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Hepatic ischemia reperfusion injury (IRI), a fascinating topic that has drawn a lot of interest
in the last few years, is a major complication caused by a variety of clinical situations,
such as liver transplantation, severe trauma, vascular surgery, and hemorrhagic
shock. The IRI process involves a series of complex events, including mitochondrial
deenergization, metabolic acidosis, adenosine-5’-triphosphate depletion, Kupffer cell
activation, calcium overload, oxidative stress, and the upregulation of pro-inflammatory
cytokine signal transduction. A number of protective strategies have been reported to
ameliorate IR, including pharmacological therapy, ischemic pre-conditioning, ischemic
post-conditioning, and machine reperfusion. However, most of these strategies are
only at the stage of animal model research at present, and the potential mechanisms
and exact therapeutic targets have yet to be clarified. IRl remains a main cause of
postoperative liver dysfunction, often leading to postoperative morbidity or even mortality.
Very recently, it was reported that the activation of peroxisome proliferator-activated
receptor y (PPARY), a member of a superfamily of nuclear transcription factors activated
by agonists, can attenuate IRl in the liver, and FAMB3A has been confirmed to mediate the
protective effect of PPARYy in hepatic IRI. In addition, non-coding RNAs, like LncRNAs
and miRNAs, have also been reported to play a pivotal role in the liver IRI process. In
this review, we presented an overview of the latest advances of treatment strategies and
proposed potential mechanisms behind liver IRI. We also highlighted the role of several
important molecules (PPARy, FAM3A, and non-coding RNAs) in protecting against
hepatic IRI. Only after achieving a comprehensive understanding of potential mechanisms
and targets behind IRl can we effectively ameliorate IRI in the liver and achieve better
therapeutic effects.
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INTRODUCTION

Good blood circulation is a known prerequisite for maintaining
a normal organ function, which can be seriously compromised
by ischemic disease. Ischemia reperfusion injury (IRI) is a
phenomenon wherein organ cell damage caused by hypoxia is
paradoxically aggravated after the restoration of blood circulation
and oxygen delivery (1). This is a dynamic process involving
two related stages: ischemic injury and inflammation-mediated
reperfusion injury (2). Theoretically, IRI can occur in a variety
of tissues and organs, such as the liver, heart, kidney, lung,
intestine, and central nervous system. If severe enough, the
local release of free radicals and inflammatory response after
IRI can even spread throughout the whole body, leading to
systemic inflammatory response syndrome (SIRS) or multiple
organ dysfunction syndrome (MODS) (3). The liver, being the
largest solid organ in the body, is highly dependent on an oxygen
supply for its energy metabolism and is susceptible to hypoxia.
Therefore, hepatic IRI is a frequent and major complication
caused by diverse clinical situations, such as liver transplantation
(LT), severe trauma, vascular surgery, and hemorrhagic shock (4).

In recent years, hepatic IRI has drawn substantial interest as a
research topic. The process involves a series of complex events,
including mitochondrial deenergization, metabolic acidosis,
adenosine-5’-triphosphate depletion, Kupffer cell activation,
calcium overload, oxidative stress, and the upregulation of pro-
inflammatory cytokine signal transduction (5-8). Such diversity
of liver IRT mechanisms has contributed to the pathophysiology
of the disease, which has made it difficult to achieve effective
protection by targeting a single mediator or mechanism to
reduce IRI, either in clinical practice or experiments (9).
A number of protective strategies have been reported to
ameliorate IRI, including pharmacological therapy, ischemic pre-
conditioning (IPC), ischemic post-conditioning (IPostC), and
machine reperfusion (10-14). However, most of these strategies
are only at the stage of animal model research at present, and the
potential mechanisms and exact therapeutic targets have yet to be
clarified. IRI remains one of the main cause of postoperative liver
dysfunction, often leading to postoperative morbidity or even
mortality. Very recently, it was reported that the activation of
peroxisome proliferator-activated receptor y (PPARy), a member
of a superfamily of nuclear transcription factors activated by
agonists, can attenuate IRI in the liver (15, 16), and FAM3A
has been confirmed to mediate the protective effect of PPARy in
hepatic IRI (17). In addition, non-coding RNAs, like LncRNAs
and miRNAs, have also been reported to play a pivotal role in the
process of liver IRI (18, 19).

In this review, we presented an overview of the latest advances
of treatment strategies and proposed potential mechanisms
behind liver IRI. We also highlighted the role of several
important molecules (PPARy, FAM3A, and non-coding RNAs)
in protecting against hepatic IRI. Notably, oral administration
of PPARYy agonists before liver surgery to activate the FAM3A
pathway might help ameliorate hepatic IRI. Only after achieving
a comprehensive understanding of potential mechanisms and
targets behind IRI, we can effectively ameliorate IRI in the liver
and achieve better therapeutic effects.

CONTEMPORARY STRATEGIES AND
APPROACHES FOR HEPATIC IRI

Mainstream approaches to preventing hepatic IRI have included
various pharmacological interventions, IPC, IPostC, and
machine perfusion (10-14). Multiple drugs have been used to
prevent liver IRI, the main purposes of which are to combat
the increased oxidative stress during liver IRI or to apply
immunomodulation. Of note, variations in existing liver clamp
techniques, designed to reduce IRI by manufacturing IPC
and IPostC, have been extensively studied and are routinely
implemented in liver transplantation and resection (Figure 1).
We will now briefly review some of these approaches.

Pharmacological Interventions

Since the pathophysiology of hepatic IRI involves multiple targets
and mechanisms, various types of pharmacological interventions
are currently being tested to suppress this phenomenon (Table 1).
During liver surgery, methylprednisolone, trimetazidine, and
ulinastatin reportedly help mitigate IRI and thereby render
protection for the liver (10). However, the routine use of these
drugs to reduce IR in controlled liver resection remains a
controversial issue owing to the lack of sufficient clinical trials.

