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Objective
To analyze the effect of CO2 pneumoperitoneum on the in-
flammatory response induced by sepsis during laparoscopy.

Summary Background Data
A growing body of evidence challenges the once generally
accepted notion that smaller incisions alone account for the
observed benefits of the laparoscopic approach. Furthermore,
laparoscopic surgery is now being applied to a broad spec-
trum of patients, including those in whom the inflammatory
response is ignited. Delineation of the effects of CO2 pneumo-
peritoneum on the inflammatory response induced by sepsis
is needed.

Methods
Sepsis was induced in rats by cecal ligation and puncture
(CLP) performed either open or laparoscopically using CO2 or
helium as insufflation gases. Animals were killed 24 hours
postoperatively, at which time whole blood was collected for
complete blood cell counts and livers were harvested for anal-

ysis of hepatic expression of the rat acute phase genes �2-
macroglobulin and �-fibrinogen.

Results
Laparoscopic CLP using CO2 resulted in significantly reduced
hepatic expression of the rat acute phase gene �2-macro-
globulin compared to both laparoscopic CLP using helium
and open CLP. Hepatic expression of another rat acute phase
gene, �-fibrinogen, paralleled that of �2-macroglobulin and
was significantly reduced following laparoscopic CLP using
CO2 compared to laparoscopic CLP using helium. Total white
blood cell and neutrophil counts following CLP were both sig-
nificantly higher when CLP was performed laparoscopically
using CO2 than when CLP was performed open or laparo-
scopically using helium.

Conclusions
Intra-abdominal CO2 present during laparoscopy attenuates
the acute phase inflammatory response associated with peri-
operative sepsis.

Minimally invasive surgical techniques continue to ad-
vance in capability and popularity. Shorter hospital stays,
decreased postoperative pain, more rapid return to preoper-
ative activity, and decreased postoperative ileus give lapa-
roscopic surgery distinct advantages over conventional sur-
gery for a number of operative procedures.1–4While several
differences have been described between the physiologic,5,6

metabolic,3,6–8 and immune9–14 responses to conventional
and laparoscopic procedures, the molecular basis of the

improved results observed following laparoscopic surgery is
still unknown.

Refinement of laparoscopic skills and technological ad-
vances in the field of laparoscopy now enable surgeons to
apply the laparoscopic paradigm to a broader spectrum of
patients. Extensive surgical dissections are now being per-
formed in complex laparoscopic operations that can last for
hours. Furthermore, exploratory laparoscopy is being used
to aid surgeons in the diagnosis and treatment of patients in
whom a cause of abdominal sepsis is unclear.15 Finally,
diagnostic laparoscopy is even being used at the bedside to
evaluate critically ill patients with physiologic deterioration
of suspected intra-abdominal origin.16–18 Where laparo-
scopic surgery was once reserved for simple outpatient
procedures, it is now being employed in patients with sig-
nificant associated systemic inflammatory responses. Al-
though the effects of CO2 pneumoperitoneum may be irrel-
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evant for short operations performed in physiologically
well-compensated patients, a thorough understanding of the
effects of laparoscopy becomes imperative as the effects are
magnified during long operations and as they involve pa-
tients with little physiologic reserve.

The liver is the central metabolic organ of the body, and
hepatocytes are central to the overall response to stress.
Hepatocytes are the predominant cellular target for circu-
lating inflammatory molecules (e.g., cytokines). Hepato-
cytes also produce the metabolic substrates essential for
survival during states of increased metabolic demand. Fur-
thermore, because the intra-abdominal gastrointestinal tract
is drained by the portal venous system, toxins and respond-
ing cytokines generated from sources of enteric infection
(e.g., intra-abdominal sepsis) are encountered first by the
liver. The liver responds to proinflammatory chemokines by
upregulating specific genes, thus increasing the synthesis of
proteins collectively termed acute phase reactants. For these
reasons, hepatic acute phase response genes are important
markers of the body’s physiologic response to stress.

