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Abstract

BACKGROUND: Postoperative ileus (POI) is characterized by impaired gastrointestinal
motility resulting from intestinal handling-associated inflammation. The introduction of
laparoscopic surgery has dramatically reduced the duration of POI. However, to what extent
this results from a reduction in intestinal inflammation remains unclear. The aim of the
present study is to compare the degree of intestinal inflammation and gastrointestinal transit

following laparoscopic surgery and open abdominal surgery.

METHODS: Mice were subjected to laparoscopic surgery or laparotomy alone or in
combination with standardized intestinal manipulation of the small bowel (IM). 24 hours after
surgery gastrointestinal transit and intestinal inflammation were assessed by the number of
myeloperoxidase (MPO) positive cells and the level of cytokine expression. The recovery
time and the degree of inflammation were also analyzed in patients subjected to colectomy

under open conditions (laparotomy) or laparoscopic conditions.

RESULTS: Mice undergoing IM by laparotomy (open IM), but not by laparoscopy (Lap IM)
developed a significant delay in gastrointestinal transit compared to laparotomy or
laparoscopy alone. In addition, there was significant intestinal inflammation only after open
IM. In line, cytokine levels in peritoneal lavage fluid were lower while recovery time was
faster in patients subjected to colectomy under laparoscopic conditions compared to open

colectomy.

CONCLUSION: Our data confirm that intestinal inflammation is underlying the delayed

gastrointestinal transit observed after open surgery. Most importantly, we demonstrate that

Page 2 of 27



Page 3 of 27

©CoO~NOUTA,WNPE

Neurogastroenterology and Motility

intestinal inflammation under laparoscopic conditions is significantly lower compared to open

surgery, most likely explaining the faster recovery following laparoscopic surgery.

Key words: open surgery, laparoscopic surgery, intestinal manipulation, inflammation, mouse

model, colectomy, postoperative ileus

Introduction

Laparoscopy has become the gold standard for surgical treatment of benign and malignant
abdominal disorders. Next to cosmetic and technical benefits such as improved visualization
by magnification, laparoscopy is associated with reduced morbidity, reduced pain levels,
faster recovery of bowel function, and shorter hospitalization compared to open
procedures.l’z. Laparoscopy induces less direct trauma because of gentler tissue handling,
meticulous hemostasis, constant irrigation, the use of microsurgical instruments and the
smaller operative field.’This access method has been associated with less postoperative pain,
less systemic immunological depression®, reduced wound infection, fewer complications,
shorter hospital stays and earlier return to normal activities."? Even the most radical
endoscopic procedures require considerably less recuperation time to normal activities when
compared with their open counterpart.” For example in patients with colon cancer, recovery of
bowel function is considerably shorter after laparoscopic surgery compared to open colonic
resection® as reviewed in’. Clinical and animal experimental studies suggest this faster
recovery of the bowel motility is mediated by an improved preservation of the host immune

defense following laparoscopic procedures*’, but the underlying mechanisms remain unclear.
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Postoperative ileus (POI) is a transient reduction of gut coordinated propulsive motility that
occurs following almost each abdominal surgical procedure. Several factors play a role in the

8-10
and

occurrence and severity of POI, including the use of anesthetics and opioid analgesics
the opening of the abdominal cavity. The latter activates inhibitory neuronal reflexes
involving adrenergic and non-adrenergic pathways that mainly contribute to gut dysmotility in
the first 3 hours following surgery.'""' Thereafter, inflammation of the intestinal muscularis
externa becomes the main mechanism underlying POL'">" This inflammatory response
consists of activation of resident macrophages located within the muscularis externa by
handling of the intestines during surgery. Pro-inflammatory cytokines and chemokines
released by activated macrophages, and subsequent expression of adhesion molecules on
endothelial cells, will lead to an influx of leukocytes (mainly neutrophils and monocytes) into
the muscularis externa.”*"® Both incoming monocytes and activated resident macrophages
produce nitric oxide and prostaglandins that further compromise the contractile activity of the
gut.”®!* Hence, from a clinical point of view, this inflammatory phase represents the most
important target for treatment. Moreover, since inflammation is one of the main causes

leading to POI, we hypothesized that differences in the degree of inflammation may explain

the faster recovery following laparoscopic surgery compared to open surgery.

