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Abstract

Background

Suppressed mitochondrial biogenesis (MB) contributes to acute kidney injury (AKI) after

many insults. AKI occurs frequently after liver transplantation (LT) and increases mortality.

This study investigated whether disrupted mitochondrial homeostasis plays a role in AKI

after LT.

Methods

Livers were explanted from Lewis rats and implanted after 18 h cold storage. Kidney and

blood were collected 18 h after LT.

Results

In the kidney, oxidative phosphorylation (OXPHOS) proteins ATP synthase-β and NADH

dehydrogenase-3 decreased 44% and 81%, respectively, with marked reduction in associ-

ated mRNAs. Renal PGC-1α, the major regulator of MB, decreased 57% with lower mRNA

and increased acetylation, indicating inhibited synthesis and suppressed activation. Mito-

chondrial transcription factor-A, which controls mtDNA replication and transcription, protein

and mRNA decreased 66% and 68%, respectively, which was associated with 64%

decreases in mtDNA. Mitochondrial fission proteins Drp-1 and Fis-1 and mitochondrial

fusion protein mitofusin-1 all decreased markedly. In contrast, PTEN-induced putative

kinase 1 and microtubule-associated protein 1A/1B-light chain 3 increased markedly after

LT, indicating enhanced mitophagy. Concurrently, 18- and 13-fold increases in neutrophil

gelatinase-associated lipocalin and cleaved caspase-3 occurred in renal tissue. Both

serum creatinine and blood urea nitrogen increased >2 fold. Mild to moderate histological

changes were observed in the kidney, including loss of brush border, vacuolization of tubu-

lar cells in the cortex, cast formation and necrosis in some proximal tubular cells. Finally,

myeloperoxidase and ED-1 also increased, indicating inflammation.
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Conclusion

Suppression of MB, inhibition of mitochondrial fission/fusion and enhancement of mito-

phagy occur in the kidneys of recipients of liver grafts after long cold storage, which may

contribute to the occurrence of AKI and increased mortality after LT.

Introduction
Orthotopic liver transplantation (LT) is the only proven therapy for end-stage liver diseases
[1–5]. However, acute renal dysfunction and chronic renal diseases often occur after LT [6–9].
The incidence of perioperative acute kidney injury (AKI) in liver transplant recipients varies
significantly, ranging from 17% to 95% [7,9–13]. After LT, 5–30% of recipients have to receive
renal replacement therapy due to severe AKI [7,11]. AKI also increases infection, sepsis, and
acute rejection and substantially decreases patient survival after LT [11,14–16]. Increasing evi-
dence indicates that AKI also adversely affects long-term patient outcomes [17,18]. Ultimately,
acute renal dysfunction in LT recipients prolongs stays in intensive care units and the hospital,
and increases re-hospitalization, the need for postoperative dialysis, and the cost of care.

While AKI after LT frequently presents as acute tubular necrosis (ATN, ~70% of AKI)
[11,12,14], the mechanisms underlying AKI after LT remain unclear. More severe liver dys-
function and higher MELD scores before transplantation, severe hypotension/hypoperfusion,
anesthesia, transfusion of highly packed red blood cells during surgery, and use of calcinurin
inhibitors after transplantation may increase the risk of post-transplantation acute renal dys-
function [11,19,20]. Whether the presence of pre-transplantation AKI increases post-trans-
plantation AKI remains controversial [11]. The degree of liver graft dysfunction is a strong and
consistent predictor of AKI after LT [11,19,20].

