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Abdominal aortic aneurysms (AAAs) are relatively common and are potentially life-threatening medical problems. The aim
of this review is to provide an overview of the effect of I/R injury on multiorgan failure following AAA repair. The PubMed,
CINAHL, EMBASE, Medline, Cochrane Review, and Scopus databases were comprehensively searched for articles concerning
the pathophysiology of I/R and its systemic effects. Cross-referencing was performed using the bibliographies from the articles
obtained. Articles retrieved were restricted to those published in English. One of the most prominent characteristics of AAA
open repair is the double physiological phenomenon of ischemia-reperfusion (I/R) that happens either at the time of clamping
or following the aortic clamp removal. Ischemia-reperfusion injury causes significant pathophysiological disturbances to distant
organs, increasing the possibility for postoperative multiorgan failure. Although tissue injury is mediated by diverse mechanisms,
microvascular dysfunction seems to be the final outcome of I/R.

1. Introduction

Abdominal aortic aneurysms (AAAs) are relatively common
and are potentially life-threatening medical problems. The
highest prevalence of AAA >3.0 cm is 5.9% and was found
in white male smokers between 50 and 79 years [1]. The
incidence of ruptured AAAs (rAAAs) is 5.6–17.5 per 100,000
person-years in western countries [2–4], while the overall
mortality rate of patients is approximately 80–90% [1].
Despite the improvements in surgical technique, grafts, and
perioperative care during the last decades, AAA repair carries
a considerable risk of morbidity and death, especially in case
of rupture [5].

One of the most prominent characteristics of AAA open
repair is the double physiological phenomenon of ischemia-
reperfusion (I/R) that happens either at the time of clamping
and following the aortic clamp removal or earlier in case of
rAAA [6]. In both cases, significant controversy exists over
which tissues aremost susceptible to periods of I/R. Although
the two main targets of I/R seem to be the gastrointestinal
tract and the muscle mass of the lower-limbs, much of the
data so far appears conflicting. Nevertheless, this “two-hit”
I/R is responsible for the extensive systemic inflammatory
response and the increased incidence of the postoperative
multiorgan failure (MOF) [7]. The aim of this narrative
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review is to provide an overview of the effect of I/R injury
on MOF following AAA repair.

2. Methods

The PubMed, CINAHL, EMBASE, Medline, Cochrane
Review, and Scopus databases were comprehensively
searched for relevant articles, using keywords such as
“aortic aneurysm,” “abdominal,” “ischemia,” “reperfusion
injury,” “inflammation,” “brain,” “heart,” “lung,” “liver,”
“renal,” and “multiple organ failure.” All original papers and
reviews of relevance to the particular question were included
after thorough examination, while cross-referencing was
performed using the bibliographies from the articles
obtained. Articles retrieved were restricted to those
published in English. Articles were selected for inclusion if
they concerned the pathophysiology of I/R and the systemic
effects of I/R.

3. Abdominal Aortic Cross-Clamping

Clamping the thoracic or abdominal aorta causes rapid and
important hemodynamic, cellular, and molecular changes
that can result in major complications in several organ
systems.

3.1. Major Pathophysiological Disorders. Aortic cross-clamp-
ing results in an immediate decrease in blood flow to the
distal tissues, while it rapidly increases mean arterial pressure
(MAP) due to an increase in afterload [8]. Although the
effect of aortic cross-clamping on cardiac output varies, blood
flow distal to the clamp is maintained due to the increased
proximal MAP [9].

One of the most significant manifestations of clamping
is the release of catecholamines, which increases systemic
vasospasm and results in venoconstriction and decrease in
venous capacity [10].This is of particular importance andmay
affect venous return in infraceliac clamping, as the change in
preload depends upon the tone of the splanchnic veins in this
case; in patients with high splanchnic vascular tone venous
return to the heart increases, while when splanchnic venous
tone is low, preload decreases due to venous blood pooling.
Of note, pulmonary vascular resistance also increases after
the clamping due to the increase in catecholamines as well as
due to the retrograde loading of the aorta, which may result
in ventilation-perfusionmismatch, pulmonary hypertension,
and myocardial dysfunction.

Due to the rapid decrease in blood flow, oxygen con-
sumption in tissues distal to the clamp decreases and oxy-
gen uptake in tissues above the clamp increases, possibly
due to sympathetic-induced vasoconstriction and reduced
blood flow in arterioles and capillaries [11]. Cell mem-
brane permeability increases due to anaerobic cellular
metabolism, lactic acidosis, decreased glycogen, and low
adenosine triphosphate, leading to cellular swelling [6]. Cel-
lular metabolism is further impaired due to the upregulation
of several other inflammatory molecules and oxygen radi-
cals and the activation complement and clotting pathways
(Figure 1).

3.2. Abdominal Visceral Effects. Visceral ischemia develops in
1–10% of patients undergoing aortic surgery and is character-
ized by high mortality [10]. Immediately after the clamping,
visceral tissues suffer an acute hypoxic insult due to the
sudden decrease in celiac, superior mesenteric, or inferior
mesenteric blood supply.The degree of hypoxia is depending
not only on the collateral circulation but also on several other
intraoperative factors, such as hypotension, hypovolemia,
thrombosis, microembolism, or intestinal artery lesions [11,
12]. Visceral ischemia increases intestinal permeability and
enhances bacterial translocation and systemic inflammation,
which may complicate the postoperative period. Of note,
bacterial translocation has been implicated as a potent cause
for cardiac arrest, especially in case of endotoxin-release
species [13]. In a recent study, over one-third of out-of-
hospital adults were bacteremic upon presentation [14].These
patients have greater hemodynamic instability and signif-
icantly increased short-term mortality. In another recent
study of patients who suffered in-hospital cardiac arrest, the
incidence of preexisting pneumonia was 12.1% [15]. In this
study, a subset of these patients developed abrupt cardiac
arrest without signs of hypotension, overt shock, respiratory
failure, or severe metabolic derangements (Figure 2).

