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Abstract: Background. Brain death (BD) and steatosis are key risk factors to predict adverse post-
transplant outcomes. We investigated the role of Neuregulin-1 (NRG1) in rat steatotic and non-
steatotic liver transplantation (LT) from brain death donors (DBD). Methods: NRG1 pathways were
characterized after surgery. Results: NRG1 and p21-activated kinase 1 (PAK1) levels increased in
steatotic and non-steatotic grafts from DBDs. The abolishment of NRG1 effects reduced PAK1. When
the effect of either NRG1 nor PAK1 was inhibited, injury and regenerative failure were exacerbated.
The benefits of the NRG-1-PAK1 axis in liver grafts from DBDs were associated with increased
vascular endothelial growth factor-A (VEGFA) and insulin growth factor-1 (IGF1) levels, respectively.
Indeed, VEGFA administration in non-steatotic livers and IGF1 treatment in steatotic grafts prevented
damage and regenerative failure resulting from the inhibition of either NRG1 or PAK-1 activity in
each type of liver. Exogenous NRG1 induced greater injury than BD induction. Conclusions: This
study indicates the benefits of endogenous NRG1 in liver grafts from DBDs and underscores the
specificity of the NRG1 signaling pathway depending on the type of liver: NRG1-PAK1-VEGFA in
non-steatotic livers and NRG1-PAK1-IGF1 in steatotic livers. Exogenous NRG1 is not an appropriate
strategy to apply to liver grafts from DBD.
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1. Introduction

Currently, 80% of grafts are obtained from donors after brain death (DBDs). However,
brain death (BD) markedly decreases liver graft tolerance to preservation/reperfusion
injury, as well as graft survival [1,2]. In clinical liver transplantation (LT), the shortage
of hepatic graft donors, and consequently the increase in transplant waiting lists, has led
centers to expand their organ acceptance criteria to marginal donors, such as steatotic liver
grafts. Up to 50% of deceased donor livers are estimated to be steatotic, and steatosis
is recognized as a key donor variable in the prediction of adverse post-transplant out-
comes because hepatic steatosis implies a greater risk of organ dysfunction and primary
non-function than transplants with non-steatotic livers [3,4]. The prevalence of steatosis
is constantly increasing in society, so many steatotic livers, especially those with severe
fatty infiltration, are discarded, thus exacerbating the critical shortage of liver donors [5].
Progress in therapeutic strategies aimed at reducing the inherent risk of dysfunction or
failure that steatotic livers suffer after LT from DBDs is urgently required and would also
help to more rapidly decrease the LT waiting lists. Neuregulin-1 (NRG1) is a neurotrophic
factor that is highly expressed in the nervous system [6]. Experimental studies indicate that
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plasma NRG1 levels are reduced in nervous system disorders and neurodegenerative dis-
eases [7,8]. In our view, the possibility that BD causes deficiencies in systemic brain-derived
NRG1 levels and subsequent deficiencies in hepatic NRG1 levels that could adversely affect
liver grafts from DBDs should not be dismissed. Interestingly, the liver is an important
target for NRG1 [9]. Previous reports support the idea that NRG1 has diverse effects on
hepatocytes. It has been evidenced that NRG1 exerts important metabolic effects in the liver
since NRG1 improves insulin resistance in rats by activating ErbB3 and promoting the phos-
phorylation of AKT in hepatocytes [10], which leads to suppression of gluconeogenic gene
expression and hepatic glucose output, in both lean and obese mouse livers [9]. Moreover,
recently NRG1 has been demonstrated via the same mechanism of ErbB3-AKT activation,
decreased TG levels, and inhibited steatosis in a hepatic cellular model of nonalcoholic
fatty liver disease, thus validating a protective role of NRG1 in the pathogenesis of hepatic
steatosis [10]. In addition to these metabolic benefits, in vitro cell viability studies have
indicated that NRG1 has a direct cytoprotective effect against pentachlorophenol-induced
toxicity in hepatocytes. In this sense, NRG1-β inhibited apoptosis by suppressing the
activation of caspase-3 and attenuated inflammation, the expression of stress-related genes,
cell cycle arrest, and DNA damage [11].

NRG1 has been shown to participate in the regulation of p21-activated kinase 1
(PAK1) [12–14]. PAK1 is expressed in the liver, and its activation inhibits cell death [15]; its
over-expression also protects against inflammatory bowel diseases [16]. To our knowledge,
no study has evaluated the potential benefits of the NRG1-PAK1 pathway in LT from
DBDs. In addition, it is also well-known that PAK1 plays an important role in controlling
vascular endothelial growth factor-A (VEGFA) levels [17]. Interestingly, PAK1 and VEGFA
expression are positively regulated by NRG1 in different cell lines [18,19]. Several results
have been reported on the beneficial role of VEGFA in the setting of hepatic surgery
associated with warm ischemia, hepatic resections, and LT [20,21]. Therefore, a relationship
between NRG1-PAK1-VEGFA in LT from DBDs should be not ignored.

Another growth factor could also be involved in NRG1 and PAK1 effects. The inter-
action between NRG1 and insulin growth factor-1 (IGF1) has been previously reported in
rat cardiomyocytes, and a relationship between PAK1 and IGF1 has been demonstrated in
cultured endothelial cells [22,23]. IGF1 is considered one of the main growth factors with
beneficial properties in hepatic ischemia-reperfusion injury. In this sense, the administra-
tion of IGF1 protected the liver from warm ischemia-reperfusion injury [24] and improved
the postoperative outcomes after LT [25]. Thus, in addition to a possible role of VEFGA on
the effects of NRG1 and PAK1, the involvement of IGF1 in the signaling mechanisms of the
NRG1-PAK1 pathway could also be considered in the setting of LT from DBDs.

