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Abstract
Introduction: Ischemia-reperfusion injury (IRI) is one of the main causes of increased morbidity in hepatic surgery 

following portal triad clamping and blood reflow. 

Aim: The aim of this study was to determine whether intraoperative administration of the lazaroid U-74389G can 
reduce inflammatory activity in landrace pigs undergoing hepatectomy with Pringle maneuver.

Methods: Fourteen landrace pigs (30 ± 2 kgr) were randomized into two groups: in group A (n=7) lazaroid U-74389G 
was administrated immediately after the Pringle maneuver was removed while in group B (control group, n=7) it was 
not. Blood samples were obtained at four phases: 1) before clamping 2) 30 min after clamping removal 3) two hours 
after hepatectomy and 4) 24 hours after hepatectomy. Quantitative analyses of the inflammatory markers IL-1β, IL-10, 
IFN-α, IFN-γ, TNF-α, IL-4, and IL-8 were performed. In order to histopathologically evaluate the number of neutrophils, 
lymphocytes, macrophages and apoptotic bodies in liver in the two groups, samples which included at least one big 
vessel were taken at phases 3 and 4.

Results: Histological analysis revealed the presence of inflammation and apoptosis, of the same density, in both 
groups. Biochemical analysis revealed a statistically significant decrease (P<0.01) of TNF-α at phases 2, 3 and 4 and of 
IFN-α (p= 0.02) at phase 4 in group A compared to control group.

Conclusion: Pro-apoptotic chemokine TNF-α was significantly reduced for 24 hours after the administration of 
antioxidant U-74389G in group A. However, the effect of U-74389G did not appear to be obvious in terms of inflammation 
and apoptosis in histological evaluation. 
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Introduction
Ischemia and reperfusion of the liver during hepatic surgery and 

trauma has been associated with a wide variety of pathophysiological 
changes resulting in hepatic dysfunction and increased postoperative 
morbidity. Ischemia reperfusion injury (IRI) is a surgical complication 
that occurs when blood flow is restricted to an organ followed by reflow, 
which leads to alterations in the physiology of the organ through a 
complicated mechanism that includes microvascular injury, increased 
production of reactive oxygen species from activated endothelial cells, 
inflammatory response during which white blood cells bind to the 
endothelium of capillaries obstructing them and inflammatory factors 
such as interleukins and free radicals are produced in response to 
tissue damage, and increased apoptosis [1,2]. The resulting injury may 
influence patient’s outcome [3]. 

Ischemia reperfusion injury during hepatic resection occurs after 
clamping of the portal triad (inflow occlusion) and not only has direct 
effects on the liver from ischemia and reperfusion but also may lead 
to back flow disturbance and intestinal venous congestion. The extent 
of IRI in hepatic surgery is based on duration of ischemia and clinical 
factors, such as duration of surgery, intraoperative portal hypertension 
and splanchnic ischemia [2]. It has been reported that periods up to 
90 min of ischemia in a normal liver are not detrimental [4]. However, 
in patients with cirrhotic, fibrotic or steatotic liver the effects of IRI in 
periods greater than 60 min are much more hazardous [5].

In addition to direct injury from ischemia, stagnant venous blood 

stimulates intravascular coagulation and platelet coagulation, activates 
Kupffer cells which release proinflammatory mediators, reactive oxygen 
species (ROS), cytokines and chemokines, all of which contribute to the 
extent of liver injury once reperfusion begins [2]. The reflow of venous 
blood affects liver metabolism directly and subsequent regeneration, 
thus has important implications for the patients’ prognosis, justifying 
the increased interest in pharmacological interventions which aim to 
reduce IRI in patients undergoing hepatic resection [2].

