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Abstract: Background: Laparoscopic surgery requires pneumoperitoneum, achieved by pressure-controlled insuf-
flation with carbon dioxide into the peritoneal cavity. This condition changes the respiratory metabolism, promoting 
lung damage. Purpose: The aim of the present study was to compare the effects of different levels of intra-ab-
dominal pressure (IAP) in a ventilated rat model with normal lungs. Methods: Forty-eight Wistar rats were selected 
at random. Eight rats were assigned to each of the groups. The Sham group was subjected to a sham operation 
without pneumoperitoneum. The remaining groups were subjected to CO2 pneumoperitoneum with 5, 8, 10, 12, 
or 14 mmHg intra-abdominal pressure for 60 minutes. All animals were mechanically ventilated. At the end of the 
experiment, the animals were euthanatized. Their lungs were removed for analysis. Lipid peroxidation, myeloper-
oxidase activity, measurements of cytokines, and histopathological analysis were performed. Results: In the IAP5 
group, all levels were lower, compared with those of other groups. TNF-alpha, IL-1beta, IL-6, lipid peroxidation, and 
myeloperoxidase activity were higher in groups IAP10, IAP12, and IAP14, compared with those of groups IAP5 and 
IAP8. Present results were supported by histopathological examinations. Conclusion: Present findings suggest that 
high-pressure increases oxidative stress and inflammatory-induced lung damage after pneumoperitoneum.
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Introduction

Laparoscopic procedures are important in the 
era of modern surgery. They have been used in 
the diagnosis and treatment of a large number 
of specialties. Laparoscopy brings many advan-
tages. However, it also requires special care 
because of transient physiologic changes pro-
moted by the insufflation of gases in the 
abdominal cavity [1-6].

Laparoscopic surgeries require pneumoperito-
neum (PNP), usually achieved by pressure-con-
trolled insufflation of carbon dioxide into the 
peritoneal cavity. In clinical practice, this gas is 
used with inflation pressures above 10 mmHg 
in adults. Although PNP is a complex event, it is 
well-tolerated with a pathophysiological condi-
tion characterized by increased intra-abdomi-
nal pressure (IAP) with low perfusion in abdomi-
nal organs. Re-establishment of flow (reperfu-
sion) occurs with deflation of the abdominal 

cavity with significant hemodynamic and respi-
ratory effects, as well as specific changes in 
intra-abdominal organs. This condition of “isch-
emia-reperfusion” (IR) leads to important eff- 
ects, including hemodynamic, respiratory, and 
oxidative stress. Thus, intra-abdominal pres-
sure during laparoscopic surgery can cause 
injuries, affecting local and distant tissues 
[7-10]. Despite the clear advantages of laparo-
scopic surgery in terms of patient outcomes, 
increased intra-abdominal pressure (IAP) may 
give rise to significant organ ischemia in the 
splanchnic organs, even in remote organs, such 
as the lungs [11]. This IR process leads to the 
production of reactive oxygen species (ROS). 
This can cause oxidative cell damage, as well 
as activation of inflammatory mediators, initi-
ated immediately after reperfusion. This can 
last for a few hours [12-18].

In summary, intra-abdominal insufflation with 
CO2 elevates the diaphragm. This condition 
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increases intrathoracic pressure, decreasing 
respiratory system compliance associated with 
hypoxemia, atelectasis, edema, and barotrau-
ma [19, 20]. Recruitment maneuvers for reduc-
tion at the atelectasis area increase lung 
stress. These may contribute to postoperative 
pulmonary dysfunction [21-24]. 

Based on the above issues, it was hypothesized 
that high IAP would promote more pulmonary 
lesions, increasing inflammatory cytokines and 
reactive oxygen species production in the 
lungs. The aim of the current study was to eval-
uate the implications of PNP with different 
pressure levels of CO2, examining the effects 
on lung morphological and biochemical pa- 
rameters.