3.3. Renal Effects. Renal perfusion is affected by the level
of cross-clamping; it decreases by 80% and 45% during
suprarenal and infrarenal aortic cross-clamping, respectively.
The sudden decrease in renal perfusion increases the levels
of angiotensin II that, in turn, increases renal vesicular
resistance by 70% shortly after the clamping, redistributing
blood flow away from the renal medulla and enhancing
renal hypoperfusion [10]. This change further enhances the
release of angiotensin II, creating a vicious circle, which
together with the lower-limb ischemia and the resultant
muscle necrosis and myoglobinuria may have disastrous
consequences on renal tissue [16].

4. Reperfusion

Reperfusion happens either following the aortic clamp
removal or earlier in patients with rAAA and is paradoxically
responsible for additional injurious events after the insult of
ischemia [6]. In fact, the reperfusion damage may exceed
the original ischemic injury, indicating the need for a better
understanding of the underlying pathophysiology in patients
with AAA.The primary hemodynamic response to unclamp-
ing of the aorta is significant hypotension due to decreased
afterload, hypoxia-induced peripheral vasodilation, and a
marked release of vasodilatory and myocardial-depressant
metabolites from areas distal to the clamp [17].

4.1. Immediate Inflammatory Responses. After restoration of
blood flow, the body is characterized by widespread acti-
vation of several inflammatory pathways and biochemical
changes. Reoxygenation enhances the production of oxygen
radicals (ROS), which are implicated in lipid peroxidation,
complement activation, platelet aggregation, and white cell
activation. As a result, microvascular dysfunction will occur
not only in the reperfused tissues but in distal organs as well.
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Figure 1: Pathophysiological manifestations of aortic clamping resulting in hemodynamic compromisation. ROS: reactive oxygen species.
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Figure 2: Effect of ischemia-induced bacterial translocation on systemic inflammation in patients with abdominal aortic aneurysm.

The distant organ injury has been shown to be neutrophil
dependent and this appears to be due to the activation of
resident neutrophils in these organs rather than the influx of
neutrophils from the site of injury [18, 19]. However, resident
neutrophils can be activated by severalmolecules generated at
the site of surgical injury which enter the systemic circulation
[20].

4.2. Polymorphonuclear Neutrophils. An abundance of evi-
dence indicates the central role of polymorphonuclear neu-
trophils in the pathophysiology of I/R [21–26]. The emigra-
tion of polymorphonuclear neutrophils from the postcap-
illary venules to the area of inflammation is mediated by

the upregulation of adhesionmolecules, several chemoattrac-
tants, chemokines, and integrins [27]. The confluent poly-
morphonuclear neutrophils can damage the tissues in several
ways including secretion of proteolytic enzymes, production
of free radicals, and impairing the microcirculation [28, 29].

4.3. Reactive Oxygen Species. The increase of ROS has been
documented shortly after the beginning of AAA repair.
Thompson et al. reported that the production of ROS was
maximal after 5min of lower-limb reperfusion but declined
after 30min of reperfusion [30]. It was also reported that
rupture patients had raised F(2)-isoprostane level on arrival
at hospital, indicating that they were exposed to an early
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Figure 3: Late reperfusion-induced pathophysiological disorders that lead to cardiac arrest. PMN: polymorphonuclear leukocytes; ROS:
reactive oxygen species; ATP: adenosine triphosphate.

oxidative injury, strengthening the “two-hit” hypothesis [31].
Oxygen radicals may also suppress adenosine triphosphate
synthesis, inactivate the metabolic enzymes and exacerbate
the depletion of antioxidant reserves, disrupt cellular and
mitochondrial membrane, impair the function of pumps
and cause severe derangements of intracellular electrolytes,
impair b-adrenergic signaling, intensify endothelial injury,
and enhance apoptosis [21].

4.4. Nitric Oxide. The role of nitric oxide (NO) in I/R seems
to be dichotomous as it has both cytotoxic and cytoprotective
effects. Nitric oxide has many beneficial effects such as
scavenging of oxygen free radicals, maintenance of normal
vascular permeability, inhibition of smooth muscle prolifera-
tion, reduction of PMN adherence, and inhibition of platelet
aggregation [32–35]. On the other hand, large amounts of NO
have been implicated in tissue injury, bacterial translocation,
mucosal apoptosis, and pulmonary injury [36–40].

4.5. Complement. Several studies suggested that complement
system has a major role in the pathogenesis of I/R [41–43]. Its
activation leads to a series of proinflammatory events includ-
ing upregulation of cytokines such as TNF-𝛼 and interleukin
IL-1 [43], increasing vascular permeability, and enhancing
the formation of ROS. This leads to cell membrane damage
and cellular and mitochondrial swelling, which favors the
formation of tissue edema that expands the interstitium of

the injured organ and increases the diffusion distance for the
already diminished oxygen [21]. Of note, the oxidative stress
and ROS formation reach their peak during the ischemic
attack (15–60min of clamping), while PMN infiltration is
maximal during reperfusion (Figure 3) [5].

4.6. Interleukins. Abdominal aortic aneurysm repair was
associated with an increase in the levels of several cytokines.
IL-6 was shown to increase in plasma during AAA repair and
remains elevated during the postoperative period [44–52]. As
for theTNF-𝛼, however, the results have been conflictingwith
some authors showing no change in TNF-𝛼 levels [45, 46,
53] and others demonstrating a rise [44, 50]. Furthermore,
there is evidence that the level of clamping is related to the
increase in TNF-𝛼, while although there was no measurable
change in TNF-𝛼 levels in AAA patients with infrarenal
clamps, patients with suprarenal clamps did have a small but
significant increase in TNF-𝛼 [52–54]. On the other hand,
IL-8 has been less commonly measured but does appear to
increase during and shortly after AAA repair [6].

4.7. Coagulation and Fibrinolysis. Although several changes
in the coagulation cascade were demonstrated to occur as
a result of AAA repair, it remains unknown whether these
are predominantly procoagulant or fibrinolytic. Novelli et al.
demonstrated a procoagulant state in patients undergoing
repair of elective infrarenal AAA [54], which has been also
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demonstrated in animal and human studies [55, 56]. On
the contrary, Wijnen et al. reported that patients undergo-
ing supracoeliac clamping for thoracoabdominal aneurysm
repair developed a profibrinolytic state within 20min of
aortic clamping [57]. Collectively, although the resulting
state may be dependent on the severity and/or size of the
aneurysm, these findings warrant further research.

