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Abbreviations

In both acute and chronic liver diseases, transplantation is the last-resort treatment. However, this treatment may fail due to an 
inherent process in organ transplantation, the ischemia-reperfusion injury (IRI). In fact, IRI is involved in 81% of re-transplantations 
during the first week after surgery due to primary non-function or poor function of liver allograft. These results are produced due 
to prolonged cold storage, especially if steatosis disease is preset. During cold IRI, steatotic livers exacerbate endoplasmic reticulum 
stress and initiate cell death through the activation of several pathways and, consequently, graft rejection. In addition, whereas less 
than 5% of non-steatotic grafts are associated with a primary non-function rate, steatotic livers present a ratio of 60%. This is espe-
cially relevant if the donor age is greater than 70 years. Furthermore, steatotic livers show several disturbs that worsen the effect of 
IRI, including a lower number of sinusoids, mitochondrial dysfunction, and microvascular alterations. In addition, hepatocytes are 
more susceptible to lipid breakdown due to the presence of excessive fat and/or greater production of reactive oxygen species (ROS). 
This process is known as lipid peroxidation (LP). 

PP: Periportal Area; CL: Centrilobular Regions; KC: Kupffer Cells; HSC: Hepatic Stellate Cells; SEC: Sinusoidal Endothelial Cells; G6P: 
Glucose-6-Phosphatase; IRI: Ischemia-Reperfusion Injury; ER: Endoplasmic Reticulum; ROS: Reactive Oxygen Species; RNS: Reactive Ni-
trogen Species; ATP: Adenosine Triphosphate; IL: Interleukins; TNF-α: Tumor Necrosis Factor-Alpha; O2·-: Superoxide Radical; H2O2: 
Hydrogen Peroxide; ·OH: Hydroxyl Radical; LP: Lipid Peroxidation; MDA: Malondialdehyde; 4-HNE: 4-Hydroxynonenal; NO·: Nitric Oxide; 
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Melatonin, produced by the pineal gland as well as by several other organs, is a well-known powerful antioxidant. Its antioxidant 
activity is produced due to both direct and indirect actions. The first one is based on its capacity as a free radical scavenger, whereas 
the last one is generated via the increase the cellular antioxidant defense system by rising mRNA levels as well as the activities of 
several antioxidant enzymes. In addition, several studies observed melatonin’s role during IRI and its capacity against LP disturbs. 
Due to that, the indoleamine has been suggested to may play an important role preventing graft rejection. 

In this mini-review we summarize the protective effect of melatonin against molecular hepatic damage produced during organ 
transplantation due to on ischemia-reperfusion injury. We are going to focus especially in liver steatotic transplantation.
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In both acute and chronic liver diseases, transplantation is the last-resort treatment. However, this treatment may fail due to an inher-
ent process in organ transplantation, the ischemia-reperfusion injury (IRI). In fact, IRI is involved in 81% of re-transplantations during the 
first week after surgery due to primary non-function or poor function of liver allograft [3,4]. These results are produced due to prolonged 
cold storage, especially if steatosis disease is preset. During cold IRI, steatotic livers exacerbate endoplasmic reticulum (ER) stress and 
initiate cell death through the activation of several pathways and, consequently, graft rejection [5-8]. 

IRI is a pathological condition characterized by an initial hypoxia (caused by the restriction of blood supply) followed by reoxygenation 
(due to the flow restoration). The latter process produces an exacerbation of tissue damage and an increased inflammatory response [17].

Herein, we summarize the protective effect of melatonin against molecular hepatic damage produced during organ transplantation due 
to on ischemia-reperfusion injury. In this mini-review we are going to focus especially in liver steatotic transplantation.

Melatonin’s Role in Preventing Graft Rejection in Steatotic Liver Transplantation, a Review

eNOS: Endothelial Nitric Oxide Synthase; nNOS: Neuronal Nitric Oxide Synthase; iNOS: Inducible Nitric Oxide Synthase; ONOO-: Peroxyni-
trite Anion; GPx: Glutathione Peroxidase; GRd: Glutathione Reductase; GSH: Glutathione; MDDP: Multidrug Preconditioning Procedure.

Several vital functions are regulated by liver, including the efficient uptake, storage and metabolism of carbohydrates, amino acids, 
cholesterol, bile acids, lipids, proteins and vitamins for storage and metabolism [1]. Hepatic blood flow is 1,500 mL per minute (25% of 
cardiac output). The two main vascular supplies to the liver are the portal vein and the hepatic artery. The first provides about 70% of 
the blood flow whereas the second supplies 30% of the flow [2]. It is known that the periportal area (PP) and the centrilobular regions 
(CL) of this tissue have different roles in liver function owing to gradient differences in cell and matrix composition. These differences 
attending to their functional properties explain the distribution of lesions as well as the susceptibility of cells to hepatotoxicants. Liver 
cells, including hepatic stellate cells (HSC), Kupffer cells (KC), and sinusoidal endothelial cells (SEC) also have gradients [2,3]. Secondary 
to this situation, PP hepatocytes usually show increased levels of oxygen saturation, glucose-6-phosphatase (G6P) activity, peroxisomes, 
bile acid uptake, urea cycle activity, glutathione content, and glycogen synthesis. On the other hand, detoxification is a principal function 
of CL regions with the exclusive expression of glutamine synthetase and higher levels of other enzymes such as glucokinase and carboxy-
lesterase compared to PP [1,2].