The renal tubular cells have high energy consumption due to active energy-dependent pro-
cesses such as reabsorption of filtered blood components and secretion of many substances in
these cells. Therefore, mitochondrial homeostasis is crucial for proper renal function. Mito-
chondrial homeostasis is maintained by mitochondrial biogenesis (MB), mitophagy and mito-
chondrial dynamics, and disrupted mitochondrial homeostasis frequently leads to organ
failure [21]. Persistent disruption of mitochondrial homeostasis has been observed in several
animal models of AKI [21,22]. MB is a process that generates new mitochondria in response to
increased energy demand (e.g. exercise) and mitochondrial stress/damage [23]. Suppression of
MB reduces the capability of cells to adapt to stresses and to maintain proper mitochondrial
function, increasing injury and/or inhibiting functional recovery and repair processes after
injury. In recent years, evidence suggests that inhibited MB and mitochondrial dysfunction
play essential roles in AKI caused by many different insults. For example, renal MB suppres-
sion occurs after kidney ischemia/reperfusion (I/R), sepsis, folic acid and glycerol treatment,
leading to decreased oxidative phosphorylation (OXPHOS) proteins, mitochondrial dysfunc-
tion and renal injury [22,24–28]. In contrast, stimulation of MB attenuates AKI [22,24–28].
Mitophagy selectively removes depolarized/damaged mitochondria, thus controlling mito-
chondrial quality [29,30]. Inhibited mitophagy leads to impairment of mitochondrial function
[31]. Mitochondria divide (fission) and fuse (fusion) continuously in healthy cells [32]. Mito-
chondrial dynamics also play an essential role in mitochondrial quality control, thus affecting
cell function and survival [33–35]. Alteration of mitochondrial dynamics occurs in I/R- and
glycerol-induced AKI [22]. Whether mitochondrial homeostasis is disrupted in the kidney
after LT and its relation to occurrence of post-transplantation AKI remains unknown.
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Therefore, in the present study we explored renal MB, mitophagy and mitochondrial dynamics
after LT.

Materials and Methods

Rat liver transplantation
Inbred male Lewis rats (200–250 g) were used as both donors and recipients in LT experiments.
LT was performed under isofluorane anesthesia (2–3%) using the two-cuff technique with the
hepatic artery and bile duct re-constructed as described previously [36]. Liver grafts were
stored in University of Wisconsin storage solution (Bridge to Life, Ltd., Columbia, SC) at
0–1°C for 18 hours. Anhepatic time was ~17 min, and implantation surgery took ~40 min. For
sham operation, ligaments around the liver were dissected, and the abdominal wall was closed
40 min later without transplantation.

Blood creatinine and urea nitrogen
Under pentobarbital anesthesia (50 mg/kg, ip) at 18 h after implantation, blood samples were
collected from the inferior vena cava. Serum was obtained by centrifugation. Serum creatinine
and blood urea nitrogen (BUN) were determined using analytical kits from Sigma-Aldrich
(St. Louis, MO) and Bioassay Systems (Atlanta, GA), respectively, according to the manufac-
turers’ protocols.

Histology
Kidneys were collected 18 h after implantation under pentobarbital anesthesia and fixed with
4% paraformaldehyde (VWR Inc., West Chester, PA) in 0.1 mM phosphate buffered-saline
(Mediatech Inc., Manassas, VA). Tissue blocks were imbedded in paraffin after 48-hour fixa-
tion. After hematoxylin-eosin (H&E) staining, kidney sections were analyzed microscopically
for pathology (Zeiss Axiovert 100 microscope, Thornwood, NY) using a 20x objective lens
[37].

Analysis of mitochondrial DNA (mtDNA) content
mtDNA copy number was assessed by quantitative polymerase chain reaction (qPCR) [38,39].
Total DNA was isolated from renal cortex using the DNeasy Blood and Tissue Kit (Qiagen,
Valencia, CA) and mtDNA content was determined as mtDNA-encoded NADH dehydroge-
nase-1 and normalized against the nuclear-encoded POU class 5 homeobox 1 gene as described
previously [38,39].

