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INTRODUCTION 
 
Hepatic ischemia/reperfusion (I/R) is one of the leading 
causes of liver injury during liver transplantation [1]. 
Aged donation after cardiac death  (DCD) has been pro- 

 

posed as a means of increasing the pool of liver grafts 
with the aging tendency of the population [2]. The aged 
liver has a significantly decreased compensatory 
capacity following I/R. However, the evaluation of the 
capacity is always a challenge because of an incomplete 
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ABSTRACT 
 
Hepatic  ischemia‐reperfusion  (I/R)  injury  fundamentally  influences  the performance of aged  liver grafts. The
significance of mitophagy  in the age dependence of sensitivity to I/R  injury remains poorly understood. Here,
we  show  that  aging  aggravated  hepatic  I/R  injury with  decreased mitophagy  in mice.  The  enhancement  of
mitophagy resulted in significant protection against hepatic I/R injury. Parkin, an E3 ubiquitin ligase, was found
depleted by  I/R  in aged  livers.  In oxygen‐glucose deprivation reperfusion (OGD‐Rep.)‐treated L02 cells, parkin
silencing  impaired mitophagy and aggravated  cell damage  through a  relative  large mitochondrial membrane
potential  transition. The phosphorylation of  the endoplasmic  reticulum  stress  response protein EIF2α, which
was also reduced  in the aged  liver,  induced parkin expression both  in vivo and vitro. Forty‐six hepatic biopsy
specimens  from  liver  graft  were  collected  2  hours  after  complete  revascularization,  followed  by
immunohistochemical analyses. Parkin expression was negatively correlated to donor age and the peak level of
aspartate aminotransferase within first week after liver transplantation. Our translational study demonstrates
that aging aggravated hepatic I/R injury by impairing the age‐dependent mitophagy function via an insufficient
parkin expression and identifies a new strategy to evaluate the capacity of an aged liver graft in the process of
I/R through the parkin expression. 
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understanding of the mechanism by which aging 
increases the sensitivity of the liver to the I/R injury. 
Among the multifactorial theories, the core patho-
genesis is mitochondrial damage and dysfunction [3]. 
Damaged mitochondria not only compromise the energy 
metabolism but also produce excessive reactive oxygen 
species (ROS) and release pro-apoptotic factors, which 
may ultimately lead to hepatocyte death. Therefore, the 
maintenance of a cohort of healthy mitochondria is 
crucial for the homeostasis and viability of hepatocytes 
in hepatic I/R. 
 
Autophagy is an evolutionarily conserved process that 
efficiently degrades the dysfunctional organelles in a 
lysosome-dependent manner [4]. The contribution of 
autophagy to hepatic I/R injury remains inconclusive. 
Although several studies have proposed its detrimental 
roles, most of the evidence supports the idea that 
autophagy provides cytoprotection against I/R [5]. 
Mitophagy is an important mechanism of mitochondrial 
quality control, which selectively removes excessive 
and defective mitochondria via autophagy. Under stress, 
mitophagy involves a coordination of autophagy 
induction and the priming of damaged mitochondria for 
selective autophagic recognition. Currently, the parkin-
dependent pathway is one of the two major pathways of 
mitochondrial priming for mitophagy. When a subset of 
mitochondria is damaged and depolarized, PTEN-
induced putative kinase 1 (PINK1) accumulates on the 
mitochondrial outer membrane and recruits parkin from 
the cytosol and activates its E3 ligase activity via 
phosphorylation. Upon activation, parkin ubiquitinates 
various proteins on the outer membrane leading to the 
recruitment of autophagy receptors to promote the 
removal of mitochondria via autophagy. In their latest 
work, Tang demonstrated that PINK1-parkin-mediated 
mitophagy plays an important role in the mitochondrial 
quality control, tubular cell survival during I/R induced 
kidney injury [6]. Moreover, manipulations of the 
parkin alter the heart’s vulnerability to myocardial 
infarction [7]. A recent study has shown that tunica-
mycin limits ischemia-induced brain injury through the 
induction of parkin-dependent mitophagy [8]. There-
fore, we infer that the parkin-dependent mitophagy may 
protect against hepatic I/R injury. 
 