Ischemia-reperfusion injury
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Introduction

Melatonin (N-acetyl-5-methoxytryptamine), produced by the pineal gland as well as by many other organs including placenta, testes, 
bone marrow, ovary, gut, and liver, is a well-known powerful antioxidant [9-13]. It is tryptophan derivate produced in a process regulated 
by the action of four enzymes: tryptophan hydroxylase, L-aromatic amino acid decarboxylase, N-acetyltransferase and acetylserotonin 
methyltransferase [14]. Melatonin is both a biological rhythm regulator and an important component of the antioxidant defense system 
[12,13,15,16]. 

During IRI, several nonimmunological antigen-independent events are produced in the liver. This includes microcirculatory dysfunc-
tion that causes failure of vascular perfusion and damage to the liver SEC, release of proinflammatory mediators that infiltrate the tissue 
with leucocytes, and cellular necrosis and apoptosis [18,19]. IRI also includes oxidative stress secondary to the imbalance between in-
creased free radical production and decreased antioxidant defense [20,21]. 

Activation of polymorphonuclear leucocytes, endothelial cells, reactive oxygen species (ROS) and reactive nitrogen species (RNS) are 
known to be critical in the pathogenesis of IRI [22-24]. Cold ischemia causes parenchymal cell death as a result of several cellular metabol-
ic disturbances, including glycogen consumption, decreased oxygen supply, adenosine triphosphate (ATP) depletion, degradation of ATP 
into its metabolites (adenosine, inosine and hypoxanthine) and generation of xanthine dehydrogenase from xanthine oxidase. Conversely, 
reperfusion injury implies an inflammatory immune response with the release of inflammatory mediators, including interleukins (IL) and 
tumor necrosis factor-alpha (TNF-α). Both of them cause oxidative stress injury as well as recruitment of leucocytes [25,26]. 
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During reperfusion, increased ROS levels are generated due to the ATP metabolites production. ROS include superoxide radical (O2·-), 
hydrogen peroxide (H2O2), and hydroxyl radical (·OH) [27,28]. ·OH activity leads to destruction of polyunsaturated fatty acids, proteins 
and nucleic acids. The chain reaction that destroys lipids is referred to as lipid peroxidation (LP) and contributes to cell edema due to a 
disruption of normal fluidity and permeability of cell membranes, massive overload of Ca2+ and Na+, discharge of cytochrome c into the cy-
toplasm from the mitochondria with the subsequent activation of caspase activities and cell lysis [29-31]. Malondialdehyde (MDA) as well 
as 4-hydroxynonenal (4-HNE) are produced during LP and are used as markers of ROS-dependent tissue damage. MDA produces fibrosis 
via activation of HSC, which stimulate collagen production. Also, it contributes to inflammation by activating NF-kB, which regulates the 
expression of proinflammatory cytokines. 4-HNE has a chemoattractant activity on neutrophils [32].

During IRI, NO· levels are decreased as a consequence of both reduced production and increased ROS scavenging activity. ROS, in-
creased in IRI, modulate the intensity of this process by regulating platelet aggregation and neutrophil adhesion [37]. In addition, IRI im-
plies an endothelial dysfunction, including a reduction in eNOS function due to the activity of the endogenous competitive inhibitors, the 
increased levels of peroxynitrite anion (ONOO-) (an extremely non-radical reactant secondary to the couple of NO· with O2·-) and cell-free 
hemoglobin, and the oxidation of guanylyl cyclase due to the activity of NO· [38]. 
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RNS also plays an important role in IRI. Nitric oxid (NO·) is produced by endothelial (eNOS), neuronal (nNOS) and inducible (iNOS) 
nitric oxide synthase (NOS) (eNOS, nNOS, and iNOS, respectively) [33,34]. The first one is expressed exclusively in SEC and releases small 
amounts of NO·. In contrast, iNOS synthesizes large amounts of NO· and is transcriptionally up-regulated in all liver cells in response to 
inflammatory mediators. In addition, eNOS is purposed as an important protective agent against vascular endothelial pathophysiology 
whereas iNOS is suggested to raise ischemic injury due to the increased free radical formation. This is indicated since eNOS-derived NO· is 
produced early and may prevent the microcirculatory disturbs of engraftment and reperfusion. Conversely, iNOS-derived NO· is generated 
several hours after and its production is harmful at this time [35,36].

The antioxidant capacity of melatonin is based on its direct action as a free radical scavenger as well as indirect antioxidative actions 
via its ability to stimulate the cellular antioxidant defense system by increasing mRNA levels and the activities of several important anti-
oxidant enzymes [39,40]; these include superoxide dismutase (SOD, which catalyze the conversion of O2·- to H2O2), glutathione peroxidase 
(GPx) and glutathione reductase (GRd) and glutamylcysteine ligase which promote the synthesis of another important intracellular an-
tioxidant, glutathione (GSH) [41-43]. Melatonin has potent scavenging activities on ROS, RNS [44]. Additionally, melatonin limits ONOO- 
generation by curtailing the activity of iNOS [45]. Melatonin also has been shown to preserve the functional and energetic states during 
IRI by reducing concentrations of TNF-α and NO· due to a rise in eNOS mRNA levels, whereas it lowers the elevation of iNOS mRNA levels 
inhibiting iNOS expression [46]. Several studies observed that melatonin protects against the IRI-induced impairment of mitochondrial 
respiration, mitochondrial swelling, ATP synthesis, and LP [47-50]. 

In both acute and chronic liver diseases, transplantation is the last-resort treatment. However, this treatment may fail due to an inher-
ent process in organ transplantation, the IRI. In fact, IRI is involved in 81% of re-transplantations during the first week after surgery due 
to primary non-function or poor function of liver allograft [51,52]. These results are produced due to prolonged cold storage, especially 
if steatosis disease is preset. During cold IRI, steatotic livers exacerbate ER stress and initiate cell death through the activation of several 
pathways and, consequently, graft rejection [53-55]. Due to the activity of melatonin against IRI and oxidative stress, the role of the indole-
amine again graft rejection in steatotic livers has been studied (Table 1).