Detection of the mRNAs of oxidative phosphorylation (OXPHOS)
proteins and MB signaling molecules
mRNAs of ATP synthase-β (AS-β), NADH dehydrogenase-3 (ND3), peroxisome proliferator-
activated receptor γ co-activator 1α (PGC-1α) and mitochondrial transcription factor A
(Tfam) were detected by qPCR as described elsewhere [38,39]. PCR reactions were performed
in triplicate with a reaction mixture containing 2x IQTMSYBR Supermix (Bio-Rad), cDNA
template, and 0.1 nM of the forward and reverse primers using a CFX96 Real Time-PCR Detec-
tion System (Bio-Rad, Hercules, CA). The abundance of mRNA was normalized against hypo-
xanthine phospho-ribosyl-transferase using the ΔΔCtmethod.
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PGC-1α immunoprecipitation (IP)
PGC-1α activity is inhibited by acetylation [40,41]. PGC-1α acetylation status was assessed by
immunoblotting of acetylated lysine residues after IP of PGC-1α from kidney cortex homoge-
nates as described previously [38]. Protein content in the immunoprecipitates was measured
using the Bio-Rad reagent (Bio-Rad Laboratory, Hercules, CA), an equal amount of PGC-1α
(10 μg) was loaded to each lane, and immunoblotting was performed using specific antibody
against acetylated lysine residues (Cell Signaling Technology, Danvers, MA) [38].

Immunoblotting
Proteins of interest in renal cortex homogenates were detected by immunoblotting as described
previously [36]. Primary antibodies were against: AS-β, neutrophil gelatinase-associated lipoca-
lin (NGAL), Tfam (GenWay Biotech, San Diego, CA), ED-1 (Serotek, Raleigh, NC), myeloper-
oxidase (MPO; DAKO, Carpinteria, CA), cleaved caspase-3 (Cell Signaling Technology,
Danvers, MA), dynamin-related GTPase protein Drp-1, fissin-1 (Fis-1), mitofusin-1 (Mfn-1),
ND3, PGC-1α, PTEN-induced putative kinase 1 (PINK-1) (Santa Cruz Biotech., Santa Cruz,
CA) and microtubule-associated protein 1A/1B-light chain 3 (LC3, MBL International, Des
Plainers, IL) at concentrations of 1:100 to 1000, and actin (ICN, Costa Mesa, CA) at a concen-
tration of 1:3000. Detection was achieved by chemiluminescence (Pierce Biotechnology, Rock-
ford, IL).

Statistical analysis
Groups were compared using the Student’s-t test. There were 3–4 rats per group for all parame-
ters. Data shown are means ± S.E.M. Differences were considered significant at p<0.05.

Ethics statement
All rats were given humane care in compliance with institutional guidelines using protocols
approved by the Institutional Animal Care and Use Committee of Medical University of South
Carolina. All survival surgeries were performed under isoflurane anesthesia (2–3%) and all
non-survival surgeries were performed under sodium pentobarbital anesthesia (50 mg/kg, i.p.).

Results

Suppressed renal function after LT
Our previous study showed that transplantation of liver grafts after long preservation caused
severe graft injury and decreased survival of recipients to ~25% [36]. Here we investigated
whether renal function was altered in these recipients. Serum creatinine increased 2.2 fold and
BUN increased 2.5 fold 18 h after LT (Fig 1A and 1B). These results demonstrate that renal
dysfunction occurs in the recipients after LT.

Kidney injury after LT
Renal dysfunction could occur in the presence or absence of overt renal injury. We examined
whether pathological changes existed in kidneys of liver recipients (Fig 2A). The kidneys of
sham-operated rats showed normal histology. Mild to moderate pathological changes were
observed in the kidneys of recipients, mainly loss of brush border and vacuolization of tubular
cells in the cortex. Cast formation and necrosis appeared in some proximal tubular cells. Infil-
tration of leukocytes was also observed in renal tissue and in the casts in tubular lumens. Most
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of these alterations appeared as patches and located in cortex. No overt pathological changes
were observed in glomeruli.

The molecular markers of kidney injury also increased. NGAL, a marker of AKI [42], was
barely detectable in the kidneys of sham-operated rats (Fig 2B and 2C). NGAL increased 18
fold after LT. Cleaved caspase-3 was barely detectable in kidneys from sham-operated rats but
increased 13-fold after LT (Fig 2B and 2D), indicating apoptosis.

