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Abstract

Aim: Intra-abdominal hypertension (IAH) is known
to have a negative impact on liver function. The aim
of this study was to observe the degree of liver ne-
crosis and apoptosis during IAH and to test the hy-
pothesis as to whether liver ischaemic precondition-
ing can alleviate these changes.

Methods: The study involved three groups of 8 pigs.
In the first group (Pn), pneumoperitoneum with
Helium was established and intra-abdominal pres-
sure (IAP) was increased to 30 mmHg for 3 hours,
after which the abdomen was decompressed. Liver
biopsies were obtained through a mini-laparotomy
before establishing pneumoperitoneum, immediate-
ly after decompression, and one hour after decom-
pression. In the second group (IscPr), IAP initially
increased to 25 mmHg for 15 minutes, followed by
an equal period of decompression, after which
the protocol for the first group was adopted. The
third group comprised controls in which IAP was
unchanged; liver biopsies were obtained during the
same time periods as the Pn and IscPr groups.
Results: Liver necrosis after abdominal desufflation
was significantly higher in the Pn group compared
to the control group (p=0,004) and the degree of
necrosis was significantly lower in the IscPr group
compared to the Pn group (p=0,009). Liver apop-
tosis during IAH was significantly higher in the
Pn group compared to that in the control Group
(p=0,002), while liver apoptosis was significantly
lower in the IscPr group compared to the Pn group
(p=0,008). After abdominal desufflation, apoptosis
was significantly higher in the Pn group compared
to the control group (p<0,001) and significantly
lower in the IscPr group compared to the Pn group
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(p<0,001).
Conclusions: IAH resulted in significantly increased
liver necrosis and apoptosis. Moreover, ischaemic
preconditioning resulted in a significantly smaller
degree of liver necrosis and significantly reduced
apoptosis.
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Introduction - Aim
The increase in intra-abdominal pressure (IAP) can
have significant effects on abdominal and extra-
abdominal organs [1-3]. The location of the liver,
its histological structure, and its central metabolic
role have prompted researchers to study the ef-
fects of intra-abdominal hypertension (IAH) on the
structure and function of the liver [4-6]. Clinical and
experimental studies show that an increase in liver
enzymes and associated histological alterations oc-
cur after prolonged pneumoperitoneum [4, 7].
Clinical and experimental studies have also shown
that the application of pneumoperitoneum during
laparoscopic surgery, or more severely during IAH
and abdominal compartment syndrome (ACS), re-
sults in ischaemia of intra-abdominal organs, while
subsequent decompression is followed by an ischae-
mia/reperfusion injury [8-12]. The damage that oc-
curs after ischaemia and the subsequent restoration
of blood flow is due, not only to hypoxia, but also to
the inflammatory response that follows [13, 14].
Although cell death from ischaemia/reperfusion
injury is generally considered to result from ne-
crosis, it has been increasingly recognized that cell
death may also arise from apoptosis [15, 16]. How-
ever, during apoptosis controlled and programmed
cell death and tissue damage occurs, a physiologi-
cal process which prevents excessive cell death in-
duced by harmful stimuli, important in maintaining
homeostasis. Apoptosis differs from necrosis, not
only in terms of histological alterations, but also in
relation to mediator-induced mechanisms of injury
[15-19].
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In the liver, apoptosis of hepatocytes has been not-
ed in both normal and abnormal conditions. Hepa-
tocyte apoptosis is a normal event during liver de-
velopment, as well as in the process of repair and
renewal. On the other hand, a number of harmful
conditions, including ischaemia, drug toxicity, other
toxicities, viral inflammation, malignancy, endotox-
aemia, and immunologically mediated conditions,
have been shown to trigger hepatocyte apoptosis
[19]. Currently, clinical and experimental research
has revealed that resistance of vital organs (heart,
liver, kidneys, etc) to ischaemia may be increased
through the use of ischaemic preconditioning (IP).
IP is an endogenous protective mechanism through
which repetitive short periods of ischaemia fol-
lowed by reperfusion confers protection against
subsequent sustained ischaemia /reperfusion injury
[20, 21].

Taking into account current knowledge of the im-
pact of IAH on liver function and histology, we con-
ducted an experimental study in order to investigate
the effect of IAH on hepatocyte necrosis and apop-
tosis and further demonstrate the effect of ischae-
mic preconditioning on both processes.

Methods

The research protocol was approved by the Ethics
Committee of Aretaieion Hospital of Athens Uni-
versity and the local Department of Veterinary Ser-
vice. The animals used for this protocol were 24 fe-
male swine weighing between 20-33 kg which were
deprived of food for 24 hours before each experi-
ment, but were given free access to water.