Liver transplantation: steatotic grafts

60% of steatotic liver grafts are associated with a primary non-function rate compared with less than 5% for non-steatotic grafts 
[6,59]. This is especially relevant if the donor age is greater than 70 years. Furthermore, these donors often show an increased incidence 
of liver steatosis [60]. On the other hand, non-heart-beating donor organs suffer a prolonged warm ischemia before cold preservation and 
are also associated with a very high risk of primary non-function [61].

Steatotic liver grafts

Melatonin’s Role in Preventing Graft Rejection in Steatotic Liver Transplantation, a Review
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Authors Methods Results

Zaouali., et al. 
[56]

Combined effect of melatonin and trimetazidine as addi-
tives to IGL-1 solution in the modulation of ER stress and 
autophagy in steatotic liver grafts through activation of 
AMPK. IGL-1 was enriched with trimetazidine (10-3 µM) 
+ melatonin (100 µM). Hepatic injury (ALT and AST) 
function (bile production) and endoplasmic reticulum 
(ER) stress (GRP78, PERK, and CHOP) and autophagy 

(beclin-1, ATG7, LC3B, and P62) were measured.

Melatonin ant trimetazidine generate lower injury and 
better function. In addition, a significant decrease in 
GRP78, pPERK, and CHOP activation after reperfusion 
were also observed. This was consistent with a major 
activation of autophagic parameters (beclin-1, ATG7, 
and LC3B) and AMPK phosphorylation. The inhibition of 
AMPK induced an increase in ER stress and a significant 

reduction in autophagy.

Kireev., et al. [48]

Forty Zucker rats subjected to 35 min of warm hepatic 
ischemia and 36h of reperfusion. Melatonin (10mg/kg) 
was administrated intraperitoneally or orally. Plasma 
ALT, AST and hepatic content of ATP, MDA, hydroxy-
alkenals, NO metabolites, antioxidant enzyme activity, 
caspase-9 and DNA fragmentation were determined in 
the liver. iNOS, eNOS, Bcl2, Bax, Bad and AIF expressions 

were determined by RT-PCR.

Melatonin was effective decreasing liver injury due to 
its capacity to maintain liver transaminases, markers of 
apoptosis, of oxidative stress and improving ATP con-
tent. It was produced due to the capacity of the indole-
amine recovering mitochondrial dysfunction and im-
proving the ability of the steatotic hepatocyte to produce 
ATP. Melatonin was able to decrease gene expression of 
pro-apoptotic genes, and also prevented caspase-9 ac-
tivation, which initiates the intrinsic or mitochondrial 

pathway of apoptosis.

von Heesen.,  
et al. [57]

A multidrug donor preconditioning (MDDP) process 
before 24 h of cold ischemia was performed. MDDP in-
clude pentoxyphylline (50 mg/kg), glycine (100 mg/
kg), deferoxamine (30 mg/kg), N-acetylcysteine (150 
mg/kg), erythropoietin (1000 IU), melatonin (10 mg/
kg), and simvastatin (5 mg/kg). MDDP was applied 
before liver perfusion with 4°C histidine-tryptophan-
ketoglutarate (HTK) solution and organ harvest. After 60 
min of reperfusion, bile volume, ALT, AST, LDH, MDA, IL-
1, GDH and histopathological disturbs were measured.

MDDP showed a significant reduction of bile flow as well 
as a marked increase of liver enzyme levels and apop-
totic cell death. This was associated with an increased 
MDA formation, IL-1 production, and leukocytic tissue 

infiltration.

Zaouali., et al. 
[58]

Melatonin was added to Institute Georges Lopez (IGL-1) 
solution during 24 h (4°C). Thereafter, livers were sub-
jected to 2-hr reperfusion (37°C). Transaminases, bile 
production and sulfobromophthalein (BSP) clearance, 
(marker of vascular resistance), oxidative stress and 
related inflammatory mediators including nitric oxide 
and cytokines were measured.. Cytoprotective factors as 

hemeoxygenase 1 (HO-1) were also studied.

Lower transaminase levels and higher bile production 
and BSP clearance were observed in fatty livers pre-
served in IGL-1 solution enriched with melatonin. The 
melatonin benefits correlated with the generation of 
nitric oxide (through constitutive e-NOS activation) and 
the prevention of oxidative stress and inflammatory cy-
tokine release including tumor necrosis factor and adi-

ponectin, respectively.

Steatotic livers show several disturbs that worsen the effect of IRI, including a lower number of sinusoids, mitochondrial dysfunction, 
and microvascular alterations [62]. Furthermore, hepatocytes are more susceptible to lipid breakdown due to the presence of excessive 
fat and/or greater production of ROS [63]. In obese rat model, elevated peroxisomal fatty acyl-CoA oxidase, which constitutes an im-
portant source of increased H2O2, was reported [64]. As summarized above, melatonin is highly protective against IRI under all of these 
circumstances.

It is documented that bilirubin (a breakdown product of hemoglobin) and other bile pigments may play an important role in the circu-
lation as a critical endogenous vasoprotector system due to its antioxidant and anti-nitrosative capacities [65,66]. In rat models, the addi-
tion of melatonin to the perfusion medium increased bile production in a dose-dependent manner and improved bile bilirubin excretion 
and tissue ATP levels during IRI [67]. Another study documented a relationship between the bile flow rates and cellular ATP levels and it 
was demonstrated that ATP levels also correlate with the bile acid output. The excretion of bile acids may provide a useful parameter for 
evaluating the hepatic energy status, which is essential for organ viability [68]. Furthermore, melatonin (500 µg/kg/day/i.p.) may induce 
a hepatoptotective effect against the liver injury secondary to acute ligation of the biliary duct; as such, melatonin lowers the negative 
parameters of cholestasis [69]. 

