
antioxidant defence system. Al, Cu, Mn, Zn, and S were 
lower in the hyperemia group than in the sham operated 
group when the levels of Ca, Fe, Mg, Se and P ions were 
higher during hyperemia. 

CONCLUSION: Oxidative stress is one of the main 
factors for the injury of intact l iver lobes during 
ischaemia-reperfusion.

© 2006 The WJG Press. All rights reserved.
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INTRODUCTION
Acute hyperemia (hyperperfusion) occurs during 
operations of  the liver when the blood flow of  part of  the 
liver is selectively occluded by the surgeon, therefore the 
non-occluded lobes have to deal with a greater amount 
of  blood. This type of  operation is relatively rare, but 
the mechanism of  this kind of  damage can be of  great 
interest since very few data on this topic are available in 
the literature. After liver resection the non-resected liver 
tissue receives the whole blood volume of  the portal 
vein and the hepatic artery, therefore it may be assumed 
that hepatic overflow is related to these operations. The 
same mechanism occurs during liver transplantation from 
a living donor both in the liver of  the donor and in the 
recipient. Owing to the relatively small size of  the liver it is 
rather difficult to handle hemodynamic changes[1].

Hemodynamic changes due to the regeneration of  
the liver may have effect on the above mentioned hepatic 
hyperperfusion, therefore long-term investigation on 
this model may be an interesting field of  research in the 
future[2-4].

Along with the increased blood flow, oxygen tension 
of  the hepatic tissue is also high. High oxygen tension 
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Abstract
AIM: To determine whether increased blood flow of the 
liver can cause oxidative stress and hepatocyte damage, 
and to elaborate methods suitable for measuring the 
antioxidant defence during hepatic surgery on rat model. 

METHODS: In nembutal narcosis, the left lateral and 
the medial lobes of the liver were clipped for 45 min 
to make the total blood supply flow through the other 
lobes. Total antioxidant status, glutathione peroxidase 
and superoxide dysmutase activity, as well as the 
concentrations of diene conjugates and free sulphydril 
groups, H-donating ability and reducing power of the 
liver samples were determined. Chemiluminescent 
intensity of the liver was also measured. Metal ions (Al, 
Ca, Cu, Fe, Mg, Mn, Zn) and P and S concentrations of 
the liver were determined with an inductively coupled 
plasma optical emission spectrometer and Se content 
was measured by cathodic stripping voltammetry. 

RESULTS: Glutathione peroxidase and superoxide 
dysmutase activities of the liver decreased significantly 
in the hyperemia group compared to those observed 
in the sham operated group. The leve l of tota l 
antioxidant status was also significantly lower in the 
hyperemia group. H-donating ability, reducing power 
and free sulphydril group concentration showed the 
same tendency. A significant correlation (P<0.05) was 
found between the changes in non-specific antioxidant 
activities. This pointed to simultaneous activity of the 
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is connected to the generation of  oxygen-related free 
radicals, such as hydroxyl radical, superoxide-anion 
or hydrogen peroxyde. Oxidative stress causes major 
disturbances in the redox-homeostasis of  the liver cells, 
therefore it also affects the main cellular functions through 
signal transduction[5].

Especially in liver tissue, oxidative stress activates the 
Kupffer cells and Ito cells first, which are responsible for 
most of  the liver damage[6]. Great amounts of  free radicals 
are generated by Kupffer cells during their respiratory 
burst, which is a most important source of  reactive oxygen 
species. Kupffer cells generate other mediators (cytokines, 
prostaglandines) as well, and these agents increase the 
damage of  the liver tissue[7].

Oxidative stress causes lipid peroxidation of  the cellular 
membranes, and diene conjugates and malondialdehyde are 
generated[8]. The injury of  the cellular membranes destroys 
the homeostasis of  hepatocytes, which leads finally to 
apoptosis or necrosis[9].

The great amount of  free radicals and fast blood flow 
increase the risk of  thrombosis, which can be related to 
greater liver cell damage[10]. Platelet aggregation is also 
affected by superoxide anions and hydroxyl radicals[11, 

12]. The disturbance in the circulation of  the liver may 
cause endothelial dysfunction by changing the ratio of  
vasoconstrictor and vasodilatator agents[13, 14]. The role of  
the white blood cells in thrombotic mechanisms related to 
ischaemia-reperfusion is well known. The same reactions 
may occur in intact liver lobes [15, 16].

