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Abstract

Static cold storage (SCS) remains the most widely used method of liver graft preservation
due to its simplicity, accessibility, and reduced cost in transplantation practice. Since the
invention of the University of Wisconsin (UW) solution, several alternative preservation
solutions—including histidine–tryptophan–ketoglutarate (HTK), Celsior, and more recently
IGL-1 and IGL-2—have been formulated to optimize cellular and vascular protection dur-
ing cold ischemia. More recently, the introduction of dynamic perfusion techniques, such as
hypothermic oxygenated perfusion (HOPE) and normothermic machine perfusion (NMP),
approximately fifteen years ago, has further enhanced transplantation protocols, being
applied either alone or in combination with traditional SCS to ensure optimal graft preser-
vation prior to implantation. Despite these technological advances, achieving fully effective
dynamic perfusion remains a key challenge for improving outcomes in vulnerable grafts,
particularly steatotic or marginal livers. This review details how Polyethylene Glycol 35
(PEG35)-based solutions activate multiple cytoprotective pathways during SCS, including
AMP-activated protein kinase (AMPK), nitric oxide (NO) production, and the antioxidant
transcription factor Nrf2. We propose that these molecular mechanisms serve as a form
of preconditioning that is synergistically leveraged by HOPE to preserve mitochondrial
function, endothelial glycocalyx integrity, and microvascular homeostasis. Furthermore,
the oncotic and rheological properties of PEG35 reduce perfusate viscosity, mitigating shear
stress and microcirculatory damage during dynamic perfusion—effects that are further
enhanced by NO- and AMPK-mediated protection initiated during the SCS phase. This
integrated approach provides a strong rationale for combining PEG35-mediated SCS with
HOPE, particularly for grafts with high susceptibility to ischemia–reperfusion injury, such
as fatty livers. Finally, we highlight emerging avenues in graft preservation, including the
design of unified perfusion solutions that optimize endothelial, mitochondrial, and redox
protection, with the potential to improve post-transplant outcomes and extend applicability
to other solid organ grafts.

Keywords: liver graft; PEG35; static cold storage; HOPE; NMP; mitochondria; endothelial
glycocalyx; NO; AMPK; oxidative stress; Nfr2; preservation solutions

Int. J. Mol. Sci. 2025, 26, 11734 https://doi.org/10.3390/ijms262311734

https://doi.org/10.3390/ijms262311734
https://doi.org/10.3390/ijms262311734
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-7131-3667
https://orcid.org/0000-0001-5628-9876
https://orcid.org/0000-0002-6161-6824
https://doi.org/10.3390/ijms262311734
https://www.mdpi.com/article/10.3390/ijms262311734?type=check_update&version=1


Int. J. Mol. Sci. 2025, 26, 11734 2 of 17

1. Introduction
Static cold storage (SCS) remains the most widely used and clinically accepted method

for graft preservation due to its operational simplicity, reliability, and relatively low cost
in mitigating ischemia–reperfusion injury (IRI) [1]. The development of the University of
Wisconsin (UW) preservation solution by Belzer and Southard represented a major mile-
stone [2] in the field of organ transplantation, as it was specifically designed to counteract
the principal mechanisms of hypothermic organ injury—namely, cellular and interstitial
edema arising from energy depletion, ionic imbalance, and the subsequent generation
of reactive oxygen species and free radical species, particularly upon reperfusion [2–8].
Since that pioneering achievement, several alternative preservation solutions, including
histidine–tryptophan–ketoglutarate (HTK) [9–18], Celsior [19–24], and more recently the
Institut Georges Lopez solutions (IGL-1/IGL-2) [25–36], have been formulated and clini-
cally adopted. These preservation media rely on distinct combinations of buffering agents,
oncotic stabilizers, antioxidants, and metabolic substrates, all intended to decrease hy-
pothermic injury by modulating or activating cellular and molecular signaling pathways
that play key roles in graft hypothermic preservation.

While SCS solutions play a pivotal role in maintaining graft viability and functionality
throughout the preservation period [37,38], this traditional method presents significant
metabolic and physiological limitations. Under hypothermic and hypoxic conditions es-
tablished during SCS, mitochondrial activity and oxidative phosphorylation are markedly
reduced, thereby limiting the energy consumption rate and leaving cellular energy reserves
modulated solely by the composition and buffering capacity of the preservation solu-
tions [39]. However, a hallmark of this process is the progressive accumulation of metabolic
intermediates, most notably succinate, which subsequently impairs mitochondrial res-
piration, restricts adenosine triphosphate (ATP) availability, and predisposes preserved
grafts to severe mitochondrial and oxidative injury upon reperfusion [39]. The magnitude
and extent of these deleterious effects are largely dependent on the specific biochemical
composition of the preservation solutions, particularly on the presence and molecular
characteristics of the oncotic agent—hydroxyethyl starch (HES) in the University of Wis-
consin (UW) solution and polyethylene glycol 35 (PEG35) in IGL-1—as compared with
other non-oncotic formulations such as Celsior and HTK [37].

PEGs are polymers of ethylene oxide terminated with hydroxyl groups. They are
neutral, water-soluble, non-toxic, and non-immunogenic macromolecules distinguished
by their three-dimensional configuration and marked structural flexibility. The molecular
weight (MW) of each PEG depends on the length of the HO-(CH2CH2O) n-CH2-CH2-OH
chain, which imparts specific properties related to density and pronounced hydrophilicity.
PEGs are only minimally synthesized in vivo, and their lack of toxicity has led to FDA
approval, enabling their use in a wide range of applications, including industrial, food,
and pharmaceutical fields [30]. Importantly, PEG35 was first evaluated by Belzer and
colleagues [7] during the formulation of UW solution, the established gold standard for
the preservation of digestive organs [2,3]. Over the past fifteen years, the introduction and
progressive refinement of machine perfusion (MP) technologies—specifically hypother-
mic oxygenated perfusion (HOPE) and normothermic machine perfusion (NMP)—has
marked a major breakthrough in the field of liver graft preservation and transplanta-
tion medicine [40–48]. These dynamic perfusion strategies have not only improved the
metabolic support of grafts during storage but also led to the emergence of novel perfusion-
era formulations specifically designed to optimize organ quality. Recent experimental and
translational studies have demonstrated that polyethylene glycol 35 (PEG35), beyond its
classical role as an oncotic agent, exerts additional cytoprotective and biophysical effects
that appear to be particularly relevant in the context of HOPE. These effects, several of
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which have been experimentally validated, include modulation and preservation of mi-
tochondrial respiratory function [35,39], stabilization of the endothelial glycocalyx (GCX)
through enhanced nitric oxide (NO) generation [30,49–51], and an overall increase in cellu-
lar resilience and resistance against ischemia–reperfusion stress [52]. Since SCS and HOPE
can be applied either independently or sequentially in combination, this growing body
of evidence supports the rationale for employing a single PEG35-based solution that can
function both as a static preservation medium and as a perfusate, thereby maximizing the
synergistic protective benefits of each technique. Moreover, additional components of these
preservation solutions—including surfactants, antioxidants, and buffering agents—may
also play significant roles in maintaining plasma membrane integrity, osmotic balance, and
microvascular homeostasis throughout perfusion [38].

This review therefore proposes a novel conceptual framework grounded in the princi-
ple of molecular preconditioning. We explore in depth how the cytoprotective molecular
pathways activated by polyethylene glycol 35 (PEG35) during SCS can be strategically
leveraged as a mechanistic bridge to enhance the physiological and biochemical advantages
conferred by HOPE. The central hypothesis is that PEG35-based solutions used for both
SCS and dynamic preservation synergistically protect two critical targets—mitochondrial
bioenergetics and the endothelial GCX—thereby promoting superior graft viability and
post-transplant function [49]. To address this hypothesis, we delineate the molecular and
signaling interplay between PEG35-induced regulatory factors (AMPK, NO, and Nrf2) and
the physiological benefits conferred by MP, ultimately discussing their potential therapeutic
application to high-risk or marginal grafts, such as steatotic livers. Finally, we present and
critically discuss the emerging new avenues in graft preservation that stem from this inte-
grated approach, highlighting its prospective impact on clinical transplantation outcomes.

2. SCS and Preservation Solutions: A Knowledge Bridge Towards
HOPE Improvement

SCS and HOPE provide graft protection through distinct but complementary mecha-
nisms; both ultimately aimed at restoring hepatic energy balance and graft function in the
peri-transplantation period. In SCS, graft protection against cold ischemia injury arises ex-
clusively from preservation solutions [37], which attenuate cellular and metabolic damage
that has been demonstrated to be partly related to succinate accumulation at mitochondrial
complex II—a critical enzymatic step in the Krebs cycle—during hypoxia, particularly
when IGL-2 was used [39]. This accumulation contributes to downstream oxidative stress
and mitochondrial dysfunction upon reperfusion. By contrast, HOPE actively reverses
this metabolic derangement by delivering controlled oxygenation, which enables the con-
sumption and oxidation of previously accumulated succinate, thereby re-establishing
mitochondrial respiration, ATP generation, and overall energy homeostasis [40,41]. Thus,
while preservation solutions prevent the exacerbation of metabolic disturbances during
SCS [39], HOPE actively counteracts and reverses them, highlighting the relevance of
protective mitochondrial mechanisms and metabolic stabilization present in both hypoxic
SCS and oxygenated HOPE conditions [39,41].