Prednisolone

Prednisolone is a glucocorticoid steroid that generally acts as
an anti-inflammatory agent in experimental liver IRI, being
able to reduce both inflammation markers and apoptotic cell
counts (34). A systematic review and meta-analysis by Orci
et al. (35) concerning the effects of perioperative steroids on IRI
showed that perioperative steroids are associated with favorable
postoperative outcomes after hepatectomy. The postoperative
morbidity of patients receiving intravenous glucocorticoids
was 24% lower than that of the control group. In addition,
steroids can significantly reduce the level of blood bilirubin
and inflammation markers postoperatively, such as interleukin
6 (IL-6) and C-reactive protein (CRP). Nevertheless, there was
no evidence of significant differences between the two study
groups in terms of infection and wound healing complications.
Similarly, a double-blind, randomized controlled trial enrolling
124 cases recently conducted by Hasegawa et al. (20) revealed
that the preoperative use of glucocorticoids in laparoscopic liver
resection significantly improved the postoperative liver function.
The levels of bilirubin, CRP, and IL-6 in the glucocorticoid group
of that study were significantly lower while the albumin level
was significantly higher and the prothrombin time significantly
shorter than in the control group. Furthermore, to reduce the
adverse effects of systemic high-dose hormones and increase
the local hormone concentration, a recent study by van Alem
et al. (5) showed that liposomal encapsulation could efficiently
mediated local delivery of glucocorticoids in rats, suggesting its
potential utility as a treatment strategy. Nevertheless, animal
models constructed in this this study are renal IRI rats, and
whether the role of liposomal encapsulation for local delivery
of glucocorticoids is equally effective in liver IRI still needs
further verification.
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FIGURE 1 | The mainstream strategies and novel targets to protect from liver ischemia reperfusion injury (IRl). (A) Pharmacological interventions in liver IRI. Most of
current medicine used to attenuate liver IRl aim at combating the increased oxidative stress, reducing inflammatory response, inhibiting the apoptosis of hepatocytes,
and promoting the regeneration of damaged liver tissue. (B) Ischemic preconditioning (IPC) and ischemic post-conditioning (IPostC) in liver IRI. Pringle maneuver (PM)
is a simplest and most widely used technology of liver vascular clamping to achieve IPC prior to a prolonged period of ischemia and IPostC preceding a continuous
reperfusion. IPC is characterized by a brief ischemia followed by a transient reperfusion, repeated several times, while the steps of IPostC are completely opposite.
(C) Machine perfusion in liver IRI. Hypothermic machine perfusion (HMP) and normothermic machine perfusion (NMP) are the two main types in machine perfusion.
Compared to HMP, NMP allows for the generation of data for the assessment of liver viability and allows for reconditioning of the liver ex vivo during the preservation
period, which may allow the transplantation of currently deemed “untransplantable” organs in the near future. (D) Novel targets in liver IRI. Peroxisome
proliferator-activated receptor y (PPARY) is a novel target to attenuate liver IRI maybe via ATP-PI3K-Akt pathway mediated by PPARy-FAMB3A axis. Of note, miR-122,
LncRNA AK139328, and LncSHGL exert deleterious effects on liver IRI by blockading the signal transmission between Akt and the liver. NF-kB, nuclear factor kappa
B; GP130, glycoprotein 130; STAT3, signal transducer and activator of transcription 3; ROS, reactive oxygen species; TLR4, Toll-like receptor 4; IRF5, interferon
regulatory factor 5; LECs, liver endothelial cells; Nrf2, nuclear respiratory factor2; GSK3B, glycogen synthase kinase-3; AMPK, AMP activated protein kinase; NLRP3,
domain-like receptor (NLR) family pyrin domain-containing 3; HMGB, high mobility group box; MyD88, myeloid differential protein-88; Epha2, ephrin type-A receptor
2; ARE, antioxidant response element; eNOS, endothelial nitric oxide synthase.

Melatonin (21) demonstrated that melatonin could attenuate liver graft

In addition to prednisolone, melatonin, a puissant endogenous
antioxidant synthesized in the pineal gland, has also shown
potential value in the treatment of liver IRI (36). Melatonin
can directly act as a free radical scavenger or indirectly act
by upregulating the expression of several antioxidant enzymes
(superoxide dismutase, glutathione peroxidase, glutathione
reductase, etc.) to alleviate liver IRI (37, 38). Importantly, a
number of studies have shown that melatonin attenuates liver
IRI by maintaining the stability of the mitochondrial membrane,
ensuring synthesis of ATP in the liver, and improving bile
production in rat models of cold storage (39-42). Furthermore,
an animal experimental study published in J Pineal Res in 2018

IRI, restore regeneration, and improve the recipient survival
outcome, perhaps via the IL6/GP130-STAT3 signal pathway.
Exogenous melatonin was found to promote the release of IL-
6, IL-10, and tumor necrosis factor-a (TNF-a) by infiltrating
inflammatory Ly6C+ F4/80+ monocytes, the critical role of
which were IL-6 secreted by monocytes and downstream GP130-
STAT3 signaling. Another animal study by Chinese scholars
Gao et al. (22) recently showed that melatonin was able to
downregulate the activity of the nuclear factor kappa B (NF-
kB) signaling pathway in the early and late stages of hepatic IRI,
ameliorate the inflammatory response, protect the liver function,
and improve the survival rate in the perioperative period.
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TABLE 1 | Summarization of pharmacological interventions in liver IRI.

Pharmacological Data origin Main effects and conclusion References

ingredient

Prednisolone Clinical trial Glucocorticoid improves postoperative liver function and enhances the perioperative (20)
safety.

Prednisolone Rat model Liposomal encapsulation efficiently mediates local delivery of glucocorticoids. 5)

Melatonin Mouse model Melatonin restore regeneration in IRI, perhaps via the IL6/GP130-STAT3 signal pathway. (21)

Melatonin Rat model Melatonin ameliorates inflammation by inhibiting the activity of NF-«B signaling. (22)

N-acetylcysteine (NAC) Mouse model NAC alleviates liver injury via inhibiting the TLR4/IRF5 signaling pathway. (23)

N-acetylcysteine Clinical trial NAC reduces the probability of an abnormal liver function postoperatively. (24)

P-selectin antagonists Rat model It blocks the migration of leukocytes into the IR-stressed liver and acts as a cytoprotective (7)
agent of LECs by Nrf2 signal.

P-selectin antagonists Clinical trial It blockades leukocyte adhesion and reduces the production of pro-inflammatory (25)
cytokines.

Caspase inhibitor Mouse model It reduces cellular injury, decreases apoptosis, and improves cytokine profiles. (26)

Caspase inhibitor Clinical trial It inhibits IRI-induced apoptosis, delays graft dysfunction, and ameliorates hepatic injury. 27)

Prostacyclin Rat model lloprost reduces plasma liver transaminase levels and increases antioxidant enzymes (28)
levels.

Prostacyclin Rat model Treprostinil reduces hepatic necrosis, preserves the inner wall of sinusoidal endothelial (29)
cells, restored energy and reduced platelet deposition.

Prostacyclin Clinical trial Treprostinil decreases the occurrence of PNF, minimizes the need for ventilation support, (30)
and improves hepatobiliary excretion.

Nilotinib Mouse model Nilotinib decreases the expression of pro-inflammatory cytokines and the recruitment of (31)
inflammatory monocytes.

Fisetin Mouse model Fisetin counters inflammatory responses via the GSK38/AMPK/NLRP3 inflammasome (82)
pathway.

Gastrodin Mouse model Gastrodin protects liver against IRI by activating the Nrf2/HO-1 pathway. (33)

GP130, glycoprotein 130; STAT3, signal transducer and activator of transcription 3; NF-xB, nuclear factor kappa B; LECs, liver endothelial cells; Nrf2, nuclear respiratory factor 2; PNF,
primary graft non-function; GSK3B, glycogen synthase kinase-3; AMPK, AMP activated protein kinase; NLRP3, domain-like receptor (NLR) family pyrin domain-containing 3; HO-1,

heme oxygenase-1.