The effects of the combined insults of laparoscopic sur-
gery and postoperative sepsis on the stress response are
unknown. The purpose of this study was to analyze the
additional influence of laparoscopic procedures, in particu-
lar CO2 insufflation, on the response to sepsis in a well-
established animal model—cecal ligation and puncture
(CLP) in the rat.19,20

METHODS

Cecal Ligation and Puncture

Female Sprague-Dawley rats (Charles River Laborato-
ries, Wilmington, MA), 10 to 12 weeks old, were housed in
cages where standard chow and water were available ad
libitum. The rats were acclimatized to their environment for
3 to 5 days on arrival and then fasted for 16 hours before
any procedures. Anesthesia was obtained using inhaled
methoxyfluorane. All surgical procedures were performed
under aseptic conditions. Pneumoperitoneum was achieved
by introducing a Veress needle into the peritoneal cavity
and insufflating (Olympus insufflator) the abdomen with 3
mmHg gas. Laparoscopic procedures were performed using
3-mm instruments (Olympus) introduced into the abdomen
through ports positioned as shown in Figure 1. Cecal liga-
tion and puncture (CLP) consisted of dissection of the
cecum, ligation midway between the ileocecal valve and the
terminal cecum using a 2-0 silk tie, and double-puncture of
the isolated cecum with a hollow 16-gauge needle intro-
duced through the abdominal wall as shown in Figure 2.
Laparotomy, for the sham laparotomy and open CLP
groups, consisted of a 5-cm midline abdominal incision. To
ensure equal tension on the silk ligatures between groups,
the 3-mm laparoscopic graspers were used to tie the cecal
ligation knots in the open procedures as well as in the
laparoscopic procedures. The duration of the total proce-

dure, and therefore the duration of anesthesia, pneumoperi-
toneum, and laparotomy, was standardized to 30 minutes for
all groups based on the average time required for our group
to perform the longest of the procedures, laparoscopic CLP
(range 25–35 minutes). Postoperatively, animals were re-
suscitated with a subcutaneous injection of lactated Ringer’s
(30 mL/kg) and were again housed in cages where water
was available ad libitum. All procedures were part of an
animal protocol reviewed and approved by the Johns Hop-
kins Medical Institutions Animal Care and Use Committee.

Inflammatory Response to CLP

Rats (n � 60) were fasted, anesthetized, and then ran-
domized to one of six groups (10 rats each): 1) anesthesia
control, 2) CO2 pneumoperitoneum, 3) sham laparotomy, 4)
laparoscopic CLP using helium, 5) laparoscopic CLP using
CO2, or 6) open CLP. Animals were evaluated 24 hours
postoperatively by a blinded observer for clinical signs of
CLP-induced sepsis (i.e., piloerection and lethargy), and
were then killed via guillotine, immediately after which
whole blood was collected from the carotid arteries for
determination of complete blood cell counts using a com-
mercially available automated cell counter, and livers were
removed for total RNA isolation. At necropsy, the perito-
neal cavity was visually inspected for evidence of effective

Figure 1. Set-up for laparoscopic cecal ligation and puncture. Place-
ment of the camera port midline in the epigastrium, with the grasper
ports placed laterally and slightly inferiorly, allows excellent visualization
and manipulation of the rat cecum.
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CLP (i.e., cecal necrosis and cloudy peritoneal fluid). The
choice to include only a single pneumoperitoneum control
group (using CO2) was based on an earlier experiment by
our group in which 90 rats had been randomized into five
groups: 1) anesthesia (control), 2) Veress needle without
insufflation (control), 3) pneumoperitoneum with CO2, 4)
pneumoperitoneum with helium, and 5) laparotomy. Within
each group, half of the animals had received their interven-
tion (or control procedure) for 40 minutes, and the remain-
ing half for 120 minutes. Hepatic expression of �-fibrinogen
was low in all three of the intervention groups, and there
were no significant differences between groups.21 Harvest
24 hours following insult was chosen based on previously
published data showing maximal expression of �2-macro-
globulin and �-fibrinogen at that time point following sim-
ilar insult.22