Consistent with histological leukocyte infiltration, MPO, an indicator of neutrophil infiltra-
tion, increased 15-fold after LT (Fig 3A and 3B) and ED-1, a marker of monocyte/macrophage
infiltration, increased 16-fold after LT (Fig 3A and 3C).

Decreases in renal mitochondrial OXPHOS proteins and associated
mRNAs after LT
Mitochondrial dysfunction is linked to occurrence of AKI after many acute insults [21,22,24–
28]. Decreases in mitochondrial respiratory chain proteins inhibit oxidative phosphorylation

Fig 1. Suppressed renal function after liver transplantation. Transplantation was performed as described
in “Methods” and blood was collected 18 h after sham-operation (Sham) or liver transplantation (LTX). A:
serum creatinine; B: blood urea nitrogen (BUN). Values are mean ± SEM. **p<0.01 vs sham (n = 4/group).

doi:10.1371/journal.pone.0140906.g001
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and ATP production. To investigate whether mitochondrial homeostasis is disrupted in the
kidney after LT, we examined the renal mitochondrial OXPHOS proteins. AS-β, a subunit of
mitochondrial respiratory chain Complex V that is encoded by nDNA, decreased 44% com-
pared to sham-operated rats (Fig 4A and 4B). ND3, a mtDNA-encoded mitochondrial
OXPHOS protein, decreased 81% (Fig 4A and 4C).

We further measured the associated mRNAs of these proteins to determine whether
decreases in these proteins after LT are linked to suppressed formation. AS-β and ND3
mRNAs decreased 74% and 46%, respectively, after LT (Fig 4D and 4E). These data reveal that
decreases in AS-β and ND3 proteins are due, at least in part, to decreases in their expression.

Decreases in renal PGC-1α protein, mRNA and activation after LT
MB is primarily regulated by PGC-1α [40]. To explore why MB is altered after LT, we exam-
ined PGC-1α in the kidney. PGC-1α decreased 57% in the kidneys of liver recipients compared
to sham-operated rats (Fig 5A and 5B). To explore whether decreased PGC-1α is due to sup-
pressed expression, we examined its mRNA. Renal PGC-1αmRNA decreased 63% after LT

Fig 2. Renal injury after liver transplantation. Transplantation was performed as described in “Methods” and kidneys were collected 18 h after sham-
operation (Sham) or liver transplantation (LTX). A, H&E-stained slides; black arrow, necrotic tubules; black double arrow head, loss of brush border; white
arrow, hyaline cast formation; white double arrow head, infiltrated leukocytes and other cell debris in tubular lumen.B, representative immunoblot images of
neutrophil gelatinase-associated lipocalin (NGAL) and cleaved caspase-3 (CC3); C, quantification of immunoblot images of NGAL by densitometry; D,
quantification of immunoblot images of CC3 by densitometry. Values are mean ± SEM. **p<0.01 vs sham (n = 3-4/group).

doi:10.1371/journal.pone.0140906.g002
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(Fig 5C). We also investigated whether PGC-1α activation is altered after LT. PGC-1α activity
is higher when de-acetylated [39]. PGC-1α acetylation status was detected by immunoblotting
of acetylated lysine residuals in immunoprecipitated PGC-1α. After immunoprecipitation,
PGC-1α was equally loaded to each lane to avoid the potential influence of decreased PGC-1α
protein on detection of acetylation. Acetylated PGC-1α increased markedly after LT (Fig 5D
and 5E), indicating suppressed PGC-1α activation.

Fig 3. Renal leukocyte infiltration after liver transplantation. Transplantation was performed as described
in “Methods” and kidneys were collected 18 h after sham-operation (Sham) or liver transplantation (LTX). A,
representative immunoblot images of myeloperoxidase (MPO) and ED-1;B, quantification of immunoblot
images of MPO by densitometry; C, quantification of immunoblot images of ED-1 by densitometry. Values are
mean ± SEM. **p<0.01 vs sham (n = 3-4/group).

doi:10.1371/journal.pone.0140906.g003
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Decreased renal Tfam expression and mtDNA copy number after LT
In addition to controlling transcription of nDNA-encoded OXPHOS proteins, PGC-1αmodu-
lates expression of Tfam which regulates the replication and transcription of mtDNA [43].
Tfam decreased 66% and Tfam mRNA decreased 68% after LT (Fig 6A, 6B and 6C), consistent
with suppressed Tfam expression. Moreover, renal mtDNA copy number decreased 64% after
LT (Fig 6D).