The authors randomly divided 60 Sprague-Dawley rats into a
sham group, ischemia-reperfusion injury group (I/R group), and
melatonin-treated group (M+ I/R group). Immunofluorescence
staining showed that the expression of NK-«kB in the M+ I/R
group was significantly lower than that in the I/R group, and the
7-day survival rate in M+ I/R group was higher than that in the
I/R group (50 vs. 20%, p < 0.05).

N-Acetylcysteine (NAC)

NAGC, a glutathione precursor, has also been reported to protect
the liver from IRI in animal models (6). Its protective effects
against liver IRI may be exerted via the regulation of the
ROS/JNK/Bcl-2 pathway to prevent IRI-induced autophagy
and apoptosis (43) or by attenuating reactive-oxygen-species-
mediated endoplasmic reticulum stress (44). Recently, an
experimental study by Nasiri et al. (23) verified that Toll-
like receptors (TLRs), especially TLR4, and their downstream
factors, namely interferon regulatory factor 5 (IRF5), play a
basic role in the inflammatory phase of IRI. The authors
showed that pretreatment with NAC significantly inhibited the
TLR4/IRF5 signaling pathway, thereby reducing the secretion of
downstream cytokines after 3 h of reperfusion and subsequently
alleviating liver injury after 168h of reperfusion. A number
of clinical trials have shown that intravenous injection of
NAC can attenuate IRI in liver grafts, thereby reducing the

occurrence of graft dysfunction and improving the liver function
(45, 46). In 2016, a double-blind, randomized, control clinical
trial containing 115 cases by Donadon et al. (24) showed
that the intravenous administration of NAC prior to hepatic
resection significantly reduced the probability of an abnormal
liver function postoperatively compared with placebo when the
Pringle maneuver exceeded 70 min. However, another clinical
trial conversely found that the preservation of liver grafts inside
University of Wisconsin solution plus NAC did not change
the rate of IRI or influence the short-term prognosis (e.g.,
hospital stay, vascular complications, inotrope requirement, or
in-hospital mortality) in liver transplant recipients (47). It was
noteworthy that the application timing of NAC in the above
two studies is different, in which one is to administer NAC
intravenously before the liver is removed from the donor, and the
other is to use NAC during the preservation of the donor liver.
Therefore, the value of NAC in the prevention of liver IRI must
be explored further, particularly via randomized and large-scale
clinical trials to determine the translational value of NAC from
the bench to the bedside.

Noble Gases

The protective value of noble gases for the ex vivo preservation
of organs prior to transplant and IRI during the perioperative
period has been extensively verified in numerous preclinical
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experiments and clinical trials, with reports concerning argon
and xenon being the most common (48-51). In a rat
spinal I/R experimental model by Liu et al. (52), the rats
in the I/R group with xenon-delayed post-conditioning had
higher neurological scores, more normal motor neurons,
fewer apoptotic neurons, and significantly higher levels of
Akt and extracellular signalregulated kinase (ERK) than those
without xenon-delayed post-conditioning, suggesting that xenon
attenuated spinal cord IRI by activating the Akt and ERK
signaling pathways. However, current research concerning the
protective effect of xenon in the context of liver IRI remains
limited. A recent study by German scholars Schmitz et al. (53)
reported that argon inhalation had a detrimental effect on rat
liver regeneration after IRI, which manifested in increased levels
of the pro-inflammatory cytokines IL-1p and IL-6. Consequently,
further studies especially clinical trials, are urgently needed to
clarify the role of noble gases in preventing liver IRI.

P-Selectin and Caspase Inhibitor

The administration of P-selectin antagonists and caspase
inhibitors has also been proven to be effective against hepatic
IRI (54-57). It is common knowledge that liver endothelial cells
(LECs) are the principal type of liver non-parenchymal cell and
deemed to play a central role in regulating the substance exchange
between the sinusoidal blood flow and surrounding tissues as
well as maintaining the immune and coagulation functions (25).
To analyze the role of LECs in combating IRI, Zhang et al. (25)
used a novel recombinant soluble form of tandem P-selectin
glycoprotein ligand-immunoglobulin (TSGL-Ig) in a rat model
of syngeneic orthotopic liver transplantation. They consequently
found that TSGL-Ig not only acted as a competitive antagonist
to block the migration of leukocytes into the IR-stressed liver
but may also have acted as a cytoprotective agent of LECs
mediated by nuclear respiratory factor 2 (Nrf2) signal. This study
supported the role of the P-selectin signaling pathway in liver
homeostasis, with a wide range of influence on tissue damage.
Clinically, a double-blind phase II study designed by Busuttil
et al. (7) indicated that recombinant P-selectin glycoprotein
ligand IgG successfully blockaded leukocyte adhesion, reduced
the production of pro-inflammatory cytokines, and protected the
function of the liver allograft.

With regard to caspase inhibitor, F573, a pan-caspase
inhibitor, was reported to attenuate liver IRI in an in vivo murine
IRI model, given the significantly reduced levels of markers of
cellular injury, decreased evidence of apoptosis, and improved
cytokine profiles compared to the vehicle (26). Coincidently,
a recent experimental study by Fagenson et al. (58) indicated
that Caspase 1/Caspase 11 double gene knockout can attenuate
the liver IRI in mice. These promising results from animal
researches lay a reasonable foundation for the introduction of
caspase inhibitor to normothermic ex situ liver perfusion with
the goal of improving the quality of marginal grafts. In order to
validate the actual clinical application value, a phase II, multi-
center, randomized, double-blinded, and parallel group study by
Baskin-Bey et al. (27) designed to evaluate the utility of another
pan-caspase inhibitor IDN-6556 in IRI injury during liver
transplantation. IDN-6556 administered in cold storage and flush

solutions, was able to inhibit IRI-induced apoptosis, delay graft
dysfunction, and ameliorate hepatic injury based on the serum
alanine aminotransferase (ALT) or aspartate aminotransferase
(AST) levels. However, an unanticipated phenomenon occurred
as intravenous administration of IDN-6556 to recipients after
transplantation gradually abrogated the salutary effects of
including IDN-6556 in the storage solution in a dose-dependent
manner, which might be attributed to a massive accumulation
of neutrophils in the graft caused by high doses of IDN-6556.
Therefore, the clinical application of caspase inhibitor still needs
more research support in the future.

