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Ischemia-reperfusion injury (IRI) is a phenomenon whereby cellular damage in a
hypoxic organ is accentuated following the restoration of oxygen delivery. In the liver,
this form of injury is recognized as a clinically important prolonged disorder.1
Liver IRI occurs as a result of some liver surgeries, liver transplantation, hemorrhagic shock, and prolonged portal triad clamping followed by reperfusion performed
as an elective preplanned procedure or as an emergent maneuver to control excessive bleeding from the cut hepatic surface. Many other medical situations are also
encountered. It may also be said that liver IRI is a complex process involving numerous cell types and molecular mediators in various pathophysiological and biochemical
ways. The end result is cell death via a combination of apoptosis and necrosis involving
a complex web of interactions between the various cellular and humoral contributors to the inflammatory response of Kupffer cells, also producing proinflammatory
cytokines, tumor necrosis factor alpha (TNF-α), interleukin (IL)-1β, lymphocytes,
neutrophils, and hepatocytes.1,2
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Abstract: Ischemia-reperfusion (I/R) injury is a multifactorial process that affects graft function
after liver transplantation. An understanding of the mechanisms involved in I/R injury is essential for the design of therapeutic strategies to improve the outcome of liver transplantation. The
generation of reactive oxygen species subsequent to reoxygenation inflicts tissue damage and
initiates a cascade of deleterious cellular responses, leading to inflammation, cell death, and
ultimate organ failure. Increasing experimental evidence has suggested that Kupffer cells and
T-cells mediate activation of neutrophil inflammatory responses. Activated neutrophils infiltrate
the injured liver in parallel with increased expression of adhesion molecules on endothelial
cells. The heme oxygenase system is among the most critical of the cytoprotective mechanisms
activated during cellular stress, exerting antioxidant and anti-inflammatory functions, modulating the cell cycle, and maintaining the microcirculation. Finally, the activation of toll-like
receptors on Kupffer cells may play a fundamental role in exploring new therapeutic strategies
based on the concept that hepatic I/R injury represents a case for host “innate” immunity. In the
present study, there was a significant decrease in hepatic activity of glycogen in the I/R group
as compared with corresponding values in the control group. On the other hand, there was a
significant increase in the hepatic activity of glycogen in the I/R-IP (ischemic preconditioning)
group as compared with corresponding values in the I/R group.
Keywords: liver, ischemic preconditioning, reperfusion injury, oxidative stress, nitric oxide,
caspase, glycogen
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Our knowledge regarding the mitochondria in generating
reactive oxygen species (ROS), nitrogen species, and ionic
disturbances, and in initiating mitochondrial permeability
transition with subsequent cellular death in IRI is continuously
growing. However, the most promising protective strategy
against IRI explored during the last few years is ischemic
preconditioning (IP), which appears capable of increasing the
resistance of liver cells to ischemia and reperfusion events.
IP refers to brief periods of ischemia-reperfusion (I/R) followed
by a prolonged one.3,4 The aim of the present study was to detect
some of these mechanisms by subjecting rats to IRI.

Materials and methods

•
•
•

•
•

t hiobarbituric acid,6 reduced glutathione (GSH),7–9
oxidized glutathione (GSSG),7–9 and ratio of nitrite to
nitrate in plasma (NOx)10,11
antioxidant enzyme activity, ie, superoxide dismutase
(SOD)12 and glutathione peroxidase (GPx)13
protein concentration in liver homogenate14
proinflammatory cytokines, ie, IL-1β and TNF-α,
by enzyme-linked immunosorbent assays (Predicta®;
Genzyme, San Diego, CA, USA)
caspase-315
liver glycogen concentration.16

Statistical analysis

Thirty male white albino Sprague Dawley rats weighing
200–250 g were used. All rats were treated in accordance
with the Guide for Care and Use of Laboratory Animals.
The rats were kept at a constant room temperature under air
conditioning at 25°C for the duration of the study.
The rats were divided into three groups (n=10 each) as
follows: a sham operated control group (group 1); an I/R
group in which the liver was rendered ischemic by portal triad
occlusion with a small bulldog vascular clamp for 60 minutes
followed by reperfusion for 3 hours (group 2); and an IP-I/R
group in which animals were subjected to three cycles of
10 minutes of ischemia, each followed by 10 minutes of
reperfusion prior to prolonged I/R, as in group 2 (group 3).
At the end of the experiment, the animals were sacrificed
by decapitation, and blood and liver samples were collected
for analysis. The plasma was separated, and the liver was
excised, de-encapsulated, washed with ice-cold saline, and
then homogenized in phosphate-buffered saline. The following parameters were measured in plasma and/or liver
homogenate:
• liver function tests, ie, alanine aminotransferase (ALT)5
and aspartate aminotransferase (AST)5
• oxidative stress parameters, ie, lipid peroxidation end
products, including malondialdehyde (MDA) using

