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ABSTRACT
Background Tumour necrosis factor-alpha (TNF-α) plays a key role in causing ischaemia/reperfusion (I/R) injury.
I/R also causes activation of xanthine oxidase and dehydrogenase (XDH + XO) system that, via generated free
radicals, causes organ damage. We investigated the effect of ischaemia, reperfusion and non-ischaemic prolonged
perfusion (NIP) on TNF-α and XDH + XO production in an isolated perfused rat liver model.
Materials and methods Rat livers underwent 150 min NIP (control group) or two hours of ischaemia followed
by reperfusion (I/R group). TNF-α (TNF-α mRNA and protein level), XDH + XO production and bile secretion were
determined in tissue and effluent at baseline, at 120 min of ischaemia, after 30 min of reperfusion (I/R group)
and after 120 and 150 min of prolonged perfusion (control).
Results Unexpectedly, neither ischaemia nor reperfusion had any effect on TNF-α production. TNF-α in effluent
was 11 ± 4·8 pg mL–1 at baseline, 7 ± 3·2 pg mL–1 at the end of ischaemia, and 13 ± 5·3 pg mL–1 after 30 min
of reperfusion. NIP, however, caused a significant increase of TNF-α synthesis and release. TNF-α effluent level
after 120 and 150 min of perfusion was 392 ± 78·7 pg mL–1 and 408 ± 64·3 pg mL–1, respectively. TNF-α mRNA
in tissue was also significantly elevated compared to baseline levels (1·31 ± 0·2 P < 0·001 and 1·38 P < 0·002,
respectively). Decrease of liver function (expressed by bile secretion) during I/R and NIP was accompanied by
significant XDH + XO elevation.
Conclusion This is the first evidence that NIP, and not I/R, is the decisive trigger for TNF-α production. This
study leads to a better understanding of pathogenesis of liver I/R and perfusion damage.
Keywords Injury, isolated perfused liver, TNF
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Introduction
Protection of the liver during hepatic surgery is typically achieved
by a cooling procedure primarily designed to minimize the oxygen
demands of hepatocytes with the aim of avoiding ischaemic injury.
While reperfusion is essential for restoring oxygen to an ischaemic
organ and to resume delivery of substrates, reperfusion itself may
induce tissue damage by activating multiple potentially
deleterious oxidative pathways [1–3]. Hepatic ischaemia/
reperfusion (I/R) injury is a complication of liver surgery,
transplantation and shock, leading to both local and remote
cellular damage and organ dysfunction. This complicated and still
unclear process results in an acute inflammatory response
characterized by the induction of a cascade of proinflammatory
mediators leading to parenchymal cell injury [4,5].
The acute phase of hepatic injury characteristically occurs within
1–6 h after reperfusion. It is associated with Kupffer cell activation
and the generation of reactive oxygen species (ROS) and

pro-inflammatory cytokines, such as tumour necrosis factor
alpha (TNF-α) and others [4,5]. The xanthine oxidoreductase
system that contains xanthine dehydrogenase and xanthine
oxidase (XDH + XO) is one of the major sources of free radicals in
biological systems; both XDH and XO cause organ damage via
generation of ROS [2,3]. This is followed by a subacute phase
response that is characterized by massive neutrophil infiltration
that peaks between 9–24 h following reperfusion [6,7].
Recent laboratory studies have shown that several
inflammatory cytokines, among them TNF-α and interleukin-6
(IL-6), play key roles in the pathophysiology of hepatic I/R injury
[4,8,9]. TNF-α antibodies were found to have a protective effect on
rat liver I/R [10], but this could not be reproduced clinically [11].
Mosher et al. [9] reported that Kupffer cells are major contributors
to cytokine production in hepatic I/R and suggested that their
modulation may serve as a potential target for therapeutic
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intervention. We had earlier found that ischaemia, but not
reperfusion, is the more important signal for TNF-α protein
synthesis and release from the isolated I/R rat heart [12].
The aim of the current study is to investigate the influence of
ischaemia, reperfusion and non-ischaemic prolonged perfusion
(NIP) on TNF-α and XDH + XO production in an isolated
perfused rat liver model.