The complementary nature of SCS and HOPE mitochondrial mechanisms provides a
strong rationale for using a same universal solution, such as IGL-2 [49–51]. The adoption
of a single, standardized solution for SCS and HOPE would enhance liver graft protection
by reducing graft manipulation and simplifying handling protocols, ultimately minimizing
excessive procedural time and the risk of technical variability. This integrated strategy
provides a practical framework for strengthening liver graft integrity within increasingly
complex transplantation pathways and expanding clinical applicability [49–51]. Following
this rationale, several mechanistic and logistical reasons support the use of the same preser-
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vation solution and perfusate when combining HOPE and SCS strategies to prevent the
inherent ischemia–reperfusion injury disturbances that arise in organ transplantation [52].
Importantly, components beyond PEG35, such as the surfactants present in IGL-2 and
IGL-2M (Table 1) [38], may further influence preservation efficacy and modulate critical
physical properties of the solution (e.g., viscosity and surface tension). These auxiliary
components, which are essential for membrane stability and microvascular dynamics,
should not be overlooked when interpreting preservation performance, particularly in the
context of machine perfusion protocols.

Table 1. Composition of IGL-2M solution/perfusate [38].

Component Concentration (g/L)

Water 918.25035
Soluble Organic component 121.1
Surfactant Polymer 40
PEG-35 kDA 5
Potassium 0.98
Phosphorus 0.774
Magnesium 0.122
Sulfur 0.11
Nitrite 0.0023
Sodium 2876

Moreover, the cytoprotective mechanisms activated by PEG35-based preservation
solutions should not be considered exclusively within the SCS context, but rather as an
active step of molecular preconditioning that primes the graft for subsequent perfusion.
These protective pathways—targeting mitochondrial function, endothelial GCX integrity,
and oxidative stress responses—are also directly relevant when HOPE is applied [49–51].
Specifically, the molecular mechanisms initiated during SCS, including the modulation
of mitochondrial activity, preservation of endothelial GCX architecture, and activation of
protective signaling cascades (e.g., NO-Nrf2), become crucial determinants of graft quality
and are further potentiated during HOPE [49–51]. This underscores that the benefits of
PEG35-containing solutions and their associated components extend beyond static storage,
offering significant synergistic advantages when implemented in HOPE protocols and
reinforcing their relevance within modern preservation strategies.

2.1. Protective Sensors and Static Hypothermic Preservation: AMPK and HIF

AMP-activated protein kinase (AMPK) functions as a central metabolic sensor and a
key regulator of mitochondrial homeostasis in liver grafts during hypoxic SCS [53–55]. Un-
der these conditions, AMPK is activated in response to oxygen deficiency in order to limit
metabolic collapse, sustain residual energy production in the anaerobic environment, and
promote adaptive metabolic reprogramming [56,57]. This activation triggers downstream
pathways that favor ATP conservation, inhibition of anabolic processes, and enhanced
mitochondrial efficiency under energy-restricted states. Crucially, this protective response
has been proposed as a target for metabolic preconditioning in transplantation [58], par-
ticularly when utilizing PEG35-based solutions during SCS, which have been shown to
modulate AMPK activation and support organ energetics [56,57,59]. This molecular mecha-
nism therefore provides a clear rationale for reinforcing cellular resilience against ischemic
stress, a concept further supported by the use of pharmacological AMPK activators in
preservation and perfusion solutions—including metformin [60], melatonin, trimetazi-
dine [61,62], and simvastatin [63]—which have been demonstrated to stabilize energy
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production, enhance mitochondrial robustness, and improve post-transplant graft function
in experimental settings.

Concurrently, hypoxia induces the activation of additional cytoprotective pathways,
most notably the hypoxia-inducible factor (HIF) signaling axis [64]. HIF, a key transcrip-
tional regulator, initiates a self-protective program by promoting the expression of genes
involved in angiogenesis, glycolytic metabolism, antioxidant defense, and cellular stress
resistance. The specific activation of HIF during static hypothermic preservation has been
reported in fatty liver grafts preserved in IGL-1 solution [65,66], suggesting that PEG-based
preservation media may facilitate a controlled hypoxic response. Collectively, these findings
indicate that HIF activation complements AMPK signaling to orchestrate metabolic adap-
tation, maintain graft viability during prolonged cold ischemia, and ultimately support a
preconditioned state that may enhance subsequent reperfusion performance.

2.2. Energy Metabolism as Damage Sensor in SCS

Lactate is recognized not merely as a metabolic waste product, but rather as a pivotal
player in modulating energy homeostasis during SCS preservation, particularly in main-
taining ATP levels, which are crucial for cellular integrity and survival under hypothermic
ischemic stress. During SCS, lactate accumulation reflects the balance between residual
anaerobic glycolytic activity and the efficiency of preservation strategies to sustain these
critical ATP levels. This metabolite therefore serves as a functional readout of both cellular
metabolic state and the protective capacity of the preservation solution. In this context, it
has been demonstrated that PEG35-based solutions enhance energy production through
AMPK activation [56,57], which consequently reduces lactate accumulation during SCS
preservation [36,67]. This effect is primarily related to an overall improvement in metabolic
preservation rather than a direct modulation of lactate metabolism, indicating that PEG35
indirectly contributes to maintaining more favorable metabolic conditions during cold
storage by sustaining residual mitochondrial function and limiting bioenergetic collapse.

The relevance of lactate dynamics in preservation is clearly shown by its presence in
perfusates across different experimental and clinical scenarios (Figure 1). This observation
suggests a complex interplay between lactate, oncotic agents like PEG35, and the metabolic
adaptation of grafts to cold ischemic stress. In steatotic liver grafts, cellular energy de-
pletion, reflected by an increased AMP/ATP ratio, strongly activates AMPK, which in
turn may modulate eNOS activity and impact nitric-oxide-dependent vascular responses.
While these pathways influence hepatic metabolic responses, including lactate handling
and mitochondrial resilience, their efficiency is often impaired in steatotic grafts due to
intrinsic lipid-associated metabolic vulnerability [56,57,59]. Thus, lactate serves as a critical
biomarker reflecting both the extent of metabolic derangement and the effectiveness of the
preservation solution in mitigating the impact of ischemic stress on vulnerable organs.

Finally, the involvement of monocarboxylate transporters (MCTs) [68], particularly
MCT1 and MCT4, is presumed to facilitate lactate flux across cell membranes under
hypothermic preservation via a proton-coupled symport mechanism [69]. This process is
key to maintaining intracellular lactate homeostasis during the metabolic reprogramming
associated with ischemic SCS [70], and becomes especially relevant in the immediate pre-
HOPE phase, as it sets the stage for subsequent reperfusion and mitochondrial reactivation.
Importantly, preservation solutions that effectively sustain ATP levels generally exhibit
higher AMPK activation and lower lactate concentrations, which translates into reduced
acidosis, diminished cellular injury, and improved preparation of the graft for subsequent
perfusion. Taken together, these findings confirm the critical role of mitochondrial energy
metabolism as an integrated damage sensor during SCS and underscore the importance
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of selecting preservation strategies that minimize metabolic derangement and support
optimal graft recovery [39].
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Figure 1. Protective mechanisms and metabolic profile of solutions with PEG35. (a) Schematic
representation of protective cell signaling mechanisms activated by PEG35 solutions during SCS,
including improved mitochondrial preservation and attenuation of oxidative stress and inflammation.
PEG35-based solutions favor the maintenance of hepatic ATP stores and a more favorable ATP/ADP
ratio, promote activation of the energy-sensing kinase AMPK during reperfusion, and reduce lactate
accumulation in the perfusate, indicating decreased anaerobic glycolysis and improved mitochondrial
oxidative metabolism compared with conventional PEG-free preservation solutions. (b) Tissue profile
(ATP/ADP) and perfusate lactate concentration of steatotic liver grafts preserved in IGL-2, IGL-
2M, HTK and UW solutions (24 h at 4 ◦C). Data are shown as violin plots. Statistical analysis
was performed using one-way ANOVA followed by Tukey’s multiple comparisons test. Statistical
differences are indicated as follows: a p < 0.05 vs. SHAM, b p < 0.05 vs. UW. Combined superscripts
indicate significant differences versus each of the corresponding groups [71].

2.3. Polyethylene Glycol 35 Solutions, a Suitable Link Between SCS and HOPE

Since the introduction of the University of Wisconsin (UW) solution [2], several al-
ternatives (e.g., HTK, Celsior, and more recently IGL-1 and IGL-2) have been developed
to address the evolving needs in abdominal organ preservation [37,38]. Despite these
innovations, UW remains the gold-standard reference for abdominal organ transplanta-
tion. However, UW contains hydroxyethyl starch (HES), a red blood cell aggregation
agent [72,73], which confers high viscosity to the solution and may negatively affect mi-
crocirculatory flow and endothelial function under certain perfusion conditions. This
stands in sharp contrast to IGL-1, IGL-2, and the more advanced IGL-2M solutions, which
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incorporate PEG35 as an oncotic agent in place of HES, thereby improving rheological
properties while maintaining oncotic protection [37,38,67].

The balanced, comparatively low viscosity attributed to PEG35 solutions [37] relative
to UW solutions (including UW-MPS used for HOPE) plays a crucial biophysical role in
preserving endothelial integrity during perfusion. Specifically, this property contributes
to reducing shear-stress-induced damage to the liver microvasculature during HOPE, es-
tablishing a more favorable hemodynamic and endothelial environment during dynamic
preservation. In parallel, PEG35 solutions confer a biomechanical and biochemical advan-
tage: IGL-1 and IGL-2 solutions promote nitric oxide (NO) production through activation
of endothelial nitric oxide synthase (e-NOS) [26,34]. This NO generation helps sustain
endothelial glycocalyx (GCX) protection initiated during the preceding SCS phase [74]
and further reinforced during dynamic HOPE, as demonstrated in several experimental
studies [50].