This study aimed to evaluate the role of NRG1 in steatotic and non-steatotic LT from
DBDs and to investigate whether PAK1 is possibly involved in the effects of NRG1 in
these surgical conditions. We also assessed whether the potential NRG1-PAK1 signaling
pathway can regulate VEGFA and/or IGF1 in steatotic and non-steatotic LT from DBDs.
The idea is to elucidate the as yet unidentified pathophysiological mechanisms in steatotic
and non-steatotic LT from DBDs and identify the mediator with beneficial effects that could
be considered a therapeutic target to generate therapies in LT, or in contrast, mediators with
deleterious effects that render its modulation inappropriate when protecting LT from DBDs.

2. Materials and Methods
2.1. Experimental Animals

This study was performed using male homozygous (obese [Ob]) and heterozygous
(lean [Ln]) Zucker rats (Iffa Credo, L’Arbresele, France), 12 to 14 weeks of age. Zucker rats
constitute a well-characterized model of genetic obesity. Homozygous Zucker rats (Ob) lack
the cerebral leptin receptor and develop obesity at the age of 8 weeks because of markedly
increased food intake and decreased energy expenditure. In contrast, heterozygous Zucker
rats (Ln) have cerebral leptin receptors and maintain a lean phenotype throughout life. In
addition, we used male Wistar rats (200–220 g) (Iffa Credo, L’Arbresele, France) fed with a
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choline-deficient or standard chow diet for 10 days as a nutritional obesity experimental
model. Ob Zucker and Ob Wistar rats show severe macrovesicular and microvesicular
fatty infiltration in hepatocytes (>60% steatosis) [21,26]. All procedures were conducted
according to European Union regulations (Directive 86/609 EEC) for animal experiments.

2.2. Experimental Design

1. LT (n = 24 rats): In subgroup 1.1 (n = 12 rats, 6 transplantations with steatotic grafts,
6 donor Ob Zucker rats, and 6 recipient Zucker Ln rats), Ob Zucker rats were anes-
thetized, ventilated, and maintained normotensively with a saline infusion for 6 h.
Steatotic livers were subsequently flushed with University of Wisconsin (UW) so-
lution, isolated, preserved in ice-cold UW solution for 4 h, and implanted into Ln
Zucker rats. In subgroup 1.2 (n = 12 rats, 6 transplantations with non-steatotic grafts,
6 donor Ln rats, and 6 recipient Ln rats), the same surgical procedure was repeated
but with Ln Zucker rats as donors and recipients [26–28]

2. BD+LT (n = 24 rats): In subgroup 2.1 (n = 12 rats, 6 transplantations with steatotic
grafts, 6 donor Ob Zucker rats and 6 recipient Zucker Ln rats), Ob Zucker rats
were anesthetized and ventilated. BD induction was performed with a frontolateral
trepanation in rats, and a balloon catheter was introduced in the extradural space.
The intracranial pressure was increased by inflating the balloon for one minute, which
induced rapid brain injury and led to immediate BD [29,30]. Rats were maintained
normotensively with a colloid infusion for 6 h. Next, livers were flushed with UW
solution, isolated, preserved in ice-cold UW solution for 4 h, and implanted into Ln
Zucker rats [26,27]. In subgroup 2.2 (n = 12 rats, 6 transplantations with non-steatotic
grafts, 6 donor Ln rats, and 6 recipient Ln rats), the same BD surgical procedure and
liver transplantation were repeated but with Ln Zucker rats as donors and recipients.

3. BD+anti-NRG1+LT (n = 24 rats): as in group 2 but with the administration of an
antibody against NRG1 (10 mg/kg, i.v.) [31,32] immediately after BD induction.

4. BD+PAK1 inhibitor+LT (n = 24 rats): as in group 2 but with the administration of a
highly selective inhibitor of PAK1 (IPA-3 (4 mg/kg, i.v.) [33]) immediately after BD
induction.

5. BD+anti-NRG1+IGF1+LT (n = 24 rats): as in group 2 but with the administration of
an antibody against NRG1 (10 mg/kg, i.v.) [31,32] and with IGF1 (400 µg/kg i.v.) [24],
immediately after BD induction.

6. BD+PAK1 inhibitor+IGF1+LT (n = 12 rats): as in group 2.1 but with the administra-
tion of a highly selective inhibitor of PAK1 (IPA-3 (4 mg/kg, i.v.) [33]) and with IGF1
(400 µg/kg i.v.) [24], immediately after BD induction.

7. BD+anti-NRG1+VEGFA+LT (n = 24 rats): as in group 2 but with the administration
of an antibody against NRG1 (10 mg/Kg, i.v.) and with VEGFA (10 µg/kg, i.v.) [34,35],
immediately after BD induction.

8. BD+PAK1 inhibitor+VEGFA+LT (n = 12 rats): as in group 2.2 but with the admin-
istration of a highly selective inhibitor of PAK1 (IPA-3 (4 mg/kg, i.v.) [33]) and with
VEGFA (10 µg/kg, i.v.) [34,35], immediately after BD induction.

9. BD+NRG1+LT. This group is divided into two subgroups, as follows. (9.1) BD+NRG1(a)+LT
(n = 24 rats): as in group 2 but treated with NRG1 at a dose of 200µg/kg, i.v. [36] immediately
after BD induction; (9.2) BD+NRG1(b)+LT (n = 24 rats): as in group 2 but treated with NRG1
at a dose of 400 µg/kg, i.v. [36] immediately after BD induction.