Among the pharmacological interventions to reduce IRI in various 
organs are lazaroids, a group of synthetic aminosteroids with no 
glucocorticoid action that inhibit iron-dependent lipid peroxidation 
[6]. Lazaroids are free radical scavengers and can reduce the effects 
of oxidative stress on lipid membranes and cause degranulation of 
neutrophils [7]. They also have a protecting effect on endotoxic shock 
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by reducing the tumor necrosis factor-alpha (TNF-α) production 
[7,8]. Additionally, other studies have shown that lazaroid U-74389G 
administration reduces reperfusion injury in stomach [9], small 
intestine [10,11], lung [12], pancreas [13], heart [14] and multiple 
organ dysfunction [6] in animal models [6,9-14].

The aim of this study was to determine through quantitative analysis 
of blood inflammatory markers and histopathological evaluation of 
neutrophils, lymphocytes, macrophages and apoptotic bodies in tissue 
samples whether administration of the antioxidant U-74389G may 
reduce IRI in porcine animal models undergoing hepatectomy with 
Pringle maneuver.

Materials and Methods
All requests for the animals and the intended procedures of this 

study were received from the Veterinary Animal Health Department 
of the Prefecture of Eastern Attica, Athens, as well as the Ethics 
Committee of Hippokration General Hospital of Athens, in accordance 
with Greek Law No. 160, A-64, May 1991, European Union regulations, 
and the principles of the Helsinki Declaration. Fourteen landrace pigs 
of both sexes (30 ± 2 kgr) were obtained for use in the study and they 
were numbered 1-14. The animals were randomly assigned to group 
A and group B (control group). Each group had 7 animals. Porcine 
models in group B did not receive the molecule under investigation, the 
antioxidant lazaroid U-74389G (SIGMA products – code No U5882), 
while models in group A did. The porcine models were fasted overnight 
(twelve hours), with free access to water prior to the experiments. 

Anesthesia

All pigs were intramuscularly premedicated with ketamine 20 
mg/kg animal body weight (ABW) and midazolam 0,6 mg/kg ABW. 
Ten minutes before the intubation atropine 0,045 mg/kg ABW was 
administered intramuscularly.

The animals were placed on the surgical table covered by an electrically 
heated substrate in order to maintain the core temperature of the animal 
at 39°C (± 0.5) and two large ear veins were catheterized with 18 gauge 
catheters. Anesthesia was induced with bolus intravenous injection of 
propofol 3 mg/kg ABW, cisatracurium besylate 0,5 mg/kg ABW, and 
fentanyl 0,0025 mg/Kg ABW. During operation, anesthesia was maintained 
with propofol 1%, cisatracurium besylate (1-2 mg/Kg/h), and fentanyl 
intravenously with Dial-A-Flo flow Controller (6-20 μg/Kg/h). 

After induction of anesthesia piglets were intubated with a 7.0 
endotracheal tube and mechanically ventilated (tidal volume was set 
to 15 ml/kg, frequency 20 breaths/min and FiΟ2 40%) to maintain 
normocapnia. Monitoring of the animals was conducted through 
continuous electrocardiogram, capnography, pulse oximetry and 
esophageal temperature.

The left carotid artery and left external jugular vein were cannulated 
under surgical aseptic conditions with 20 gauge and 7 Fr polyethylene 
catheter, respectively. The carotid artery was connected to a blood pressure 
transducer for blood pressure monitoring and for arterial gases samplings. 

Surgical procedure 

A typical left lateral hepatectomy was performed with cross-section 
and ligation of the triple portal for liver sections II and III in all animal 
models. Vascular occlusion was accomplished by occluding the portal 
triad blood inflow. The Pringle maneuver was removed just after 
hepatectomy was completed. The lazaroid U-74389G (SIGMA products 
– code U5882) was administered slowly through systemic venous 

access in a dose of 10 mg/kgr immediately after the Pringle maneuver 
was removed at the beginning of reperfusion. The dose and the time 
of administration of the lazaroid were planned in accordance to the 
protocol followed by previous similar studies on pig models [7,13]. The 
animals were awakened and kept for 24 hours. 

Sampling

During the experiment continued monitoring of diastolic and 
systolic arterial pressure (mmHg), heart rate (beats/min), arterial 
oxygen saturation (%) and hemoglobin (g/dL) was performed. Aspartate 
aminotransferase, alanine aminotransferase, alkaline phosphatase, 
direct bilirubin, and gamma glutamyl transpeptidase were measured 
before the surgical procedure and at 24 hours. 

