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Abstract

Background and Aims: Hepatic ischemia—reperfusion injury (IRI) is the
leading cause of early posttransplantation organ failure as mitochondrial res-
piration and ATP production are affected. A shortage of donors has extended
liver donor criteria, including aged or steatotic livers, which are more suscep-
tible to IRI. Given the lack of an effective treatment and the extensive trans-
plantation waitlist, we aimed at characterizing the effects of an accelerated
mitochondrial activity by silencing methylation-controlled J protein (MCJ) in
three preclinical models of IRl and liver regeneration, focusing on metaboli-
cally compromised animal models.

Approach and Results: Wild-type (WT), MCJ knockout (KO), and Mcj si-
lenced WT mice were subjected to 70% partial hepatectomy (Phx), prolonged
IRI, and 70% Phx with IRI. Old and young mice with metabolic syndrome
were also subjected to these procedures. Expression of MCJ, an endog-
enous negative regulator of mitochondrial respiration, increases in preclin-
ical models of Phx with or without vascular occlusion and in donor livers.
Mice lacking MCJ initiate liver regeneration 12 h faster than WT and show
reduced ischemic injury and increased survival. MCJ knockdown enables a
mitochondrial adaptation that restores the bioenergetic supply for enhanced
regeneration and prevents cell death after IRI. Mechanistically, increased
ATP secretion facilitates the early activation of Kupffer cells and production of
TNF, IL-6, and heparin-binding EGF, accelerating the priming phase and the
progression through G,/S transition during liver regeneration. Therapeutic si-
lencing of MCJ in 15-month-old mice and in mice fed a high-fat/high-fructose
diet for 12 weeks improves mitochondrial respiration, reduces steatosis, and
overcomes regenerative limitations.

Conclusions: Boosting mitochondrial activity by silencing MCJ could pave
the way for a protective approach after major liver resection or IRI, especially
in metabolically compromised, IRI-susceptible organs.

INTRODUCTION

Liver transplantation (LT) is the only curative treat-
ment for acute liver failure and end-stage liver dis-
ease. As the shortage in organ availability is the
major limitation for LT, significant efforts have been
made over the past decades to increase the use of

extended-criteria organs, including those from elderly
donors or cadavers after cardiac death (DCD).[" In
addition, strategies aimed at improving the quality of
these organs and reducing the risk of posttransplant
organ malfunction are pursued, particularly new me-
chanical perfusion strategies.[zl However, as life ex-
pectancy and the prevalence of obesity and NAFLD
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have increased rapidly in the general population, the
incidence of aged deceased donors or donors with
steatotic livers has also increased."® The relation-
ship between aged or steatotic donors and LT out-
comes has been widely studied, but the results are
conflicting.[4'5] Nevertheless, higher rates of early
allograft dysfunction and postreperfusion syndrome
have been consistently reported when using these
marginal grafts.

Ischemia—reperfusion injury (IRI) is a contributing
factor to postreperfusion syndrome. Mitochondrial
dysfunction, reactive oxygen species (ROS), and ATP
depletion are major processes that mediate injury
after ischemia—reperfusion (IR), especially in met-
abolically compromised old and steatotic livers.[6-8]
These factors, in addition to resulting in poorer toler-
ance to IR, also limit proliferation during graft recov-
ery, impeding liver regeneration.[g'm] Thus, strategies
directed at reducing the production of ROS and liver
damage and improving mitochondrial functionality
and ATP resynthesis could help to expand the pool
available for transplantation.’! The benefits of this
strategy could be extended to patients who undergo
surgery with prolonged ischemia times, such as liver
resection, a common method to treat malignant liver
diseases.!""

Mitochondria are essential biosynthetic, bioener-
getic, and signaling organelles. Therefore, improving
bioenergetics is expected to have an impact on cell
metabolism and on the interplay among different cells
that drive, carry out, or end the regenerative process.
Indeed, extracellular ATP orchestrates liver homeo-
stasis, tissue repair, and functional restoration by reg-
ulating the crosstalk between liver-resident cells and
recruited immune cells."?!

Methylation-controlled J protein (MCJ), also known
as DnaJC15, is an endogenous negative regulator of
mitochondrial respiration that inhibits complex | ac-
tivity, leading to a reduction in ATP synthesis.m] Its
absence leads to increased complex | activity and
ATP synthesis in the heart, immune cells, and the
liverl™>=191 and stimulates the formation of respira-
tory supercomplexes, thereby limiting the produc-
tion of ROS." MCJ seems to be dispensable under
homeostatic conditions, and no altered phenotype
is observed in MCJ knockout (KO) mice. We pre-
viously showed that silencing MCJ by specific N-
acetylgalactosamine (GalNAc)—small interfering (si-)
RNA molecules enhances mitochondrial activity and
ATP synthesis and results in decreased ROS gen-
eration in NASH."®! Notably, the silencing of MCJ
was found to prevent hepatocyte cell damage after
acetaminophen-induced liver injury.”5] Therefore,
MCJ repression constitutes a mechanism to enhance
mitochondrial activity.

In this study, we aimed to determine whether si-
lencing MCJ can reduce ischemic injury and enhance

hepatic regeneration after IRl and/or major liver re-
section. We propose a mechanism that coordinates
the hepatocyte—macrophage crosstalk during the ini-
tiation and the G,/S progression of liver regeneration
based on secreted ATP levels. Using mouse models
of ischemic injury, we observed that ablation of MCJ
during liver regeneration accelerated mitochondrial
respiration and increased ATP synthesis, enabling
faster cell-cycle entry and preventing the character-
istic ATP depletion and subsequent cell death. The
hepatoprotective effects were observed in three sur-
gical interventions: 70% partial hepatectomy (Phx),
prolonged IRI, and 70% Phx with IRI. Significantly,
therapeutic silencing of MCJ in 15-month-old mice
and in mice fed a high-fat/high-fructose diet (HFHFD)
for 12 weeks improved mitochondrial respiration and
ATP production, reduced steatosis, and overcame re-
generative and survival limitations, further supporting
the possibility of making metabolically compromised
livers suitable for LT by targeting mitochondrial activ-
ity and ATP levels.