Prostacyclin

PGI2 is a secret ingredient in normothermic ex vivo liver
perfusion, with the properties of inhibiting platelet aggregation,
leukocyte activation and chemotaxis, and superoxide anion
production, which exerts an anti-inflammatory effects and
protects endothelial cells (59, 60). To evaluate the effects of
prostacyclin on the hepatic IRI, Gedik et al. (28) used iloprost,
a prostacyclin analog, in a rat IRI model and showed that
iloprost pretreatment decreased the plasma ALT and AST levels
and upregulated the expression of antioxidant enzymes, such as
superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GSH). Besides, regular sinusoidal structures with
normal morphology without no signs of congestion were
observed in the IRI rats pretreated with iloprost, whereas
swollen hepatocytes with marked vacuolization were observed
in the IRI rats without iloprost. Similar findings were reported
by Ghonem et al. (29) that treprostinil, another prostacyclin
analog, could significantly reduce serum liver transaminases,
neutrophil infiltration, hepatic necrosis, and mRNA levels of pro-
inflammatory cytokines in rat orthotopic liver transplantation
(OLT). And treprostiil preserved the inner wall of sinusoidal
endothelial cells, restored energy levels and reduced platelet
deposition early after transplantation, and maintained a blood
flow similar to the normal level compared to placebo.

To examine the actual clinical effect of prostacyclin, early in
2000, a placebo controlled randomized clinical trial by Neumann
et al. (61) showed that treatment with prostacyclin tended
to lower peak AST levels and induced a significant decrease
in the difference between mixed venous oxygen content and
hepatic venous oxygen content (delta O) after 24 and 48h
after reperfusion, which indicated an improvement of regional
hepatic-splanchnic oxygenation. To our interest, recently, a
prospective, single-center, non-randomized, interventional study
was performed by Almazroo et al. (30) to evaluate the
safety and preliminary efficacy of perioperative treprostinil
in preventing IRI in adult OLT recipients. In this study,
subjects showed good tolerance to the continuous infusion of
treprostinil without occurrence of primary graft non-function,
which achieved 100% graft and recipient survival, minimized
need for ventilation support, shortened hospitalization time, and
improved hepatobiliary excretion comparable to normal healthy
adults. Overall, prostacyclin shows pretty application prospects
in ameliorating liver IRI, however, larger, randomized, double-
blind, and multicenter clinical study is warranted to further
demonstrate the role of prostacyclin in hepatic IRI.
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TABLE 2 | Summarization of IPC/IPostC in liver IRI.

IPC or IPostC Data origin Main effects and conclusion References

IPC Rat model IPC ameliorates liver IRl and restores mitochondrial function maybe via HO-1-mediated (52)
autophagy

IPC Mouse model Combined IPC and rapamycin protects against hepatic IRI attributing to restored 62)
autophagy activation

IPC Rat model Pretreatment with a slight of oxidative stress can trigger cellular adaptation protects by 8)
maintaining mitochondrial function.

IPC Mouse model IPC alleviates liver IRI by decreasing TIM4 expression. (63)

IPC Mouse model RIPC diminishes hepatic IRI mediated by Karp through inhibition of HMGB1 induced (64)
TLR4/MyD88/NF-kB signaling pathway.

IPC Clinical trial RIPC neither significantly improves liver transaminase level nor decreased the incidence of (65)
EAD and PNF.

IPC Clinical trial RIPC does not improve liver function in living donor hepatectomy. (66)

|PostC Rat model IPostC protects against liver IRI possibly via the GSK-3B/Fyn/Nrf2 pathway. 67)

IPostC Rat model IPostC protects against IRl mediated by microRNA-183 by repressing the expression of (68)
Apaf-1.

|IPostC Mouse model Mmu_circRNA_005186-miR-124-3p-Epha2 pathway may be the key axis for IPostC to (69)
attenuate hepatic IRI.

|PostC Clinical trial Remote IPostC does not exhibit any improvements and clinical benefits preoperatively. (70)

|IPostC Clinical trial IPostC does not influence postoperative AST peak values, however, a better tolerance to (71)

IRI are observed.

HO-1, heme oxygenase-1; TIMA4, T-cell immunoglobulin and mucin domain molecule-4,; TLR4, Toll-like receptors; MyD88, myeloiddifferentiationfactor88; NF-«xB, nuclear factor kappa B;
EAD, early allograft dysfunction;, PNF, primary graft non-function; GSK3B, glycogen synthase kinase-3; Nrf2, nuclear respiratory factor 2. Apaf-1, apoptotic protease activating factor-1.

Other Novel Pharmacological Interventions

Other novel pharmacological interventions reported to mitigate
liver IRI are equally worthy of our attention. It is well-known
that p38 Mitogen-activated protein kinases (MAPKs) signaling
and c-Jun n-terminal kinases (JNKs) mediate liver IRI through
inflammatory factor expression and cell death, respectively.
Nilotinib, an oral receptor tyrosine kinase inhibitor originally
used for chronic myeloid leukemia, also reportedly have
in vitro activity against JNK and p38 MAPK (31). To
further examine therapeutic potential of nilotinib against
hepatic IRI, an experimental study from Memorial Sloan-
Kettering Cancer Center, New York published in ] Hepatol
(31) was performed and showed that nilotinib markedly
decreased the recruitment of inflammatory monocytes, reduced
the expression of pro-inflammatory cytokines (IL-1p, IL-6,
TNE etc.), and ameliorated hepatocellular apoptosis in liver
IRI in a murine model, perhaps via blocking activation of
p38 MAPK signaling and JNK. In addition to nilotinib,
Chinese medical herb also play an increasingly pivotal role
in the management of liver IRI. Notably, Fisetin, a Chinese
herbal medicinal ingredient with anti-inflammatory, anti-
aging, and anti-oxidative properties, was reported to have the
capability of countering inflammatory responses and mitigating
hepatic IRI by downregulating the GSK3p/AMPK/NLRP3
inflammasome pathway (32). Coincidently, another recent study
by Chinese scholars Yuan et al. (33) demonstrated that gastrodin
pretreatment was able to protect liver against IRI in a murine
model by activating the Nrf2/HO-1 pathway in a dose-responsive
manner, leading to the downregulation of cytokines (IL-6
and TNF). Taken together, these findings suggest a novel

and promising strategy for minimizing the injury induced by
ischemia and reperfusion during liver transplantation. However,
whether it be nilotinib, fisetin, or gastrodin, there are still limited
data of these drugs clinically applied to ameliorating liver IRI
in human.