Measurements were performed in four phases: 1) Before Pringle 
maneuver and hepatectomy, 2) 30 min after Pringle maneuver and 
hepatectomy, 3) two hours after hepatectomy, 4) 24 hours after 
hepatectomy. Biochemical analysis of the inflammatory blood markers 
was performed at each stage of the experiment. Liver samples which 
included at least one big vessel were taken at phases three and four 
of the experiment. Blood and tissue sampling of the forth phase was 
followed by euthanasia. A sub set of numbers were given to the animals. 
All samples were stored at 4 degrees and were not frozen. 

Blood analysis 

Blood analysis was performed according to the NOVEX swine 
Cytokine Magnetic 7-Plex Panel protocol. The Swine Cytokine 
Magnetic 7-Plex Panel is designed for the quantitative determination of 
IL-1β, IL-4, IL-8, IL-10, IFN-α, IFN-γ, TNF-α, in serum, plasma, and 
tissue culture supernatant. The protocol is briefly described below: 

Step one: Blood analysis: The 1X Wash solution was prepared 
according to protocol. 

Step two: Samples were prepared in pyrogen/endotoxin free tubes 
and then centrifuged separately and transferred to polypropylene tubes 
for storage. 

Step three: Reconstitute lyophilized standards according to the 
protocol. 

Step four: Serial dilution was performed neat. Whilst It was followed 
directly from the instructions, the only change being that the samples 
were performed neat the second time around as the recommended 1:2 
sample dilution was too dilute in the first trial of analysis.

Step five: Assay procedure was performed within three and a half 
hours according to protocol.

Histological analysis

Liver biopsies were fixed in a 4% formalin buffer, then embedded 
in paraffin wax and sectioned in 5 μm thick sections, prior to their 
histochemical staining. The study was performed quantitatively, by 
counting the number of inflammatory cells (lymphocytes, neutrophils, 
macrophages) and apoptotic bodies in routine H&E stains, at 400X 
magnification using the Feng L scale [15]. The histological specimens 
were numbered from 1 to 14, marking the pigs who did not receive 
the antioxidant and the ones who did. A second number was given, 
according to analyte capture and subsequent analyte detection 
was performed. The Assay was then read with the XY platform of 
the Luminex® 100/200™, FLEXMAP 3D®, or MAGPIX® instrument. 
Histological analysis was performed independently by two pathologists 
who were blinded to the specimen information. 
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Statistical Analysis 
Statistical analysis was performed with SPSS statistical software 

(SPSS Inc®, Chicago, IL). Mean, median and standard deviation 
were calculated for each variable. Values of P<0.05 were considered 
statistically significant. ANOVA test was used for repeated measures. 
Additionally to the ANOVA test, p-values for three different 
conservative F-tests: 1) Huynh-Feldt, 2) Greenhouse-Geisser Epsilon 
and 3) Box’s conservative Epsilon were generated. 

Results
The hemodynamic data measured (diastolic and systolic arterial 

pressure, heart rate, arterial oxygen saturation and hemoglobin) and 
serum levels of aspartate aminotransferase, alanine aminotransferase, 
alkaline phosphatase, direct bilirubin, and gamma glutamyl 
transpeptidase did not differ between the two groups. Mean (±SD) 
Pringle maneuver time was 37 ( ± 11) min.

All results of the comparison of the blood levels of IL-1β, IL-
10, IFN-α, IFN-γ, TNF-α, IL-4, and IL-8 between the two groups 
are depicted in Table 1. During phase 1 the levels of all parameters 
examined were similar between the two groups. With regard to TNF-α, 
a statistically significant difference between group A and group B 
was recorded 30 min after surgery (119.06 vs. 1027.95, p<0.01), 120 
minutes after surgery (123.85 vs. 652.17, p<0.01), and 24 hours after 
surgery (62.73 vs. 133.80, p<0.01) (Figure 1). Moreover IFN-α levels 
were significantly lower in group A at phase 4 (1.06 vs. 1.24 p=0.02). 
The lower levels of IFN-α observed in phases 2 and 3 did not reach 
statistical significance values. Of the remaining results there were no 
statistical significant differences between pigs who received U-74389G 
and control group.