PATIENTS AND METHODS
Human samples

All studies were performed in accordance with the
Declaration of Helsinki and local/national laws. The
Human Ethics Committee of each hospital approved
the study procedures, and written informed consent
was obtained from the legal representatives of the
potential donors.

Controlled donation after circulatory death was con-
sidered for patients in whom the treating team had
made the decision to withdraw life-sustaining therapy.
No upper age limit was set. Only donors whose livers
were ultimately transplanted were included in analyses.
Functional warm ischemic time (FWIT) for abdomi-
nal grafts was defined as the time from systolic blood
pressure < 60 mm Hg to the onset of normothermic re-
gional perfusion (including a 5-min no-touch period).
For FWIT, an upper time limit of 30 min for livers was
applied. The extracorporeal membranous oxygenation
device used was a Maquet Rotaflow (Maquet, Rastatt,
Germany). Patient data are shown in Table S1.

Animal models

MCJ KO and MCJ wild-type (WT) mice were bred at
the CIC bioGUNE Association for Assessment and
Accreditation of Laboratory Animal Care—accredited
animal facility. C57BL/6J mice were purchased from
Charles River Laboratories. All animal procedures
were approved by the CIC bioGUNE Institutional
Animal Care and Use Committee and the Country
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Council of Bizkaia. Experiments in this study em-
ployed experimental models of Phx with or without
30 min of ischemia as well as 90 min of ischemia
without Phx.[7="9]

Additional protocols used are provided in Supporting
Information.

RESULTS

Expression of MCJ is increased in

human liver biopsies after normothermic
perfusion and in preclinical models of Phx
with or without IRI

Controlled DCD is an important source of grafts for LT.
However, changes during the ischemic period nega-
tively affect postoperative outcomes.?” To investigate
whether MCJ is dysregulated under surgical ischemic
conditions and, as a result, associated with suscepti-
bility to IRI in humans, we compared its expression in
liver biopsies from DCD donors 60 min after the start
of the normothermic regional perfusion and in healthy
control individuals. Our results show that MCJ levels
were higher in livers from donor graft patients (n = 17)
than in livers from healthy control individuals (n = 7)
(Figure 1A).

On the other hand, liver resection is the only curative
therapy for most patients with hepatobiliary malignan-
cies. Vascular occlusion is a common strategy to pre-
vent loss of blood during hepatic resection. To assess
the possible involvement of MCJ in liver resection that
requires vascular occlusion, we examined its expres-
sion in livers from two murine models: mice subjected
to (1) 70% Phx and (2) 70% hepatectomy with 30 min of
ischemia (Phx with IRI). We aimed to elucidate whether
alterations in MCJ occur in Phx by itself or only during
Phx with vascular occlusion.

After 70% Phx, MCJ protein and mRNA levels in-
creased progressively from 5 to 48 h before return-
ing to baseline levels once the hepatic mass was
restored after 7 days (Figure 1B,C). Similarly, in mice
subjected to Phx with IRI, MCJ was up-regulated 24 h
after surgery before returning to baseline after 7 days
(Figure 1D,E). These results indicate that Phx by it-
self induces MCJ up-regulation. In addition, MCJ up-
regulation is maintained when vascular occlusion is
applied.

In vitro Mcj silencing enhances
hepatocyte proliferation following
EGF treatment

We first aimed to characterize the effects of Mcj silenc-
ing and Mcj overexpression on hepatocyte proliferation.
Twenty-four hours after EGF treatment, silencing of Mcj

significantly increased the mRNA and protein levels
of proliferative markers compared to controls (Figure
S1A,B). Conversely, MCJ up-regulation blocked the
proliferative response (Figure S1C,D). The efficiency of
MCJ down-regulation and up-regulation was confirmed
by western blot (Figure S1E).

These data show that the specific ablation of MCJ in
isolated hepatocytes exclusively enhances the prolifer-
ative response.

MCJ depletion enhances liver
regeneration, overcomes liver injury, and
increases survival after 70% Phx with or
without IRl and after prolonged IRI

In mice, the peak of regeneration (S phase) occurs 24—
48 h after Phx, and liver mass is usually restored within
5-7 days.[zﬂ Initially, we observed a faster recovery of
liver weight in 3-month-old MCJ KO mice compared to
age-matched WT animals 48 h after Phx (Figure 2A).
Importantly, no differences in the liver/body weight ratio
were observed 5 days after Phx between WT and MCJ
KO mice, demonstrating that the original prehepatec-
tomy size was reached with high precision in MCJ KO
mice, with no overgrowth of liver tissue. In parallel, MCJ
KO mice had reduced liver damage in the postopera-
tive period, as demonstrated by lower serum alanine
aminotransferase concentrations 5 and 33 h after 70%
Phx (Figure 2B). Regenerating hepatocytes in MCJ
KO mice entered the cell cycle faster than those in WT
mice, as reflected by an earlier increase in cyclin D1,
proliferating cell nuclear antigen (PCNA), Ki67-positive
immunostaining (Figure 2C), and cyclin D1 protein lev-
els (Figure S2A). Furthermore, the cyclin kinase inhibi-
tor p21, a known suppressor of hepatocyte proliferation,
was expressed at similar levels in both WT and MCJ
KO mice 48 h after Phx (Figure S2B). Overall, these
data show that the lack of MCJ accelerates liver regen-
eration until the “hepatostat”?? is achieved.