Anaesthetic protocol

Ketamine (3 mg/kg) and midazolam (0.5 mg/kg)
were administered intramuscularly. General an-
aesthesia was achieved with Thiopental (5 mg/kgr)
and Fentanyl (100y) and was maintained with sevo-
flurane (1-2% MAC), fentanyl (~S5g/kg/h), and
vecuronium (~ 1.5 mg/h). During the experiment,
all animals received 100-150 ml/kg of a Ringer’s
lactate solution. A nasogastric tube was introduced
and electrocardiogram (ECG), oxygen saturation,
end-expiratory carbon dioxide (CO2) and transrec-
tal temperature were monitored throughout the ex-
periment. Through a lateral vertical neck incision,
a 3-lumen catheter 7.0 Fr, 20 cm, (Central Venous
Catheter Kit, Hospira, Inc. Illinois, U.S.A) was in-
serted into the ipsilateral internal jugular vein for
central venous pressure (CVP) measurements and
a PiCCO catheter (PULSION Medical Systems AG
—Munich Germany), was inserted into the common
carotid artery for haemodynamic monitoring.
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Groups of animals

As previously stated, the purpose of the study was
to investigate the impact of IAH on liver histology
through the determination of the extent of hepato-
cyte necrosis and apoptosis. The potential for the
development of resistance in the liver following
ischaemic preconditioning was also determined.
Pigs were used as experimental subjects due to
the anatomical and histological similarity between
human and porcine livers. The pigs were random-
ly divided into 3 groups of 8 animals. In the first
group (Pn), pneumoperitoneum with Helium was
established via an infraumbilically inserted Verress
needle and TAP was increased from baseline (0-5
mmHg) to 30 mmHg for 3 hours, after which the
abdomen was decompressed. Liver biopsies were
obtained through a mini laparotomy before estab-
lishing pneumoperitoneum, immediately after de-
compression, and one hour after decompression.
In the second group (IscPr), IAP was initially in-
creased to 25 mmHg for 15 minutes, followed by
a 15 minute period of decompression (IAP = 0
mmHg), after which the protocol for the first group
was adopted. The third group comprised controls,
in which TAP was unchanged; liver biopsies were
obtained during the same time periods as in the Pn
and IscPr groups. Helium gas was used rather than
carbon dioxide in order to avoid the adverse effect
of hypercapnia and subsequent acidosis [22]. Liver
biopsies were obtained during laparotomy, taking
special care to avoid blood loss. Diathermy was
not used to protect the specimens from heat. Tissue
specimens, each measuring approximately 15x20
mm, were obtained from the edge of the right he-
patic lobe. Biopsies were then delivered to the Pa-
thology Laboratory.

Histopathological examination

A histopathological study of the liver biopsies was
performed by standard methodology. Specifically,
all histological specimens were stained with hema-
toxylin-eosin (H-E). Each section was then stud-
ied with a light microscope by a single pathologist
blinded to the identities of the specimens. The pres-
ence of necrotic cells was marked as grade I to III,
according to the features of necrosis. Specifically,
fatty degeneration of the hepatic cells was consid-
ered as grade III. All other forms of degeneration
(hydropic or vesicular) were considered as grade I
to II. Apoptotic hepatocytes were identified in H-E-
stained sections as necrotic cells without an inflam-
matory reaction. Apoptotic cells were also identi-
fied with TUNEL staining 15-17 using a commercial
kit (Boehringer Manheim Co., Indianapolis, IN).
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TUNEL-positive nuclei were counted under 40x
magnification and quantified by the % of positive
nuclei / 1000 cells.

Statistical analysis

The normal distribution of quantitative variables
was determined using the Kolmogorov-Smirnov
test. Quantitative variables that were not normally
distributed were expressed as the median and in-
terquartile range. Comparison between 2 groups
was performed using the Mann-Whitney test, while
comparison between more than two groups was
made using the Kruskal-Wallis test. To compare
proportions, the Pearson’s chi-square test was used
and, where necessary, the Fisher’s exact test. To
control for Type I errors due to multiple compari-
sons, the Bonferroni correction was applied using a
significance level of 0.05 / k (k = number of com-
parisons). Tests were 2-tailed. A statistical level of
less than 5% was considered significant. Statistical
analysis was performed using the software statisti-
cal package for the social sciences 13.0 (SPSS 13.0-
IMB company USA).