Samples were collected 4 h after LT. The study conditions, including the doses and
pre-treatment points used for the different drugs, were selected on the basis of the previous
studies mentioned above and preliminary studies from our group. A cold ischemic period
of 4 h is sufficiently long to induce liver injury after transplantation in both liver grafts
while allowing high survival 4 h after transplantation. Thus, the experimental conditions
used in this study were the most appropriate to evaluate the effect of NRG1 on injury and
cell proliferation, as well as the NRG1 signaling pathways in steatotic and non-steatotic LT
from DBDs.
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To investigate the origin of NRG1, the following experimental groups were performed:

10. Sham (n = 12 rats, 6 Ob and 6 Ln Zucker rats): animals were submitted only to
anesthesia and laparotomy.

11. Prior to LT (n = 12 rats, 6 Ob and 6 Ln Zucker rats): animals were anesthetized,
and livers were subsequently flushed with University of Wisconsin (UW) solution,
isolated, and maintained in cold ischemia in UW solution for 4 h.

12. BD (n = 12 rats, 6 Ob and 6 Ln Zucker rats): animals were anesthetized and ventilated.
After BD induction, rats were maintained normotensively with colloid infusion for
6 h. In this experimental group, samples were collected at 10 min, 1, 2, and 6 h after
BD induction.

13. Prior to BD+LT (n = 12 rats, 6 Ob, and 6 Ln Zucker rats): animals were anesthetized
and ventilated. After BD induction, rats were maintained normotensively with colloid
infusion for 6 h. Then, livers were flushed with University of Wisconsin (UW) solution,
isolated, and maintained in cold ischemia in UW solution for 4 h.

To evaluate the effects of NRG1 in LT from DBDs in the nutritionally induced obesity
experimental model, we performed the same surgical procedures under the same conditions
as those described for groups 1–9 but using Wistar rats fed the choline-deficient diet (Ob
Wistar rats) instead of Ob Zucker rats, and Wistar rats fed the standard chow diet (Ln
Wistar rats) instead of Ln Zucker rats.

2.3. Biochemical Determinations

Plasma transaminases (alanine aminotransferase (ALT) and aspartate aminotransferase
(AST)) were measured using standard procedures. Alkaline phosphatase (ALP), total
bilirubin, Von Willebrand factor (vWF), and hyaluronic acid (HA) were determined in
plasma using colorimetric (ALP: ab287823 from Abcam, Cambridge, UK) or immunosorbent
(Total Bilirubin: MB730053 from MyBioSource, Inc., San Diego, CA, USA; vWF: CSB-
E08438r from Cusabio, Wuhan, China; HA: DHYAL0 from R&D Systems, Minneapolis,
MN, USA) commercial assay kits. NRG1 levels were determined in plasma and liver using
an immunoassay kit (E-EL-R0790 from Elabscience Biotechnology Co., Ltd., Wuhan, China).
PAK1, IGF1, VEGFA, hepatocyte growth factor (HGF), and transforming growth factor-β
(TGF-β) levels were quantified in liver tissue with immunoassay kits (PAK1: MBS2887909
from MyBioSource, Inc., San Diego, CA, USA; and IGF1 (E-EL-R3001), VEGFA (E-EL-
R2603), HGF (E-EL-R0496), and TGF-β (E-EL-R0084) from Elabscience Biotechnology Co.,
Ltd., Wuhan, China), according to the manufacturer’s instructions.

Lipid peroxidation was determined by measuring the formation of malondialdehyde
(MDA) with the thiobarbiturate reaction [37]. Myeloperoxidase (MPO), an index of neu-
trophil accumulation, was measured photometrically with 3,3′,5,5′-tetramethylbenzidine
as a substrate [37]. Hepatic edema was determined as follows: after resection, hepatic
samples were weighed and then placed in a drying oven at 55 ◦C until a constant weight
was obtained. In this determination, hepatic edema is represented by an increase in the
wet-to-dry weight ratio [38].

2.4. Histology

To appraise the severity of hepatic injury, paraffin-embedded liver sections were
stained with H&E and blind histological scoring was performed by a board-certified
pathologist, using a point-counting method on an ordinal scale: grade 0, minimal or no
evidence of injury; grade 1, mild injury consisting of cytoplasmic vacuolation and focal
nuclear pyknosis; grade 2, moderate to severe injury with extensive nuclear pyknosis,
cytoplasmic hypereosinophilia, and loss of intercellular borders; grade 3, severe necrosis
with disintegration of hepatic cords, hemorrhage, and neutrophil infiltration; and grade 4,
very severe necrosis with disintegration of hepatic cords, hemorrhaging, and neutrophil
infiltration [37]. Liver steatosis was evaluated via red oil staining [39,40].
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2.5. Immunohistochemistry

Liver samples were immunostained with a monoclonal antibody against proliferating
cell nuclear antigen (PCNA) (DAKO, Agilent Technologies, Santa Clara, CA, USA). Samples
were developed with diaminobenzidine and counterstained with hematoxylin. The prolif-
eration index of PCNA-stained biopsy specimens was determined in 30 high-power fields.
Data were expressed as the percentage of PCNA-stained hepatocytes per total number of
hepatocytes [41]. The slides were blinded to the examiners, who had extensive experience
in the evaluation of liver pathology.

2.6. Statistics

The statistical significance of different variables was determined via the non-parametric
Kruskal–Wallis test. The Mann–Whitney U test was applied to groups showing significant
differences, and adjusted p-values were calculated using the False Discovery Rate (FDR)
method (p < 0.05 was considered significant).

3. Results
3.1. Role of NRG1 in Steatotic and Non-Steatotic LT from DBDs in a Genetic Obesity
Experimental Model

Since plasma NRG1 levels are decreased in some central nervous system pathologies
and the liver is one of the targets of NRG1 [7,9], we initially evaluated whether plasma
NRG1 levels were associated with hepatic NRG1 levels in LT from DBDs. Our results
indicated an increase in protein levels of NRG1 in plasma and liver grafts in the BD+LT
group when compared with the results in the LT groups (Figure 1A).