Collectively, this evidence underscores the dual action of PEG35-based perfusates in
HOPE: a biophysical benefit related to reduced viscosity and a biochemical effect mediated
through the NO-endothelial GCX axis [30,37,49–51]. This combined effect is critical for
mitigating the exacerbated microcirculatory disturbances observed in HOPE treated fatty
livers [40] and supports vascular homeostasis and endothelial defense during machine
perfusion, thereby validating PEG35-based solutions as an appropriate mechanistic and
operational link between SCS and HOPE protocols.

2.4. Lipoperoxidation and Mitochondrial ALDH2 Activation and Nitric Oxide

PEG35 solutions not only modulate transient mitochondrial respiration but also acti-
vate key antioxidant defense pathways that counteract oxidative stress and lipid peroxida-
tion during static hypothermic preservation. Under physiological conditions, the nuclear
factor erythroid 2-related factor 2 (Nrf2)–Kelch-like ECH-associated protein 1 (Keap1) sys-
tem plays a central role as the master regulator of cellular redox homeostasis, maintaining
antioxidant signaling in a tightly controlled inactive state [75]. Under PEG35-enriched SCS,
oxidative cues disrupt the Nrf2-Keap1 complex, enabling Nrf2 to translocate to the nucleus
and initiate transcription of detoxifying and antioxidant enzymes, such as heme oxygenase-
1 (HO-1), thus limiting reactive oxygen species (ROS) accumulation and protecting cellular
structures from lipoperoxidation-induced injury [75] (Figure 2).

In parallel, mitochondrial aldehyde dehydrogenase 2 (ALDH2) has been reported
to contribute to oxidative protection by detoxifying reactive aldehydes such as 4-
hydroxynonenal (4-HNE) and preventing excessive ROS formation [34,76,77]. ALDH2
therefore remains a relevant component of the antioxidative network described in the
literature, providing an additional protective layer that contributes to the broader mito-
chondrial resilience promoted by PEG35 during SCS. This enzymatic activity not only
mitigates harmful by-products of lipid peroxidation but also supports mitochondrial redox
stability, further consolidating the role of ALDH2 in the integrated cellular defense against
hypothermic ischemic injury.

This ALDH2 response, together with Nrf2 activation and NO-related endothelial
protection, constitutes a coordinated defense strategy that supports mitochondrial adaptive
capacity and minimizes oxidative damage during cold ischemia. Such complementary
actions reinforce the concept that PEG35-containing solutions promote not only passive
preservation but also active molecular conditioning that enhances graft stability prior
to reperfusion.
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Figure 2. Proposed mechanism for PEG35-mediated activation of the Nrf2-Keap1 axis under ischemia–
reperfusion injury (IRI). Under basal conditions, Keap1 sequesters Nrf2 in the cytoplasm. Exposure to
PEG35-based preservation/perfusion solutions (polyethylene glycol, 35 kDa) promotes Nrf2 release
from Keap1 and nuclear translocation. In the nucleus, Nrf2 heterodimerizes with small Maf transcrip-
tion factors (Maf) and binds antioxidant response elements (ARE) in the promoters of cytoprotective
genes, exemplified by heme oxygenase-1 (HO-1). The resulting antioxidant program reduces reactive
oxygen species (ROS) and apoptosis, ultimately limiting liver edema and parenchymal damage.

As previously reported, the Nrf2 profiling analyses demonstrate a significantly higher
expression of Nrf2 in PEG presence [35]. This observation underscores that Nrf2 activa-
tion [75] constitutes a protective mechanism against sterile antioxidant and inflammatory
responses occurring during SCS [34,76,77]. Furthermore, this Nrf2 activation would con-
tribute to maintaining the vasodilatory effects associated with nitric oxide, where its regula-
tory function appears to play a pivotal role, according to Angulo et al. [78]. These authors
reported the positive influence of Nrf2 activation on e-NOS signaling, which augments
NO bioactivity by reducing ROS content and increasing availability of the e-NOS cofactor
tetrahydrobiopterin, thereby reinforcing endothelial function and cytoprotection.

With this in mind, we have highlighted the rationale for developing new solutions in-
tended for use in SCS, HOPE, or in combination, through a single PEG35-based formulation
(IGL-2) to bolster mitochondrial protection and glycocalyx (GCX) integrity regardless of
the preservation approach applied [79–81]. This unified strategy aims to streamline clinical
practice by minimizing solution changes while maximizing the mechanistic continuity of
cellular defense mechanisms from static storage to dynamic perfusion.

Along this line, Mesnard et al. [82] reported for the first time the extended use of
IGL-1 for pancreas HOPE, underscoring the benefits of PEG35-containing formulations
for pancreas perfusion [83]. This seminal observation expands the therapeutic scope
of PEG-based preservation strategies beyond liver grafts, demonstrating their potential
applicability in other transplant settings where metabolic fragility and vascular sensitivity
are major concerns.

Diffusible nitric oxide is reported protective, and it is promoted in PEG35-based
solutions, where it plays a pivotal role in liver mitochondrial and endothelial glycocalyx
protection during SCS. NO, as a volatile molecule, has a very short half-life; therefore,
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there is a need for a pool of nitrogen species in a more stable form, i.e., nitrites (NO2
−)

and nitrates (NO3
−). Nitrites represent the reduced form of nitrates under transient

SCS conditions (as well as under HOPE) and lead to NO generation indirectly promoted
by ALDH2 [76], similar to what occurs in liver ischemic preconditioning [84–88]. This
nitrite-dependent reservoir ensures continuous NO bioavailability despite hypothermic
constraints and supports mitochondrial and microvascular protection during cold ischemia.

During static cold storage (SCS), nitric oxide primarily contributes to mitochondrial
preservation and cellular homeostasis, while playing a secondary yet still meaningful role
in vasodilation during this phase (Figure 3). The main protective effect during SCS lies in
NO-mediated mitigation of oxidative stress, modulation of mitochondrial function, and
maintenance of GCX integrity, thereby ensuring a favorable starting point for subsequent
HOPE treatment and reperfusion.

Figure 3. Vasodilation mediated by nitric oxide generation.

Upon hypothermic oxygenated perfusion (HOPE), NO additionally may promote
vasodilation, which becomes a major determinant of microcirculatory optimization in
steatotic liver grafts. This vasodilatory activity supports oxygen delivery and metabolic
recovery, complementing the initial mitochondrial preservation established during SCS.
Importantly, an increase in NO levels exerts beneficial effects on mitochondrial integrity,
endothelial glycocalyx preservation, and vascular tone [84–89], thereby enhancing graft
tolerance to reperfusion stress. Although NO can potentially lead to the formation of
reactive nitrogen species such as peroxynitrite, physiological and therapeutically induced
concentrations of NO during liver preservation remain largely protective. For instance,
ischemic preconditioning is characterized by robust NO production, yet its protective effects
clearly outweigh any potential peroxynitrite-mediated injury [84–89]. This established
NO-therapeutic window may be extended to both SCS (under hypoxic conditions) and
HOPE (during transient oxygenation), where accumulating experimental and translational
evidence underscores the relevance of the NO-PEG35 axis in mitigating ischemic and
post-ischemic injury in fatty liver grafts.

In this context, IGL-2 and IGL-2M formulations [37,38] may potentiate the beneficial
vasodilatory and cytoprotective effects of nitric oxide generation, as illustrated in Figure 3.
Accordingly, IGL-2M, through its enhanced capacity to support NO accumulation and
bioactivity, could contribute to counteracting the well-documented exacerbation of mi-
crocirculatory disturbances in preserved steatotic livers, particularly when subjected to
HOPE [40]. This becomes relevant given the increased susceptibility of fatty grafts to
sinusoidal collapse, endothelial swelling, and impaired reperfusion dynamics.
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Moreover, during HOPE, PEG35-containing perfusates have been reported to mod-
ulate Nrf2 levels, an effect that influences the complex interplay between redox defense
mechanisms and survival pathways. Nrf2 activation can interface with the PI3K-Akt signal-
ing cascade, leading to the inhibition of RLO generation and apoptosis [90], concomitant
with increases in e-NOS activity [56,57]. Collectively, these PEG35-driven mechanisms dur-
ing HOPE act in a coordinated and synergistic fashion (viscosity modulation, NO signaling,
Nrf2 activation) to protect the vascular endothelium, limit oxidative and inflammatory in-
jury, and thereby reduce overall graft damage. This integrated protective effect is especially
relevant in steatotic liver grafts, which are increasingly used to expand the donor pool and
require enhanced preservation strategies to optimize post-transplant outcomes [91].

In addition, IGL-2M exhibits increased levels of NO (measured as nitrites and nitrates),
partially due to the presence of PEG35 and presumably surfactants within the formulation,
as shown in Figure 4. This observation aligns with recent investigations into the cardio-
protective properties of surfactants, linked to their ability to stimulate endogenous NO
production [92,93]. Taking this into account, the increased nitrate/nitrite availability would
further contribute to the protection of the endothelial glycocalyx, a mechanism particularly
relevant under HOPE conditions and potentially transferable to Normothermic Machine
Perfusion (NMP) platforms.
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Figure 4. Nitrites and nitrates levels in effluents from liver graft preserved different preservation
solutions such as HTK, UW, IGL-2 and IGL-2M. Data are shown as violin plots. Statistical analysis
was performed using one-way ANOVA followed by Tukey’s multiple comparisons test. Statistical
differences are indicated as follows: a p < 0.05 vs. SHAM, b p < 0.05 vs. UW, c p < 0.05 vs. HTK,
d p < 0.05 vs. IGL-2. Combined superscripts indicate significant differences versus each of the
corresponding groups [71].