Oxidative stress and the generation of  free radicals 
are closely related to transition metals and the antioxidant 
defence system is dependent on metal elements and 
selenium[17, 18]. Therefore, determination of  the element 
content in liver is relevant. 

The aim of  this study was to determine whether 
increased blood flow of  the liver may cause oxidative stress 
of  hepatocytes and to find methods suitable for measuring 
antioxidant defence during hepatic surgery on rat model. 

MATERIALS AND METHODS
Materials
Luminol, microperoxidase, hydrogen peroxide, and 
1,1-diphenyl-2-picryl-hydrasyl radical were obtained from 
SIGMA (St.Louis). TAS (NX2332), SOD (SD 125) and 
GSHPx (RS 506) kits were bought from Randox (Crumlin, 
UK). The standard solution for ICP measurements was 
made from Merck ICP standards, and other chemical 
reagents were purchased from Reanal Chemical Company 
(Budapest).

Surgical model
Male Wistar rats (250 g) were purchased from Charles 
River Hungary and housed in a temperature- and humidity-
controlled room under a constant 12-h light/dark cycle. 
Animals had free access to water and standard rat chow. 
All experiments were performed with rats fasted for 12 
h prior to operations. All studies were performed with 
the permission of  the Animal Health and Food Control 
Station (770/004/04).

www.wjgnet.com

Surgery was performed under deep nembutal narcosis 
(35 mg/body weight kg). Body temperature was kept 
between 36.5 °C and 37.5 °C. After laparotomy, circulation 
occlusion of  the left lateral and the medial liver lobes was 
induced. Reflow was initiated by the removal of  microclips, 
which selectively clamped the branches of  the portal vein 
and hepatic artery. 

Experimental design
For evaluation of  the hepatic owerflow injury, a control 
group and a sham operated group were compared with 
two intervention groups respectively.

The rats were divided into control group (n=6) in 
which rats were not operated; sham operated group (n=6) 
in which laparotomy was performed for 45 min without 
damage to the liver; hyperemia (hyperperfusion) group 
(n=6) in which the peduncules of  the right, left medial and 
lateral lobes were clipped to make the total blood volume 
of  the portal vein and the hepatic artery flow through the 
lesser lobes of  the liver for 45 min and then liver samples 
were taken as reperfusion group (n=6) in which the clips 
were removed from the peduncules of  the ligated lobes to 
restore the original hemodynamic conditions of  the liver 
after the 45-min-hyperemia period, modelling selectively 
induced ischaemic resection type of  the liver. After 15 min 
of  reperfusion the livers were stored at -20 °C for further 
examinations. The rats were exsanguinated from the 
arterial vein after the experiments.

Measurement of enzyme activity and concentration of 
metal ions
Concentration of  the diene-conjugates was measured 
based on the method of  AOAC[19]. Free SH-groups were 
determined by the Sedlack method based on the Ellmann 
reaction[20]. The H-donating ability of  the samples was 
determined by Blois’s method modified by Blázovics et 
al[21] in the presence of  a 1,1-diphenyl-2-picryl-hydrasyl 
radical. Absorbance of  the methanolic DPPH-dye 
was detected spectrophotometrically at 517 nm. For 
characterization of  the ability, inhibition (%) was given to 
the DPPH degradation[22, 23]. Oyaizu’s method was adopted 
for the determination of  the reducing power (RP) of  
the samples. The change in absorbance was measured, 
which accompanied Fe3+-Fe2+ transformation at 700 nm, 
and the RP was compared to that of  ascorbic acid[24]. All 
spectrophotometric measurements were carried out with a 
Jasco V 550 instrument.

A recently developed chemiluminescence assay adapted 
to a Berthold Lumat 9501 instrument was applied. The 
procedure was carried out by the method of  Blázovics et 
al [21]. The volume of  liver homogenate samples (protein 
content was 10 mg/mL) was 0.06 mL. Chemiluminescent 
intensity of  the samples was expressed in RLU% (relative 
light unit %) of  the standard (basic chemical reaction 
means: H2O2-luminol-microperoxidase reaction).