IPC and IPostC

IPC

IPC is a manipulative exercise involving short-term ischemia,
commonly induced by portal triad clamping, followed by a
brief period of reperfusion before an expected prolonged period
of ischemia to protect IRI (Table 2). The protective effect of
IPC on IRI was initially discovered by Murry et al. (72) in
a canine myocardial ischemia model (72). A large number of
experimental animal studies have provided strong preclinical
evidence indicating that IPC can significantly improve the
survival of hepatocytes and reduce the severity of liver IRI (11,
65). In 2016, Liu et al. (73) developed an IRI rat model indicating
that inhibiting the activity of heme oxygenase-1 (HO-1) could
reduce the autophagy induced by IPC, increase the activity
of calpain2, and weaken the protective effect of IPC against
liver IRI. Additionally, the inhibition of calpain2 was able to
repair liver autophagy defects after I/R and reduce mitochondrial
dysfunction. In general, IPC ameliorates liver IRI and restores the
mitochondrial function, perhaps via HO-1-mediated autophagy.
Similar results were observed in another recent experimental
study showing that combined pretreatment of ischemia and
rapamycin prevented hepatic IRI, perhaps via the restoration of
autophagy activation in aged mice (62).
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Importantly, related studies have suggested that IRI occurs
as a consequence of irreversible mitochondrial injury, and
IPC is an endogenous protective mechanism that protects
the mitochondrial function and biological energy (8). A
slight increase in oxidative stress during IPC can trigger
cellular adaptation by reducing the activity of ATP synthase,
thereby increasing the tolerance to mitochondrial permeability
transition (MPT) and maintaining ATP levels during liver
IRI (8). T-cell immunoglobulin and mucin domain molecule-4
(TIM4), a substance conserved between mice and humans and
mainly expressed in mature dendritic cells and macrophages,
was considered to be necessary for macrophage migration,
phagocytosis, and activation in the pathological process of
liver IRI, and blocking the TIM4 signaling pathway could
alleviate liver IRI (74). To determine whether TIM4 participated
the process of IPC protecting against liver IRI, Zhang
et al. (63) designed an experimental study and measured
the expression of TIM4 in the each group (sham mouse
group, IRI mouse group, and IPC+IRI mouse group). The
results showed that IRI significantly increased the protein
expression of TIM4, whereas IPC decreased the expression of
TIM4 induced by IRI, which indicated that inhibiting TIM4
expression maybe another mechanism and potential therapeutic
strategy for IPC to minimize liver IRI. Furthermore, another
recent experimental study by Koh et al. (64) suggested that
remote ischemic preconditioning (RIPC) diminished hepatic
IRI appeared to be mediated by mitochondrial ATP-sensitive
potassium channel (KATP) through inhibition of HMGBI
induced TLR4/MyD88/NF-kB signaling pathway. Serum liver
injury transaminase levels, hepatic expression of inflammatory
cytokines, and apoptosis-associated genes were lower in IR mice
treated with RIPC compared to the observations in untreated
IR mice. And the protective effects of RIPC against liver IRI
were amplified in mice administrated KATP activator diazoxide,
and, inversely, that the protective effect were weakened in those
administrated with KATP inhibitor glyburide.

Although the protective effect of IPC on liver IRI has been
verified in multiple animal model studies, contradictory results
have emerged in ongoing clinical trials. A randomized clinical
trial of 208 cases by Chinese scholars Qi et al. (65) showed
that RIPC neither significantly improved the levels of ALT and
AST in donors and recipients nor decreased the incidence of
early allograft dysfunction (EAD), primary non-function, and
postoperative complications in liver recipients. Coincidently,
another randomized clinical trial recently published in Ann Surg
(66) reported that RIPC was not associated with any marked
differences in postoperative transaminase levels and did not
decrease the incidence of a delayed graft hepatic function among
donors. Furthermore, no marked differences in the incidence of
EAD or graft failure were found among liver recipients.

Another major problem is that the optimal protocol,
particularly concerning the ischemic intervals, remains poorly
understood. The current IPC implementation methods mainly
involve 5min of ischemia/10 min of reperfusion and 10 min
of ischemia/10 min of reperfusion, but which of these two
methods is better is unclear. To help answer these questions,
Lin et al. (75) recently compared several pretreatment protocols

in a rat IRI model to determine the optimal IPC protocol.
As a result, they found an IPC implementation method with
5min of ischemia/5min reperfusion, repeated three times,
provided the best protection against liver IRI. Given the above
findings, the application of IPC at the beside in actual patients
appears premature.

IPostC

IPostC is a novel approach initiated in recent years to minimize
IRI during the perioperative period of liver surgery (Table 2).
In contrast to IPC, IPostC is defined as several brief cycles of
reperfusion and ischemia after prolonged ischemia, involving
controlled reperfusion prior to continuous reperfusion. Initially
described by Zhao et al. (12), it was proven to effectively confer
protection against liver IRI in subsequent studies (9, 76, 77).
Compared to IPC, IPostC is more clinically relevant due to the
timing procedure, wherein the conditioning stimulus is applied
after prolonged ischemia and prior to permanent reperfusion,
as opposed to IPC, where the stimulus must be initiated before
the ischemic insult; as the onset of ischemia cannot always be
predicted, IPostC is more practical than IPC.

Regarding the potential mechanisms involved, there are
many hypotheses that IPostC could slow oxygenation through
administering bursts of controlled reperfusion, inhibit neutrophil
accumulation, increase antioxidant activity, modulate the
apoptotic cascade, and upregulate the cytoprotective properties
of nitric oxide (NO) (9, 76, 77). In addition, previous studies have
shown the protective effects of IPostC against liver injury induced
by IR via the glycogen synthase kinase 3 beta (GSK-38)/Fyn/Nrf2
signaling pathway (67). In 2017, an experimental study published
in Antioxid Redox Signal first demonstrated that IPostC protects
against IRI mediated by microRNA-183 by repressing the
expression of apoptotic protease activating factor-1 (Apaf-1),
which is an apoptosis-promoting factor (68). Moreover, Chinese
scholars Zhang et al. (69) also reported that circular RNAs
(circRNAs) are closely related to hepatic IRI and IPostC,
and the comprehensive circRNA expression profile, namely
mmu_circRNA_005186-miR-124-3p-Epha2 pathway, may be the
key axis for IPostC to attenuate hepatic IRI in a mouse model.

Nonetheless, the results from clinical trials differ markedly
from the promising results obtained from animal experiments
in research on using IPostC to ameliorate IRI. For example,
a randomized controlled trial by Kim et al. (70) reported that
remote ischemic post-conditioning (RIPostC) did not induce
any improvements in the postoperative graft function, and no
other clinical benefits with respect to the length of hospital stay,
complication rate, or short-term mortality rate were observed. In
that study, RPostC was performed with 5 min reperfusion/5 min
ischemia, repeated four times, and the graft function was assessed
through evaluations of the serum levels of total bilirubin and liver
enzymes as well as the prothrombin time. Another observational
study from Italy (71) showed that IPostC did not influence
the postoperative AST peak, cellular apoptosis, morbidity, or 1-
year graft survival rate. However, histological findings showed
that TPostC was able to trigger autophagy in periportal areas,
suggesting that grafts receiving IPostC obtain a better tolerance
to IRI. Notably, the operation of IPostC in this study comprised
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three cycles of 1-min arterial occlusion interspersed with 1-min
reperfusion pauses (71). These previous findings suggest that the
implementation of IPostC is not yet uniform, and clinical test
indicators are single, which might be reasons why IPostC has
no protective effect against IRI in clinical practice. To better
clarify the clinical impact of this approach, it is urgent to optimize
the IPostC protocol and deepen our molecular understanding
through future studies.