Suppressed renal mitochondrial dynamics after LT
Mitochondria undergo fission and fusion, and mitochondrial fission is required for MB [44].
We therefore investigated whether mitochondrial dynamic processes are altered after LT. Drp-
1, the protein that controls mitochondrial fission, and Fis-1, the protein that recruits Drp-1 to
the fission site [45], decreased 75% and 78%, respectively, after LT (Fig 7A, 7B and 7C).

Fig 4. Decreases in renal ATP synthase-β (AS-β) and NADH dehydrogenase-3 (ND3) expression after
liver transplantation. Transplantation was performed as described in “Methods” and kidneys were collected
18 h after sham-operation (Sham) or liver transplantation (LTX). A, representative immunoblot images of AS-
β and ND3;B, quantification of immunoblot images of AS-β by densitometry; C, quantification of immunoblot
images of ND3;D, detection of AS-βmRNA by qPCR; E, detection of ND3 mRNA by qPCR. Values are
mean ± SEM. **p<0.01 vs sham (n = 3-4/group).

doi:10.1371/journal.pone.0140906.g004
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Mitofusins (Mfn) mediate mitochondrial fusion [46]. Mfn-1 decreased 77% after LT (Fig 7A
and 7D). Together, these data reveal that mitochondrial dynamics are suppressed in the kidney
after LT.

Enhanced renal mitophagy after LT
Mitophagy removes damaged or aged mitochondria [29,30]. PINK-1 which regulates mito-
phagy [47,48] was expressed at low levels in the kidneys of sham-operated rats but increased
5.6-fold after LT (Fig 8A and 8B). LC3, a mediator of autophagy as well as mitophagy,
increased 23-fold in the kidney after LT (Fig 8A and 8C). These data reveal that renal mito-
phagy is stimulated after LT.

Discussion
AKI occurs frequently after LT, which decreases post-transplantation survival [7,10–13].
Therefore, understanding the mechanism and developing effective therapy for prevention and
treatment of AKI is important for improvement of the clinical outcomes of LT. Renal

Fig 5. Suppressed renal peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-
1α) expression and activation after liver transplantation. Transplantation was performed as described in
“Methods” and kidneys were collected 18 h after sham-operation (Sham) or liver transplantation (LTX). A,
representative immunoblot images of PGC-1α; B, quantification of immunoblot images of PGC-1α by
densitometry; C, PGC-1αmRNA detected by qPCR;D, representative immunoblot images of acetylated
lysine residues (Ac-Lys) of immunoprecipitated (IP) PGC-1α; E, quantification of immunoblot images of Ac-
Lys. Values are mean ± SEM. **p<0.01 vs sham (n = 3-4/group).

doi:10.1371/journal.pone.0140906.g005
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dysfunction can occur in the presence (e.g. acute tubular necrosis, ATN) or absence of overt
pathological changes (e.g. hepatorenal syndrome) [49–51]. The diagnosis of AKI currently
depends on surrogate markers of kidney functions, such as increased serum creatinine and
decreased urinary output [50–52]. Liver graft dysfunction is a strong predictor of AKI after LT,
and combined liver failure and kidney failure substantially increases mortality [11,19,20]. In
this study we show that transplantation of liver grafts after long cold-storage results in renal
dysfunction and injury as revealed by increases in serum creatinine, BUN, renal NGAL expres-
sion and caspase-3 activation, and pathological changes.