The levels of  total antioxidant status (TAS), superoxide 
dysmutase (SOD) and glutathione peroxidase (GSHPx) 
were deter mined from the supernatants of  l iver 
homogenates (10 mg/mL protein content) with Randox 
kits. The results were expressed in arbitrary units calculated 
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from the absorbance detected by spectrophotometry. 
Protein content was measured by the method of  Lowry[25].

Element concentration in the pooled liver homogenate 
samples was determined in three parallel measurements 
with an inductively coupled plasma optical emission 
spectrometer (ICP-OES). Type of  instrument used was 
Atom Scan 25 (Thermo Jarrell Ash Co.). After digestion 
of  the liver samples (1 mL) with a mixture of  nitric acid 
(5 mL) and hydrogen peroxide (2 mL) diluted to 10 mL 
with deionised water, the concentration of  9 elements 
(Al, Ca, Cu, Fe, Mg, Mn, P, S, Zn) was determined three 
times, three seconds each time. Integration time, blank 
subtraction and background correction were applied 
during the measurements[26]. 

Se content in the liver was determined by a cathodic 
stripping voltammatric method with hanging mercury drop 
electrode (instrument: Trace Lab 50). The digested samples 
for the element measurement (previous paragraph) was 
measured in 1 mol/L HCl as supporting electrolyte by 
preconcentration at - 350 mV. Electrolysis time: 100; 
potential: -300 mV up to -900 mV; step duration; -50 mV/s.

Statistical analysis
One-way ANOVA statistical analysis was performed to 
evaluate significant levels between the different groups of  
rats. Pearson’s correlation matrix was used to evaluate the 
correlation between measured parameters. The data were 
expressed as present mean ± SD. Five parallel measures 
were carried out from each of  the pooled samples, in this 
case the data showed mean values when c.v. was below 
5.00  %.  P<0.05 was considered statistically significant.

RESULTS
The amount of  generated diene conjugates is shown 
in Figure 1A. The concentration of  diene conjugates 
increased significantly in the sham operated rats, which 
was significantly higher in the hyperemia group than that 
(0.171±0.001) in the control group and (0.201±0.007) in 
the hyperemia group ∆E232nm. When the circulation of  the 
liver returned to normal, the level of  diene conjugates also 
tended to return to the normal value.

Chemiluminescent intensity was significantly higher 

Figure 1 Changes of diene-conjugates (A) and chemiluminescent intensity (B) in different groups. aP<0.05 vs control group.
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in the sham operated group (1.339 x 10
 
± 1.42 x 104 

RLU) 
(as well as during hyperemia) than in the control group 
(1.612 x 107±1.03 x 106 RLU). Chemiluminescent intensity 
was normalized by reperfusion of  the ligated lobes (Figure 
1B). The concentration of  diene conjugates as well as the 
chemiluminescent intensity pointed to oxidative damage to 
the liver tissue.

H-donating ability was lower in the hyperemia group 
(36.05± 0.12) than in the sham operated group (33.53
± 2.85). The changes in reducing power (159.36 ± 5.76 
versus 140.16± 13.68 µmolAS/g protein) and in the 
concentration of  free SH-groups (0.649± 0.054 versus 
0.579± 0.042 mmol/L) showed the same tendency, 
although the changes were not significant (Figures 2A, 
2B, 2C), indicating a decrease in non specific antioxidant 
defence. In the reperfusion group these parameters showed 
enormous deviation, suggesting that the antioxidant 
system had to exert a great ability.

A positive correlation (P < 0.05) was found between 
the changes in H-donating ability, reducing power and 
the concentration of  free SH-groups (r = 0.81 between 
H-donating ability and reducing power, r = 0.82 between 
H-donating ability and SH-groups and r = 0.56 between 
reducing power and SH-groups), indicating the parallel 
work of  the antioxidant defence system. 

