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Vascular occlusion to prevent haemorrhage during liver resection causes ischaemia-

reperfusion (IR) injury. Insights into the mechanisms of IR injury gathered from experimental models

have contributed to the development of therapeutic approaches, some of which have already been tested

in randomized clinical trials.

The review was based on a PubMed search using the terms ‘ischemia AND hepatectomy’,

‘ischemia AND liver’, ‘hepatectomy AND drug treatment’, ‘liver AND intermittent clamping’ and ‘liver

AND ischemic preconditioning’; only randomized controlled trials (RCT's) were included.

Twelve RCTs reported on ischaemic preconditioning and intermittent clamping. Both

strategies seem to confer protection and allow extension of ischaemia time. Fourteen RCTs

evaluating pharmacological interventions, including antioxidants, anti-inflammatory drugs, vasodilators,

pharmacological preconditioning and glucose infusion, were identified.

Several strategies to prevent hepatic IR have been developed, but few have been incorporated

into clinical practice. Although some pharmacological strategies showed promising results with improved

clinical outcome there is not sufficient evidence to recommend them.
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Massive haemorrhage remains a major pitfall of liver
surgery. The volume of blood lost during liver surgery
significantly affects morbidity and mortality, and perioper-
ative blood transfusions are associated with higher rates of
postoperative complications and tumour recurrence!~*.
Devascularization techniques, haemostatic procedures,
intraoperative ultrasonography and low central venous
pressure anaesthesia have helped reduce intraoperative
blood loss’~?. Despite the availability of novel transec-
tion devices, vascular control is often required in complex
hepatic resection procedures to avoid excessive bleeding!’.
Several techniques, such as inflow occlusion by portal
triad clamping (PTC; Pringle manoeuvre) and hemi-
hepatic vascular clamping or inflow and outflow occlusion
(total hepatic vascular exclusion, selective hepatic vascular
occlusion), have been suggested!!. Japanese and Euro-
pean surveys have revealed that 25 and 19 per cent of
surgeons respectively apply the Pringle manoeuvre rou-
tinely; vascular clamping is never applied by only 7 and

12,13

10 per cent respectively'“-'. Routine vascular clamping
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to improve perioperative outcome after liver resection
remains controversial'?.

Vascular occlusion causes ischaemic injury to the liver,
and is exacerbated by reperfusion. Experimental studies
have increased current understanding of the mechanisms
of ischaemia—reperfusion (IR) injury. Several strategies to
protect the liver from IR injury have been developed in
animal models and their efficacy subsequently confirmed
in clinical studies. As a result, surgical procedures such as
ischaemic preconditioning (IP) and intermittent clamping
(IC) have found their way into clinical practice, whereas
clinical evaluation of pharmacological approaches remains
limited. This review outlines the various strategies for
reducing normothermic hepatic IR injury in experimental
and clinical studies (Fig. ).

In a PubMed analysis using the limits ‘randomized con-
trolled trials’ (RCTs) and ‘english’, and the keywords
‘ischemia AND hepatectomy’, ‘ischemia AND liver’, ‘hep-
atectomy AND drug treatment’, ‘liver AND intermittent
clamping’ and ‘liver AND ischemic preconditioning’, 144
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Fig. 1 Synopsis of surgical and pharmacological strategies for hepatic ischaemia—reperfusion (IR) injury induced by portal triad
clamping (PTC), hemihepatic vascular clamping (HHVC), total hepatic vascular exclusion (THVE) or selective hepatic vascular

exclusion (SHVE)

papers published up to 2008 were identified. RCT's inves-
tigating pharmacological or surgical interventions were
included, whereas transplant studies, studies applying the
in situ cooling technique and those comparing vascular
occlusion or liver resection techniques were excluded. To
avoid duplication among overlapping studies from the same
group, the first published study was retained and the others
excluded. One article was identified by cross-checking ref-
erences. A total of 26 RCT's were included, 12 investigating
surgical therapeutic and 14 investigating pharmacological
approaches (Fig. 2).