The underlying mechanisms of AKI are poorly understood. In recent years emerging evi-
dences indicate that mitochondrial dysfunction is an important contributor of AKI pathophys-
iology [21]. Mitochondrial ultrastructural changes such as decreased mitochondrial mass,
disrupted cristae, and mitochondrial swelling occur in renal tubular cells during nephrotoxic,
ischemic, and septic AKI [53–57]. Mitochondrial ultrastructural changes were observed in kid-
neys of hepatorenal syndrome patients [58]. Proper mitochondrial function requires maintain-
ing mitochondrial homeostasis through removing damaged/depolarized mitochondria by
mitophagy, synthesizing new mitochondrial components (e.g. OXPHOS proteins) and generat-
ing new mitochondria by MB, and maintaining mitochondrial dynamics [21,59,60]. Disruption
of mitochondrial homeostasis is linked to AKI caused by many renal stressors/toxicants [21]. It
is well known that chronic or acute severe liver injury/liver failure (e.g., cirrhosis, cholestasis,

Fig 6. Inhibited renal mitochondrial transcription factor A (Tfam) expression and decreased renal
mitochondrial DNA (mtDNA) after liver transplantation. Transplantation was performed as described in
“Methods” and kidneys were collected 18 h after sham-operation (Sham) or liver transplantation (LTX). A,
representative immunoblot images of Tfam; B, quantification of immunoblot images of Tfam by densitometry;
C, TfammRNA detected by qPCR;D, relative mitochondrial DNA copy number detected by qPCR. Values
are mean ± SEM. **p<0.01 vs sham (n = 3-4/group).

doi:10.1371/journal.pone.0140906.g006
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alcoholic or viral hepatitis, I/R injury and LT) causes AKI but whether mitochondrial homeo-
stasis is disrupted in these cases remains unclear [61–66].

MB is an important adaptive process counteracting mitochondrial stress and damage (e.g.
caused by toxicants and diseases) [23,67,68]. The majority of OXPHOS proteins are encoded
by nDNA and transported into mitochondria after synthesis but 13 OXPHOS proteins are
encoded by mtDNA and synthesized in mitochondria [68,69]. Recent studies showed that MB
suppression occurs in many types of AKI [21]. In this study we demonstrate widespread
decreases in renal OXPHOS proteins encoded by both nDNA and mtDNA in association with
decreased corresponding mRNAs, indicating suppressed expression of OXPHOS proteins after
LT. While sufficient mtDNA copy number is essential for MB and proper mitochondrial func-
tion [68], renal mtDNA decreased markedly (Fig 6), also indicating suppressed MB after LT.
Together, these data demonstrate clearly that MB suppression also occurs in the kidney and
contributes to post-LT AKI.

MB is coordinated by a complicated signaling system, and the transcriptional coactivator
PGC-1α is recognized as the governing regulator of MB [70–73]. PGC-1α increases expression
of nDNA-encoded OXPHOS enzymes and increases the expression of Tfam, which in turn
controls the replication and transcription of mtDNA [70–73]. Therefore, PGC-1α also affects
expression of mtDNA encoded OXPHOS proteins. Both expression of PGC-1α and its activa-
tion process (deacetylation) were inhibited in the kidney after LT. Consistently, Tfam and

Fig 7. Suppressed renal mitochondrial dynamics after liver transplantation. Transplantation was
performed as described in “Methods” and kidneys were collected 18 h after sham-operation (Sham) or liver
transplantation (LTX). A, representative immunoblot images of Drp-1, fissin-1 (Fis-1) and mitofusin-1 (Mfn-1);
B, quantification of immunoblot images of Drp-1 by densitometry; C, quantification of immunoblot images of
Fis-1 by densitometry; D, quantification of immunoblot images of Mfn-1 by densitometry. Values are
mean ± SEM. **p<0.01 vs sham (n = 3-4/group).

doi:10.1371/journal.pone.0140906.g007
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Fig 8. Increased renal mitophagy after liver transplantation. Transplantation was performed as described
in “Methods” and kidneys were collected 18 h after sham-operation (Sham) or liver transplantation (LTX). A,
representative immunoblot images of PTEN-induced putative kinase 1 (PINK-1) and microtubule-associated
protein 1A/1B-light chain 3 (LC3);B, quantification of immunoblot images of PINK-1 by densitometry; C,
quantification of immunoblot images of LC3 by densitometry. Values are mean ± SEM. **p<0.01 vs sham
(n = 3-4/group).

doi:10.1371/journal.pone.0140906.g008
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mtDNA were also diminished. Thus, suppressed MB after LT is due to inhibited PGC-1α
signaling.