Materials and methods

All animal care and manipulations were app- 
roved by the Institutional Research Committee 
of the Federal University of São Paulo, in accor-
dance with National Institute of Health (NIH) 
guidelines regarding animal experimentation, 
along with guidelines of the 3R’s (Council Di- 
rective 86/609/EEC and new limits for the use 
of animals in experiments by the European 
Parliament in 2010).

The current study was performed on adult male 
Wistar albino rats (n = 8/group, weighing 200-
250 g; 3 to 4-months-old). These animals were 
obtained from the Federal University of São 
Paulo (UNIFESP, SP, Brazil) and were housed in 
the vivarium under a controlled temperature 
(±22°C) and photoperiod (12-hour light/dark 
period), with free access to water and food. A 
2-week acclimatization period was conducted 
before experimental manipulations were initi-
ated. Aiming to avoid interference factors relat-
ed to circadian rhythms, all studies were per-
formed between 8 and 10 am.

Anesthetic and ventilatory procedures

The rats were anesthetized with intramuscular 
(IM) injections of ketamine (40 mg/kg; Ce- 
tamin™, Syntec, Brazil) and xylazine (10 mg/kg; 
Anasedan™, Seva, Brazil). They were placed in 
the supine position on a thermostatically regu-
lated heating pad (36.7-37°C). The abdomens 
were shaved and washed with 10% povidone 
iodine. Muscular relaxation was performed with 
IM injections of 2 mg/kg of neuromuscular 

blocking (Pancuron™, Cristália, Brazil), follow-
ing tracheostomy (16 G cannula) procedures for 
mechanical ventilation (Inspira ASV, Harvard 
Apparatus, MA, United States) in the volume-
controlled ventilation mode. Tidal volume (VT) 
of 6 mL/kg, respiratory rate (RR) of 70 incur-
sions/min, PEEP of 2 cmH2O, and inspired oxy-
gen fraction ratio (FiO2) of 0.21 were main-
tained to end-tidal CO2 at 30-35 mmHg.

Pneumoperitoneum

The animals were randomized using a specific 
program (random.org) and divided into 6 groups 
(n = 8/group), using the three R’s rules (reduce, 
reuse, and recycle), as follows: 1) Sham: Only 
the angiocatheter (18-G cannula) was posi-
tioned in the peritoneal cavity without insuffla-
tion (zero pressure); 2) IAP5: Intra-abdominal 
insufflation with 5 mmHg of CO2; 3) IAP8: Intra-
abdominal insufflation with 8 mmHg of CO2; 4) 
IAP10: Intra-abdominal insufflation with 10 
mmHg of CO2; 5) IAP12: Intra-abdominal insuf-
flation with 12 mmHg of CO2; and 6) IAP14: 
Intra-abdominal insufflation with 14 mmHg of 
CO2. After experimentation and gradual decom-
pression, pH concentrations in arterial blood 
gas were analyzed. The animals were eutha-
nized using high anesthetic doses (1 mL/100 g 
of weight) of T-61 euthanasia solution (Hoechst 
& Roussel, USA).

Capnoperitoneum was performed for 60 min-
utes using an electronic laparoflator insufflator 
(Karl Storz GmbH, Germany). Immediately after 
euthanasia, thoracotomy procedures were per-
formed and the lungs were removed. The right 
lungs were divided. One part (right cranial lobe) 
was homogenized in ice-cold potassium chlo-
ride solution (1.5%, pH 7.4; Desrruptor Ul- 
trasonic, Thorton, Brazil), yielding 10% (w/v). It 
was centrifuged (2,500 rpm for 10 minutes, at 
4°C; VitchLab, DAIKI, Model DTR 16000, SP, 
Brazil) and supernatants were stored at -20°C 

until analysis. Biochemistry analysis was per-
formed using a spectrophotometer (Genesys™, 
Thermo Scientific, USA). The other part was 
used for histological analysis.