Ischaemia-reperfusion injury

Ischaemia is defined as the interruption of oxygen and
substrate supply with complete block of removal of
metabolites'’. Ischaemia causes a drop in cellular adenosine
5'-triphospate (ATP) concentration, failure of the ATP-
dependent Nat/K* pump, cell oedema and an increase
in cytosolic calcium concentration, all of which contribute
to cell damage. Reperfusion of the liver enhances cell
injury by oxidative stress and inflammatory reactions. The
initial phase of IR injury (within 2 h after reperfusion)
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Fig. 2 Articles identified during the review process
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Hepatic ischaemia—reperfusion injury

involves the release of reactive oxygen species (ROS)
and proinflammatory mediators, such as tumour necrosis
factor (TNF) a, interleukin (IL) 6, IL-1 and eicosanoids,
by Kupffer cells'®. ROS may lead to lipid peroxidation,
mitochondrial permeability transition, activation of signal
transduction pathways (for example by activating nuclear
factor (NF) kB and activator protein (AP) 1), caspase
activation, necrosis and apoptosis of hepatocytes and
endothelial cells'”!8. The late phase (6-48h after
reperfusion) is characterized by neutrophil-mediated
inflammatory responses!’. Cytokines, chemokines and
complement factors recruit neutrophils into the liver,
which damage hepatocytes through ROS or protease
release!”. Endothelin (ET) 1-mediated vasoconstriction
and increased platelet aggregation induce microcirculatory
disturbances, aggravating liver damage?%-1.

Steatotic livers are more susceptible to hepatic IR
injury than non-steatotic ones®’. Overexpression of the
mitochondrial uncoupling protein 2 in fatty livers may
contribute to decreased cellular ATP levels?®. Further-
more, downregulation of peroxisome proliferator-activated
receptor o, an important regulator of the hepatic inflam-
matory response to IR, and overexpression of adiponectin,
a fat cell-secreted hormone with antidiabetic and anti-
inflammatory activities, in fatty livers after IR may play
a role?*. Cirrhotic livers are also more prone to hepatic
IR injury, because capillarization, sinusoidal endothelial
cell defenestration, development of a continuous basement
membrane, deposition of collagen fibres in Disse’s space,
intrahepatic shunts and fibrous septa impair exchanges
between blood and hepatocytes®’. Increased ET-1 concen-
trations and increased susceptibility to hepatocyte apop-
tosis via the Fas pathway in cirrhotic livers may worsen
the injury?-28.

The influence of neoadjuvant chemotherapy on
ischaemic tolerance is largely unknown. Chemotherapeutic
agents such as irinotecan or oxaliplatin can lead to steato-
sis/steatohepatitis or sinusoidal obstruction, and aggravate
liver damage?’.

Surgical strategies

IP consists of a short episode of IR to induce resistance to
a subsequent longer episode of ischaemia. IP can reduce
microcirculatory disturbances, leucocyte adhesion, Kupffer
cell activation, release of proinflammatory cytokines,
oxidative injury and apoptosis’®. Several mediators,
including adenosine, nitric oxide (NO), heat-shock
proteins (HSPs) and TNF-a, have been proposed®!~33.

An early phase of protection occurs immediately after IP
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and a later phase after 12-24 h, which is associated with the
induction of cytoprotective genes (such as those encoding
HSPs)*0. Experimental studies have shown that IP is a
time-dependent phenomenon?!+3*33. An ischaemic period
of 3 min followed by 5 min of reperfusion does not prevent
IR injury, but a 5-min—10-min sequence does**. At least
5-10 min of IP is necessary to induce NO generation via
adenosine, whereas the upper limit for the window (15 min)
is defined by the concentration of xanthine capable of
removing the generated NO, leading to the formation of
peroxynitrite?!33.

Remote preconditioning (RP) consists of a short period
of ischaemia in an organ distant from the target tissue to
induce tolerance to subsequent IR*. The principle of RP
was discovered in myocardial tissue in 1993. Although
still not fully understood, possible mediators include
opioids, NO, adenosine, bradykinin and adenosine, and
a neurogenic pathway’%37. Recently, RP has been shown
to reduce hepatic IR injury in a rabbit model of hind limb
RP before hepatic IR®.

IC comprises vascular inflow occlusion with short peri-
ods of reperfusion in between. The liver tolerates IC better
than continuous ischaemia’’~*!. Experimentally, intermit-
tent ischaemia is associated with lower systemic endotoxin,
TNF and IL-6 levels, and reduced oxidative stress*! =4 . IC
and IP in part may activate similar pathways, or IC may
work in the same way as repeated preconditioning*** . For
example, IC and IP both maintain hepatic microcircula-
tion, decrease Kupffer cell activation, and reduce apoptosis
with the prevention of cytochrome C release and caspase-
3 activation®-#¢. Furthermore, the intervening periods of
reperfusion in IC could allow washout of harmful factors
and allow hepatocytes to recover®*. In animal exper-
iments, IP was superior for periods of ischaemia up to
75 min, whereas IC conveyed better protection for pro-
longed ischaemia times®~*7. In older rats, liver resection
using IC preserved hepatocyte and liver function better
than resection with IP*®. Both, IP and IC, might reduce
IR injury in steatotic and cirrhotic livers**:30.