Autophagy is also a critical mechanism for the aging 
process. The deletion of autophagic proteins from the 
liver is associated with early signs of senescence and 
dysfunction [9]. Defective autophagy has been found in 
aged hearts and livers [10, 11]. Mitochondria are 
particularly susceptible to age. Abnormalities in the 
mitochondria are often observed with aging because of 
the impairment of mitochondrial quality control [12]. 
The declining mitophagy mediated by parkin is a crucial 
mechanism for neurodegeneration, arterial stiffness and 

idiopathic pulmonary fibrosis. These evidences indicate 
that the defective parkin function during aging may play 
a significant  causative  role  in  age-associated  diseases.  
Therefore, in the present study, we hypothesize that 
aging aggravates hepatic I/R injury by impairing age-
dependent mitophagy. We further investigate the 
mechanisms by which mitophagy declines with age in 
the context of parkin induction. 
 
RESULTS 
 
Aging aggravated hepatic I/R injury in C57BL/6 
mice 
 
Haematoxylin and eosin (H&E) staining revealed that 
the histological damage of liver after I/R, such as 
loosening of the hepatocyte cords, was time-dependent 
in both young and old mice (Fig. S1A). However, the 
old mice had further marked morphological alterations 
in liver at 60 min after reperfusion, including the 
unclear structure of hepatic lobules, disarranged hepato-
cyte cords, swollen hepatocytes and inflammatory cell 
infiltration, as compared to young mice (Fig. 1A). 
Accordingly, the serum levels of alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) 
were prominently increased in old mice as compared to 
those in young mice (Fig. 1B). To evaluate the level of 
mitochondrial damage, we examined the mitochondrial 
ROS by using MitoSOXtm Red, which is a special 
mitochondrial superoxide indicator. I/R led to a 
considerably large generation of mitochondrial ROS in 
mice liver, and the aged liver had relatively large 
ischemia-induced ROS production (Fig. 1C). In 
addition, the number of TUNEL-positive cells signi-
ficantly increased, and apoptosis protein PARP was 
expressed more in old mice than in young mice (Fig. 
1D, E). These data suggested that aging aggravated the 
hepatic I/R injury in mice. 
 
Mitophagy declined with age during hepatic I/R 
 
To investigate the involvement of autophagy in hepatic 
I/R, the LC3B expression was assessed. As shown in 
Fig. 2A and B, LC3B was significantly accumulated in 
the livers of both young and old mice after I/R, 
indicating a strong autophagic response to reperfusion. 
The expression level of LC3B in both the groups 
gradually increased within 30 min after the reperfusion. 
However, instead of increasing in young mice, it 
declined in old mice at 60 min after the reperfusion 
(Fig. S1B). Meanwhile, an ultrastructural analysis 
showed that the young mice had a marked auto-
phagosome accumulation as compared to the old mice 
(Fig. 2C). The immunoblotting of LC3B at 60 min after 
reperfusion further confirmed that autophagy declined 
with age in mice liver. Furthermore, the mitochondrial 
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marker TOMM20, which reflects the relative amount of 
mitochondria, was found to have reduced more in the 
young group than in the old group, correspondingly 
(Fig. 2B, D). To confirm that the mitochondria loss was 
autophagic, the lysosome inhibitor chloroquine was 
used, which significantly reversed the reduction of 
TOMM20 in the young mice. In contrast, this was not 
observed in the old mice, which implies that mitophagy 
is defective in the old mice after hepatic I/R. Reper-
fusion following ischemia provoked an  increase  in  the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