The data are presented as the mean ± standard error and were
analyzed using two-way analysis of variance followed by the
least significant difference test using Statistical Package for
the Social Sciences version 20 software (IBM Corporation,
Armonk, NY, USA).

Results
Table 1 shows an increase in serum AST, ALT, plasma IL-1β
and TNF-α, and tissue IL-1β and TNF-α in the I/R group as
compared with the sham operated control group. However,
the IP group showed a decrease in all these parameters compared with the control and I/R groups, but plasma TNF-α was
increased compared with the control and I/R groups. Tissue
IL-1β was increased when compared with the control group
and tissue TNF-α was increased when compared with the
control and I/R groups.
The significant results shown in Table 1 show a decrease
in AST in the I/R-IP group when compared with the I/R
group. ALT and plasma IL-1β was decreased in the control
and I/R groups whereas plasma TNF-α was decreased when
compared with the I/R-IP group. Tissue IL-1β was increased
significantly when compared with the control and I/R groups.
Tissue TNF-α was increased compared with all the other
groups, ie, control, T/R, and IP.

Table 1 Comparison between study groups according to AST, ALT, plasma IL-1β and TNF-α, and tissue IL-1β and TNF-α levels
AST (U/L)
ALT (U/L)
Plasma IL-1β (pg/dL)
Tissue IL-1β (pg/mg protein)
Plasma TNF-α (pg/dL)
Tissue TNF-α (pg/mg protein)

Control

Group 1 (I/R)

Group 2 (IP)

Group 3 (I/R-IP)

31.70±10.25
41.70±3.52
39.80±4.50
162.40±29.08
40.10±8.80
18.20±3.94

239.50*±21.74
396.10*±38.43
283.20*±49.43
2,478.60*±323.60
45.10*±5.50
33.70*±5.90

116.40* ±28.29
302.40*#±30.81
170.80*#±20.73
1,383.20*#±152.18
67.40*±7.38
66.30*#±8.24

62.60#±6.59
82.40#,*#±9.43
127.30*#±11.53
431.10#,*#±43.27
81.80*#±13.60
98.30*,#,*#±11.54

#

Notes: Data are shown as the mean ± standard error; *P.0.05 (least significant difference test) between control group and groups 1–3; #P.0.05 (least significant difference
test) between group 1 and groups 2–3; *#P.0.05 (least significant difference test) between group 2 and group 3.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; I/R, ischemia-reperfusion; IP, ischemic preconditioning; IL, interleukin; TNF, tumor necrosis factor.
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Table 2 shows the oxidative stress parameters, including
MDA, GSH, GSSG, and NOx. MD and NOx were increased
and GSH and GSSG were decreased in the I/R group when
compared with controls. MDA was decreased in the IP group
when compared with the control group and increased when
compared with the I/R group. GSSG was increased in groups
1 and 2, and NOx was decreased compared with the I/R group
and increased compared with the control group. In the IP-I/R
group, MDA and NOx were decreased when compared with
I/R, and GSH was increased as compared with the IP group
and decreased when compared with the control group.
Table 3 shows that SOD was increased significantly in the
IP-I/R group when compared with the control, whereas GPx was
decreased, but only GPx increased when compared with the I/R
group, in which caspase-3 was decreased. IP (group 2) showed
significantly increased caspase-3 compared with the control, but
a decrease in GPx, While SOD showed a significant change in
the IP group, the I/R group showed a significant decrease in GPx
and an increase in caspase-3 compared to the control.
Table 4 shows that there was a significant increase in
glycogen phosphorylase in the I/R group compared with the
control group. There was a significant decrease in glycogen
synthase in the I/R group as compared with the control group.
Glycogen synthase was increased in the I/R-IP group as
compared with the I/R group, as shown in Table 5. There was
a significant decrease in glycogen content in the I/R group
compared with the control, and glycogen was significantly
increased in the IR/Pr group when compared with the I/R
group (Table 6).