Melatonin’s Role in Preventing Graft Rejection in Steatotic Liver Transplantation, a Review
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Conclusion

In both acute and chronic liver diseases, transplantation is the last-resort treatment. IRI, inherent in liver transplantation, is respon-
sible of several re-transplantations, being more frequently observed in steatotic liver grafts. Melatonin, a well-recognized antioxidant due 
to its capacity to stimulate the innate immune response, promote the activity of several antioxidant enzymes, as well as its role as a free 
radical scavenger, may play a protective effect in liver transplantation. These effects are suggested to be produced in both steatotic and 
non-steatotic grafts. More studies are required to confirm these theories, especially in humans.
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In a rat liver model [70], a multidrug preconditioning procedure (MDDP) based on curcumin, simvastatin, N-acetylcysteine, erythro-
poietin, pentoxyphylline, melatonin, glycine, and methylprednisolone was used to reduce hepatic damage. During cold ischemia for 24 
h with organ storage in HTK and reperfusion of 60 minutes, the authors concluded that melatonin’s preventive actions on reperfusion 
injury may have been responsible for the benefits of the MDDP procedure by abrogating the oxygen radical actions and thus the MDA ac-
cumulation. They noted that MDDP almost completely prevents manifestation of post-ischemic reperfusion injury.

Another MDDP based on pentoxyphylline, glycine, deferoxamine, N-acetylcysteine, erythropoietin, melatonin, and simvastatin for do-
nor precondition was studied by von Heesen., et al. [57] in a rat steatotic liver model with the same process used by Moussavian., et al [70]. 
They found a significant reduction in post-ischemic dysfunction and reperfusion injury not only in steatotic donors but also in normal rat 
livers versus that in control tissues. Furthermore, MDDP was effective in reducing the leucocytic infiltrative response (increased in stea-
totic livers compared with non-steatotic controls) and reduced ROS injury. However, it was not possible to identify the specific beneficial 
actions of melatonin in this study.

A study [71] reported ATP levels in livers preserved with either University of Wisconsin or Celsior solutions and reperfused without 
melatonin had ATP levels about 7 times lower than the control livers. When melatonin was used during reperfusion (100 µM adminis-
tered i.v.), significant increases in hepatic ATP and of bile production were observed with both solutions. Melatonin-treated rats showed 
similar levels of both LDH and GSH levels compared to control animals. ROS-mediated edema and ROS levels were less intense after mela-
tonin was incorporated into the preservation solution.

The combined effect of melatonin and trimetazidine (TMZ at 10-3 µM + MEL 100 µM) as additives to IGL-1 solution in the modulation 
of ER stress and autophagy in steatotic liver grafts were also evaluated by Zaouali., et al [56]. This study was concerned with the activation 
of AMPK, an enzyme that increases activity during IRI which leads to the inhibition of lipogenesis, protein synthesis and glucose genera-
tion, and enhanced fatty acid oxidation [72]. It has been observed that there is a relationship between AMPK activation and accumulation 
of α subunit of hypoxia-inducible factor-1 (HIF-1α, a transcription factor, which functions as a master regulator of adaptive responses to 
reduced O2 availability) [73]. Furthermore, AMPK activation induces NO· generation via eNOS activation during IRI [176] and this process 
in the fatty liver impairs normoxic degradation of HIF-1α and contributes to its stabilization [74]. This group demonstrated that AMPK 
activation induced by TMZ+MEL enhanced eNOS induction and, consequently, HIF-1α stabilization. TMZ+MEL caused the stimulation of 
protective genes including heat shock protein 70 (HSP70), erythropoietin, bcl-2, vascular endothelial growth factor (VEGF) and HO-1 
[71,75]. In addition, IGL-1 preservation solution added to the TMZ+MEL cocktail also decreased ER stress and increased autophagy in 
fatty liver grafts due to the modulated AMPK activity [75,76].

Bibliography

1. Malarkey DE., et al. “New insights into functional aspects of liver morphology”. Toxicologic Pathology 33.1 (2005): 27-34.

2. MacSween RNM., et al. “Developmental anatomy and normal structure”. In: MacSween RNM., et al. (Eds.). Pathology of the Liver, 
Churchill Livingstone, New York (2002): 1-66.

3. Burt AD and Day CP. “Pathophysiology of the liver”. In: MacSween RNM., et al. (Eds). Pathology of the Liver, Churchill Livingstone, New 
York (2002): 67-105.

4. Belzer FO and Southard JH. “Principles of solid-organ preservation by cold storage”. Transplantation 45.4 (1988): 673-676.

Melatonin’s Role in Preventing Graft Rejection in Steatotic Liver Transplantation, a Review

https://www.ncbi.nlm.nih.gov/pubmed/15805053
https://www.ncbi.nlm.nih.gov/pubmed/3282347


81

Citation: Eduardo Esteban-Zubero., et al. “Melatonin’s Role in Preventing Graft Rejection in Steatotic Liver Transplantation, a Review”. 
EC Gastroenterology and Digestive System 6.2 (2019): 76-84.

5. Shaw Jr BW. “Auxiliary liver transplantation for acute liver failure”. Liver Transplantation Surgery 1 (1995): 194-200.

6. Selzner M and Clavien PA. “Fatty liver in liver transplantation and surgery”. Seminars in Liver Disease 21.1 (2001): 105-113.

7. Ben Mosbah I., et al. “Endoplasmic reticulum stress inhibition protects steatotic and non-steatotic livers in partial hepatectomy 
under ischemia reperfusion”. Cell Death and Disease 1 (2010): e52.