To further demonstrate the protective role of MCJ
ablation in liver regeneration, we examined the out-
come of liver ischemia injury and graft regeneration
after 70% Phx with vascular occlusion. We performed
70% Phx with 30 min of IRl in WT and MCJ KO mice
and evaluated hepatic injury, hepatic regeneration,
and survival 24 h or 7 days after the reperfusion
(Figure 1D). This procedure is characterized by high
mortality rates, with only about 50% of WT mice sur-
viving“s]; we confirmed this figure in our experimental
settings (Figure 2E). Interestingly, the survival rate in
MCJ KO mice increased by up to 80% (Figure 2E).
This was accompanied by a reduction in serum he-
patic transaminases in MCJ KO mice 24 h after the
procedure (Figure S2C). Diminished apoptosis and/
or necrosis was also observed, as shown by the at-
tenuated activity of calpain proteases (Figure 2F).
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FIGURE 1 MCJ expression is increased in ischemic injury and graft regeneration. (A) Liver biopsies from transplant donors, 60 min after

the start of normothermic regional perfusion (n = 17), and from healthy control individuals (n = 7) where MCJ expression was determined by
immunohistochemistry (left panel) and quantified (right panel). Scale bar, 50 um. Values are represented as median + range. The U test was
used to compare two groups. (B) MCJ levels by western blotting (upper panel) and densitometric quantification (bottom panel) in WT liver
extracts at different time points after 70% Phx. Glyceraldehyde 3-phosphate dehydrogenase was used as a loading control. (C) Mcj mRNA
levels in WT liver extracts at different time points after 70% Phx. At least n = 4 were used for each experimental group. (D) MCJ levels by
western blotting (upper panel) and densitometric quantification (bottom panel) in WT liver extracts at different time points after 70% Phx under
IRI. 3-Actin was used as a loading control. (E) Mcj mRNA levels in WT liver extracts at different time points after 70% Phx under IRl. n =3
were used for sham-operated mice, and n = 10 underwent 70% Phx under IRI. Values are represented as mean + SEM. The Student ¢ test was
used to compare two groups, and one-way ANOVA followed by Sidak’s posttest was used to compare multiple groups. *p < 0.05, **p < 0.01,
and ****p < 0.0001 versus control and *p < 0.05, **p < 0.01, "*p < 0.001, and ****p < 0.0001 versus the indicated time points. f.c., fold change
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aminotransferase and alanine aminotransferase levels in WT and MCJ KO mice 5 and 33 h after 70% Phx. (C) Liver immunohistochemical
staining and respective quantification for Cyclin D1, Ki67, and PCNA at 0, 24, 33, and 48 h after 70% Phx in WT versus MCJ KO. Scale bar,
50 ym. (D) Flowchart summarizing 70% Phx under 30 min IRI. (E) Survival percent 7 days after 70% Phx under IRI, WT (n = 10) versus MCJ
KO (n = 10). (F) Hepatic calpain activity measured in WT and MCJ KO mice that underwent the procedure (n = 10) 24 h after 70% Phx under
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Moreover, under these conditions, lack of MCJ re-
sulted in significantly increased proliferative markers,
including Cyclin E, Pcna, and Cyclin B (Figure 2G),
compared to WT mice.

We also evaluated whether the benefits of MCJ
depletion observed after 30 min of ischemia were
extended after prolonged ischemic periods without
hepatic resection. MCJ KO and WT mice were sub-
jected to 90 min of ischemia (Figure S2D) and sacri-
ficed 4 or 24 h after reperfusion, when we obtained
ischemic and oxygenated lobes."®! Serum analysis
showed reduced aspartate aminotransferase and al-
anine aminotransferase levels in MCJ KO mice 24 h
after ischemic injury (Figure S1E). This was accom-
panied by decreased calpain activity (Figure S2F)
and reduced poly(ADP-ribose) polymerase cleavage
(Figure S2G). Regarding the regenerative response,
there was a sustained increase in Cyclin D1 and Pcna
in MCJ KO mice, especially in the oxygenated lobe,
compared to WT and sham-operated mice (Figure
S2H).

In sum, lack of MCJ enhances liver regeneration and
overcomes hepatic injury not only after Phx but also
following Phx with IRI, and these effects are accom-
panied by an increase in posthepatectomy survival.
Importantly, these protective effects are also apparent
in longer ischemic periods without liver resection, re-
sembling the conditions of LT.

MCJ absence during liver regeneration
increases mitochondrial respiration and
ATP synthesis

Liver regeneration is an energetically demanding pro-
cess. Multiple lines of evidence have indicated that
increased ATP levels after injury facilitate liver regen-
eration.' MCJ is a negative regulator of mitochondrial
respiration as it inhibits complex | activity and the for-
mation of supercomplexes, leading to a reduction in
ATP synthesis.m]

Both intracellular and extracellular ATP levels were
significantly elevated in cultured hepatocytes isolated
from WT and MCJ KO mice 24 h after Phx (Figure 3A).
ATP can be synthesized through glycolysis in the cy-
tosol or through oxidative phosphorylation in mito-
chondria. Mitochondrial respiration was evaluated in
regenerative MCJ KO and WT hepatocytes in vitro
3 h after 70% Phx. Our data show a significantly in-
creased oxygen consumption rate (OCR) and higher
basal, ATP-linked, and maximal respiration in MCJ KO
hepatocytes (Figures 3B and S3A). Increased ATP
production and respiration could be a consequence
of an increased number of functional mitochondria in
MCJ KO mice; however, electron microscopy revealed
no differences in the number or morphology among
basal and regenerative WT and MCJ KO mitochon-
dria (Figure 3C and S3B). Thus, loss of MCJ during
liver regeneration accelerates mitochondrial respira-
tion and increases ATP production, inducing succinate
dehydrogenase (SDH,) activity, facilitating restoration
of the hepatic mass (Figure 3D). Overall, our data in-
dicate that MCJ depletion in proliferating hepatocytes
enhances mitochondrial function and ATP synthesis
and secretion.

In the early postoperative period after Phx, ATP is
predominantly generated by fatty acid oxidation and,
to a lesser extent, by glucose oxidation in hepatic
mitochondria.?®! We observed a similar trend in the
decline of blood glucose levels after Phx in both WT
and MCJ KO mice (Figure S3C). Furthermore, using
positron emission tomography (PET)-CT scanning,
we found that glucose uptake by the liver 24 h after
Phx was equal between WT and MCJ KO mice
(Figures 3E and S3D). Analysis of hepatic fatty acid
oxidation revealed significantly enhanced activity in
MCJ KO mice, both at baseline and 24 h after Phx
(Figure 3F).