Pharmacological strategies

Antioxidant therapy aims at supporting endogenous anti-
oxidants and inhibiting ROS generation. Overexpression
or administration of antioxidant enzymes (superoxide
dismutase (SOD) and catalase) and of antioxidants such
as vitamin E, vitamin C, glutathione, N-acetylcysteine,
a-lipoic acid and melatonin protect against experimental
IR injury’! =8, Inhibition of reduced nicotinamide adenine
dinucleotide oxidase with apocynin or of xanthine oxidase
with allopurinol, eliminating Kupffer cells with gadolinium

www.bjs.co.uk British Journal of Surgery 2010; 97: 14611475



1464

chloride, and iron chelation with desferioxamine all protect
against hepatic IR injury in animals’*~%?. A variety of
anti-inflammatory strategies have been shown to reduce
IR injury via selectin, cyclo-oxygenase 2 and protease
inhibition, cytokine (including TNF-a and IL-1) and
chemokine blockade, and use of immunosuppressants such
as steroids, calcineurin inhibitors (tacrolimus, ciclosporin)
and mammalian target of rapamycin (mTOR) inhibitors
(sirolimus)®-70,

Vasoactive mediators, such as ET, angiotensin II, throm-
boxane (TX) A2, NO, carbon monoxide, prostaglandin
(PG) El and prostacyclin, may all play a role in hep-
atic IR injury’!~76. ET receptor blockade, stimulation of
NO production, carbon monoxide, PGE1 and angiotensin
converting enzyme inhibitors can reduce the severity of IR
injury by improving hepatic capillary perfusion’!=7+77-79,

Antiapoptotic strategies, including mitochondrial per-
meability transition inhibitors (ciclosporin A, trifluoper-
azine), anti-Fas or anti-Fas ligand antibodies, antiapoptotic
proteins (Bel-x(L)), caspase inhibitors and others, have been
explored in basic research, but concerns over their potential
carcinogenicity limit their therapeutic application!7-80-83,

The concept of pharmacological preconditioning is
based on protective mechanisms induced by IP. In mice,
treatment with low-dose TNF-a before ischaemia pro-
tected the liver against IR injury by mimicking the
biological effects of IP, namely mitogen-activated pro-
tein kinase and NFkB activation®*. Moreover, A2 receptor
stimulation (adenosine, dipyridamole), NO supplementa-
tion (L-arginine, spermine NONOate), induction of haem
oxygenase 1 (for example through haemin, doxorubicin,
simvastatin or isoproterenol) and administration of atrial
natriuretic peptide reduced warm IR injury® =%} Recently,
anaesthetic preconditioning with volatile anaesthetics has
shown promising results and may involve the same intra-
cellular signalling pathways as IP?+%3.

Six RCTs comparing IP with continuous ischaemia”®~101

and four investigating the protective effects IC!%2~1%% were
identified; two studies compared IP with IC'%-197 (Tuble I).
Because of its simplicity and safety, limb RP is attractive as
a mechanism for reducing hepatic IR injury in the clinical
setting; however, clinical data are not yet available.

Ischaemic preconditioning

Based on data obtained in rodents, Clavien and
colleagues?® 198109 first performed a pilot study in 24
patients and then a RCT, which confirmed the protective
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effect of IP in the human liver during hepatic resection.
This effect in terms of decreased aminotransferase levels
correlated with age (greater benefit in younger patients)
and the volume of liver remaining after resection. Patients
with at least 25 per cent steatosis were particularly pro-
tected in terms of postoperative serum peak aspartate
aminotransferase (AST) levels?. Clinical evidence for a
benefit of IP in patients with liver cirrhosis is limited.
Patients with cirrhosis subjected to less than 20 min of
ischaemia had lower postoperative aminotransferase and
bilirubin levels if they had TP%’.