LC3B expression in the old mice, which was not altered 
in the presence of chloroquine, suggesting a markedly 
impaired autophagic flux in the old mice (Fig. 2D). To 
further investigate the effects of aging on heaptocellular 
mitophagy, we examined LC3B and TOMM20 under 
the non-ischemic condition. The immunoblotting of 
LC3B and TOMM20 showed a similar basal level 
between different age groups (Fig. S1D). These findings 
suggested that mitophagy declined with age in mice 
liver following hepatic I/R. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Aging aggravates hepatic I/R injury in C57BL/6 mice. Young (Y) and old mice (O) were subjected to middle and left
hepatic  pedicle  occlusion  for  1  h  before  reperfusion  (I‐R)  or  sham  operation  (Sham).  Liver  and  blood were  collected  1  h  after
reperfusion. (A) Representative histology of  liver by H&E staining and pathological score of  liver damage. (B) Blood samples were
collected  for measurements  of  serum  AST  and  ALT.  (C)  Reactive  oxygen  species  generated  by mitochondria was  detected  by
MitoSOX  Red  staining.  (D) Whole  tissue  lysate  of  liver was  collected  for  immunoblot  analysis  of  cleaved  PARP  (CL  PARP).  (E)
Representative images of TUNEL staining of liver tissues and quantification of TUNEL‐positive cells rate in liver tissues. The data are
expressed as mean ± SD. Statistical comparisons were performed with t‐test. *P < 0.05 vs. the indicated group. Scale bar: 50μm. 
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Figure 2. Mitophagy declines with age during hepatic I/R. Mice of different age were treated as indicated (Y for young
mice,  O  for  old  mice,  Y+CQ  for  young  mice  with  chloroquine  pretreatment,  O+CQ  for  old  mice  with  chloroquine
pretreatment).  (A) Representative  images of  LC3B  staining of  liver  tissues by  fluorescence microscopy.  (B) Representative
images  of  LC3B  and  TOMM20  staining  of  liver  tissues  by  immunohistochemistry.  (C)  Representative  TEM  images  of
autophagosomes  in hepatocytes and quantification of autophagosomes  in hepatocytes. (D) The LC3B and TOMM20 protein
levels were determined by western blot analysis from the indicated groups. The data are expressed as mean ± SD. Statistical
comparisons were performed with t‐test. *P < 0.05 vs. the indicated group, NS no significant difference. Scale bar: 50μm. 
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Figure 3. Mitophagy protects  liver  from  I/R  injury. Young mice with CQ pretreatment  (Y+CQ) or without  (Y) were  treated as
indicated.  (A)  Representative  histology  of  liver  by H&E  staining  (top  panel)  and  pathological  score  of  liver  damage  from  indicated
groups; TUNEL staining (bottom panel) and quantification of TUNEL‐positive cells rate from indicated groups. (B) The cleaved PARP (CL
PARP) protein levels were determined by western blot analysis from indicated groups. (C) Measurements of serum AST and ALT from
indicated groups. Old mice with Rapamycin pretreatment (O+RA) or without (O) were treated as indicated. (D) Representative histology
of liver by H&E staining (top panel) and pathological score of liver damage from indicated groups; TUNEL staining (bottom panel) and
quantification of TUNEL‐positive cells  rate  from  indicated groups.  (E) The cleaved PARP  (CL PARP) and TOMM20 protein  levels were
determined by western blot analysis from indicated groups. (F) Measurements of serum AST and ALT from indicated groups. The data
are expressed as mean ± SD. Statistical comparisons were performed with t‐test. *P < 0.05 vs. the indicated group. Scale bar: 50μm. 
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Mitophagy protected liver from I/R injury 
 
We detected the effect of autophagy on mice hepatic I/R 
by using the autophagy inhibitor chloroquine (CQ) and 
the autophagy activator rapamycin. With the CQ pre-
treatment, the mitophagy flux was blocked as reflected 
by the increased LC3B and the decreased TOMM20 
levels (Fig. 2D). The histopathological investigation of 
the liver sections showed worse results in the case of CQ 
pretreatment with more apoptosis than in the case of the 
control group. Correspondingly, the immunoblot analysis 
suggested that the CQ pretreatment increased the 
expression of the apoptotic protein PARP and more 
apoptosis was observed (Fig. 3A, B). The serum levels of 
ALT and AST mirrored the results of the pathological 
founding (Fig. 3C). These data suggested that the 
inhibition of mitophagy aggravated hepatic I/R injury. To 
verify the observation, we tested the effects of the auto-
phagy activator rapamycin in the old mice. Consistently, 
the serum enzyme, H&E and TUNEL staining showed 
that rapamycin attenuated the I/R injury in the old mice 
(Fig. 3D, F). As shown in Fig. 3E,  rapamycin significant- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ly down-regulated PARP with less TOMM20, which 
indicated that rapamycin could alleviate I/R-induced 
apoptotic cell death in old mice liver by enhancing 
mitophagy. Taken together, these results further con-
firmed that mitophagy played a protective role in hepatic 
I/R injury. 
 