ELISA for myeloperoxidase activity (MPO), 
malondialdehyde (MDA), and cytokines

MPO activity and malondialdehyde (MDA) were 
measured, evaluating oxidative stress. Leve- 
ls were determined using an ELISA kit (Zen™ 
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Myeloperoxidase ELISA Kit, Sigma-Aldrich,  
EUA) and an OxiSelect™ MDA Adduct ELISA kit 
(Cell Biolabs, Inc., USA), according to manufac-
turer instructions. 

ELISA kits specific for rats TNF-α (KAP1751), 
IL-1β (KAP1211), and IL-6 (KAP1261) (Dia- 
Source, Belgium) were used to determine con-
centrations of cytokines in tissue homoge-
nates, according to manufacturer recommen- 
dations.

Histological examinations

The other parts of the lungs (right caudal lobe) 
were dipped in 10% formalin, embedded in par-
affin, and cut into sections of 4 μm. The slides 
were stained with hematoxylin and eosin (H&E) 
and interpreted under an optical microscope 
(Zeiss Axion Image A2™, Germany). They were 
used for descriptive analysis, conducted by two 
blinded pathologists. Damaged levels in these 
sections were described according to the 
extent of interstitial cellular infiltration, alveolar 
protein exudation, and tissue hemorrhaging.

Statistical analysis

Mean (M) ± standard deviation (SD) was used 
to analyze present data. Biochemistry data 

were compared using Graph Pad PRISM via 
one-way analysis of variance with Dunn’s least 
significant difference tests. P < 0.05 indicates 
statistical significance.

Results

No animals died during the experimental proce-
dures. Acidosis was most observed in the IAP14 
group (6.827±0.1464). Levels were higher com-
pared with other groups (p < 0.05). No differ-
ences were observed between the Sham gro- 
up and IAP5 (7.29±0.045) and IAP8 (7.281± 
0.029), IAP8 with IAP10 (7,11±0.057), and 
IAP10 with IAP12 (7.01±0.051). 

Figures 1-5 shows the average for all parame-
ters analyzed, including TNF-alpha, IL-1beta, 
IL-6, MDA, and MPO, respectively, as well as 
results of histological analyses with illustrative 
images of the changes.

TNF-alpha (Figure 1) values were significantly 
higher for all experiments, compared with those 
of the Sham group (p = 0.001), except for com-
parisons between the experimental group IAP5 
and Sham group and between IAP5 and IAP8 
experimental groups.

Figure 1. Effects of CO2 pneumoperitoneum at different IAPs on tissue TNF-alpha concentrations. TNF-alpha levels 
were not significantly different between Sham and IAP-5 groups. Significant differences were observed comparing 
the Sham group with all other groups, IAP8 with IAP10, IAP10 with IAP12, and IAP12 with IAP14. TNF-alpha, tumor 
necrosis factor-alpha; IAP, intra-abdominal pressure.
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Regarding IL-1beta (Figure 2), there were sig-
nificant differences for all comparisons bet- 
ween the control group and other experimental 
groups (p = 0.001), except for comparisons 
between the experimental group IAP5 and 

Sham group and IAP5 and IAP8 experimental 
groups.

IL-6 levels (Figure 3) were significantly higher 
for all comparisons between the control group 

Figure 2. Effects of CO2 pneumoperitoneum at different IAPs on tissue IL-1b concentrations. IL-1b levels were not 
significantly different between Sham, IAP-5, and IAP8 groups. Significant differences were observed comparing the 
Sham group with all other groups and comparing IAP8 with IAP10, IAP10 with IAP12, and IAP12 with IAP14. IL1b, 
interleukin-1beta; IAP, intra-abdominal pressure.

Figure 3. Effects of CO2 pneumoperitoneum at different IAPs on tissue IL-6 concentrations. IL-6 levels were not sig-
nificantly different between Sham and IAP-5 groups and between the IAP5 and IAP8 groups. Significant differences 
were observed comparing groups IAP8 with IAP10, IAP10 with IAP12, and IAP12 with IAP14.
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(Sham) and other experimental groups (p = 
0.001).