The magnitude of ATP depletion during ischemia
and the ability to resynthesize ATP after liver reperfu-
sion play critical roles in graft recovery, facilitating liver
regeneration. In line with our previous observations,

FIGURE 3 Lack of MCJ increases ATP production following 70% Phx with or without IRI and after prolonged IRI. (A) Cell media and
hepatocyte ATP production in primary WT and MCJ KO hepatocytes, perfused 24 h after 70% Phx. At least quadruplicates were used
for each experimental condition. (B) Basal, ATP-linked, and maximal respirations using the Mitostress assay in primary WT and MCJ KO
hepatocytes, perfused 3 h after 70% Phx. At least quadruplicates were used for each experimental condition. (C) Electron microscopy
of epon-embedded cell sections showing the number of mitochondria and mitochondrial morphology in basal conditions and 24 h after
70% Phx at x2500 magnification (scale bar, 1 ym). (D) Hepatic SDH,, activity was measured in basal conditions and 3 h after 70% Phx

in WT versus MCJ KO mice. (E) Study of the hepatic uptake of '8F fluorodeoxyglucose using a PET-CT scan 24 h after 70% Phx in WT

and MCJ KO mice. (F) Fatty acid oxidation rate was assayed in liver tissue at basal conditions and 24 h after 70% Phx. (G) Extracellular
and intracellular ATP content in WT and MCJ KO primary hepatocytes, perfused 24 h after 70% Phx under IRI. (H) Basal, ATP-linked,

and maximal respirations using the Mitostress assay in primary WT and MCJ KO hepatocytes, perfused 24 h after 70% Phx under IRI. At
least quadruplicates were used for each experimental condition. (I) Hepatic SDH, activity was measured in WT and MCJ KO mice, both in
sham-operated and in those that underwent the procedure, 24 h after 70% Phx under IRI. (J) Cell media and hepatocyte ATP production
in primary WT and MCJ KO hepatocytes, perfused 24 h after IRIl. Hepatocytes coming from both the ischemic and the oxygenated lobes
were analyzed separately. At least sextuplicates were used for each experimental condition. (K) Hepatic SDH, activity was measured in
WT and MCJ KO mice, both in sham-operated and in those that underwent the procedure, 4 and 24 h after IRI. Values are represented as
mean + SEM. Two-way ANOVA followed by Sidak’s posttest was used to compare multiple groups. #p <0.05, ##p <0.01, ###p <0.001, and
### 15 < 0.0001 versus MCJ KO and *p < 0.05 versus sham-operated. CV Abs, crystal violet absorbance; f.c., fold change; IL, ischemic lobe;
OCR, oxygen consumption rate; OL, oxygenated lobe



both intracellular and extracellular ATP levels were
significantly increased in MCJ KO hepatocytes 24 h
after Phx with IR (Figure 3G). Mitochondrial respiration
showed a significant increase in OCR; higher basal,
ATP-linked, and maximal respiration were observed
in MCJ KO regenerative hepatocytes (Figures 3H and
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S3E). Lack of MCJ also induced an increase in SDH,
activity (Figure 3I).

Similar results were obtained following prolonged
IRI. ATP production was evaluated in hepatocytes
from the oxygenated and the ischemic lobes 4 h
after reperfusion. ATP levels, both intracellular and
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in the cell culture media, were significantly higher in
the ischemic lobe in the absence of MCJ (Figure 3J),
along with the induction of mitochondrial SDH, activ-
ity (Figure 3K).

In summary, MCJ depletion maintains mitochondrial
function and ATP levels after Phx as well as after pro-
longed ischemic damage, likely preventing consequent cell
death while enhancing liver regeneration after liver injury.

Lack of MCJ enhances antioxidant
defenses during liver regeneration

Enhanced mitochondrial respiration is often related
to increased ROS production. However, depletion of
MCJ facilitates the formation of respiratory supercom-
pIexes,”S] allowing enhanced complex | activity with a
lower risk of ROS production.

Lack of MCJ prevented the hepatic production of
ROS after 70% Phx, as shown by reduced levels of
dihydroethidium staining in liver sections (Figure S4A)
and MitoSOX in cultured hepatocytes (Figure S4B)
24 h after Phx. Reduced oxidative damage was further
demonstrated by a higher glutathione/oxidized gluta-
thione ratio in MCJ KO mice (Figure S4C). Decreased
levels of MitoSOX staining were also observed in re-
generative MCJ KO hepatocytes 24 h after Phx with IRI
(Figure S4D).

Secreted ATP activates macrophages,
enabling a faster priming phase in the
absence of MCJ

Liver regeneration is a complex process involving an
inflammatory response (priming phase) that is followed
by the proliferation of liver cells to restore the lost mass.
ATP plays a crucial role as a signaling molecule in the
extracellular space; indeed, purinergic signals regu-
late the activation of immune cells and the subsequent
cytokine production.[24] Based on these findings, we
hypothesized that increased extracellular ATP levels
would accelerate the activation of Kupffer cells and,
therefore, enable a faster priming phase, accelerating
liver regeneration, reducing liver damage, and increas-
ing survival in mice lacking MCJ.

We initially confirmed that extracellular ATP was able
to stimulate the activation of macrophages. Macrophage-
like RAW 264.7 cells, bone marrow-derived macro-
phages, and hepatic Kupffer cells were treated with
3 mM ATP for 4 h; and the levels of TNF and IL-6 were
measured in the supernatants, as reported.[24’25] We
observed significantly increased levels of both proin-
flammatory cytokines in ATP-treated supernatants
compared to nonstimulated cells (Figures 4A and
S5A,B). Macrophage-derived heparin-binding EGF-like
growth factor (HB-EGF), a ligand for the EGF receptor

(EGFR), has also been identified as a mitogen for he-
patocytes.[26'27] We observed that HB-EGF levels were
significantly up-regulated in bone marrow—derived mac-
rophages and Kupffer cells treated with 3 mM ATP for
4 h compared to nonstimulated cells; besides, MCJ KO
showed significantly higher levels (Figures 4B and S5C).

