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Ischemic postconditioning decreases iNOS gene expression but 
ischemic preconditioning ameliorates histological injury in a swine 
model of extended liver resection
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Background: Both pre- and postconditioning have been shown to protect the liver parenchyma from ischemia/
reperfusion (I/R) injury during hepatectomy by altering the production of NO. However, to date there is no study 
to compare their effect on the inducible nitric oxide synthase (iNOS) and endothelial nitric oxide synthase (eNOS) 
gene expression, who are the main modulators in the pathway of NO during the acute phase of I/R injury. 
Methods: We designed a prospective experimental cohort comprising of three groups (sham group—
SG, preconditioning—PrG and postconditioning group—PoG) and consisting of 10 animals per group. 
All animals underwent extended hepatectomy (70%) under prolonged warm ischemia either after 
preconditioning or followed by postconditioning or without any protective maneuver (SG). Following 
reperfusion blood samples and liver biopsies were obtained at the start of reperfusion (0 hours), at 6 and  
12 hours post reperfusion. iNOS and eNOS gene expression was assessed on liver tissue by polymerase chain 
reaction (PCR); in addition, the extent of hepatocellular injury was histologically assessed.
Results: At the beginning of reperfusion iNOS expression was significantly reduced in the PoG in 
comparison to the SG (Kruskal-Wallis test, P=0.012; Mann-Whitney U test, P<0.0005 Bonferroni 
correction) and continued to remain at low levels until 6 hours post reperfusion (Kruskal-Wallis test, P=0.01; 
Mann-Whitney U test, P<0.0005—Bonferroni correction) This difference was eliminated by 12 hours. No 
significant differences were found in the expression of eNOS between groups and within time measurements. 
Aspartate aminotransferase (AST) and Alkaline phosphatase (ALP) were found increased at the start of 
reperfusion; their levels continued to increase by 6 hours in all groups, however only in the PoG the increase 
attended statistical significance at 12 hours after reperfusion. ALT levels presented only minor alterations 
during the course of reperfusion. The PrG was found to have more intense hepatocellular injury at the start 
of reperfusion than the PoG however, that appeared to gradually settle by 12 hours in contrast to PoG where 
the hepatocellular injury continued to deteriorate.
Conclusions: PoG appeared to decrease iNOS overexpression more effectively than PrG in comparison to 
animals who have undergone no protective maneuver (SG). However, PrG was more effective than PoG in 
ameliorating the hepatocellular injury observed at 12 hours after the ischemic insult. 
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Introduction

One of the most significant factors associated with poor 
outcomes in liver surgery is excessive intraoperative blood 
loss (1). The daunting task of mitigating blood loss during 
liver surgery has challenged liver surgeons, as the liver is 
innately richly vascularized. Since the introduction of porta 
hepatis occlusion by Pringle (2), the cornerstone among 
all operative strategies has been the temporary occlusion 
of blood flow to the liver (1,3). However, all implemented 
operative techniques intrinsically expose the liver to 
“warm ischemia”, which in turn incurs further histological 
damage and it has been associated with post-hepatectomy 
liver failure (4). This process is better known as ischemia/
reperfusion (I/R) injury of the liver.

To ameliorate I/R injury, the technique of vascular 
occlusion has been refined through the introduction of pre- 
and postconditioning maneuvers. This refers to a brief period 
of ischemia and reperfusion; this maneuver could either 
precede or follow the main ischemic insult to the liver and 
referred to as either pre- or postconditioning respectively (5).  
The incorporation of this maneuver has been reported to 
heighten the threshold of sustainable warm ischemia through 
upregulation of the inducible nitric oxide synthase (iNOS) 
and endothelial nitric oxide synthase (eNOS) genes, which in 
turn increase the levels of NO and prevent apoptosis (6).