5. Postoperative Effects of
Ischemia/Reperfusion Injury

5.1. Intestine. Among all, the intestine seems to be the most
sensitive organ to I/R injury due to the presence of labile
cells which are very susceptible to ischemia [58]. Of note,
these cells are located at the tips of the villi, a place that is
supplied by the end of the distribution of a central arteriole,
thus increasing their vulnerability to ischemia compared to
cells located within the crypts [6]. Nevertheless, the effects
of I/R on the gastrointestinal tract have a significant impact
on the postoperative physiology of the human body and have
received considerable interest during the last years.

Research so far has shown that the main mechanisms by
which the intestine enhances the postoperative inflamma-
tory response are the ischemic insult, intraoperative bowel
manipulation and mesenteric traction, intestinal hypother-
mia, release of vasoactive mediators from the intestinal
endothelium, impaired mucosal permeability, and endotoxin
translocation [6].

After AAA repair, the intestinal mucosa produces various
acute-phase proteins, hydrogen peroxide, hormones, and
cytokines [59–61]. These, together with ROS formation,
complement activation, and PMN infiltration, are deleterious
to the intestinal and distal organ microvasculature, altering
the absorptive function of the intestine and leading to bowel
infarction, short-bowel syndrome, systemic inflammatory
response syndrome, acute respiratory distress syndrome, and
MOF [62]. Another study of 21 patients undergoing open
AAA repair showed that ischemia-induced acidosis of the
sigmoid colon was positively correlated with the concentra-
tion of TNF-𝛼 and IL-6 [63]. In two other studies, high levels
of IL-6 were found in inferior mesenteric vein and portal
vein compared to systemic blood during aortic clamping
and reperfusion after AAA repair [64]. Furthermore, in a
study of thoracoabdominal aneurysm repair, the levels of
plasma TNF-𝛼 and IL-10 were positively correlated with
visceral ischemic time [17, 53]. Visceral ischemia may also
result in the development of coagulopathy from increased
intestinal permeability and bacterial translocation or from
hepatic ischemia and primary fibrinolysis [17].

Several human and animal studies have demonstrated the
presence of endotoxin in systemic circulation both after AAA
rupture and aortic clamping mainly due to impaired mucosal
barrier [63, 65–68]. However, the effect of laparotomy on
endotoxin levels remains unknown despite the evidence sup-
porting its role in endotoxin translocation [67]. Endotoxin
has been identified as major activator of the inflammatory
cascade after AAA repair; endotoxemia is known to induce
and/or enhance PMN and complement activation, cytokine
release, mucosal permeability, and clotting pathways [6, 62].

5.2. Distal Vasculature. The vasculature is one of the most
vulnerable targets of I/R after AAA repair. After I/R, the
main features of the impaired vessels are the loss of normal
endothelial function and disturbances of vascular resistance
[20]. Several cytokines exert profound effects on vascular
tone resulting in hemodynamic disturbances and reduced
organ perfusion [51], while the damaged endothelium pro-
duces prostaglandins and thromboxanes and upregulates
the expression of adhesive molecules which promote PMN
activation [69].

Despite the fact that the NO pathway may be severely
affected after I/R, different cytokines can have different
effects on nitric oxide synthase (NOS) [70]. It has been
demonstrated that TNF-𝛼 and IL-1𝛽 increaseNOproduction,
enhancing systemic hypotension and decreasing the response
to exogenous vasoconstrictors [20]. In addition, this changes
the site of NO production from endothelial cells to smooth
muscle cells, increasing the expression of adhesionmolecules
and PMN infiltration. Interestingly, the effects of TNF-𝛼 and
IL-1𝛽 can cause further cytokine release from the endothelial
and vascular smooth muscle cells, further increasing the
severity of inflammation [71].

Endothelins (ETs) is a family of potent vasoconstric-
tors produced by the injured vascular endothelium, acting
through stimulation of the ET-A and ET-B receptors of
vascular smooth muscle cells [72]. Stimulation of ET-A
causes vasoconstriction, while the ET-B receptors include
two subtypes, ET-B1 and ET-B2, which mediate vasodilation
and vasoconstriction, respectively. Until now, three isoforms
have been identified, with ET-1 being the most powerful
vasoconstrictor [73]. In patients with AAA repair, the ETs can
increase PMN adhesion and mucosal secretions, while they
decrease tissue blood flow and ATP [74].

5.3. Kidneys. Even after the aorta is unclamped and normal
hemodynamics are restored, renal blood flow and GFR may
remain low for some time [17]. Acute renal failure may
occur as a result of aortic clamping or I/R injury, but it may
represent also an exacerbation of preexisting chronic renal
failure. Animal studies have demonstrated elevated level of
various cytokines, such as IL-1, IL-2, IL-6, TNF-𝛼, and 𝛽,
and interferon after renal I/R [20]. The injured glomerular
cells respond by producing ROS, complement, NO, and other
cytokines, while the mesangial cells produce IL-1, IL-6, and
IL-8, aggravating local inflammation, renal failure, and MOF
[75].

5.4. Heart. Patients with AAA are at higher risk of car-
diovascular complications, especially ischemic heart disease
following surgery. The risk for postoperative cardiac compli-
cations is maximal in patients with prior history of coronary
artery disease, heart attack, or heart failure [20], with the
major pathophysiological mechanism being the enhanced
inflammatory response after I/R. The increase in cytokines,
such as IL-2, IL-1𝛽, IL-6, IFN-𝛾, and TNF-𝛼, worsens cardiac
function through direct and indirect mechanisms. Although
the first are not clear, the later include the stimulation of
iNOS expression which increases local NO concentration,
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leading to impaired adrenergic and cholinergic stimulation
[76]. This reduces ventricular compliance, thus decreasing
cardiac output and coronary perfusion [21, 77, 78].

