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Continuous infusion of N-acetylcysteine reduces liver warm
ischaemia–reperfusion injury
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Background: N-acetylcysteine (NAC) may modulate the initial phase (less than 2 h) of liver warm
ischaemia–reperfusion (IR) injury but its effect on the late phase remains unclear. The present study
investigated the role of NAC during the early and late phases in a rabbit lobar IR model.
Methods: Liver ischaemia was induced by inflow occlusion to the median and left liver lobes for 60 min,
followed by 7 h of reperfusion. In the NAC group (n = 6), NAC was administered intravenously at 150 mg
per kg over the 15 min before reperfusion and maintained at 10 mg per kg per h during reperfusion.
In the IR group (n = 6), 20 ml 5 per cent dextrose was infused over the 15 min before reperfusion and
continued at a rate of 10 ml/h. Animals in a sham operation group (n = 6) underwent laparotomy but no
liver ischaemia. All animals were killed at the end of the experiment.
Results: Intracellular tissue oxygenation was improved after the second hour of reperfusion in animals
treated with NAC compared with that in the IR group (P = 0·023). Hepatic microcirculation improved
after 5 h of reperfusion (P = 0·036) and liver injury was reduced after 5 h, as indicated by alanine
aminotransferase activity (P = 0·007) and indocyanine green clearance (uptake, P = 0·001; excretion,
P = 0·032).
Conclusion: The main protective effect of NAC becomes apparent 5 h after hepatic ischaemic injury.
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Introduction

Liver ischaemia–reperfusion (IR) injury occurs during
major liver surgery and transplantation or following
haemorrhagic shock and subsequent fluid resuscitation1–3.
Extracorporeal circulation used in cardiac or vascular
surgery is also associated with low-flow IR of the liver4.
When the degree of injury is severe it may result in both
liver failure1 and remote organ failure in the lungs, heart
and the systemic circulation5,6. The pathophysiology of
liver IR injury involves the activation of many metabolic
pathways and the release of mediators that induce liver
injury7. There is growing evidence that there are two
distinct phases of liver injury after warm ischaemia and
reperfusion8–10. The initial phase (within 2 h of starting
reperfusion) is characterized by Kupffer cell-induced
oxidative stress8. The late phase (after 4 h) results mainly
from the accumulation of neutrophils and is associated with
more extensive injury10. Main contributors to the liver

damage are reactive oxygen species (ROS) and reactive
nitrogen species (RNS), which are released in both phases
of reperfusion and produce significant oxidative stress11.
Mammals have a complex antioxidant system to protect
themselves from such stress. One of the most important
components of the intracellular antioxidant system is
glutathione, a powerful active radical scavenger that is
depleted during severe liver IR injury12.

N-acetylcysteine (NAC) is a thiol-containing compound
used in the management of fulminant liver failure after
paracetamol overdose13,14. One mechanism by which
NAC acts is by entering cells and undergoing hydrolysis
to cysteine, a glutathione precursor capable of rapidly
replenishing depleted intracellular reduced glutathione
concentrations15. NAC also scavenges several ROS and
RNS directly16. Experimental studies in which NAC has
been used to reduce liver warm IR injury have produced
conflicting results17,18 and the use of antioxidants for liver
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IR still requires study of the mechanism and timing of any
beneficial effects.

The present study evaluated the effect of NAC
administration on liver function in both the early phase
and initial part of the late phase of liver warm IR injury. A
rabbit lobar IR model was used in which several markers of
liver function were monitored continuously or at intervals
for 7 h after the ischaemic injury.

Materials and methods

The study was conducted under a licence granted by
the Home Office in accordance with the Animals (Sci-
entific Procedures) Act 1986. New Zealand White rab-
bits (mean(s.d.) weight 3·8(0·5) kg; n = 18) were used.
Anaesthesia was induced by intramuscular injection of
0·5 ml/kg Hypnorm

TM
(fentanyl citrate and fluanisone;

Janssen Animal Health, High Wycombe, UK). Fol-
lowing tracheostomy, anaesthesia was maintained with
0·5–3 per cent isoflurane through an anaesthetic circuit.