Histological evaluation revealed the presence of inflammation 
and apoptosis, of the same density, both in controls and the treated 
group (group A) (Figure 2). Therefore no impact of the molecule was 
substantiated, with regard to the liver tissue, up to 24 hours after the 
antioxidant was supplied to the experimental group following Pringle 
maneuver and left hepatectomy. 

Discussion
Hepatectomy is increasingly been performed worldwide since this 

approach offers high survival rates. However, the Pringle maneuver 
has negative impact on postoperative morbidity because of Ischemia 

Reperfusion Injury associated with prolonged duration of vascular 
occlusion. Over the past years research has focused on decreasing 
the reperfusion injury and understanding its pathophysiology [16]. 

Methods which have been reported to decrease IRI include intermittent 

 
IL-1β IL-10

IFN-α (pg/mL) IFN-γ (pg/mL)
TNF-α

IL-4 (pg/mL) IL-8 (pg/mL)
(pg/mL) (pg/mL)  (pg/m ) 

                         
Phase 1

A* 5.17 (0.16)
‡ 0.65 (0.00) 1.24 (0.26) 1.32 (1.05) 297.03 (15.04) 0.67 (0.06) 1.65 (0.79)

B† 4.99 (0.19) 0.65 (0.00) 2.21 (1.20) 0.67 (0.19) 296.51 (14.38) 0.70 (0.06) 1.61 (1.14)
P1 0.24 - 0.14 0.89 0.8 0.13 0.39

Phase 2
A 5.21 (0.25) 0.65 (0.00) 1.00 (0.20) 0.48 (0.46) 119.06  (15.32) 0.68 (0.05) 1.77 (0.52)
B 5.05 (0.09) 0.65 (0.00) 1.32 (1.18) 0.59 (0.29) 1027.95 (10.96) 0.70 (0.06) 2.03 (0.42)
p 0.25  - 0.14 0.58 <0.01 0.13 0.81

Phase 3
A 5.16 (0.12) 0.65 (0.00) 1.28 (0.23) 0.51 (0.10) 123.85 (2.96) 0.67 (0.04) 1.60 (0.30)
B 5.28 (0.26) 0.65 (0.00) 3.11 (2.01) 1.78 (1.79) 652.17 (115.50) 0.70 (0.08) 1.77 (0.55)
p 0.58 - 0.24 0.49 <0.01 0.69 0.81

Phase 4
A 5.17 (0.16) 0.65 (0.00) 1.06 (0.11) 0.45 (0.02) 62.73 (2.25) 0.67 (0.08) 2.73 (2.01)
B 5.01 (0.17) 0.65 (0.00) 1.24 (0.10) 0.45 (0.25) 133.80 (7.93) 0.67 (0.08) 1.21 (0.72)
p 0.25 - 0.02 1 <0.01 0.39 0.89

Table 1: Comparison of the mean values of the inflammatory markers IL-1β, IL-10, IFN-α, IFN-γ, TNF-α, IL-4, and IL-8 between groups A (n=7) and B (control group, n=7). 
* Group A, † Group B (control group), 1 p value, ‡ values are expressed as mean (SD)