During reperfusion, the injured myocytes and endothe-
lial cells generate ROS. The oxygen radicals increase
membrane damage intensifying endothelial injury, which
increases the exchange vessel’s permeability and leads to
increased microvascular filtration and myocardial edema
[79]. Myocardial edema increases cardiac chamber stiffness
and impairs passive relaxation further impairing cardiac
function. Moreover, microvascular perfusion is compro-
mised due to myocyte swelling, the compression of coronary
microcirculation by the existing edema, and the potent
administration of exogenous vasopressors. In addition, the
I/R-mediated activation of blood coagulation leads to the
formation of microthrombi [80], which, together with the
vasopressor-induced platelet aggregation and the accumu-
lation of activated neutrophils and platelets in microves-
sels [81], contribute to microvascular obstruction, decreased
myocardial perfusion, and myocardial ischemia.

5.5. Lungs. Patients who undergo AAA repair tend to be at
high risk for postoperative complications due to advanced
age, chronic pulmonary disease, or smoking [17]. It has been
reported that postoperative respiratory failure develops in
almost 20% of patients who undergo AAA repair; pulmonary
arterial pressure and pulmonary vascular resistance may
increase after the aorta is unclamped, possibly because of the
release of microemboli into the pulmonary circulation and
the resultant release of vasoconstrictive compounds from the
lungs [17].

Although respiratory failure following AAA surgery usu-
ally manifests as part of MOF [20], the circulating cytokines
may ab initio affect the respiratory function during the
postoperative period. Considering that the pulmonary vas-
culature acts as a neutrophil pool in normal physiological
states, the lungs can be one of the major sites of increased
inflammatory response following AAA surgery. The I/R
induced cytokinesmay pass in the pulmonary circulation and
activate local endothelium and the resident leucocytes which
migrate from the pulmonary vasculature into the interstitial
and alveolar spaces and produce several cytokines and ROS,
promoting chemotaxis, local inflammation, and ARDS [82,
83]. Moreover, the anaphylatoxins C3a and C5a increase
pulmonary vascular tone and pulmonary capillary perme-
ability and activate mast cells to release histamine, causing
further pulmonary injury [17]. In addition, the activated
leucocytes enter the systemic circulation and together with
the ARDS-induced hypoxemia contribute to distant organ
injury by releasing ROS and elastase, which also increase
microvascular permeability [17].

5.6. Spinal Cord. Perioperative spinal cord I/R is an un-
predictable event. During ischemia, the symptoms may
include sensory and motor deficits associated with blad-
der or rectal incontinence with conservation of vibratory
and proprioceptive sensation. Predisposing factors include
aneurysm extent, open surgical repair, prior distal aortic
operations, and perioperative hypotension [84].

Although the etiology of spinal cord ischemia after AAA
surgery may be multifactorial, the fundamental cause is
always an alteration in blood supply to the spinal cord. Of
note, hypotension plays an important role in the cause of
spinal cord I/R, which may occur without occlusion of the
anterior spinal artery, especially in patients with severe shock,
and should be avoided during the perioperative period by
augmenting spinal cord perfusion [85, 86].

6. Ruptured AAAs

Patients with rAAA usually present in a critical condition
characterized by severe pathophysiological disorders. The
principle difference between elective and rAAA repair is
the period of hemorrhagic shock; preclamping hemorrhagic
shock and related impaired tissue perfusion accompany the
ischemia and reperfusion of the lower torso during surgical
treatment of rAAA [87].

Patients with rAAA may suffer multiple “two-hit”
episodes, (i.e., multiple episodes of ischemia and reperfusion)
prior to hospital admission due to hemodynamic fluctua-
tions (hypotension) and the effect of compensatory mech-
anisms (tachycardia, changes in vascular resistance) which
may enhance the inflammatory response and maximize
the deleterious effects of postoperative I/R, increasing the
vulnerability of several organs, especially in case of patients
with preexisting diseases. This complex situation leads to
systemic inflammatory response syndrome and MOF by
causing local or distant organ damage such as lungs, liver, and
heart. Although the existence and duration of “multiple-hit”
episodes are hard to define, they depend on the severity of the
injury and the physiological reserves of the patient.Therefore,
older patients may suffer I/R episodes for a short period and
have increased intraoperative complications, while younger
individuals with high reserves may have been subjected
to long periods of I/R which increases the possibility for
postoperative distal organ failure [6, 10] (Figure 4).

During ischemia, the lack of oxygen leads to anaerobic
metabolism and depletion of energy stores. Once the energy
stores are depleted, membrane ion gradients begin to fail,
membranes leak, cells swell, and the process of irreversible
injury begins. Reperfusion restores tissue oxygenation but
initiates an inflammatory response that has been shown
to cause further tissue injury [88, 89]. Activated oxygen
species and their metabolites react with unsaturated fatty
acids within the phospholipid bilayer of the cell membrane,
resulting in lipid peroxidation. Furthermore, in patients with
rAAA, the oxidative activity of phagocytes is significantly
increased compared with elective cases [31]. Rupture of an
AAA results in priming of the phagocyte oxidant capacity
before operative repair; phagocyte activation contributes to
the high incidence of MOF and death in this patient group.

Of note, Novelli et al. demonstrated a marked pro-
coagulant state in patients undergoing repair of ruptured
infrarenal AAA [54]. In these cases, systolic arterial pressures
of 50–70mmHg may be well tolerated for short periods,
thus limiting internal bleeding and its associated loss of
platelets and clotting factors [90–94]. However, the increas-
ing cytokines may enhance renal damage [6, 62]; TNF-𝛼 has
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Figure 4:Themain reperfusion-induced pathophysiological disorders that lead to distal organ injury after abdominal aortic aneurysm repair.
These disorders may be significantly more severe in patients with ruptured aneurysm due to multiple episodes of ischemia-reperfusion. ROS:
reactive oxygen species; I/R: ischemia-reperfusion.

been reported to induce glomerular injury in animals without
prior renal insult [20], as well as to be higher in shocked
patients with rAAA and in those that died, indicating its
potent prognostic value [6]. In an experimental rat model of
rAAA, serum TNF-𝛼 levels were significant and suppressed
by ethyl pyruvate administration [87]. Similarly, Cai et al.
used ethyl pyruvate as the resuscitation fluid in hemorrhagic
shock and demonstrated that TNF-𝛼 level was decreased and
survival was increased in the rats B [95]. Also, Kung et al.
created lung injury in rats by lipoteichoic acid and reported
that ethyl pyruvate suppresses TNF-𝛼 and prevents lung
injury via anti-inflammatory effect and this effect is dose-
dependent [96]. In another experimental model of rAAA,
Harkin demonstrated that both C5 complement and nitric
oxide synthase inhibition (iNOS) provide effective protection
in the serum and lung tissue by decreasing TNF-𝛼 [97].