A further RCT wusing Clavien’s protocol confirmed
that IP is better tolerated than continuous clamping
in healthy liver”. In spite of a longer duration of
ischaemia, AST and alanine aminotransferase (ALT)
levels in patients with IP rose less. Use of the Pringle
manoeuvre following IP provided better intraoperative
haemodynamic stability and anti-ischaemic effects than
the Pringle manoeuvre alone, and this was associated with
reduced activation of polymorphonuclear leucocytes and
downregulation of potentially cytotoxic functions?”-110-111,
IP may contribute to reduced blood loss, fewer blood
transfusions and fewer postoperative complications'?!,
but this observation is at variance with the results of
the larger Clavien study”® (Table 2). A meta-analysis
comparing the Pringle manoeuvre with and without IP
found no significant differences in mortality, morbidity,
liver failure, blood loss or haemodynamic changes'!?.
Furthermore, IP failed to protect against IR injury under
vascular exclusion of the liver in another RCT!®. The
discrepancy between these and previous findings could
have resulted from a longer ischaemic period and absence
of hepatovenous backflow.

Intermittent clamping

To reduce IR injury and extend the duration of ischaemia,
IC was introduced into clinical practice by Makuuchi
and colleagues!!3. The most prolonged period of inflow
occlusion yet reported is 322 min of IC in normal livers'!#,
IC may lead to increased blood loss during reperfusion
and may prolong surgery3®102:107,
Cochrane meta-analysis reported no increase in blood loss
or duration of operation when intermittent was compared
with continuous PTC!'?. Tt is possible that IC confers
the advantage of checking haemostasis of the cut surface
during each period of reperfusion!!.

In a controlled clinical study, Belghiti and co-workers!%?
demonstrated superior parenchymal tolerance to IC with
15-min ischaemia and 5-min reperfusion cycles over con-
tinuous occlusion and the safe prolongation of total

However, a recent
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Table 1 Surgical strategies against ischaemia—reperfusion injury evaluated in prospective randomized clinical trials

IR mode No. of Ischaemia
Reference Design (min) patients time (min)* Markers of injury Comments
Ischaemic preconditioning
Clavien et al.%® IP 10/10 50 36(5-9) AST|, ALT|, AP—, Increased benefit of IP for
C-PTC 50 35(6-8) bilirubin—, PT— younger patients, longer
ischaemic time (up to
60 min),
lower resected
liver volume (< 50%),
patients with steatosis
Chouker et al.%” IP 10/10 14 32(6-3) AST—, ALT| Catecholamines| after
C-PTC 19 35(11) reperfusion
Nuzzo et al.%8 IP 10/10 21 54(19) AST|, ALT| (n.s.), Ischaemia time
C-PTC 21 36(14) bilirubin—, PT— significantly4 in IP group
Li et al.%® IP 5/5 14 18.0(6-3) AST|, ALT|, bilirubiny, Patients with cirrhosis
C-PTC 15 17.4(2-3) albumint (n.s.),
caspase-3 activity|,
apoptotic SEC|
Azoulay et a/.1%° P 10/10 30 44.5(9-2) AST—, ALT—, GST—,
C-HVE 30 47-7(8-3) bilirubin—, PT—
Heizmann et a/.1%! P 10/10 30 34(14) ALT—, bilirubin— Transfusions|
C-PTC 31 33(12)
Intermittent clamping
Belghiti et al.’%? IC 15/5 44 46(18) AST—, ALT—, bilirubin—, Increased benefit of IC in
C-PTC 42 41(13) PT—, postoperative patients with underlying
liver failure| liver disease (steatosis,
chronic liver disease):
ALTJ, bilirubin,
Capussotti et al.1%® IC 15/5 17 40-4(11.7) No significant effect on Patients with cirrhosis
C-PTC 18 35-5(13-9) liver enzymes or
coagulation
Esaki et al.1% 1IC30 30/5 48 48 (13-208) AST—, ALT—, bilirubin—, Total ischaemia time/,
IC15 15/5 44 62 (15-150) PT—, amylase— blood loss per unit
Under PTC transection area—
Brooks et al.'%® IC10 10/5 6 n.r ALT and bilirubin: not
1C20 20/10 7 interpretable
Under PTC Pcoz and pH returned to
baseline at end of
5-min reperfusion
with 10/5 mode, but
not with 20/10 mode
Ischaemic preconditioning
versus intermittent clamping
Smyrniotis et al.'%® P 10/10 27 41.4(4-3) < 40 min ischaemia:
IC 15/5 27 42.5(6-3) AST—, bilirubin—,
Under SHVE PT—, caspase-3|
> 40 min ischaemia:
AST*, bilirubin—, PT—,
caspase-31, apoptotic
activityt
Petrowsky et al.'%” P 10/10 36 37.7(1-5) AST—, ALT—, PT—, Effect of IP decreased with
IC 15/5 37 40-0(2-1) bilirubin— increasing age in a
Under PTC population > 60 years