8. Mosbah IB., et al. “IGL-1 solution reduces endoplasmic reticulum stress and apoptosis in rat liver transplantation”. Cell Death and 
Disease 3 (2012): e279.

9. Tan DX., et al. “Identification of highly elevated levels of melatonin in bone marrow: its origin and significance”. Biochimica et Bio-
phys Acta 1472.1-2 (1999): 206-214.

10. Reiter RJ., et al. “Peripheral reproductive organ health and melatonin: ready for prime time”. International Journal of Molecular Sci-
ences 14.4 (2013): 7231-7272. 

11. Acuña-Castroviejo D., et al. “Extrapineal melatonin: sources, regulation, and potential functions”. Cellular and Molecular Life Sci-
ences 71.16 (2014): 2997-3025.

12. Zhang HM and Zhang Y. “Melatonin: a well-documented antioxidant with conditional pro-oxidant actions”. Journal of Pineal Research 
57.2 (2014): 131-146.

13. Manchester LC., et al. “Melatonin: an ancient molecule that makes oxygen metabolically tolerable”. Journal of Pineal Research 59.4 
(2015): 403-419.

14. Singh M and Jadhav HR. “Melatonin: functions and ligands”. Drug Discovery Today 19.9 (2014): 1410-1418.

15. Hardeland R., et al. “Kynuramines, metabolites of melatonin and other indoles: the resurrection of an almost forgotten class of bio-
genic amines”. Journal of Pineal Research 47.2 (2009): 109-126. 

16. Coelho LA., et al. “Daily differential expression of melatonin-related genes and clock genes in rat cumulus-oocyte complex: changes 
after pinealectomy”. Journal of Pineal Research 58.4 (2015): 490-499.

17. Yellon DM and Hausenloy DJ. “Myocardial reperfusion injury”. New England Journal of Medicine 357.11 (2007): 1121-1135.

18. Jang HR and Rabb H. “The innate inmune response in ischemic acute kidney injury”. The Journal of Immunology 130.1 (2009): 41-50.

19. Zaouali MA., et al. “Pharmacological strategies against cold ischemia reperfusion injury”. Expert Opinion on Pharmacotherapy 11.4 
(2010): 537-555. 

20. Witzigmann H., et al. “Endothelin-A receptor blockade reduces ischemia/reperfusion injury in pig pancreas transplantation”. Annals 
of Surgery 238.2 (2003): 264-274. 

21. Land WG. “The role of postischemic reperfusion injury and other nonantigen-dependent inflammatory pathways in transplantation”. 
Transplantation 79.5 (2005): 505-514.

22. He SQ., et al. “Delivery of antioxidative enzyme genes protects against ischemia/reperfusion-induced liver injury in mice”. Liver 
Transplantation 12.12 (2006): 1869-1879. 

23. Mehrabi A., et al. “Thymoglobulin and ischemia reperfusion injury in kidney and liver transplantation”. Nephrology Dialysis Trans-
plantation 22 (2007): 54-60. 

24. Drognitz O., et al. “Pancreas transplantation and ischemia-reperfusion injury: current considerations”. Pancreas 38.2 (2009): 226-
227.

25. Lutz J., et al. “Anti-inflammatory treatment strategies for ischemia/reperfusion injury in transplantation” Journal of Inflammation 
(London) 7 (2010): 27. 

Melatonin’s Role in Preventing Graft Rejection in Steatotic Liver Transplantation, a Review

https://aasldpubs.onlinelibrary.wiley.com/doi/pdf/10.1002/lt.500010311
https://www.ncbi.nlm.nih.gov/pubmed/11296690
https://www.ncbi.nlm.nih.gov/pubmed/21364657
https://www.ncbi.nlm.nih.gov/pubmed/21364657
https://www.ncbi.nlm.nih.gov/pubmed/22402603
https://www.ncbi.nlm.nih.gov/pubmed/22402603
https://www.ncbi.nlm.nih.gov/pubmed/10572942
https://www.ncbi.nlm.nih.gov/pubmed/10572942
https://www.ncbi.nlm.nih.gov/pubmed/23549263
https://www.ncbi.nlm.nih.gov/pubmed/23549263
https://www.ncbi.nlm.nih.gov/pubmed/24554058
https://www.ncbi.nlm.nih.gov/pubmed/24554058
https://www.ncbi.nlm.nih.gov/pubmed/25060102
https://www.ncbi.nlm.nih.gov/pubmed/25060102
https://www.ncbi.nlm.nih.gov/pubmed/26272235
https://www.ncbi.nlm.nih.gov/pubmed/26272235
https://www.ncbi.nlm.nih.gov/pubmed/24792719
https://www.ncbi.nlm.nih.gov/pubmed/19573038
https://www.ncbi.nlm.nih.gov/pubmed/19573038
https://www.ncbi.nlm.nih.gov/pubmed/25807895
https://www.ncbi.nlm.nih.gov/pubmed/25807895
https://www.ncbi.nlm.nih.gov/pubmed/17855673
https://www.ncbi.nlm.nih.gov/pubmed/18922742
https://www.ncbi.nlm.nih.gov/pubmed/20163266
https://www.ncbi.nlm.nih.gov/pubmed/20163266
https://www.ncbi.nlm.nih.gov/pubmed/12894021
https://www.ncbi.nlm.nih.gov/pubmed/12894021
https://www.ncbi.nlm.nih.gov/pubmed/15753838
https://www.ncbi.nlm.nih.gov/pubmed/15753838
https://www.ncbi.nlm.nih.gov/pubmed/17133584
https://www.ncbi.nlm.nih.gov/pubmed/17133584
https://www.ncbi.nlm.nih.gov/pubmed/17890265
https://www.ncbi.nlm.nih.gov/pubmed/17890265
https://www.ncbi.nlm.nih.gov/pubmed/19238025
https://www.ncbi.nlm.nih.gov/pubmed/19238025
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2894818/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2894818/


Citation: Eduardo Esteban-Zubero., et al. “Melatonin’s Role in Preventing Graft Rejection in Steatotic Liver Transplantation, a Review”. 
EC Gastroenterology and Digestive System 6.2 (2019): 76-84.