(n = 10) and after 30 min of reperfusion (n = 10). Samples for
TNF-α protein and XDH + XO in effluent were taken according
to the same schedule.
Liver function was determined by bile secretion [13], which was
defined as the amount of bile at 1 minute/wet liver weight. At the
completion of every protocol, the livers were weighed, maintained
at 70 °C for 24 h and reweighed to calculate the wet-to-dry weight
(W/D) ratio (n = 5 for each experimental point).

Materials and methods
The present study protocol was approved by the Animal Care
Committee of Tel Aviv University, Tel Aviv, Israel (in accordance
with the National Institute of Health, Bethesda, MD, USA). Male
Wistar rats (mean weight 370 ± 21 g) were selected for
experimentation by the institutional veterinarian according to age,
weight and general health status. All rats were anesthetized by
intraperitoneal injection of phenobarbital sodium (30 mg kg–1
body weight).

Isolated perfused rat liver preparation
Liver isolation and perfusion were accomplished as previously
described [3,13]. Briefly, perfusion cannulas were placed in the
portal vein (in) and suprahepatic inferior vena cava (out). The bile
duct cannula was placed for bile secretion monitoring. The liver
was then placed in an environmental chamber designed to control
temperature at 37 °C. A pressure transducer (Statham Medical
P132284, Mennen Medical Inc, Clarence NY., USA), a digital
thermometer (NJM-100, Webster Laboratories, Alta Dena, CA.,
USA) and a bubble trap were set directly in front of the isolated
liver, and ports for the collection of aliquots were positioned at the
entrance and exit of the liver perfusate. The livers were perfused
via the portal vein with freshly prepared haemoglobin-free
modified Krebs-Henseleit buffer (KH). The incoming perfusate
had a constant temperature of 37 °C, a pH of 7·36–7·42 and was
equilibrated with 95%O2–5%CO2 to achieve an influent pO2 of
500 mmHg. The flow rate was set at 3 mL min–1 g–1 liver ideal
weight.

Experimental protocol
Following a stabilization phase (15 min perfusion, baseline) the
livers were assigned to the NIP (control) group or to the I/R group.
The livers of the NIP group were perfused for a total of 150 min.
Their samples of effluent for TNF-α protein and XDH + XO were
taken at baseline, after 120 min and after 150 min. We also
modified the usual protocol by taking samples of tissue for
TNF-α protein (n = 10), TNF-α mRNA (n = 10) and XDH + XO
(n = 10) at the same time points.
The livers in the I/R group were exposed after stabilization
phase to ischaemic condition for 120 min and followed reperfusion
for the 30 min. We modified the usual protocol by taking
samples of tissue for TNF-α protein, TNF-α mRNA and total
XDH + XO at baseline (n = 10), after 120 min of ischaemia alone