Results

¢ Pneumoperitoneum (Pn) group:
a. Liver necrosis was significantly increased dur-
ing intra-abdominal hypertension (p=0,001), an
effect that was sustained even after abdominal
desufflation (p<0,001) (Fig. 1a);
b. Similarly, liver apoptosis was significantly
increased during IAH (p=0,002) and signifi-
cantly maintained after abdominal desufflation
(p<0,001) (Fig. 1b).

¢ Ischaemic preconditioning (IscPr) group:
a. Hepatic necrosis did not change significantly
throughout all the experimental phases (Figure 2a);
b. However, apoptosis increased significantly
during IAH (p=0,004), as well as after abdomi-
nal desufflation (p=0,002) (Fig. 2b).

¢ Control group: no significant changes in necrosis

and apoptosis were observed. (Fig. 3)

® Comparisons between groups:
a. The degree of necrosis after abdominal desuf-
flation was significantly higher in the Pn group
compared to the control group (p=0,004), while
it was significantly lower in the IscPr group com-
pared to the Pn group (p=0,009) (Fig. 4). This
demonstrates that ischaemic preconditioning
significantly alleviates the extent of liver necro-
sis induced by pneumoperitoneum alone.
b. Liver apoptosis during IAH was significantly
higher in the Pn group compared to the con-
trol group (p=0,002), while it was significantly

lower in the IscPr group compared to the Pn
group (p=0,008) (Fig. 5a). This effect was sus-
tained even after abdominal desufflation. Af-
ter abdominal desufflation, apoptosis was sig-
nificantly higher in the Pn group compared to
the control group (p<0,001) and significantly
lower in the IscPr group compared to the Pn
group (p<0,001) (Figure 5b). It is apparent that
ischaemic preconditioning has a protective role
against liver apoptosis.

c. The comparison of the IscPr group with the
control group regarding both apoptosis and ne-
crosis was not statistically significant.

Discussion

The adverse effects of IAH on liver histology and
function are currently recognized and thoroughly
studied [4-7]. Moreover, it has been shown that the
hepatic blood flow can be directly affected by pneu-
moperitoneum. Indeed, even at the lowest levels of
10mmHg, IAP can depress the dual blood supply of
the liver, while a severe reduction of hepatic arte-
rial and portal venous flow is demonstrated beyond
the critical level of 20mmHg [4-6]. Diebel et al [5]
showed that in pigs, IAP at 30mmHg severely de-
pressed the oxidative and reductive capacity of the
liver which further decreased energy production,
despite adequate arterial oxygenation. In our study,
we similarly used pneumoperitoneum of 30 mmHg
in order to induce warm ischaemia in the liver and
study hepatocyte damage during IAH and, more
importantly, after abdominal decompression during
which reperfusion injury occurs. This suggests that
the experimental model of pneumoperitoneum fol-
lowed by decompression is analogous to the ischae-
mia / reperfusion injury occurring in vivo [8-12, 23].
In our study, liver necrosis and apoptosis were sig-
nificantly increased during IAH, an effect that was
significantly sustained, even after abdominal de-
compression, reflecting the negative impact of IAH
on liver ischaemia and reperfusion.

Extensive clinical and experimental research has
demonstrated the protective role of ischaemic pre-
conditioning on tissue ischaemia and reperfusion
injury. It has been confirmed that ischaemic tissue
damage is reduced if a prior exposure of tissues to
repeated short periods of ischaemia and reperfu-
sion is applied [20, 21]. Currently, IP of the liver can
be achieved by the application of short periods of
inflow occlusion through clamping the portal triad
(Pringle’s manoeuvre) followed by restoration of
blood flow. In pigs, it has been shown that the ideal
duration of occlusion and reperfusion is 10 minutes
for each phase [24, 25]. In our study, we used the
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aforementioned warm ischaemia instead of Pringle’s
manoeuvre, increasing IAP over the critical level of
20mmHg, and created IP conditions using IAP of
25 mmHg for 15 min followed by a 15 min reperfu-
sion period. Our results showed that the degree of
liver necrosis and apoptosis were significantly lower
when IP was applied in comparison to the group of
animals in which pneumoperitoneum without IP
was used, signifying a protective role of IP in ischae-
mia/reperfusion liver injury.