82

26. Zhai Y., et al. “Liver ischemia and reperfusion injury: new insights into mechanisms of innate-adaptive immune-mediated tissue in-
flammation”. American Journal of Transplantation 11.8 (2011): 1563-1569.

27. Boros P and Bromberg JS. “New cellular and molecular immune pathways in ischemia/reperfusion injury”. American Journal of 
Transplantation 6.4 (2006): 652-658.

28. Huang Y., et al. “Ischemia-reperfusion and immediate T cell responses”. Cellular Immunology 248.1 (2007): 4-11.

29. Korkmaz A., et al. “Melatonin: an established antioxidant worthy of use in clinical trials”. Molecular Medicine 15.1-2 (2009): 43-50. 

30. Negre-Salvayre A., et al. “Pathological aspects of lipid peroxidation”. Free Radical Research 44.10 (2010): 1125-1171.

31. Jaeschke H and Woolbright BL. “Current strategies to minimize hepatic ischemia-reperfusion injury by targeting reactive oxygen spe-
cies”. Transplantation Reviews 26.2 (2012): 103-114.

32. Jaeschke H. “Preservation injury: mechanisms, prevention and consequences”. Journal of Hepatology 25.5 (1996): 774-780.

33. Hines IN., et al. “Role of nitric oxide in liver ischemia and reperfusion injury”. Molecular and Cellular Biochemistry 234-235.1-2 
(2002): 229-237.

34. Hsu CM., et al. “Kupffer cells protect liver from ischemia-reperfusion injury by an inducible nitric oxide synthase-dependent mecha-
nism”. Shock 17.4 (2002): 280-285.

35. Albrecht EW., et al. “Protective role of endothelial nitric oxide synthase”. The Journal of Pathology 199.1 (2003): 8-17.

36. Shah V and Kamath PS. “Nitric oxide in liver transplantation: pathobiology and clinical implications”. Liver Transplantation 9.1 
(2003): 1-11.

37. Serracino-Inglott F., et al. “Hepatic ischemia-reperfusion injury”. American Journal of Surgery 181.2 (2001): 160-166.

38. Li Y., et al. “A review of melatonin in hepatic ischemia/reperfusion injury and clinical liver disease”. Annals of Medicine 46.7 (2014): 
503-511.

39. Barlow-Walden LR., et al. “Melatonin stimulates brain glutathione peroxidase activity”. Neurochemistry International 26.5 (1995): 
497-502.

40. Pablos MI., et al. “Rhythms of glutathione peroxidase and glutathione reductase in brain of chick and their inhibition by light”. Neuro-
chemistry International 32.1 (1998): 69-75.

41. Reiter RJ., et al. “Actions of melatonin in the reduction of oxidative stress: a review”. Journal of Biomedical Science 7.6 (2000): 444-458.

42. Rodriguez C., et al. “Regulation of antioxidant enzymes: a significant role for melatonin”. Journal of Pineal Research 36.1 (2004): 1-9.

43. Hardeland R. “Antioxidative protection by melatonin: multiplicity of mechanisms from radical detoxification to radical avoidance”. 
Endocrine 27.2 (2005): 119-130.

44. Reiter RJ., et al. “Melatonin: a multitasking molecule”. Progress in Brain Research 181 (2010): 127-151.

45. Blanchard B., et al. “Nitrosation of melatonin by nitric oxide and peroxynitrite”. Journal of Pineal Research 29.3 (2000): 184-192.

46. Rodriguez-Reynoso S., et al. “Effect of exogenous melatonin on hepatic energetic status during ischemia/reperfusion: possible role of 
tumor necrosis factor- α and nitric oxide”. Journal of Surgical Research 100.2 (2001): 141-149.

47. Okatani Y., et al. “Protective effect of melatonin against mitochondrial injury induced by ischemia and reperfusion of rat liver”. Euro-
pean Journal of Pharmacology 469.1-3 (2003): 145-152.

Melatonin’s Role in Preventing Graft Rejection in Steatotic Liver Transplantation, a Review

https://www.ncbi.nlm.nih.gov/pubmed/21668640
https://www.ncbi.nlm.nih.gov/pubmed/21668640
https://www.ncbi.nlm.nih.gov/pubmed/16539620
https://www.ncbi.nlm.nih.gov/pubmed/16539620
https://www.ncbi.nlm.nih.gov/pubmed/17942086
https://www.ncbi.nlm.nih.gov/pubmed/19011689
https://www.ncbi.nlm.nih.gov/pubmed/20836660
https://www.ncbi.nlm.nih.gov/pubmed/22459037
https://www.ncbi.nlm.nih.gov/pubmed/22459037
https://www.ncbi.nlm.nih.gov/pubmed/8938560
https://www.ncbi.nlm.nih.gov/pubmed/12162439
https://www.ncbi.nlm.nih.gov/pubmed/12162439
https://www.ncbi.nlm.nih.gov/pubmed/11954827
https://www.ncbi.nlm.nih.gov/pubmed/11954827
https://www.ncbi.nlm.nih.gov/pubmed/12474221
https://www.ncbi.nlm.nih.gov/pubmed/12514766
https://www.ncbi.nlm.nih.gov/pubmed/12514766
https://www.ncbi.nlm.nih.gov/pubmed/11425059
https://www.ncbi.nlm.nih.gov/pubmed/25033992
https://www.ncbi.nlm.nih.gov/pubmed/25033992
https://www.ncbi.nlm.nih.gov/pubmed/7492947
https://www.ncbi.nlm.nih.gov/pubmed/7492947
https://www.ncbi.nlm.nih.gov/pubmed/9460704
https://www.ncbi.nlm.nih.gov/pubmed/9460704
https://www.ncbi.nlm.nih.gov/pubmed/11060493
https://www.ncbi.nlm.nih.gov/pubmed/14675124
https://www.ncbi.nlm.nih.gov/pubmed/16217125
https://www.ncbi.nlm.nih.gov/pubmed/16217125
https://www.ncbi.nlm.nih.gov/pubmed/20478436
https://www.ncbi.nlm.nih.gov/pubmed/11034116
https://www.ncbi.nlm.nih.gov/pubmed/11592783
https://www.ncbi.nlm.nih.gov/pubmed/11592783
https://www.ncbi.nlm.nih.gov/pubmed/12782196
https://www.ncbi.nlm.nih.gov/pubmed/12782196


