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Extracorporeal circulation (ECC) systems, including cardiopulmonary bypass, and
extracorporeal membrane oxygenation have been an irreplaceable part of the
cardiothoracic surgeries, and treatment of critically ill patients with respiratory and/or
cardiac failure for more than half a century. During the recent decades, the concept of
extracorporeal circulation has been extended to isolated machine perfusion of the donor
organ including thoracic organs (ex-situ organ perfusion, ESOP) as a method for dynamic,
semi-physiologic preservation, and potential improvement of the donor organs. The
extracorporeal life support systems (ECLS) have been lifesaving and facilitating complex
cardiothoracic surgeries, and the ESOP technology has the potential to increase the
number of the transplantable donor organs, and to improve the outcomes of
transplantation. However, these artificial circulation systems in general have been
associated with activation of the inflammatory and oxidative stress responses in
patients and/or in the exposed tissues and organs. The activation of these responses
can negatively affect patient outcomes in ECLS, and may as well jeopardize the reliability of
the organ viability assessment, and the outcomes of thoracic organ preservation and
transplantation in ESOP. Both ECLS and ESOP consist of artificial circuit materials and
components, which play a key role in the induction of these responses. However, while
ECLS can lead to systemic inflammatory and oxidative stress responses negatively
affecting various organs/systems of the body, in ESOP, the absence of the organs that
play an important role in oxidant scavenging/antioxidative replenishment of the body, such
as liver, may make the perfused organ more susceptible to inflammation and oxidative
stress during extracorporeal circulation. In the present manuscript, we will review the
activation of the inflammatory and oxidative stress responses during ECLP and ESOP,
mechanisms involved, clinical implications, and the interventions for attenuating these
responses in ECC.
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INTRODUCTION

Extracorporeal circulation systems (ECC), have been an essential
part of life-support in critically ill patients and cardiothoracic
surgeries (1). During the recent couple of decades, this
technology has been extended to ex-situ organ perfusion
(ESOP) to improve the protection, availability, and assessment
of the donor hearts and lungs. These technologies have, without a
doubt, been revolutionary, leading to significant improvements
in surgical treatments, patient management, and donated
thoracic organ utilization (2, 3). However, its application has
met some limitations as well, with systemic inflammation and
oxidative stress being among the most important challenges.
These reactions negatively affect patient outcomes in
extracorporeal life support (ECLS) (4–6), and may negatively
affect organ preservation in ESOP (7, 8). In this review, we
discuss the development of inflammatory and oxidative stress
responses in ECLS and ESOP, involved mechanisms, and
interventions to attenuate these responses.
HISTORY OF THORACIC
ORGAN-ORIENTED
EXTRACORPOREAL CIRCULATION

Extracorporeal Life Support
The first experiments that would lead to the development of
ECLS began with César Julien Jean Le Gallois in the early 19th

century, who showed a decapitated rabbit could be kept alive
through pulmonary inflation using a syringe. Later on, Eduard
Brown-Séquard successfully stimulated isolated extremities by
syringe reperfusion with blood, oxygenated through agitation
while in contact with air. These experiments, alongside the
advances in technology, including a device capable of infusing
blood under pressure (by Ludwig and Schmidt in 1868) and
development offilm and bubble oxygenators (by von Schroder in
1882, and Frey and Gruber in 1885), facilitated the development
of extracorporeal perfusion (9–11). These advances not only
improved organ perfusion devices as “tools for studying the
organs”, but also helped in subsequent development of the heart
lung machine (cardiopulmonary bypass, CPB) by Gibbon in
1953, which allowed open-heart surgeries that had not been
feasible before (12). With the subsequent success of CPB in in
1950s and 60s, and further advances in bioengineering of
oxygenators, such as introduction of silicone rubber membrane
oxygenators that could support oxygenation for days rather than
hours, the ECLS was also extended to extracorporeal membrane
oxygenation (ECMO), designed to provide longer periods of
support. It provides augmented oxygenation (venovenous, VV-
ECMO) and/or cardiac output (venoarterial, VA-ECMO) in
patients of all ages who suffer the conditions associated with
cardiopulmonary failure. The application of ECMO has also
expanded to extracorporeal cardiopulmonary resuscitation, and
bridging to lung transplantation, although it has been most
successful in treatment of newborns with severe respiratory
failure (5, 13, 14).
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Ex-Situ Thoracic Organ Perfusion
After the pioneering work of isolated (ex-situ)-perfused heart
method by Cyon in 1866, the method was further adopted for
perfusion of mammal heart by Langendorff in 1895 (3). With the
introduction of isolated working heart preparation less than a
century later in 1967 by Neely and Morgan, ex-situ heart
perfusion (ESHP) has been since widely utilized for studying
the heart (15).

During the recent few decades, ESOP has emerged again for
its potential to preserve donated hearts and lungs in a more
physiologic setting, and offering a venue for assessment and
potentially improvement of donor organs. This technology has
enhanced organ preservation and viability assessment, and has
facilitated transplantation of sub-optimal and extended-criteria
hearts and lungs (2, 16). Still, the optimal ex-situ preservation of
thoracic organs function and viability has been a matter of active
research. Formation of edema and tissue injury, as well as
diminished functional status of the organ during extended ex-
situ perfusion periods, limit the optimal ex-situ preservation
time, and create an obstacle for potential advantages of this
preservation/evaluation method. Meanwhile, the implications of
the artificial materials/surfaces used in ex-situ organ perfusion in
development of cellular injury and stress has been mostly
neglected (3, 17, 18).
SIMILARITIES AND DIFFERENCES
BETWEEN ECLS AND ESOP SETTINGS
AND APPARATUSES

The apparatuses/settings used for ESOP share many aspects with
ECLS, particularly with CPB system. All these systems rely on
artificial, synthetic materials/components including pumps and
oxygenators for supporting circulation and oxygenation.
However, there are obvious differences between those,
including exclusive, isolated perfusion of the procured organ in
ESOP as opposed to systemic perfusion in ECLS, or lesser blood-
air interface in ECMO (closed circuit) compared to CPB. The
similarities and differences of ESHP with ECLS systems are
summarized in Table 1 (4, 5, 19, 20).
INFLAMMATION AND OXIDATIVE
STRESS IN ECLS

It is well-established that ECLS leads to systemic inflammation
and oxidative stress yet, the extent of these phenomena, clinical
significance, and successful therapeutic intervention is still a
matter of debate, mostly due to the significant heterogeneity in
study design (e.g., patient populations), and the conflicting
results observed (5, 21). The highlighted studies on induction
of inflammatory and oxidative stress responses related to ECLS
are summarized in Supplementary Table 1 (22–50). A strong
body of evidence suggests that inflammation and oxidative stress
occur early after initiation of ECLS and progress over time.
March 2022 | Volume 13 | Article 831930
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However, there are studies showing minimal or no change in the
markers of immune system activation during application of
ECLS or a delayed response detectible either later during ECC,
or after its termination. On the other hand, among several
different markers (e.g. cytokines, markers of oxidative stress)
that may be induced in ECLS, only a few of them such as tumor
necrosis factor alpha (TNF-a), interleukin (IL)-8, and IL-6 have
been shown to have a correlation with organ function and/or
patient outcomes (51–54). Regardless, clinical and experimental
studies mostly suggest that the systemic responses precede the
tissue-specific induction of inflammation or oxidative stress at
the institution of ECLS, and pre-existing comorbidities play a key
role in exacerbation of these responses.
INFLAMMATION AND OXIDATIVE
STRESS IN EX-SITU THORACIC
ORGAN PERFUSION

Despite the considerable paucity of data, the few existing studies
by our team and others Supplementary Table 1 suggest that
similar to ECLS, ESOP is also associated with inflammation and
oxidative stress (19, 55, 56). The extent and implications of these
reactions on donor organ viability in ESOP may be critical.
Donor organs routinely endure various ischemic times,
promoting inflammation and oxidative stress, which may be
even more severe in extended criteria donations, such as
donation after circulatory death (DCD). Moreover, the absence
of in vivomechanisms to replenish and refine blood components
in the setting ESOP may make perfused organs more vulnerable
to oxidative stress. The importance of this has been strongly
demonstrated by studies reporting successful, extended 24-hour
and 72-hour ESHP in animal models involving cross-circulation
with a live animal (57, 58), and the recent report on improved
pulmonary function of ex-situ-perfused human lungs with
xenogeneic (porcine) cross-circulation (59).