Determination of TNF-α protein concentration in the effluent.
TNF-α protein concentration was measured in effluent
collected during 1 minute at the following time points: baseline,
end of ischaemia (marked by the first minute of reperfusion),
after 30 min of reperfusion, and after 120 and 150 min of NIP.
All samples were then immediately stored at –70 °C until assay.
TNF-α levels were determined using the commercially
available high sensitive enzyme linked immunosorbent assay
(R & D System Inc, Minneapolis, MN, USA). The limit of detection
was 4 pg mL–1.
TNF-α liver tissue protein quantification by Western blotting.
TNF-α expression in liver was determined by Western blot
analysis. The excised livers were mechanically homogenized
in ice cold phosphate buffered saline (PBS) lysis buffer containing
0·01% Triton X-100, 0·1% sodium dodicyl sulphate and protease
inhibitors (phenylmethylsulphonyl fluoride 1 mm, leupeptin
10 μg mL–1, aprotinin 10 μg mL–1, ICN Biomedical Inc., Irvine,
CA, USA) and left on ice for 30 min. Homogenates were
centrifuged (12 000 g, 10 min, 4 °C) and supernatants were stored
in aliquots at –80 °C. The total protein content was determined
by a protein assay kit (Sigma, St. Louis, MO, USA). Equal amounts
of protein (80 μg) were diluted with loading buffer transferred
onto nitrocellulose membranes (Hybond-C extra, Amersham
Corp, England). Membranes were blocked with PBS-Tween
buffer supplied with 5% w/v non-fat dried milk, then incubated
for 3 h with mouse monoclonal anti-rat TNF-α antibodies
(R&D Systems Inc, Minneapolis, MN, USA), washed three
times for 5 min each in PBS-Tween, incubated for 2 h with
secondary horseradish peroxidase conjugated goat antimouse
IgG (Jackson ImmuniResearch Laboratories Inc, West Grove,
PA, USA) and washed as described above. TNF-α was detected
by enhanced chemiluminescence, using Pierce chemiluminescent
substrate (Pierce Biotechnology, Rockford, IL, USA) and Fuji
Super RX film (Fuji Photo Film Co, Ltd, Tokyo, Japan). It was
identified as a 21 kDa band and quantified by densitometry
(Thermal Imaging System FTJ-500; Fujifilm; Osaka, Japan), a
computer-based image capturing software (Image Capture
Software, Pharmacia Biotech, Jerusalem, Israel), and a software
package (TINA; Raytest Isotope Messgerate, GmbH;
Staubenhardt, Germany). The intensities of the bands were
expressed in arbitrary densitometry units. Membranes were
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re-probed for actin, and all TNF-α band intensities were
normalized by respective actin values.
Determination of TNF-α mRNA. Total RNA was extracted
from the livers using the guanidium thiocyanate method [14].
Pellets of RNA were kept at –20 °C with 75% ethanol until
assay. Dried sediments were dissolved in sterile RNAse-free
water and quantitated spectrophotometrically at a wavelength
of 260 nm. Two μg of total RNA were subjected to reverse
transcription reaction in 20 μL using a reverse transcription
system (Promega Corporation, Madison, WI, USA). After
completion of the reaction, 5 μL of this reaction mixture was
used for TNF-α complementary DNA (cDNA) polymerase
chain reaction (PCR) amplification, and 5 μL of 1 : 10
diluted reaction mixture was used for glyceraldegide-3phosphate dehydrogenase (GAPDH) cDNA amplification.
Our PCR negative control contained water instead of cDNA,
and the cDNA negative control contained water instead
of RNA.
For TNF-α complementary DNA amplification, the following
primers were used: sense, CACGCTCTTCTGTCTACTGA, and
antisense, GGACTCCGTGATGTCTAAGT. These produced a
546-base pair (bp) fragment. An annealing temperature of 57 °C
was chosen for this reaction [15].
For GAPDH complementary DNA amplification, the following
primers were used: sense, AATGCATCCTGCACCACCAA and
antisense, GTAGCCATATTCATTGTCATA. These produced a
515-bp fragment [16]. The annealing temperature in this case
was 60 °C. The optimal number of cycles for the TNF-α and
GAPDH was 30. A minicycler (MJ Research Inc; Watertown,
MA, USA) was used for PCR amplification and reverse
transcription reaction. PCR products (10 μL) were separated
in a 1·8% agarose gel, which was stained with ethidiumbromide, visualized by ultraviolet irradiation, and photographed
(Polaroid, Cambridge, MA, USA) with film that evaluated
band densities using the same software as for tissue protein
quantification (see above). The intensities of the bands
were expressed in arbitrary densitometry units. All TNF-α
band intensities were normalized by respective GAPDH values.
Each PCR reaction was performed at least twice.