Body temperature was maintained at 37–38·5◦C by a
warming blanket (Harvard Apparatus, Southmatick, Mas-
sachusetts, USA). Haemoglobin saturation and heart rate
were recorded continuously by a pulse oximeter (Ohmeda

Biox 3740 pulse oximeter; Ohmeda, Louisville, Colorado,
USA). A radio-opaque 20-G catheter was inserted into the
right femoral artery for monitoring of arterial blood pres-
sure and collection of blood samples. Ear marginal veins
were cannulated with radio-opaque catheters (22 G) for
the administration of anaesthetics, fluids and medication.

Laparotomy was performed through a midline incision.
Lobar ischaemia was induced by clamping the vascu-
lar pedicles of the median and left lobes of the liver,
using an atraumatic microvascular clip. This method pro-
duces a severe ischaemic insult without mesenteric venous
hypertension19. After 60 min of ischaemia, the vascular
clip was removed and reperfusion was allowed for 7 h.
At the end of the experiment the animals were killed
by exsanguination.
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Fig. 1 Mean arterial blood pressure (MABP) during ischaemia and reperfusion. Values are mean(s.d.). NAC, N-acetylcysteine; IR,
ischaemia–reperfusion. There were no significant differences between groups
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Fig. 2 Pulse rate during ischaemia and reperfusion. Values are mean(s.d.). NAC, N-acetylcysteine; IR, ischaemia–reperfusion.
*P < 0·050 versus IR group (one-way ANOVA with Bonferroni adjustment for multiple comparisons)

Three groups of animals were used. In the NAC
group 150 mg/kg NAC (Parvolex; Medeva Pharma,
Ashton-under-Lyne, UK) in 20 ml 5 per cent dextrose
was infused intravenously through the ear vein over
the 15 min before reperfusion and maintained at 10 mg
per kg per h in 5 per cent dextrose (10 ml/h) during
the 7-h reperfusion period. In the IR group 20 ml
5 per cent dextrose was infused intravenously 15 min
before reperfusion and continued at a dose of 10 ml/h
during the reperfusion period. Animals in the sham
operation group underwent laparotomy but no liver
ischaemia. In all groups 0·9 per cent sodium chloride
was administered intravenously at 10 ml per kg per h
to compensate for intraoperative fluid loss.

Laparotomy and baseline measurements were completed
over 1 h. In the sham group monitoring continued
for the equivalent of the ischaemia and reperfusion

periods in treated animals (total monitoring period
9 h).

Portal flow was monitored continuously using a perivas-
cular transonic flow probe 3 mm in diameter (Transonic

Medical Flowmeter system, HT207; Transonic Medical
System, Ithaca, New York, USA).

Arterial blood samples (1 ml each) were taken before
the induction of liver ischaemia (baseline), at the end of
ischaemia (60 min), and 2, 5 and 7 h after reperfusion for
measurement of alanine aminotransferase (ALT) activity.
Serum was separated from the samples and stored at
− 20◦C until assayed. Measurements were made using
an automated clinical chemistry analyser (Hitachi 747;
Roche Diagnostics, Lewes, UK).

Hepatic microcirculation was measured by a surface laser
Doppler flowmeter (LDF) (DTR4; Moor Instruments,
Axminster, UK)20. The LDF probe was placed on a fixed
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site on the median lobe of the liver and was held in place
by a retort holder.

Intracellular hepatic tissue oxygenation was measured by
near-infrared spectroscopy (NIRS). This measures changes
in concentrations of oxyhaemoglobin, deoxyhaemoglobin,
cytochrome oxidase21 and the synthetic dye indocyanine
green (ICG)22,23. For continuous monitoring of hepatic
tissue cytochrome oxidase, NIRS probes were positioned
flat on the surface of the left lobe of the liver 10 mm apart.
A flexible probe holder was used to ensure satisfactory
contact with the liver surface with fixed interprobe spacing.
NIRS measurements during ischaemia and reperfusion
were expressed relative to baseline values before vascular
occlusion.