Discussion
Although the precise mechanisms by which IP reduces IRI
are not well understood, several factors have been reported to
contribute to IP-mediated tissue protection.17 The protective
effects of IP, a phenomenon by which a traumatic or stressful

Table 2 Comparison between study groups according to MDA,
GSH, GSSG, and NOx levels

MDA
GSH
GSSG
NOx

Control

Group 1
(I/R)

Group 2
(IP)

Group 3
(I/R-IP)

2.65±0.21
20.76±0.61
1.45±0.14
20.90±1.43

3.80*±0.30
15.21*±1.02
0.94*±0.09
33.57*±4.13

3.05#±0.35
18.66*#±0.86
1.91*#±0.15
24.55*#±2.71

3.0#±0.40
18.96*#±0.71
2.41*,#,*#±0.11
21.58#±1.63

Notes: *P.0.05 (Mann–Whitney test) between control group and groups 1–3;
#
P.0.05 (Mann–Whitney test) between group 1 and groups 2 and 3; *#P.0.05
(Mann–Whitney test) between groups 2 and 3.
Abbreviations: I/R, ischemia-reperfusion; IP, ischemic preconditioning; MDA,
malondialdehyde; GSH, reduced glutathione; GSSG, oxidized glutathione; NOx, ratio
of nitrite to nitrate in plasma.
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Table 3 Comparison between study groups according to SOD,
GPx, and caspase-3 levels
Control

Group 1
(I/R)

Group 2
(IP)

Group 3
(I/R-IP)

SOD (U/mL)178.28±6.55 191.87±12.53 177.17±42.09 194.17*±2.71
GPx (nmol/ 13.83±0.44 10.10*±1.33 13.42*#±0.32
13.76*#±0.37
min/mL)
Caspase-3 11.70±0.76 25.70*±2.66 19.03*#±1.32
18.93*#±0.73
(ng/mL)
Notes: *P.0.05 (Mann–Whitney test) between control group and groups 1–3;
#
P.0.05 (Mann–Whitney test) between group 1 and groups 2 and 3; *#P.0.05
(Mann–Whitney test) between groups 2 and 3.
Abbreviations: SOD, superoxide dismutase; I/R, ischemia-reperfusion; GPx,
glutathione peroxidase.

stimulus confers protection against subsequent injury, have
been well documented in many organs, including the heart,
brain, skeletal muscle, lung, intestine, kidney, retina, and
endothelial cells.18
There is increasing evidence that cellular ischemic stressors activate protein kinase via G-protein-coupled receptor
binding and membrane phospholipase activation.19 The signal
transduction cascade for IP involves activation of protein
kinase C, protein tyrosine kinase, and mitogen-activated
protein kinase. However, it was found that protein kinase C
inhibitors could attenuate the effects of IP induced by one
cycle but not repetitive cycles in the heart. These data also
suggest that repetitive IP may activate mechanisms other than
the antioxidant system. For that reason, we performed three
repetitive cycles of IP just before the main I/R in the present study. We also examined its effect on the inflammatory
response of I/R as exemplified by IL-1β determination, in
addition to its effects on the oxidant-antioxidant system.19–21
Increasing evidence has shown that proinflammatory
cytokines and ROS are both key mediators of liver IRI.22
Shortly after hepatic IRI (1–6 hours), Kupffer cells are activated and release proinflammatory cytokines, such as TNF-α
Table 4 Effect of I/R and I/R-IP on rat liver glycogen phosphorylase
level (μmol of inorganic phosphorylase) in study groups
Glycogen
phosphorylase

Control

Group I/R

Group I/R-IP

Mean
SE
F(p)
P1
P2

0.18
0.02
22.577* (.0.001)

0.33
0.02

0.39
0.03

.0.001*
0.138

.0.001*

Notes: F(p), P-value for F-test (analysis of variance) comparing the study groups;
p1, P-value for post hoc (Scheffe) test comparing control, I/R, and I/R-IP groups;
P2, P-value for post hoc (Scheffe) test comparing I/R and I/R-IP groups; *statistically
significant at P#0.05.
Abbreviations: SE, standard error; I/R, ischemia-reperfusion; IP, ischemic
preconditioning.
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Table 5 Effect of I/R and I/R-IP on rat liver glycogen synthase level
(μM of substrate utilized/mg protein/hour) in study groups
Glycogen
synthase