Citation: Eduardo Esteban-Zubero., et al. “Melatonin’s Role in Preventing Graft Rejection in Steatotic Liver Transplantation, a Review”. 
EC Gastroenterology and Digestive System 6.2 (2019): 76-84.

83

48. Kireev R., et al. “Melatonin treatment protects liver of Zucker rats after ischemia/reperfusion by diminishing oxidative stress and 
apoptosis”. European Journal of Pharmacology 701.1-3 (2013): 185-193.

49. Jimenéz-Aranda A., et al. “Melatonin improves mitochondrial function in inguinal white adipose tissue of Zücker diabetic fatty rats”. 
Journal of Pineal Research 57.1 (2014): 103-109. 

50. Agil A., et al. “Melatonin reduces hepatic mitochondrial dysfunction in diabetic obese rats”. Journal of Pineal Research 59.1 (2015): 
70-79. 

51. Vay D., et al. “Anti-phospholipid antibodies associated with alcoholic liver disease target oxidized phosphatidylserine on apoptotic 
cell plasma membranes”. Journal of Hepatology 44.1 (2006): 183-189.

52. Hu S., et al. “Melatonin protects against alcoholic liver injury by attenuating oxidative stress, inflammatory response, and apopto-
sis”. European Journal of Pharmacology 616.1-3 (2009): 287-292. 

53. Mansouri A., et al. “Acute ethanol administration oxidatively damages and depletes mitochondrial DNA in mouse liver, brain, heart, 
and skeletal muscles: protective effects of antioxidants”. Journal of Pharmacology and Experimental Therapeutics 298.2 (2001): 737-
743.

54. Liesivuori J and Savolainen H. “Methanol and formic acid toxicity: biochemical mechanisms”. Pharmacology and Toxicology 69.3 
(1991): 157-163.

55. Kurcer Z., et al. “Melatonin improves methanol intoxication-induced oxidative liver injury in rats”. Journal of Pineal Research 43.1 
(2007): 42-49.

56. Zaouali MA., et al. “AMPK involvement in endoplasmic reticulum stress and autophagy modulation after fatty liver graft preservation: 
a role for melatonin and trimetazidine cocktail”. Journal of Pineal Research 55.1 (2013): 65-78.

57. von Heesen M., et al. “Multidrug donor preconditioning protects steatotic liver grafts against ischemia-reperfusion injury”. Ameri-
can Journal of Surgery 203.2 (2012): 168-176. 

58. Zaoualí MA., et al. “Melatonin protects steatotic and nonsteatotic liver grafts against cold ischemia and reperfusion injury”. Journal 
of Pineal Research 50.2 (2011): 213-221.

59. Farrel GC., et al. “Hepatic microcirculation in fatty liver disease”. Anatomical Record (Hoboken) 291.6 (2008): 684-692.

60. Busuttil RW and Tanaka K. “The utility of marginal donors in liver transplantation”. Liver Transplantation 9.7 (2003): 651-663.

61. Reddy S., et al. “Liver transplantation from non-heart-beating donors: current status and future prospects”. Liver Transplantation 
10.10 (2004): 1223-1232.

62. Hui JM., et al. “Beyond insulin resistance in NASH: TNF-alpha or adiponectin?” Hepatology 40.1 (2004): 46-54.

63. Koneru B., et al. “Studies of hepatic warm ischemia in the obese Zucker rat”. Transplantation 59.7 (1995): 942-946.

64. Brady PS and Hoppel CL. “Peroxisomal palmitoyl-CoA oxidation in the Zucker rat”. Biochemical Journal 212.3 (1983): 891-894.

65. Durante W. “Carbon monoxide and bile pigments: surprising mediators of vascular function”. Vascular Medicine 7.3 (2002): 195-202.

66. Mancuso C., et al. “Bilirubin and S-nitrosothiols interaction: evidence for a possible role of bilirubin as a scavenger of nitric oxide”. 
Biochemical Pharmacology 66.12 (2003): 2355-2363.

67. Vairetti M., et al. “Exogenous melatonin enhances bile flow and ATP levels after cold storage and reperfusion in rat liver: implica-
tions for liver transplantation”. Journal of Pineal Research 38.4 (2005): 223-230.

68. Chijiiwa K., et al. “Relation of biliary bile acid output to hepatic adenosine triphosphate level and biliary indocyanine green excre-
tion in humans”. World Journal of Surgery 26.4 (2002): 457-461.