With this in mind, the incorporation of PEG35/surfactants in blood-based perfusion
solutions for NMP could modulate nitric oxide generation through e-NOS activation, as
observed in vivo in PEG35-based treatments reported by Bejaoui et al. [94,95]. Furthermore,
the enhanced NO generation and sustained vasodilatory response reinforce the concept
of PEG35 as a metabolic and vascular preconditioning agent, suitable for both HOPE and
NMP applications.

A better understanding of the transduction mechanisms of cellular signaling modu-
lated by the endothelial glycocalyx [96,97] is crucial for strategies aimed at preserving this
dynamic barrier, widely recognized as a surrogate marker of vascular and graft integrity in
liver transplantation [98,99]. Its preservation emerges as a relevant objective across preser-
vation platforms—including SCS, HOPE, NMP, and combined protocols—highlighting its
value as a central target to optimize graft viability and post-transplant function, as depicted
in Figure 5.
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Figure 5. Proposed protective mechanisms of PEG35/surfactant-containing preservation solutions
in static cold storage (SCS) and hypothermic oxygenated perfusion (HOPE). The scheme represents
a blood vessel with an endothelial cell monolayer covered by an endothelial glycocalyx, depicted
as membrane-bound glycoproteins and proteoglycans exposed to the lumen. The lumen contains
the PEG35/surfactant-containing preservation solution, and arrows indicate perfusate flow and the
associated shear stress. Surfactants in the preservation solution help maintain endothelial integrity
by supporting the glycocalyx, enhancing nitric oxide (NO) production via e-NOS activation, and
preserving oncotic and osmotic pressures. These effects collectively protect against shear stress-
induced glycocalyx damage and contribute to vascular homeostasis during organ preservation.

3. Concluding Remarks
This work demonstrates the considerable potential of PEG35/surfactant-based per-

fusates to advance the field of liver graft preservation by effectively bridging the benefits
of static cold storage (SCS) with dynamic perfusion strategies, such as hypothermic oxy-
genated perfusion (HOPE) and, potentially, normothermic machine perfusion (NMP).
The regulation of oncotic pressures through the use of high-molecular-weight PEGs not
only supports cellular and vascular stability, but also facilitates nitric oxide production,
optimizes microvascular homeostasis, and enhances hemodynamic performance during
machine perfusion. Furthermore, the incorporation of PEG35 and surfactants reinforces
endothelial glycocalyx integrity, promotes mitochondrial protection, and mitigates shear
stress-induced cellular and vascular injury, thus providing a multifaceted platform for
superior organ preservation that integrates both biophysical and biochemical mechanisms.

These findings are particularly clinically relevant for grafts that are highly vulnerable
to cold ischemia and ischemia–reperfusion injury, including steatotic livers and organs
procured from donors after circulatory death. When preserved in PEG35-based solutions,
the concomitant engagement of NO generation within a therapeutic window, mediated
by the PI3K-AKT-Nrf2-AMPK-HO-1 axis, may confer robust cytoprotection during hy-
pothermic storage. This mechanism supports optimal vascular homeostasis, attenuates
oxidative-stress burden, and preserves cellular integrity, particularly in fatty livers, where
cytoprotective enzymes such as HO-1 are highly expressed to counter ischemia–reperfusion
insults [100]. Notably, these protective pathways are likely to remain active and relevant
under oxygenated dynamic preservation strategies, including HOPE and NMP, further
extending the translational potential of PEG35-based solutions.
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Ultimately, the ongoing evolution of organ preservation techniques depends on the
integration of biochemical, physiological, and technological advances. Accordingly, future
studies should systematically evaluate combinations of PEG35 and surfactants across
both static and dynamic preservation protocols, using mechanistic readouts that focus on
endothelial function, microvascular regulation, redox signaling, mitochondrial integrity,
and structural preservation. By elucidating the intricate interplay between PEG35- and
surfactant-mediated pathways, researchers will be better equipped to develop evidence-
based, mechanistically informed preservation strategies aimed at improving outcomes in
liver transplantation. Furthermore, these insights could potentially be translated to other
solid organ grafts, expanding the impact of optimized preservation solutions. Implications
for endothelial and mitochondrial protection open promising avenues for refining liver graft
preservation strategies and formulation design. Future research should continue to explore
these interactions, their mechanistic underpinnings, and their potential ramifications on
clinical practice, particularly within the field of ischemia–reperfusion injury (IRI) in liver
transplantation [101].

Author Contributions: Conceptualization, A.P.-R., T.C., J.R.-C., J.V., A.H., R.A. and C.F. writing—original
draft preparation, A.P.-R., T.C., J.R.-C., J.V. and A.H., review and editing, all authors. All authors
have read and agreed to the published version of the manuscript.

Funding: Supported partly by the European Commission H2020-MSCA-ITN-ETN-2016 “FOIE
GRAS—Metabolism and the Liver–Gut Axis in Non-Alcoholic Fatty Liver Disease”.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

ALDH2 aldehyde dehydrogenase
AMPK AMP-activated protein kinase
Belzer MPS Belzer Machine Perfusion Solution
DCD Linear dichroism
eNOS endothelial nitric oxide synthase
GCX endothelial glycocalyx
HES hydroxyethyl starch
HOPE hypothermic oxygenated perfusion
HTK histidine–tryptophan–ketoglutarate
IGL-1/IGL-2 Institut Georges Lopez 1/2
IRI ischemia–reperfusion injury
NMP normothermic machine perfusion
NO nitric oxide
PEG polyethylene glycol
SCS static cold storage
UW University of Wisconsin

References
1. Zhai, Y.; Petrowsky, H.; Hong, J.C.; Busuttil, R.W.; Kupiec-Weglinski, J.W. Ischaemia–reperfusion injury in liver

transplantation—From bench to bedside. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 79–89. [CrossRef] [PubMed]
2. Southard, J.H. James Southard: Pioneer in organ preservation: Co-Inventor, UW organ preservation solution. Transplantation 2020,

104, 1764–1766. [CrossRef] [PubMed]
3. Belzer, F.O.; Southard, J.H. Principles of solid organ preservation by cold storage. Transplantation 1988, 45, 673–6766. [CrossRef]

[PubMed]

https://doi.org/10.1038/nrgastro.2012.225
https://www.ncbi.nlm.nih.gov/pubmed/23229329
https://doi.org/10.1097/TP.0000000000003293
https://www.ncbi.nlm.nih.gov/pubmed/32826841
https://doi.org/10.1097/00007890-198804000-00001
https://www.ncbi.nlm.nih.gov/pubmed/3282347


Int. J. Mol. Sci. 2025, 26, 11734 13 of 17

4. Moen, J.; Claesson, K.; Pienaar, H.; Lindell, S.; Ploeg, R.J.; McAnulty, J.F.; Vreugdenhil, P.; Southard, J.H.; Belzer, F.O. Preservation
of dog liver, kidney, and pancreas using the belzer-uw solution with a high-sodium and low-potassium content1. Transplantation
1989, 47, 940–944. [CrossRef]

5. Boudjema, K.; Van Gulik, T.M.; Lindell, S.L.; Vreugdenhil, P.S.; Southard, J.H.; Belzer, F.O. Effect of oxidized and reduced
glutathione in liver preservation. Transplantation 1990, 50, 948–950. [CrossRef]

6. Southard, J.H.; den Butter, B.; Marsh, D.C.; Lindell, S.; Belzer, F.O. The role of oxygen free radicals in organ preservation. Klin.
Wochenschr. 1991, 69, 1073–1076. [CrossRef]

7. Mack, J.E.; Kerr, J.A.; Vreugdenhill, P.K.; Belzer, F.O.; Southard, J.H. Effect of polyethylene glycol on lipid peroxidation in
cold-stored rat hepatocytes. Cryobiology 1991, 28, 1–7. [CrossRef]

8. D’Alessandro, A.M.; Kalayoglu, M.; Sollinger, H.W.; Pirsch, J.; Southard, J.H.; Belzer, F.O. Current status of organ preservation
with University of Wisconsin. Arch. Pathol. Lab. Med. 1991, 115, 306–310.

9. Steininger, R.; Roth, E.; Holzmüller, P.; Reckendorfer, H.; Grünberger, T.; Sperlich, M.; Burgmann, H.; Moser, E.; Feigl, W.;
Mühlbacher, F. Comparison of HTK and UW for liver preservation tested in an orthotopic liver transplantation model in the pig.
Transpl. Int. 1992, 5 (Suppl. S1), S403–S407. [CrossRef]

10. Walcher, F.; Marzi, I.; Bühren, V. The impact of liver preservation in HTK and UW solution on microcirculation after liver
transplantation. Transpl. Int. 1992, 5 (Suppl. S1), S340–S342. [CrossRef]

11. Hatano, E.; Kiuchi, T.; Tanaka, A.; Shinohara, H.; Kitai, T.; Satoh, S.; Inomoto, T.; Egawa, H.; Uemoto, S.; Inomata, Y.; et al. Hepatic
preservation with histidine-tryptophan -ketoglutarate solution in living-related and cadaveric liver transplantation. Clin. Sci.
1997, 93, 81–88. [CrossRef]

12. Feng, L.; Zhao, N.; Yao, X.; Sun, X.; Du, L.; Diao, X.; Li, S.; Li, Y. Histidine-tryptophan -ketoglutarate solution vs. University
Wisconsin solution for liver transplantation: A systematic review. Liver Transpl. 2007, 13, 1125–1136. [CrossRef] [PubMed]

13. Mangus, R.S.; Fridell, J.A.; Vianna, R.M.; Milgrom, M.A.; Chestovich, P.; Chihara, R.K.; Tector, A.J. Comparison of histidine-
tryptophan-ketoglutarate solution and University of Wisconsin solution in extended criteria liver donors. Liver Transpl. 2008, 14,
365–373. [CrossRef] [PubMed]