A

B

C

D

E

F

Figure 1: Histopathology examination of liver tissue from porcine models of 
groups A and B obtained at phase 4. A represents animal 1 (control group), 
B represents animal 2 (control group) , C represents animal 4 (control 
group), D represents animal 9 (group A),  E represents animal 11 (group A), 
F represents animal 13 (group A).  The arrows depicted in color represent 
the different cells, where Yellow represents Lymphocytes, Blue: Neutrophils, 
Green: Macrophages, and Black: Apoptotic Bodies.
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clamping, and ischemic preconditioning. Intermittent clamping 
consists of repeated periods of clamping followed by short periods 
of reperfusion. However, its benefits are debatable, as it may lead to 
multiple reperfusion events causing potentially repetitive hepatocellular 
damage, increased blood loss and prolongation of operating time. 
Ischemic preconditioning consists of a brief period of ischemia and 
reperfusion applied before continuous portal triad clamping. Despite 
its promising results in hepatic resection in steatotic liver patients, its 
effects on transplantation are unclear [17]. Currently, there is increased 
interest in pharmacological preconditioning which may provide new 
therapeutic options to protect liver from IRI, targeting the regulation of 
inflammatory mediated damage [18]. However, while this new research 
is promising currently there is still no perfect solution for IRI [16]. 

This study demonstrated that the injection of lazaroid U-74389G 
after removal of Pringle maneuver did not directly affected inflammatory 
response and apoptosis in liver tissue in swine models up to 24 hours 
after hepatectomy. This was evident by the histological findings that did 
not demonstrate any statistically significant difference in the counts of 
lymphocytes, neutrophils, macrophages and apoptotic bodies between 
the tissue specimens of the two groups. However, when undertaking a 
biochemical analysis a statistically significant reduction in TNF-α levels 
30 min after the operation, 2 hours and at 24 hours post-operatively in 
pigs who received the lazaroid studied was recorded. Moreover, levels of 
IFN-α were significantly lower in group A at 24 hours.

Based on the results from the serum levels of TNF-α and IFN-α 
in blood serum of the treated experimental animals we can possibly 
conclude that the lazaroid U-74389G could have a positive effect on 
liver IRI which is reflected by the lower levels of these specific cytokines. 
The mechanism of this effect can be explained by the fact that TNF-α 
is a cell-signaling cytokine involved in acute phase inflammation. From 
the biochemical and histological results of this study we can possibly 
conclude that a reduction in TNF-α and IFN-α alone is not enough to 
protect hepatocytes from IRI induced apoptosis. 

There is a growing body of evidence involving TNF-a in IRI which 
focus on its role in the induction of hepatocyte apoptosis and activation 
of pro-inflammatory chemokine programs that leads to transmigration 

of polymorphonuclear cells from the vascular lumen into liver 
parenchyma [16,19]. IFN-α, produced by macrophages and B cells, is 
a key molecule in immune regulation and is mainly involved in innate 
immune responses in viral infections, autoimmune diseases and cancer 
[20]. Recent data supports that IFN-α derived plays a key role in the 
pathogenesis of liver IRI by enhancing apoptosis as a consequence of 
induction of hepatocyte IRF-1 expression [21].

TNF-α mediates in liver ischemic injury within the first two hours 
(earlier stage) of reperfusion by liver Kupffer cells which synthesize and 
discharge it [19,22], through stimulation of liver sinusoidal endothelial 
cells and increased expression of the adhesion molecules VCAM-
1, ICAM-1 and P-selectin [16,23]. According to authors antibodies 
targeting TNF-α and TNF-RI prevented liver IRI in both rat and mouse 
models [18]. TNF-RI is secreted by TNF-α, but TNF-α alone (without 
TNF-R1) is not sufficient to induce hepatocyte cell death, which is 
consistent with the findings of this study. Moreover, pharmacological 
treatment with JNK inhibitors which are involved in TNF-α signaling 
via antagonism of anti-apoptotic NF-κB protein complex, which 
prevents hepatocyte death in response to hepatocyte inflammation, 
reduced signs of liver damage due to warm and cold IR in rats, decreased 
hepatic cell death and improved rat survival [18].