Melatonin’s Role in Preventing Graft Rejection in Steatotic Liver Transplantation, a Review

https://www.ncbi.nlm.nih.gov/pubmed/23220161
https://www.ncbi.nlm.nih.gov/pubmed/23220161
https://www.ncbi.nlm.nih.gov/pubmed/24867433
https://www.ncbi.nlm.nih.gov/pubmed/24867433
https://www.ncbi.nlm.nih.gov/pubmed/25904243
https://www.ncbi.nlm.nih.gov/pubmed/25904243
https://www.ncbi.nlm.nih.gov/pubmed/16143424
https://www.ncbi.nlm.nih.gov/pubmed/16143424
https://www.ncbi.nlm.nih.gov/pubmed/19576882
https://www.ncbi.nlm.nih.gov/pubmed/19576882
https://www.ncbi.nlm.nih.gov/pubmed/11454938
https://www.ncbi.nlm.nih.gov/pubmed/11454938
https://www.ncbi.nlm.nih.gov/pubmed/11454938
https://www.ncbi.nlm.nih.gov/pubmed/1665561
https://www.ncbi.nlm.nih.gov/pubmed/1665561
https://www.ncbi.nlm.nih.gov/pubmed/17614834
https://www.ncbi.nlm.nih.gov/pubmed/17614834
https://www.ncbi.nlm.nih.gov/pubmed/23551302
https://www.ncbi.nlm.nih.gov/pubmed/23551302
https://www.ncbi.nlm.nih.gov/pubmed/21782153
https://www.ncbi.nlm.nih.gov/pubmed/21782153
https://www.ncbi.nlm.nih.gov/pubmed/21108657
https://www.ncbi.nlm.nih.gov/pubmed/21108657
https://www.ncbi.nlm.nih.gov/pubmed/18484615
https://www.ncbi.nlm.nih.gov/pubmed/12827549
https://www.ncbi.nlm.nih.gov/pubmed/15376341
https://www.ncbi.nlm.nih.gov/pubmed/15376341
https://www.ncbi.nlm.nih.gov/pubmed/15239085
https://www.ncbi.nlm.nih.gov/pubmed/7709452
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1153169/
https://www.ncbi.nlm.nih.gov/pubmed/12553743
https://www.sciencedirect.com/science/article/abs/pii/S000629520300666X
https://www.sciencedirect.com/science/article/abs/pii/S000629520300666X
https://www.ncbi.nlm.nih.gov/pubmed/15813898
https://www.ncbi.nlm.nih.gov/pubmed/15813898
https://www.ncbi.nlm.nih.gov/pubmed/11910480
https://www.ncbi.nlm.nih.gov/pubmed/11910480


Citation: Eduardo Esteban-Zubero., et al. “Melatonin’s Role in Preventing Graft Rejection in Steatotic Liver Transplantation, a Review”. 
EC Gastroenterology and Digestive System 6.2 (2019): 76-84.

84

Volume 6 Issue 2 February 2019
©All rights reserved by Eduardo Esteban-Zubero., et al.

69. Montilla P., et al. “Melatonin versus vitamin E as protective treatment against oxidative stress after extra-hepatic bile duct ligation in 
rats”. Journal of Pineal Research 31.2 (2001): 138-144.

70. Moussavian MR., et al. “Multidrug donor preconditioning prevents cold liver preservation and reperfusion injury”. Langenbecks Ar-
chives of Surgery 396.2 (2011): 231-241. 

71. Freitas I., et al. “In situ demonstration of improvement of liver mitochondria function by melatonin after cold ischemia”. In Vivo 20.2 
(2006): 229-237.

72. Viollet B., et al. “Activation of AMP-activated protein kinase in the liver: a new strategy for the management of metabolic hepatic 
disorders”. Journal of Physiology 574.1 (2006): 41-53. 

73. Fisslthaler B and Fleming I. “Activation and signaling by the AMP-activated protein kinase in endothelial cells”. Circulation Research 
105.2 (2009): 114-127.

74. Zaouali MA., et al. “Hypoxia inducible factor-1alpha accumulation in steatotic liver preservation: role of nitric oxide”. World Journal 
of Gastroenterology 16.28 (2010): 3499-3509.

75. Yeh CH., et al. “Hypoxic preconditioning reinforces HIF-alpha-dependent HSP70 signaling to reduce ischemic renal failure-induced 
renal tubular apoptosis and autophagy”. Life Sciences 86.3-4 (2010): 115-123.

76. Matsui Y., et al. “Molecular mechanisms and physiological significance of autophagy during myocardial ischemia and reperfusion”. 
Autophagy 4.4 (2008): 409-415.

Melatonin’s Role in Preventing Graft Rejection in Steatotic Liver Transplantation, a Review

https://www.ncbi.nlm.nih.gov/pubmed/11555169
https://www.ncbi.nlm.nih.gov/pubmed/11555169
https://www.ncbi.nlm.nih.gov/pubmed/20582598
https://www.ncbi.nlm.nih.gov/pubmed/20582598
https://www.ncbi.nlm.nih.gov/pubmed/16634523
https://www.ncbi.nlm.nih.gov/pubmed/16634523
https://www.ncbi.nlm.nih.gov/pubmed/16644802
https://www.ncbi.nlm.nih.gov/pubmed/16644802
https://www.ncbi.nlm.nih.gov/pubmed/19608989
https://www.ncbi.nlm.nih.gov/pubmed/19608989
https://www.ncbi.nlm.nih.gov/pubmed/20653058
https://www.ncbi.nlm.nih.gov/pubmed/20653058
https://www.ncbi.nlm.nih.gov/pubmed/19962996
https://www.ncbi.nlm.nih.gov/pubmed/19962996
https://www.ncbi.nlm.nih.gov/pubmed/18227645
https://www.ncbi.nlm.nih.gov/pubmed/18227645

	_GoBack
	_GoBack