Kupffer cell-derived TNF and IL-6 play essential
roles in the initiation of the priming phase, and HB-
EGF promotes the G,/S transition in the hepatocyte
cell cycle.[zs'zg] Thus, to confirm that ATP-mediated
Kupffer cell activation and production of inflamma-
tory cytokines enable the initiation of hepatocyte
proliferation, we performed proliferation studies with
Kupffer cell-derived conditioned media. Proliferation
was enhanced in both WT and MCJ KO hepatocytes
stimulated with ATP-treated Kupffer cell media; how-
ever, mMRNA levels of proliferative markers Cyclin
D1, Cyclin E, and Pcna were significantly higher in
MCJ KO hepatocytes (Figure 4C), together with Hb-
Egf (Figure 4C). Tgfp was also augmented following
treatment with conditioned media, with significantly
higher levels in MCJ KO hepatocytes, proving that
not only regeneration is accelerated in these he-
patocytes but also its termination (Figure 4C).
Importantly, the activation of extracellular signal—
regulated kinase 1/2 (ERK1/2) and signal transducer
and activator of transcription 3 (STAT3) pathways,
which are downstream of HB-EGF and IL-6 sig-
naling, respectively, and mediators of the priming
phase, along with the activation of EGFR, were
increased in hepatocytes in the presence of ATP-
Kupffer cell media, with this activation being signifi-
cantly higher in MCJ KO hepatocytes (Figure 4D
and S5D). Therefore, increased ATP levels not only
enhance the priming phase but also accelerate the
proliferative phase during hepatocyte proliferation.

In vivo, we found increased hepatic Tnf and II-
6 mRNAs and serum levels in MCJ KO mice 3 h after
Phx (Figures S5E and 4E), along with increased he-
patic IL-6/STAT3 signaling (Figure 4F). We also ob-
served enhanced activation of the EGFR both by
western blotting and by immunohistochemistry in
MCJ KO livers 33 h after Phx (Figures 4G and S5F).
Besides, the study of EGFR ligands showed increased
expression of Egf, Betacellulin, and Hb-egfin MCJ KO
livers, at both early and late phases of liver regenera-
tion (Figure S5F).

IL-6 plays a major role in ischemia by reducing hepatic
injury and promoting regeneration.[3°] Notably, IL-6 levels
were significantly increased in MCJ KO mice compared
to WT 24 h after 70% Phx with IRI (Figures 4H and S5G).
IL-6 levels also remained significantly higher in MCJ KO
mice 4 and 24 h after prolonged IRI (Figures 41 and S5H).

Taken together, these findings confirm that in-
creased ATP levels found in mice lacking MCJ are the
driving force that enables faster entry into the cell cycle,
enhancing liver regeneration.
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FIGURE 4 Absence of MCJ accelerates the priming phase due to increased extracellular ATP levels. (A) Cell media TNF and IL-6
levels from stimulated and nonstimulated WT and MCJ KO hepatic Kupffer cells. Cells were stimulated with 3 mM ATP for 4 h. (B) mRNA
levels of Hb-Egf, Cyclin D1, Cyclin E, PCNA, and Tgf-f in WT and MCJ KO hepatocytes following 24 h of treatment with stimulated and
nonstimulated WT and MJC KO Kupffer cell-derived conditioned media. (C) Western blot analysis of total protein levels of phosphorylated
(p-) ERK1/2 (Thr 202/Tyr 204), pSTAT3 (Tyr 705), and pEGFR (Tyr1068) in WT and MCJ KO hepatocytes following 4 h of treatment with
stimulated and nonstimulated WT and MCJ KO Kupffer cell-derived conditioned media. R-Actin was used as a loading control. (D) Serum
TNF and IL-6 levels, measured by ELISA, at the indicated time points after 70% Phx in WT versus MCJ KO mice. (E) Western blot analysis
(upper panel) and densitometric quantification (bottom panel) of total protein levels of pSTAT3 5 h after Phx. R-Actin was used as a loading
control. (F) Western blot analysis (upper panel) and densitometric quantification (bottom panel) of total protein levels of pEGFR at 24, 33,
and 48 h after 70% Phx. R-Actin was used as a loading control. (G) Serum IL-6 levels in WT and MCJ KO mice 24 h after 70% Phx under
IRI. (H) Serum TNF and IL-6 levels in WT and MCJ KO mice 24 h after IRI. Values are represented as mean + SEM. The Student ¢ test was
used to compare two groups, and one-way ANOVA followed by Sidak’s posttest was used to compare multiple groups. *p < 0.05, **p < 0.01,
and ***p < 0.001 versus control and #p < 0.05, #p < 0.01, and ###p < 0.0001 versus MCJ KO. f.c., fold change; KC, Kupffer cell
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Silencing MCJ, a therapeutic approach

MCJ-specific siRNA (siMCJ) was evaluated after 70%
Phx to assess whether it could be used as a poten-
tial therapy to accelerate liver regeneration following
liver resection. Twenty-four hours before 70% Phx,
3-month-old WT mice were treated by i.v. tail injection
with siMCJ or si-control (siCtrl). Thirty-three hours after
this procedure, mice were sacrificed to analyze their
hepatic regenerative capacity (Figure S6A). The effi-
cient knockdown of MCJ led to increased mRNA levels
of the proliferative genes Cyclins D1, E, and A2 and
Pcna (Figure 5A). This was confirmed by the increased
expression of Cyclin D1 and PCNA proteins in liver sec-
tions (Figure 5B). Thus, RNA interference—mediated
gene targeting of MCJ is as efficient as genetic abla-
tion of MCJ for accelerating liver regeneration after
Phx, suggesting that MCJ silencing could constitute a
therapeutic alternative.

Targeting MCJ overcomes regenerative
limitations associated with steatosis

A significant number of patients undergoing liver re-
section have chronic liver diseases, such as steatosis,
fibrosis, or aging. These are linked to mitochondrial
dysfunction and increase the risk of suffering from pos-
thepatectomy liver failure as they severely limit liver re-
generation and exacerbate the susceptibility to IRI.BY
Therefore, we examined whether MCJ silencing could
reduce the susceptibility of steatotic or old livers to IRI
and enhance liver regeneration.