There are available studies investigating the effect 
of either pre- or postconditioning on the expression of 
the iNOS and eNOS genes independently. However, to 
date there are no studies directly comparing the effect of 
each maneuver (i.e., pre- and postconditioning) on the 
expression of NOS genes in one setting, thus allowing the 
implication that the two maneuvers may be equivalent. 
Taking into account the above we designed an experimental 
prospective cohort study to compare the effect of pre- 
and postconditioning on iNOS and eNOS gene expression 
and the subsequent parenchymal injury. Both groups 
were also compared to a control group in the setting of an 
experimental large animal model of extended liver resection 
with prolonged warm ischemia time.

Methods

We designed a prospective experimental animal cohort 
study using female Landrace pigs weighing 25 to 30 kg. 
The study was performed at the Experimental and Research 
Unit of the Second Department of Surgery “Aretaieio” 
Hospital (National and Kapodistrian University of Athens, 

School of Medicine, Athens, Greece). The cohort consisted 
of three groups of 10 animals each: (I) sham group (SG); (II) 
preconditioning group (PrG); and (III) postconditioning 
group (PoG). The study protocol was in advance reviewed 
and approved by the Bioethics Committee of “Aretaieio” 
Hospital (institutional reference number: B-103/30-4-
2015) and the Animal Research Veterinary Committee of 
the prefecture of Athens and was found in accordance with 
the National and European guidelines for ethical animal 
research and animal handling (regional reference number: 
ΔAKΠ1185). 

The experimental model and study design

All animals underwent surgery under sterile conditions and 
endotracheal intubation. After achieving general anesthesia, 
through a right lateral cervical incision, surgical exposure 
and cutdown of the right internal carotid and internal 
jugular vein was performed for the insertion of arterial and 
venous catheters for invasive cardiovascular monitoring, 
fluid resuscitation and medication administration. A midline 
laparotomy was performed and urinary catheterization was 
made through a cystotomy. Subsequently the infrahepatic 
IVC was mobilized and the portal vein was skeletonized. 
A side-to-side portocaval (P-C) shunt was constructed 
with a running 6-0 prolene suture after partial occlusion of 
each vessel with Cooley clamps. Care was taken in order 
not to exceed more than 10 minutes of partial occlusion 
of the portal vein to avoid intestinal venous congestion. 
A functioning P-C shunt was necessary to avoid ischemic 
injury from venous congestion to the intestine during the 
subsequent liver transection and induced liver ischemia after 
porta hepatis occlusion (6).

At this point the subjects were randomly allocated to 
one of three groups: (I) sham group (SG)—the animals 
underwent occlusion of the hilum with patent P-C shunt 
to undergo a “left extended hepatectomy” (70% liver 
resection) as previously described (7). Following liver 
resection occlusion of the porta hepatis was maintained for 
a total of 90 min to induce ischemic injury to the liver (8). 
At the end of 90 min the hilar blood flow was released with 
simultaneous occlusion of the P-C shunt with a vascular 
clamp. (II) Preconditioning group (PrG)—the subjects prior 
to liver resection, underwent ischemic preconditioning 
by occluding the porta hepatis with patent P-C shunt for  
10 min followed by 10 min reperfusion with clamped P-C 
shunt. After the preconditioning, the hepatectomy took 
place as described above. (III) Postconditioning group 
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(PoG)—the subjects underwent the procedure as described 
for the SG. At the end of 90 minutes of warm ischemia, 
they underwent postconditioning by releasing the porta 
hepatis for 10 minutes with simultaneous occlusion of the 
P-C shunt followed by another 10 minutes of ischemia 
with patent P-C shunt. Following the postconditioning the 
blood flow to the liver was released and the P-C shunt was 
clamped. Care was taken in all animals to maintain minimal 
blood loss. 

All animals thereafter underwent temporary abdominal 
closure, with continuous cardiovascular monitoring under 
mechanical ventilation. Data collection was performed 
at the start of reperfusion (0 hours), 6 and 12 hours after 
reperfusion. Sample collection included liver tissue kept 
both in formalin and frozen to −80 ℃, U&Es, LFTs and 
ABGs. At the end of data collection all animals were 
euthanized under general anesthesia and according to the 
European laws of animal handling (9).

