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Carbon dioxide (CO2)-pneumoperitoneum is known to favorably modify the systemic immune response
during laparoscopic surgery. The presented studies were designed to determine whether treating animals
with CO2 abdominal insufflation before undergoing a lipopolysaccharide (LPS)-contaminated laparotomy would serve as ‘‘shock prophylaxis’’ and thus improve survival and attenuate cytokine production.
Rats were randomized into five groups: CO2-pneumoperitoneum, helium-pneumoperitoneum, anesthesia control, laparotomy/LPS control, and LPS only control. Animals in the first four groups all received
a laparotomy and a lethal dose of LPS. Immediately preceding their laparotomy, animals in the pneumoperitoneum groups received a 30-minute pretreatment of abdominal insufflation with either CO2 or helium. The anesthesia control group received a 30-minute pretreatment of isoflurane. Animal mortality
was then recorded during the ensuing 72 hours. Subsequently, a similar protocol was repeated for measurements of cytokines. CO2-pneumoperitoneum increased survival at 48 hours compared with LPS control (P !.05), and decreased interleukin-6 plasma levels at 2 hours (P !.05). Abdominal insufflation with
CO2 before the performance of a laparotomy contaminated with endotoxin increases survival and attenuates interleukin-6. The beneficial immune-modulating effects of CO2-pneumoperitoneum endure after
abdominal insufflation. CO2-pneumoperitoneum pretreatment may improve outcomes among patients
undergoing gastrointestinal surgery who are at high risk for abdominal fecal contamination.
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Although laparoscopic surgery was initially
viewed with skepticism, it was eventually received
with enthusiasm as a minimally invasive means for
removal of the gall bladder. Today laparoscopic surgery is used to perform a variety of complex procedures and is an integral part of surgical resident
training.1 Its popularity is attributable to decreased
postoperative pain, faster recovery, decreased tissue
trauma, and a more rapid return to oral intake.2–5
Since its introduction, many studies have been performed to delineate which gas should be used to create the visual intraoperative field. Carbon dioxide
(CO2) has generally been accepted as the best gas because of its biologic properties: colorless, stable,
buffered in the blood, low risk of venous embolism,
and nonflammable/nonexplosive.6,7

Creating a pneumoperitoneum with CO2 is only
recently being recognized as an added benefit of laparoscopic surgery. CO2-pneumoperitoneum has the
added independent benefit of modifying the inflammatory response to injury. Our laboratory has shown
that CO2-pneumoperitoneum has the ability to attenuate the acute phase response in sepsis induced
by LPS and cecal-ligation-puncture.8,9 Furthermore,
we have demonstrated that CO2-pneumoperitoneum
decreases tumor necrosis factor alpha (TNF-a)
and interleukin (IL)-6 production while up-regulating the anti-inflammatory cytokine IL-10.10–12
Consistent with our findings, others have shown that
CO2-pneumoperitoneum reduces levels of TNFa mRNA, IL-6, IL-1 receptor antagonist, and soluble
TNF receptor-1.13–15 More important, our
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laboratory has shown that CO2-pneumoperitoneum
increases survival in rodents challenged with endotoxin.16 However, the mechanism underlying this
phenomenon is only partially understood. Although
smaller incisions in laparoscopic surgery have been
advocated as the main factor in decreasing the inflammatory response,14 our research highlights the active
biologic state induced by CO2 as integral to the
mechanism behind the potentially beneficial immunomodulatory properties observed during laparoscopic surgery. We have shown that CO2
insufflation given immediately after an LPS-contaminated laparotomy (6 cm) protects rodents from endotoxic shock.16
Intra-abdominal infection and sepsis continue to
be a problem in surgical and critically ill patients.17,18 Sepsis continues to have a high mortality
(30%–70%) despite advanced technology and intensive therapy.19 This study explores the possibility of
an alternative means of preventing intra-abdominal
sepsis. We hypothesized that CO2-pneumoperitoneum pretreatment would also offer protection
against sepsis after a lipopolysaccharide (LPS)-contaminated laparotomy. Specifically, here CO2 insufflation was used as a prophylactic agent to prevent
the development of endotoxic shock.