Machine Reperfusion

From the acquisition of donor livers to the transplantation,
liver grafts have been in the stage of preservation and repair.
So far, static cold storage (SCS) is still the most commonly
used liver preservation method, for its advantages of simplicity
and economy. However, the low temperature and hypoxia of
SCS has been reported to damage LECs, leading to delayed
recovery or even loss of function of liver graft (78). Besides,
with the aging and marginalization of donors, and the increasing
proportion of cadaveric liver donors, disadvantages of SCS
may become more prominent. Compared with traditional SCS,
mechanical perfusion is a novel subject of much attention
in organ preservation, with some unparalleled superiorities,
such as dynamic circulation to maintain normal physiological
metabolism, data generation to assess liver graft viability, and
ex vivo reconditioning (78). In this section, we aim to review
the application progress of machine perfusion in the field of
liver transplantation.

Hypothermic Machine Perfusion (HMP)
Machine perfusion has always been a topic of interest in the
field of liver transplantation, and growing evidence has implied
that it may be the most efficient technique for attenuating IRI
when applied to extended criteria donor (ECD) and donor after
circulatory death (DCD) livers. Compared to SCS, the main
method used to preserve allograft liver clinically for the past
three decades, HMP is a novel technology involving perfusate
containing diverse metabolic substrates and other protective
mediators that is circulated through the donor organ, thereby
flushing cytokines and toxins from the organ. Another advantage
of HMP is that it allows handlers to judge the acceptability
of the allograft based on determinations of pump parameters
and enzymes in the preservation solution (13) HMP is usually
zeperformed between 4 and 10°C, although the optimum
temperature remains controversial. Lower temperatures have
the advantage of inhibiting metabolic activity but require a
higher perfusion pressure, which increases the risk of sinusoidal
endothelial cell (SEC) injury. A group from China showed that
rat DCD liver preserved by HMP exhibited improved histological
results, higher levels of ATP, and greater bile production and
superoxide dismutase (SOD) activation than those preserved
by cold storage, perhaps by activating the Nrf2-antioxidant
response element (ARE) signaling pathway (79). Interestingly,
the addition of metformin to HMP perfusate in vitro is reported
to significantly relieve hepatic injury during cold ischemia by
activating the AMPK-eNOS mediated pathway (80).

However, while studies concerning HMP in animal models
of liver IRI have been promising, clinical trials of liver HMP

remain in their infancy. A meta-analysis by Zhang et al. (81)
incorporated 6 clinical trials of liver HDM, involving 178 and
144 liver allografts preserved by SCS and HMD, respectively. The
incidences of biliary complications and EAD were found to be
significantly decreased with the 1-year graft survival significantly
greater in the HMP group than in the SCS controls, whereas
no significant difference was observed in terms of vascular
complications, the incidence of primary non-function (PNF), or
the length of hospital stay between the two groups.

Notably, hypothermic oxygenation perfusion (HOPE) appears
to be key to preventing IRI, the mechanism of which involves
minimizing the initial release of mitochondrial reactive oxygen
species (ROS) by reversibly downregulating the electron transfer
rate. Lin et al. (82) added defatting cocktail to HOPE perfusate
in a rat liver transplantation model, which was proven to be
able to improve steatotic liver graft and postoperative survival
compared to HOPE alone. The defatted liver transplantation can
be safely used in liver transplantation in rats, which may lay a
solid foundation for its subsequent clinical application. Another
experimental animal study by Zhou et al. (83) indicated that
HOPE alleviated DCD rat liver I/R by suppressing HECTD3-
mediated TRAF3 polyubiquitination, which might be a useful
target for improving IRI in DCD liver transplantation. To further
investigate the clinical utility of HOPR for DCD liver, Switzerland
scholars Dutkowski et al. (84) firstly performed a clinical trial
involving eight patients with end stage liver diseases receiving
DCD liver transplantation, and found that the application of
HOPE for DCD livers appeared to be well-tolerated and easy-
to-use, providing better clinical outcomes than the matched liver
grafts from cardiac death donors.

However, two critical parameters for HOPE have yet to be
clarified: the optimal perfusion route and the optimum level of
oxygenation. Recently, a long-term efficacy study published in |
Hepatol (85) reported that the use of HOPE in extended DCD
livers had a similar 5-year survival to that of low-risk donor livers
obtained after brain death in liver transplantation, suggesting that
a simple end-ischemic perfusion approach may help widen the
field for the safe utilization of DCD liver grafts.

Normothermic Machine Perfusion (NMP)

NMP is a novel method of organ preservation. It is special in
that it uses blood-based perfusate to perfuse the liver and allows
physiological metabolism. From the start of organ retrieval to
when the organ is transplanted into the recipient, NMP can
typically maintain the normal function of donor organs for
3-19h (14). NMP have been reported to reduce the severity
of liver IRI in numerous experimental studies, potentially by
maintaining a physiological temperature and liver blood flow
speed, regulating endothelial autophagy, and replenishing liver
ATP storage (14, 86). NMP helps improve the prognosis of
liver transplantation, and its utility has also been verified in
clinical studies. A clinical trial from London published in
Hepatology indicated that NMP successfully inhibited the pro-
inflammatory response and promoted graft regeneration by
altering gene-expression profiles in liver tissues. In that study,
liver recipients receiving NMP grafts had significantly lower
levels of AST than those receiving conventional cold storage
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(CS) grafts; furthermore, less necrosis and apoptosis in the
parenchyma and lower neutrophil infiltration were also detected
in NMP liver tissue than in CS liver tissues (87). However, while
extending the preservation time of the liver graft can confer
more opportunities for liver transplantation, the prolonged time
afforded by NMP also brings new challenges, as red blood
cells (RBCs) must combat with the prolonged sheer stress. To
overcome this, another clinical trial by Laing et al. (88) present
the first experience that acellular hemoglobin-based oxygen
carrier (HBOC) Hemopure could act as an alternative oxygen
carrier to packed RBCs in the NMP perfusion field. Besides, in
vitro exposure to Hemopure was found to not change the level
of ROS in the cells, nor did it induce an increase in apoptosis or
necrosis in any of the tested cell lines.

Compared with HMP, NMP allows the generation of data for
assessing the liver viability. Based on pre-clinical experiments,
a comprehensive standard for evaluating the viability for
transplantation based on the macroscopic appearance, lactic
acid clearance, bile production, and vascular flow has been
formed (89). These criteria were applied in a clinical trial by
Mergental et al., in which six donor livers were declined by all UK
transplant centers and subjected to NMP. Interesting, of these six
donor livers, five met the viability criteria and were successfully
transplanted, showing a normalized liver function within a
month (90). Furthermore, Watson et al. (91) recommended
a viability assessment of donor livers based on the bile pH
and perfusate transaminase, as the liver’s ability to produce
alkaline bile is considered an acceptable indicator of the bile
duct cell function. In the near future, metabolomics profiling
and microRNA analyses may be competitive candidates in liver
viability assessments (87, 92). Combined with these liver viability
assessment protocols, NMP is expected to expand the liver
source pool and improve the efficiency of the use of marginal
liver transplantation.