IC exerted stronger
protective effect in
steatotic livers

*Values are mean(s.d.) or median (range). These studies compared protective surgical strategies (ischaemic preconditioning, IP; intermittent clamping,
IC) with the induction of ischaemia alone (continuous portal triad clamping, C-PTC; continuous hepatic vascular exclusion C-HVE; selective hepatic
vascular occlusion, SHVE). {Periods of ischaemia and subsequent reperfusion in IP or the cycles of ischaemia—reperfusion (IR) in IC. The effects of
treatment occurred at some time point during the postoperative period: |, decrease; —, no change; 1, increase. AST, aspartate aminotransferase; ALT,
alanine aminotransferase; AP, alkaline phosphatase; PT, prothrombin time; n.s., not significant; SEC, sinusoidal endothelial cells; GST, glutathione
S-transferase; n.r., not reported; P;.CO,, hepatic partial pressure of carbon dioxide.
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Table 2 Clinical outcome of identified clinical trials evaluating surgical strategies

Overall Duration of Transection LOS LOS
Reference blood loss operation time Morbidity ICU hospital
Ischaemic preconditioning
Clavien et al.% N N n.r. — — —
Chouker et al.®” — — — n.r. n.r. n.r
Nuzzo et al.%® n.r. - n.r. - n.r. n.r.
Li et al.%® — — n.r. — n.r. il
Azoulay et al.1% — — n.r. — — —
Heizmann et a/.1%" ! => n.r. | = n.r.
Intermittent clamping
Belghiti et al.’? N n.r. n.r. — n.r. n.r.
4(during transection)
Capussotti et al.1%® — — n.r — n.r. n.r.
Esaki et al.%4 — ! il — n.r. —
Ischaemic preconditioning versus
intermittent clamping
Smyrniotis et al.'% ! ! n.r. — — —
Petrowsky et al.1%” N N ! — — —

1 (during transection)

Only results from studies reporting overall blood loss, duration of operation, transection time, morbidity, length of stay in the intensive care unit (LOS

ICU) or in hospital (LOS hospital) are shown: —, no change; |, decrease; 1, increase; n.r., not reported.

ischaemia time to 120 min. Esaki and co-workers!%*

com-
pared 15 min with 30 min of IC and noted no differences
in liver function, blood loss or serum amylase. However,
the longer ischaemic period was associated with better
operative efficacy reflected by a shorter total ischaemia
time and greater transection area per unit transection
time. On the other hand, a small clinical trial comparing
10 min-5 min with 10 min—20 min clamp-release regi-
mens showed that occlusion times greater than 20 min
were associated with prolonged periods of hepatic hyper-
carbia; the impact of the different IC regimens on liver
function was not interpretable!%.

Many authors have advocated the use of IC during partial
hepatectomy in patients with liver cirrhosis!®22102.115,
The cirrhotic liver tolerates intermittent ischaemia for up
to 200 min without increased postoperative complications
and mortality!?. Belghiti et a/.!? demonstrated that
parenchymal tolerance of cirrhotic livers to IC was
better than to continuous clamping but another RCT
comparing these techniques showed similar blood loss
during hepatectomy in cirrhosis and no differences in
03, Clinical

evidence for the protective effect of IC in steatotic livers is

postoperative outcome and liver function!

limited, but available data suggest that severe parenchymal
injury in patients with at least 20 per cent steatosis
occurs less frequently with IC than with continuous
clamping!®?.
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Intermittent clamping versus ischaemic
preconditioning

Ischaemia time can be extended safely to 120 min using
either IC or IP10%116.117 1p and IC are probably equally
effective in protecting against IR injury in patients without
cirrhosis for short ischaemia times, but IP is associated
with less blood loss and a shorter transection time!?’. The
protective effects of IP were observed only in patients
younger than 60 years. IC might be preferred for patients
older than 65 years'?’. Furthermore, the protective effects
conferred by IC are stronger in steatotic livers and so
IC should be preferred for patients with severe steatosis
and an expected prolonged ischaemia time. Another RCT
comparing IP with IC for liver resection under selective
hepatic vascular occlusion has suggested that IP should be
preferred for ischaemic periods of less than 40 min, but IC

when the ischaemia time exceeds 40 min!%.