NRG1 has been shown to participate in the regulation of PAK1 in cells and tissues
different to the liver’s [12–14]. No study has yet evaluated the potential relationship of
the NRG1 and PAK1 in the setting of liver transplantation from DBDs. We set out to
investigate whether such a relationship was present in our experimental conditions in
order to elucidate possible signaling pathways to explain the effects of NRG1. In this
sense, we evaluated hepatic NRG1 levels in an experimental group of liver transplantations
from DBDs (BD+LT group). As is shown in Figure 1A, our results indicated an increase
in protein levels of NRG1 in liver grafts in the BD+LT group when compared with the
results in the liver transplantation groups from donors that had not undergone BD (LT
group). After that, we determined the levels of PAK1 in steatotic and non-steatotic liver
transplantations from DBDs. Our results indicated an increase in protein levels of PAK-1
in steatotic and non-steatotic grafts in the BD+LT group when compared with the results
in the LT group (Figure 1A). Therefore, both NRG1 and PAK1 mediators were increased
in liver transplantation from DBDs. One way to find out if PAK1 is related to NRG1 is to
inhibit the effect of NRG1 and evaluate the levels of PAK1 in this experimental condition.
When we administered an antibody against NRG1 to inhibit the action of this mediator
(BD+anti-NRG1+LT), decreased PAK1 levels were observed in both types of liver grafts
(Figure 1A). This led us to conclude that the inhibition of NRG1 modifies the levels of PAK1
and observe that both mediators are related and that NRG1 regulates PAK1.

Next, we investigated whether the NGR1-PAK1 pathway was able to affect the IGF1
and VEGFA levels in steatotic and non-steatotic LT from DBDs. The inhibition of either
NRG1 or PAK1 (BD+anti-NRG1+LT and BD+anti-PAK1+LT groups) decreased VEGFA in
non-steatotic livers, while no changes were observed in the presence of steatosis when
compared with the results obtained in the BD+LT group. On the other hand, in the presence
of steatosis, the abolishment of NRG1 or PAK1 effects affected IGF1 since in steatotic livers
from the BD+anti-NRG1+LT and BD+anti-PAK1+LT groups, IGF1 levels were lower than in
the BD+LT group. In non-steatotic livers, IGF1 levels were similar in the BD+anti-NRG1+LT,
BD+anti-PAK1+LT, and BD+LT groups (Figure 1B).
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Figure 1. This is a figure. Schemes follow. Effect of NRG1 on PAK1, IGF1, and VEGFA levels in
steatotic and non-steatotic LT from DBDs in a genetic obesity model. (A) Levels of NRG1 in plasma
and levels of NRG1 and PAK1 in liver tissue. (B) Levels of IGF1 and VEGFA in liver tissue. * p < 0.05
vs. LT; + p < 0.05 vs. BD+LT.

Next, the relevance of NRG1-PAK1-VEGFA and NRG1-PAK1-IGF1 on hepatic injury
and proliferation in non-steatotic and steatotic LT from DBDs was investigated. The
inhibition of either NRG1 or PAK1 activity (BD+anti-NRG1+LT and BD+anti-PAK1+LT
groups) exacerbated hepatic injury since it increased transaminases, damage score values
(Figure 2A), ALP, total bilirubin, and endothelial cell damage measured by vWF and HA
levels (Figure 2B), in comparison with the BD+LT group, and in both liver types. This
was associated with an exacerbated inflammatory response, as shown by the increase in
oxidative stress as determined by MDA, neutrophil accumulation measured with MPO,
and edema formation in non-steatotic and steatotic grafts of the BD+anti-NRG1+LT and
BD+anti-PAK1+LT groups in comparison with the BD+LT group (Figure 3). In the BD+LT
group, the histological evaluation of non-steatotic livers showed moderate multifocal areas
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of coagulative necrosis and neutrophil infiltration, randomly distributed throughout the
parenchyma, while severe, extensive, and confluent areas of coagulative necrosis were
observed in the BD+anti-NRG1+LT group (Figure 4A). In steatotic grafts of the BD+LT,
severe, extensive, and confluent areas of coagulative necrosis were observed, whereas the
extent and the number of necrotic areas were increased in the BD+anti-NRG1+LT group
(Figure 4A). In terms of liver regeneration, BD+anti-NRG1+LT and BD+anti-PAK1+LT
groups showed lower values of PCNA-positive hepatocytes in non-steatotic and steatotic
grafts compared with the BD+LT group (Figures 4B and 5). This reduction in proliferative
cells was also associated with lower levels of HGF and higher levels of TGF-β in the
BD+anti-NRG1+LT and BD+anti-PAK1+LT groups with respect to the BD+LT group, in
both types of livers (Figure 5). It is well-known that HGF is a potent mitogen [42], and
TGF-β is considered the principal inhibitor of hepatocellular proliferation [43].

