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ABSTRACT T 

Background Background 
Thee surgical treatment of secondary peritonitis consists of elimination of the 
infectiouss focus and abdominal lavage. The balance between the pro- and 
anti-inflammatoryy host responses determines the development of systemic 
complications,, deciding clinical outcome. This study examines the influence 
off  surgical management on inflammation in the abdomen, blood and lungs. 
AA modified mouse model was tested for clinical relevance. 

MaterialsMaterials and Methods 
Peritonitiss was established in male C57BL/6 mice by cecal ligation and 
puncturee (CLP). After 24 hours two groups were made: A group in which the 
infectedd cecum was resected and the abdominal cavity was lavaged (RES) and 
aa group that received no surgical treatment (NoRES). The mice were sacrificed 
att 24 (sham and CLP), 48 and 72 hours after CLP. 

Results Results 
Intraperitoneall  parameters were improved in the RESgroupbut results were not 
significantlyy different between groups. More explicit differences were seen in 
plasmaa and lungs. In plasma, levels of pro-inflammatory cytokine interleukin 
(IL-)) 6 were decreased in RES (P=0.048). Accordingly, anti-inflammatory IL-10 in 
plasmaa was increased in this group (P=0.031). In the lung, chemotaxis (murine 
analoguee of IL-8) and accumulation (myeloperoxidase) of neutrophils was 
reducedd in the RES group (P=0.012 and P=0.004, respectively). 

Conclusions Conclusions 
Inn experimental secondary peritonitis induced by CLP, cecal resection 
andd abdominal lavage restores the pro- and anti-inflammatory balance 
predominantlyy in the extra-abdominal compartments. This illustrates 
thee importance of source control with respect to prevention of multiple 
organn failure. Due to its polymicrobial character and implicated surgical 
interventionn this model reflects the clinical situation adequately and may be 
moree appropriate to test therapeutic interventions than a model involving 
onlyy CLP. 



11 INTRODUCTIO N 

|| The operative treatment of the peritonitis patient is a much debated subject. 
-|| The use of lavage or the choice between planned relaparotomy or relaparotomy 
11 on demand are ongoing points of discussion, while the indication for surgical 
;== management as initial therapy is unarguable,1 During laparotomy the infec-
~~ tious focus needs to be eliminated (source control) and the abdominal cavity 
-- cleaned until it is macroscopically clean. It needs no explanation why a perfo-

22 rated or ischemic part of the gastrointestinal tract needs surgical management. 
|| However, this primary intervention wil l also have a modulatory effect on host 
|| defense systems, which are vital for the immune responses to the already ongo-
SS ing intra-abdominal infection. In contrast, some even promote a 'damage con-
pp trol' approach for peritonitis in critically-il l patients without fully resolving the 
|| problem at hand but rather return to the operating theater to do so. 

Laparotomyy itself induces the production of inflammatory mediators both 
locally,, by mesothelial cells and the activation of leukocytes, and systemically, 
eitherr by diffusion of inflammatory mediators from the abdomen or system-
icc leukocyte activation.2! Surgery in an already immunologically triggered 
host,, i.e. septic patient, can act as an second hit, which further modulates the 
immunee response.15 The derangement of immune responses in these patients 
cann have severe adverse effects, such as septic shock and may even tip the bal-
ancee towards multiple organ failure (MOF). The balance of pro- and anti-inflam-
matoryy cytokines determines the vehemence and outcome of peritonitis/' 
Overexpressionn of local or systemic pro-inflammatory cytokines, such as tumor 
necrosiss factor (TNF-), interleukin (IL-) 6 and IL-8, increases disease severity and 
mortalityy rate.7"*  On the other hand, these cytokines are indispensable for reso-
lutionn of infection, bacterial clearance and survival from peritonitis.1012 

IL-10,, an important anti-inflammatory cytokine, reduces the production and 
adversee effects of the pro-inflammatory cytokines'M5, but an overexpression of 
anti-inflammatoryy cytokines can also have adverse effects. By inhibiting the pro-
ductionn of cytokines and chemokines, IL 10 facilitates the outgrowth and dis-
seminationn of bacteria and reduces neutrophil recruitment.161T Overproduction 
off  IL-10 in patients with surgical or traumatic injury effectuates immunosup-
pression,, which enhances susceptibility to subsequent infections.1" 

Detailedd knowledge of immune responses in an experimental model of peri-
tonitiss with closer resemblance to the clinical practice than the traditional 
modelss is needed to construct and test novel therapeutic interventions. In this 
study,, effects on local and distant inflammatory responses of surgical interven-
tionn and lavage for treatment peritonitis are described in a modified cecal liga-
tionn and puncture (CLP) mouse model. The effect of elimination of the infec-
tiouss focus and abdominal lavage on pro- and anti-inflammatory cytokines, 
chemotaxiss and neutrophil activation is examined in the abdominal, circula-
toryy and pulmonary compartments. 