Sample procession

Polymerase chain reaction (PCR)
Total RNA was extracted from liver tissue using TRIzol® 
Reagent (Invitrogen, USA). DNase treatment was 
performed using DNase I (Invitrogen, USA) to remove 
DNA traces, according to the manufacturer’s instructions. 
Subsequently, 1 μg of RNA was subjected to reverse 
transcription, using M-MLV reverse transcriptase 
and random hexamers (Invitrogen) according to the 
manufacturer’s instructions. The expression levels of 
eNOS and iNOS genes were accessed by real time PCR 
(Rotor Gene 6000™, Corbett Life Science). Briefly, 5 μL 
of cDNA were amplified with the use of the intercalating 
dye SYBR Green I using Platinum SYBR Green qPCR 
SuperMix-UDG (Invitrogen, USA) at a final concentration 
1x. Beta-actin, a constitutively expressed housekeeping 
gene, was also amplified under the same conditions and 
used to normalize reactions. 

Real time PCR conditions were: initial denaturation 
at 95 ℃ for 10 minutes, followed by 45 cycles of 95 ℃ for 
20 seconds, 57 ℃ for 20 seconds and 72 ℃ for 30 seconds. 
Relative quantification of gene expression was calculated by 
the 2−ΔΔCT method (10). RNA from the baseline controls is 
pooled and is used as a calibrator in qPCR equations. 

To ensure the specificity of the reaction, the size of the 
PCR product for each gene was verified by 2.0% agarose gel 
electrophoresis. Additionally, sequencing of selected positive 
samples was performed on the DNA ABI PRISM® 3130 

using the BigDye Terminator Cycle Sequencing kit (USA).

Histological assessment

Formalin-fixed liver tissue samples were embedded 
in paraffin and 5 μm sections were taken. A single 
experienced pathologist assessed the morphological 
changes “blindly” after staining with hematoxylin and 
eosin (H&E). The morphologic changes assessed were: 
subcapsular accumulation of neutrophils, sinusoidal 
congestion, sinusoidal infiltration by neutrophils, lobular 
inflammation, lobular necrosis, vacuolisation, portal 
inflammation, piecemeal necrosis and apoptosis. Apoptosis 
was assessed by morphological features of cell shrinkage, 
chromatin condensation and the formation of apoptotic 
bodies (11). Grading was performed on an ordinal scale of 
0 to 4 where 0 represented the absence of morphological 
changes and 4 maximal intensity as previously described 
(11-13). A modified histological activity index (HAI) was 
post hoc calculated by adding the grade of lobular necrosis, 
apoptosis, portal inflammation and piecemeal necrosis to 
summarize the severity of parenchymal injury, as previously 
described (13).

Statistical analysis

Due to the sample size per group, a non-parametric analysis 
was performed, which is more robust to data distribution 
in small sample size datasets (14,15). Overall comparisons 
between groups were assessed with Friedman’s related 
samples two-way analysis of variance; Within specific 
time points differences were assessed with the Kruskal-
Wallis test and pairwise comparisons were performed 
with either Mann-Whitney U test and Wilcoxon signed 
rank test or related samples sign test as appropriately for 
unrelated or related measurements respectively. For the 
above independent pairwise comparisons, the Bonferroni 
correction was applied to the P values to adjust for multiple 
comparisons (16). Calculations were performed with SPSS 
version 24.0 (17) and the report of results is in accordance 
with the ARRIVE guidelines (18). 