Overview

IC and IP both seem to confer protection, but most studies
are underpowered to prove benefit in terms of clinical
outcome (Tuble 2). Both strategies can reduce parenchymal
injury and extend ischaemia time. Some studies indicate
that IC could be the preferred technique for prolonged
ischaemia, pathological liver and elderly patients, whereas
IP might be more favourable for short ischaemia times and
young patients.
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A total of 14 RCTs evaluating antioxidants, anti-
inflammatory drugs, vasodilators, pharmacological pre-
conditioning and glucose identified

(Table 3)118-131,

infusion were

Antioxidants

Vitamin E (a-tocopherol) is an important radical scavenger.
A placebo-controlled study in 47 patients indicated that
preoperative administration of vitamin E can prevent
vitamin E deficiency after IR, reduce the increase in liver
enzyme levels and shorten intensive care unit stay!?’.
Vitamin E infusion had no impact on postoperative
complications or length of hospital stay (Table 4). Two
trials evaluating a multivitamin infusion containing
tocopherol and ascorbate before reperfusion showed
that lipid peroxidation was decreased and prothrombin
time significantly improved in the treatment group. No
significant differences in terms of aminotransferase levels
and postoperative outcome were found!!$:132,

There is increasing evidence that o-lipoic acid exerts
antioxidant effects in biological systems through direct
ROS quenching and via transition metal chelation!*3. A
clinical trial with 24 patients reported that a-lipoic acid
reduced the number of apoptotic hepatocytes, lowered
postischaemia AST levels and increased ATP content
in liver tissue after IR, without differences in clinical
outcome!?!.

Allopurinol might protect from the formation of free
radicals through modification of the xanthine oxidase
pathway. Pretreatment with allopurinol had no significant
effect on IR injury, morbidity and mortality in one
small clinical trial''?. In another small trial pretreatment
with mannitol, an osmotic diuretic with free radical-
scavenging properties, resulted in lower postoperative
blood levels of lipid peroxidation products, possibly owing
to enhanced diuretic elimination. No positive impact on
the postoperative clinical course was noted!?2.

Anti-inflammatory therapy

Glucocorticoids interact with NFkB and AP-1, thereby
inhibiting expression of inflammatory genes and increas-
ing transcription of genes encoding anti-inflammatory
proteins'3*. Because of their antiproliferative properties,
potential side-effects have been of much concern. A system-
atic review of single-shot high-dose methylprednisolone
before elective surgery found no significant increase in
the incidence of adverse effects!*’. Three RCTs evaluat-
ing the effect of methylprednisolone on hepatic IR were
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identified'?*-126. Methylprednisolone administration did
not improve short-term outcomes in patients undergoing
liver resection with continuous inflow occlusion!?*, but
attenuated IR injury after intermittent inflow occlusion,
and reduced postoperative complications and length of
hospital stay'?> (Table 4). The protective effect of methyl-
prednisolone on hepatic IR was confirmed by lower serum
levels of aminotransferases, bilirubin and inflammatory
cytokines in the third trial 2.

In two RCT's gabexate mesilate, an inhibitor of various
serine proteases, including neutrophil elastase, and of
neutrophil activation, protected the liver from IR injury
in the setting of hepatectomy under IC%%123:136.137 Bagsed
on their findings, Kim and colleagues'?® considered the
appropriate pretreatment time to be 12 h before surgery.
Postoperative levels of aminotransferases and IL-6 were
lower in the treatment groups. There was a tendency
towards better postoperative morbidity, especially when
IC was applied for 30 min rather than 15 min.

Vasodilators

Although the preliminary evidence from experimental
approaches suggests that vasodilators hold therapeutic
promise, only three RCTs have been performed!?’-12%,
A small-scale study including 17 patients showed that
"TXA2 synthetase inhibitor lowered AST levels only on the
first day after surgery and TXB2 levels immediately after
operation'?’. Two other studies demonstrated the protec-
tive effects of PGEI and the phosphodiesterase I1l inhibitor
amrinone respectively in patients with cirrhosis!?®12?. In
24 patients with cirrhosis who underwent subsegmentec-
tomy using the Pringle manoeuvre, treatment with PGEI
led to lower plasma aminotransferase levels, but with no
effect on postoperative complications or hospital stay!'?8.
Another study demonstrated that, in contrast to PGE]L,
amrinone enhanced indocyanine green elimination and
lactate metabolism during hepatic resection in patients
with cirrhosis'??. Postoperative AST and ALT levels did
not differ significantly between the groups.