Control

Group I/R

Group I/R-IP

Mean
SE
F(p)
P1
P2

0.65
0.05
9.074* (0.001)

0.47
0.03

0.72
0.04

0.020*
0.001**

0.492

Notes: F(p), P-value for F-test (analysis of variance) comparing the study groups;
p1, P-value for post hoc (Scheffe) test comparing control, I/R, and I/R-IP groups; P2,
P-value for post hoc (Scheffe) test comparing I/R and I/R-IP groups; *statistically
significant at P#0.05; **statistically significant at P#0.001.
Abbreviations: SE, standard error; I/R, ischemia-reperfusion; IP, ischemic
preconditioning.

and IL-1β. These cytokines have a dual role: overexpression
of TNF-α and IL-1β can induce more production of cytokines
and granulocyte colony-stimulating factor, which enhances
activation of Kupffer cells and promotes infiltration of
neutrophils into the microcirculation of the liver,23 thereby
aggravating sterile hepatic inflammation after ischemia and
reperfusion. On the other hand, TNF-α and IL-1 are indispensable for liver regeneration.24 Measurement of MDA
levels is used widely as an indicator of lipid peroxidation.
Nitric oxide is also recognized as an important mediator
of physiological and pathological processes in hepatic and
renal IRI.25
Hepatic I/R can lead to damage and dysfunction
(apoptosis) of liver parenchymal and sinusoidal cells. IP is
extensively documented to reduce IRI in a variety of organs
including the liver,26–28 and the caspase-3 enzyme is used as
an indicator of apoptosis. This parameter was included in the
present study to determine if IP can actually protect the liver
from cell death. In this study, there was a significant increase
in the serum activity of AST and ALT in the I/R group when
compared with corresponding values in the control group.
This result were in agreement with those of Wang et al28 and
Jaeschke and Lemasters,29 who found that I/R resulted in a
Table 6 Effect of I/R and I/R-IP on rat liver glycogen level (mg of
glycogen/mg of glycogen/100 mg tissue) in study groups
Glycogen

Control

Group I/R

Group I/R-IP

Mean
SE
F(p)
P1
P2

61.60
4.98
9.148* (0.001)