A bolus of 0·5 mg/kg ICG (Cardiogreen, 90 per cent
dye content; Sigma Chemical Company, Poole, UK) was
given after 7 h of reperfusion. ICG was dissolved in sterile
water (50 mg per 10 ml) and administered via the marginal

ear vein over 20 s. Continuous measurement of hepatic
ICG by NIRS produced a concentration–time curve.
This curve was analysed to produce two exponential rate
constants: α, which represented hepatic ICG uptake from
the plasma to the hepatocytes, and β, which represented
hepatic ICG excretion from the liver by cytoplasmic
transport and biliary excretion24.

Data collection and statistical analysis

Data from the pulse oximeter, blood pressure and portal
flow monitor, LDF and NIRS were collected continuously
on a laptop computer. The data were averaged for 2 min
before the induction of ischaemia (baseline), at the end of
ischaemia and at the end of each hour of a 7-h reperfusion
period. Changes in hepatic tissue oxygenation at the end of
each period were calculated relative to baseline. Values are
expressed as mean(s.d.). Student’s t test for paired samples
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Fig. 3 Portal flow during ischaemia and reperfusion. Values are mean(s.d.). NAC, N-acetylcysteine; IR, ischaemia–reperfusion.
*P < 0·050 versus baseline (Student’s t test for paired samples); †P < 0·050 versus NAC and I/R groups (one-way ANOVA with
Bonferroni adjustment for multiple comparisons)
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Fig. 4 Serum alanine aminotransferase (ALT) activity during ischaemia and reperfusion. Values are mean(s.d.). NAC, N-acetylcysteine;
IR, ischaemia–reperfusion. *P < 0·050, sham group versus baseline (Student’s t test for paired samples); †P < 0·050, versus NAC group,
(one-way ANOVA with Bonferroni adjustment for multiple comparisons)

and one-way ANOVA with Bonferroni adjustment for
multiple comparisons were used for statistical analysis.
P < 0·050 was considered statistically significant.

Results

Systemic haemodynamic variables

In all three groups systemic mean arterial blood pressure
fell in the reperfusion period compared with baseline.
These changes were not significantly different between
groups (Fig. 1). In all groups the pulse rate slowed during
the course of the experiment in comparison to baseline
measurements. The pulse rate stayed closer to baseline in
the NAC group than in the IR group; this difference was
significant after 5 h (P = 0·026), 6 h (P = 0·025) and 7 h
(P = 0·016) of reperfusion (Fig. 2).

Hepatic haemodynamic variables

There were no differences in portal blood flow between
the groups at baseline. During the period of ischaemia the
portal flow was reduced in both the NAC (P = 0·003) and
IR (P = 0·001) groups, compared with baseline values. The
reduction started 1 min after the induction of ischaemia and

was maximal by 10 min. During the rest of the experiment,
the portal flow fluctuated in all three groups. In the sham
group there was an increase in portal flow rate. Portal flow
was significantly greater in the sham group in comparison
to that in the NAC and IR groups after 1 h (P = 0·037),
6 h (P = 0·025) and 7 h (P = 0·033) of reperfusion (Fig. 3).

Liver function tests

Mean serum ALT activity at baseline was within the
normal range, with no significant differences between the
three groups (Fig. 4). After reperfusion, the mean ALT
activity in the NAC and IR groups was significantly higher
than that in the sham-operated group. The serum ALT
activity was lower in the NAC group than in the I/R group
after 5 h (P = 0·007) and 7 h (P = 0·021) of reperfusion
(Fig. 4). By the end of the experiment ALT activity had
increased twofold in the sham-operated group compared
with baseline values (Fig. 4).

Hepatic microcirculation

There was no significant change in the hepatic microcir-
culation over the 9-h sham operation. Following IR, flow
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Fig. 5 Hepatic microcirculation during ischaemia and reperfusion. Values are mean(s.d.). NAC, N-acetylcysteine; IR,
ischaemia–reperfusion. *P < 0·050 versus NAC group (one-way ANOVA with Bonferroni adjustment for multiple comparisons).
There were no significant differences in the hepatic microcirculation during the experiment in the sham-operated group (Student’s t
test for paired samples)

in the microcirculation was reduced in the NAC and IR
groups. NAC treatment was associated with an increased
flow in the hepatic microcirculation after 3 h of reperfu-
sion compared with that in the IR group, but this was
not statistically significant until the fifth hour (P = 0·036)
(Fig. 5).