Hepatic Acute Phase Gene Expression

RNA was isolated from liver samples by the acid guani-
dinium thiocyanate-phenol-chloroform method.23 Total
RNA (10 �g) was electrophoresed in formaldehyde-agarose
gels and visualized by staining of the gel with ethidium
bromide to assess the integrity of the preparation. Samples
of RNA that appeared degraded were discarded. Total RNA
samples (5 �g) were immobilized onto nylon modified
membranes (GeneScreen Plus, NEN Research Products,
Boston, MA) by slot blotting. Blots were hybridized with
radiolabeled cDNA probes for �2-macroglobulin (rat, full-
length), �-fibrinogen (pig, fragment), and metallothionein
(pig, full-length). To quantitate for differences in RNA
loading in each slot, blots were also probed with a radiola-
beled probe for 28S rRNA. Radioactive probes were pre-
pared by the random primer method24 using [a-32P]dATP
and [a-32P]dCTP (ICN Pharmaceuticals, Irvine, CA) as
previously described.25 Blots were hybridized in 50% for-
mamide, 75 mmol/L sodium citrate (pH 7.0), 0.75 mol/L

NaCl, 1% sodium dodecyl sulfate (SDS), 2.5� Denhardt’s
solution, 100 g/mL denatured salmon sperm DNA, 1
mmol/L EDTA, and 20 mmol/L sodium phosphate (pH 6.5)
for 16 hours at 42°C. Blots were washed with 50 mmol/L
tris (hydroxymethyl) aminomethane (Tris pH 8.6), 1 mol/L
NaCl, 2 mmol/L EDTA, and 1% SDS at 42°C for at least 2
hours with a minimum of six changes. Later, blots were
washed with 2� saline-sodium citrate (SSC) buffer (0.015
mol/L sodium citrate [pH 7.0] and 0.15 mol/L NaCl) con-
taining 0.1% SDS at 42°C for 30 minutes and 2� SSC with
0.1% SDS at 65°C for 5 minutes. Blots were exposed to
X-ray film (Kodak) at �70°C in the presence of intensifying
screens. Autoradiograms in the linear range of exposure
were quantified by scanning laser densitometry. The signal
intensity of individual slots was normalized to the corre-
sponding 28S rRNA. Metallothionein was chosen as a con-
trol response gene because it is not an acute phase reactant
in the rat.

Statistical Analysis

The one-way analysis of variance (ANOVA) test was
used to detect general differences in mRNA expression and
hematologic parameters between all groups. To elucidate
specific significances in these parameters between groups,
multiple pairwise comparison tests were performed using
the Student-Newman-Keuls method. Differences between
groups were considered significant when P � .05. Analysis
was performed using Microsoft Excel (Microsoft Corp.) and
SigmaStat (Jandel Scientific) software.

RESULTS

Postoperative Evaluation and Necropsy
Findings

Rats in the anesthesia, pneumoperitoneum, and sham
laparotomy control groups exhibited normal activity and

Figure 2. Views of the rat cecum through a 3-mm laparoscope during laparoscopic cecal ligation and
puncture: (A) dissection, (B) ligation, (C) puncture.
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had no piloerection 24 hours following the control proce-
dure. In contrast, all rats that underwent CLP exhibited
decreased activity and significant piloerection. At necropsy,
rats from the anesthesia, pneumoperitoneum, and sham lap-
arotomy control groups were found to have only a small
amount of clear peritoneal fluid and no cecal necrosis. After
CLP, all rats were found to have foul-smelling abdominal
cavities and significant cloudy peritoneal fluid, consistent
with fecal contamination. Furthermore, the gross appear-
ance of the ligated and punctured cecums was consistent
with necrosis (friable and discolored) in all rats that had
received CLP.