7. Tissue Conditioning

Research so far has shown that if the blood supply to a tissue is
impaired for a short time and then restored and the process is
repeatedmore than two times, the cells are robustly protected
from a final ischemic insult when the blood supply is cut off
entirely and permanently (tissue conditioning). This process
can be applied prior to or after the final ischemic insult
and is known as ischemic preconditioning and ischemic
postconditioning, respectively. However, triggering ischemic
preconditioning requires direct interference with the blood

vessels of the target tissues. This problem may be solved
with remote preconditioning (RP), during which ischemia in
one vascular bed protects tissues supplied by other vascular
beds. Remote preconditioning can be achieved with readily
available equipment and may be proved an extremely cost-
effective means of reducing perioperative complications.

Until now, three theories have been proposed regarding
the mechanism of RP [98]. The neural theory proposes
that the remote organ releases endogenous substances such
as adenosine and bradykinin that activate a local afferent
neural pathway, activating an efferent neural pathway that
triggers end organ protection. The humoral theory suggests
that the remote tissue releases adenosine, bradykinin, and/or
other substances into the bloodstream, which trigger the
intracellular protective pathways in end organs. Finally, the
inflammatory suppression theory suggests that RP suppresses
inflammation and apoptosis in cells, reducing the systemic
inflammatory response.

Ali et al. investigatedwhether RP reduces the incidence of
myocardial and renal injury in patients undergoing elective
open AAA repair and reported that it reduced the incidence
of postoperative myocardial injury, myocardial infarction,
and renal impairment [99]. In another study, Walsh et
al. showed significant reductions in urinary biomarkers of
renal injury; however, they reported that it had no effect
on the clinical endpoints of renal impairment or major
adverse cardiac events [100]. In a single-center, prospective,
double-blinded, randomized, parallel-controlled trial, limb
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RP attenuated intestinal and pulmonary injury in patients
undergoing elective open infrarenal AAA repair without any
potential risk [101]. In a prospective, randomized double-
blinded control trial, Murphy et al. investigated the potential
for RP to attenuate renal and myocardial injury in patients
undergoing elective open AAA repair and reported that it
did not reduce the risk of postoperative renal failure or
myocardial injury [102]. A recent systematic review and
meta-analysis reported that PR did not have a significant
effect on clinical endpoints (death, perioperative myocar-
dial infarction, renal failure, stroke, mesenteric ischaemia,
hospital, or critical care length of stay) [103]. However, the
heterogeneity in study inclusion and exclusion criteria and in
the type of preconditioning stimulus limits the potential for
extrapolation in this study. In conclusion, although several
studies demonstrate that PR can reduce I/R injury, further
large-scale clinical studies are required to establish the role
of this simple, cost-effective intervention in AAA repair.

8. Conclusions

Ischemia-reperfusion injury causes widespread changes in
the human body following AAA repair. The evidence so
far indicates that the pathways involved in I/R injury cause
significant pathophysiological disturbances to distant organs,
increasing the possibility for postoperative MOF. Although
tissue injury is mediated by diverse mechanisms, microvas-
cular dysfunction seems to be the final outcome of I/R. As
there are crucial gaps in our knowledge, further research is
needed for the full clarification of its role in AAA patients.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contribution

Drs. Konstantina Katseni and Athanasios Chalkias shared
authorship.

References

[1] F. L. Moll, J. T. Powell, G. Fraedrich et al., “Management of
abdominal aortic aneurysms clinical practice guidelines of the
European society for vascular surgery,” European Journal of
Vascular and Endovascular Surgery, vol. 41, supplement 1, pp.
S1–S58, 2011.

[2] H. Bengtsson and D. Bergqvist, “Ruptured abdominal aor-
tic aneurysm: a population-based study,” Journal of Vascular
Surgery, vol. 18, no. 1, pp. 74–80, 1993.

[3] G. Johansson and J. Swedenborg, “Ruptured abdominal aortic
aneurysms: a study of incidence and mortality,” British Journal
of Surgery, vol. 73, no. 2, pp. 101–103, 1986.

[4] K. Mealy and A. Salman, “The true incidence of ruptured
abdominal aortic aneurysms,” European Journal of Vascular
Surgery, vol. 2, no. 6, pp. 405–408, 1988.

[5] C. Aivatidi, G. Vourliotakis, S. Georgopoulos, F. Sigala, E. Bas-
tounis, and E. Papalambros, “Oxidative stress during abdominal

aortic aneurysm repair—biomarkers and antioxidant’s pro-
tective effect: a review,” European Review for Medical and
Pharmacological Sciences, vol. 15, no. 3, pp. 245–252, 2011.

[6] M. G. A. Norwood, M. J. Bown, and R. D. Sayers, “Ischaemia-
reperfusion injury and regional inflammatory responses in
abdominal aortic aneurysm repair,” European Journal of Vascu-
lar and Endovascular Surgery, vol. 28, no. 3, pp. 234–245, 2004.

[7] T. F. Lindsay, X. P. Luo, D. C. Lehotay et al., “Ruptured
abdominal aortic aneurysm, a ‘two-hit’ ischemia/reperfusion
injury: evidence from an analysis of oxidative products,” Journal
of Vascular Surgery, vol. 30, no. 2, pp. 219–228, 1999.

[8] T. O. Eide, J. Aasland, P. Romundstad et al., “Changes in
hemodynamics and acid-base balance during cross-clamping of
the descending thoracic aorta: a study in patients operated on
for thoracic and thoracoabdominal aortic aneurysm,” European
Surgical Research, vol. 37, no. 6, pp. 330–334, 2005.