Hepatic steatosis is a major risk factor for liver sur-
gery, with postoperative mortality exceeding 14% after
maijor liver resection. We used a murine model of in-
duced steatosis, inflammation, and insulin resistance to
test whether MCJ silencing could improve liver regener-
ation after Phx in steatotic livers. Three-month-old WT
mice were fed the HFHFD for 12 weeks; hepatic insulin
resistance development and hepatic inflammation were

confirmed by an insulin tolerance test and F4/80 stain-
ing, respectively (Figure S6C,D). Mice were treated
with either siMCJ or siCtrl 72 h prior to 70% Phx and
euthanized 33 h after the procedure, allowing analysis
of the regenerative phase (Figure S6B). MCJ-silenced
mice showed a faster recovery of liver weight, with a
significantly increased liver/body weight ratio 33 h
after 70% Phx (Figure 5C). These regenerating he-
patocytes entered the cell cycle faster, as reflected by
earlier increases in Cyclin D1 and Pcna mRNA levels
(Figure 5D), Ki67-positive immunostaining (Figures 5E
and S6E), and Cyclin D1 protein levels (Figures 5F and
S6F). MCJ silencing not only accelerated liver regen-
eration in WT mice fed a 12-week HFHFD but also sig-
nificantly reduced hepatic steatosis, as demonstrated
by decreased oil-red O staining levels (Figures 5E and
S6E), confirming previous results.['®!

Both extracellular and intracellular ATP levels were
measured in cultured hepatocytes isolated from siCtrl-
treated and siMCJ-treated mice 24 h after Phx, and in
line with previous results, they were significantly elevated
in MCJ-silenced hepatocytes (Figure 5G). Furthermore,
mitochondrial respiration measured 24 h after 70% Phx
showed a significant increase in OCR and higher basal,
ATP-linked, and maximal respiration in MCJ-silenced he-
patocytes (Figures 5H and S6G) without ROS overpro-
duction as lower MitoSOX staining levels were observed
(Figure 5I). Additionally, increased serum levels of IL-6
were found in MCJ-silenced mice (Figure 5J). Thus, MCJ
silencing proves to be an efficient approach to acceler-
ate mitochondrial activity and overcome the regenerative
limitations that characterize insulin-resistant and steatotic
livers following a 12-week HFHFD.

Targeting MCJ overcomes
regenerative and survival limitations
associated with aging

Only 8%-15% of patients undergoing hepatic resec-
tion are older than 70 years due to the increasing

FIGURE 5 Targeting MCJ overcomes regenerative limitations associated with steatosis. (A) Differential expression of mMRNA levels

from genes involved in the cell cycle in siCtrl versus siMCJ WT mice, compared to basal, 33 h after 70% Phx. (B) Liver immunohistochemical
staining and respective quantification for Cyclin D1 and PCNA, proliferative markers, 33 h after 70% Phyx, in siCtrl versus siMCJ WT mice.
Scale bar, 50 ym. (C) Liver weight/body weight ratio in siCtrl versus siMCJ WT mice, maintained on a 12-week HFHFD, 33 h after 70% Phx.
(D) Differential expression of mMRNA levels from genes involved in the cell cycle in siCtrl versus siMCJ WT mice, maintained on a 12-week
HFHFD, 33 h after 70% Phx. (E) Liver immunohistochemical staining (upper panel) and respective quantification (bottom panel) for Ki67, a
proliferative marker, and oil red O, a marker for hepatic steatosis, in siCtrl versus siMCJ WT mice, maintained on a 12-week HFHFD, 33 h
after 70% Phx. Scale bar, 100 um. (F) Western blot analysis of total protein levels of Cyclin D1 33 h after 70% Phx in siCtrl versus siMCJ WT
mice, maintained on a 12-week HFHFD. R-Actin was used as a loading control. (G) Extracellular and intracellular ATP content in primary
hepatocytes of siCtrl and siMCJ WT mice, maintained on a 12-week HFHFD that were perfused 33 h after 70% Phx. At least sextuplicates
were used for each experimental condition. (H) The OCR and basal, ATP-linked, and maximal respirations using the Mitostress assay in
primary hepatocytes of siCtrl and siMCJ WT mice, maintained on a 12-week HFHFD, perfused 33 h after 70% Phx. At least quadruplicates
were used for each experimental condition. (I) Mitochondrial ROS in primary hepatocytes of siCtrl and siMCJ WT mice, maintained on a
12-week HFHFD, perfused 33 h after 70% Phx, using MitoSOX staining. At least sixtuplicates were used for each experimental condition. (J)
Serum IL-6 levels, measured by ELISA, 33 h after 70% Phx, in siCtrl versus siMCJ WT mice, maintained on a 12-week HFHFD. Values are
represented as mean + SEM. The Student t test was used to compare two groups, and two-way ANOVA followed by Sidak’s posttest was used
to compare multiple groups. *p < 0.05 and **p < 0.01 versus basal and #p < 0.05, #p < 0.01, ##p < 0.001, and #*p < 0.0001 versus MCJ KO.

CV Abs, crystal violet absorbance; f.c., fold change
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prevalence of comorbidities that confer a high surgi-
cal risk.®? WT mice aged 15-17 months were treated
with either siCtrl or siMCJ, and 24 h later, 70% Phx was
performed. The mice were sacrificed 72 h after the
procedure. MCJ silencing was equally efficient in aged
(Figure S7A) and young mice. We found that hepatic

steatosis was significantly corrected by MCJ silencing,
as demonstrated by oil-red O staining (Figure 6A). This
was accompanied by an increase in PCNA staining,
showing enhanced liver regeneration (Figure 6A).

The survival rate following 70% Phx with IR was also
studied in 15-month-old MCJ KO and siMCJ-treated
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mice. Fifteen-month-old MCJ KO and WT mice were
subjected to 70% Phx with 30 min of ischemia, and
the survival rate was assessed 7 days after the pro-
cedure (Figure S7B). Only 22% of WT mice survived,
while half of MCJ KO mice recovered from the proce-
dure (Figure 6B). Aging is associated with a variety of
diminished mitochondrial functions, and decreased mi-
tochondrial ATP production in old livers results in lower
tolerance to IRL.I" Thus, 24 h after Phx with IRI, extra-
cellular and intracellular ATP levels were measured in
cultured hepatocytes isolated from aged WT and MCJ
KO mice. ATP levels were significantly elevated in MCJ
KO hepatocytes (Figure 6C). Mitochondrial respiration
measured 24 h after Phx with IRI showed significantly
higher basal, ATP-linked, and maximal respiration
in MCJ KO hepatocytes (Figure 6D), which was not
accompanied by elevated ROS production as lower
MitoSOX staining levels were detected (Figure 6E).