The limited available studies of ESOP have mainly focused on
mitigation of the inflammatory responses in DCD or static cold
storage (SCS) hearts and lungs that have been subjected to
significant warm or cold ischemic times respectively (60–62).
Thus, they may already be facing severe degrees of ischemia/
reperfusion injury (IRI) during subsequent ex-situ perfusion,
masking the inflammation and oxidative stress related to ECC
Frontiers in Immunology | www.frontiersin.org 3
itself. In the recent experimental studies of ESHP and ESLP by
our team in a porcine model, we observed that perfusion of
healthy hearts and lungs, which had not experienced the insults
related to brain death or circulatory death was also accompanied
by significant induction of various inflammatory mediators such
as various interleukins (ILs) including IL-1b, IL-6, IL-8, IL-18,
and TNF-a and/or markers of oxidative stress such as oxidized
low density lipoprotein (ox-LDL), and malondialdehyde (MDA)
(19, 56, 63). Clarifying the effects of activation of these responses
on the quality of donor organs and eventually the outcomes of
transplantation, warrants more experimental and clinical studies.
THE PATHOPHYSIOLOGY OF
INFLAMMATORY AND OXIDATIVE
STRESS RESPONSES DURING
EXTRACORPOREAL CIRCULATION

The ECLS and ESOP systems, though different in many ways, all
expose the body/organ to various types of non-physiological
conditions, which may affect organ function and viability and
patient outcomes (5, 21, 64). Various alterations are induced to
elements of the blood/perfusate, as well as the exposed tissues/
organs during ECC, which are discussed in the following sections
and are also briefly reflected in Figure 1.
COMPLEMENT & CONTACT
ACTIVATION SYSTEM

According to the Vroman effect, within minutes after the contact
between the blood and the artificial material (biomaterial) of the
circuit, the sequential absorption of plasma proteins starts, with
fibrinogen forming a surface for other plasma proteins to bind to the
biomaterial. These proteins include but are not limited to the
contact activation pathway molecules, albumin, and complement
component protein 3 (C3). Formation of the protein layer on the
biomaterial surface and activation of the complement system, boosts
the interaction between the platelets and polymorphonuclear
leukocytes (PMN) leading to release of different pro-inflammatory
cytokines (65). Activation of the contact system leads to sequential
cleavage of intrinsic coagulation pathway elements and activation of
TABLE 1 | Differences between extracorporeal life support techniques and ex-situ thoracic organ perfusion.

ECMO CPB ESOP

Application of artificial materials/components Yes Yes Yes
Connection to body Connected Connected Non-connected
Duration Days to weeks Minutes to hours Minutes to hours
Hemodilution No Yes Yes
Anticoagulation Low-dose heparin High-dose Heparin High-dose Heparin
Reversal of anticoagulation No Yes (protamine) No
Hypothermia No Yes Variable
Air-blood interface No (closed-circuit) Yes (there are some closed-circuit variants) Yes
Pulsatility Variable with mode No Variable (dependent on device)
March 2022
ECMO, extracorporeal membrane oxygenation; CPB, cardiopulmonary bypass; ESOP, ex-situ thoracic organ perfusion.
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factors XII-X, leading to activation of intrinsic coagulation
pathway and production of kallikrein and bradykinin (Figure 1).
Increased concentrations of kallikrein and bradykinin can
stimulate the release of cytokines and nitric oxide (NO) from the
neutrophils and promote inflammation (5, 66). The activated
factor X (Xa, common factor between intrinsic and extrinsic
coagulation pathways) converts prothrombin to thrombin.
Despite administration of heparin, thrombin is formed during
extracorporeal circulation, and links coagulation with inflammation
as it activates endothelial cells and induces production of ROS,
selectins (on platelets and endothelial cells) and platelet activating
factor, activates neutrophils and platelets and induces production
and release of pro-inflammatory cytokines including IL-1a, IL-6,
and IL-8 (5, 67, 68).

During ECC, activation of the complement system triggers
inflammatory responses and increases capillary permeability and
changes in vascular tone. The circulating products of
complement system activation and cleavage, including cleaved
compartments 3, 4, and 5 (C3a, C4a, and C5a, anaphylatoxins),
can activate platelets and endothelial cells. Of the three initiating
pathways of complement activation, the classical pathway (CP)
Frontiers in Immunology | www.frontiersin.org 4
and lectin pathway (LP) are induced by antigen-antibody
complex formation, while the alternative pathway (AP) can be
directly induced by the contact with the biomaterial of the
circuit. The AP seems to be the main pathway activated during
CPB, as a result of the contact of the blood with biomaterial of
the circuit and cleavage of C3 (activation of the common
complement pathway). However, the CP can also be activated
during ECC due to the activation of the complement protein C1
by factor XIIa of the activated contact system, protamine-heparin
complex formation (after administration of protamine at the end
of CPB to prevent bleeding), and endotoxin released from the
intestine during ischemia and reperfusion (6, 65).

Compared to CPB, there is a significant gap in the literature
about the complement system activity during ECMO and its
effects on the outcomes of the patients, despite the ECC times
being usually longer in ECMO. Moreover, most of the existing
literature are from the 1990s with much older technology (older
versions of pumps and oxygenators). In the few existing, more
recent studies on ECMO, a fairly rapid elevation in the
concentrations of the complement system components has
been reported (69, 70).
A B

FIGURE 1 | Summary of the pathophysiologic conditions occurring during extracorporeal circulation. (A) Artificial biomaterial of the circuit (B) Vascular system of the
organs AM, adhesion molecules; Br, bradykinin; C, complement compartment, c, cytokines; Cu, copper; Fe2+, ferrous ion; Fe3+, ferric ion, FI, free iron; H2O2,
hydrogen peroxide; He, heme; FIX, factor-9; FX, factor-10; FXI, factor-11; FXII, factor-12; K, kallikrein; Mn, manganese; NO, nitric oxide; O2, oxygen; OH

-, hydroxyl;
OH., hydroxyl radicalPaO2, partial pressure of arterial oxygen; PK, pre-kallikrein; pTh, prothrombin; RONS, reactive oxygen and nitrogen species; s, selectins; Se,

selenium; Th, thrombin; VitC, vitamin C; Zn, zinc; , monocyte; , neutrophil; , red blood cell.
March 2022 | Volume 13 | Article 831930
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There is a distinct paucity of literature on the activation of the
complement system related to ex-situ perfusion, despite these
platforms being used to study the contribution of complement
activation and inhibition in the pathophysiology and outcomes
of IRI.
BLOOD CELLS AND ENDOTHELIUM

Platelets
In 1995, Gemmell et al. showed that the contact of the blood with
biosynthetic surfaces massively activated platelets, even in the
presence of an anticoagulant (71). Platelet activation, triggered
by tissue factor-induced thrombin, and carried on through the
protease-activated receptors (PAR) on the platelet surface, leads
to massive production of thrombin and thus further exacerbates
the inflammatory response (65). In addition to thrombin as the
main platelet activating factor, complement activation (through
CP), and physical characteristics of the circuit also contribute to
activation of platelets (5, 72).