MATERIA LL  AND METHODS 
Animals.Animals. Male specific-pathogen-free (SPF) C57BL/6 mice were used, weighing 
244 - 28 grams. Mice were housed and fed under SPF conditions. The study was 
approvedd by the Institutional Animal Care and Use Committee. 

CLPCLP and lavage. Animals were anesthetised with isoflurane (2.5%) and 0,/N,0. 
Temgesicc (0.1 ml/I.) was given preoperatively as analgesic. Polymicrobial perito-
nitiss was induced by CLP (n=30): Through a midline incision the shaved and dis-
infectedd abdominal skin was incised followed by incision of the linea alba and 
carefull  exposure of the cecum with cotton wool tips. The fundal arch was ligat-
edd distally from the main cecal artery with a vicryl 4.0 ligature and punctured 
throughh and through with a 23-gauge needle. A small standardised amount of 
thee bowel contents was extruded through the puncture sites. The cecum was 
placedd back into the peritoneal cavity and the abdominal wall and skin were 
closedd separately. 

InIn sham operated animals (n=4) the cecum was exposed but not ligated or 
puncturedd and then returned to the abdominal cavity. The sham group was ter-
minatedd 24 hours after laparotomy. 

Al ll  mice were administered 0.5 ml of sterile saline subcutaneously twice a 
dayy for postoperative fluid resuscitation. Six mice were sacrificed for baseline 
measurementss 24 hours after CLP. The remaining 24 mice were divided ran-
domlyy into 2 groups: The resection group (RES, n=12) received a relaparotomy 
duringg which the punctured and ligated cecum was resected just distally from 
thee ligating suture. The abdominal cavity was lavaged (5x2 ml) with isotonic 
NaCll  (0.9%) solution. The abdominal wall and skin were closed separately. In the 
non-interventionn group (NoRES, n=12) the punctured and ligated cecum was left 
inn situ. 

Beforee sacrifice at the appointed time points 2ml of NaCL 0.9% was injected in 
thee peritoneal cavity before relaparotomy, and peritoneal lavage fluid (PLF) was 
subsequentlyy sampled when the abdomen was opened. In PLF peritoneal media-
torr concentrations and leukocyte count were measured. Abdominal swaps were 
takenn for culture. An average of 1.5 - 2.0 ml of PLF was collected. 

Too analyze the effect of cecal resection on kinetics of various inflammatory 
mediators,, mice were terminated on different time points by caval blood aspira-
tion.. In RES and NoRES groups 6 mice each were terminated 48 and 72 hours 
afterr CLP At termination blood, PLF and lungs were collected, the latter snap-
frozenn in liquid nitrogen. 

Parameters.Parameters. Leukocytes were counted in PLF as a measure for the local recruit-
ment.. The pro-inflammatory cytokine IL-6 and the anti-inflammatory cytokine 
IL-10,, were measured in both PLF and plasma to examine the local and systemic 
inflammatoryy balance. The murine analogue of the major neutrophil chemok-



inee IL-8. the granulocyte chemokine keratinocyte derived chemokine (KC) was 
measuredd to investigate the chemotactical response locally (abdomen) and 
inn distant organs (lung). Myeloperoxidase (MPO) was measured in the lung to 
examinee the degree of pulmonary neutrophil accumulation. 

Assays.Assays. IL-6, IL-10 and KC levels in plasma (EDTA), lung homogenates and/or PLF 
weree measured by enzyme-linked immunosorbent assays (ELISA) as specified by 
thee manufacturer (R&D Systems, Abingdon, United Kingdom). Abdominal leu-
kocytee counts were determined microscopically in a Biirker chamber after stain-
ingg with Turk solution. MPO content was measured in lung homogenates as 
describedd elsewhere.19 In brief, lung tissue was homogenised in 1:5 potassium 
phosphatee buffer and pelleted at 4500 g for 20 min at 4°C. Pelleted cells were 
lyzedd in potassium phosphate buffer (pH 6.0) supplemented with 10 mM EDTA 
andd 0.5% hexadecyl tri methyl ammoniumbromide. MPO activity was determined 
byy measuring the H,0,-dependent oxidation of 3,3' 5,5' tetramethylbenzidine. 
Reactionn was stopped with glacial acetic acid, followed by optical density read-
ingg at 655 nm. MPO activity is expressed as percentage of values measured in 
shamm operated mice. 