Since these results reflecting exacerbated injury and regenerative failure in the BD+anti-
NRG1+LT and BD+anti-PAK1+LT groups were associated with decreased VGFA and IGF1
in non-steatotic and steatotic livers, respectively, we then investigated whether endoge-
nous NRG1-PAK1 exerted its benefits through VEGFA/IGF1. We administered VEGFA
to rats with non-steatotic livers after pharmacological inhibition of the NRG1-PAK1 path-
way (BD+anti-NRG1+VEGFA+LT and BD+anti-PAK1+VEGFA+LT groups), as well as
exogenous IGF1 to those with steatotic livers after pharmacological inhibition of the NRG1-
PAK1 pathway (BD+anti-NRG1+IGF1+LT and BD+anti-PAK1+IGF1+LT groups). In these
conditions, the parameters of hepatic injury (transaminases, damage score, ALP, total
bilirubin, vWF, HA, and the extent and number of necrotic areas, Figures 2 and 4), in-
flammation (MDA, MPO, and edema, Figure 3) were decreased and liver regeneration
(the PCNA-positive hepatocytes, HGF and TGF-β, Figures 4B and 5) was ameliorated,
in comparison with experimental groups in which the effects of NRG1 or PAK1 were
inhibited (BD+anti-NRG1+LT and BD+anti-PAK1+LT groups), thus resulting in similar
parameters to those in the BD+LT group with steatotic and non-steatotic livers. As control
experiments, we treated non-steatotic livers undergoing the abolishment of NRG1 with
IGF1 (BD+anti-NRG1+IGF1+LT) and administered VEGFA in steatotic livers in which
NRG1 was blocked (BD+anti-NRG1+VEGFA+LT). As expected, the parameters of hepatic
damage in non-steatotic grafts of the BD+anti-NRG1+IGF1+LT and steatotic grafts of the
BD+anti-NRG1+VEGFA+LT were similar to those of the corresponding BD+anti-NRG1+LT
group (Figure 2).

Given the results demonstrated above on the benefits of endogenous NRG1 in non-
steatotic and steatotic LT from DBDs, we evaluated whether treatment with exogenous
NRG1 might potentiate the benefits induced by endogenous NRG1 on hepatic injury,
inflammation, and the regenerative response in both liver types. However, this was not the
case. Treatment with exogenous NRG1 at a dose of 200 µg/kg (BD+NRG1(a)+LT group)
resulted in parameters compatible with hepatic injury (transaminases, damage score, ALP,
total bilirubin, vWF, and HA levels, Figure 2), inflammation (MDA, MPO, and edema,
Figure 3), and cell proliferation (PCNA-positive hepatocytes, HGF, and TGF-β, Figure 5)
similar to those in the BD+LT group. The ineffectiveness of exogenous NRG1 to alleviate
hepatic damage, inflammation, and regenerative failure in non-steatotic and steatotic LT
from DBDs was further confirmed by administering a higher dose of NRG1. When the
dose was increased two-fold (BD+NRG1(b)+LT group), we observed more damage and
regenerative failure in non-steatotic and steatotic liver grafts than observed in the BD+LT
group (Figures 2, 3 and 5).
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Figure 2. The relevance of NRG1 on injury in steatotic and non-steatotic LT from DBDs in a genetic
obesity model. (A). ALT and AST levels in plasma, and damage score in the liver. (B) ALP, total
bilirubin levels, vWF, and HA levels in plasma. * p < 0.05 vs. LT; + p < 0.05 vs. BD+LT.
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Figure 3. The relevance of NRG1 on inflammation in steatotic and non-steatotic LT from DBDs in a
genetic obesity model. (A) MDA levels in liver tissue as an index of oxidative stress; (B) MPO levels
in liver tissue as a parameter of neutrophil accumulation and (C) hepatic edema. * p < 0.05 vs. LT;
+ p < 0.05 vs. BD+LT.
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Figure 4. Representative photographs of histological changes and immunohistochemical staining
of PCNA-positive cells in steatotic and non-steatotic LT from DBDs in a genetic obesity model.
(A) Histological changes. In the BD+LT group, the histological evaluation of non-steatotic livers
showed moderate multifocal areas of coagulative necrosis and neutrophil infiltration, randomly
distributed throughout the parenchyma; severe, extensive, and confluent areas of coagulative necrosis
were observed in the BD+anti-NRG1+LT group. When recombinant VEGFA was administered to the
BD+anti-NRG1+LT group, liver tissue injury decreased, resulting in similar histological findings to
those described in the BD+LT group. Steatotic liver grafts from BD+LT and BD+anti-NRG1+IGF1+LT
showed extensive and confluent areas of coagulative necrosis, whereas the extent and the number of
necrotic areas increased in the BD+anti-NRG1+LT group (4×). (B) Immunohistochemical staining
of PCNA-positive cells. Non-steatotic liver grafts in the BD+anti-NRG1+LT group showed fewer
positive cells than in the BD+LT and BD+anti-NRG1+VEGFA+LT groups. In steatotic liver grafts,
fewer positive cells were observed in the BD+anti-NRG1+LT group in comparison with those in the
BD+LT and BD+anti-NRG1+IGF1+LT experimental groups (20×).
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Figure 5. The relevance of NRG1 on regenerative failure in steatotic and non-steatotic LT from DBDs
in a genetic obesity model. PCNA-positive-hepatocytes in liver grafts, HGF, and TGFβ levels in liver
tissue. * p < 0.05 vs. LT; + p < 0.05 vs. BD+LT.
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We also evaluated whether BD or obesity is contributing to the NRG1 increase. Our
results indicated that, in steatotic and non-steatotic livers, NRG1 levels were similar in the
Sham group (without any surgical intervention), the Prior to LT group (livers with cold
ischemia but without BD), and the LT group (liver grafts with cold ischemia, without BD,
and implanted in the recipient). However, the levels of hepatic NRG1 in the BD group
(after BD induction but without cold ischemia) were increased as compared with the results
of the Sham group. Such increases in hepatic NRG1 were also present in the Prior to BD+LT
group (liver grafts after BD induction and undergoing cold ischemia). Interestingly, the
levels of NRG1 in steatotic livers in all experimental groups analyzed were not different to
those levels recorded in its respective analogous group carried out with non-steatotic livers
(Supplementary Figure S1). These results indicate that BD is increasing NRG1 in the liver
prior to LT, and that obesity is not related to increasing NRG1 in transplanted livers since
NRG1 is not higher in steatotic livers prior to LT.