Results 

Out of the 30 animals of the cohort, 7 experienced extreme 
hemodynamic instability during their follow up signified 
by either prolonged severe hypotension (<65 mmHg 
systolic blood pressure) despite fluid resuscitation, severe 
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prolonged acidosis (Ph <7.2) and/or severe hyperlactatemia  
(>6 mmol/L); their measurements were excluded from 
analysis and were replaced with other subjects.

iNOS & eNOS gene expression

Table 1 presents the raw data for the iNOS and eNOS 
expression for each group. Overall the distribution of iNOS 
expression between groups and within time had significant 
differences (Friedman’s related samples two-way analysis of 
variance, P=0.021). More specifically, at 0 hour the SG had 
increased expression of iNOS (Kruskal-Wallis test, P=0.012) 
in comparison to the PoG only (Mann-Whitney U test, 
P<0.0005—Bonferroni correction). This difference was 
maintained at 6 hours (Kruskal-Wallis test, P=0.01; Mann-
Whitney U test, P<0.0005—Bonferroni correction) but 
was eliminated by 12 hours (Kruskal-Wallis test, P=0.064). 
Specifically, within the SG there was a significant decrease 
of iNOS expression by 6 hours (related samples sign test 
P=0.002—Bonferroni correction), which remained stable 
until 12 hours. No significant differences were found at 
any time point between PrG and PoG. The distribution of 
eNOS expression between groups and within time points, 
failed to attend statistical significance although marginally 
(Friedman’s related samples two-way analysis of variance, 
P=0.093).

Liver function tests 

The AST values presented significant differences when 
assessed overall (Friedman’s related samples two-way 
analysis of variance, P<0.0005). In detail, we did not detect 
any difference in AST values at any time point between 
groups as all had a similar increasing trend; as expected 
within each group and as time progressed, the AST values 
increased; specifically, both the SG and PrG increased 
significantly their AST levels by 6 hours (Wilcoxon Signed 

rank test, P=0.017 and P=0.012, respectively), but did 
not deteriorate further by 12 hours. Within PoG AST 
levels also increased by 6 hours (Wilcoxon Signed rank 
test P=0.018), but continued to deteriorate further until  
12 hours (Wilcoxon signed rank test P=0.018) (Figure 1). In 
regards to ALP, the overall differences were again significant 
(Friedman’s related samples two-way analysis of variance, 
P<0.0005); similar results were obtained for the ALP 
kinetics, i.e., the SG and PrG increased their ALP levels by 
6 hours but with no further significant increase (Wilcoxon 
signed rank test P=0.012 and P=0.025 respectively), 
however in the PoG ALP levels continued to increase until 
the 12 hours (Wilcoxon signed rank test, 0–6 hours P=0.018 
and 6–12 hours P=0.028) (Figure 2). The ALT values also 
presented significant differences when assessed overall 
(Friedman’s related samples two-way analysis of variance, 
P=0.013). There were no significant differences between 
groups at any time point. In detail there was a significant 
increase of ALT values in the SG only (Friedman’s related 
samples two-way analysis of variance, P=0.05). In the PrG 
and PoG, although there was an increasing trend between 
time points, these differences did not attend statistical 
significance. No significant differences were identified in 
regard to the levels of bilirubin (Friedman’s related samples 
two-way analysis of variance, P=0.713). 

Histological assessment

Significant differences were found when assessed overall 
in the following variables: subcapsular accumulation 
of neutrophils, sinusoidal congestion and sinusoidal 
infiltration by neutrophils (Friedman’s related samples two-
way analysis of variance, P=0.009, P<0.0005 and P=0.001 
respectively). In detail, PrG had the lowest subcapsular 
accumulation of neutrophils, which gradually increased 
by 12 hours surpassing that of the PoG; the SG and PoG 
had a similar trend through time, although the PoG had 

Table 1 iNOS and eNOS gene expression in each group and at each time point 

Group 
(n=10)

iNOS (median, 95% CI) eNOS (median, 95% CI)

0 hours 6 hours 12 hours 0 hours 6 hours 12 hours

SG 0.89 (0.72–2.20) 0.31 (0.20–0.59) 0.36 (0.19–0.67) 1.09 (0.51–2.44) 0.29 (0.24–2.57) 0.86 (0.39–2.08)