14. Rayya, F.; Harms, J.; Martin, A.P.; Bartels, M.; Hauss, J.; Fangmann, J. Comparison of histidine-trytophan-ketoglutarate solution
and University of Wisconsin solution in adult liver transplantation. Transplant. Proc. 2008, 40, 891–894. [CrossRef] [PubMed]

15. Liu, Q.; Bruns, H.; Schultze, D.; Xue, Y.; Zorn, M.; Flechtenmacher, C.; Straub, B.K.; Rauen, U.; Schemmer, P. HTK-N, a modified
HTK solution, decreases preservation injury in a model of rat. Langenbecks Arch. Surg. 2012, 397, 1323–1331. [CrossRef]

16. Parsons, R.F.; Guarrera, J.V. HTK-N, a modified HTK solution, decreases preservation injury in a model of microsteatotic rat liver
transplantation. Curr. Opin. Organ. Transpl. Transplant. 2014, 19, 100–107. [CrossRef] [PubMed]

17. Rosado, J.; Guarrera, J.V. UW versus HTK for static preservation in liver transplantation: Is there a “solution effect” on outcomes.
Transplantation 2018, 102, 1791–1792. [CrossRef]

18. Mohr, A.; Brockmann, J.G.; Becker, F. HTK-N: Modified histidine-tryptophan-ketoglutarate solution—A promising new tool in
solid organ preservation. Int. J. Mol. Sci. 2020, 21, 6468. [CrossRef]

19. Tolba, R.H.; Akbar, S.; Müller, A.; Glatzel, U.; Minor, T. Experimental liver preservation with Celsior: A novel alternative to
University of Wisconsin and histidine-tryptophan-alpha-ketoglutarate solutions? Eur. Surg. Res. 2000, 32, 142–147. [CrossRef]

20. Howden, B.O.; Jablonski, P. Liver preservation: A comparison of Celsior to colloid -free University of Wisconsin solution.
Transplantation 2000, 70, 1140–1142. [CrossRef]

21. Audet, M.; Alexandre, E.; Mustun, A.; David, P.; Chenard-Neu, M.P.; Tiollier, J.; Jaeck, D.; Cinqualbre, J.; Wolf, P.; Boudjema,
K. Comparative evaluation of Celsior solution versus Viaspan in a pig liver transplantation model. Transplantation 2001, 71,
1731–1735. [CrossRef] [PubMed]

22. Ohwada, S.; Sunose, Y.; Aiba, M.; Tsutsumi, H.; Iwazaki, S.; Totsuka, O.; Matsumoto, K.; Takeyoshi, I.; Morishita, Y. Advantages
of Celsior solution in graft preservation from non-heart beating-donors in a canine liver transplantation model. J. Surg. Res. 2002,
102, 71–76. [CrossRef]

23. Ferrigno, A.; Tartaglia, A.; Di Nucci, A.; Bertone, V.; Richelmi, P.; Neri, D.; Freitas, I.; Vairetti, M. Further studies on long-term
preservation of rat liver: Celsior vs. UW solution. In Vivo 2008, 22, 681–686.

24. Lopez-Andujar, R.; Deusa, S.; Montalvá, E.; San Juan, F.; Moya, A.; Pareja, E.; DeJuan, M.; Berenguer, M.; Prieto, M.; Mir, J.
Comparative prospective study of two liver graft preservation solutions: University of Wisconsin and Celsior. Liver Transpl. 2009,
15, 1709–1717. [CrossRef] [PubMed]

25. Ben Abdennebi, H.; Elrassi, Z.; Scoazec, J.Y.; Steghens, J.P.; Ramella-Virieux, S.; Boillot, O. Evaluation of IGL-1 preservation
solution using an ortothopic liver transplantation model. World J. Gastroenterol. 2006, 12, 5326–5330. [CrossRef]

26. Ben Mosbah, I.; Roselló-Catafau, J.; Franco-Gou, R.; Abdennebi, H.B.; Saidane, D.; Ramella-Virieux, S.; Boillot, O.; Peralta, C.
Preservation of steatotic livers in IGL-1 solution. Liver Transpl. 2006, 12, 1215–1223. [CrossRef]

27. Tabka, D.; Bejaoui, M.; Javellaud, J.; Roselló-Catafau, J.; Achard, J.M.; Abdennebi, H.B. Effects of Institut Lopez-1 and Celsior
preservation solutions on graft injury. World J. Gastroenterol. 2015, 21, 4159–4168. [CrossRef]

https://doi.org/10.1097/00007890-198906000-00004
https://doi.org/10.1097/00007890-199012000-00009
https://doi.org/10.1007/BF01645161
https://doi.org/10.1016/0011-2240(91)90002-6
https://doi.org/10.1111/tri.1992.5.s1.403
https://doi.org/10.1111/tri.1992.5.s1.340
https://doi.org/10.1042/cs0930081
https://doi.org/10.1002/lt.21208
https://www.ncbi.nlm.nih.gov/pubmed/17665493
https://doi.org/10.1002/lt.21372
https://www.ncbi.nlm.nih.gov/pubmed/18306380
https://doi.org/10.1016/j.transproceed.2008.03.044
https://www.ncbi.nlm.nih.gov/pubmed/18555073
https://doi.org/10.1007/s00423-012-1022-9
https://doi.org/10.1097/MOT.0000000000000063
https://www.ncbi.nlm.nih.gov/pubmed/24553501
https://doi.org/10.1097/tp.0000000000002407
https://doi.org/10.3390/ijms21186468
https://doi.org/10.1159/000008755
https://doi.org/10.1097/00007890-200010270-00002
https://doi.org/10.1097/00007890-200106270-00005
https://www.ncbi.nlm.nih.gov/pubmed/11455250
https://doi.org/10.1006/jsre.2001.6296
https://doi.org/10.1002/lt.21945
https://www.ncbi.nlm.nih.gov/pubmed/19938119
https://doi.org/10.3748/wjg.v12.i33.5326
https://doi.org/10.1002/lt.20788
https://doi.org/10.3748/wjg.v21.i14.4159


Int. J. Mol. Sci. 2025, 26, 11734 14 of 17

28. Adam, R.; Delvart, V.; Karam, V.; Ducerf, C.; Navarro, F.; Letoublon, C.; Belghiti, J.; Pezet, D.; Castaing, D.; Le Treut, Y.P.; et al.
ELTR contributing centres, the European Liver, Intestine Transplant Association (ELITA). Compared efficacy of preservation
solutions in liver transplantation: A long-term graft outcome study from the European Liver Transplant Registry. Am. J. Transpl.
Transplant. 2015, 15, 395–406. [CrossRef]

29. Mein, M.H.; Leipnitz, I.; Zanotelli, M.L.; Schlindwein, E.S.; Kiss, G.; Martini, J.; de Medeiros, F.A., Jr.; Mucenic, M.; de
Mello Brandão, A.; Marroni, C.A.; et al. Comparison between IGL-1 and HTK preservation solutions in deceased donor liver
transplantation. Transpl. Transplant. Proc. 2015, 47, 888–893. [CrossRef]

30. Panisello-Roselló, A.; Teixeira da Silva, R.; Castro, C.; Bardallo, R.G.; Calvo, M.; Folch-Puy, E.; Carbonell, T.; Palmeira, C.;
Roselló-Catafau, J.; Adam, R. Polyethylene glycol 35 as a perfusate additive for mitochondrial and glycocalyx protection in HOPE
liver preservation. Int. J. Mol. Sci. 2020, 21, 5703. [CrossRef] [PubMed]

31. Panisello-Roselló, A.; Verde, E.; Lopez, A.; Flores, M.; Folch-Puy, E.; Rolo, A.; Palmeira, C.; Hotter, G.; Carbonell, T.; Adam, R.;
et al. Cytoprotective mechanisms in fatty liver preservation against cold ischemia injury: A comparison between IGL-1 and HTK.
Int. J. Mol. Sci. 2018, 19, 348. [CrossRef]

32. Panisello-Rosello, A.; Castro-Benítez, C.; Lopez, A.; Balloji, S.; Folch-Puy, E.; Adam, R.; Roselló-Catafau, J. Graft protection against
cold ischemia preservation: An Institute Georges Lopez 1 and Histidine-tryptophan-ketoglutarate solution appraisal. Transpl.
Transplant. Proc. 2018, 50, 714–718. [CrossRef]

33. Saidneuy, A.E.; Rezende, M.; Oliveira-Salvalaggio, P. A direct comparison between Institute Georges Lopez 1 and histidine-
tryptophan-ketoglutarate preservation solutions in liver transplantation. Transpl. Transplant. Proc. 2020, 52, 1262–1264. [CrossRef]
[PubMed]

34. Bardallo, R.G.; da Silva, R.T.; Carbonell, T.; Folch-Puy, E.; Palmeira, C.; Roselló-Catafau, J.; Pirenne, J.; Adam, R.; Panisello-Roselló,
A. Role of PEG35, Mitochondrial ALDH2, and Glutathione in Cold Fatty Liver Graft Preservation: An IGL-2 Approach. Int. J.
Mol. Sci. 2021, 22, 5332. [CrossRef] [PubMed]

35. Bardallo, R.G.; Company-Marin, I.; Folch-Puy, E.; Roselló-Catafau, J.; Panisello-Rosello, A.; Carbonell, T. PEG35 and Glutathione
Improve Mitochondrial Function and Reduce Oxidative Stress in Cold Fatty Liver Graft Preservation. Antioxidants 2022, 11, 158.
[CrossRef] [PubMed]