Platelets, neutrophils, and endothelial cells interact mainly
through CD40 on endothelial cell and CD40 ligand (CD40L)
expressed on activated platelets. These interactions facilitate
tissue migration of neutrophils and induce production, and
release of chemokines and adhesion molecules in endothelial
cells. Also, during ECC, the number of circulating, activated
platelets bound to PMNs and monocytes increase, possibly
triggering the pro-inflammatory effect of these immune cells
(73, 74). Additionally, the activation of platelets may cause shape
alterations leading platelets to release the contents of their
granules into the circulation, including various chemokines
such as chemokine (C-C motif) ligand 3, 5, 7, 17 and
chemokine (C-X-C motif) ligand 4, 5, 7, and 8), pro-
inflammatory cytokines such as IL-1b and CD-40 ligand, and
adhesion molecules such as von Willebrand factor, and P-
selectin, which can further promote the inflammatory response
to ECC by other platelets, leukocytes and endothelial cells (5, 75).

Red Blood Cells and Hemolysis
Particularly in smaller patients, ECLS involves transfusion of
significant amounts of packed red blood cells (pRBCs) that may
play a key role in induction of oxidative stress, particularly with
aged pRBC, which typically contain lower levels of elements
supporting the antioxidative defence of the cell, such as selenium
(Se) (67). Hemolysis occurs inevitably, in a time-related fashion
during ECC due to the blood passing through different artificial
compartments of the circuit, including the oxygenator, pump,
and reservoir, at varying speeds (76, 77).

Lysed RBCs release cell-free hemoglobin, haem and iron.
Being potent damage association molecular patters (DAMPs),
cell-free haemoglobin and haem will induce or exacerbate
inflammatory responses and oxidative stress through triggering
innate immunity, complement system, and endothelial cells
contributing to end organ damage. Additionally, the Fenton
reaction, converting haem-iron from a ferrous to ferric state,
generates highly active hydroxyl radicals that further promote
Frontiers in Immunology | www.frontiersin.org 5
oxidative stress and related modifications to lipids and proteins,
altering the cellular membrane polarity and permeability,
making the cells more susceptible to lysis (67, 78, 79).
Furthermore, RBCs release various pro-inflammatory cytokines
and chemokines to the circulation as a result of hemolysis,
or stress responses in intact cells. These inflammatory molecules
include but are not limited to IL-1 family, TNF family, IL-6,
interferon (INF)-a2 and INF-g, and C-C motif chemokines (such
as monocyte chemoattractant protein-1 (MCP-1), and MCP-3)
and C-X-C motif chemokines (such as IL-8) (80).

Scavenging systems, including organs such as the liver and
spleen that uptake and metabolise the haemopexin complex,
monocytes and tissue macrophages that uptake haemoglobin-
haptoglobin complex, and various antioxidative enzymes such as
haem oxygenase-1 (HO-1) at least partially temper hemolysis-
related pathophysiologic conditions. However, when the
hemolytic insult is severe, the defensive systems may become
exhausted or diminished and incapable of preventing pathologic
conditions related to hemolysis (78, 81).

In ESOP, there has been an ongoing effort to replace the
blood-based perfusates with acellular ones, aiming to eliminate
dependence on donor blood and the problems associated with
banked blood as well as bypass hemolysis and related problems
(82–84). Kappler et al. have shown that during four-hour ESHP
in a porcine model, the free hemoglobin in the perfusate
increased throughout the perfusion by approximately
0.02 mmol/L per hour (85).

Theoretically, the ex-situ-perfused thoracic organs may be
more vulnerable to the hemolysis-related redox and
inflammatory alterations due to absence of the organs involved
in scavenging hemolysis products, and possible diminished
antioxidant defence particularly in longer ex-situ perfusion times.

Leukocytes
In general, similar to the other pathologic inflammatory
conditions, leukocytes are considered one of the main players
in the inflammatory and oxidative stress responses induced
during ECLS.

During application of ECLS, neutrophils and monocytes are
activated mainly as a result of activation of complement system.
Several other factors, including the contact system, thrombin,
histamine, heparin, cytokines, neutrophil-activating peptide 2
released from activated platelets, and interactions with platelets,
also contribute to the activation of neutrophils. In addition,
thrombin triggers monocyte activation both directly (through
thrombin receptors on monocytes) and indirectly, (by triggering
formation of platelet-monocyte conjugation, similar to the
complement system) (86, 87). Activated neutrophils release
the contents of their granules, including lysozymes,
myeloperoxidase, elastase, hydrogen peroxide, and reactive
oxygen and nitrogen species (RONS) (6, 53, 64, 73). Similarly,
during ECLS, activated monocytes (also increased in number)
produce and release various pro-inflammatory cytokines
including TNF-a, and IL-1b, and prostaglandins mainly with
inflammatory effects such as prostaglandin (PG)-F2a and PG-E2
(88–90). While non-classical monocytes induce oxidative stress
in the vascular system and cause endothelial dysfunction,
March 2022 | Volume 13 | Article 831930
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intermediate monocytes may be involved in induction of the
systemic inflammatory responses related to ECC (91).
Paradoxically, some monocytes express haemoglobin scavenger
receptor (CD163) and may exert anti-inflammatory effects by
removal of the potent pro-oxidant haemoglobin-haptoglobin
complexes formed due to hemolysis during ECC (92).

In clinical ECLS studies, observations regarding lymphocytic
sub-populations have been conflicting. While some studies have
reported no change in either the number of lymphocytes, or their
activation during application of ECLS (6, 93, 94), others report
evidence of an initial increase in the absolute number T-cells,
natural killer cells, and suppressor T-cells during ECLS, followed
by a reduction to lower than normal values in the days after
ECLS is discontinued (95). Evidence on the alterations in other
subpopulations of leukocytes during ESOP is currently lacking.

Endothelial Cells
The endothelium is an active player in different physiologic
functions, including controlling vascular tone and permeability,
hemostasis, and immune system responses. Conditions that are
related to inflammation and oxidative stress (such as ECC), lead
to stimulation and activation of the endothelial cells similar to
SIRS (5, 96).

Stimulated by various factors including anaphylatoxins,
thrombin, and pro-inflammatory cytokines (most potently TNF-
a and IL-1b) during ECLS, the expression of P-selectin and E-
selectin on the surface of endothelial cells, and L-selectin of
neutrophils increase, mediating the low-affinity, reversible rolling
of the neutrophils along the vascular endothelium. Further
interactions between the endothelial cells and leukocytes
mediates transmigration of leukocytes into the extravascular
compartment and exacerbation of the inflammatory responses
(6, 93). On the other hand, the neutrophil elastase introduced into
the endothelial cells leads to generation of superoxide anion by
xanthine oxidase. Production of superoxide anion in turn reduces
the intracellular ferritin-bound ferric iron (Fe3+) to unstable
ferrous iron (Fe2+) that will cause/exacerbate oxidative stress
through the Fenton reaction. The production of NO by nitric
oxide synthase (NOS), which decreases the adhesion between
neutrophil and endothelial cells, and scavenges superoxide to
create peroxynitrite anion, partially compensates for this.
However, in high concentrations or longer exposure times,
peroxynitrite may directly incorporate a nitro group (−NO2) to
various tyrosine (Tyr) residues of different proteins/enzymes.
Some of these residues include the tyrosines located near
charged amino acids or on a loop structure, Tyr34 in
manganese superoxide dismutase (MnSOD) and Tyr430 in
prostacyclin synthase. This Incorporation can inhibit/alter their
enzymatic function and structure and negatively affect normal
cellular processes (97–99). The circulating pro-inflammatory
cytokines can also directly stimulate endothelial cells leading to
a pathologic increase in permeability causing tissue edema and
impaired oxygen exchange causing multiple organ dysfunction
(4, 5, 97).