Hepatic Acute Phase Gene Response

Expression of the rat acute phase genes �2-macroglobu-
lin and �-fibrinogen was analyzed by slot blot/hybridization
of RNA isolated from liver samples obtained 24 hours
following either CLP or control procedure (Fig. 3). Levels
of hepatic �2-macroglobulin and �-fibrinogen mRNA were
both low in the absence of CLP-induced sepsis (anesthesia,
pneumoperitoneum, and sham laparotomy controls). Open
CLP resulted in high hepatic levels of mRNA coding for
both �2-macroglobulin and �-fibrinogen. Similar mRNA
levels of both these genes were detected following laparo-
scopic CLP using helium as the insufflation gas. In contrast,
levels of �2-macroglobulin mRNA following laparoscopic
CLP using CO2 were significantly less than levels following
laparoscopic CLP using helium (P � .05) or following open
CLP (P � .05). �-fibrinogen expression was significantly
reduced following laparoscopic CLP using CO2 compared
to expression following laparoscopic CLP using helium
(P � .05). While expression of �-fibrinogen following
laparoscopic CLP using CO2 was also less than expression
of the same gene following open CLP, this difference did
not reach statistical significance. None of the groups dif-
fered significantly in the hepatic expression of our control
response gene, the gene coding for metallothionein (a free
radical scavenger protein).

Hematologic Response

Complete blood cell counts were also analyzed 24 hours
following either CLP or control procedure (Table 1). No
significant differences in white blood cell count, neutrophil
count, lymphocyte count, hematocrit, or platelet count were
found between anesthesia and CO2 pneumoperitoneum con-
trols. The sham laparotomy control procedure produced a
significant increase in neutrophil count and significant re-
ductions in lymphocyte count and hematocrit compared to
anesthesia and pneumoperitoneum controls (P � .05).
Laparoscopic CLP using CO2 yielded white cell counts
similar to those of controls. Significantly reduced white cell
counts were observed following laparoscopic CLP using
helium and open CLP compared to laparoscopic CLP using
CO2. Laparoscopic CLP using helium and open CLP also

Figure 3. Hepatic gene expression in rats 24 hours following either
cecal ligation and puncture (CLP) or control procedure. Anesth, anes-
thesia alone; CO2-Pneumo, pneumoperitoneum using CO2 as the in-
sufflation gas; Sham, sham laparotomy). Open CLP (OCLP) and lapa-
roscopic CLP using He (He-LCLP) resulted in increased expression of
the acute phase genes �2-macroglobulin (A) and �-fibrinogen (B).
Laparoscopic CLP using CO2 (CO2-LCLP) yielded significantly less ex-
pression of both �2-macroglobulin and �-fibrinogen. No significant dif-
ferences in the expression of the gene for the free radical scavenger
protein metallothionein (C) were found between any of the groups.
Livers were harvested from rats immediately following guillotine decap-
itation 24 hours postprocedure. RNA was isolated from hepatic tissue,
separated using slot blotting and radiolabeling techniques, and
scanned via laser densitometry to quantify the amount of mRNA for
each individual gene. Data are mean � SEM, expressed in arbitrary
mRNA-expression units representing the individual gene densitometry
signal normalized to the corresponding 28S rRNA subunit signal (the
latter is an indirect measurement of the total amount of RNA in a sam-
ple). *P � .05 vs. He-LCLP, †P � .05 vs. OCLP, by one-way ANOVA
and Student-Newman-Keuls method.
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yielded neutrophil counts significantly less than laparo-
scopic CLP using CO2. Significantly reduced lymphocyte
counts were detected following all methods of CLP com-
pared to their respective controls (i.e., CO2 and helium
laparoscopic CLP compared to pneumoperitoneum control
and open CLP compared to sham laparotomy, P � .05 for
all three). Open CLP produced a further significant reduc-
tion in lymphocyte count compared to laparoscopic CLP
using CO2 (P � .05). Laparoscopic LP using helium yielded
lower lymphocyte counts than laparoscopic CLP using CO2,
but this latter finding did not reach statistical significance.
All methods of CLP resulted in significant reductions in
hematocrit compared to controls (P � .05), and open CLP
yielded a further significant reduction in hematocrit com-
pared to both laparoscopic CLP with helium and laparo-
scopic CLP with CO2. No significant differences in platelet
count were found among any of the CLP groups.