XDH + XO activity. The reduced and oxidized enzyme forms of
XDH and XO in the effluent and tissue samples were analysed as
described in detail in our previous publications (3). We used the
total (sum) XDH + XO activity because XDH may convert to XO
with followed ROS formation and XDH itself shows a capacity to
produce superoxide anion [2,3,17]

Statistics
All data are expressed as means ± SD. Comparisons between
various time points were performed using an analysis of variance
(anova). Differences were considered significant when P < 0·05.

Results
Liver function
The results showed that 120 min of global ischaemia significantly
decreased liver function, as expressed by a significant decrease in
bile production at the end of ischaemia compared to baseline
(0·05 ± 0·04 and 3·32 ± 0·57 μL min–1 g–1, respectively, P < 0·0005).
Reperfusion lasting for 30 min failed to improve bile production
(it went from 0·05 ± 0·04 to 0·05 ± 0·05 μL min–1 g–1). Ischaemia did
not significantly change the W/D ratio, however, reperfusion
significantly increase the W/D ratio compared to baseline value
(from 2·72 ± 0·06 to 3·34 ± 0·14, P = 0·002). NIP over 120 and
150 min (control group) also caused a less marked (than for the
I/R group) but statistically significant time-dependent decrease in
bile production compared to baseline (2·3 ± 0·68 μL min–1 g–1,
P < 0·0005 and 1·7 ± 0·25 μL min–1 g–1, P < 0·0001, respectively).
The 120 minute NIP did not change the W/D ratio, but the 150
minute NIP significantly increased it compared to baseline
(3·04 ± 0·58, P = NS and 4·18 ± 0·56, P < 0·001, respectively).
However, bile production under NIP condition was still much
higher when compared to the post-ischaemic situation
(P < 0·0001).

Total XDH + XO production
Ischaemia was found to be a strong trigger for total XDH + XO
production. Increased total XDH + XO levels in tissue and in
effluent at the end of ischaemia were 1·6 and 9·7 times higher,
respectively, compared to baseline (Table 1). Reperfusion

Table 1 Total XDH + XO content in tissue and effluent at various measured time points
Time points

Total XDH + XO in
tissue (mU g–1) (n = 10)

P-value (compared
to baseline)

Total XDH + XO in effluent
(mU mL–1) (n = 10)

1·84 ± 0·07

< 0·0001

0·3 ± 0·02

< 0·0001

Stabilization (baseline)

4·58 ± 0·56

Ischaemia 120 min

7·47 ± 0·83

< 0·0004

Reperfusion 30 min

3·91 ± 0·85

< 0·02

P-value (compared
to baseline)

0·19 ± 0·04

Perfusion 120 min

5·21 ± 0·51

< 0·02

0·5 ± 0·4

Perfusion 150 min

5·26 ± 0·66

< 0·02

0·22 ± 0·07

< 0·0003
< 0·03
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Figure 1 Representative PCR analysis of TNF-α mRNA
in the liver samples (a) and relative optical density of
TNF-α PCR signal (b). Data were normalized to appropriate
GAPDH PCR signals. Samples were drawn at the end of
the stabilization period (1 or Baseline), at 120 min of
non-ischaemic perfusion -NIP- (2 or 120′ NIP), at 120 min
of global ischaemia (3 or 120′ Ischaemia), at 30 minute of
reperfusion (4 or 120′ Ischaemia +30′ Reperfusion), and at
the end of 150 min of non-ischaemic perfusion (5 or 150′ NIP).
Significantly increased TNF-α mRNA expression was observed
after 120 (P < 0·001) and 150 (P < 0·002) minutes
of non-ischaemic perfusion, while no changes were
observed after 120 min of global ischaemia, and no
changes were observed after 120 min of global ischaemia
following 30 min of reperfusion.

significantly decreased the total XDH + XO level in tissue
(P < 0·0001), probably by a washout effect. Total XDH + XO in
effluent after 30 min of reperfusion was significantly lower than
after ischaemia, but significantly higher than at baseline (Table 1).
NIP for 120 and 150 min was also associated with elevation of total
XDH + XO production. This elevation was less marked than at the
end of ischaemia, but still significant (Table 1).