[9] P. G. Barash, B. F. Cullen, and R. K. Stoelting, Clinical Anes-
thesia, Lippincott Williams & Wilkins, Philadelphia, Pa, USA,
2006.

[10] L. M. Cuzick, A. R. Lopez, and J. R. Cooper Jr., “Pathophysi-
ology of aortic cross-clamping,” in Thoraco-Abdominal Aorta:
Surgical and Anesthetic Management, R. Chiesa, G. Melissano,
A. Zangrillo, and J. S. Coselli, Eds., pp. 65–72, Springer, Milan,
Italy, 2011.

[11] S. Gelman, “The pathophysiology of aortic cross-clamping and
unclamping,” Anesthesiology, vol. 82, no. 4, pp. 1026–1060, 1995.

[12] E. Kieffer, L. Chiche, G. Godet et al., “Type IV thoracoabdom-
inal aneurysm repair: predictors of postoperative mortality,
spinal cord injury, and acute intestinal ischemia,” Annals of
Vascular Surgery, vol. 22, no. 6, pp. 822–828, 2008.

[13] C. J. O’Connor and D. M. Rothenberg, “Anesthetic considera-
tions for descending thoracic aortic surgery. Part II,” Journal of
Cardiothoracic and Vascular Anesthesia, vol. 9, no. 6, pp. 734–
747, 1995.

[14] V. Coba, A. K. Jaehne, A. Suarez et al., “The incidence and
significance of bacteremia in out of hospital cardiac arrest,”
Resuscitation, vol. 85, no. 2, pp. 196–202, 2014.

[15] G. E. Carr, T. C. Yuen, J. F. McConville et al., “Early cardiac
arrest in patients hospitalized with pneumonia: a report from
the American Heart Association’s Get with the Guidelines-
Resuscitation Program,” Chest, vol. 141, no. 6, pp. 1528–1536,
2012.

[16] E. Wahlberg, P. J. Dimuzio, and R. J. Stoney, “Aortic clamping
during elective operations for infrarenal disease: the influence
of clamping time on renal function,” Journal of Vascular Surgery,
vol. 36, no. 1, pp. 13–18, 2002.

[17] R. Chiesa, G. Melissano, A. Zangrillo, and J. S. Coselli,
Thoraco-Abdominal Aorta: Surgical and Anesthetic Manage-
ment, Springer, Milan, Itlay, 2011.

[18] M. C. Barry, C. Kelly, P. Burke, S. Sheehan, H. P. Redmond,
and D. Bouchier-Hayes, “Immunological and physiological
responses to aortic surgery: effect of reperfusion on neutrophil
and monocyte activation and pulmonary function,” British
Journal of Surgery, vol. 84, no. 4, pp. 513–519, 1997.

[19] I. S. Paterson, F. C. T. Smith, G. M. K. Tsang, J. D. Hamer,
and C. P. Shearman, “Reperfusion plasma contains a neutrophil
activator,” Annals of Vascular Surgery, vol. 7, no. 1, pp. 68–75,
1993.

[20] M. J. Bown, M. L. Nicholson, P. R. F. Bell, and R. D. Sayers,
“Cytokines and inflammatory pathways in the pathogenesis of
multiple organ failure following abdominal aortic aneurysm



BioMed Research International 9

repair,” European Journal of Vascular and Endovascular Surgery,
vol. 22, no. 6, pp. 485–495, 2001.

[21] A. Chalkias and T. Xanthos, “Pathophysiology and pathogen-
esis of post-resuscitation myocardial stunning,” Heart Failure
Reviews, vol. 17, no. 1, pp. 117–128, 2012.

[22] D. Cooper, J. Russell, K. D. Chitman,M. C.Williams, R. E.Wolf,
and D. N. Granger, “Leukocyte dependence of platelet adhesion
in postcapillary venules,” American Journal of Physiology—
Heart and Circulatory Physiology, vol. 286, no. 5, pp. H1895–
H1900, 2004.

[23] C. Hierholzer, J. C. Kalff, G. Audolfsson, T. R. Billiar, D. J.
Tweardy, and A. J. Bauer, “Molecular and functional contractile
sequelae of rat intestinal ischemia/reperfusion injury,” Trans-
plantation, vol. 68, no. 9, pp. 1244–1254, 1999.

[24] E. M. Mbachu, L. V. Klein, B. B. Rubin, and T. F. Lindsay,
“A monoclonal antibody against cytokine-induced neutrophil
chemoattractant attenuates injury in the small intestine in a
model of ruptured abdominal aortic aneurysm,” Journal of
Vascular Surgery, vol. 39, no. 5, pp. 1104–1111, 2004.

[25] S. Massberg, A. P. Gonzalez, R. Leiderer, M. D. Menger, and
K. Messmer, “In vivo assessment of the influence of cold
preservation time on microvascular reperfusion injury after
experimental small bowel transplantation,” British Journal of
Surgery, vol. 85, no. 1, pp. 127–133, 1998.

[26] Y. Naito, T. Takagi, K. Uchiyama et al., “Suppression of
intestinal ischemia-reperfusion injury by a specific peroxisome
proliferator-activated receptor-𝛾 ligand, pioglitazone, in rats,”
Redox Report, vol. 7, no. 5, pp. 294–299, 2002.

[27] J. Panés, M. Perry, and D. N. Granger, “Leukocyte-endothelial
cell adhesion: avenues for therapeutic intervention,” British
Journal of Pharmacology, vol. 126, no. 3, pp. 537–550, 1999.

[28] D. L. Carden, J. K. Smith, and R. J. Korthuis, “Neutrophil-
mediated microvascular dysfunction in postischemic canine
skeletal muscle. Role of granulocyte adherence,” Circulation
Research, vol. 66, no. 5, pp. 1436–1444, 1990.

[29] S. Nalini, M. M. Mathan, and K. A. Balasubramanian,
“Oxygen free radical induced damage during intestinal
ischemia/reperfusion in normal and xanthine oxidase deficient
rats,” Molecular and Cellular Biochemistry, vol. 124, no. 1, pp.
59–66, 1993.