Tissue analysis showed increased MDA con-
centrations (Figure 4) in the lungs for groups 

IAP8, IAP10, IAP12, and IAP14, compared with 
the Sham and IAP5 groups (p = 0.001). Rats 
subjected to CO2 PNP with 8, 10, 12, and 14 
mmHg showed significant differences, compar-
ing IAP8 with other groups (p = 0.001), IAP10 

Figure 4. Effects of CO2 pneumoperitoneum at different IAPs on tissue MDA concentrations. MDA levels were signifi-
cantly higher in groups IAP8, IAP10, IAP12, and IAP14 than in Sham and IAP5 groups. No differences were observed 
between Sham and IAP5 groups.

Figure 5. Effects of CO2 pneumoperitoneum at different IAPs on tissue MPO concentrations. MPO levels were sig-
nificantly higher in groups IAP8, IAP10, IAP12, and IAP14, compared with those of the Sham group. There were 
no statistical differences between the Sham and IAP5 and IAP8. MPO groups, myeloperoxidase activity; IAP, intra-
abdominal pressure.
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with IAP12 and IAP14 (p = 0.001), and IAP12 
with IAP14 (p = 0.001).

MPO levels (Figure 5) were significantly higher 
in group IAP14 than in other groups (p = 0.001). 
However, there were no differences in MPO lev-
els between groups IAP5, compared with IAP8.

According to histological evaluations, analyses 
of different groups showed histological chang-
es more noticeable in the groups with major 
intra-abdominal pressure regimes. Differences 
were clearer when comparing extreme groups 
(Sham and lower pressures vs. higher pres-
sures). In the group undergoing the regime of 
higher pressures (IAP14), there was markedly 
severe disruption of the alveolar septa, edema, 
diffuse bleeding, and presence of increased 
inflammatory infiltration. This can be seen in 
the comparative picture below. IAP10 and 
IAP12 groups showed changes in the cellular 

analyzed six different groups using five differ-
ent levels of IAP to measure the consistency 
and magnitude of differences of pulmonary 
changes with respect to oxidative stress and 
inflammatory response. Most studies have 
used two to three different IAP regimes [25-28] 
and the used other gases (e.g. nitrous oxide, 
helium, or room air). However, the most used is 
CO2 [29]. 

Reduction of the antioxidant defenses makes 
cells more susceptible to oxidative attacks 
[30]. After 30 minutes of abdominal deflation, 
reperfusion in the abdominal organs resulted in 
increased oxidative stress and lipid peroxida-
tion [27]. Cevrioglu et al. reported increased 
plasma oxidative stress (MDA) and cytokine 
response (TNF-alpha and IL-6) in a group receiv-
ing 15 mmHg IAP [18]. The present study cor-
roborated and expanded their results by analyz-
ing MDA and cytokines in the lung tissues, find-

Figure 6. Histological evaluations of the alveoli in group IAP14, showing wall 
thickening and rupture of the alveolar septum (thin full arrow), edema (as-
terisk), red blood cell (thin small arrow), and PMN influx (thin long arrow). Re-
garding the other groups, alterations in the alveolar structure were observed 
in lesser extension in the lower pressure groups, except for Sham and IAP5 
groups.

architecture with swelling, rup-
turing of the septum, and in- 
flammatory infiltration. How- 
ever, these were at lower lev-
els than the IAP14 group and 
clearly higher than the IAP8, 
IAP5, and Sham groups. Sam- 
ples of lung tissues of the 
IAP8 group showed some ch- 
anges in the architecture, al- 
veolar damage, increased al- 
veolar septum, and inflamma-
tory infiltration, although to a 
lesser degree than the groups 
subjected to higher pressure 
regimes, as shown in Figure 6.

Discussion

The current study was de- 
signed to determine the im- 
pact of different IAP on the 
lungs. Present findings were 
quite consistent and main-
tained a standard throughout 
the different groups, showing 
a direct relationship between 
the inflation pressure of the 
PNP and pulmonary chang- 
es, evaluating oxidative stress 
(MDA and MPO), inflammatory 
cytokines (TNF-alpha, IL-1be- 
ta, and IL-6), and histological 
findings. The current study 
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ing higher values for the IAP14 group, com-
pared with those of the other groups (p < 0.05). 