DISCUSSION

The mechanism presumed to underlie the advantages of
laparoscopy over conventional open surgery has been re-
lated primarily to reduced tissue injury secondary to smaller
incisions. However, the body of evidence that challenges
the once generally accepted notion that smaller incisions
alone account for the observed benefits of the laparoscopic
approach is growing. The unique role of CO2 pneumoperi-
toneum in this physiologic process is beginning to receive
attention but has not yet been well characterized. As sur-
geons continue to push the envelope of minimal-access
surgery by performing increasingly longer and more com-
plex operations in sicker patients, the degree of stress asso-
ciated with laparoscopy increases. Furthermore, the tissue
trauma associated with access to the surgical site (i.e., the
incision) becomes relatively less significant as the degree of
operative dissection and internal tissue manipulation in-
creases. Thus, the unique physiology of CO2 pneumoperi-
toneum may be the predominant difference between the
level of insult associated with complex laparoscopic and
comparable open surgery.

A few researchers have begun to investigate the unique
role of CO2 in the physiology of laparoscopy. Watson et al.
demonstrated that air laparoscopy increases peritoneal tis-
sue macrophage release of superoxide and TNF compared
to CO2 laparoscopy.26 West et al. have shown that murine
peritoneal macrophages exposed to CO2 in vitro exhibit
inhibition of LPS-stimulated IL-1 and TNF cytokine re-
lease.27 Additional work by the same group suggests that
this effect is related to the influence of the CO2 environment
on the actual release of IL-1 and TNF rather than on
regulation at the level of cytokine gene expression.28 West
et al. have also proposed relative intracellular acidosis as the
mechanism by which this effect is exerted.29 Other than
animal studies in which peritoneal macrophages have been
exposed to CO2 in the intra-abdominal in vivo environment
before in vitro stimulation with LPS29 or other manipula-
tion,26 all data corroborating these findings are from ex vivo
experiments.

Criticisms regarding the importance of the hypothesis that
CO2 mediates attenuation of the inflammatory response need
to be addressed. There is to date a paucity of in vivo data in
support of the hypothesis. Furthermore, while blunting of LPS-
stimulated peritoneal macrophage cytokine release following
exposure to CO2 is an important finding, it may be less relevant
to large laparoscopic procedures associated with a significant
inflammatory response but without LPS-laden bacterial con-
tamination (e.g., laparoscopic Nissen, nephrectomy). Finally,
understanding altered local host cell physiology does not di-
rectly elucidate the ultimate downstream effects of such local
changes on the organism’s global physiologic response to
injury and inflammation. In other words, alterations in perito-
neal macrophage response may or may not be important sys-
temically during laparoscopy.

The utility of the model of laparoscopic CLP in the rat
used in these experiments is two-fold. First, the use of a
septic animal model magnifies the stress induced by a
surgical procedure to more clearly delineate the modifying
effects of laparoscopy on the inflammatory response. Sec-
ond, the combined stressors of bacterial contamination of
the peritoneal cavity and bowel ischemia present following

Table 1. COMPLETE BLOOD CELL COUNTS AFTER LAPAROSCOPIC CECAL LIGATION
AND PUNCTURE

CBC Parameter Normal Values Anesth CO2-Pneumo Sham He-LCLP CO2-LCLP OCLP

WBC (k/�L) 8 – 15 6.3 � 0.8 5.9 � 0.6 5.1 � 0.8 2.6 � 0.3 4.8 � 0.5*† 1.9 � 0.3
Neutrophils (k/�L) 2 – 4 0.8 � 0.1 1.0 � 0.2 1.9 � 0.2 0.7 � 0.2 2.8 � 0.6*† 1.0 � 0.2
Lymphocytes (k/�L) 6 – 11 5.4 � 0.8 4.5 � 0.7 2.8 � 0.7 0.9 � 0.1 1.3 � 0.2† 0.6 � 0.2
Hematocrit (%) 40 – 50 52 � 1 50 � 1 47 � 1 43 � 2 44 � 1† 33 � 3*
Platelets (k/�L) 450–850 872 � 81 928 � 106 984 � 176 612 � 94 655 � 64 501 � 73