[30] M. M. Thompson, A. Nasim, R. D. Sayers et al., “Oxygen
free radical and cytokine generation during endovascular and
conventional aneurysm repair,” European Journal of Vascular
and Endovascular Surgery, vol. 12, no. 1, pp. 70–75, 1996.

[31] T. F. Lindsay, N. Memari, A. Ghanekar, P. Walker, and A.
Romaschin, “Rupture of an abdominal aortic aneurysm causes
priming of phagocytic oxidative burst,” Journal of Vascular
Surgery, vol. 25, no. 4, pp. 599–610, 1997.

[32] O. Kosonen, H. Kankaanranta, U. Malo-Ranta, and E. Moila-
nen, “Nitric oxide-releasing compounds inhibit neutrophil
adhesion to endothelial cells,” European Journal of Pharmacol-
ogy, vol. 382, no. 2, pp. 111–117, 1999.

[33] J. M. Gidday, T. S. Park, A. R. Shah, and E. R. Gonzales,
“Modulation of basal and postischemic leukocyte-endothelial
adherence by nitric oxide,” Stroke, vol. 29, no. 7, pp. 1423–1430,
1998.

[34] J.-P. Guo, T. Murohara, M. Buerke, R. Scalia, and A. M. Lefer,
“Direct measurement of nitric oxide release from vascular
endothelial cells,” Journal of Applied Physiology, vol. 81, no. 2,
pp. 774–779, 1996.

[35] A. M. Lefer and D. J. Lefer, “The role of nitric oxide and
cell adhesion molecules on the microcirculation in ischaemia-
reperfusion,” Cardiovascular Research, vol. 32, no. 4, pp. 743–
751, 1996.

[36] P. Kubes and D.-M. McCafferty, “Nitric oxide and intestinal
inflammation,” The American Journal of Medicine, vol. 109, no.
2, pp. 150–158, 2000.

[37] Y. Suzuki, E. A. Deitch, S.Mishima, Q. Lu, andD. Xu, “Inducible
nitric oxide synthase gene knockout mice have increased
resistance to gut injury and bacterial translocation after an
intestinal ischemia-reperfusion injury,” Critical Care Medicine,
vol. 28, no. 11, pp. 3692–3696, 2000.

[38] S. Cuzzocrea, B. Zingarelli, and A. P. Caputi, “Role of constitu-
tive nitric oxide synthase and peroxynitrite production in a rat
model of splanchnic artery occlusion shock,” Life Sciences, vol.
63, no. 9, pp. 789–799, 1998.

[39] B. Wu, R. Iwakiri, S. Tsunada et al., “iNOS enhances rat
intestinal apoptosis after ischemia-reperfusion,” Free Radical
Biology and Medicine, vol. 33, no. 5, pp. 649–658, 2002.

[40] I. T. Virlos, F. S. Inglott, R. C. N. Williamson, and R. T.
Mathie, “Differential expression of pulmonary nitric oxide syn-
thase isoforms after intestinal ischemia-reperfusion,” Hepato-
Gastroenterology, vol. 50, no. 49, pp. 31–36, 2003.

[41] T. Heller, M. Hennecke, U. Baumann et al., “Selection of
a C5a receptor antagonist from phage libraries attenuating
the inflammatory response in immune complex disease and
ischemia/reperfusion injury,” Journal of Immunology, vol. 163,
no. 2, pp. 985–994, 1999.

[42] T. Kimura, A. Andoh, Y. Fujiyama, T. Saotome, and T. Bamba,
“A blockade of complement activation prevents rapid intestinal
ischaemia-reperfusion injury by modulating mucosal mast cell
degranulation in rats,” Clinical and Experimental Immunology,
vol. 111, no. 3, pp. 484–490, 1998.

[43] K. Wada, M. C. Montalto, and G. L. Stahl, “Inhibition of
complement C5 reduces local and remote organ injury after
intestinal ischemia/reperfusion in the rat,” Gastroenterology,
vol. 120, no. 1, pp. 126–133, 2001.

[44] C. Galle, V. De Maertelaer, S. Motte et al., “Early inflammatory
response after elective abdominal aortic aneurysm repair: a
comparison between endovascular procedure and conventional
surgery,” Journal of Vascular Surgery, vol. 32, no. 2, pp. 234–246,
2000.

[45] R. G. Holzheimer, J. Gross, and M. Schein, “Pro- and anti-
inflammatory cytokine-response in abdominal aortic aneurysm
repair: a clinical model of ischemia-reperfusion,” Shock, vol. 11,
no. 5, pp. 305–310, 1999.

[46] T. Ziegenfuß, G. A. Wanner, C. Grass et al., “Mixed agonistic-
antagonistic cytokine response in whole blood from patients
undergoing abdominal aortic aneurysm repair,” Intensive Care
Medicine, vol. 25, no. 3, pp. 279–287, 1999.

[47] K. M. Lammers, G. Innocenti, A. Venturi et al., “The effect
of transient intestinal ischemia on inflammatory parameters,”
International Journal of Colorectal Disease, vol. 18, no. 1, pp. 78–
85, 2003.

[48] E. Bölke, P. M. Jehle, M. Storck et al., “Endovascular stent-graft
placement versus conventional open surgery in infrarenal aortic
aneurysm: a prospective study on acute phase response and
clinical outcome,” Clinica Chimica Acta, vol. 314, no. 1-2, pp.
203–207, 2001.

[49] K. Komori, M. Ishida, T. Matsumoto et al., “Cytokine patterns
and the effects of a preoperative steroid treatment in the patients



10 BioMed Research International

with abdominal aortic aneurysms,” International Angiology, vol.
18, no. 3, pp. 193–197, 1999.

[50] N. M. Elmarasy, C. V. Soong, S. R. Walker et al., “Sigmoid
ischemia and the inflammatory response following endovascu-
lar abdominal aortic aneurysm repair,” Journal of Endovascular
Therapy, vol. 7, no. 1, pp. 21–30, 2000.

[51] A. Holmberg, D. Bergqvist, B. Westman, and A. Siegbahn,
“Cytokine and fibrinogen response in patients undergoing
open abdominal aortic aneurysm surgery,” European Journal of
Vascular and Endovascular Surgery, vol. 17, no. 4, pp. 294–300,
1999.