Endothelial damage is accepted as an important phenomenon
occurring during ESLP, that can decrease the quality of the
Frontiers in Immunology | www.frontiersin.org 6
potential lung graft. The limited data have reported induction of
various markers of endothelial activation and damage, including
intracellular adhesion molecule-1 (ICAM-1), vascular cell
adhesion molecule-1 (VCAM-1), syndecan-1, hyaluronan, and
heparan sulphate in the perfusate during

ESLP of human lungs, which had a negative correlation with
the outcomes of preservation and transplantation (100–102). In a
recent experimental ESHP study of healthy porcine hearts by our
team, we demonstrated that the perfusate soluble ICAM-1 and
VCAM-1 significantly increased over time alongside different
pro-inflammatory cytokines, while the cardiac function and
vascular tone (measured by increased coronary flow)
decreased, and myocardial tissue developed significant edema
(19). These observations strongly suggest an interaction between
ECC, inflammation, activation and damage of the coronary
endothelial cells, and the functional decline of the ex-situ-
perfused organs.
CYTOKINES

Activation of the innate immune system by pathogens or cellular
stressors/stimuli or tissue damage results in the production of
pro-inflammatory cytokines that may be accompanied by anti-
inflammatory cytokines including IL-10 (66). Cytokines are
small-sized proteins with an integral role in immune system
responses. Besides, they have various functions in the cell
including signaling (5, 103). Generated in clusters, cytokines
not only stimulate other cells (immune and non-immune) and
alter their function and/or structural integrity, but also induce
the production of more cytokines leading to aggravated
concentrations of circulating cytokines known as “cytokine
storm” (5, 66, 104). The severely induced immune system and
high cytokine concentrations cause cellular damage,
compromises organ function, and may lead to multiple organ
dysfunction syndrome and death (66, 105). As discussed earlier
in the manuscript, and demonstrated in the Supplementary
Table 1, various cytokines have been reported to increase in the
setting of ECLS and ESOP. Evidence suggests that the high level
of cytokines induced in ECLS is associated with poor short-term
and long-term patient outcomes (105–107). Despite the known
effects of cytokines in further induction of the immune system
and inflammatory and oxidative processes, the effects of cytokine
removal during ECLS have been unclear. While application of
the technique of cytokine removal with hemoadsorption
(CytoSorb device) has been reported to be safe, its beneficial
effects on cytokine removal and patient outcomes have been
debatable in both CPB and ECMO studies. In a pilot study, Poli
et al. reported that using the CytoSorb device during CPB did not
decrease pro-inflammatory or anti-inflammatory cytokines, and
did not improve clinical outcomes (108). Similarly, Bernardi et
al. reported that application of the CytoSorb during CPB in
patients undergoing cardiac surgery was not associated with a
decrease in the level of pro-inflammatory cytokine IL-6,
catecholamine requirements, or 30-day mortality (107). Stupica
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et al. showed that corticosteroid treatment during cardiac
surgery with CPB led to significantly lower circulating levels of
IL-6, IL-8 and TNF-acompared to CytoSorb-applied group, and
naïve CPB control group. Yet, the reduction of cytokine values
did not improve clinical outcomes, including cardiac function, in
any of the groups (109). However, Nemeth et al. showed that
while cytokine adsorption during cardiac transplantation surgery
and CPB did not diminish the inflammatory responses but was
associated with a tendency to improve patient outcomes such as
shorter mechanical ventilation and hospital and ICU stay, as well
as lower vasopressor requirements (110).

In a case report by Bruengar et al. ECMO support in a patient
with cardiogenic sepsis shock, hemoadsorption with CytoSorb
successfully removed IL-6 along some other inflammatory
molecules such as C-reactive protein, and lead to lower than
the usual need for vasopressor agents (111). However, Lother et
al. showed that incorporation of cytokine adsorber into the
ECMO circuit did not change the vasopressor or inotrope
requirements in critically ill patients (112).

It must be remembered that in the ECLS setting the baseline
cytokine levels, duration of ECLS, duration of application of
hemoadsorption, as well as genetics and original condition and
diseases of the patients affect the levels of cytokines (103, 113).
Additionally ECMO is mostly applied in critically ill patients
with an ongoing inflammatory state related to the underlying
diagnosis, thus, the effects of cytokine removal during ECMO
may not be attributable to attenuation of the circuit-related
cytokine production, but rather the original inflammatory
responses related to the illness.

In contrast to ECLS, much less is known about the effects of
circulating cytokines produced during ESOP on the outcomes of
organ perfusion and eventually transplantation as only a few
preclinical studies have made conflicting observations. Kakishita
et al. showed that removal of cytokines from the perfusate with
an absorbent membrane during ESLP of porcine lungs did not
improve pulmonary functional status or edema formation (8).
On the other hand, in a pig model Iskender et al. showed that
cytokine removal by an absorbent device (CytoSorb) during 12
hours ESLP reduced lung tissue injury and edema, tissue
neutrophil infiltration and improved compliance (18). To our
knowledge there are currently no studies investigating the effects
of active cytokine removal with techniques such as CytoSorb
during ESHP. However, Sanda et al. showed that reduced
concentrations of circulating cytokines with adding
methylprednisolon to the perfusate in a DCD pig model of
ESHP did not improve the functional status of the heart
during ESHP (61).

Theoretically, circulating cytokines during ESOP not only
may directly damage the donated organs and negatively affect the
outcomes of transplantation, but also can make it difficult to
assess the viability of the perfused organ in case of a cytokine-
related reversible functional decline. Moreover, in any of the
discussed settings, it is almost impossible to support a single type
of cytokine as the one responsible for inflammation-related
effects. Moreover, it must be taken into account that despite
being an important force in inflammatory and oxidative stress
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responses, cytokine production is merely one aspect of the highly
sophisticated, orchestrated immune and stress responses (5,
103). Thus, robust preclinical, clinical, and transplantation
studies are necessary to evaluate the direct effects of circulating
cytokines during ECLS and ESOP and the potential benefits of
focused cytokine removal.
HYPEROXIA

Hyperoxia is considered as one of the main reasons behind
generation of ROS and oxidative stress during ECLS, and occurs
routinely during CPB as a result of the aimed supra-physiological
partial pressure of oxygen (PaO2) in an effort to prevent hypoxia
(67, 114). The oxidative stress caused by hyperoxia serves to
further exacerbate inflammatory responses seen during CPB
(114). Clinical studies on pediatric patients have suggested that
hyperoxic CPB (PaO2: 150 to180-200 mmHg) -related induction
of pro-inflammatory cytokines, markers of oxidative stress (such
as 8-isoprostane) and markers of tissue injury (i.e., DAMPS, such
as protein S100) may be more severe in cyanotic patients (e.g.,
single ventricle pediatric patients). However, while the plasma
pro-inflammatory cytokines may not be different between
hyperoxic and normoxic CPB in non-cyanotic patients,
hyperoxic CPB may still cause higher oxidative stress and
tissue damage (115, 116).

In general, a considerable number of the patients undergoing
ECMO are hypoxic/hypoxemic before the application of ECMO
(e.g.' as a result of acute respiratory distress syndrome) thus, the
hyperoxia during ECMO may be lead to an exaggerated
production of RONS (117). Also, hyperoxia is a more
prominent condition in venovenous ECMO (VV-ECMO)
where the hyperoxic blood returns to the venous system,
directly perfusing the damaged pulmonary vessels (21).
Experimentally, a positive correlation has been observed
between the tissue expression of markers of oxidative stress,
with PaO2 during ECMO (118). Also, higher expression of pro-
inflammatory cytokines and pulmonary tissue edema, and lower
expression of the anti-inflammatory IL-10 in PaO2 ≥300 mmHg
compared to PaO2 100-299 mmHg during 120 minutes of
ECMO has been observed (119). Clinically, it has been
suggested that PaO2 ≥193 mmHg during the first 48 hour of
ECMOmay be associated with higher risk of mortality, and some
adverse outcomes, such as need for renal dialysis (120, 121).