StatisticalStatistical analysis. All data are expressed as mean  standard error of the 
meann (SEM). Differences between CLP groups were analyzed analysis of variance 
(ANOVA)) for repeated measures. Differences between CLP groups per time point 
andd sham were analyzed by the Mann-Whitney U test. P-values of <0.05 were 
consideredd to represent a statistically significant difference. 

RESULTS S 

Inn the RES group one mouse died in both groups appointed to be terminated 
att 48h and 72h, whereas in the NoRES group 2 mice died in these groups. So 
parameterss were compared in 10 mice in the RES group and 8 mice in the NoRES 
group. . 

Locall  infection. All abdominal cultures at 24h showed a polymicrobial fecal 
flora.flora. Twenty-four hours after the first laparotomy (CLP or sham procedure) the 
abdominall  leukocyte count was significantly increased in CLP mice (25.0  4.0 
xx 109/L) compared to sham operated mice (5.0  0.8 x 10'7L, P=0.006). There were 
noo significant differences within or between the CLP groups (P=0.57, data not 
shown). . 

interleukininterleukin 6 (1L-6). Abdominal IL-6 levels (figure 1A) in the sham group were 
lowerr than in both CLP groups (24h: P=0.007; NoRES 48h: P-0.012; RES 48h and 
72h:: P=0.036). The difference in abdominal IL-6 levels between both CLP groups 
overr the entire experimental time failed to reach statistical significance (P=0.06). 
However,, plasma levels (figure IB) in the RES group were reduced to sham levels 



Figuree 1. Mean concentrations of interleukin (IL-)6 
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Figuree 2. Mean concentrations of interleukin (IL-)10 
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Figuree 3. Mean concentrations of keratinocyte derived chemokine (KC) 
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Figuree 4. Mean concentrations of myeloperoxidase (MPO) in lung 
homogenates s 
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andd were significantly lower than plasma levels of the NoRES group (P=0.048). ï 
InterleükinInterleükin 10 (IL-10). Abdominal and plasma IL-10 levels (figure 2A) in the sham ~ 

groupp were lower than both groups on all time points (figure 2, 24h: P=0.0008, ^ 
P=0.008,, respectively). After relaparotomy with or without cecal resection, IL- | 
100 levels in PLF decreased comparatively in both groups. Plasma levels of the | 
anti-inflammatoryy response cytokine IL-10 increased after resection and lavage =L 
inn contrast to levels of the NoRES CLP group without resection and lavage at | 
relaparotomyy (P=0.031). 3 

KeratinocyteKeratinocyte derived chemokine (KC). Abdominal concentrations of KC (figure 3A) g 
weree significantly lower in the sham group compared to KC-levels on all time | 
pointss in the NoRES group. In the RES group KC levels decreased after relaparo- =• 
tomy.. The difference in abdominal levels between groups failed to reach signifi- g. 
cancee (P=0.06). In lung homogenates KC levels decreased rapidly to sham levels 'd 
afterr relaparotomy for cecal resection and lavage. In contrast, pulmonary KC
concentrationss remained higher in the NoRES group throughout the experi- f 
mentt (P=0.012, between CLP groups; jigure 3B). | 

MyeloperoxidaseMyeloperoxidase (MPO) and neutrophil count. Consistent with higher KC levels jz 
inn the NoRES group also higher MPO levels, representing neutrophil accumu- | 
lation,, were found in this group compared to the RES group that underwent | 
surgicall intervention. In the NoRES group MPO levels in the lung homogenates Q 
peakedd at 48h (P=0.024, compared to sham; figure 4). Surgical management sig- | 
nificantlyy reduced MPO activity over the experimental period compared to the % 
NoRESS group (P=0.004). Relative lung weights were not significantly different = 
betweenn groups (P=0.38, data not shown). * 

DISCUSSIONN f 
Inn this study the effect of surgical elimination of the infectious focus and £ 
abdominall lavage on local and distant immune responses in peritonitis was 
examined.. One of the most impressive findings in this modified model was that 
locall abdominal inflammatory responses were not influenced as much by remov
all of the infectious focus as seen for the extra-abdominal responses. Although 
thee abdominal inflammatory balance was clearly improved by resection of the 
perforatedd cecum and lavage, striking results were seen in plasma and lung. The 
ratioo of pro- and anti-inflammatory mediators decreased (decrease of IL-6 and 
increasee of IL-10), which is associated with decreased severity and mortality.fi-1J 

Thiss was also reflected in reduced neutrophil activation in the lung. 
IL-66 plasma concentrations do not only correlate with APACHE-II scores, a 

measuree of severity of illness, but also concentrations and peak levels of IL-6 
aree higher in patients who eventually succumb to peritonitis and its complica
tions.211 "The effects of IL-6 are multiple in the host response. It increases intes
tinall and peritoneal permeability ̂ -^ and primarily initiates the acute phase 



response.255 The activation of this systemic response precedes the manifestation 
off  clinical septic syndromes like SIRS, MOF and septic shock. The accumulation 
andd activation of neutrophils in the abdominal cavity and various organs plays 
aa central role in this process. 