Regarding the other inflammatory blood markers studied, IL-
1β which is important in inflammatory response, cell differentiation, 
proliferation and apoptosis can increase leukocyte accumulation and 
adhesion by stimulating macrophage inflammatory protein (MIP)-
2 and NF-κB leading to liver damage [24]. IL-4 has been reported 
to directly protect hepatocytes from ROS induced cell death and 
stimulates T cell and B cell proliferation and B cell differentiation into 
plasma cells. Furthermore, it is involved with IL-10 in suppressing tissue 
inflammation and both are counter-inflammatory cytokines [18]. IL-8 
is produced by TNF-α through NF-KB and has anti-apoptotic effect 
in hepatocytes of mice [25]. The direct antiapoptotic effect of IL-8 on 
TNF-α induced hepatocyte apoptosis was further examined in an in vitro 
model demonstrating that added IL-8 suppressed hepatocyte apoptosis 
[26]. IFN-γ is an important activator of macrophages and an inducer 
of Major Histocompatibility Complex Class-2 (MHC class II). IFN-γ 
can either reduce or aggravate liver damage by increasing or decreasing 
neutrophil accumulation and activation in a dose-dependent manner 
[16,27]. Similar levels of the aforementioned markers were recording 
in our two groups studied, suggesting that lazaroid U-74389G did not 
have any impact on them. 

This study supports the effect of lazaroid U-74389G on liver IRI 
through ΤΝF-α inhibition beyond the first 60 minutes [7]. In the 
study by Tsaroucha et al. [7], which used 18 swine models divided in 3 
groups, histopathological evaluation revealed a statistically significant 
difference in portal infiltration in the liver tissue between control group 
and group B (ischemia time 30 min, U-74389G intraportal injection 
and reperfusion for 60 min) in 60 minutes (P<0.01), and between 
control group and group C (ischemia time 30 min, , U-74389G 
intraportal injection and reperfusion for 120 min ) in 120 min [7]. 
TNF-a values were significantly different between groups A and B in 
60 minutes (p=0.02), however, statistical significance was not achieved 
at 120 minutes, indicating that administration of lazaroid U-74389G 
alone may not be long lasting, while, in our study the effect on TNF-a 
appeared to have a long term effect, up to 24 hours. This difference 
between the two studies may be explained by the fact that Tsaroucha 
et al. [7]. did not perform hepatectomy, meaning that the total surgical 
stress and biological response to trauma in our study was higher and 
more “realistic”. Tsaroucha et al. [7] also revealed significant reduction 

Figure 2: Mean TNFa concentration at different blood collection points in 
groups A (treated) and B (untreated). 
A=phase 1; B= phase 2; C= phase 3; D= phase 4 as indicated by the protocol.
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of Malondialdehyde (MDA) values, a byproduct from the attack of 
oxygen free radicals on cellular lipids which is target for the U-74389G 
antioxidant, after reperfusion in the groups that the aforementioned 
antioxidant was administrated.

Conclusion
The results of this study indicated that the administration of lazaroid 

U-74389G in swine models just after the portal triad blood inflow 
occlusion has a positive effect on IRI, as has been demonstrated by 
reduction of TNF-a and INF- a levels in blood in phases 2, 3 and 4 and in 
phase 4 respectively. However, statistical significance difference in other 
inflammatory blood markets and count of lymphocytes, neutrophils, 
macrophages and apoptotic bodies in tissue specimens were not 
recorded. Hence, the significant decrease in TNF-α (P<0.01) could be 
further investigated in conjunction with other antiapoptotic substances 
administrated simultaneously which may synergistically help reduce 
the effects of liver IRI even more. Moreover, we can possibly suggest that 
TNF-α could be considered as an independent risk factor in the process 
of inflammation among all other inflammatory markers (cytokines); 
and thus its inhibition alone cannot be considered as an indication 
of the end of the inflammatory process. It is well understood that this 
study as a proof of concept trial gave a lot of important information 
on the properties of the molecule but there are limitations associated 
with it like the small number of subjects used but also the protocol that 
was design to evaluate the subject clinical status during the operation 
period and shortly after. Thus, bigger studies have to be performed and 
with several different evaluation endpoints. Moreover, evaluation of 
lazaroid U-74389G at higher doses, or after repeated administration of 
it at other time points or after ischemic preconditioning and combined 
administration with other lazaroid compounds, since other members 
of lazaroid family present different properties and varying beneficial 
effects, might be of major importance in contributing towards better 
understanding of its anti-inflammatory properties.
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