Interestingly, the histopathological findings of our
study demonstrate significantly greater necrotic he-
patocyte death compared to apoptotic hepatocyte
death. This picture is compatible with similar stud-
ies [16, 24, 26]. The morphological and biochemi-
cal features of apoptosis are different from those of
necrosis [15-19]. Necrosis is characterized by non-
fragmented degradation of DNA, cell membrane
damage, as well as destruction of mitochondria and
other organelles. In apoptosis, apoptotic cells exhib-
it nuclear and cytoplasmic condensation followed
by the degradation of the nuclear membrane and
formation of apoptotic features. In addition, mito-
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Fig.1 a. The extent of hepatocyte necrosis per biopsy in group Pn.
Necrosis of hepatocytes in the second and third biopsy specimens
were significantly increased, p = 0,001 and p <0,001 respectively,
compared to the first biopsy specimens. b. Apoptosis in the Pn
group. TUNEL values in the second and third biopsy specimens
were significantly increased compared to the first biopsy specimens
(p = 0,002 and p <0,001 respectively).
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Fig.2 a. The extent of hepatocyte necrosis per biopsy in group
IscPr. There was no significant change in the degree of necrosis be-
tween the biopsies. b. Apoptosis in the IscPr group. TUNEL values
were significantly increased in the samples of the second and third
biopsy specimens compared to the first biopsy specimens (p = 0,004
and p = 0,002 respectively).

chondria remain intact during apoptosis. Necrosis
normally occurs in large cell groups and causes a lo-
cal inflammatory reaction, while apoptosis does not
cause an inflammatory reaction. Apoptotic cells are
rapidly removed by macrophages via phagocytosis.
Necrosis is always a consequence of pathological
lesions. In contrast to apoptosis, however, necrosis
is a passive phenomenon of uncontrolled energy.
Apoptosis is primarily a physiological mechanism
that contributes to cell regulation and proliferation
and plays a key role in maintaining tissue homeosta-
sis. However, like necrosis, apoptosis is also likely
to be caused by various predisposing factors and can
have an important role in the pathogenesis of vari-
ous diseases. Drugs, toxins, viruses, cancers, and the
immune response are among the factors that can
trigger apoptosis of hepatocytes [15, 16, 19]. This
experimental model demonstrates that IAH might
be yet another mechanism that triggers apoptosis of
hepatocytes, by which ischaemic preconditioning of
the liver can be protective, alleviating the impact of
IAH in the liver.

In conclusion, this study showed that IAH cre-
ated conditions of liver ischaemia which induced
increased necrosis and apoptosis of hepatocytes.
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Additionally, ischaemic preconditioning significant-
ly alleviated the degree of hepatocyte necrosis and
apoptosis, acting protectively against the ischaemia/
reperfusion injury. These results may suggest that
implementation of ischaemic preconditioning via
pneumoperitoneum could be an interesting modal-
ity that warrants further studies in a clinical setting,
such as in advanced laparoscopic liver procedures
(hepatectomy) where alleviation of the degree of
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Fig.3 a. The extent of hepatocyte necrosis per biopsy in the con-
trol group. There was no significant change in the extent of hepa-
tocyte necrosis between biopsies. b. Apoptosis in the control group.
TUNEL values did not differ significantly between the specimens.
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Fig.4 Differences in the extent of necrosis between groups. The de-
gree of necrosis in the third biopsy specimens was significantly higher
in the Pn group compared to the control group (p = 0,004) and the
IscPr group (p = 0,009).
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Fig.5 a. The TUNEL values (apoptosis) in the second biopsy speci-
mens were significantly higher in the Pn group compared to those
in the control group (p = 0,002) and the IscPr group (p = 0,008). b.
The TUNEL values (apoptosis) in the third biopsy specimens were
significantly higher in the Pn group compared to the control group (p
<0,001), and the IscPr group (p <0,001).

necrosis and apoptosis of the liver remnant is con-
sidered critical to the patient’s outcome.
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Comments

Intra-abdominal hypertension (IAH), a rise in intra-
abdominal pressure (IAP), above 12 mm Hg, acute
or chronic, if not recognized and dealt appropri-
ately can have deleterious consequences for the pa-
tient leading to abdominal compartment syndrome
(ACS). The modern history of IAH/ACS begins
in1980 but the advent of laparoscopic surgery in the
90’s has surged clinical and experimental research.
Although the effects of IAH on liver haemodynam-
ic has been studied in depth [1], the functional and
structural alterations have lagged behind both at
clinical and experimental level mainly due to meth-
odological discordance. In this context the paper
is a significant contribution to the subject of cellu-
lar response to acute IAH. Mogilner et al [2] have
looked into hepatocyte damage from a different an-
gle. This interesting effect needs further elucidation
since apart from IAH it has ramifications to other
fields of general and transplantation surgery.
Another important research aim of the study was
the protective effect of liver preconditioning to sus-
tain cell injury. In the translational research era we
are living in this observation demands further re-
search and clinical applications beyond liver trans-
plantation as currently used. For example in surgical
oncology, regional chemotherapy by the stop-flow
technique takes advantage of ischemia to enhance
the cytotoxic effect of the drug and maximize apop-
tosis.