TNF-α synthesis and release
Neither ischaemia nor reperfusion increased TNF-α synthesis and
release in the liver. The band intensities of TNF-α mRNA in hepatic
tissue were 0·53 ± 0·1 at baseline, 0·51 ± 0·2 at the end of ischaemia
and 0·48 ± 0·08 at the end of reperfusion (Fig. 1). Band intensities
of TNF-α protein in tissue were 0·72 ± 0·16 after stabilization,
0·62 ± 0·32 at the end of ischaemia, and below detectable levels at
the end of reperfusion (Western blot quantification, Fig. 2). TNFα in effluent was 11 ± 4·8 pg mL–1 at baseline, 7 ± 3·2 pg mL–1 at the
end of ischaemia, and 13 ± 5·3 pg mL–1 after 30 min of reperfusion.

Figure 2 Representative Western blot analysis TNF-α protein in
the liver samples (a) and relative optical density of a TNF-α
Western blot signal (b). Data were normalized to appropriate
actin Western blot signals. Samples were drawn at the end of
the stabilization period (1 or Baseline), at 120 min of nonischaemic perfusion -NIP- (2 or 120′ NIP), at 120 min of global
ischaemia (3 or 120′ Ischaemia) and at the end of 30 min of
reperfusion (4 or 120′ Ischaemia +30′ Reperfusion). There was a
tendency toward an increase of TNF-α protein after 120 min of
perfusion (P < 0·065), and an additional TNF-α protein band
appeared at that time point (upper band 2). No changes were
observed after 120 min of global ischaemia. TNF-α protein was
below detectable levels after the 120 min of global ischaemia
that followed 30 min of reperfusion.

The differences in TNF-α levels at all these points were not
significant (Fig. 3).
NIP, but not ischaemia or reperfusion, caused a significant
increase of TNF-α synthesis and release. NIP lasting for 120 and
150 min caused significant increases of TNF-α mRNA in tissue
compared to baseline levels (1·31 ± 0·2 P < 0·001 and 1·38 P < 0·002,
respectively, Fig. 1). The TNF-α protein level in tissue after 120 min
of NIP showed a trend towards elevation compared to baseline
(1·17 ± 0·3, P < 0·065, Fig. 2), and this was associated with
significantly elevated TNF-α effluent levels after 120 and 150 min
of perfusion (392 ± 78·7 pg mL–1 P < 0·0001 and 408 ± 64·3
P < 0·0001 pg mL–1, respectively, Fig. 3). An additional TNF-α
protein band appeared after 120 min of NIP: it was identified as
26 kDa protein (upper band 2, Fig. 2a) and it corresponded to a
well known transmembrane TNF-α.
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Figure 3 TNF-α protein content in the effluent from an isolated
liver during prolonged non-ischaemic perfusion -NIP, (black
bars) and during ischaemia/reperfusion (white bars). Samples
were drawn at the end of a stabilization period (Baseline, n = 10),
at 120 (n = 10) and 150 (n = 10) minutes of NIP, at 120 min of
global ischaemia (n = 10) and at the end of 30 min of reperfusion
(n = 10) following 120 min of global ischaemia. Significantly
increased levels of TNF-α protein were observed in the effluent
after 120 (P < 0·0001) and 150 (P < 0·0001) minutes of NIP, no
changes were observed after 120 min of global ischaemia and
no changes were observed after 120 min of global ischaemia
following 30 min of reperfusion.