Here, we provide evidence that intestinal manipulation under laparoscopic conditions does not
delay gastrointestinal transit and does not induce local intestinal inflammation. This is in line
with observations in patients undergoing laparoscopic colectomy, who develop less severe
POI and show lower cytokine levels in peritoneal fluid compared to open colectomy. Our
findings support the idea that the faster clinical recovery following laparoscopic surgery may

be explained by a significant reduction in intestinal inflammatory response to abdominal

surgery.
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Material and Methods
Animals

In this study, thirty 10-12 week old C57BL/6JolaHsd female mice (Harlan) were used.
Laboratory animals were kept under environmentally controlled conditions (20-22°C, 55%
humidity) with standard mouse chow and water ad [ibitum. Laparoscopic surgery,
laparotomy and intestinal manipulation procedures were approved by the Institutional Review

Animal Care Committee.
Experimental design for mouse experiments

Mice were randomly assigned to five different groups: animals not subjected to any surgery
(n=6), laparotomy (n=6), laparotomy plus intestinal manipulation (open IM, n=6),
laparoscopy (n=6) and laparoscopy plus intestinal manipulation (Lap IM, n=6). One of the
mouse subjected to laparotomy died after surgery by un-known causes. 24 hours after surgery

mice were sacrificed and gastrointestinal transit and intestinal inflammation were determined.
Surgical procedure: laparotomy and laparoscopic surgery

Mice were anesthetized by intraperitoneal (i.p.) injection of a mixture of Ketamine (Ketalar
100 mg/kg; Pfizer) and Xylazine (Rompun 10 mg/kg; Bayer). Anesthetized mice were shaved
at the level of the abdomen and laparotomy or laparoscopic surgery was performed according
to the study group. For open surgery, a 25 mm middle abdominal incision was done and the
peritoneum was opened over the /inea alba. Thereafter, the small bowel was eventrated using

two cotton swabs (Fig. 1A) as previously described.'®

For laparoscopic surgery, animals were intubated with a 20-gauge catheter and mechanically
ventilated (Mouse Ventilator MiniVent, type 845, Hugo Sachs Elektronik-Harvard Apparatus

GmbH, March-Hugstetten, Germany) using humidified room air with a tidal volume of 250
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pL at 160 strokes. An inguinal midline incision was made and a 2-mm endoscope with a 3.3-
mm external sheath for insufflation (Karl Storz, Tuttlingen, Germany) was introduced into the
abdominal cavity (Fig. 1B-C) as previously published.17 The incision around the entry site
was sealed gas tight with a purse string to avoid leakage. A pneumoperitoneum (pressure) was
created with the Thermoflator Plus (Karl Storz) using pure carbon dioxide. After induction of
the pneumoperitoneum, two 14-gauge catheters were inserted under laparoscopic vision to

perform the intestinal manipulation as explained below.
Intestinal manipulation

The small intestine was manipulated (IM) by the same surgeon (MMB) to avoid variability.
For IM, the small intestine was manipulated using a 1.5 mm grasper and the plastic tip of a 14
GA trocar (Fig. 1A-B). IM was performed from the caecum to the distal duodenum and
contact or stretching of the stomach or colon was strictly avoided. Manipulation took between

3-5 and 6-8 minutes for open and laparoscopic surgery, respectively.

After the surgical procedure, the abdomen was closed by a continuous two-layer suture
(Mersilene, 60 silk) in animals subjected to laparotomy while in animals subjected
laparoscopy three small abdominal incision points were closed with suture (Mersilene, 60
silk) too. Surgery was performed under sterile conditions and body temperature was kept
around 37°C during the procedure. After closure, mice were allowed to recover for 3 hours in
a heated pad (37°C) recovery cage without administration of anti-inflammatory or analgesic
agents as these can alter gastrointestinal motility and the postoperative process. Thereafter,

food and water were provided ad libitum.
Gastrointestinal transit measurement

To assess gastrointestinal transit, 24 hours after surgery mice were gavaged with a liquid non-

absorbable fluorescein isothiocyanate-labeled dextran (FITC-dextran, 70,000 Da; Invitrogen).
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Page 7 of 27