36. Bardallo, R.G.; Chullo, G.; Alva, N.; Rosello-Catafau, J.; Fundora-Suárez, Y.; Carbonell, T.; Panisello-Rosello, A. Mitigating cold
ischemic injury: HTK, UW and IGL2 solutions’ Role in Enhancing Antioxidant Defence and Reducing Inflammation in Steatotic
Livers. Int. J. Mol. Sci. 2024, 25, 9318. [CrossRef] [PubMed]

37. Ramos, P.; Williams, P.; Salinas, J.; Vengohechea, J.; Lodge, J.P.A.; Fondevila, C.; Hessheimer, A.J. Abdominal organ preservation
solutions in the age of machine perfusion. Transplantation 2023, 107, 326–340. [CrossRef]

38. Panisello-Rosello, A.; Chullo, G.; Pera, M.; Bataller, R.; Fundora-Suarez, Y.; Adam, R.; Carbonell, T.; Rosello-Catafau, J. Danger
markers in perfusates from fatty liver grafts subjected to cold storage preservation in different preservation solutions. Transplant.
Proc. 2025, 57, 37–42. [CrossRef]

39. Bardallo, R.G.; Da Silva, R.T.; Carbonell, T.; Palmeira, C.; Folch-Puy, E.; Roselló-Catafau, J.; Adam, R.; Panisello-Rosello, A. Liver
Graft Hypothermic Static and Oxygenated Perfusion (HOPE) Strategies: A Mitochondrial Crossroads. Int. J. Mol. Sci. 2022, 23,
5742. [CrossRef]

40. Kron, P.; Schlegel, A.; Mancina, L.; Clavien, P.A.; Dutkowski, P. Hypothermic oxygenated perfusion (HOPE) for fatty liver grafts
in rats and humans. J. Hepatol. 2017, 68, 82–91. [CrossRef]

41. Schlegel, A.; Müller, X.; Müller, M.; Stepanova, A.; Kron, P.; de Rougemont, O.; Dutkowski, P. Hypothermic oxygenated perfusion
protects from mitochondrial injury before liver transplantation. EbioMedicine 2020, 60, 103014. [CrossRef]

42. Ceresa, C.D.L.; Nasralla, D.; Pollok, J.M.; Friend, P.J. Machine perfusion of the liver: Applications in transplantation and beyond.
Nat. Rev. Gastroenterol. Hepatol. 2022, 19, 199–209. [CrossRef]

43. Schlegel, A.; Mergental, H.; Fondevila, C.; Porte, R.J.; Friend, P.J.; Dutkowski, P. Machine perfusion of the liver and bioengineering.
J. Hepatol. 2023, 78, 1181–1198. [CrossRef]

44. Schlegel, A.; Mueller, M.; Muller, X.; Eden, J.; Panconesi, R.; von Felten, S.; Steigmiller, K.; Sousa Da Silva, R.X.; de Rougemont,
O.; Mabrut, J.Y.; et al. A multicenter randomized-controlled trial of hypothermic oxygenated perfusion(HOPE) for human liver
grafts before transplantation. J. Hepatol. 2023, 78, 783–793. [CrossRef]

45. Wehrle, C.J.; Jiao, C.; Sun, K.; Zhang, M.; Fairchild, R.L.; Miller, C.; Hashimoto, K.; Schlegel, A. Machine perfusion in liver
transplantation: Recent advances and coming challenges. Curr. Opin. Organ. Transpl. Transplant. 2024, 29, 228–238. [CrossRef]

46. Sanha, V.; Trindade, B.O.; Satish, S.; Oliveira, L.B.; Karakaya, O.F.; Jiao, C.; Sun, K.; Nadeem, M.A.; Miller, C.; Hashimoto, K.; et al.
Hypothermic oxygenated versus static cold storage in transplantation of extended criteria liver grafts: A systematic review and
meta -analysis. Clin. Transpl. Transplant. 2025, 39, e70291. [CrossRef] [PubMed]

47. Patrono, D.; Del Prete, L.; Eden, J.; Dutkowski, P.; Guarrera, J.V.; Quintini, C.; Romagnoli, R. Machine perfusion of liver grafts:
Hypothermic vs. normothermic regional perfusion. Int. J. Surg. 2025, 111, 5768–5782. [CrossRef] [PubMed]

https://doi.org/10.1111/ajt.13060
https://doi.org/10.1016/j.transproceed.2015.03.033
https://doi.org/10.3390/ijms21165703
https://www.ncbi.nlm.nih.gov/pubmed/32784882
https://doi.org/10.3390/ijms19020348
https://doi.org/10.1016/j.transproceed.2018.02.044
https://doi.org/10.1016/j.transproceed.2020.01.172
https://www.ncbi.nlm.nih.gov/pubmed/32507487
https://doi.org/10.3390/ijms22105332
https://www.ncbi.nlm.nih.gov/pubmed/34069402
https://doi.org/10.3390/antiox11010158
https://www.ncbi.nlm.nih.gov/pubmed/35052662
https://doi.org/10.3390/ijms25179318
https://www.ncbi.nlm.nih.gov/pubmed/39273266
https://doi.org/10.1097/TP.0000000000004269
https://doi.org/10.1016/j.transproceed.2024.11.029
https://doi.org/10.3390/ijms23105742
https://doi.org/10.1016/j.jhep.2017.08.028
https://doi.org/10.1016/j.ebiom.2020.103014
https://doi.org/10.1038/s41575-021-00557-8
https://doi.org/10.1016/j.jhep.2023.02.009
https://doi.org/10.1016/j.jhep.2022.12.030
https://doi.org/10.1097/MOT.0000000000001150
https://doi.org/10.1111/ctr.70291
https://www.ncbi.nlm.nih.gov/pubmed/40889087
https://doi.org/10.1097/JS9.0000000000002648
https://www.ncbi.nlm.nih.gov/pubmed/40576122


Int. J. Mol. Sci. 2025, 26, 11734 15 of 17

48. Van Leeuwen, O.B.; Lantinga, V.A.; Lascaris, B.; Thorne, A.M.; Bodewes, S.B.; Nijsten, M.W.; de Meijer, V.E.; Porte, R.J. Bach-
to-base combined hypothermic and normothermic machine perfusion of human donor livers. Nat. Protoc. 2025, 20, 2151–2170.
[CrossRef] [PubMed]

49. Panisello-Rosello, A.; Rosello-Catafau, J. HOPE (hypothermic oxygenated perfusion) strategies in the era of dynamic liver graft
preservation. EbioMedicine 2020, 61, 103071. [CrossRef]

50. Asong-Fontem, N.; Panisello-Rosello, A.; Sebagh, M.; Gonin, M.; Rosello-Catafau, J.; Adam, R. The Role of IGL-2 Preservation
Solution on Rat Livers during SCS and HOPE. Int. J. Mol. Sci. 2022, 23, 12615. [CrossRef]

51. Da Silva, R.T.; Bardallo, R.G.; Folch-Puy, E.; Carbonell, T.; Palmeira, C.M.; Fondevila, C.; Adam, R.; Roselló-Catafau, J.; Panisello-
Roselló, A. IGL-2 as a Unique solution for cold static preservation and machine perfusion in liver and mitochondrial protection.
Transpl. Transplant. Proc. 2022, 54, 73–76. [CrossRef] [PubMed]

52. Panconesi, R.; Widmer, J.; Carvalho, M.F.; Eden, J.; Dondossola, D.; Dutkowski, P.; Schlegel, A. Mitochondria and ischemia-
reperfusion injury. Curr. Opin. Organ Transpl. 2022, 27, 434–445. [CrossRef] [PubMed]

53. Hardie, D.G. The AMP-activated protein kinase cascade: The key sensor of cellular energy status. Endocrinology 2003, 144,
5179–5183. [CrossRef] [PubMed]

54. Hardie, D.G.; Hawley, S.A.; Scott, J.W. AMP-activated protein kinase–development of the energy sensor concept. J. Physiol. 2006,
574 Pt 1, 7–15. [CrossRef]

55. Herzig, S.; Shaw, R.J. AMPK: Guardian of metabolism and mitochondrial homeostasis. Nat. Rev. Mol. Cell Biol. 2018, 19, 121–135.
[CrossRef]

56. Panisello-Roselló, A.; Verde, E.; Zaouali, M.A.; Flores, M.; Alva, N.; Lopez, A.; Folch-Puy, E.; Carbonell, T.; Hotter, G.; Adam, R.;
et al. The Relevance of the UPS in Fatty Liver Graft Preservation: A New Approach for IGL-1 and HTK Solutions. Int. J. Mol. Sci.
2017, 18, 2287. [CrossRef]

57. Padrissa-Altés, S.; Zaouali, M.A.; Bartrons, R.; Roselló-Catafau, J. Ubiquitin–proteasome system inhibitors and AMPK regulation
in hepatic cold ischaemia and reperfusion injury: Possible mechanisms. J. Clin. Sci. 2012, 123, 93–98. (In British) [CrossRef]

58. Bouma, H.R.; Ketelaar, M.E.; Yard, B.A.; Ploeg, R.J.; Henning, R.H. AMP-activated protein kinase as a target for preconditioning
in transplantation medicine. Transplantation 2010, 90, 353–358. [CrossRef]

59. Padrissa-Altes, S.; Zaouali, M.A.; Rosello-Catafau, J. AMP-activated protein kinase as a target for preconditioning in transplanta-
tion medicine. Transplantation 2010, 90, 1241. [CrossRef]

60. Chai, Y.C.; Dang, G.X.; He, H.Q.; Shi, J.H.; Zhang, H.K.; Wang, B.; Hu, L.S.; Lv, Y. Hypothermic machine perfusión with
mertformin-UW solution for ex vivo preservation of standard and marginal liver grafts in rat model. World J. Gastroenterol. 2017,
23, 7221–7231. [CrossRef]