Pharmacological preconditioning

Isoflurane and sevoflurane have been studied widely in
the context of attenuation of myocardial IR injury!?%:13%,
Pharmacological preconditioning with sevoflurane as a
hepatoprotective strategy has been described in one
RCT with 64 patients’’. Patients in the control
group received a propofol-based intravenous regimen;
in the preconditioning group propofol was replaced by
sevoflurane 30 min before ischaemia. Sevoflurane lowered
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Table 3 Pharmacological strategies for preventing/treating ischaemia—reperfusion injury evaluated in prospective randomized clinical

trials

Reference

Antioxidants
Cerwenka et al.""®

Vriens et al.®

Bartels et al.'®

Diinschede et al.’?'

Kostopanagiotou et al.'??

Anti-inflammatory drugs

Kim et al.'?3

Muratore et al.'?*

Aldrighetti et al.5

Pulitano et al.'2®

Vasodilators

Shirabe et al.?’

Sugawara et al.?®

Orii et al.?®

Pharmacological
preconditioning

Beck-Schimmer et al."3°

Tang et al.’®

No. of
Treatment patients

Omnibionta®, 2 ampoules T32
i.v. before reperfusion C 26

Allopurinol, 10 mg/kg T8
orally 1 day preop., 5 c8
mg/kg i.v. before
surgery and before
reperfusion

Vitamin E, 1800 units i.v. 1 day T19
preop. C28

a-Lipoic acid, 600 mg i.v. 15 min T12
before ischaemia Cc12

Mannitol, 20% 1-5 ml/kg T15
i.v. for 30 min before Cc15
ischaemia

Gabexate mesilate, 2.0 T30
mg/kg/hi.v. 12 h C 30
preop. until day 2

Methylprednisolone, 30 T25
mg/kg i.v. 30 min before c28
resection

Methylprednisolone, 500 mg T 36
i.v. before c37
anaesthesia

Methylprednisolone, 500 mg T21
before surgery C22

TXA2 synthetase inhibitor T9
OKY 046, 0-2 mg/kg/h Cc8
during surgery

PGET1, 0-02 png/kg/min i.v. T12
from start of C12
operation until 09.00 hours
on day 1 postop.

Amrinone, 4-0 pg/kg/min 15
i.v. during surgery

PGE1, 0-02 pug/kg/min i.v. 15
during surgery

Control 15

Sevoflurane for 30 min (10 min T 30
3-2 vol%, then washout) C 34
before ischaemia

250 ml 25% glucose with T29
10 units insulin and 10 ml c28

10% KT infusion
during the 24 h before
operation

Vascular Ischaemia
occlusion  time (min)*
C-PTC Overall
48(24-2)
C-PTC 53 (30-130)
45 (25-120)
C-PTC 286 (12-40)
33.0 (7-68)
C-PTC 30
C-PTC 32.5 (23-39)
33.5 (20-41)
IC 63(13)
65(16)
C-PTC 41.1(15-9)
37.7(17-8)
IC 52.4 (20-89)
43 (20-78)
IC 48(18)
29(17)
HHVC 35(16)
40(30)
C-PTC 70-2(5-8)
72.6(12-2)
IC 66(49)
71(46)
70(38)
C-PTC 36:03(5-62)
35.12(6-32)
IC 19.21(4-54)
21.04(5-11)

Markers of injury Comments

ALT| (n.s.), AST{ (n.s.),
bilirubin—, PT%,
lactate—

No significant effect on
liver enzymes, blood
clotting factors, MDA,
GSH, GSSG, vitamin C

AST|, prevention of
vitamin E deficiency

ALT|, AST|, ATP1,
apoptotic hepatocytes|

AST—, bilirubin—, PT—,
MDA/

Urine output+, colloid
fluid infusion

ALT|, ASTY, IL-6}

AST—, ALT—, bilirubin—,
PT—, IL-6]

ASTand ALT| in chronic
liver disease

IL-6— in steatotic liver

AST|, ALT|, bilirubin|,
PT4, AT-llI1, plateletst,
fibrinogen+t, IL-6,
TNF-a |

AST|, ALT|, bilirubin{,
PT4, AT-llI1, IL-6,
TNF-a |

AST|, ALT—, hepaplastin
testt, TXB2|, PGE2—,
6-keto PGF1a —

AST|, ALT|, bilirubin|,
nitrate?, IL-1—, IL-61,
TNF-a —

Patients with cirrhosis

AST—, ALT— Patients with cirrhosis
Amrinone: ICG

eliminationt, lactate|,

base excess|
PGE1: ICG eliminationt

(n.s.), lactate| (n.s.),

base excess| (n.s.)