PrG 0.57 (0.35–2.94) 0.24 (0.15–1.27) 0.17 (−0.40–3.88) 0.17 (0.06–0.44) 0.40 (−0.20–0.54) 0.24 (−0.48–2.45) 

PoG 0.04 (0.02–0.09) 0.04 (0.02–0.09) 0.05 (0.01–0.15) 0.16 (0.13–0.75) 0.24 (0.15–0.47) 0.12 (−0.03–0.65)

Data are presented as median values along with corresponding 95% confidence intervals. 95% CI, 95% confidence intervals; SG, sham 
group; PrG, preconditioning group; PoG, postconditioning group. 
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a more significant decrease by 12 hours. The SG had 
significantly increased sinusoidal congestion at the baseline, 
which peaked by 6 hours followed by a mild decrease by  

12 hours. Although by 6 hours the PrG and PoG followed 
the same trend, with the PrG group having significant lower 
values, by the 12 hours mark the PrG had return to the 
baseline values while the PoG maintained the same level of 
sinusoidal congestion. In terms of sinusoidal infiltration by 
neutrophils, although all groups increased by 6 hours their 
values, at 12 hours the PrG had returned to its baseline 
levels, being significantly decreased in comparison to both 
the SG and PoG.

The modified HAI score (Table 2) had overall significant 
differences in between and within groups (Friedman’s 
related samples two-way analysis of variance, P<0.0005); 
specifically, although the PrG was found to have a higher 
HAI at the start of reperfusion than PoG (Kruskal-Wallis 
test, P=0.004; pairwise P=0.009), it remained stabled 
through time and was significant lower by 12 hours than 
PoG (Kruskal-Wallis test, P<0.0005; pairwise P<0.0005). 
The SG had a significant increase by 6 hours (Friedman’s 
related samples two-way analysis of variance, P=0.018; 
pairwise P=0.014), which subsequently decreased by  
12 hours, but never presented with significant differences in 
comparison to the other two groups. Finally, the PoG had a 
significant increase of the HAI by 6 hours, which continued 
to increase until 12 hours but not significantly (Friedman’s 
related samples two-way analysis of variance, P=0.001; 
pairwise P=0.037 0–6 hours and P=0.952 6–12 hours). 

Discussion 

The results of our study have shown that ischemic 
postconditioning reduced the expression of iNOS during 
the acute phase of I/R in a model of extended hepatectomy 
with prolonged warm ischemia until 6 hours following 

Figure 1 Bar graph of AST values between groups during follow-
up. The whiskers represent the 95% confidence intervals. Across 
groups there was an increase of AST which is surrogate marker of 
hepatocellular injury. AST, aspartate aminotransferase.
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Figure 2 Bar graph of ALP values between groups during follow-
up. The whiskers represent the 95% confidence intervals. All 
groups exhibited gradual increase of the ALP as surrogate marker 
of hepatocellular regeneration. ALP, alkaline phosphatase.
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Table 2 Group specific modified histological activity index (m-HAI) 
at each time point

Group 
(n=10)

m-HAI (median, 95%CI)

0 hours 6 hours 12 hours

SG 1.0 (0.19–1.05) 8.0 (7.36–8.63) 4.5 (4.0–5.24)

PrG 2.66 (1.01–4.32) 6.0 (5.01–8.32) 2 (0.21–3.78)

PoG 0.25 (−0.13–0.63) 5.5 (3.26–7.73) 7.0 (6.10–7.89)

Data are presented as median values along with corresponding 
95% confidence intervals. m-HAI comprises of lobular necrosis, 
periportal inflammation, periportal piecemeal necrosis and 
apoptosis. 95% CI, 95% confidence intervals; SG, sham group; 
PrG, preconditioning group; PoG, postconditioning group. 
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reperfusion in comparison to the sham operated animals. No 
difference in expression of either iNOS or eNOS was found 
between PrG or PoG. However ischemic preconditioning 
achieved to ameliorate the hepatocellular damage seen at  
12 hours following reperfusion in comparison to both the 
sham group and the postconditioning group.