The optimal PaO2 is even more uncertain in ESHP. During
the 20th century, ESHP was conduced with blood-free perfusates
that would maintain a pH of 7.40 using 95% oxygen flow and
PaO2≥450 mmHg that was much higher than physiologic values
(PaO2:75-100 mmHg). Later, with addition of RBC to the
perfusate to reach a hematocrit of 35%, the oxygen delivery of
the perfusate to the heart improved with more physiologic values
of PaO2 (122). More recently, in the experimental studies using a
RBC-containing perfusate (either whole blood or separated
RBCs), the PaO2 is maintained mostly in the range of
100≤PaO2<200 mmHg, which is able to provide a
physiological oxygen saturation (20, 123, 124). Interestingly, in
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ESLP, while most common approach in ESLP has been using a
deoxygenated perfusate containing 6% oxygen, In a rat model of
ESLP and lung transplantation, Noda et al. demonstrated that
the perfusate containing 40% or 60% oxygen, when compared to
6%, or 100%, showed significantly lower inflammation
expression of the inflammatory cytokine genes in the lung
tissue during ESLP, while the group with 40% oxygen in
perfusate showed the best post-transplantation pulmonary
function (125). These results suggest that potentially, while
hyperoxia may simply refer to administration of oxygen in
percentages higher than room air (FIO2>21%) it is yet to be
well defined as it has been described it in a wide range by
different studies (100>PaO2≥485 mmHg). More over, the
efficient and safe oxygenation values may highly depend on the
setting, pre-existing conditions, and in the case of ESOP,
depending on the organ’s specific needs, thus more studies are
warranted to define the safe and efficient oxygenation values in
different types of ECC.
ISCHEMIA-REPERFUSION INJURY

The pathophysiology of the IRI has been well described before
(126, 127). With cross-clamping the aorta and application of
cardioplegic solution during cardiac surgery involving CPB, the
heart undergoes global ischemia. Also, not only do the lungs
become partially ischemic as a result of loss of flow through the
bronchial arteries, the peripheral organs may be subjected to
global hypoperfusion. The abrupt reperfusion with removal of
the cross-clamp leads to IRI, affecting the patients outcomes
negatively (6, 128).

The application of ECMO is not necessarily associated with
IRI. Though, given the indications of ECMO (respiratory and/or
cardiac failure), the organs may have been subjected to different
degrees of ischemia/hypoxia and hypoperfusion, thus the
hyperoxic perfusion via ECMO leads to massive production
of RONS that contribute significantly to exacerbation of
oxidative stress and inflammatory responses (67). Electron spin
resonance spectroscopy evaluation has suggested that production
of the reactive oxygen occurs throughout the application of
ECLS, going beyond the RONS production in the context of
IRI (129).

In ESOP, when compared to standard donor organ
preservation method (i.e., SCS), the duration of cold ischemia
is considerably shorter. However, ischemia still occurs with the
hypoperfusion period following the withdrawal of the life
support in the donor, during procurement of the organ, and
during mounting of the organ on the ex-situ perfusion apparatus
(20). More over, in case of DCD, longer warm ischemic times are
expected due to the mandatory “no touch” period that is required
to confirm the irreversible loss of circulatory function before
organ procurement proceeds. Thus, the ex-situ-perfused organs
are naturally affected by IRI during early perfusion and may also
further trigger inflammatory responses and tissue damage that
will follow during ex-situ perfusion (130, 131). IRI in the setting
of ESOP is a contributor to ROS during early perfusion.
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ABSORPTION OF ANTIOXIDANTS/
DECREASED ANTIOXIDATIVE POTENTIAL

Growing evidence suggest that the bioavailability of micronutrient
and trace elements such as copper, zinc, selenium, manganese,
necessary for the function of the antioxidative enzymes, as well as
the non-enzymatic antioxidants such as, uric acid, vitamins C and
E, decrease during ECC (132–134). The decreased values of
micronutrients/trace elements during ECC may be related to
acute-phase redistribution as a result of the increased
inflammatory response, absorption to the ECC circuit, and
excretion in bodily fluids/perfusate (21, 67, 133). Such a decline
can lead to exacerbation of inflammatory responses and oxidative
stress and related damage to the exposed tissues/organs. The status
of micronutrients and trace elements during ESOP and its
association with inflammation and oxidative stress and
outcomes of ex-situ organ preservation and transplantation has
been almost unexplored so far. In a porcine model of extended
ESLP for 24 hours, Buchko et al. showed that continuous
supplementation of the perfusate with the total parenteral
solutions that also contain micronutrients, lead to lower
inflammation, and improved graft function compared to the
controls, however, the specific effects of the micronutrients/trace
elements had not been explored (135). Also, to our best
knowledge, there is no data available on the potential alterations
in the levels of micronutrients and trace elements during ESHP,
and implications of their decline, or supplementation on the
preservation of the donated heart during ESHP, or the outcomes
of transplantation.
CLINICAL SIGNIFICANCE OF
INFLAMMATION AND OXIDATIVE STRESS

Despite the induction of inflammatory responses and oxidative
stress during ECLS being reported frequently, the clinical
significance of these findings has been a matter of debate, since
the existing data is very limited, and is mostly related to preclinical
studies. Among a vast range of the markers of inflammation and
oxidative stress reported to increase during or after ECLS, IL-6, IL-
8 induced during CPB have been associated with higher incidence
of post operative cardiac dysfunction, infection, and longer ICU
and hospital length of stay, with Il-6 specifically being associated
with pulmonary dysfunction after CPB. Similarly, increased levels
of IL-6, IL-8, and TNF-a are reported to be associated with higher
in hospital mortality in patients undergoing ECMO, particularly
VV-ECMO (4).

In the ESOP setting, it has been demonstrated that lower
induction of the markers of inflammation and/or oxidative stress
in tissue and/or the perfusate during ex-situ perfusion is associated
with better preservation of functional status of the perfused heart or
lung in preclinical studies (56, 136). Andreasson et al. have
reported that lower levels of inflammatory cytokines in the
perfusate and BAL in ESLP of a group of human donor lungs
initially deemed non-transplantable, was associated with better
recovery during ESLP and subsequent successful transplantation.
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Their findings suggest a predictive value for combined perfusate
IL-8 and IL-1b during ESLP for prediction of the early outcomes of
lung transplantation (137). In a single center study by Sage et al. a
scoring system based on the perfusate levels of IL-6 and IL-8 can be
used to predict the early outcomes of lung transplantation
including the incidence of primary graft dysfunction (138).
Although these studies provide very useful information about the
implications of inflammation and oxidative stress-induced during
ESLP on recovery of the lungs during ESLP and the outcomes of
transplantation, the results may also be affected by the variables
related to the donor’s organ characteristics and recipient factors. In
the setting of ESHP, preclinical studies report induction of the
markers of oxidative stress and inflammation during ESHP in both
perfusate and myocardial tissue even in the negligible damaged
animal hearts (as opposed to DCDmodels) (19, 63, 139), even with
a leukocyte-depleted perfusate (140). In a study of ESHP of DCD
rat hearts by Lu et al., melatonin attenuated the induction of IL-
11b, IL-18, IL-6 and TNF-a as well as the markers of oxidative
injury such as malondialdehyde and 4-hydroxynonenal in the
myocardial tissue, resulting in superior functional status (141).
However, in a DCD porcine model of ESHP, Sandha et al. showed
that attenuating of the induction of the inflammatory responses
during ESHP, although lead to lower edema formation in the heart,
was not associated with improvement of myocardial function
during ESHP. This observations may be at least partially related
to the warm ischemic insult occurring around the procurement
time in DCD, and not exclusively reflecting the effects of ECC. Yet,
there is a scarcity of data on the implications of these responses on
the outcomes of ESHP and heart transplantation in preclinical
studies, and to our best knowledge, there is no clinical data on this
issue. More studies, with adjustment to the donor and recipient
conditions are warranted to evaluate the clinical significance of
these phenomena that occur during ESHP on the outcomes of
subsequent heart transplantation.
TARGETING INFLAMMATION AND
OXIDATIVE STRESS IN
EXTRACORPOREAL CIRCULATION

Circuit Optimization
With the identification of inflammation and oxidative stress in
ECLS, attention was turned to 1) determining the components of
the circuit that may have a prominent role in this phenomenon,
and 2) how to improve the general aspects of the circuits to
prevent or minimize these effects.