AST|, ALT| (especially in
patients with steatosis),
bilirubin—, AP—, iINOS
mRNAT

AST|, ALT|, AP, hepatic
tissue ATP4, SOD1,
MDA}

Mainly patients with
cirrhosis

*Values are mean(s.d.) or median (range). The effects of treatment occurred at some time point during the postoperative period: |, decrease; 1, increase;

—, no change. i.v., Intravenous; T, therapy group; C, control group; C-PTC, continuous portal triad clamping; ALT, alanine aminotransferase; n.s., not
significant; AST, aspartate aminotransferase; P'T, prothrombin time; MDA, malondialdehyde; GSH, glutathione; GSSG, glutathione disulphide; ATP,
adenosine 5'-triphosphate; IC, intermittent clamping; IL, interleukin; AT, antithrombin; TNF, tumour necrosis factor; HHVC, hemihepatic vascular
control; TX, thromboxane; PG, prostaglandin; ICG, indocyanine green; AP, alkaline phosphatase; iNOS, inducible nitric oxide synthase; SOD,

superoxide dismutase.
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Table 4 Clinical outcome of identified clinical trials evaluating
pharmacological strategies

LOS
Reference Morbidity LOSICU hospital
Antioxidants
Vriens et al.1® — — —
Bartels et a/.120 — 1 —
Diinschede et al.’?! — — —
Kostopanagiotou et al.'?? n.r — =
Anti-inflammatory drugs
Kim et al.'?® L (ns) n.r. n.r.
Muratore et al.'?* — n.r. —
Aldrighetti et al.125 ! n.r. !
Pulitano et al.'26 (infectious n.r. 1
complications)
Vasodilators
Sugawara et al.'?8 — n.r. —
Orii et al.’?® — n.r. n.r.
Pharmacological
preconditioning
Beck-Schimmer et al.'3° ! — 1 (n.s)

Only results from studies reporting reporting morbidity, length of stay in
the intensive care unit (LOS ICU) or in hospital (LOS hospital) are
shown: —, no change; |, decrease; n.r., not reported; n.s., not significant.

the rate of complications and reduced IR injury, as
defined by low levels of aminotransferases after liver
surgery with continuous inflow occlusion. These protective
effects were more pronounced in patients with liver
steatosis. Patients with cirrhosis were excluded from
the study.

Glucose infusion

High hepatic glycogen content is thought to protect
from hepatic IR injury by supplying glucose for ATP
generation. In one RCT intravenous administration of
high concentrations of glucose 24 h before surgery restored
hepatic tissue ATP content, increased SOD activity,
lowered malondialdehyde levels and reduced the rise in
liver enzymes after hepatic IR'3!. Most patients in this
study had cirrhosis, a condition known to be accompanied
by impaired glycogen metabolism. Clinical outcome was
not evaluated.

Overview

Pharmacological agents may provide powerful protection
and prevent postoperative complications through their
systemic effects. Because of the heterogeneity of the
available studies regarding underlying liver disease, extent
of liver resection, duration of ischaemia, type of ischaemia
(continuous or intermittent), type of drugs administered,

© 2010 British Journal of Surgery Society Ltd
Published by John Wiley & Sons Ltd

1469

dosing regimens and reported outcomes it is difficult
to recommend the use of any of these pharmacological
strategies. Methylprednisolone and sevoflurane showed
the most promising results in terms of improved clinical
outcome (Tuble 4). Both approaches are easily applicable
therapeutic options to protect the liver. Large multicentre
trials are required to provide sufficient evidence for their
recommendation.

Despite the existence of promising strategies for reducing
IR injury, many questions remain. Because hepatocellular
carcinoma requiring surgery is often associated with
cirrhosis or damage resulting from chemotherapy, it
is crucial to understand the basic pathophysiogical
events after IR in damaged livers. The impact of
aetiology (alcohol or hepatitis virus) on IR injury
as well as factors that promote tumour recurrence
after IR need to be determined in clinical studies.
Experiments in mice have shown that IR can promote
the growth of colorectal cancer liver metastases and
that selective clamping can help to protect against their
accelerated growth!**-141 Experimental studies have also
demonstrated that hepatic IR during liver resection
can lead to impaired liver regeneration and that some
strategies to protect against IR injury can also preserve
regenerative capacity!*>14.

Surgical strategies can affect multiple aspects of IR
injury whereas pharmacological approaches often affect
only a few factors, but have a systemic effect. Taken the
complexity of IR, combining drug treatments or surgical
and pharmacological approaches offers the potential for
optimization.

The authors declare no conflict of interest.
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