MATERIALS AND METHODS
General Procedures
Adult male Sprague-Dawley rats (Charles River
Laboratories, Wilmington, MA) weighing approximately 250 to 350 g were housed in plastic cages
where standard chow and water were available ad libitum. Animals were acclimatized to their environment for 3 to 5 days after arrival and were then
fasted for 16 hours before procedures. The animal
housing environment maintained a 12-hour light/
dark cycle, a temperature of 72  F, and a humidity
ranging between 30% and 70%. All surgical procedures were performed under aseptic conditions. Before surgery, rats were preanesthetized rapidly in
a 15 3 15-inch glass jar using vaporized isoflurane
(‘‘IsoFlo,’’ Abbot Laboratories, North Chicago,
IL). Spontaneously breathing anesthetized animals
were placed supine and restrained with adhesive
tape. Anesthesia was maintained by delivering 2.5%
vaporized isoflurane through a nose cone. Pneumoperitoneum was achieved by delivering each respective gas through an 18-gauge angiocatheter placed
percutaneously through the abdominal wall. Insufflation pressure was maintained at 4 mm Hg. LPS
was from Escherichia coli serotype 026:B6 (Sigma-Aldrich, St. Louis, MO). After the completion of the
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experiments, all rats were euthanized by anesthetic
overdose. All animal procedures were performed
on a protocol approved by Johns Hopkins Medical
Institution Animal Care and Use Committee.
Survival Study and Lipopolysaccharide Model
Sixty-five rats were randomized into five groups \
(n 5 13): CO2-pneumoperitoneum, helium-pneumoperitoneum, anesthesia control, laparotomy/LPS
control, and LPS only control. Animals in the first
four groups all received a 6-cm midline laparotomy
that was followed by instilling a lethal dose of LPS
(10 mg/kg) in the right colic gutter. All laparotomies
were immediately repaired using a double-layer 4-0
Vicryl closure. The LPS only control group received
an intraperitoneal injection of LPS at the same dose.
Immediately preceding their laparotomy, animals in
the pneumoperitoneum groups received a 30-minute
pretreatment of abdominal insufflation (4 mm Hg)
with either CO2 or helium. The anesthesia control
group received a 30-minute pretreatment of isoflurane. Animal mortality was then recorded during the
ensuing 72 hours.
Cytokine Response Study
Sixty-two rats (n 5 8) were randomized into four
groups: CO2 pneumoperitoneum, helium pneumoperitoneum, anesthesia control, and laparotomy/
LPS only control. The first three groups received
30 minutes of preconditioning with their respective
treatments followed by a 6-cm midline laparatomy
for 10 to 30 minutes. Simultaneous to laparotomy,
rats received intraperitoneal LPS (1 mg/kg) in the
right colic gutter. The laparotomy/LPS only control
group received no preconditioning. Blood samples
for serum cytokine assays were collected through
cardiac puncture 2 hours after LPS injection. Plasma
was isolated by centrifugation and stored at 280  C.
Plasma levels of TNF-a, IL-6, and IL-10 protein
were determined by enzyme-linked immunosorbent
assay using commercially available kits (Biosource,
Camarillo, CA).
Statistical Analysis
Statistical significance for survival studies was determined by Kaplan-Meier analysis using the logrank test. Cytokine data are expressed as mean 6
standard error of the mean. One-way analysis of variance test was used to detect general differences in
serum cytokine levels among all groups. To elucidate
specific significances in these parameters between
groups, multiple pairwise comparisons were performed using the Student-Newman-Kelus method.
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Differences between groups were considered significant when the P value was less than .05. Analysis was
performed using Microsoft Excel (Microsoft Corporation, Redmond, WA) and SigmaStat (SPSS Incorporated, Chicago, IL) software.
RESULTS
Survival Study
To determine whether CO2 pneumoperitoneum
pretreatment for 30 minutes had the potential to
prevent the detrimental effects of an LPS-
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contaminated laparotomy, a survival study was performed. Figure 1 demonstrates that at 24 hours after
an LPS-contaminated laparotomy was performed,
there was no significant difference in mortality
among groups (P 5 0.317 for CO2 vs. LPS control).
However, CO2-pneumoperitoneum significantly increased survival compared with LPS control at 48
hours (85% vs. 46%, P 5 .037). Helium pneumoperitoneum, laparotomy/LPS control, and anesthesia
control had intermediary survival (77% vs. 46%,
P 5 .124; 62% vs. 46%, P 5 .387; 69% vs. 46%,
P 5 .278, respectively). At 72 hours, a trend