©CoO~NOUTA,WNPE

Neurogastroenterology and Motility

After 90 minutes, animals were sacrificed and the contents of stomach, small bowel (divided
into 10 segments of equal length), caecum, and colon (3 segments of equal length) were
collected. The amount of FITC in each bowel segment was quantified using a
spectrofluorimeter (Ascent, Labsystem Inc). The distribution of the fluorescent dextran along
the gastrointestinal tract was determined by calculating the geometric center (GC) value for

quantitative comparisons among experimental groups.”’m’18

GC: X (percent of total fluorescent signal in each segment x the segment number)/100
Intestinal inflammation analysis
Myeloperoxidase staining

A 2-cm long fragment of the jejunum was fixed with 100% ethanol for 10 minutes. Next, the
mucosa and submucosa were removed and the remaining full-thickness sheets of muscularis
externa were stained with Hanker Yates reagent (Sigma-Aldrich) for 10 minutes."”
Myeloperoxidase (MPO) positive cells were visualized with a microscope (BX 41 Olympus)
connected to a camera (XM10 Olympus) and Cell*F software was used for sampling the
tissues. The number of MPO-positive cells in 10 randomly chosen representative high-power
magnification fields (taken with the 10X objective, 668.4 pm x 891.2 um) was counted by a

blinded investigator.
Inflammatory gene expression

Total RNA was extracted from the muscularis externa of the jejunum 24 hours after surgery
to analyze the mRNA expression level of the following inflammation related genes:
interleukin 6 (il6), interleukin 1 alpha (i//a) and interleukin 1 beta (i//b). Tissues were
homogenized by the TissueLyser II homogenizer (Qiagen). RNA extraction was performed

using RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions. Total RNA was
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transcribed into complementary cDNA by qScript cDNA SuperMix (Quanta Biosciences)
according to the manufacturer’s instructions. Quantitative real-time transcription polymerase
chain reactions (RT-PCR) were performed with the LightCycler 480 SYBR Green I Master
(Roche) on the Light Cycler 480, (Roche). Results were quantified using the 2-AACT method.
The expression levels of the genes of interest were normalized to the expression levels of the
reference gene rpl32. PCR experiments were performed in triplicate. Primer sequences used

are listed in table 1.

Table 1. Primer sequences used for gRT-PCR

Gene Sense Antisense

rpl32 5’-AAGCGAAACTGGCGGAAAC-3 5’-TAACCGATGTTGGGCATCAG-3’
Illa 5’-GAGAGCCGGGTGACAGTATC-3’ 5’-ACTTCTGCCTGACGAGCTTC-3’

nip 5’-GACCTTCCAGGATGAGGACA-3’ 5’-TCCATTGAGGTGGAGAGCTT-3’

16 5’-CCATAGCTACCTGGAGTACATG-3 5’-TGGAAATTGGGGTAGGAAGGAC-3’

Clinical study

Patients

Patients were invited to participate when undergoing elective segmental colectomy for colonic
cancer without evidence of metastatic disease. Informed consent was signed by all the patients
included in the study. Patients were subjected to segmental colectomy under open conditions
(laparotomy, n=22) or laparoscopic conditions (n=27). The study was conducted in the
Academic Medical Center (Amsterdam, The Netherlands) in accordance with the principles of
the Declaration of Helsinki. The protocol was approved by the Medical Ethics Review Board
of the Academic Medical Center in Amsterdam, The Netherlands (National Trial Register,

number NTR1884).
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Analysis of peritoneal lavage fluid

Peritoneal lavage fluid samples were collected from patients undergoing a colectomy under
open or laparoscopic conditions. Peritoneal lavages samples were collected at the end of the
surgical procedure before closing the abdominal cavity or the small incisions. The abdominal
lavages were performed using 100 mL of warm (42°C) sterile 0.9% NacCl solution, which was
sprinkled gently onto the small intestine and its mesentery. After approximately 30 seconds,
peritoneal fluid (between 20 and 40 mL) was collected using a 22 French Foley catheter (Bard

Limited, West Sussex, UK) connected to a 50 mL catheter tip syringe.

Peritoneal levels of 116, I11a, 1118, 118, 1112p70 and TNFa were determined using Cytometric
Bead Array (CBA) kits for human (for TNFa, IL12p70 and IL18 the enhanced sensitivity flex
set kits were used) according to the manufacturer’s instructions (BD Biosciences). Flow
cytometric analysis was performed using a FACS Array flow cytometer (BD Biosciences).