Anesth, anesthesia alone; CO2-Pneumo, pneumoperitoneum using CO2; Sham, sham laparotomy; He-LCLP, Laparoscopic cecal ligation and puncture using helium;
CO2-LCLP, laparoscopic cecal ligation and puncture using CO2; OCLP, open cecal ligation and puncture.
* P � .05 vs. He-LCLP.
† P � .05 vs. OCLP.
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laparoscopic CLP provide an environment analogous to
clinical situations in which laparoscopy is used to aid in the
diagnosis and treatment of critically ill patients with peri-
tonitis. By evaluating the expression of hepatic acute phase
genes, we are able to study the clinically relevant “end
organ” physiologic response to laparoscopy in vivo.

In the current study, we investigated the influence of
different abdominal insufflation gases on the inflammatory
response induced by CLP in rats. The validity of our model
presupposes that CLP caused sepsis and that the initial
degree of insult caused by CLP was equivalent between
groups. To validate these assumptions, we clinically evalu-
ated all rats before euthanasia and tissue harvest and per-
formed detailed abdominal necropsies in each rat immedi-
ately following completion of the tissue harvest process. We
established the presence or absence of sepsis in each rat by
asking an observer familiar with typical rat behavior, but
blinded to the group assignment of each rat, to evaluate each
rat for: 1) the presence or absence of piloerection and 2)
normal activity or decreased activity. All 30 rats that had
received CLP were identified as having clinical sepsis (pi-
loerection and decreased activity), and all 30 rats that had
received a control procedure were identified as not having
sepsis (no piloerection and normal activity). Before per-
forming this experiment, our group practiced and refined the
technique involved with each procedure. During this phase
of our study, ligated cecums appeared different at necropsy
if CLP had been performed laparoscopically than if it had
been performed open. We attributed this discrepancy to
differing tension on the cecal ligation knots (it being easier
to tie a knot with greater tension by hand), and resolved the
issue by tying all cecal ligation knots in the experiment
using the laparoscopic graspers. Indeed, all 30 cecums that
were ligated in our experiment appeared similarly friable
and discolored at necropsy. Finally, all rats that underwent
CLP were found at necropsy to have cloudy, foul-smelling
peritoneal fluid consistent with gross fecal contamination of
the abdominal cavity.

The inflammatory response was evaluated at the level of
acute phase gene expression in the liver. In humans, acute
phase reactants include C-reactive protein, prealbumin,
transferrin, �1-trypsin inhibitor, retinol binding protein,
haptoglobin, and ceruloplasmin. While induction of �2-

macroglobulin and �-fibrinogen gene expression is less
relevant as a marker of stress in humans, the genes coding
for these proteins were chosen in our animal model because
they are important acute phase reactants in rats and their
behavior parallels that of human hepatic acute phase reac-
tants.30 The gene coding for the free radical scavenger
protein metallothionein was chosen because its expression
is not affected by CLP, and thus it provided our experiment
with a negative control. In the current study, hepatic expression
of �2-macroglobulin and �-fibrinogen in response to CLP was
similar when CLP was performed laparoscopically using he-
lium or open using conventional laparotomy but was reduced
when CLP was performed laparoscopically using CO2. The
reduction of �2-macroglobulin gene expression following
laparoscopic CLP with CO2 compared to both laparoscopic
CLP with helium and open CLP was statistically significant.
For �-fibrinogen, the reduction was statistically significant
only when laparoscopic CLP using CO2 was compared to
laparoscopic CLP using helium.