Fig. 1. Kaplan-Meier survival analysis among rats (n 5 65) pretreated for 30 minutes with CO2 pneumoperitoneum, helium pneumoperitoneum, or anesthesia control. Laparotomy/LPS control received no
pretreatment, whereas LPS control animals did not receive a laparotomy. At 24 hours, there was no significant difference between groups, *P 5 .317 for CO2 versus LPS control. At 48 hours, CO2-pneumoperitoneum significantly increased survival compared with LPS control (85% vs. 46%, †P 5 .037),
whereas helium pneumoperitoneum, laparotomy/LPS control, and anesthesia had intermediary survival
(77% vs. 46%, P 5 .124; 62% vs. 46%, P 5 .387; 69% vs. 46%, P 5 .278, respectively). Furthermore, at
72 hours CO2-pneumoperitoneum increased survival compared with LPS control (69% vs. 38%, ‡P 5
.07), whereas helium pneumoperitoneum, laparotomy/LPS control, and anesthesia had intermediary
survival (62% vs. 38%, P 5 .124; 54% vs. 38%, P 5 .400; 69% vs. 38%, P 5 .162, respectively).
CO2 5 Carbon dioxide; LPS 5 lipopolysaccharide.
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existed toward CO2 pneumoperitoneum increasing
survival compared with LPS control, but this difference did not reach statistical significance (69% vs.
38%, P 5 .07), whereas helium pneumoperitoneum,
laparotomy/LPS control, and anesthesia again had
intermediary survival (62%vs. 38%, P 5 .124; 54%
vs. 38%, P 5 .400; 69% vs. 38%, P 5 0.162, respectively). Animals treated with CO2-pneumoperitoneum exhibited fewer clinical signs of abdominal
sepsis during the 72-hour observational period
(e.g., piloerection, diarrhea, hypoactivity).
Cytokine Response Study
To determine whether our previous observations
would correlate with a reduction in proinflammatory
cytokine levels and an increase in the anti-inflammatory cytokine IL-10, a similar protocol was conducted. Plasma levels of the proinflammatory
cytokine IL-6 were significantly suppressed in animals pretreated with CO2-pneumoperitoneum compared with laparotomy control, anesthesia control,
and helium pneumoperitoneum (71%, 66%, and
65%, respectively, P !.05, Fig. 2). Moreover, plasma
levels of the proinflammatory cytokine TNF-a were
suppressed in the group pretreated with CO2 when
compared with laparotomy control, anesthesia, and
helium pneumoperitoneum (30%, 34%, and 28%,

CO2-Insufflation Pretreatment Increases Survival

35

respectively), although this difference did not reach
statistical significance (Fig. 3). IL-10 levels were not
significantly different between groups, although there
was a high IL-10 response among all groups.
DISCUSSION
The experiments presented herein were designed
to determine whether pretreatment with CO2-pneumoperitoneum for 30 minutes would serve as ‘‘shock
prophylaxis’’ in animals whose peritoneal cavity was
instilled with LPS during a laparotomy. We found
that CO2-pneumoperitoneum pretreatment prevented early mortality at 48 hours post-LPS injection in the setting of a laparotomy. Moreover, at
72 hours, CO2 insufflation pretreated had borderline
significance (statistical significance may been
reached if our sample size was greater). This survival
study corroborates the results of our prior work in
which 30 minutes of CO2-pnuemoperitoneum treatment increased survival even when the lethal dose of
LPS was injected 2 hours after treatment, and in
which CO2 insufflation immediately after laparotomy and LPS administration increased 72-hour survival.16 The current study confirms that CO2
insufflation does indeed modify the inflammatory response induced by LPS, and most important, that

Fig. 2. Down-regulation of IL-6 plasma levels by 30 minutes pretreatment with CO2 insufflation after
a contaminated laparotomy. Plasma levels of IL-6 in animals pretreated with CO2 pneumoperitoneum
for 30 minutes were significantly suppressed when compared with laparotomy control, anesthesia control, and helium pneumoperitoneum (71%, 66%, and 65%, respectively). Data presented as mean 6
SEM. *P !.05 versus LAP (laparotomy) control, †P !.05 versus anesthesia, ‡P ! .05 versus helium
pneumoperitoneum. IL 5 interleukin; SEM 5 Standard error of mean.
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Fig. 3. TNF-a plasma levels after 30 minutes of their respective pretreatment after an LPS-contaminated laparotomy. Plasma levels of TNF-a in animals pretreated with CO2 pneumoperitoneum were
suppressed when compared with laparotomy control, anesthesia, and helium pneumoperitoneum
(30%, 34%, and 28%, respectively), although these differences did not reach statistical significance by
one-way analysis of variance. TNF 5 tumor necrosis factor; LAP 5 laparotomy; LPS,
lipopolysaccharide.

the effects are durable, producing a prophylactic effect against subsequent laparotomy and intra-abdominal LPS administration. Furthermore, our
cytokine data support the concept of a mechanism
whereby CO2 insufflation increases survival by attenuating the cytokine storm induced by LPS. We observed that IL-6 was significantly decreased in the
CO2 pneumoperitoneum group, whereas there was
a trend toward TNF-a being suppressed. Consistent
with these findings, we previously showed that CO2pneumoperitoneum decreases TNF-a and IL-6 responses sepsis.11,12,16 Previous studies showed that
cholecystectomy by laparoscopic surgery attenuates
IL-6 whereas cholecystectomy by laparotomy has
a significant elevation of IL-6.14 Although the authors of the former study concluded that their results
show that less surgical stress with laparoscopic surgery is the main cause of the difference between
open laparotomy and laparoscopic surgery, in our
study, animals pretreated with CO2 insufflation and
that then had a laparotomy still displayed decrease
levels of IL-6. This suggests that the unique biology
of the CO2-pneumoperitoneum is more important
than the size of incision.
The clinical implications of our study are that
CO2-pneumoperitoneum might have potential as
a therapeutic agent to prevent or treat surgical sepsis.
This study suggests that CO2-pneumoperitoneum
pretreatment may play a role as an adjuvant or