[52] I. Syk, J. Brunkwall, K. Ivancev et al., “Postoperative fever, bowel
ischaemia and cytokine response to abdominal aortic aneurysm
repair—a comparison between endovascular and open surgery,”
European Journal of Vascular and Endovascular Surgery, vol. 15,
no. 5, pp. 398–405, 1998.

[53] M. B. Welborn, H. S. A. Oldenburg, P. J. Hess et al.,
“The relationship between visceral ischemia, proinflammatory
cytokines, and organ injury in patients undergoing thoracoab-
dominal aortic aneurysm repair,”Critical CareMedicine, vol. 28,
no. 9, pp. 3191–3197, 2000.

[54] G. P. Novelli, C. Adembri, E. Gandini et al., “Vitamin E protects
human skeletal muscle from damage during surgical ischemia-
reperfusion,”TheAmerican Journal of Surgery, vol. 173, no. 3, pp.
206–209, 1997.

[55] L. Formigli, L. Ibba Manneschi, A. Tani et al., “Vitamin E
prevents neutrophil accumulation and attenuates tissue damage
in ischemic-reperfused human skeletal muscle,” Histology and
Histopathology, vol. 12, no. 3, pp. 663–669, 1997.

[56] T. E. Rowlands and S. Homer-Vanniasinkam, “Pro- and anti-
inflammatory cytokine release in open versus endovascular
repair of abdominal aortic aneurysm,”British Journal of Surgery,
vol. 88, no. 10, pp. 1335–1340, 2001.

[57] M. H. W. A. Wijnen, R. M. H. Roumen, H. L. Vader, and
R. J. A. Goris, “A multiantioxidant supplementation reduces
damage from ischaemia reperfusion in patients after lower torso
ischaemia. A randomised trial,” European Journal of Vascular
and Endovascular Surgery, vol. 23, no. 6, pp. 486–490, 2002.

[58] R. D. Sayers, M. M. Thompson, A. Nasim, P. Healey, N. Taub,
and P. R. F. Bell, “Surgical management of 671 abdominal aortic
aneurysms: a 13-year review from a single centre,” European
Journal of Vascular and Endovascular Surgery, vol. 13, no. 3, pp.
322–327, 1997.

[59] E. P. Molmenti, T. Ziambaras, and D. H. Perlmutter, “Evidence
for an acute phase response in human intestinal epithelial cells,”
Journal of Biological Chemistry, vol. 268, no. 19, pp. 14116–14124,
1993.

[60] Q. Wang, T. A. Meyer, S. T. Boyce et al., “Endotoxemia in mice
stimulates production of complement C3 and serum amyloid A
in mucosa of small intestine,” American Journal of Physiology—
Regulatory Integrative and Comparative Physiology, vol. 275, no.
5, pp. R1584–R1592, 1998.

[61] T. A. Meyer, J. Wang, G. M. Tiao, C. K. Ogle, J. E. Fischer, and
P.-O. Hasselgren, “Sepsis and endotoxemia stimulate intestinal
interleukin-6 production,” Surgery, vol. 118, no. 2, pp. 336–342,
1995.

[62] I. H. Mallick, W. Yang, M. C. Winslet, and A. M. Seifalian,
“Ischemia-reperfusion injury of the intestine and protective
strategies against injury,”Digestive Diseases and Sciences, vol. 49,
no. 9, pp. 1359–1377, 2004.

[63] C. V. Soong, P. H. B. Blair, M. I. Halliday et al., “Endotoxaemia,
the generation of the cytokines and their relationship to intra-
mucosal acidosis of the sigmoid colon in elective abdominal
aortic aneurysm repair,” European Journal of Vascular Surgery,
vol. 7, no. 5, pp. 534–539, 1993.

[64] M. Green, N. C. Hickey, A. Crowe, P. Curry, I. S. Paterson, and
C. P. Shearman, “Interleukin 6 production by the colon is a
response to sigmoid ischaemia,” British Journal of Surgery, vol.
81, p. 615, 1994.

[65] M. M. Yassin, A. A. Barros D’Sa, T. G. Parks et al., “Lower limb
IRI alters GI structure and function,” British Journal of Surgery,
vol. 84, pp. 1425–1429, 1997.

[66] M. M. I. Yassin, A. A. B. Barros D’Sa, T. G. Parks et al., “Lower
limb ischaemia–reperfusion injury causes endotoxaemia and
endogenous antiendotoxin antibody consumption but not bac-
terial translocation,” British Journal of Surgery, vol. 85, no. 6, pp.
785–789, 1998.

[67] R. W. G. Watson, H. P. Redmond, J. McCarthy, P. E. Burke, and
D. Bouchier-Hayes, “Exposure of the peritoneal cavity to air
regulates early inflammatory responses to surgery in a murine
model,” British Journal of Surgery, vol. 82, no. 8, pp. 1060–1065,
1995.

[68] L. L. Lau, M. I. Halliday, B. Lee, R. J. Hannon, K. R. Gardiner,
and C. V. Soong, “Intestinal manipulation during elective
aortic aneurysm surgery leads to portal endotoxaemia and
mucosal barrier dysfunction,” European Journal of Vascular and
Endovascular Surgery, vol. 19, no. 6, pp. 619–624, 2000.

[69] A. Lyons, J. L. Kelly, M. L. Rodrick, J. A. Mannick, and J.
A. Lederer, “Major injury induces increased production of
interleukin-10 by cells of the immune system with a negative
impact on resistance to infection,” Annals of Surgery, vol. 226,
no. 4, pp. 450–460, 1997.

[70] K. Bhagat and P. Vallance, “Effects of cytokines on nitric oxide
pathways in human vasculature,”CurrentOpinion inNephrology
and Hypertension, vol. 8, no. 1, pp. 89–96, 1999.

[71] H. Loppnow, R. Bil, S. Hirt et al., “Platelet-derived interleukin-
1 induces cytokine production, but not proliferation of human
vascular smooth muscle cells,” Blood, vol. 91, no. 1, pp. 134–141,
1998.

[72] M.Clozel, G.A.Gray,V. Breu, B.-M. Löffler, andR.Osterwalder,
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