Thee local and systemic anti-inflammatory response was also examined in 
thiss study by measuring IL-10. IL-10 reduces the inflammatory insult by inhibit-
ingg production of pro-inflammatory cytokines14, chemokines16, and neutrophil 
recruitment.177 In experimental models IL-10 knockout mice and mice treated 
withh IL-10 antibodies display increased mortality1117, while the prophylactic 
andd therapeutic suppletion of IL-10 increases survival and delays the onset of 
irreversiblee septic shock.if,-Z7 In the present study the reduced pro-inflammatory 
responsee after surgical resection of the infectious focus was accompanied by a 
subsequentt activation of the anti-inflammatory response. Again the effect was 
mostt evident in plasma, implying that the restoration of the inflammatory bal-
ancee was most prominent in the systemic compartment to warrant the organ-
ismss homeostasis. 

Thee recruitment of neutrophils is mediated by various chemokines. A gradi-
entt of one of the most important chemokines IL-8, an equivalent of KC in the 
mouse,, attracts neutrophils to inflamed and infected sites-*, where they are sub-
sequentlyy activated and cause tissue damage by the release of noxious substanc-
es,, such as free radicals and proteases. Severity of peritonitis, most importantly 
thee development of organ failure, is induced by proteins, released by activated 
neutrophilss in the lung, such as MPO.-9 Peritonitis induces a systemic inflamma-
toryy response in which the lungs succumb more often and earlier than other 
organs.'""  The current study shows that resection of the infectious focus attenu-
atess the pulmonary immune response considerably and rapidly, as illustrated 
byy decreased local neutrophil chemotaxis and activation. Thus, surgical man-
agementt at 24 hours after induction of peritonitis not only improves the local 
peritoneall  response to infection, but to an even greater extent it precludes the 
systemicc complications of peritonitis, which determine mortality. 

Evenn after surgical management the abdominal inflammatory balance dis-
playedd a local inclination towards the expression of a more pro-inflammatory 
phenotype.. This implies low grade infection or reactivation of inflammation. 
Indeed,, pro-inflammatory cytokines are primarily produced to orchestrate the 
eradicationn of invading micro-organisms, and survival of infectious diseases 
dependss on them.1"11 So a dominant proinflammatory response in the abdomi-
nall  cavity could be aimed against remnant pathogens and adjuvant substanc-
ess that would maintain infection. When secondary peritonitis is not properly 
treatedd or host immune systems fail, recurrent or persistent intra-abdominal 
infectionn ('tertiary*  peritonitis) develops. Patients with tertiary peritonitis have 
longerr ICU-stay, more advanced organ dysfunction and higher mortality (more 
thann 60%) than patients with uncomplicated secondary peritonitis.u This leads 
too the conclusion that the abdominal pro-inflammatory response may be ben-



eficial,, whereas a similar response in the circulatory and pulmonary compart-
mentt is detrimental. 

Byy resecting the diseased cecum and performing an abdominal lavage a 
modell  was constructed with closer resemblance to clinical practice of peritonitis 
thann the traditional CLP model. Clinical secondary peritonitis is per definition 
polymicrobial,, like the peritoneal infection in this model. In the clinical situa-
tionn the laparotomy for controlling an intra-abdominal infection is usually per-
formedd hours after the first symptoms appear and comprises elimination of the 
infectiouss focus and peritoneal lavage.1 u Indeed, our results illustrate that surgi-
call  treatment already has a tremendous impact on intra- and extra-abdominal 
hostt inflammatory responses. This modified CLP model allows investigators to 
examinee therapeutic modalities, set to influence the host response, in a setting 
likelyy to be applicable to everyday practice as opposed to a CLP-only model. 

Inn summary, this study showed that in experimental secondary peritonitis 
cecall  resection and abdominal lavage reduced the pro-inflammatory response 
andd activated the anti-inflammatory response prominently in the systemic cir-
culationn and the lungs. In the abdomen, the ratio of pro- and anti-inflamma-
toryy mediators was less decreased, probably to orchestrate the eradication of 
remnantt local infection. Overshoot of responses outside the abdomen is clearly 
reducedd after resection and lavage. Due to its polymicrobial character and impli-
catedd surgical management this model is more applicable to clinical practice, 
andd may be the starting point of interventional studies. 
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