Once it was established that BD is the main event that induces an increase in NRG1 in
the surgical setting of liver transplantation, we next evaluated what could be the source
tissue of NRG1, and for this purpose we measured plasma and hepatic NRG1 levels at
different time points after the induction of BD. Our results indicate that, in both types of
livers, after BD induction, the increases in NRG1 are first observed in the circulation and
later in the liver. In accordance with this, at 6 h after BD induction, we have observed
increases in NRG1 in both circulation and the liver, whereas at early times (at 10 min or 1 h
after the induction of BD), increases in NRG1 levels were only observed in the circulation
but not in the liver (Supplementary Figure S1). These data point to the fact that in the first
hours after the induction of BD, liver tissue is not the source of NRG1 but rather liver is
taking up this mediator from the circulation.

As the BD event progresses, our results indicated that BD triggers a mechanistic
process in both liver types to maintain elevated NRG1 levels, and this effect is observed
in liver grafts from BD donors after cold ischemia (before the implantation of liver grafts
in the recipient: the Prior to BD+LT group), as well as at 4 h after transplantation (after
implantation of liver grafts: the BD+LT group). Moreover, it was observed that the increases
in NRG1 are more evident in liver grafts from BD donors submitted to cold ischemia and
before their implantation in the recipient (the Prior to BD+LT group), than in liver grafts
after 6 h of BD induction and without cold ischemia (the BD group) (Supplementary Figure
S1). In the conditions described for the Prior to BD+LT experimental group, the liver is
isolated and is not affected by the influence of the circulation and other organs; therefore,
such a finding indicates that the liver by itself is able to increase NGR1 at that time point
of the liver transplantation process. This is also supported by the results observed in the
BD+LT group (at 4 h after transplantation) because in this group NRG1 levels are increased
in both circulation and the liver, in comparison with the levels observed in the Prior to
BD+LT group. In the BD+LT group, the recipient of liver has not undergone BD, and
for such a reason, circulating NRG1 is derived from the liver (Supplementary Figure S1).
Hereby, NRG1 is increased in liver grafts that have suffered both the deleterious effects of
BD and cold ischemia independently of the type of the liver. BD turn on signaling pathways
in both liver types, which are then able to generate NRG1 and thereafter increase the levels
for this mediator during several stages of the liver transplantation process.

3.2. Role of NRG1 in Steatotic and Non-Steatotic LT from DBDs in a Nutritionally Induced
Obesity Model

Our results indicated that, similarly to the observed genetic obesity experimental
model (Zucker rats) (Figure 2B), in the nutritional obesity model, an increase in ALP, biliru-
bin, vWF, and hyaluronic acid levels was evidenced in both steatotic and non-steatotic grafts
of the BD+LT group when compared with the results of the LT group (Supplementary Figure
S2). The inhibition of either NRG1 or PAK1 activity (BD+anti-NRG1+LT and BD+anti-
PAK1+LT groups) increased ALP, bilirubin, vWF, and HA levels, in comparison with the
BD+LT group, and in both liver types (Supplementary Figure S2). We administered VEGFA
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to Ln Wistar rats with non-steatotic livers after pharmacological inhibition of the NRG1-
PAK1 pathway (BD+anti-NRG1+VEGFA+LT and BD+anti-PAK1+VEGFA+LT groups), as
well as exogenous IGF1 to Ob Wistar rats with steatotic livers after pharmacological inhibi-
tion of the NRG1-PAK1 pathway (BD+anti-NRG1+IGF1+LT and BD+anti-PAK1+IGF1+LT
groups). In these conditions, the levels of ALP, bilirubin, vWF, and HA were reduced, in
comparison with experimental groups in which the effects of NRG1 or PAK1 were inhibited
(BD+anti-NRG1+LT and BD+anti-PAK1+LT groups), thus resulting in similar parameters
to those in the BD+LT group with steatotic and non-steatotic livers. The levels of ALP,
bilirubin, vWF, and hyaluronic acid in non-steatotic grafts of the BD+anti-NRG1+IGF1+LT
and steatotic grafts of the BD+anti-NRG1+VEGFA+LT were similar to those of the BD+LT
group (Supplementary Figure S2).

4. Discussion

Although experimental and clinical studies indicate that plasma NRG1 levels are
decreased in brain disorders such as schizophrenia or Parkinson’s disease [7,8], this seems
to not be the case in BD conditions. Increased plasma and hepatic NRG1 levels were
observed in LT from DBDs. We demonstrated, for the first time, the benefits of endogenous
NRG1 in steatotic and non-steatotic LT from DBDs. BD triggers a mechanistic process in
both liver types to maintain high levels of NRG1, which contribute to the mitigation of the
damaging effects induced by BD. In fact, when endogenous NRG1 is pharmacologically
inhibited, injury and inflammation are exacerbated, and failure in the proliferative response
was detected. This investigation only focused on establishing whether there were BD-
induced abnormalities in the levels of circulating NRG1 and, consequently, in the liver
(and did not evaluate these levels in the brain). However, in light of the results obtained,
it is possible to hypothesize that after BD induction, there is an increase in NRG1 in the
brain that fosters a protective response against BD-induced brain injury, which would
result in increased levels of NRG1 in the circulation and the liver. This has been observed
in cases of brain injury due to trauma or cerebral ischemia, where there is an increase in
the local expression of NRG1 in the brain, in an attempt to induce a protective response
against brain injury [44–47]. Trauma leads to intracranial hypertension [48], which is one of
the conditions present in our experimental model; in addition, the increase in intracranial
pressure triggers secondary cerebral ischemia [49]. Therefore, in our experimental model of
BD and considering that both conditions are present (intracranial hypertension and cerebral
ischemia) [50,51], it is possible that an increase in the expression of NRG1 in the brain also
occurs, as reflected in the high levels of NRG1 in the systemic circulation, and consequently
in an increase in the hepatic levels of NRG1 as observed in our results.