Hepatic tissue oxygenation

During ischaemia there was a significant decrease in
cytochrome oxidase, which was maximal at 5–10 min
after induction of ischaemia (Fig. 6). After reperfusion,
cytochrome oxidase levels in the IR group returned towards
baseline values during the first hour, but subsequently
decreased. In the NAC group, levels also fell with ischaemia
but were significantly higher than levels in the IR group
after 2 h (P = 0·023), 6 h (P = 0·005) and 7 h(P = 0·004)
of reperfusion (Fig. 6). Levels in the NAC group were
similar to those in the sham group after 6 and 7 h (Fig. 6).

Indocyanine green clearance

ICG uptake (α) and excretion (β) rates in NAC and IR
groups were reduced by IR, in comparison to values in
the sham group (Table 1). NAC produced a significant
improvement in both ICG uptake and excretion at 7 h
after ischaemic injury compared with rates in the IR group
(Table 1).

Table 1 Hepatic indocyanine green uptake and excretion rates

α (per min) β (per min)

N-acetylcysteine 2·245(0·32)* 0·024(0·007)†
Ischaemia–reperfusion 0·848(0·394) 0·005(0·001)
Sham 2·565(0·488) 0·064(0·019)

Values are mean(s.d.) of six animals in each group. α, Hepatic
indocyanine green (ICG) uptake rate; β, hepatic ICG excretion rate.
*P = 0·001, †P = 0·032 versus ischaemia–reperfusion group (one-way
ANOVA with Bonferroni adjustment for multiple comparisons).
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Fig. 6 Changes in cytochrome oxidase levels during ischaemia and reperfusion. Values are mean(s.d.). NAC, N-acetylcysteine; IR,
ischaemia–reperfusion. *P < 0·050 versus NAC group (one-way ANOVA with Bonferroni adjustment for multiple comparisons)

Discussion

The late phase of liver warm IR injury is considered to
start at 4 h after reperfusion and is mainly due to release
of ROS and proteases from activated neutrophils. This
produces more extensive hepatocellular injury than the
early phase10,25.

The present study investigated continuous infusion
of NAC in a liver lobar IR model, which allowed
hepatic function and haemodynamics to be evaluated in
both the early and initial late phase of liver IR injury.
Liver microcirculation and intracellular oxygenation were
continuously recorded during a reperfusion period of
7 h. An inhaled agent (isoflurane), which is mainly
metabolized in the lungs rather than the liver, was used
for maintenance of anaesthesia, to avoid cumulative effects
or hepatotoxicity. The sham group allowed the effects of
prolonged anaesthesia and surgical trauma alone to be
evaluated. The duration of general anaesthesia was similar
to that for major human liver surgery (liver resection and
transplantation).

In the sham-operated control group, arterial blood pres-
sure dropped, ALT activity was significantly increased
and hepatic intracellular oxygenation was significantly
decreased during the period of anaesthesia compared
with baseline values. This suggests that the anaes-
thetic agent and operative trauma had an effect on
liver function during the lengthy surgical procedures,
although there was no effect on the hepatic micro-
circulation; thus minor changes in the systemic cir-
culation did not influence hepatic parenchymal perfu-
sion.

Analysis of changes in the microcirculation and
intracellular oxygenation during the 7-h reperfusion period
suggests that the initial part of the late phase starts
from the third hour after reperfusion and reaches a
peak at the sixth hour. A previous study10 suggested
that the late phase starts 6 h after reperfusion, based
on the measurement of hepatocellular necrosis and
neutrophil infiltration. Histological changes indicative of
liver injury are likely, however, to be detected later
than changes in the hepatic microcirculation or tissue
oxygenation.
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Portal flow values were calculated with respect to
bodyweight to eliminate variations related to animal
size. There was a significant decrease in portal flow
during ischaemia in the IR and NAC groups. This
decrease may result in a reduced metabolic need of the
liver. Similar findings have been reported in previous
studies22. During reperfusion there was fluctuation
in portal flow in all three groups. In the sham
group, the trend in portal flow was for a gradual
increase during reperfusion, which might have been an
effect of isoflurane, which increases hepatic blood flow
and oxygen supply despite lowering systemic arterial
pressure26,27.