Parkin and Atg5 reduced in the livers of old 
C57BL/6 mice during hepatic I/R 
 
We next explored the cellular mechanisms underlying 
the defective mitophagy in the reperfused liver of old 
mice. Parkin has been demonstrated to play a crucial 
role in mitophagy induction by ubiquitinating 
mitochondrial proteins. Atg5 is essential in normal 
autophagy progression through the modification of 
LC3. Parkin and Atg5 expressions substantially 
declined in old mice after I/R. The expressions of Atg7, 
Atg3, Beclin1 and PINK1 were similar between the 
young and the old groups (Fig. 4A). Consistent with the 
expression of LC3B, the expressions of parkin and Atg5 
also centred in the vascular area (Fig. 4B, C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Parkin and Atg5 reduced in livers of old C57BL/6 mice during hepatic I/R. (A) The Atg5, Parkin, PINK1, Atg7,
BECLIN1 and Atg3 protein levels were determined by western blot analysis from the liver tissue of young (Y) and old (O) mice.
Representative images of Atg5 (B) and Parkin (C) staining of liver tissues by immunohistochemistry. The data are expressed as
mean ± SD. Statistical comparisons were performed with t‐test. *P < 0.05 vs. the indicated group. Scale bar: 50μm. 
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Figure  5.  Parkin  protected  L02  cells  from OGD‐Rep.  induced  injury. L02  cells were  transfected with  Parkin  shRNA
(Parkin shRNA) or control shRNA (Scr.). Transfected L02 cells were subjected to OGD for 24 h, followed by recovery in normal cell
culture medium  and  oxygen  for  reperfusion.  (A)  Cell  viability was  detected  by  CCK8  at  1,  2  and  6  h  after  reperfusion.  (B)
Quantification of cells viability at 2 h after reperfusion from indicated cells. (C) At 2 h after reperfusion, the whole cells lysate
was  collected.  Cleaved  PARP  (CL  PARP),  cleaved  CASPASE‐3  and  TOMM20  protein  levels were  determined by western  blot
analysis.  (D)  Measurement  of  mitochondrial  membrane  potential  by  JC‐1  flow  cytometry  at  2  h  after  reperfusion.  (E)
Quantification of mitochondrial membrane potential loss. (F) LC3B (green) and the mitochondrial marker TOMM20 (red) were
stained by  immunofluorescence  and  the  images were  taken by  confocal microscopy  after  2 h of  reperfusion.  The data  are
expressed as mean ± SD. Statistical comparisons were performed with t‐test. *P < 0.05 vs. the indicated group. Scale bar: 10μm.
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Figure  6.  Phosphorylation  of  EIF2α  induced  mitophagy  in  L02  cells  after  OGD‐Rep.  with  increased  parkin
expression.  Mice  of  different  age  were  treated  as  indicated  (Y  for  young  mice,  O  for  old  mice).  (A)  The  EIF2α  and
phosphorylated  EIF2α  protein  levels  were  determined  by  western  blot  analysis  from  the  indicated  groups.  L02  cells  were
transfected with EIF2α shRNA (EIF2αshRNA) or control shRNA (Scr.). Transfected L02 cells were subjected to OGD for 24 h, followed
by recovery in normal cell culture medium and oxygen for 2 h. (B) The whole cells lysate was collected and phosphorylated EIF2α,
Parkin and Atg5 protein levels were determined by western blot analysis. (C) Mitochondria reactive oxygen species generation by
was detected by MitoSOXred  flow  cytometry.  (D)  LC3B  (green) and  the mitochondrial marker  TOMM20  (red) were  stained by
immunofluorescence. and  the  images were  taken by  confocal microscopy after 2 h of  reperfusion. The data are expressed as
mean ± SD. Statistical comparisons were performed with t‐test. *P < 0.05 vs. the indicated group. Scale bar: 10μm. 
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Parkin protected L02 cells from OGD-Rep-induced 
injury 
 
To explore the involvement of parkin in hepatic I/R 
injury, the L02 cells were subjected to an oxygen-
glucose deprivation (OGD) treatment for 24 h. The 
reperfusion was performed by refreshing the cells with a 
normal medium and oxygen. As revealed by the results 
shown in Fig. 5A and B, the interfered parkin 
expression in the L02 cells decreased the cell 
vulnerability to the OGD-Rep insult. Similar to the 
results in vivo, the cell viability was significantly 
reduced in the parkin-silenced cells. Cleaved caspase 3 
and PARP were overexpressed accordingly, which 
reflected that parkin protected against OGD-Red-
induced apoptotic cell death (Fig. 5C). To determine the 
involvement of mitochondria-dependent apoptosis, the 
mitochondrial membrane potential was examined. The 
results showed that parkin partly reversed the 
membrane potential loss revealed by the JC-1 flow 
cytometry (Fig. 5D, E). To address the function of 
parkin in OGD-Rep, the overlap between mitochondria 
and LC3B was quantified. We found that parkin 
silencing significantly impaired the mitochondria 
clearance, which was also reflected by the relative 
TOMM20 level (Fig. 5C, F). Therefore, these results 
indicated that parkin protected the L02 cells from the 
OGD-Rep injury through mitophagy. 
 