Different molecular pathways mediate the protective 
effect of pre- and postconditioning, where the physiologic 
differences extend far beyond the timing of the operative 
manoeuvres, i.e., before or after, the major ischemic insult. 
Ischemic preconditioning has been found to exert its 
protective effect through activation of nuclear transcription 
and subsequent upregulation of the production of  
iNOS (19); increased expression of iNOS in turn increases 
the production of NO which has been shown to decrease 
cell death mediated by mitochondrial permeability (20). 
However, excessive production of NO by overproduction 
of iNOS after prolonged ischemia has been found to be 
deleterious (21). Postconditioning protective effect is 
achieved through activation of signal transduction cascades 
mediated by autacoids, which in turn activate the RISK 
pathway and phosphorylation of eNOS which will increase 
production of NO (19,21). 

Our data have shown that animals who did not underwent 
any liver conditioning (SG) had overexpression of iNOS; 
however, this difference attended statistical significance only 
in comparison to the PoG at the start of reperfusion up 
until 6 hours after reperfusion. This finding most probably 
signifies a deleterious effect of overproduction of NO 
during the early phase of I/R injury in the SG; this finding 
was further corroborated by the significant subcapsular 
accumulation of neutrophils at the start of reperfusion at 
the SG, which is a known early marker of hepatocellular  
injury (12). The PrG had increased expression of iNOS, 
although did not attended statistical significance in 
comparison to the PoG; however histological assessment did 
not produce significant evidence of I/R injury, suggesting 
that preconditioning may exert its protective effect through 
other molecular mechanisms as well. At this initial phase 
within 2 hours from the ischemic insult, the I/R injury is 
characterised predominantly by oxidative stress, where ROS 
directly cause hepatocellular injury (22). Finally, although 
marginally, we did not identify any alterations of the eNOS 
expression throughout the duration of reperfusion between 
groups; however eNOS has been shown that in pigs is 
predominantly expressed in heart and lungs rather than the 
liver in an endotoxin shock model (23).

Despite the unanimity of data in rats and mice that both 

pre- and postconditioning will have a beneficial effect to the 
liver I/R injury via modifications of the NO pathway (24-27),  
there are conflicting data in the literature in regard to iNOS 
and eNOS expression in pigs during the early hours of 
reperfusion. These conflicting data consist to either failure 
to identify significant differences in the expression of iNOS 
during the early hours of reperfusion following hepatectomy 
in pigs (28) or even reports of minimal protection of the 
ischemic preconditioning all together (29). 

A significant experimental difference between studies 
undertaken in pigs and rodents (e.g., mice and rats) is 
the need of venous decompression of the intrabdominal 
viscera in pigs during the occlusion of the porta hepatis; 
this can be achieved either by a portocaval shunt (28) or 
veno-venous bypass (29,30). Pigs are unable to tolerate 
continuous prolonged occlusion of the portal vein as 
they develop quickly significant intestinal congestion 
with subsequent severe haemodynamic instability (30). 
Portocaval shunting however has been shown to decrease 
the availability of arginine, which is the substrate for NO 
production (31) and also increase the uptake of arginine in 
the brain (32). Furthermore it has been shown that during 
the revascularisation of the pig liver there is increase of 
L-arginase (33), an enzyme that catalyses L-arginine to 
L-ornithine and urea (21). Indeed, it has been shown that 
arginine availability strongly affects the iNOS protein 
expression both in a translational manner, i.e., protein 
synthesis as well as posttranslational manner, i.e., protein 
stability (34,35). Furthermore, more recent published 
evidence further strengthens the knowledge that iNOS 
and arginase expression are linked and thus altering NO 
production (36). It follows that in our study, where a 
portocaval shunt is necessary to be established early to 
avoid hemodynamic instability due to bowel congestion, 
may have led to depletion of arginine via overproduction of 
arginase; thus impeding with our ability to detect significant 
alterations of the iNOS expression beyond the acute phase 
of reperfusion. 