Although changes in complete blood cell and differential
white blood cell counts are often nonspecific findings, the
ubiquitous use of complete blood cell count data in clinical
practice led us to evaluate these parameters in our experi-
ment. Total white cell and circulating neutrophil counts
were significantly lower following laparoscopic CLP using
helium and open CLP than following laparoscopic CLP
using CO2. Open CLP also produced a significant reduction
in lymphocyte count compared to laparoscopic CLP with
CO2, and while laparoscopic CLP with helium did yield
lower lymphocyte counts than laparoscopic CLP with CO2,
this did not reach statistical significance. The mechanism
behind this phenomenon of blunted neutropenia by CO2

cannot be specifically delineated from our data. Perhaps
CO2 insufflation inhibits the production of chemotactic sig-
nals from peritoneal macrophages, thus effectively reducing
leukocyte sequestration in the abdomen. Alternatively, CO2

could have an effect on demargination of leukocytes, thus
balancing the loss of leukocytes sequestered in the infected
abdomen.

In our study, we observed the attenuation of hepatic acute
phase gene expression and preservation of circulating leu-
kocyte volume observed following laparoscopic CLP using
CO2 compared to laparoscopic CLP using helium or open

Figure 4. Mechanism of hepatic acute phase gene activation following intra-abdominal insult. CO2

pneumoperitoneum may attenuate this inflammatory response cascade by acting at any of a number of
different steps: (1) CO2 may cause local peritoneal cell acidosis, thus blocking the release of cytokines; (2)
CO2 may influence the clearance of circulating inflammatory mediators or alter cytokine–cytokine receptor
interactions in the liver and elsewhere; or (3) hepatocytes may be affected directly by CO2 via alterations in
second messenger system function or transcription factor action.
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CLP. These data suggest that laparoscopy modifies the
inflammatory response to abdominal sepsis, and that ab-
dominal insufflation with CO2, rather than a reduction in
incision size, is the factor responsible for such an effect.
Because CO2 abdominal insufflation is routinely employed
during laparoscopic surgery, this finding has potential rele-
vance to a broad spectrum of patients.

These data demonstrate an important “end organ” (i.e.,
the liver) effect, but they do not delineate where in the
inflammatory response cascade CO2 exerts its blunting ef-
fect. The mechanism of hepatic acute phase gene activation
via proinflammatory cytokines released from peritoneal
macrophages described by Keller et al. may be rele-
vant.31–33 It is conceivable that, as West et al.27–29 suggest,
intracellular acidification of peritoneal macrophages inhibits
the release of cytokines that would otherwise be mobilized
by LPS and, perhaps, other stimuli. Such a dam at the
headwaters of the inflammatory response cascade would
effectively prevent the downstream activation of the hepatic
acute phase response (Fig. 4). In future experiments, sys-
temic alkalinization of the host via artificial induction of
respiratory or metabolic alkalosis will be performed to test
whether reversal of acidosis-mediated attenuation of the
inflammatory response occurs. It is also possible that CO2

insufflation physiology influences the clearance of circulat-
ing inflammatory mediators or leverages a direct effect on
hepatocyte function.

The implications of this study are far-reaching. If the
presence of CO2 in the abdominal cavity blunts the patho-
logic aspects of the body’s inflammatory response to sepsis
and perioperative stress, then perhaps the laparoscopic ap-
proach would be preferred in septic patients who require
abdominal exploration. Could peritoneal CO2 insufflation
alone actually be of benefit in patients with the systemic
inflammatory response syndrome? Or perhaps with further
delineation of the mechanism whereby CO2 pneumoperito-
neum blunts the inflammatory response, a more precise
intervention could be developed that targets the critical step
in such a mechanism. Our demonstration that the CO2

pneumoperitoneum present during laparoscopic surgery at-
tenuates the acute phase response to abdominal sepsis is an
important first step in such endeavors.

In summary, peritoneal insufflation with CO2 blunts
the hepatic expression of the rat acute phase genes �2-
macroglobulin and �-fibrinogen in response to CLP.
Laparoscopic CLP using helium and open CLP also
yielded lower total white blood cell, neutrophil, and
lymphocyte counts than laparoscopic CLP using CO2.
These findings suggest that laparoscopy modifies sur-
gery-associated sepsis and that CO2 insufflation mediates
such an effect. CO2-mediated attenuation of the hepatic
acute phase response may be an important step in the
mechanism of inflammatory response reduction reported
after laparoscopic surgery.
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