Furthermore, 15-month-old WT mice were treated
with either siMCJ or siCtrl 72 h prior to 70% Phx with
IR, and they were sacrificed 7 days after the procedure.
Efficient MCJ silencing was confirmed (Figure S7C).
Mice treated with siCtrl achieved a similar 25% sur-
vival rate when compared to 15-month-old WT mice.
Notably, 75% of the siMCJ-treated mice survived the
procedure, confirming the positive regenerative out-
comes already observed in silenced mice subjected
to 70% Phx (Figure 6F). Thus, inhibiting MCJ expres-
sion reduces both hepatomegaly and steatosis and
enhances hepatic regeneration, thereby improving sur-
vival in 15-month-old mice.

Overall, the loss of MCJ, increasing ATP production
and, therefore, preventing the characteristic ATP de-
pletion, overcomes impaired regeneration and reduces
ischemic susceptibility in “marginal” organs (steatotic
livers or those originating from old donors), making
them suitable for hepatic surgery and LT.

DISCUSSION

LT is the only curative treatment for acute liver failure and
end-stage liver diseases. However, < 10% of the global
organ transplantation needs are met at the current rates
of transplantation procedures.[33] Strategies to improve
the donor pool, quickly attend to patients on the waiting
list, and ease the economic burden are crucial. Based
on recent data showing that the lack of MCJ, a nega-
tive regulator of complex | in the mitochondrial electron
transport chain, enhances mitochondrial activity without
collateral ROS production in NASH in DILI and choles-
tatic liver injury,"®'634 we studied its effect after major
liver resection or IRI. With these results, we demonstrate
that hepatic MCJ silencing can play a unique role in re-
ducing liver damage, accelerating regeneration, and
increasing survival after Phx with or without ischemia.
Our data suggest that the lack of MCJ prevents the

mitochondrial dysfunction and ATP depletion that take
place during the ischemic phase by improving mitochon-
drial activity without any additional ROS production.
More importantly, the beneficial effects of MCJ silencing
were observed not only in young but also in old murine
models of metabolic syndrome. These results highlight
MCJ as a key therapeutic target for liver regeneration
and IRI. The significantly higher levels of MCJ in livers
from DCD donors after ischemic damage compared to
healthy controls support this conclusion.

Liver regeneration is determined by the energy sta-
tus of the hepatocyte. In this setting, increased ex-
pression of MCJ, a mitochondrial complex | inhibitor,
after major hepatic resection with or without vascular
occlusion is surprising. We have previously shown that
the expression of MCJ is regulated by the methylation
of three specific CpG sites in its promotor.'® Indeed,
this epigenetic process is inversely correlated with
expression, where lower DNA methylation is associ-
ated with higher levels of transcripts. In this context,
S-adenosylmethionine (SAMe) levels are known to
decrease significantly during liver regeneration due to
a switch between expression of methionine adenosyl-
transferase genes 1A and 2A (MAT1A and MAT2A)%!
along with increased S-adenosyl homocysteine (SAH)
formation. Therefore, the ratio SAMe/SAH, an index for
methylation reactions, is significantly reduced, which
causes the previously observed MCJ overexpression
during Phx and ischemic damage.

Following liver injury, there is a need for balanced
hepatocyte proliferation. However, excessive mito-
chondrial activity can overproduce ROS, which, instead
of healing, damage the hepatic tissue. Previously, we
showed that the lack of MCJ facilitates the formation
of respiratory supercomplexes, improving the effec-
tiveness of mitochondrial respiration and reducing the
formation of ROS.I""! Our study confirms these results
when MCJ is silenced during liver regeneration and
after ischemic damage.

Mitochondrial function also correlates with posthepa-
tectomy liver function.®®! Alexandrino et al. demon-
strated that depressed oxidative phosphorylation was
correlated with worse postoperative hepatic function
and with increased risk of posthepatectomy liver failure
in a cohort of 30 patients.m] We observed significantly
higher ATP levels in MCJ-silenced mice in all three
models (Phx, Phx + IRI, and IRI), along with acceler-
ated entry into the cell cycle, associated with a faster
recovery of liver weight after Phx and reduced liver
damage after IRIl. The liver weight/body weight ratio
after Phx and Phx with IRI (data not shown) confirms
that the lack of MCJ promotes accelerated liver regen-
eration until the “hepatostat” is achieved. Therefore,
the lack of MCJ represents a potential mechanism for
improving mitochondrial activity to rapidly meet the en-
ergy demands of liver regeneration while avoiding the
harmful side effects of oxidative stress.
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FIGURE 6 Targeting MCJ overcomes regenerative and survival limitations associated with aging. (A) Picture of the extracted livers
and the liver weight/body weight ratio in siCtrl and siMCJ WT mice 72 h after 70% Phx. (B) Liver immunohistochemical staining and
respective quantification for oil red O staining, a marker for hepatic steatosis, and for PCNA, a proliferative marker, 72 h after 70% Phx in
siCtrl versus siMCJ WT. Scale bar, 100 pm. (C) Survival percent 7 days after 70% Phx under IRl in 15-month-old WT (n = 9) and MCJ KO
(n = 11) mice. (D) Cell media and hepatocyte ATP production in primary hepatocytes of 15-month-old WT and MCJ KO mice, perfused 24 h
after 70% Phx under IRI. At least sextuplicates were used for each experimental condition. (E) Basal, ATP-linked, and maximal respirations
using the Mitostress assay in primary hepatocytes of 15-month-old WT and MCJ KO mice perfused 24 h after 70% Phx under IRI. At least
quadruplicates were used for each experimental condition. (F) Mitochondrial ROS in primary hepatocytes of 15-month-old WT and MCJ KO
mice, perfused 24 h after 70% Phx under IRI, using MitoSOX staining. At least quadruplicates were used for each experimental condition.
(G) Survival percent 7 days after 70% Phx under IRl in 15-month-old siCtrl (n = 4) versus siMCJ (n = 4) WT mice. Values are represented as
mean + SEM. The Student t test was used to compare two groups, and two-way ANOVA followed by Sidak’s posttest was used to compare
between multiple groups. #p < 0.01 and ###p < 0.0001 versus MCJ KO. CV Abs, crystal violet absorbance; f.c., fold change