38.82
1.88

54.93
4.07

0.001*
0.020*

0.482

Notes: F(p), P-value for F-test (analysis of variance) comparing the study groups;
p1, P-value for post hoc (Scheffe) test comparing control, I/R, and I/R-IP groups; P2,
P-value for post hoc (Scheffe) test comparing I/R and I/R-IP groups; *statistically
significant at P#0.05.
Abbreviations: SE, standard error; I/R, ischemia-reperfusion; IP, ischemic
preconditioning.
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significant increase in AST and ALT levels when compared
with controls.
AST and ALT concentrations are commonly used as
indirect biochemical indices of liver injury.28,29 Studies have
shown that increased AST and ALT levels in IRI probably
result from cell membrane damage.30,31 On the other hand, the
increase in AST and ALT activity observed in the I/R group
by lipid peroxidation leads to cytolysis, which is caused by
oxygen free radicals formed during the reperfusion phase.
There was a significant decrease in serum ALT activity in
the I/R-IP group when compared with corresponding values
in the I/R group. These results are in agreement with those of
Romanque et al,32 who found that ALT was strongly decreased
in the IP-I/R group, with net reductions of 57% in serum ALT
level when compared with the I/R group. At the same time,
Kupffer cells and hepatocytes also generate ROS, leading to
direct damage of endothelial cells and hepatocytes. Due to their
important role, ROS levels are tightly regulated through different pathways.33 The major regulators are ROS scavengers that
include SOD, catalase, and glutathione peroxidase (GSH-Px).
These ROS scavengers are responsible for reducing ROS inside
tissues. Another type of oxidative stress regulation is mediated by
nitric oxide (NO), which is created by endothelial and inducible
NO synthases in the liver. NO can regulate endothelial function,
and its levels can affect blood flow in an organ. Reduction of NO
levels is always associated with IRI. ROS have been considered
a major deleterious factor in reperfusion injury.34
In the present study, we found that liver I/R depleted glutathione stores in the liver and plasma. GSH is an important
intracellular antioxidant that acts by directly scavenging ROS
and also by being a cofactor for GPx-catalyzed reactions that
degrade hydrogen peroxide.35 Depletion of GSH therefore
renders cells susceptible to oxidative stress. In accordance
with this, we found significant inhibition of GPx in the liver
and plasma, resulting in excessive production of ROS. This
results in local oxidative stress on the liver and also a systemic oxidative state as indicated by increased levels of lipid
peroxidation end products (MDA) and decreased GSSG.
In this study, there was a significant increase in the
hepatic activity of MDA in the I/R group when compared
with corresponding values in the control group. This finding
is in agreement with that of Wang et al,28 who found that the
content of MDA, a marker of liver oxidative injury, was significantly increased in the model group when compared with
the control group. The results reported by Yang et al36 show
that MDA levels in liver tissue were elevated significantly
when treated with vehicle after brain I/R in rats, indicating
that the function of the liver, although a remote organ, was
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damaged. Lipid peroxidation is known to be responsible
for cell membrane damage, and has been implicated in the
pathogenesis of IRI.22
Accumulation of ROS may easily overcome endogenous
antioxidative systems, such as SOD, catalase, GPx, and GSH,
and because ROS exist in relatively low concentrations in the
liver, they have been proposed to be a contributory factor to
cellular mechanisms of inflammation and IRI.1,4 In the present
study, it was found that the presented model of hepatic I/R
was accompanied by a 254% increase in protein carbonyl
content and a 37% decrease in hepatic GSH, with a net 481
enhanced protein carbonyl/GSH content ratio: sham-operated
rats =0.26±0.03 (n=23) versus I/R animals =1.51±0.27 (n=6;
P.0.0001). This pro-oxidant state was significantly attenuated by the IP maneuver, as evidenced by total recovery of
the protein carbonyl content and an 89% net reduction
in GSH depletion, when differences between the I/R and
sham-operated groups were compared with those between
IP-treated rats with and without I/R (P.0.05).
The role of NO in I/R remains controversial. On one hand,
NO can induce cellular cytotoxicity and tissue injury via the
peroxynitrite formation, protein tyrosine nitration, lipid peroxidation, DNA damage, and proapoptotic effects included
in IRI.37 On the other hand, NO may have a protective effect
in vasodilatation, antiapoptotic action, inhibition of platelet
plug formation, and reduction of the inflammatory response.38
Thus, the cellular effects of NO may depend on its concentration, site of release, and duration of action. The discrepancy
in the previously recorded results might be due to different
levels of NO production associated with the degree or method
of IRI.39 However, there is evidence that IP decreased NO
levels significantly after three cycles of I/R.39
In contrast with this finding, group 2 (I/R) showed a slight
decrease in this value, which may be attributed to different
conditions of induction of I/R. SOD and GPx have been widely
studied among the endogenous antioxidants. SOD catalyzes
dysmutation of the superoxide anion to hydrogen peroxide
and oxygen, but hydrogen peroxide still produces liver oxidative injury, and GPx further catalyzes the transformation of
hydrogen peroxide to form water.40 I/R reduces liver antioxidant
capacity, as evidenced by the downregulated activity of GPx.
However, our study revealed that I/R treatment did not significantly change SOD, implying that I/R with its oxidant metabolites decreased the antioxidant capacity of SOD enzyme.
Previous research also showed that IP increased the