a perioperative agent used in operations with a high
risk of abdominal fecal contamination. CO2 anti-inflammatory effects are not unique to minimally invasive surgery, but may be relevant in different clinical
areas. CO2 insufflation used in flexible endoscopy
has gained increased popularity over air because of
less pain and discomfort after the procedures.20 It
has been proposed that rapid CO2 absorption is
the main factor for less patient discomfort.20 CO2 insufflation is also applied to prevent airembolism,
during drainage of subdural hematomas and during
cardiac surgery.21–23 Furthermore during cardiac
surgery, CO2 insufflation has also been reported to
significantly reduce the risk of airborne contamination and postoperative wound infection.24 All these
benefits are attributed to the active biologic state of
CO2. This study provides evidence that other procedures in which CO2 could be applied instead of air or
saline to create a visual field should consider switching to CO2.
One limitation of our study is that, in an attempt
to measure cytokines levels at a time that would allow consideration of both TNF-a and IL-6, we harvested blood samples at 2 hours, when TNF-a and
IL-10 generally peak somewhat earlier. In this study,
plasma levels of TNF-a were modestly suppressed in
the CO2 group, and IL-10 levels were similar among
the study groups. Only IL-6 was significantly suppressed in the CO2 group when compared with the
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other groups. At 2 hours, TNF-a and IL-10 levels
already began to fall, making differences harder to
appreciate between groups. This limitation in experimental design might explain why, in this study, IL10 levels were not significantly up-regulated in the
CO2-pneumoperitoneum group as seen in our previous studies.16 In this study, the laparotomy is known
to cause an acute phase response with the release of
proinflammatory cytokines such as TNF-a and IL-6
with the subsequent release of anti-inflammatory
mediators such as IL-10 and transforming growth
factor-beta.25,26 Moreover, studies suggest that during a laparotomy the T-helper (Th1)/Th2 ratio
shifts toward a Th2-dominated cytokine profile
(anti-inflammatory), whereas during laparoscopic
surgery the Th1/Th2 balance is maintained.25,26
This may in part also explain the difference in
cytokine profile in this study.
We showed previously that abdominal insufflation
with CO2 causes local peritoneal acidosis without
affecting systemic acid-base status if properly ventilated.27 West et al.28 also showed that the cystosolic
pH of macrophages significantly decreased with
CO2, whereas macrophages incubated with air and
helium had no effect. Furthermore, West et al.29 also
showed that cultured peritoneal macrophages stimulated with LPS had a significant reversible decrease
in TNF-a and IL-1 production when exposed to
CO2 in vitro with no inhibition with helium or air.
This group suggests that local tissue acidification
caused by peritoneal CO2 insufflation might explain
the decrease in the inflammatory response. Likewise,
in previous studies we demonstrated that helium
pneumoperitoneum does not cause local peritoneal
acidosis or increase survival, whereas CO2-pneumoperitoneum does cause local peritoneal acidosis and
does increase survival in an LPS model of sepsis.16,27
Taken together, CO2-pneumoperitoneum–mediated
acidification of the peritoneal cavity may explain the
increase in survival. In this study, pretreatment with
CO2 insufflation ‘‘primed’’ the peritoneal cavity and
prevented subsequent sequelae of endotoxic shock
from laparotomy and a lethal dose of LPS.
Future work should be conducted to evaluate
CO2-pneumoperitoneum pretreatment in the face
of a more clinically relevant model of sepsis such as
cecal ligation and puncture. Furthermore, studies
should be conducted to evaluate whether CO2 protection observed in the abdominal cavity holds true
in other macrophage-rich anatomic locations such
as the pleural cavity. This study suggests that CO2pneumoperitoneum pretreatment may play an important role as an adjuvant or perioperative agent
used in operations with a high risk of abdominal fecal contamination. Studies should also attempt to
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elucidate the specific mechanism whereby CO2pneumoperitoneumdwhether by acidification or
other meansd‘‘primes’’ the peritoneal cavity to subsequent infection or injury.
CONCLUSION
Our data demonstrate that 30 minutes of CO2pneumoperitoneum pretreatment increases survival
among animals subjected to subsequent LPS-contaminated laparotomy. Furthermore, CO2-pneumoperitoneum pretreatment significantly decreases
IL-6 plasma levels 2 hours after LPS-contaminated
laparotomy. Finally, this study further supports our
and others’ findings that CO2-pneumoperitoneum
is a potent anti-inflammatory agent with possible
therapeutic properties.
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