During inflow occlusion in the IR group the hep-
atic microcirculation dropped acutely almost to zero.
There was a short-term recovery during the first 2 h
of reperfusion, followed by a further decrease. Mech-
anisms that might contribute to this impairment of
sinusoidal perfusion include sinusoidal endothelial cell
swelling with luminal narrowing28 and sinusoidal vaso-
constriction mediated by an altered endothelin–nitric
oxide balance4,29,30. The increased expression of adhe-
sion molecules, with subsequent leucocyte and endothe-
lial cell interaction, may also play a crucial role in
these changes in the microcirculation, especially dur-
ing the late phase of reperfusion injury31. It has been
reported that the changes in microcirculation during
the immediate reperfusion period in liver transplan-
tation correspond directly with the maximum postop-
erative enzyme release from the liver32, and are of
value in assessing and predicting the degree of liver
injury4.

Cytochrome oxidase is the terminal electron carrier
of the mitochondrial respiratory chain that catalyses
the reduction of oxygen to water with the concomitant
synthesis of adenosine triphosphate through the oxidative
phosphorylation process33. In hepatocytes, approximately
90 per cent of the oxygen is consumed by mitochondrial
cytochrome oxidase33. Changes in cytochrome oxidase
levels are indicative of the level of intracellular oxygenation
and the mitochondrial redox state34,35. The degree of
impairment of the hepatic mitochondrial redox state
determines the survival rate of patients after haemorrhagic
shock and resuscitation36. In the present study, during
ischaemia there was a significant fall in cytochrome oxidase
levels in the IR group, reflecting severe cellular hypoxia.
Levels returned towards baseline during the first hour of
reperfusion but subsequently decreased and by 7 h had
reached levels similar to those observed during ischaemia.
This further decline in cytochrome oxidase indicates
persistent tissue and cellular hypoxia, which correlates

well with the changes in hepatic microcirculation during
the late phase of reperfusion injury.

ICG uptake is related to liver blood flow and excretion
is related to hepatocellular injury22. Direct measurement
of ICG by NIRS may avoid the inaccuracies inherent in
assessing liver function from peripheral blood clearance of
ICG37. In the present study IR produced a significant
reduction in both the uptake and excretion of ICG
compared with levels in the sham-operated group.

The effect of NAC on liver IR injury was evaluated
using a dose of NAC similar to that used for patients with
fulminant hepatic failure due to paracetamol overdose38.
The administration of NAC maintained the pulse rate close
to baseline levels, reduced liver injury (as indicated by ALT
serum activity), and improved flow in the microcirculation
and intracellular tissue oxygenation. All these effects were
obvious after 5 h of reperfusion. NAC also improved
ICG clearance at 7 h after reperfusion. In another
experimental study, in which a rat lobar liver IR model
was used, no benefit was shown with NAC administration
in warm IR injury18, although a shorter ischaemic
period was used (45 min) and the NAC (300 mg/kg) was
administered intramuscularly before ischaemia, which may
have resulted in a less reliable systemic distribution or a
shorter-term effect. The effect of NAC on the hepatic
microcirculation in the late phase of reperfusion has
not been reported previously. Previous experiments were
limited to the first 1–2 h after reperfusion and the results
were conflicting17,18.

The effect of NAC on cytochrome oxidase level in
the altered parenchymal microcirculation with IR was
examined, with clear evidence of effects on the delivery
and metabolism of oxygen in the hepatic parenchyma.
This study did not assess the delayed effect of NAC (at 24
or 48 h), as the model used was not appropriate for these
longer periods.

The mechanism underlying the protective effect of NAC
in the late phase of warm IR injury was not established in
this study. However, NAC is a precursor of glutathione
regeneration15, is a direct scavenger of free radicals16,
inhibits inducible nitric oxide synthase expression39, and
inhibits the expression of intercellular adhesion molecule
1 and vascular cell adhesion molecule 140.

Further studies are required to assess the effect of
NAC at later time points and to elucidate the underlying
mechanisms of action. Use of other thiols such as
bucillamine41 or a combination of NAC with other
antioxidants such as melatonin42 may further reduce liver
IR injury. A large randomized clinical trial will be required
to demonstrate a clear benefit of NAC administration in
human liver warm IR.
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