CBA results were analyzed using the FCAP ArrayTM software (BD Biosciences).

Clinical end points

To track the postoperative time to tolerance of solid food, patients were assisted (by a trial
nurse and/or a research physician) to complete a self-assessment sheet daily until hospital
discharge. Time to tolerance of solid food (TSF) was defined as the first time the subject was
able to eat solid food (any food that required chewing) without vomiting or experiencing
significant nausea within 4 hours following the meal, or without having to revert to enteral
fluids. All patients were discharged according to the same predefined discharge criteria and

time to hospital discharge (HD) was recorded.

Statistical analysis
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All mouse data were statistically analyzed by one-way analysis of variance followed by
Bonferroni's multiple comparison test. In the clinical study, normally distributed data were
analyzed using parametric tests. Data that were not normally distributed were subjected to
non-parametric test (Mann Whitney test). Probability level of p<0.05 was considered
statistically significant and results are shown as mean £ SEM. Graph Pad Prism V.5.01

software was used to perform statistical analysis and create graphs.

Results

Intestinal manipulation under laparoscopic conditions does not induce a delay in

gastrointestinal transit

Geometric center (GC) values, as index of gastrointestinal transit, from animals subjected to
laparotomy (GC; 10.06 = 0.30, n=5) and laparoscopy (GC; 9.92 + 0.32, n=6) were similar to
those found in control mice not subjected to any surgery (GC; 10.33 + 0.26, n=6, Fig. 2A, ns,
one —way ANOVA). In contrast, open IM of the small intestine resulted in a delay of the
intestinal transit (Fig. 2B) (p<0.05, one-way ANOVA). Interestingly, lap IM did not result in
a delay of the gastrointestinal transit compared with laparoscopy alone (Fig. 2C) (ns, one-way
ANOVA). Notably, there was a significant reduction in GC values from animals subjected to

open IM when compared to Lap IM group (Fig. 2D, p<0.05, one-way ANOVA).

Intestinal manipulation under laparoscopic conditions does not lead to intestinal

inflammation

As shown in figures 3 and 4, laparotomy and laparoscopy alone did not induce intestinal
inflammation with similar numbers of myeloperoxidase (MPO) positive cells in the intestinal
muscularis (2.6 = 2.1 and 10.1 £ 8.8 MPO-positive cells/field for laparotomy and laparoscopy
group respectively vs 1.6 = 1.8 MPO-positive cells/field in control mice not subjected to

surgery, ns, one-way ANOVA, Fig. 3). In addition, no differences were found between i/6,
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illa and il1b mRNA expression (ns, one-way ANOVA, Fig. 4). However, open IM resulted in
a significant increase in MPO positive cells recruited in the muscularis externa. In line, open
IM significantly increases the expression levels of i/6, illa and illb compared to laparotomy
alone, laparoscopy alone and Lap IM (Fig. 3-4). Lap IM failed to evoke an inflammatory

response compared to laparoscopy alone.

Laparoscopic colectomy leads to less severe POI and reduced inflammation compared to

conventional colectomy in humans

The time until tolerance to solid food (TSF) and until hospital discharge (HD) was
significantly reduced in patients subjected to laparoscopic colectomy compared with patients
subjected to open colectomy (TSF; p=0.0008 and HD; p= 0.0001, non-parametric test (Mann

Whitney test), Fig. 5).

In parallel, the levels of pro-inflammatory cytokines (116, Il1a, 118, 1112p70 and TNFa) in
peritoneal lavages were higher after open intestinal surgery compared to those in patients who
underwent a laparoscopic colectomy (116; p=0.026, Il1a; p= 0.019, 118; p= 0.001, 1112p70; p=
0.013 and TNFa p= 0.001, non-parametric test (Mann Whitney test), Fig. 6) while for 111

there was no significant difference between the two groups.

Discussion

Minimally invasive laparoscopic surgery is one of the most important advances in modern
surgical care. Laparoscopy is safer compared to open surgery, and effectively reduces
surgery-associated trauma and morbidity leading to faster recovery from surgery. The

underlying mechanisms, however, remain unclear.