The surface modification of the circuit, intended to replicate
the anti-thrombotic and anti-inflammatory properties of the
endothelium, include application of biomimetic surfaces (e.g.'
using heparin or direct thrombin inhibitors), biopassive surfaces
(e.g.' using phosphorylcholine, or albumin), as well as more
experimental attempts at endothelization of circuit components
(142–144). Both ECLS and ESOP systems typically make use of
polyvinyl chloride (PVC) tubing (with the latter taking the lead
from the former).
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The most commonly used biomimetic approach, which seeks
to replicate the antithrombotic and anti-inflammatory properties
to endothelium, is heparin-bonding. Though there has been little
direct study of heparin-bonding in ESOP circuitry, it has been
shown to reduce cellular activation and release of inflammatory
mediators in clinical studies of ECLS, as well as in vivo models,
and is even associated with improved clinical outcomes, such as
decreased ICU stay and lower rates of post-operative atrial
fibrillation (145–148). Priming the circuit with a heparin-
albumin solution can have a similar effect, given the capacity
of PVC to absorb plasma proteins (149). Nitric oxide (NO)-
bounded materials have also been used in ECLS as a means to
prevent platelet activation and aggregation (150). Though, their
direct effect on inflammation has not been well studied, they are
known the have inherent bactericidal properties (151).

Biopassive approaches, by contrast, seek to make the circuitry
more inert . A common technique is coat ing with
phosphorylcholine, the main phospholipid component of cell
membranes. It is thought that their formation of a biomembrane
surface leads to reduced thrombin formation, though their effect on
inflammation is not well known. Plasticisation of circuit
components with the amphiphilic polymer, poly-2-
methoxyethylacrylate, has also been shown to reduce platelet
adhesion and aggregation in ECLS, as well as decrease
complement activation and inflammatory markers (152–154).

Considering the aforementioned, currently the best evidence
exists for heparin-coated and third-generation heparin-polymer
coated ECLS circuits (commercially-available), which have been
shown to improve biocompatibility and attenuate inflammation,
in both experimental and clinical studies, by suppressing various
pathways involved. They have even been directly linked to
improved clinical outcomes, though they are more expensive
(142–144).

Application of miniaturized extracorporeal circuits (MECC),
with lower surface area compared to conventional circuits
(shorter tubing length, eliminated venous reservoir and suction
device), being fully closed to prevent air-blood interface (even as
a CPB circuit), and lower requirements for priming volume and
blood transfusion, has been associated with significantly lower
inflammation and oxidative stress. The patient outcomes using
MECC circuit have been either similar with the conventional
circuit, or have shown some beneficial effects including lower
incidence of post-operative atrial fibrillation (AF), myocardial
infarction, renal failure, and shorter duration of ICU stay and
intubation time. However, they may not be suitable for highly
complicated procedures/surgeries (21, 64, 155, 156).

Regardless of the size of the circuit, there is limited data on the
relative contribution of each circuit component to initiating
inflammation and oxidative stress. It has been suggested that
using smaller oxygenators and connectors, smaller pumps
needing higher pump speeds, and additional in-line filters are
associated with higher shear stress and hemolysis during
perfusion, exacerbating oxidative stress and inflammation
(67, 157).

There is very limited scientific data on the effects of circuit
optimization in ESOP. This may be partially related to the fact
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that the concept of clinical ESOP with modern technology as a
method for preservation and potential recovery of donor heart
and lung is still in its infancy. Moreover, there is incredible
variability in the custom-built circuits used in experimental
studies on ESOP, also affected by the size of the experimental
animal model used (3, 158) making it very difficult to evaluate/
compare these circuits and their individual components for
induction of inflammation/oxidative stress during perfusion.
While there are currently four different devices commercially
available for clinical normothermic ESLP, there is only one for
clinical normothermic ESHP (3, 159). Studies using clinically
relevant platforms and circuits are necessary for evaluation of
biocompatibility in ESOP setting in terms of reducing
inflammation and oxidative stress.

Leukocyte Filtration
Considering the importance of the role attributed to leukocytes
in induction of inflammatory and oxidative stress responses
during ECC, eliminating this phenomenon is believed to bear a
critical potential for protection of the organs in this setting.
Continuous leukocyte filtration with arterial line filters
incorporated into the circuit has shown mixed results in terms
of attenuation of inflammation, oxidative stress, and organ
dysfunction during and after CPB. It has also been reported
that placing the leukocyte filter in venous line, while still
efficiently filtering the leukocytes, may cause lower leukocyte
damage and thus, better attenuate inflammation (160–164).

In critically ill neonates placed on ECMO, transfusion of
leukoreduced blood via leukocyte filtration is associated with
improvement of patient outcomes, including survival (165, 166).
On the other hand, prolonged leukocyte filtration, despite
continuous reduction of circulating leukocyte count, may
increase hemolysis and leukocyte damage, which can induce or
exacerbate inflammation and oxidative stress. However, it is
difficult to isolate the effects of leukoreduction in ECMO, as
they may simply be related to the underlying condition (167).

Leukocyte filters are routinely incorporated into ESLP circuits
to attenuate ECC-induced inflammation and oxidative stress
(168). However, existing experimental studies have shown
contradictory results in terms of attenuating inflammation and
improving the outcomes of organ preservation and
transplantation (55, 56, 168). Interestingly, our group has also
reported similar number of trapped leukocytes in the leukocyte
filter between cellular and acellular perfusates, and comparable
histological findings between ESLP with or without leukocyte filter
(168). These findings may suggest that either most of the cells
trapped in the leukocyte filter during ESLP originate from the lung
and/or the efficiency of leukocyte filter in ESLP is sub-optimal.

In clinical ESHP, leukoreduced donor blood is routinely used
for the perfusate to prime the circuit (169). Leukocyte reduced or
depleted perfusate (either using leukocyte filters or centrifuged
blood) has been also frequently used in experimental ESHP
studies, aiming to reduce inflammation and oxidative stress
(57, 123, 170). However, our group has shown that ESHP with
either a leukocyte filter or a perfusate containing leukocyte
depleted blood is still accompanied with considerable systemic
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and tissue inflammation and oxidative stress during perfusion
without benefiting functional preservation (19, 140).

Pharmacological Interventions
The optimal pharmacological prevention/attenuation of the
inflammation and oxidative stress in the setting of ECC is still
a matter of debate. The studies performed to address this
phenomena, have applied various agents belonging to the
general class of anti-inflammatory medications, as well as the
experimental agents. Interestingly while most of these studies are
performed in the clinical CPB setting, there a paucity of studies
targeting inflammatory and oxidative responses in ECMO, or
ESOP. The most widely studied agents in the setting of ECC have
been discusses in the following sections.

Corticosteroids
The prophylactic administration of steroid, with the aim of
improving the post-operative patient outcomes in surgeries
involving CPB, has shown mixed results in clinical trials
Supplementary Table 2. Multiple studies have found that
corticosteroid-related attenuation of the inflammation and tissue
injury and oxidative stress, is associated with improvement of
post-operative contractile function of the heart, lower incidence of
post-operative atrial fibrillation (AF), decreased requirement for
ventilator and circulatory support, and shorter length of hospital
and ICU stay without increasing the risk of infections (171–180).
Still, some other studies have not detected any beneficial effects for
corticosteroid administration in improving post-operative
primary and secondary outcomes (173–176, 180). Despite the
mixed findings, meta-analytical studies suggests that prophylactic
corticosteroids in patients undergoing cardiac surgery involving
CPB significantly decreases the length of stay in ICU and hospital
and incidence of post-operation AF in both adult and pediatric
patient populations, and decreased inflammation has been
suggested to be one of the key element in these effects (181–
183). The prophylactic steroid administration in this setting is
currently recommended by the American Heart Association and
the American College of Cardiology (184).