Furthermore, another unique property of NMP compared
with HMP is that it allows ex vivo reconditioning during the
liver preservation period. The addition of defatting cocktails
to the HOPE mentioned above also falls into this category
(82). In addition, anti-inflammatory drugs can also be used
to recondition the donor liver, which has been proven to
significantly reduce the production of IL-6 and TNF-a and
increase the level of IL-10 compared to vehicle (93). NMP
allows for gene-based therapies, such as myr-Akt, which
induces a cytoprotective effect against liver IRI (87). Adding
mesenchymal stem cells (MSCs) to the perfusate allows for the
improvement of the liver microcirculation and quality, perhaps
by inhibiting macrophage activation and intercellular adhesion
(94). NMP allows the reconditioning and modification of
marginal livers, which will help ameliorate the shortage of livers
for transplantation. Therefore, further research should focus on
upgrading the NMP technical parameters and facilitating the
transition from the bench to the beside.

PPARy and FAM3A in Liver IRI

PPARY is a member of the PPAR subfamily, which is composed
of PPARa, PPARB/S, and PPARy. It is widely expressed in
many tissues, including adipose tissue, skeletal muscle, and

liver, controlling many intracellular metabolic processes as a
ligand-induced nuclear receptor. Currently, synthetic agonists
of PPARy, such as pioglitazone and rosiglitazone are widely
used to treat insulin-resistant diabetes. In recent years, PPARy
has also been confirmed to play a critical role in liver IRIL
Its expression and activity in the liver after IRI are increased,
which protects hepatocytes from necrosis and apoptosis (15). An
experimental study by Xu et al. (16) showed that asiatic acid
was effective in mitigating hepatic IRI through the attenuation
of Kupper cell (KC) activation via the PPARy/nucleotide-
binding oligomerization domain-like receptor family pyrin
domain-containing 3 (NLRP3) inflammasome signaling pathway
(Figure 1). Similarly, Chinese scholars Liu et al. (95) reported
that the activation of PPARy by curcumin protected rats against
liver IRI by modulating the polarization of KCs, suggesting its
potential utility as therapy for IRI after liver transplantation.
In addition, Ruan et al. (96) indicated that RIPC could reduce
histologic damage and improve the liver function in rat hepatic
IRI via the activation of PPAR-y mediated autophagy. However,
the target genes of PPARy that directly mediate the protective
effects against liver IRI remains poorly understood, hampering
the clinical promotion of PPARy agonists for attenuating
liver IRL.

Recently, FAM3A, the first member of the sequence similarity
3 (FAM3) gene family, was identified as a target gene that
directly docks with PPARy. This proved that FAM3A is a
new mitochondrial protein capable of promoting the synthesis
and release of ATP (17). Chi et al. built an obese diabetic
mice model and found that FAM3A could activate the ATP-
P2 receptor-Akt pathway to induce the proliferation of 3T3L1
preadipocytes and vascular smooth muscle cells (VSMCs) (97).
Furthermore, Akt has been proven to be an important survival
kinase, which can phosphorylate some apoptotic molecules,
including forkhead transcription factor, caspase 9, forkhead box
protein O1 (FOXOL1), and glycogen synthase kinase 3p (GSK-
3B), beyond its well-known role in regulating lipid and sugar
metabolism. To clarify the role and mechanism of FAM3A in
liver IRI, an experimental study from China indicated that the
expression of PPARy and FAM3A in the mouse liver was found
to be upregulated under IRI conditions, and the protective effects
of PPARYy agonist liver IRI was via FAM3A-ATP-Akt pathway
(98). Silencing FAM3A artificially would markedly exaggerate
liver IRI, perhaps by inhibiting the production of ATP and the
activity of Akt, thereby reducing the expression of anti-apoptotic
genes and increasing the expression of pro-apoptotic genes in
the liver (98). In addition to the Akt survival pathway, studies
have demonstrated that NF-kB also play a key role in liver IRI
by regulating the expression of pro-inflammatory cytokines in
the liver (99). An experimental study by Chen et al. revealed that
FAM3A inhibited the activity of NF-kB and inflammation in IRI
rat livers. In that study, the authors pretreated animal models
with rosiglitazone and were surprised to find that the activity of
NF-kB and the expression of pro-inflammatory cytokines in the
liver of mice were markedly suppressed; furthermore, the above
changes were not observed in FAM3A knockout mice, which
showed more severe oxidative stress in the circulation and liver
when suffering liver IRI.
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In summary, FAM3A protects the liver from IRI by activating
the Akt survival pathway, inhibiting the activity of NF-kB, and
reducing oxidative stress. Furthermore, the protective effect of
PPARy against liver IRI are also likely mediated through the
activation of the FAM3A pathway. Oral administration of PPARy
agonists before liver surgery to activate the hepatic FAM3A
pathway may be a promising therapeutic strategy to ameliorate
liver IR, although available data of PPARY to attenuate liver IRI
in human remain to be limited (Figure 1).

miRNA and Liver IRI
Non-coding RNAs are divided into small non-coding RNAs
(<200 bp) and long non-coding RNAs (LncRNAs, >200 bp)
according to their number of base pairs (100). miRNAs are a
type of non-coding RNA, usually comprised of 19-24 nucleotides,
and are the most important gene-regulatory factors at the
post-transcriptional level. Previous studies have reported that
miRNAs are closely associated with a variety of diseases or
dysfunction (18). Chinese scholars Ng et al. (19) reported that
miRNAs may also be involved in liver IRI, as the expression of
several circulating miRNAs, including miR-1246, miR-148a, and
miR-1290, was upregulated after liver transplantation. Notably,
the overall expression profile of miRNAs in the liver of mice
differed significantly not only between the reperfusion sample
and the sham control but also between the ischemia sample
and sham control (101). In this part, we review the latest
research concerning the role and mechanism of several important
miRNAs in liver IRI.