In the late 1990s, intestinal inflammation was demonstrated to be the main pathophysiological

mechanism underlying postoperative ileus (POI). Manipulation of the intestine during surgery



©CoO~NOUTA,WNPE

Neurogastroenterology and Motility

triggers the activation of intestinal resident macrophages and consequently the influx of
leucocytes to the manipulated intestine starting approximately 3—4 h after surgery.*”'>!®
These inflammatory cells release NO and prostaglandins impairing smooth muscle

contractility thereby mediating POL.***! Indeed, anti-inflammatory strategies to prevent POI

such as activation of the cholinergic anti-inflammatory pathway*>**, NSAIDs** and drugs that

25,26 18,25

target mast cells™ ", resident macrophages and neutrophils'>?’ have been shown to be

effective in reducing POL’

To evaluate the hypothesis that faster recovery following laparoscopy is associated with less
intestinal inflammation, we made use of a laparoscopic and an open surgery mouse model.
The animal model of intestinal manipulation (IM) of the small bowel by means of two cotton
applicators is currently widely used to induce POI in mice and rat as it mimics the abdominal
handling of the gut in patients undergoing abdominal surgery.'>'**® In the current study, we
adapted this technique to a model of laparoscopic surgery to compare the effects of the two
different surgical techniques on intestinal inflammation and recovery of gastrointestinal
transit. In contrast to open IM, no delay in intestinal transit or intestinal inflammation was
observed with laparoscopic IM. In line, in patients subjected to segmental colectomy, the
levels of pro-inflammatory cytokines detected in the peritoneal lavage fluid were significantly
lower under laparoscopic conditions, a finding that was associated with a shorter POI
compared to patients undergoing open surgery. Based on these findings, we conclude that
faster recovery after laparoscopic surgery may result from a reduced inflammatory response

to surgical handling of the intestine.

Although we did not measure tissue damage in the present study, one can speculate that
laparoscopic surgery is less traumatic than open surgery. The intestine is handled with more
care during laparoscopic surgery, and in addition, the intestine is exposed to a completely

different environment in the two types of surgery. Under normal physiological conditions, the
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partial pressure of oxygen (ppO,) in the tissues is around 23 mm Hg. During standard
laparoscopy, pure CO; is insufflated into the peritoneal cavity to induce a pneumoperitoneum.
Hence, the abdominal cavity and specially the mesothelial layer covering the bowel serosa are
exposed to a hypoxic environment, hypothermia and barotrauma. During open surgery, the
abdominal cavity and the intestines are exposed to air composed of 20.9% oxygen (160 mm
Hg). This hyperoxic environment induces the production of reactive oxygen species (ROS)
and oxidative stress.”” Moreover, we previously showed that open surgery performed in a dry
environment (0% relative humidity) induces desiccation of the tissue, associated with
increased mortality (unpublished results). We can, therefore, hypothesize that during open
surgery both the hyperoxic and dry environment will induce more tissue damage, a key player
in triggering sterile inflammation and most likely contributing to the activation of the resident
macrophages in the intestinal muscularis. Further experiments are however required to

confirm this hypothesis.

Our findings are consistent with previous results showing that following laparoscopic
cholecystectomy in dogs, the reduction in intestinal motility is less in comparison with open
cholecystectomy.’™*'*? According to the authors, this difference resulted from the lower
extent of abdominal trauma associated with the laparoscopic technique. Other factors that may
contribute to faster recovery following laparoscopic surgery are a reduced stress response
(lower levels of epinephrine and norepinephrine)’® and a better preserved immune response
allowing more effective elimination of pathogens (higher level of HLA-DR)* compared to
conventional open surgery. Here we provide evidence in mice and humans that faster
postoperative recovery of gut motility coincides with a reduction in the inflammatory

response to intestinal handling.