expression and activity of antioxidant enzymes in the
ischemic kidney and liver,41 which is in accordance with
the present study, where IP decreased MDA and GSSG
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concentrations and avoided depletion of GSH, SOD and
GSH-Px in the ischemic kidney. IP also decreased MDA and
increased GSH in the heart, with no significant change in the
other parameters in rats exposed to renal I/R. Increased GSH
and decreased MDA and GSSG in the plasma of renal I/R
rats reflects the actual effect of preconditioning.
Our data demonstrate that exposure of the rat liver to an
I/P maneuver for 3 hours before the I/R protocol significantly
diminishes hepatocellular injury, suggesting the development
of a second or delayed phase of protection against IRI. This IP
was characterized by development of transient oxidative stress
of a considerably smaller magnitude than that elicited by I/R.
The IP mechanisms involved in hepatic IRI as investigated in our study suggest that the protective effects of
IP against hepatic IRI are related to their role in reducing
tissue oxidative stress levels. IP may regulate the activity of
SOD, GSH-Px, NOS, and IP, and offer additive protection
by increasing GSH-Px activity. It may also decrease cellular
injury and promote cell survival by suppressing release of
cytokines. As reported, IP has a similar physiological and
cellular protection mechanism: they have the same catalytic
substrate adenosine; they transport bioinformation through
the phosphatidylinositol 3-kinase/Akt pathway; and they can
decrease cytokines release.35 Another contributory factor to
parenchymal inflammation in IRI is enhanced TNF-α generation by activated Kupffer cells.42,43 Accordingly, a 15.3-fold
increase above that of sham operated rats was observed for
serum TNF-α levels in I/R animals in the present study.
Our study also showed a high increase in plasma IL-1β
and an increase in the liver of I/R rats was shown in other
studies. Our studies also indicated that IP suppressed the
TNF-α response in plasma and oxidative stress induced
by I/R, as evidenced by normalization of I/R-induced GSH
depletion and protein oxidation in the IP-I/R group. We also
demonstrated liver protection by IP to be related to recovery
of cellular signaling functions modified by the I/R protocol.
These findings were found by other researchers to help
upregulation of nuclear factor kappa beta and downregulation
of activator protein 1 (AP-1) DNA binding, with significant
reduction in the AP-1/nuclear factor kappa beta DNA binding ratio, which may afford liver protection by decreasing
susceptibility to ROS and TNF-α-induced liver injury.
It was suggested that individual application of IP might
reach the limit of decreasing cytokines release in rats. Recent
studies have hypothesized a role for TNF-α and IL-1β in liver
regeneration.44 Our data confirm that maintenance of TNF-α
and IL-1β concentrations at a certain level might help recovery
of hepatic function in the liver regeneration process.
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Xanthine oxidase is capable of reducing molecular
oxygen to both superoxide and hydrogen peroxide, and has
been suggested to be the major source of ROS metabolites
generated during I/R. Plasma xanthine oxidase activity was
increased dramatically after liver and gut I/R.45
It has been shown that during I/R, sinusoidal cells die only
via apoptosis while hepatocytes may die in both ways (necrosis
and apoptosis). In sinusoidal cells, apoptosis occurs earlier
and at a higher level than in hepatocytes, but the differences
in extent of apoptosis between these cells tend to be improved
after a prolonged reperfusion period.15 The present results also
demonstrate improvement in caspase-3 levels by IP.
The protective effects of IP have been shown in various
studies. Reduction of IRI has been associated with decreased
serum aminotransferase, a finding which has also been confirmed in human models, especially in a younger population,27
and it has been shown that IP protects the liver by inhibiting
apoptosis of sinusoidal endothelial cells.
Liver glycogen is the first and immediate source of glucose
for the maintenance of blood glucose levels. In the liver, the
glucose-6-phosphate generated from degradation of glycogen
is hydrolyzed to glucose by glucose 6-phosphatase, an enzyme
present only in the liver and kidneys. Glycogen degradation
thus provides a readily mobilized source of blood glucose.46
The principal enzymes controlling glycogen metabolism,
ie, glycogen phosphorylase and glycogen synthase, are regulated by allosteric mechanisms and covalent modifications
due to reversible phosphorylation and dephosphorylation of
proteins in response to hormone action.
In the present study, there was a significant decrease in
hepatic glycogen activity in the I/R group as compared with
corresponding values in the control group. On the other hand,
there was a significant increase in hepatic glycogen activity
in the I/R-IP group as compared with corresponding values
in the I/R group. These results are in agreement with those
of Peralta et al,35 who found that the glycogen concentration
decreased as a function of duration of ischemia. However,
glycogen levels were always higher in preconditioned livers.47
Glycogen concentration decreased as a function of duration
of ischemia; however, glycogen levels were always higher in
preconditioned livers.46
In summary, the present study shows that IP can protect
sinusoidal endothelial cells as well as hepatocytes during liver
IRI, and the mechanism partly involves modulation of the
imbalance of the endogenous oxidant-antioxidant system in
the organism. This may suggest a potential role for antioxidant enzymes in the management of IRI, but further studies
are needed regarding their injury preventive effects.
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