The SOD activity (in arbitrary unit) of  the liver 
decreased significantly in the hyperemia group (0.634
± 0.133) compared to that in the sham operated group  
(1.073± 0.122) (Figure 2D). The glutathione-peroxidase 
(GSHPx) activity (in arbitrary unit) was significantly lower 
in the hyperemia group (263.11± 45.17) than in the sham 
operated group (380.70± 33.88). When the hepatic flow 
became normal, the activity of  the enzyme approached the 
basic state (328.38± 51.87) (Figure 2E). The level of  TAS (in 
arbitrary unit) was also significantly lower in the hyperemia 
group (1.936± 0.027)  than in the sham operated group 
(2.214± 0.165) (Figure 2F).

The concentration of  elements (Al, Ca, Cu, Fe, Mg, 
Mn, P, S, Se and Zn) was also determined from pooled liver 
samples by ICP-OES and polarography. The concentration 
of  Al, Cu, Mn, Zn, and S was lower in the hyperemia 
group than in the sham operated group, while the level 

of  Ca, Fe, Mg, Se and P ions increased during hyperemia. 
The tendency was the same in the case of  Cu, Mn, Se and 
Zn level during reperfusion, which were essential for the 
activity of  SOD and GSHPx enzymes (Table 1).

The correlations between the changes in metal ion 
content are listed in Table 2. 

DISCUSSION
Hepatic overflow has not been studied thoroughly so far. 
The intact liver lobes of  the rat ischaemia-reperfusion 
model are generally considered unharmed, whereas 
oxidative damage has been verified in our investigations. 
The injury is probably due to the generation of  free 
radicals. The presence of  oxidat ive stress causes 
disturbances in the cell cycle and initiates apoptosis[27]. 
Hepatic apoptosis is related to the generation of  
interferon-γ, which is able to produce oxygen-related free 
radicals as well[28].

The production of  reactive oxygen substances leads to 
hepatocyte damage, therefore, poor liver function becomes 
even worse[29]. A better understanding of  these mechanis-
ms is important, since the generation of  free radicals and 
the decrease in antioxidant level can be compensated with 
scavenger molecules such as glutathione and multivitamin 
infusion[30-32]. Moreover, aged patients after liver surgery 
have significantly weaker antioxidant defence than young 
ones[33].

Compared to the control group, the level of  diene 
conjugates and the chemiluminescent intensity were sig-
nificantly higher in the sham operated animals as well as 
in the animals with liver overflow. The high level of  lipid 
peroxidation is one of  the markers of  oxidative stress, 
which along with the changes in chemiluminescent inten-
sity point to hepatocyte injury. Chemiluminescent intensity 
is considered as the amount of  generated free radicals. The 
generation of  free radicals is related to the production of  
cytokines and other inflammatory agents, and NFκ-B is 
also activated in the process[34], which finally leads to apop-
tosis and/or necrosis.

Apoptosis may occur in a physiological setting without 
inflammation. In pathophysiological settings apoptosis 

Table 1 Element concentrations (μg/g) in rat liver (mean
±SD)

aP<0.05 vs sham operated group, cP<0.05 vs hyperemia group, eP<0.05 vs 
control group

Control Sham-operated Hyperemia Reperfusion 

Al 0.501±0.04 0.736±0.03 = 0.484±0.03 a 0.643±0.035 a,c,e

Ca 22.43±0.31 22.79±0.04 35.05±0.29 a,e 23.72±0.17 a,c

Cu 1.628±0.02 1.671±0.02 1.651±0.01 1.595±0.02 a,c

Fe 52.04±1.21 46.81±0.62 e 58.18±1.08 a,e 59.90±1.03 a,e

Mg 81.40±0.29 84.60±1.07 89.76±0.49 a,e 81.87±1.03 a,c

Mn 1.260±0.87 1.314±0.02 1.300±0.01 1.279±0.01
P   1680±119  1714±41  1799±68  1751±40 a

Se    54.6±16.8 107.3±28.3 e 129.8±38.9 e  60.9±10.9 a,c

S  1273±22  1562±14 e  1404±11 a,e  1345±24 a,c ,e

Zn 14.79±0.04 14.33±0.02 13.96±0.12 a 13.49±0.10 a,c

Table 2 Significant correlations between metal elements 
in liver during experiment 