Surprisingly we were unable to identify significant 
changes of the eNOS expression across groups or between 
time points. It has been shown that the expression of eNOS 
in rats is significantly attenuated after the super acute 
phase (minutes), while the iNOS exhibits a more gradual 
increase in the hours to follow the I/R insult (37), a trend 
that was not clearly seen in our data. Interestingly there 
has been evidence that in a model of endothelial porcine 
cells treated with lipopolysaccharide (LPS), the common 
stimulus (LPS) did not affect the production of iNOS and 
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eNOS in the same manner, i.e., increase; on the contrary 
a significant increase of iNOS expression was found in 
conjunction with a significant decrease of eNOS expression 
in the same cells (38).

However, despite the significant low expression of 
iNOS in the postconditioning group in comparison to the 
sham group, the hepatocellular injury in this group was 
found to gradually deteriorate by 12 hours. In contrast 
the preconditioning group was found to gradually 
improve the hepatocellular injury observed by 12 hours 
following reperfusion. This inverse trend between the 
two groups was further corroborated by the observed 
trend kinetics of the AST and ALP, which are surrogate 
markers of hepatocellular injury and the PrG was found 
to have consistently the lowest levels of AST. Evidently, 
the hepatocellular injury continues to progress in the 
aftermath of the ischemic insult, independently of the iNOS 
and eNOS expression in hepatocytes. The current study 
is the first to directly compare the hepatocellular injury 
observed following two protective manoeuvres (pre- and 
postconditioning), in the setting of extended liver resection 
and I/R injury following prolonged warm ischemia and our 
results suggested that preconditioning may exert a more 
potent protective effect than postconditioning; it is also 
evident that much more complex pathways are activated 
during hepatic I/R injury which appear to be active during 
both the early and late phase of reperfusion. To date, only 
few studies have advocated independently the protective 
role on the hepatocyte of either preconditioning (30) 
or postconditioning (26,27) in both animal models and 
humans (39); however none has compared directly the 
effect of pre- to postconditioning. Furthermore, recent 
studies have concluded that during I/R injury there is 
over expression of iNOS and/or eNOS and their inhibition 
protects from I/R injury (40), therefore pointing towards a 
fine balance between beneficial and detrimental effects of 
the bioavailability of NO.

The results of this study were limited due to the small 
sample size; however as this study is a translational study 
with no direct clinical application, we maintained the 
number of animal participants to the minimum required 
to obtain meaningful results in accordance with the 3R’s 
policy (Replacement, Reduction and Refinement) of the 
European Union (9). To overcome this limitation we used 
only a non-parametric analysis, which is more resilient to 
the effect of distribution of data on statistical results (14). 
Furthermore, in hind sight, it would have been a helpful 
insight to have directly measure the levels of NO in this 

study. As it became evident the expression of iNOS and 
eNOS may have potentially been affected by the availability 
of substrates, thus a direct measurement of the end-product 
of the activation of NOS, could have further helped as to 
delineate the effects of pre- and postconditioning on NO 
production and the concomitant hepatocellular injury. 

In conclusion the results of this study have shown 
that postconditioning decreased more effectively the 
expression of iNOS gene expression than preconditioning 
in comparison to animals who did not underwent any form 
of conditioning. However, preconditioning was the most 
effective manoeuvre to ameliorate hepatocellular injury at 
12 hours after reperfusion, indicating that more complex 
mechanisms apart from NO bioavailability maybe involved. 
Further studies are needed to delineate the exact association 
of genetic and molecular events during the acute phase of I/
R injury of the liver. 
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