61. Zaoualí, M.A.; Reiter, R.J.; Padrissa-Altés, S.; Boncompagni, E.; García, J.J.; Ben Abnennebi, H.; Freitas, I.; García-Gil, F.A.;
Rosello-Catafau, J. Melatonin protects steatotic and non steatotic liver grafts against old ischemia and reperfusion injury. J. Pineal
Res. 2011, 50, 213–221. [CrossRef]

62. Zaouali, M.A.; Boncompagni, E.; Reiter, R.J.; Bejaoui, M.; Freitas, I.; Pantazi, E.; Folch-Puy, E.; Abdennebi, H.B.; Garcia-Gil,
F.A.; Roselló-Catafau, J. AMPK involvement in endoplasmic reticulum stress and autophagy modulation after fatty liver graft
preservation: A role for melatonin and trimetazidine cocktail. J. Pineal Res. 2013, 55, 65–78. [CrossRef]

63. Russo, L.; Gracia-Sancho, J.; García-Calderó, H.; Marrone, G.; García-Pagán, J.C.; García-Cardeña, G.; Bosch, J. Addition of
simvastatin to cold storage solution prevents endothelial dysfunction in explanted rat livers. Hepatology 2012, 55, 921–930.
[CrossRef]

64. Majmundar, A.J.; Wong, W.J.; Simon, M.C. Hypoxia-inducible factors and the response to hypoxic stress. Mol. Cell 2010, 40,
294–309. [CrossRef]

65. Zaoualí, M.A.; Mosbah, I.B.; Abdennebi, H.B.; Calvo, M.; Boncompagni, E.; Boillot, O.; Peralta, C.; Roselló-Catafau, J. New
insights into fatty liver preservation using Institute Georges Lopez preservation solution. Transpl. Transplant. Proc. 2010, 42,
159–161. [CrossRef] [PubMed]

66. Zaouali, M.A.; Ben Mosbah, I.; Boncompagni, E.; Ben Abdennebi, H.; Mitjavila, M.T.; Bartrons, R.; Freitas, I.; Rimola, A.; Roselló-
Catafau, J. Hypoxia inducible factor-1α accumulation in steatotic liver preservation: Role of nitric oxide. World J. Gastroenterol.
2010, 16, 3499–3509. [CrossRef] [PubMed]

67. Roselló, A.P.; Campo, R.; Roselló-Catafau, J.; Vengohechea, J.; Hessheimer, A.; Carbonell, T.; Fondevila, C. Biochemical markers in
steatotic liver preservation: A comparative analysis of conventional and next-generation solutions. Proceedings of WTC 2025,
San Francisco. Am. J. Transplant. 2025, 25, S556.

68. Halestrap, A.P.; Wilson, M.C. The monocarboxylate transporter family: Role and regulation. IUBMB Life 2012, 64, 109–119.
[CrossRef]

69. Kuma, A.; Tamura, M.; Ishimatsu, N.; Harada, Y.; Izumi, H.; Miyamoto, T.; Furuno, Y.; Nakano, Y.; Serino, R.; Otsuji, Y.
Monocarboxilate transporter-1 mediates protective effects of neutral-pH bicarbonate lactate-buffered peritoneal dialysis fluid on
cell viability and apoptosis. Ther. Apher. Dial. 2017, 21, 62–70. [CrossRef]

https://doi.org/10.1038/s41596-024-01130-8
https://www.ncbi.nlm.nih.gov/pubmed/40011689
https://doi.org/10.1016/j.ebiom.2020.103071
https://doi.org/10.3390/ijms232012615
https://doi.org/10.1016/j.transproceed.2021.10.008
https://www.ncbi.nlm.nih.gov/pubmed/34893354
https://doi.org/10.1097/MOT.0000000000001015
https://www.ncbi.nlm.nih.gov/pubmed/35950880
https://doi.org/10.1210/en.2003-0982
https://www.ncbi.nlm.nih.gov/pubmed/12960015
https://doi.org/10.1113/jphysiol.2006.108944
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.3390/ijms18112287
https://doi.org/10.1042/CS20110093
https://doi.org/10.1097/TP.0b013e3181e7a3aa
https://doi.org/10.1097/TP.0b013e3181f9963e
https://doi.org/10.3748/wjg.v23.i40.7221
https://doi.org/10.1111/j.1600-079X.2010.00831.x
https://doi.org/10.1111/jpi.12051
https://doi.org/10.1002/hep.24755
https://doi.org/10.1016/j.molcel.2010.09.022
https://doi.org/10.1016/j.transproceed.2009.12.035
https://www.ncbi.nlm.nih.gov/pubmed/20172305
https://doi.org/10.3748/wjg.v16.i28.3499
https://www.ncbi.nlm.nih.gov/pubmed/20653058
https://doi.org/10.1002/iub.572
https://doi.org/10.1111/1744-9987.12476


Int. J. Mol. Sci. 2025, 26, 11734 16 of 17

70. Zhu, Y.; Wu, J.; Yuan, S.Y. MCT1 and MCT4 expression during myocardial ischemic-reperfusion in the rat heart. Cell Physiol.
Biochem. 2013, 32, 663–674. [CrossRef] [PubMed]

71. Panisello-Roselló, A. Biochemical markers in steatotic liver preservation: A comparative analysis of conventional and next-
generation solutions. In Proceedings of the World Transplant Congress (WTC 2025), San Francisco, CA, USA, 2–6 August 2025;
Poster P2.03.80.

72. Morariu, A.M.; Vd Plaats, A.; VOeveren, W.; Hart, N.; Leuvenink, H.; Graaff, R.; Ploeg, R.; Rakhorst, G. Hyperaggregating effect
of hydroxyethyl starch components and University of Wisconsin solution on human red blood cells: A risk of impaired graft
perfusion in organ procurement? Transplantation 2003, 76, 37–43. [CrossRef]

73. BenMosbah, I.; Franco-Gou, R.; Ben Abdennebi, H.; Hernandez, R.; Escolar, G.; Saidane, D.; Rosello-Catafau, J.; Peralta, C. Effects
of polyethylene glycol and hydroxyethyl starch in University of Wisconsin preservation on human red blood cell aggregation and
viscosity. Transplant. Proc. 2006, 38, 1229–1235. [CrossRef] [PubMed]

74. Lopez, A.; Panisello-Rosello, A.; Castro-Benitez, C.; Adam, R. Glycocalyx preservation and NO production in fatty livers-the
protective role of high molecular polyethylene glycol in cold ischemia injury. Int. J. Mol. Sci. 2018, 19, 2375. [CrossRef] [PubMed]

75. G Bardallo, R.; Panisello-Roselló, A.; Sanchez-Nuno, S.; Alva, N.; Roselló-Catafau, J.; Carbonell, T. Nrf2 and oxidative stress in
liver ischemia/reperfusion injury. FEBS J. 2022, 289, 5463–5479. [CrossRef] [PubMed]

76. Panisello-Roselló, A.; Lopez, A.; Folch-Puy, E.; Carbonell, T.; Rolo, A.; Palmeira, C.; Adam, R.; Net, M.; Roselló-Catafau, J. Role of
aldehyde dehydrogenase 2 in ischemia reperfusion injury: An update. World J. Gastroenterol. 2018, 24, 2984–2994. [CrossRef]
[PubMed]

77. Panisello-Roselló, A.; Alva, N.; Flores, M.; Lopez, A.; Castro Benítez, C.; Folch-Puy, E.; Rolo, A.; Palmeira, C.; Adam, R.; Carbonell,
T.; et al. Aldehyde Dehydrogenase 2 (ALDH2) in rat fatty liver cold ischemia injury. Int. J. Mol. Sci. 2018, 19, 2479. [CrossRef]

78. Angulo, J.; El-Assar, M.; Sevilleja-Ortiz, A. Short-term pharmacological activation Nfr2 ameliorates vascular function in aged rats
and in pathological human vasculature. A potential target for therapeutic intervention. Redox Biol. 2019, 26, 101271. [CrossRef]

79. Panisello-Roselló, A.; da Silva, R.T.; Folch-Puy, E.; Carbonell, T.; Palmeira, C.M.; Fondevila, C.; Roselló-Catafau, J.; Adam, R. The
Use of a Single, Novel Preservation Solution in Split Liver Transplantation and Hypothermic Oxygenated Machine Perfusion.
Transplantation 2022, 106, e187–e188. [CrossRef]

80. Mabrut, J.Y.; Lesurtel, M.; Muller, X.; Dubois, R.; Ducerf, C.; Rossignol, G.; Mohkam, K. Ex vivo liver splitting and hypother-
mic oxygenated machine perfusion: Technical refinements of a promising preservation strategy in split liver transplantation.
Transplantation 2021, 105, e89–e90. [CrossRef]

81. Muller, X.; Rossignol, G.; Couillerot, J.; Breton, A.; Hervieu, V.; Lesurtel, M.; Mohkam, V.; Mabrut, J.Y. A Single Preservation Solu-
tion for Static Cold Storage and Hypothermic Oxygenated Perfusion of Marginal Liver Grafts: A Preclinical Study. Transplantation
2024, 108, 175–183. [CrossRef]

82. Mesnard, B.; Bruneau, S.; Le Bas-Bernardet, S.; Ogbemudia, E.; Kervella, D.; Masset, C.; Neel, M.; Minault, M.D.; Hervouet, M.J.;
Cantarovich, D.; et al. Impact of Hypothermic Perfusion on Immune Responses and Sterile Inflammation in a Preclinical Model
of Pancreatic Transplantation. Transplant. Direct 2025, 11, e1743. [CrossRef]