Metal ions Correlations Metal ions Correlations

Al-Fe r = -0.92; P < 0.05 P-Zn r = -0.73; P < 0.05
Ca-Fe r = 0.85; P < 0.05 P-S r = 0.99; P < 0.05
Ca-Mg r = 0.92; P < 0.05 Se-Cu r = 0.75; P < 0.05
Ca-S r = 0.86; P < 0.05 Se-Mn r = 0.83; P < 0.05
Ca-P r = 0.87; P < 0.05 Se-Ca r = 0.75; P < 0.05
Cu-Mn r = 0.72; P < 0.05 Se-Mg r = 0.95; P < 0.05
Mg-S r = 0.85; P < 0.05 Se-S r = 0.77; P < 0.05
Mg-P r = 0.79; P < 0.05
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frequently induces inflammation because of  the onset 
of  secondary necrosis and stimulation of  cytokine and 
chemokine formation. In liver, mitochondrial permeability 
transition represents a shared pathway that leads to both 
necrosis and apoptosis (adenosine triphosphate depletion, 
cytochrome C release), which makes discrimination 
between the two forms of  cell death difficult sometimes[35].

Signal transducer and activator of  transcription-3 (Stat3) 
are the most important molecules involved in the initiation 
of  liver regeneration. Stat3 activation protects against Fas-
mediated liver injury by inhibiting caspase activities in 
redox-dependent and -independent mechanisms[36]. Stat3 
provides hepatoprotection against Fas-mediated apoptotic 
liver damage by two mechanisms: direct inactivation of  
caspases and reduction of  reactive oxygen species[37].

During hepatic overflow the antioxidant system is in-
jured as well. The non-enzymatic defence system can be 
described by determining the values of  H-donating ability, 
reducing power and the concentration of  free SH-groups, 
which were found to be lower in this experiment. When 
the defence activity is lower, free radicals induce severer 
damage, suggesting that these factors are of  great im-
portance. The changes in enzymatic defence (TAS, SOD, 
GSHPx) show the same tendency, as observed in non-
enzymatic defence. These changes may be suitable markers 
of  hepatocyte damage. The joint effect of  the high amo-
unt of  reactive oxygen species produced and the decrease 
in the defence system may be the key to a better unders-
tanding of  the damage during hepatic hyperemia.

In the present study, the high amount of  blood flow 
caused the transfer of  some metal ions into the liver cells. 
Especially the Ca, Fe, Mg, and P content in the liver inc-
reased during hyperemia, which can be explained by the 
injury of  cellular membranes. The amount of  the genera-
ted diene conjugates also pointed to the injury of  cellular 
membranes. The concentration of  most of  the essential 
metal ions increased in the liver of  sham operated rats. 
The accumulation of  Fe during hepatic owerflow and af-
ter surgery is important, since this element can induce the 
production of  free radicals through the Fenton reaction. A 
strong positive correlation was found between the changes 
in concentrations of  Ca-Fe, Ca-Mg, Ca-S, Ca-P, Cu-Mn, 
Mg-S, Mg-P, and P-S, while there was a strong negative 
correlation between the levels of  Al-Fe and P-Zn. The ac-
cumulation of  certain elements in the liver during surgery 
may be harmful.

Since the presence of  Mn, Zn and Cu is essential for 
the function of  SOD enzymes, their lower ability may be 
attributed to the loss of  the above elements[38]. Se is rele-
vant to the action of  glutation-peroxidase, which is also 
important in the antioxidant defence of  liver cells. During 
our experiment the behaviour of  Se was suprising. There-
fore, measuring Se concentration under these conditions 
may lead to a new and important field of  research[39]. The-
se findings also underline the changes in the homeostasis 
of  liver cells due to hyperperfusion.

Compared to the ischaemia-reperfusion damage[40], the 
injury caused by hyperemia is related to less hepatocyte 
dysfunction, an important risk factor for liver surgery.
In conclusion, the methods applied by us are suitable for 
measuring compensatory mechanisms in hyperemia and 

ischaemia-reperfusion. 
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