In conclusion, we provide evidence in mice that manipulation of the intestine triggers an

inflammatory response and reduces intestinal transit under open but not under laparoscopic
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conditions. Similarly, the levels of pro-inflammatory cytokines are lower in patients
undergoing laparoscopic compared to open segmental colectomy. Based on these findings, we
propose that the reduced inflammatory response of the muscularis externa observed after
laparoscopic surgery is a new mechanism that contributes to the faster clinical recovery
compared to open surgery. We hypothesize that exposure of the abdominal organs to a non-
physiologic environment during open surgery (high concentration of oxygen and dry air) may
contribute to the increased intestinal inflammation and more severe impairment in

gastrointestinal transit observed following these procedures.
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Figures legend

Figure 1. Methodology used to perform intestinal manipulation in mice. (A) Image shows
manual manipulation of the small intestine using a 1.5 mm grasper and the plastic tip of a 14
GA trocar under open conditions. (B) Image shows manual manipulation of the small
intestine using a small grasper and the plastic tip of a 14 GA trocar under laparoscopic
conditions. (C) Scheme of the laparoscopic setup used to perform intestinal manipulation

under laparoscopic conditions.

Figure 2. Intestinal manipulation under laparoscopic conditions does not delay gastrointestinal
transit. (A) Dextran transit through the intestinal segments from one C57BL/6JolaHsd female
mouse that was not subjected to any type of surgery or anesthesia treatment. (B) Dextran
transit through the intestinal segments from mice subjected to laparotomy alone (black) and
laparotomy plus intestinal manipulation (IM, grey). Note that IM delayed the passage of the

dextran through the gut. (C) Dextran transit through the intestinal segments from mice
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subjected to laparoscopy alone (black) and laparoscopy plus intestinal manipulation (IM,
grey). Note that there was no impact of IM under laparoscopic conditions. (D) Geometric
center (GC) values of dextran distribution for the four groups of animals. IM plus laparotomy
group presents a reduction in GC values compared to IM plus laparoscopy. Data in B and C
show the mean for each segment from 5 or 6 mice per group. Histogram shows dots
distribution and mean + SEM of the GC value for each group. * P < 0.05 compared with

laparoscopy plus IM group (one-way ANOVA followed by Bonferroni post-hoc).

Figure 3. Intestinal manipulation under laparoscopic conditions does not induce MPO positive
cell influx to the muscularis. (A) Representative images of MPO-positive cells recruited into
the muscularis externa of the murine jejunum 24 hours after laparotomy, or laparoscopy
alone, or in combination with IM. Scale bar 100 um. (B) Histogram shows dots distribution
and mean = SEM of the MPO-positive cells/field for the four experimental groups of animals.
Only laparotomy plus IM lead to a significantly high MPO-positive cells influx to the
muscularis externa. * P < 0.01 compared with laparotomy plus IM group (one-way ANOVA

followed by Bonferroni post-hoc).

Figure 4. Absence of intestinal inflammation in IM performed under laparoscopic conditions.
il6 (A), illa (B) and il1b (C) mRNA expression in the muscularis externa of the jejunum 24
hours after surgical procedures for the five experimental groups of animals. Interestingly there
was a significant increase in expression of inflammatory markers exclusively in the group
subjected to laparotomy plus IM. Data are expressed in respect to the housekeeping gene
rpl32. Histograms show dots distribution and mean £ SEM for every group of animals. * P <
0.05, ** P < 0.01 and *** P < 0.001 compared with laparotomy plus IM group (one-way

ANOVA followed by Bonferroni post-hoc).
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Figure 5. Laparoscopic conditions reduce the time to recovery of gut motility and the
hospitalization after colectomy. Time until tolerance to solid food (A) and hospital discharge
(B) in patient subjected to open colectomies (black) and laparoscopic colectomies (grey).
Duration of GI recovery is longer in the open colectomy group. Histograms show dots
distribution and mean = SEM in days for both groups of patients. *** P < (.01 compared

with open colectomy group (non-parametric test followed by Mann Whitney test).

Figure 6. Colectomy under laparoscopic conditions leads to less inflammation compared to
open colectomy. Peritoneal content of pro-inflammatory cytokines were analyzed after
colectomies under open and laparoscopic conditions. Peritoneal level of 116 (A), [11a (B), 111
(©), I8 (D), I1 12p70 (E) and TNFa (F) were substantially reduced after laparoscopic-
compared to open procedures. Note that there was no significant reduction for 111 (C).
Histograms show dots distribution and mean = SEM in pg/ml or fg/ml for both groups of
patients.* P < 0.05 and ** P < 0.01 compared with open colectomy group (non-parametric

test followed by Mann Whitney test).
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