Corticosteroids (mainly methylprednisolone) are also
commonly administered in critically ill patients undergoing
ECMO, where they are believed to provide benefit through
reducing the systemic inflammatory response and compensating
for any cortico-adrenal insufficiency. The related clinical trials in
general have supported its effect in improving secondary outcomes
such as decreasing the need for mechanical ventilation and the
length of ICU stay alongside decreasing the inflammatory
responses. Moreover, a meta-analysis by Meduri et al. showed
that decreased values of inflammatory cytokines in critically ill
patients with ECMO who were treated with methylprednisolone
for a prolonged period, and early during the course (for more than
two weeks, starting in the first two weeks) was also associated with
reduced incidence of in-hospital mortality (185, 186)

The addition of corticosteroid (methylprednisolone) to the
perfusate during EVOP has been a traditional approach in both
experimental and clinical protocols for ESOP (56, 187, 188). The
main reason for this intervention has been the attempt to
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attenuate/prevent the deleterious effect of IRI and related
inflammation and oxidative stress that donated organs are
subjected to due to ischemia and other stresses occurring
during the process of donation and organ procurement. In a
rat model of brain death and ESLP, Van Zanden et al. showed
that the addition of methylprednisolone to the perfusate led to
lower expression of IL-6 and IL-1b genes in the tissue, and lower
perfusate IL-6 and improved positive inspiratory pressures
compared to controls (189). In a study by Martens et al.
administration of methylprednisolone both before the arrest,
and during the ESLP in a DCD porcine model led to a significant
reduction in IL-1b, IL-8, and TNF-a, together with superior
pulmonary compliance in treated lungs compared to the
controls. However, the results of this study might have been
also affected by pre-arrest administration (preconditioning) of
the organs by methylprednisolone, rather than only targeting the
inflammatory responses during ESLP (190). Conversely, In the
setting of ESHP, the few existing experimental studies have
reported little or no beneficial effects for corticosteroids added
during ESHP in preventing cardiac functional decline, tissue
damage or edema during perfusion (61, 191). However the
addition of corticosteroids to the perfusate during ESOP, has
been considered as a safe and inexpensive attempt to attenuate
the inflammation in the perfused hearts and lungs, regardless of
the donation condition and basic status of the donated organ.

Statins
During the past few decades the anti-inflammatory and
antioxidative effects of statins has been recognized (192, 193).
Clinical trials and meta-analyses have suggested that preoperative
prescription of a statin in patients undergoing cardiac surgery with
CPB can attenuate the inflammatory responses and tissue damage
induced by extracorporeal circulation, and may improve patient
outcomes (4, 193, 194). However, a more recent meta-analysis by
An et al. revealed that preoperative administration of statins has
the beneficial effect of decreasing the incidence of post-operative
AF, but not myocardial infraction or stroke in patients undergoing
cardiac surgery requiring CPB (195). Interestingly, the meta-
analysis by Putzu et al. suggested an increased risk of acute
kidney injury and in hospital mortality with preoperative statins,
while the earlier meta-analysis by this group also failed to show
any improvement in patient outcomes such as mortality and
incidence of post-operative AF (4, 196, 197).

Statins have been also used adjacent to VV ECMO for
treatment of respiratory pathologies such as ARDS (186),
however the effect of statins on inflammatory and oxidative
stress occurring during extracorporeal circulation has not been
investigated. Similarly, in ESHP, statins have been investigated to
attenuate myocardial IRI for their anti-inflammatory and
antioxidant effects, and have shown beneficial effects for this
purpose (198, 199), but not specifically for attenuating ECC-
related inflammation and oxidative stress in the setting of ESOP.

Phosphodiesterase Inhibitors
The anti-inflammatory effects of phosphodiesterase inhibitors
(PDEIs) in ECLS have been somewhat controversial.
Experimental and clinical studies suggest that PDEIs can
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improve myocardial energetics, and ameliorate inflammation,
and may also have protective effects on endothelial and
pulmonary tissue as well (200–204).

The PDEIs have been also investigated in EVLP to address
conditions such as pulmonary hypertension and IRI, and have
shown beneficial effects including vasorelaxation (205–207).
However, experimental administration of PDEIs in EVLP of
discarded human donor lungs had no effect on inflammation,
and did not improve the physiological status of the lungs, or
prevent tissue edema (208). Although cardioprotective and
therapeutic properties of different families of PDEIs have been
evaluated in the setting of ESHP (209, 210), their effect on
mitigating the inflammatory responses and/or improving the
functional preservation of the ex-situ-perfused heart is
still unknown.

Complement Inhibition
Experimental and clinical studies evaluating different
complement inhibitors including APT070 and TP10 (C3 and
C5 activation inhibitor) and Pexelizumab (a recombinant
antibody binding to C5) have reported a significant reduction
in active complement proteins, and better protection of the lungs
and myocardium during CPB, and improvement in patient
outcomes (211–213). However, some of these studies failed to
show an association between diminished complement activation
and inflammation. It has been shown that heparin-coated ECMO
circuits, lead to attenuation in complement activation due to
complement-inhibitory effects of heparin (214).

As a technique to study the physiology and pathology of the
heart, ESHP has been used to evaluate the effects of complement
activation and inhibition on the myocardium (215, 216), but
there is a paucity of data on the effect of complement inhibition
during ESHP with blood derived perfusates, or during ESLP.

Serine Protease Inhibitors
Clinical and experimental studies on ECLS suggest that serine
protease inhibitors (SPIs) may attenuate the ECC-related
inflammation by decreasing the activation of the contact
system (through preservation of kalikrein inhibitor activity),
coagulation pathway (inhibition of plasmin), complement
system (decreased production/activation of complement
factors), and by modulating leukocyte activation, which may
lead to organ-protective effects during ECC Supplementary
Table 2 (184, 217–220). Though, there are still some
conflicting reports in the literature, such as the observational
study by Mangano et al., which reported significantly higher
incidence of adverse cardiac, cerebral, and renal events in
patients receiving aprotinin (184, 221).

There is evidence from ex-situ perfusion of animal and
discarded human lungs that SPIs may decrease systemic and
tissue inflammation, improve ex-situ protection of the lungs, and
attenuate tissue edema (222, 223). The anti-inflammatory and
tissue protecting effects of SPIs has been assessed in the context
of ESHP to protect the myocardium from IRI, and have shown
cardioprotective effects against it (224, 225), but not in
attenuation of the inflammatory and oxidative stress responses
related to ECC specifically.
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Antioxidants
Administration of different antioxidants either before, or during
ECLS may lower production of RONS, attenuate oxidative stress,
inflammation, and related tissue damage, and improve heart and
lung protection and function, and patient outcomes (226–230).
Although some studies could not detect any improvement in the
pro-inflammatory profile, organ function, or patient outcomes
with administration of some well known antioxidants, such as
vitamins and coenzyme Q10 in the context of CPB application
(231–233), a meta-analysis of the clinical trials revealed that
application of NAC, polyunsaturated fatty acids (PUFA), and
vitamin C in surgeries applying CPB is associated with lower risk
of post-operative AF, and improved patient outcomes (mortality
in NAC, and length of hospital stay in PUFA) (234). Similarly, a
recent meta-analysis reported that perioperative administration
of vitamin C is associated with lower incidence of post-operative
arrhythmia, shorter mechanical ventilation period and shorter
length of hospital and ICU stay, though not improved
mortality (235).

There is a significant paucity of data on the effects of
antioxidants in ECMO treatment, despite the fact that the
endogenous antioxidant defence system is impaired in the
critically ill patients requiring ECMO (67). Experimental and
clinical studies are needed to address the effects of antioxidants
administered during ECMO treatment on systemic
inflammation and oxidative stress, organ damage, and
patient outcomes.