Mitophagy and mitochondrial dynamics are important processes that control mitochon-
drial quality [29,30,74]. Mitophagy occurs in response to starvation, loss of mitochondrial
membrane potential or disruption of mitochondrial integrity [29,30]. Removal of damaged
mitochondria via mitophagy in a timely manner is critical for cellular homeostasis and func-
tion [48,60]. Mitophagy occurs in a parkin-dependent and independent manner [48]. Mito-
chondria depolarization caused by various insults prevents degradation of PINK1, which in
turn promotes parkin translocation to mitochondria. Parkin then enhances recruitment of
autophagy receptor proteins (e.g., p62), which further recruit LC3 containing autophagosomes
to execute mitophagy. For parkin-independent mitophagy, BNIP3, NIX, or cardiolipin directly
interact with LC3 to recruit autophagosomes to remove damaged mitochondria [48,59]. Insuf-
ficient mitophagy has been associated with mitochondrial dysfunction and pathogenesis of
many diseases such as Parkinson’s disease, cancer, cardiac dysfunction and hypertrophy, stea-
tohepatitis, liver injury caused by hepatotoxicants, and inflammation [60]. However, overactive
mitophagy may lead to mitochondrial loss and bioenergetic deficit, as in the case of hepatotox-
icity of cadmium [75]. In the kidney, increased mitophagy has been observed in I/R- and sep-
sis-induced AKI and is thought to be renoprotective, possibly by removal of damaged
mitochondria and mitochondria-generated ROS, and prevention of release of mtDNA and
cytochrome c that cause inflammation and apoptosis, respectively [21,22,75,76]. In contrast,
inhibited mitophagy was observed in high calorie diet-induced or hyperglycemic renal injury
[31,77]. Our study showed that mitophagy is stimulated in the kidney after LT, which most
likely reflects an attempt after LT to eliminate damaged mitochondria in the kidney.

Mitochondria undergo fission and fusion under physiological conditions [21,59]. Fission is
thought to segregate damaged mitochondria which will be removed later, a process critical for
mitochondrial quality control. Fission also participates in the process of MB to generate daugh-
ter mitochondria. Fusion allows the exchange of material between healthy and damaged mito-
chondria. Drp1 translocates from the cytosol to the outer mitochondrial membrane and
interacts with receptor proteins in mitochondria (e.g., Fis1) to initiate fission [21,59]. Mito-
chondrial fusion is mediated by mitofusin 1 and 2 (Mfn1; Mfn2) and optic atrophy protein 1
[33,78]. Alterations of mitochondrial fission/fusion occur after I/R- and glycerol-induced AKI
[22]. In this study we showed that after LT, Drp-1, Fis1 and Mfn1 all decreased in the kidney,
indicating that fission and fusion processes in the kidney are suppressed after LT.

Taken together, MB and mitochondrial dynamics are inhibited in the kidney after LT and
mitophagy increased. Such disruption of mitochondrial homeostasis decreases the capability of
the kidney to counteract mitochondrial stress, maintain/recover mitochondrial function, and
repair mitochondrial and cellular damage. Since renal tubular cells are highly mitochondrial
energy-dependent, mitochondrial dysfunction will eventually lead to inhibition of renal func-
tion and renal cell damage. Based on these findings, stimulating MB to maintain mitochondrial
homeostasis is a promising therapeutic target to prevent/treat AKI after LT. Stimulation of MB
has been shown to be effective in several animal models of AKI and would most likely also be
protective in AKI after LT.
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