 
Phosphorylation of EIF2α induced mitophagy in L02 
cells after OGD-Rep. with increased parkin 
expression 
 
The PERK-EIF2α pathway of ER stress response has 
been demonstrated to play a crucial role in mitophagy 
induction in mammalian cells in the context of I-R [8]. 
To further explore the mechanisms by which parkin was 
downregulated in old mice, the PERK-EIF2α signalling 
pathway was investigated. In vivo, as with parkin, the 
phosphorylation of EIF2α was more highly expressed in 
young mice than in aged mice after hepatic I/R (Fig. 
6A). To further confirm that phosphorylated EIF2α 
regulates the parkin expression, we interfered the EIF2α 
expression in the L02 cells and found that parkin was 
downregulated simultaneously after the OGD-Rep 
insult and more ROS was generated by the mitochon-
dria (Fig. 6B, C). In addition, immunofluorescence 
revealed that the recruitment of LC3B to the mito-
chondria in the OGD-Rep-treated L02 cells was reduced 
after the knockdown of EIF2α (Fig. 6D). Overall, these 
data indicated that the phosphorylation of EIF2α 
protects the cells from the OGD-Rep insult through 
mitophagy by the induction of parkin.  

Salubrinal alleviated HIRI through phosphorylation 
of EIF2α 
 
To clarify the interaction between EIF2α and parkin in 
hepatic I/R, salubrinal was administered in old mice 
before hepatic I/R. Salubrinal is an inhibitor of the 
protein phosphatase PP1 and maintains the high 
phosphorylation of EIF2α. Salubrinal-pretreated mice 
showed a higher expression of phosphorylated EIF2α, 
reversion of parkin reduction and enhancement of 
mitophagy as revealed by the expression of TOMM20 
after reperfusion (Fig. 7A). With the increased 
mitochondrial clearance, the production of mito-
chondrial ROS was reduced, which led to less 
hepatocyte apoptosis (Fig. 7B, C). In mice with hepatic 
I/R, the histological damage and the transaminase level 
were also reduced with the salubrinal pretreatment (Fig. 
7D). Taken together, these data suggested that the 
reduced EIF2α phosphorylation may be involved in the 
parkin downregulation in the old mice following hepatic 
I/R and subsequently, aggravate the hepatocyte damage 
by impairing the mitophagy induction. 
 
Parkin predicted allograft I/R injury after liver 
transplantation 
 
A graft biopsy was performed 2 h after the complete 
revascularisation in the 46 patients who underwent 
DCD liver transplantation. All the patients were 
classified into two groups depending on their parkin 
expression in the allograft. 21 patients were defined as 
the high-expression group and 25 patients as the low-
expression group (Fig. 8A). The donor age of the low-
expression group was significantly higher than that of 
the high-expression group (44.2 ± 2.6 years vs. 34.0 ± 
3.0 years, p < 0.05, Fig. 8B). The peak AST within 7 
days after the transplantation was also negatively 
correlated to the allograft parkin expression (2991 ± 
624.4 U/L vs. 993.6 ± 221.8 U/L, for the low- and the 
high-expression groups, respectively, p < 0.01, Fig. 8C). 
These data further indicated the relationship among 
parkin expression, donor age and I/R injury in the cases 
of liver transplantation.  
 
DISCUSSION 
 
Hepatic I/R injury profoundly influences the burden of 
liver diseases. As life expectancy continues to increase, 
we are facing a drastically increased risk with elderly 
patients as potential donors for liver transplantation 
because of the vulnerability to pathological stresses in 
aged liver grafts [13]. In the present investigation, we 
demonstrated that defective mitophagy, as a conse-
quence of parkin and Atg5 reduction, is a causal 
mechanism for the age-dependent hepatic I/R injury 
(Fig. 8D) and the induction of parkin expression by 
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maintaining the phosphorylation of EIF2α has a 
therapeutic potential for ameliorating the age-mediated 
hepatic I/R injury. 
 