Experimental administration of antioxidative agents either in
the perfusate, or via inhalation during ESLP can decreased
generation of RONS, oxidative stress-related protein
modifications, inflammation, improve lung tissue protection
and attenuate tissue edema, and improve post-transplantation
respiratory function of the lung (236–239). Most of these ESLP
studies have been performed in discarded lungs that had endured
significant ischemia thus, severe IRI would be expected upon
reperfusion with ESLP, which may mask the effects of
antioxidants on extracorporeal related inflammation and
oxidative stress. However, in a rat model of minimally
damaged donor lungs (which has not endured clinically
relevant ischemia), administration of the antioxidant 2%
hydrogen through inhalation was reported to decrease
expression of IL-6, IL-1b, and TNF-a mRNA compared to
controls, and to improve metabolic profile of the lungs and
post-transplantation pulmonary function (240). The results of
this study not only support the detrimental effects of ECC-related
oxidative stress and inflammation on preservation of the lung
during ESLP, and on outcomes of transplantation, but also
support the beneficial effects of antioxidative support for the
lungs during ESLP, regardless of the perioperative insults.

With increasing interest in the use of ESHP to facilitate the
transplantation of DCD hearts, IRI has been a focus of research
in this field. Animal models of ex-situ perfusion of the hearts
subjected to long ischemic times have reported that
administration of antioxidants in ESHP reduces oxidative
stress and related modifications, inflammation, and myocardial
edema, and may be associated with better preservation of
Frontiers in Immunology | www.frontiersin.org 12
coronary endothelium, myocardial tissue integrity, and
organelles such as mitochondria in cardiac tissue (241–244).
While these studies are focused on attenuating the myocardial
IRI, to our knowledge there are no available studies on the
cardioprotective effects of antioxidants against the ECC-related
oxidative stress during ESHP.
CONCLUSION

Inflammation and oxidative stress are induced during ECLS, as
well as ESOP. While these phenomena have been explored in
more details in ECLS, many aspects remain obscure in ESOP
studies. Similarly, the implications of these reactions are not yet
fully understood, and there is a considerable scarcity of
information on the effect of ongoing inflammation and
oxidative stress in ESOP on functional viability of the ex-situ
perfused hearts and lungs, and on the outcomes of
transplantation in these organs. There has been a significant
variability in both experimental and clinical study designs and
the anti-inflammatory and antioxidative interventions applied in
the ECLS setting, as well as the existing limited studies in ESOP.
The variability of the custom-built circuits in experimental
extracorporeal perfusion studies may also contribute to some
of the controversial findings in these studies. Increased
knowledge of the ECC-related inflammation and oxidative
stress and their outcomes, particularly in ESOP, and targeting
those with clinically-translatable methods will help in 1)
providing a safer life support for the critically ill patients or the
patients undergoing cardiac surgery;, and 2) improving ESHP
protocols to offer optimal organ preservation and potentially
improvement of the graft condition.
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Supplementary Table 1 | Highlighted studies on inflammatory and oxidative
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coronary artery bypass grafting; CD40, cluster of differentiation 40; Clin, clinical
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study; CPB, cardiopulmonary bypass; C3a, cleaved complement component C3
fragment a; C4a, cleaved complement component C4 fragment a; C5b9, cleaved
complement component C5 fragment b9; ECMO, extracorporeal membrane
oxygenation; Exp, experimental study; DBD, donation after brainstem death; DCD,
donation after circulatory death; ESHP, ex-situ heart perfusion; ESLP, ex-situ lung
perfusion; HO-1, hemoxygenase-1; IL-, interleukin; MDA, malondialdehyde; MCP-
1, monocyte chemoattractant protein-1; MIF, macrophage migration inhibitory
factor; MMp-2, matrix metalloproteinase-2; NADPH, Reduced nicotinamide
adenine dinucleotide phosphate; PGF2, Prostaglandin F2; PMN,
polymorphonuclear; SIRS, systemic inflammatory response syndrome; TNF-a,
tumor necrosis factor a; TXA, tranexamic acid; VCAM-1, vascular cell adhesion
molecule-1; VA-, venoarterial; VV-, venovenous
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Supplementary Table 2 | Pharmacologic interventions to reduce oxidative stress
& inflammation in extracorporeal circulation. C3a, cleaved complement component
C3 fragment a; CD11b, cluster of differentiation 11b; CK, creatine kinase; CK-MB, MB
isoenzyme of creatine kinase; CPB, cardiopulmonary bypass; ECMO, extracorporeal
membrane oxygenation; ESHP, ex-situ heart perfusion; ESLP, ex-situ lung perfusion;
ICU, intensive care unit; IL-, interleukin;LDH, lactate dehydrogenase; MIP-1,
macrophage inflammatory protein-1, MMP, matrix metalloproteinase-2; MPO,
myeloperoxidase; NADPH, Reduced nicotinamide adenine dinucleotide phosphate;
PAR, poly(adenosine diphosphate-ribose); PGF2, Prostaglandin F2; PMN,
polymorphonuclear; POD, post-operative day; RONS, reactive oxygen and nitrogen
species; SIRS, systemic inflammatory response syndrome; TNF-a, tumor necrosis
factor a; VCAM-1, vascular cell adhesion molecule-1; VA-, venoarterial
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241. Alvarez-Ayuso L, Gómez-Heras SG, Jorge E, Guardiola JM, Torralba A,
Granado F, et al. Vitamin E Action on Oxidative State, Endothelial Function
and Morphology in Long-Term Myocardial Preservation. Histol Histopathol
(2010) 25(5):577–87. doi: 10.14670/HH-25.577

242. Gao F, Yao CL, Gao E, Mo QZ, Yan WL, McLaughlin R, et al. Enhancement
of Glutathione Cardioprotection by Ascorbic Acid in Myocardial
Reperfusion Injury. J Pharmacol Exp Ther (2002) 301(2):543–50. doi:
10.1124/jpet.301.2.543

243. Sagach VF, Scrosati M, Fielding J, Rossoni G, Galli C, Visioli F. The Water-
Soluble Vitamin E Analogue Trolox Protects Against Ischaemia/Reperfusion
Frontiers in Immunology | www.frontiersin.org 20
Damage In Vitro and Ex Vivo. A Comparison With Vitamin E. Pharmacol
Res (2002) 45(6):435–9. doi: 10.1006/phrs.2002.0993

244. Yu J, Wang L, Akinyi M, Li Y, Duan Z, Zhu Y, et al. Danshensu Protects
Isolated Heart Against Ischemia Reperfusion Injury Through Activation of
Akt/ERK1/2/Nrf2 Signaling. Int J Clin Exp Med (2015) 8(9):14793–804.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Hatami, Hefler and Freed. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
March 2022 | Volume 13 | Article 831930

https://doi.org/10.1097/TP.0000000000001183
https://doi.org/10.1097/TP.0000000000001183
https://doi.org/10.1016/j.jss.2017.06.061
https://doi.org/10.1097/TP.0000000000000254
https://doi.org/10.14670/HH-25.577
https://doi.org/10.1124/jpet.301.2.543
https://doi.org/10.1006/phrs.2002.0993
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Inflammation and Oxidative Stress in the Context of Extracorporeal Cardiac and Pulmonary Support
	Introduction
	History of Thoracic Organ-Oriented Extracorporeal Circulation
	Extracorporeal Life Support
	Ex-Situ Thoracic Organ Perfusion

	Similarities and Differences Between ECLS and ESOP Settings and Apparatuses
	Inflammation and Oxidative Stress in ECLS
	Inflammation and Oxidative Stress in Ex-Situ Thoracic Organ Perfusion
	The Pathophysiology of Inflammatory and Oxidative Stress Responses During Extracorporeal Circulation
	Complement &amp; Contact Activation System
	Blood Cells and Endothelium
	Platelets
	Red Blood Cells and Hemolysis
	Leukocytes
	Endothelial Cells

	Cytokines
	Hyperoxia
	Ischemia-Reperfusion Injury
	Absorption of Antioxidants/Decreased Antioxidative Potential
	Clinical Significance of Inflammation and Oxidative Stress
	Targeting Inflammation and Oxidative Stress in Extracorporeal Circulation
	Circuit Optimization
	Leukocyte Filtration
	Pharmacological Interventions
	Corticosteroids
	Statins
	Phosphodiesterase Inhibitors
	Complement Inhibition
	Serine Protease Inhibitors
	Antioxidants

	Conclusion
	Author Contributions
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