The initiation of liver regeneration is driven by the critically involved in normal liver regeneration,[zgl also
innate immune system and cytokine release. Kupffer plays a key protective role in chronicl®® and acute®
cell-derived IL-6 trans-signaling, besides being liver diseases. Importantly, a recent study associated
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preoperative higher levels of serum IL-6 and TNF with
early liver graft regeneration following LT.“% |shimaru
et al. showed the importance of purinergic signaling
in the activation of Kupffer cells as ATP-stimulated
Kupffer cells produced significantly higher IL-6 lev-
els when compared to nonstimulated cells.? we
have shown similar results in macrophage-like RAW
264.7, bone marrow—derived monocytes/macrophages
(BMMs) and hepatic Kupffer cells in the presence of
ATP, not only with IL-6 but also with TNF. Besides,
ATP-stimulated MCJ KO BMM and Kupffer cells
showed significantly higher levels of HB-EGF, an ac-
tivator of the ERK1/2 pathway and a ligand for EGFR.
Importantly, this mitogen has been considered the key
factor for hepatocyte progression through G,/S transi-
tion during regeneration.[zgl

Based on the results of our proliferative studies in
primary WT and MCJ KO hepatocytes using Kupffer
cell-derived conditioned media, we hypothesize that
the increased ATP level found in mice lacking MCJ is
the driving force that enables the accelerated regen-
erative response and explains the 12-h gap between
WT and MCJ KO regeneration peaks (S phase).
Furthermore, the modulation of regenerative respon-
siveness enabled by the absence or overexpression of
MCJ, in isolated primary hepatocytes after EGF treat-
ment, suggests a synergistic mechanism based on in-
creased extracellular and intracellular ATP levels.

In order to meet increased ATP requirements, he-
patocytes undergo a series of metabolic adaptations.
Phx-induced hypoglycemia has been established to
promote liver regeneration by inducing specific prore-
generative signals and suppressing certain antiregener-
ative pathways.[‘”] We confirmed similar hypoglycemic
levels in MCJ WT and MCJ KO mice after Phx, and by
PET-CT scanning we excluded the possibility of a more
glycolytic phenotype in MCJ KO mice. Importantly, we
identified that hepatic fatty acid oxidation provides the
energy required for liver regeneration after major re-
section or ischemic damage.

Hepatic IRl is commonplace in liver surgery, partic-
ularly in hepatic transplantation, hepatic resection, and
trauma. It is also the leading cause of immediate post-
transplantation organ failure; the lack of oxygen during
ischemia directly affects mitochondrial coupling as ATP
is depleted and liver injury is further exacerbated during
reperfusion.[42] Recovering ATP levels is not a new thera-
peutic approach; ischemic preconditioning, a brief period
of portal triad occlusion and reperfusion before sus-
tained IR, induces adenosine-mediated tissue protec-
tion."? Studies proving the hepatoprotective effects of
purinergic signaling agonists after IR and LT highlight
the need for a solution that silencing of MCJ can offer.

Moreover, LT faces a major organ shortage.
Among the strategies to improve the donor pool, the
use of extended-criteria livers has been proposed.
Unfortunately, the use of these marginal organs

increases the incidence of allograft dysfunction and
postreperfusion syndrome.m] Therefore, we decided
to mimic steatotic and aging mouse models and study
the effects of MCJ silencing on hepatic damage, liver
regeneration, and survival after Phx with IRI.
Recipients of organs from old donors may show in-
creased posttransplantation morbidity and mortality due
to enhanced susceptibility to IRI. Mitochondria in aged
livers produce less ATP and more free radicals,*¥ and
because intracellular energy metabolism is considered
the key mechanism in the ischemic phase, aging al-
lografts respond poorly. Importantly, our data show a
75% survival rate in 17-month-old MCJ-silenced mice
subjected to Phx with IR after silencing through a sin-
gle tail vein 72 h before the procedure, compared to the
25% survival rate achieved in WT mice. We also carried
out 70% Phx in 15—17-month-old WT mice and observed
enhanced liver regeneration and reduced hepatic steato-
sis with MCJ silencing, along with increased mitochon-
drial activity and ATP production. Thus, MCJ silencing
reduces susceptibility to ischemic damage in old livers
by improving mitochondrial activity and ATP production.
Hepatic steatosis is a major risk factor for liver sur-
gery, with postoperative mortality exceeding 14% after
major liver resection compared to 2% in patients with
nonfatty livers.*?! Steatosis is associated with compro-
mised mitochondrial function and insufficient ATP pro-
duction, causing an unfavorable necrotic form of cell
death when subjected to periods of ischemia.*®! Our re-
sults show increased mitochondrial activity and elevated
ATP production, which exert a protective effect in fatty
livers, causing accelerated liver regeneration in MCJ-
silenced mice fed an HFHFD for 12 weeks when com-
pared to WT mice. A simple tail vein injection 72 h before
the procedure was able to overcome the impaired liver
regeneration associated with hepatic steatosis.
Importantly, Barbier-Torres et al.l"®! used Food and
Drug Administration—approved nanoparticle-formulated
and GalNAc-formulated siRNA to efficiently target he-
patic MCJ, laying the foundation for a direct, fast, and
already accessible therapeutic approach that improves
the recovery and well-being of transplanted or resected
patients as MCJ silencing can be maintained until the
patients are fully rehabilitated. The fact that MCJ KO
mice are healthy further supports the minimal toxicity of
siMCJ as a therapy. Overall, the silencing of MCJ could
become a means of obtaining the long-sought balance
between the number of organs needed and the number
of organs available for LT by recovering and maintaining
mitochondrial activity and ATP levels, thereby enabling
the successful use of extended-criteria donor livers.
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