In line with that described above, our results indicate that after BD induction, the
increases in NRG1 are first observed in the circulation and later in the liver, thus indicating
that in early hours after the start of the induction of BD, liver tissue is not the source of
NRG1. During this time period, the main source of NRG1 is likely to be brain tissue, and
NRG1 would be entering into liver from the circulation. As the BD event progresses, it
engages molecular mechanisms in both liver types to maintain increased NRG1. In fact,
after a period of hepatic ischemia an additional increase in NRG1 is induced during several
stages of the liver transplantation process, as is observed in liver grafts from BD donors
after cold ischemia, as well as after transplantation. In grafts from BD donors after cold
ischemia (before transplantation), the liver is isolated and is not affected by the influence of
the circulation and other organs; therefore, the liver by itself is able to increase NGR1 at that
stage of the liver transplantation process. Regarding grafts undergoing BD, cold ischemia,
and implantation in a recipient, NRG1 levels are even higher. Considering that the recipient
of liver has not undergone BD, it could be concluded that, after transplantation circulation,
NRG1 is derived from the liver. Accordingly, in the context of liver transplantation from
DBD, brain death increases NRG1 in the liver prior to LT and as the liver transplant event
progresses; hepatic cold ischemia also induces an additional increase in NRG1. Hepatic
ischemia by itself (this means, without prior BD) is not able to increase NRG1. The present
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study has also demonstrated that obesity is not related to increasing NRG1 in transplanted
livers since NRG1 is not different in steatotic and non-steatotic livers either prior to LT or
after the implantation of liver grafts.

Although some literature shows that NRG1 interacts with leptin [52], this is not
extrapolated to our experimental conditions. Indeed, our results indicate that endogenous
and exogenous NRG1 can exert their functions with and without the presence of the leptin
receptor since it can act similarly in homozygous Zucker rats (Ob) lacking the cerebral
leptin receptor and in Ob Wistar rats (diet-induced) that have cerebral leptin receptors.
Then, we conclude that NRG1 action is independent of the leptin receptor in this current
model. In addition, the differences in the signaling pathway of NRG1 (NRG1-PAK1-VEGFA
for non-steatotic livers and NRG1-PAK1-IGF1 for steatotic ones) are observed in genetic
and nutritional obesity models used in the present study. Such different pathways are not
surprising considering that there are different papers published in the literature supporting
the differences in the molecular pathways depending on the type of the liver (steatotic vs.
non-steatotic) [53–57]. Previously, research from our group has demonstrated that, in the
setting of liver surgery, the presence or lack of leptin receptors in experimental models of
liver steatosis does not influence the effects resulting from a therapeutic intervention. In
this sense, a recent study [21] concluded that a different nutritional status equally affects
steatotic livers from genetic obesity models and steatotic livers from nutritionally induced
obesity in the context of liver transplantation. In addition, it has also been reported that
nutritional status causes the same effects in both obesity models (genetic and nutritionally
induced) in the context of partial hepatectomy surgery [58]. Moreover, the type of liver
steatosis experimental model (from either nutritionally or genetic-induced obesity) did not
affect the hepatic levels of the adipocytokines visfatin and resistin, observed in conditions
of liver surgery [59].

Previous findings on the relationship between PAK1 and NRG1 have been mainly
reported in breast cancer cells and tumor cell lines [12–14]. The originality of our results
indicates that PAK-1 plays a role in the beneficial effects of NRG1 in liver grafts, estab-
lishing a signaling pathway in the setting of LT from DBDs that has not been previously
described. In this study, we showed that the blockade of endogenous NRG1 diminished
PAK1. In addition, and as occurred after NRG1 was inhibited, the abolishment of endoge-
nous PAK1 activity led to an increase in the parameters of liver damage, inflammation,
and regeneration, thus demonstrating a crucial role of this endogenous kinase limiting
the poor postoperative outcomes in LT from DBDs. The involvement of PAK1 as a pro-
moter of cell proliferation has been widely described in hepatocytes and hepatocellular
carcinoma [15,60–63]. However, our results contradict the inflammatory role of PAK1 that
has been described in aged liver and hepatocytes [64]; this might be explained, at least par-
tially, by the important differences in the experimental models used (isolated hepatocytes
in that study versus an in vivo LT surgical model in our research).

The NRG1-PAK1 pathway was responsible for modulating VEGFA levels in non-
steatotic LT from DBDs. Pharmacological inhibition of the NRG1-PAK1 pathway in both
types of livers decreased VEGFA only in the non-steatotic livers. In addition, blocking
NRG1 or PAK1 in non-steatotic liver grafts from DBDs resulted in exacerbated injury,
inflammation, and regenerative failure. This means that in non-steatotic liver grafts from
DBDs, NRG1 and PAK1 are present; VEGFA is subsequently also induced; and the signaling
pathway created by these three mediators attempts to mitigate liver damage, inflammation,
and the regenerative failure that occurs in this type of surgical setting. If NRG1 or PAK1
fails, VEGFA expression is decreased and liver injury, inflammation, and regenerative
failure are worsened. To reinforce this hypothesis on the development of the NRG1-PAK1-
VEGFA pathway in non-steatotic LT from DBDs, we administered this pathway´s final
effector, VEGFA, in non-steatotic grafts from DBDs whose NRG1 or PAK1 effects had
been pharmacologically inhibited. We observed that treatment with exogenous VEGFA
prevented deleterious effects in terms of injury, inflammation, and cell proliferation pro-
cesses resulting from the blockade of either NRG1 or PAK1. Hence, this is the first study
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reporting that VEGFA is a pivotal mediator involved in the underlying beneficial effects
of the endogenous NRG1-PAK1 pathway in non-steatotic LT from DBDs. Previous to this
study, only one study demonstrated the involvement of the NRG1-PAK1-VEGFA pathway
in angiogenesis in breast cancer epithelial cells [19].