miR-122 is the most abundant miRNA in the liver, accounting
for almost 70% of the total amount of liver miRNA (18). In
2012, Andersson et al. designed an ischemic porcine cardiogenic
shock model and found that circulating miR-122 levels were
increased nearly 460,000-fold after cardiogenic shock, whereas
classic markers of hepatocellular necrosis were only modestly
elevated nearly 3-fold, and miR-122 levels significantly decreased
after therapeutic hypothermia (102). Van Caster et al. (103)
reported that the level of miR-122 increased in correlation with
the serum activities of ALT, AST, and lactate dehydrogenase
(LDH) in rats during the period of warm hepatic IRI. These
experimental researches all suggested that miR-122 may act
as a potential biomarker of warm hepatic IRI. To further
elucidate the role of miR122 in liver IRI, Xiao et al. conducted
a cell anoxia-reoxygenation injury model and found that mild
hypothermia pretreatment attenuated liver IRI and down-
regulated the expression of miR-122, but these protective
effects were abrogated by overexpressed miR-122 blockade.
And in-depth analysis indicated that down-regulation of miR-
122 promoted insulin-like growth factor 1 receptor (IGF-1R)
translation and AKT activity, and inhibited Caspase3 expression
and FOXO3a activity (104) (Figure 1). Moreover, a comparative
experimental model study by Mard et al. (105) noted that
crocetin, ZnSO4, and the combination thereof prevented hepatic
IRI in rats, via inhibiting the expression of miR-122, and
increasing antioxidant activity and Nrf2 expression. There might
a link between miR122 and Nrf2, but needed further research to
confirm. Collectively, these findings suggest that miR-122 may be
is a potential therapeutic targets to ameliorate liver IRI.

The mature miR-34 subfamily comprises three members:
miR-34a, miR-34b, and miR-34c, with miR-34a showing
the closest connection to IRI (106). Wang et al. (107)
reported that miR-34a-5p inhibition was able to reduce the
accumulation of reactive oxygen species and apoptosis induced
by intestinal ischemia/reperfusion by activating sirtuin 1
(SIRT1) signaling (Figure 1). Kim et al. (108) revealed that
carbon monoxide (CO) reduced the inflammatory responses
and hepatocellular apoptosis in a mouse liver IR model by
downregulating the miR-34a expression and upregulating the
SIRT1 expression. Collectively, these findings suggest that the
miR-34a/SIRT1 pathway may be a promising target for hepatic
IRI therapy.

miR-223, which was initially identified as a regulator of
hematopoietic differentiation, has been shown to be associated
with liver IRI. In 2009, a group from China showed that the
expression of miR-223 in mouse liver increased after 75 min
of ischemia followed by 120 min of reperfusion compared to
vehicle. Furthermore, the upregulation of miR-223 expression
was positively correlated with serum AST and ALT activities
(109), of which the downstream target genes were predicted
to be acyl-CoA synthetase long-chain family member 3, ephrin
Al, and ras homologous gene family member B. A recent
study by Schueller et al. (110) showed that the level of miR-
223 expression in the liver and serum from mice with acute
liver injury (ALI) as well as in liver samples from patients
with ALI was upregulated, and its level was markedly related
to the degree of liver injury and liver cell death. In contrast,
Van Caster et al. (103) observed an increase in miR-223 levels
during hepatic IRI, but there was no correlation between this
level and the serum AST/ALT activities. Collectively, these
findings suggest that increased miR-223 expression in the liver
is highly associated with liver IRI, but the specific mechanism
is unclear.

LncRNAs AND LIVER IRI

LncRNA is the another major group of non-coding RNAs widely
involved in physiological and pathophysiological processes
through cis-tether, cis-targeting, trans-targeting, enhancers, or
co-inhibitors regulating the gene expression in diverse cell types.

Evidence has recently been provided that LncRN may
play a critical role in liver injury. Su et al. (111) reported
that the LncRNA TUGI expression was downregulated in
mouse liver after cold storage. Of note, the overexpression of
TUGI attenuated inflammation and oxidative stress as well as
apoptosis of hepatocytes induced by cold storage in vivo and
in vitro, suggesting that TUG1 may be a therapeutic target for
preventing cold-induced liver injury in liver transplantation.
In 2015, Chinese scholars Chen et al. first clarified the
expression profile of LncRNA in a mouse IRI model based on
microarray technology (112). In that study, up to 64 IncRNA
were upregulated, and 244 IncRNA were downregulated in
the plasma of mice after IRI. These findings suggest that
certain plasma IncRNA may become a potential biomarker for
liver IRL
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FIGURE 2 | Pathophysiology of liver ischemia-reperfusion injury (IRI) and therapeutic strategies. (A) The process of IRl involves a series of complex events, such as
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To further explore the role and exact mechanisms underlying
the effects of LncRNA in liver IRI, Chen et al. (113) established
a mouse IRI model and found that the inhibition of liver
AK139328 led to a decrease in plasma transaminase activity
and the area of liver necrosis. Simultaneously, slicing AK139328
increased the survival signaling proteins, such as phosphorylated
Akt, endothelial nitric oxide synthase (peNOS), and glycogen
synthase kinase 3 (pGSK3), in rat hepatic IRI models. A recent
study by Wang et al. (114) reported that LncSHGL recruited
heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) to
increase the translation efficiency of CALM mRNA, thereby
increasing the level of calmodulin (CaM) protein, leading to
the activation of the phosphatidylinositol 3-kinase (PI3K)/Akt
pathway and finally suppressing hepatic gluconeogenesis and
lipogenesis. Obviously, an increase in the expression of
AK139328 plus a decrease in the expression of LncSHGL together
exert a deleterious effect on hepatic IRI by impairing the activity

of Akt signaling (Figurel). In addition, Tang et al. (115)
revealed that LncRNA HOTAIR regulated autophagy in hepatic
IRI through the miR-20b-5p/ATG?7 axis, potentially providing
a novel target for the treatment of liver IRI. Another LncRNA
called metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) was reported to aggravate liver IRI, potentially
by regulating the apoptosis and inflammation triggered by
HMGBI1-TLR4, suggesting that MALAT1 might be a promising
treatment strategy against hepatic IRI (116).

CONCLUSION

Hepatic IRI is a serious clinical problem that cannot be bypassed
as the continuous promotion of liver transplantation, affecting
millions of people worldwide. Pharmacological interventions
(prednisolone, melatonin, n-acetylcysteine, noble gas, P-selectin
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inhibitor, caspase inhibitor, etc.), ischemia preconditioning, and
post-ischemic preconditioning, as well as machine perfusion
(HMP and NMP) may be effective strategies against liver IRI
clinically. Of note, NMP allows the reconditioning of marginal
livers, which will help ameliorate the shortage of livers for
transplantation around the world (Figure 2). In the past decade,
in-depth research has revealed the mechanism underlying liver
IRI and identified many diagnostic biomarkers as potential
therapeutic targets. Inhibiting certain miRNAs, such as miR-122
and miR-34a, regulating certain LncRNA, such as LncSHGL and
HOTAIR, and activating the PPAR-FAM3A axis may be novel
targets for treating liver IRI. Notably, the oral administration
of PPARY agonists before liver surgery to activate the FAM3A
pathway might be a promising approach to ameliorating hepatic
IRL. Only after achieving a comprehensive understanding of
potential mechanisms and targets behind IRI can we effectively
attenuate IRI in the liver and achieve better therapeutic effects.
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