In another study, Runck et al. observed de- 
creased compliance of the respiratory system 
after increases of the IAP in mechanically venti-
lated mice [21]. The progressive increase of IAP 
promotes an inversely proportional reduction in 
respiratory compliance. The decrease in the 
compliance of the respiratory system implies 
an average increase in the inspiratory pressure 
values for compensation, leading to increased 
driving pressure, exposure of the respiratory 
system under physiological systems with higher 
pressures, and more inflammation and ROS 
production. To prevent atelectasis, hypoxemia, 
and pulmonary lesions, PEEP should not be 
neglected in counteracting IAP. Therefore, high-
er IAPs will lead to greater resistance in the 
respiratory system. This is directly associated 
with an increase of inflammatory markers [31, 
32], in accordance with current results.

Pneumoperitoneum increases inflammation of 
cytokines, causing damage in cell structures, 
capillary endothelium, and pulmonary tissues, 
resulting in lung injuries [31]. During laparos-
copy surgery, the production of TNF-alpha has 
been associated with the activity of peritoneal 
macrophages. After pneumoperitoneum, it has 
been associated with increased levels of IL-6 
and TNF-alpha [18, 33-36]. Present results 
show an increase in inflammatory mediators in 
the lung tissues as IAP increased.

Strang et al. [37], in a porcine model, demon-
strated the direct correlation between in- 
creased IAP pressure and atelectasis inci-
dence. Different IAP CO2 levels were applied to 
mechanically ventilated pigs in the supine posi-
tion. The proportion of atelectasis was ass- 
essed after the application of PNP. The follow-
ing results were found: Control group (without 
PNP inflation) presented 4% of atelectasis on 
average, group IAP8 showed 9%, group IAP12 
had 12%, and group IAP16 presented 16% of 
atelectasis. Results showed a direct relation-
ship between increases in PNP inflation pres-
sure and the presence of atelectasis.

In the current study, histopathological examina-
tions of the lung tissues were consistent with 
biochemical data analyses. Histological indica-
tors showed significant tissue damage in the 
IAP12 and IAP14 groups. There was a clash of 

pressure due to mechanical ventilation associ-
ated with intra-abdominal insufflations (PNP), 
likely leading to some pulmonary hypoperfu-
sion. This is in accordance with previous stud-
ies. In contrast, low intra-abdominal pressure 
levels and reduced pulmonary damage were 
seen, confirming the beneficial effects of the 
use of lower intra-abdominal pressure levels for 
PNP inflation, in accord wtih other studies 
[38-42].

PNP induces oxidative stress systemically. The 
same occurs in lungs submitted to a regime of 
non-physiological pressure levels. This further 
accentuates the change in homeostasis. In- 
flammatory factors caused by surgery trauma, 
PNP pressure, and mechanical ventilation pro-
mote the formation of these ROS events, which 
are time-exposure dependent [39-43].

The current study, however, had several limita-
tions. First, results of this study clearly showed 
no different ventilatory parameters when using 
different PNPs. Second, the position of the rats 
was not studied. This condition may have aff- 
ected concentrations of oxidative stress and 
inflammatory mediators in the lungs. Moreoer, 
this study was not able to differentiate changes 
in activity and expression of other analyses of 
anti-oxidative and anti-inflammatory media-
tors. Third, this study was conducted in healthy 
rats. Fourth, the current study did not evaluate 
the activity of lungs and peritoneal macro- 
phages.

Conclusion

In conclusion, the current study shows that lung 
inflammatory mediators and oxidative stress 
were increased with increased intra-abdominal 
pressure, confirmed by histological analysis. 
Although these findings are not transferrable to 
clinical practice, they highlight the future poten-
tial of the use of low intra-abdominal pressure 
during CO2 pneumoperitoneum in laparoscopic 
surgery.
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