Research into IAH may benefit critically ill patients
and improve the dismal prognosis of the syndrome
but it may as well be advantageous to other fields of
surgery and therefore papers as this are welcomed.
D. Tisiftsis

Professor of Surgery
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H Eg@appoyn tng Ioxapukig Ilpoyopvaong yia ApfAvvon tng
Hooatikrjg Nékpwong kau Anéontwong mou Ilapatnpeitana otnv
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ITeipapatiky MeAétn
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ITegiAnyn

Ewaywyi:  Eivaw yvwotd on 1 Evdoroihioxn
Yréotaon (EKY) wropel va ennoedoer duouevag
TV MOty AeLToueyio. ZrOTOS TS TTELQOUOTLRNG
LOLG UEAETNG NTALY VOL ROTOYQUAPOUUE THV VEXQMOT ROL
OTTOTLTOCN TMV NTOTOXVTTAQWV RATW Amd ovvONKe
EKY xow vo donudoouvue tv vrobeon Tov ot
o000 N epoouoyn loyayurng Ilgoyvuvaong (IIT)
WTOQOVOE VO XATOOTHOEL TO NTOQ OVOEXTLROTEQO
(G TTEOG TG CUVETELES CLUTEC.

MéBodor: MehetiOnrav 3 ouddeg pe 8 yolpovg 1
roBgd. Xty o) opddo (Pn) epopudoaue
TVEVULOTTEQLTOVAULO UE CEQLO MALO %L QUENOOUE TNV
Evdonowhaxn Iieon (EIT) ota 30 mmHg ywo 3 toeg,
uetTd TNy omolon xotla amoovuméadnre. EAgbnoav
Proyieg Mmatog p€ow wxrEhg AomoQotoung TOoo
TOLY TNV €YRATAOTOON TOU TVEVUOTEQLTOVALOV, OO
OUECMS UETO TNV OUTOOUUIHEDY RABMS KoL MOl QAL
netdamod avt. Ztn devteon oucdo tng IIT (IscPr)n EIT
ovENOnxe ota 25SmmHg yia 15 hemrtd petd v omoia
axohovBnOnre 10O OV TEQIOOOS QTOCUUTTIEONS,
EV( OTN CUVEYELDL EQOOUOCONKE TO TEMTOROMAO
Ommg oTNY TEMTH opada. Xnowomowmonxe emiong
%OW WoL opadoL avopods (control) otny omoio ) EIT
TOQEUELVE AUETAPANTY, EVD eEApOnoay Ployieg otg
deg yoovrég meQLddovg dmmwg otg ouades Pn zow
IscPr.

Amnotedéouara: H nmomnn vERQMOT ®ATA TV (Ao
TG OITOOVUTEONS  MTAV ONUOVTILRG VYNAOTEQT
oty ouddo Pn ovyxouvouevn ue tv ouddo con-
trol (p=0,004), oAhé onuovtrd WwxrEOTEQN OTNY
oucda IscPr og oyéomn pe v opndda Pn (p=0,009).
H nmamny amdmtmon zatd ) edon g EKY frav
onuoavtrd vmhoteen oty opddo Pn ouyxrouvouevn
ue v oudda control (p=0,002), oArhd onuavTxd
wxroteon oty oudda IscPr ouvyxroivouevn pe v
ouddo. Pn (p=0,008). Metd v amoouvumieon 0
OTOTTWON HTOV ONUOVTLRE VYMAOTEON OTNY oudda
Pn ouyrowvduevn ue tv oudda control (p<0,001)
ROL  ONuovTIHG  uxEOoTteQn oty opdoa  IscPr
ovyroLvouevn ue v opdda Pn (p<0,001).
Svumeodouara: H EKY elye og ovvémelo v
oVENON TG NTOTKNG VEXQOWONG KL ATOTTOONG.
Emmpdobeta, n epaouoyn Ioyounng Iooyduvaong
elye g amotéheono wxpdtepo Pabud Mmotrng
VERQWONG AL CNUAVTLRE UKOOTEQY OTTOTTTOON).

AéEeic xAeidid

Evdoxowhoxi)  vmégraon, Ioyomuxn mooyvuvaon, Hmomnn
véxrpwom, Hrotxi amdmtwon.
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