Discussion
The current study was originally designed to clarify whether
TNF-α causes liver damage during the ischaemic or reperfusion
part of the I/R process. We followed the usual protocols for
isolated liver I/R models and decided to also check the influence
of prolonged perfusion on the production of TNF-α and total
XDH + XO. Control group addition enabled us to quantitatively
monitor TNF-α synthesis and release at three time points in a
unique fashion: at baseline, after 120 min (control to ischaemia)
and once more after another 30 min of perfusion (control to
reperfusion).
The results of the present study demonstrate that global
ischaemia and reperfusion cause a decrease of liver function and
a significant elevation of total XDH + XO.
Unexpectedly, neither 120 min of ischaemia alone nor 30 min of
reperfusion were associated with induction of TNF-α synthesis
and release. TNF-α mRNA expression and the tissue TNF-α
protein level as well as the TNF-α content in effluent at the end of
120 min of ischaemia did not exceed baseline levels. The 30 min
of reperfusion that followed caused no elevation of TNF-α mRNA
in tissue or TNF-α protein in effluent, and TNF-α protein in tissue
was below detectable level. This decrease of TNF-α in tissue can
probably be explained by a washing out and/or a tissue
degradation process.

A less marked but significant decrease of liver function was also
observed during NIP (120 and 150 min – control group). It was
associated with a significant elevation of total XDH + XO,
although it was less pronounced than the extent of elevation after
ischaemia and reperfusion. Moreover, NIP was unexpectedly
associated with a significant elevation of TNF-α synthesis and
release. NIP (120 min) increased the TNF-α protein level in effluent
as well as the TNF-α mRNA content in tissue. There was a
tendency for tissue TNF-α protein to increase or remain
unchanged compared to baseline, and an additional
transmembrane TNF-α protein band appeared after 120 min of
NIP. All these lines of evidence strongly point to the probability
that NIP is the trigger for the increase of TNF-α synthesis and
release that occurred in the isolated rat liver. Despite the significant
elevation of TNF-α during the period of NIP, liver function (bile
excretion and liver oedema) was significantly less impaired than
at the time of I/R. This is in agreement with Simeonova et al. who
reported that TNF-α is not responsible for direct hepatocyte
damage [18].
Based on these data, we believe that it is reasonable to
propose that elevation of total XDH + XO – but not of TNF-α – is
responsible for decrease of liver function. XDH-XO system is one
of the major sources of free radicals in the biological system
[1–3,17]. Previous publications have shown that XDH + XO via
generated ROS could directly cause organ damage [2,3].
We realize that the pathophysiological evolution of I/R and long
term non-ischaemic perfusion damage may well involve a more
complex process consisting of intermediate steps and feedback
loops, features that we did not explore within the context of the
current study.
The two forms of TNF-α, soluble and membrane-bound,
were detected at the end of prolonged perfusion. Most of the
members of the TNF-α family are present in both a membranebound and a soluble form, which can possess differential
bioactivities. TNF-α is primarily produced as a transmembrane
protein, but it may be released in soluble trimeric form via
proteolytic cleavage by the metalloprotease TNF-converting
enzyme [19]. TNF-α exerts a variety of effects that are mediated
by TNF-receptor 1 and 2 (TNF-R1 and TNF-R2). Whereas
TNF-R1 is efficiently activated by soluble TNF-α, TNF-R2
activation requires binding of membrane-bound TNF-α [18].
Membrane-bound TNF-α has been suggested to have a
more localized effect than soluble TNF-α and has been
implicated in several other pathological conditions, such
as acute hepatitis, rheumatoid arthritis and neurological
disorders [20,21].
Despite the multitude of investigations, the true role of TNF-α
in liver I/R injury remains unclear. Most of those studies claim that
TNF-α plays a key role in mediating I/R injury after liver, kidney,
intestine, heart, lung and pancreas transplantation [22]. A recent
study by Teoh et al. reported that TNF-α has a dual role in I/R
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injury [23]. A protective effect of TNF-α in liver I/R injury and an
important role in the initiation of liver regeneration after partial
resection were also reported [24,25].
Numerous earlier publications demonstrated an elevation of
TNF-α production at the time of liver I/R: we found different
results in our current study. This discrepancy can be explained by
differences in methodology: different time points for sampling
TNF-α in tissue and effluent, different models used for
investigating TNF-α production during I/R liver injury, and
different interpretations of the results. Specifically, the two main
models used to imitate liver I/R injury are an isolated non-blood
perfused liver in-vitro model or a partial I/R model in which there
is temporary closure of the vascular pedicle to the left lateral and
median liver lobe in vivo. Most experimental animal models for
studying hepatic I/R injury involve partial or segmental ischaemia
of the liver [26,27]. Those models do not, however, reflect the global
ischaemia that occurs during liver transplantation. Importantly,
TNF-α was mostly determined in vivo or in vitro only at different
time points of reperfusion, and not during or at the end of
ischaemia. Conclusions about the important role of TNF-α during
ischaemia in these studies were actually based on the observed
elevation of TNF-α during prolonged reperfusion and were not
confirmed by direct measurements immediately after ischaemia
[28–31]. None of the earlier studies used a control group that had
been submitted to non-ischaemic prolonged perfusion (NIP) as we
did in our current study. Thus, based on our findings, we propose
that the TNF-α elevation evidenced in those studies and ours can
be explained by prolonged perfusion but not by I/R injury.
Teoh et al. were among the first to document tissue TNF-α
elevation at the time of ischaemia using a partial liver ischaemic
model [23]. The elevation of tissue TNF-α in their study can be
explained by several methodological features: first, the rats were
killed by exsanguination which itself can cause elevation of
TNF-α production [32]; second, TNF-α levels were determined
from whole liver homogenates that contained both ischaemic and
non-ischaemic liver tissue. Partial liver ischaemia may cause portal
congestion and sinusoidal shear stress by increasing the blood
supply to a non-ischaemic right lobe, with subsequent elevation of
TNF-α production, probably by non-ischaemic tissue such as
occurs after partial hepatectomy [26,27].
In our current study, we used an isolated non-blood perfused
liver and global liver ischaemia model which we believe more
faithfully imitates the state of global ischaemia at the time of liver
transplantation, or shock and provides the possibility of
investigating endogenous liver TNF-α production. Thus, our
model also imitates isolated non-blood perfusion of liver used for
treatment of liver cancer [33]. Previous studies that had used this
model demonstrated TNF-α elevation at the time of liver
reperfusion but not at the time of ischaemia [34–37]. These results
can be explained by the timing of TNF-α sampling, i.e. after more
than one hour of reperfusion [34,35]. The lack of control groups