A relationship between NRG1 and IGF1 or PAK1 and IGF1 has been demonstrated in
different cell types [23,65–68]. To the best of our knowledge, the effect of NRG1-PAK1 on
IGF1 had not been previously described. Our results indicated that in steatotic LT from
DBDs, IGF1 was the downstream mediator of the NRG1-PAK1 pathway. When we inhibited
the activity of either NRG1 or PAK1 in both types of liver grafts, a decrease in IGF-1 was only
observed in steatotic organs. This event was associated with exacerbated damage, inflamma-
tion, and regenerative failure. In addition, exogenous IGF1 was administered in combination
with antibodies to abolish NRG1 of PAK1 effects in steatotic grafts from DBDs. Under these
conditions, injury, inflammation, and regenerative failure were mitigated in comparison with
the results obtained when only the activity of either NRG1 or PAK1 was inhibited. Therefore,
we herein demonstrated the existence of a new pathway, namely, NRG1-PAK1-IGF1, which
benefits steatotic LT from DBDs. There are many structural and functional differences between
hepatocytes with or without fatty infiltration [69–71], so it is not surprising that our results
show a differential effect of the NRG1-PAK1 signaling pathway on VEGFA and IGF1,
depending on the type of liver. In fact, there is vast evidence on the different signaling
pathways underlying ischemia-reperfusion injury and regenerative failure in steatotic and
non-steatotic livers [72–74].

Given the results mentioned above, the inhibition of endogenous NRG1 action exac-
erbated hepatic damage, inflammation, and the proliferative response failure in steatotic
and non-steatotic LT from DBDs. Therefore, endogenous hepatic NRG1 protects both
types of livers from the deleterious effects of BD. These results led us to evaluate whether
the administration of exogenous NRG1 could be protective in liver grafts from deceased
donors. However, we observed that when we administered exogenous NRG1 and com-
bined with endogenous NRG1, injury and inflammation did not decrease, nor was there
an improvement in liver regeneration markers with respect to the experimental group of
BD+LT without treatment. This suggests that additional exogenous NRG1 did not protect
against damage, inflammation, or regenerative failure in either type of liver graft. Even at
high exogenous NRG1 doses, we observed these exacerbated deleterious effects. This is
in contrast with data reported in numerous basic and clinical research studies indicating
promising benefits from the administration of exogenous NRG1 in isolated hepatocytes,
experimental models of cardiac regeneration or neurodegenerative diseases, and in heart-
failure patients [8,75–77]; in steatotic and non-steatotic LT from DBDs, there were no
observed benefits derived from the administration of NRG1. The results on exogenous
NRG1 are of scientific and clinical interest since they provide new characteristics of this
potential treatment and indicate that the administration of neurotrophic factors adminis-
tered as a therapeutic option is not always beneficial. We demonstrated that exogenous
NRG1 may not be appropriate for application in the clinical practice of LT from DBDs,
independently of the type of liver (the presence or absence of steatosis). These findings
could be highly relevant in a clinical scenario in which over 80% of all transplants are
obtained from deceased donors and more than 50% of donors harbor hepatic steatosis.
Clearly, intensive further investigations, which are outside of this study´s scope, will be
necessary to determine whether these experimental results can be extrapolated to clinical
practice and to completely exclude the use of exogenous NRG1 as a therapeutic strategy in
clinical steatotic and non-steatotic LT from DBDs.

The differential effects of NRG1, regardless of its source (endogenous or exogenous),
have been also observed with other mediators in the surgical setting of LT [54]. The delete-
rious effects of exogenous NRG1 could be due to either the dysregulation of the mediators
involved in the cellular signaling downstream of the NRG1-PAK1-VEGFA/IGF1 pathway,
or the harmful side effects derived from the administered drug. It is also possible that
exogenous NRG1 could affect pathways other than those that are triggered by endogenous
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NRG1 (this reflects different mechanisms than the NRG1-PAK1-VEGFA/IGF1 pathway),
and therefore, if such pathways are affected by exogenous NRG1, they could further pro-
mote and aggravate the observed detrimental effects. Interestingly, in conditions of hepatic
ischemia-reperfusion injury, different mechanisms that underlie the effect of endogenous
and exogenous sources of a mediator, for instance, nitric oxide, have been previously de-
scribed [78]. Since exogenous NRG1 did not potentiate the endogenous protective activity
of NRG1 in LT from DBD as described in this study, future research, of great scientific and
clinical interest, could focus on different pathways such as NRG1 receptors or on signaling
pathways upstream of NRG1, to finely regulate NRG1 and thus generate the appropriate
levels required to decrease the incidence of postoperative complications in recipients of
both steatotic and non-steatotic liver grafts obtained from deceased donors.

5. Conclusions

In conclusion, this experimental study presents the different roles of endogenous and
exogenous NRG1 and provides new mechanistic insights into endogenous NGR1 and its
role in the pathology of LT from DBDs with steatotic and non-steatotic grafts. The results
presented indicate that the baseline liver status (steatotic vs. non-steatotic) may ultimately
dictate the signaling pathways by which endogenous NRG1 might exert its beneficial
effects, that is, the NRG1-PAK1-VEGFA pathway in non-steatotic LT from DBDs and the
NRG1-PAK1-IGF1 pathway in steatotic LT from DBDs (Figure 6). It is of clinical interest
that this study modifies the dogma on the beneficial properties of therapies based on
exogenous NRG1 administration because, in the conditions evaluated in this study, the use
of exogenous NRG1 is not an appropriate strategy applicable to steatotic and non-steatotic
LT from DBDs.
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