83. Panisello-Rosello, A.; Palmeira, C.; Carbonell, T.; Roselló-Catafau, J. Hypothermic Perfusion on Immune Responses and Sterile
Inflammation in a Preclinical Model of Pancreatic Transplantation. Transplant. Direct 2025, 11, e1842. [CrossRef]

84. Peralta, C.; Hotter, G.; Closa, D.; Gelpí, E.; Bulbena, O.; Roselló-Catafau, J. Protective effect of preconditioning on the injury
associated to hepatic ischemia-reperfusion in the rat: Role of nitric oxide and adenosine. Hepatology 1997, 25, 934–937. [CrossRef]
[PubMed]

85. Serafín, A.; Roselló-Catafau, J.; Prats, N.; Xaus, C.; Gelpí, E.; Peralta, C. Ischemic preconditioning increases the tolerance of fatty
liver to hepatic ischemia-reperfusion injury in the rat. Am. J. Pathol. 2002, 161, 587–601. [CrossRef] [PubMed]

86. Peralta, C.; Bartrons, R.; Riera, L.; Manzano, A.; Xaus, C.; Gelpí, E.; Roselló-Catafau, J. Hepatic preconditioing preserves energy
metabolism during sustained ischemia. Am. J. Physiol. Gastrointest. Liver Physiol. 2000, 279, G163–G171. [CrossRef] [PubMed]

87. Peralta, C.; Bartrons, R.; Serafin, A.; Blázquez, C.; Guzmán, M.; Prats, N.; Xaus, C.; Cutillas, B.; Gelpí, E.; Roselló-Catafau, J.
Adenosine monophosphate-activated protein kinase mediates the protective effects of preconditioning on hepatic ischemia-
reperfusion injury in the rat. J. Hepatol. 2001, 34, 1164–1173. [CrossRef]

88. Peralta, C.; Bulbena, O.; Xaus, C.; Prats, N.; Cutrin, J.C.; Poli, G.; Gelpi, E.; Roselló-Catafau, J. Ischemic preconditioning: A defence
mechanism against the reactive oxygen species generated after hepatic ischemia reperfusion. Transplantation 2002, 73, 1203–1211.
[CrossRef]

89. Rolo, A.P.; Teodoro, J.S.; Peralta, C.; Rosello-Catafau, J.; Palmeira, C.M. Prevention of I/R injury in fatty livers by ischemic precon-
ditioning is associated with increased mitochondrial tolerance: The key role of ATP synthase and mitochondrial permeability
transition. Transpl. Int. 2009, 22, 1081–1090. [CrossRef]

90. Zhao, W.; Luo, H.; Lin, Z.; Huang, L.; Pan, Z.; Chen, L.; Fan, L.; Yang, S.; Tan, H.; Zhong, C.; et al. Wogonin mitigates
acetaminophen-induced liver injury in mice through inhibition of the PI3K/AKT signalling pathway. J. Ethnopharmacol. 2024, 332,
118364. [CrossRef]

https://doi.org/10.1159/000354470
https://www.ncbi.nlm.nih.gov/pubmed/24030048
https://doi.org/10.1097/01.TP.0000068044.84652.9F
https://doi.org/10.1016/j.transproceed.2006.02.068
https://www.ncbi.nlm.nih.gov/pubmed/16797270
https://doi.org/10.3390/ijms19082375
https://www.ncbi.nlm.nih.gov/pubmed/30103565
https://doi.org/10.1111/febs.16336
https://www.ncbi.nlm.nih.gov/pubmed/34967991
https://doi.org/10.3748/wjg.v24.i27.2984
https://www.ncbi.nlm.nih.gov/pubmed/30038465
https://doi.org/10.3390/ijms19092479
https://doi.org/10.1016/j.redox.2019.101271
https://doi.org/10.1097/TP.0000000000003984
https://doi.org/10.1097/TP.0000000000003775
https://doi.org/10.1097/TP.0000000000004714
https://doi.org/10.1097/TXD.0000000000001743
https://doi.org/10.1097/TXD.0000000000001842
https://doi.org/10.1002/hep.510250424
https://www.ncbi.nlm.nih.gov/pubmed/9096600
https://doi.org/10.1016/S0002-9440(10)64214-9
https://www.ncbi.nlm.nih.gov/pubmed/12163383
https://doi.org/10.1152/ajpgi.2000.279.1.G163
https://www.ncbi.nlm.nih.gov/pubmed/10898759
https://doi.org/10.1053/jhep.2001.29197
https://doi.org/10.1097/00007890-200204270-00004
https://doi.org/10.1111/j.1432-2277.2009.00916.x
https://doi.org/10.1016/j.jep.2024.118364


Int. J. Mol. Sci. 2025, 26, 11734 17 of 17

91. Peralta, C.; Roselló-Catafau, J. The future of fatty livers. J. Hepatol. 2004, 41, 149–151. [CrossRef]
92. Chen, G.; Douglas, H.F.; Li, Z.; Cleveland, W.J.; Balzer, C.; Yannopoulos, D.; Chen, I.Y.; Obal, D.; Riess, M.L. Cardioprotection by

poloxamer 188 is mediated through increased endotelial nitric oxide production. Sci. Rep. 2025, 15, 15170. [CrossRef]
93. Li, Z.; Barajas, M.B.; Oyama, T.; Riess, M.L. Role of nitric oxide in cardioprotection by poloxamer 188. Cells 2025, 14, 1001.

[CrossRef] [PubMed]
94. Bejaoui, M.; Pantazi, E.; Folch-Puy, E.; Panisello, A.; Calvo, M.; Pasut, G.; Rimola, A.; Navasa, M.; Adam, R.; Roselló-Catafau, J.

Protective Effect of Intravenous High Molecular Weight Polyethylene Glycol on Fatty Liver Preservation. Biomed. Res. Int. 2015,
2015, 794287. [CrossRef]

95. Bejaoui, M.; Pantazi, E.; Calvo, M.; Folch-Puy, E.; Serafín, A.; Pasut, G.; Panisello, A.; Adam, R.; Roselló-Catafau, J. Polyethylene
Glycol Preconditioning: An Effective Strategy to Prevent Liver Ischemia Reperfusion Injury. Oxidative Med. Cell. Longev. 2016,
2016, 9096549. [CrossRef] [PubMed]

96. Zeng, Y.; Zhang, X.F.; Fu, B.M.; Tarbell, J.M. The Role of Endothelial Surface Glycocalyx in Mechano-sensing and Transduction.
Adv. Exp. Med. Biol. 2018, 1097, 1–27. [CrossRef] [PubMed]

97. Passov, A.; Schramko, A.; Mäkisalo, H.; Nordin, A.; Andersson, S.; Pesonen, E.; Ilmakunnas, M. Graft glycocalyx degradation in
human liver transplantation. PLoS ONE 2019, 14, e0221010. [CrossRef] [PubMed]

98. Panisello-Roselló, A.; Castro-Benítez, C.; Lopez, A.; da Silva, R.T.; Roselló-Catafau, J.; Adam, R. Glycocalyx as a Useful Marker of
Endothelial Injury in Liver Transplantation. Role Preserv. Solut. Transplant. 2020, 104, e356–e357.

99. Schiefer, J.; Faybik, P.; Koch, S.; Tudor, B.; Kollmann, D.; Kuessel, L.; Krenn, C.G.; Berlakovich, G.; Baron, D.M.; Baron-Stefaniak, J.
Glycocalyx Damage Within Human Liver Grafts Correlates with Graft Injury and Postoperative Graft Function After Orthotopic
Liver Transplantation. Transplantation 2020, 104, 72–78. [CrossRef]

100. Coito, A.J.; Buelow, R.; Shen, X.-D.; Amersi, F.; Moore, C.; Volk, H.D.; Busutil, R.W.; Kupiec-Weginsky, J.W. Heme oxygenase-1 gene
transfer inhibits inducible nitric oxide synthase expression and protects genetically fat Zucker rat livers from ischemia-reperfusion
injury. Transplantation 2002, 74, 96–102. [CrossRef]

101. Panisello-Rosello, A.; Rosello-Catafau, J. Ischemia-Reperfusion Injury. In Regenerative Hepatology and Liver Transplantation; chapter
16; Martins, P., Baptista, P., Orlando, G., Eds.; Academic Press: San Diego, CA, USA, 2025; pp. 269–293, ISBN 978-0-12-823524-9.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jhep.2004.05.002
https://doi.org/10.1038/s41598-025-97079-z
https://doi.org/10.3390/cells14131001
https://www.ncbi.nlm.nih.gov/pubmed/40643522
https://doi.org/10.1155/2015/794287
https://doi.org/10.1155/2016/9096549
https://www.ncbi.nlm.nih.gov/pubmed/26981166
https://doi.org/10.1007/978-3-319-96445-4_1
https://www.ncbi.nlm.nih.gov/pubmed/30315537
https://doi.org/10.1371/journal.pone.0221010
https://www.ncbi.nlm.nih.gov/pubmed/31415628
https://doi.org/10.1097/TP.0000000000002838
https://doi.org/10.1097/00007890-200207150-00017
https://doi.org/10.1016/C2020-0-00351-8

	Introduction 
	SCS and Preservation Solutions: A Knowledge Bridge Towards HOPE Improvement 
	Protective Sensors and Static Hypothermic Preservation: AMPK and HIF 
	Energy Metabolism as Damage Sensor in SCS 
	Polyethylene Glycol 35 Solutions, a Suitable Link Between SCS and HOPE 
	Lipoperoxidation and Mitochondrial ALDH2 Activation and Nitric Oxide 

	Concluding Remarks 
	References

