £04 1.0 £ 0.0
Distension of blood vessels 04 £0.5 0.8 +£04 1.0 £ 0.0
Histopathologic score 0.8 £ 1.1 1.6 £ 0.9 2.0+ 0.0

* p < 0.01 versus group Sham

infiltration of all layers and hyperemia of the intestinal
crypts, stroma and serosa/mesenterium and (c) in the liver
to mild hyperemia/distension of sinusoidal space (Fig. 2).
However, no differences were noted between pneu-
moperitoneum groups. No statistically significant change
was noted in the stomach.

Discussion

While CO, is considered the insufflation gas of choice in
laparoscopy, room air is usually used in practice for the
establishment of pneumoperitoneum in NOTES proce-
dures. According to the results of the present comparative
experimental study, both gases induced substantial oxida-
tive stress, mild apoptosis and mild tissue injury in
splanchnic organs. Room air yielded similar side effects to
those of CO, with regard to the oxidative state and
histopathologic profile of splanchnic organs, while it had a
less pronounced apoptotic effect.

Carbon dioxide is a nonflammable, quickly absorbed
and excreted gas whose properties favor it over other gases
in standard laparoscopic procedures. Nevertheless, it has
been associated with respiratory, hemodynamic and meta-
bolic problems [1]. On the other hand, room air, which is
composed of N, (78 %), O, (21 %) and Ar (1 %), supports
combustion, is slowly absorbed and carries a higher risk of
venous embolism [1, 6]. There is accumulating evidence
from experimental studies supporting the safe use of room
air in laparoscopy. Intraabdominal insufflation of air
caused similar cardiorespiratory [7] and peritoneal
inflammatory responses to that of CO, [8], setting under
new debate the safety of those gases. Other gases to sub-
stitute CO, in laparoscopic procedures are also under
study; these include helium, argon and nitrogen which may
increase the risk of venous gas embolism, as well as nitrous
oxide which, however, supports combustion [1].

Pneumoperitoneum induces oxidative stress. Increased
intraabdominal pressure (>8 mm Hg) in humans alters
systemic and local hemodynamics, leading to ischemia of
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splanchnic organs [3]. In the present project, pneumoperi-
toneum-induced consequences were evaluated in our rat
model at 8§ mm Hg intraabdominal pressure which,
according to experimental studies, correlates with high
working pressures applied to humans [9]. Upon deflation,
tissue reperfusion exacerbates oxidative stress-induced
tissue injury. In CO, pneumoperitoneum, there is also a
gas-related effect. Extensive systemic absorption of CO,
may lead to hypercapnia and systemic and tissue acidosis
with subsequent additional visceral vasoconstriction and
reduction in splanchnic organs’ blood flow [4]. This con-
dition places patients with already compromised respira-
tory and/or cardiac functions under risk since they may not
efficiently counterbalance such an effect. It is also associ-
ated with tachycardia, cardiac arrhythmias and pulmonary
edema. Furthermore, it may cause peritoneal irritation and
subsequent postoperative pain, while its use is associated
with immunological impairment [10].

Both clinical and animal studies show that CO, pneu-
moperitoneum results in marked elevation of oxidative
stress biomarkers [2, 3]. GSH/GSSG ratio is considered a
sensitive marker of oxidative stress. Glutathione is the
main nonenzymatic intracellular antioxidant that acts as a
redox buffering system by scavenging reactive oxygen
species. The latter are overproduced at oxidative stress and
act as potent oxidizing and reducing agents that can
directly damage cellular membranes by lipid peroxidation
[11]. Peroxidation of endogenous lipids leads to conversion
of GSH to GSSG with a decline of their ratio [12]. Tissue
GSH/GSSG ratio, malondialdehyde concentration and
superoxide dismutase activity were altered in the liver,
kidneys, jejunum and stomach following insufflation of
CO; up to a 15-mm Hg intraabdominal pressure in rats [2].
In the present study, 8 mm Hg pneumoperitoneum by
either tested gases caused substantial decrease in GSH/
GSSG ratio, while there were no differences between
insufflation gases.

The role of splanchnic ischemia-reperfusion on the
effects noted was evaluated by assessing the expression of
HIF-10, a tissue oxygen deprivation marker. HIF tran-
scription factors play an integral role in the metabolic
changes that drive cellular adaptation to low oxygen
availability [13]. According to our results, tissue expression
of HIF-1a was not altered, highlighting the role of the
insufflating gas per se on the side effects noted and making
comparison between gases more objective.

Oxidative stress plays a pivotal role in apoptosis [S].
Reactive oxygen species and the resulting cellular redox
change can be part of the signal transduction pathway
during apoptosis. Caspases are a family of cysteine pro-
teases that are central regulators of apoptosis. Upon receipt
of apoptotic stimuli, cells activate initiator caspases, such
as caspase-2, 8, 9 and 10, that proteolytically cleave and
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activate downstream effector caspases, such as caspase-3, 6
and 7. These, in turn, cleave a range of substrates, leading
to the dismantling of the dying cell [14]. In the present
study, induction of apoptosis was evidenced by mild
upregulation of caspase-8 and caspase-3, reliable
biomarkers of the early events of apoptosis, in the liver,
ileum, stomach and kidneys. In the air pneumoperitoneum
group, this effect was less prominent in the liver, ileum and
stomach, while absent in the kidneys. Since equal
intraperitoneal pressures, exerting the same mechanical
effect on splanchnic organs, were applied in both study
groups, the aforementioned differentiation represented a
gas-related effect. Subsequently, pneumoperitoneum
caused histopathologically evidenced mild tissue injury in
the liver, ileum and kidneys, but not in the stomach, with
no differences between insufflation gases.

Strategies to prevent a pneumoperitoneum-induced
oxidative stress response and subsequent consequences are
under investigation and have promising results. These
include ischemic preconditioning [15], establishment of
low intraabdominal pressure [16], insufflation with the
inert gas helium [17], and pretreatment with erythropoietin
[18] or the antioxidants melatonin [19] and mesna [2].
Furthermore, the issue of uncontrolled high intraabdominal
pressures that could lead to adverse hemodynamic effects
should be avoided in NOTES procedures. This could be
accomplished by connecting a gas pressure monitoring
system directly to the endoscope [20] or to a Veress needle
that would deliver the insufflation gas transdermally [21].
Taking into account the property of room air in supporting
combustion, safe use of this insufflating gas should be
limited in laparoscopy or laparoscopic procedures that do
not require electrocautery.

In conclusion, intraperitoneal insufflation with room air
conferred similar effects with those of CO, regarding
pneumoperitoneum-induced  oxidative  stress  and
histopathologic lesions of splanchnic organs, while it had a
less pronounced effect on apoptosis. These findings add
novel evidence regarding the safety of these gases that
should be taken into consideration when used in laparo-
scopic or NOTES procedures.
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