with long non-ischemic perfusion periods influenced the
interpretation of the results in those studies. The elevation of
TNF-α during the early reperfusion period that was reported in
some other studies may be explained by there having been
prolonged liver perfusion (i.e. more than 40 min) before ischaemia
[36,37]. Ben-Ari et al. reported that they selected a longer (90 min)
period of stabilization perfusion before ischaemia because shorter
periods did not cause a significant elevation of TNF-α after liver
ischaemia [37]. We found that TNF-α elevation began after 30 min
of non-ischaemic perfusion and that it reached the maximum level
after 60 min where it stayed for up to 150 min (our pilot studies).
Based on our current results and the data in the literature, we
hypothesize that the increased release in endogenous liver TNF-α
is most likely caused by changes in flow via a hepatic vascular bed
such as in the following clinical situations: partial liver resection,
portal hypertension, haemorrhagic shock, liver transplantation,
and perfusion during treatment of liver cancer. This hypothesis
warrants validation by additional experiments.
We conclude that neither liver ischaemia nor reperfusion are
causes of TNF-α synthesis and release in isolated perfused livers.
Impairment of liver function during I/R is probably associated
with an elevation in ROS production. NIP, and not ischaemia or
reperfusion, is the decisive trigger for TNF-α synthesis and release.
We speculate that TNF-α release during prolonged non-ischaemic
liver perfusion can cause cytotoxic effects in different organs. The
present study is a new step in the understanding of the mechanism
of liver I/R and perfusion injury and sheds new light on TNF-α
related and unrelated mechanisms in the evolution of these types
of liver injury. The present controversy over the interpretation of
data could lead to a better understanding of pathogenesis of I/R
and perfusion damage, and potentially reveal new, more specific
therapeutic agents.
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