Ischemia-induced energy depletion rapidly disrupts the 
mitochondria and ultimately results in cell death [14]. 
Some of the damaged mitochondria were normally 
sequestered and degraded through autophagy, which 
helped the cells to survive under stress [15]. As 
expected, the defective capacity of the old mice liver 
following I/R was enhanced by the autophagy activator 
rapamycin. A growing body of evidence has 
demonstrated the protective role of autophagy, activated  
by medicines [16], preconditioning [17]  and  adenoviral 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

gene transfer [18] in ischemic organs. Although it has 
been established that salubrinal is protective through the 
inhibition of the ER stress in brain and heart I/R [19, 
20], to the best of our knowledge, the present results 
provide the first evidence that salubrinal can protect 
from hepatic I/R injury through the induction of parkin-
dependent mitophagy. In contrast, another study 
provided the evidence of the detrimental effect of 
salubrinal in the case of I/R injury [21]. This might be 
related to the intensity of stress [22] and the crosstalk 
among autophagy, ER stress and apoptosis [23, 24]. 
Thus, the amelioration of the ER stress may not always 
be beneficial therapeutically, and caution should be 
taken in choosing strategies to target the ER stress. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Salubrinal alleviated HIRI  through phosphorylation of EIF2α. Old mice with Salubrinal pretreatment  (O+SAL) or
without  (O) were  treated as  indicated.  (A) The phosphorylated EIF2α, cleaved PARP  (CL PARP), Parkin and TOMM20 protein  levels
were determined by western blot analysis from indicated mice. (B) Representative histology of liver by H&E staining (top panel) and
TUNEL staining (bottom panel) from indicated groups. (C) Representative reactive oxygen species generation by MitoSOX Red staining
and quantification of MitoSOX red fluorescence intensity. (D) Measurements of serum AST and ALT from indicated groups. The data
are expressed as mean ± SD. Statistical comparisons were performed with t‐test. *P < 0.05 vs. the indicated group. Scale bar: 50μm. 
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Figure 8. Parkin predicted allograft I/R injury after liver transplantation. 46 graft biopsies were performed 2 hours after complete
revascularization in 46 patients undergoing DCD liver transplantation. The data of donor age and peak AST within 7 days after transplantation
were  collected.  (A) Representative  images of Parkin expression  in  liver graft by  immunohistochemistry, 21 patients were  in Parkin high‐
expression group and 25 patients were  in Parkin‐low expression group. Scale bar: 50μm.  (B) The donor age of  low‐expression group was
significantly older than high‐expression group (44.2±2.6 vs. 34.0±3.0, p<0.05.) (C) The peak AST within 7 days after transplantation of  low‐
expression group were significantly higher than high‐expression group (2991±624.4 U/L vs. 993.6±221.8 U/L, p<0.01). (D) Aging aggravated
hepatic  I/R  injury by  impairing  age‐dependent mitophagy  function  via  insufficient Parkin  and Atg5  expression. Atg5 decreases  in old
reperfused liver leading to less formation of autophagosomes. Reperfusion of old ischemic mice liver decreases phosphorylation of EIF2α,
which in turn inhibits Parkin expression. Reduced parkin expression and autophagosomes formation subsequently impairs mitophagy and
promotes onset of the MPT and cell death. Atg5 and Parkin deficiency is responsible for age‐dependent mitophagy impairment. 



www.aging‐us.com  1913  AGING 

Aging is closely linked to many pathological conditions 
and functional decline in the heart, brain and liver [11, 
25]. The age-related decline in the mitochondrial quality 
control including mitophagy has been demonstrated as a 
vital early event in organ aging[ 26]. We uncover that 
the autophagic protein parkin and Atg5 reduction is a 
key event culminating in reduced a protective response 
in an aged liver. Consequently, aged livers exhibit 
defective autophagosome formation and inefficient or 
insufficient autophagic flux, impaired mitophagy and 
mitochondrial failure; these findings are in consistent 
with those of previous studies [27, 28]. In agreement 
with our findings, parkin has been found to decline in 
the aorta of old mice and the brain cortex of old 
monkeys. The expression of parkin is higher in organs 
with a sufficient blood supply and the susceptibility of 
cells to parkin deficiency appears to be related to the 
energy demands. Parkin plays a key role in the 
ischemia-induced mitophagy process [8, 29]. Consist 
with this, we found that the interfering parkin expres-
sion in the L02 cells intensified the cell death and the 
mitochondrial membrane potential transition onset 
under the OGD-Rep. condition. The physiological 
relevance of such a relationship was confirmed and 
extended in vivo, as evidenced by the reversal of the 
ROS production and the hepatocyte apoptosis through 
the induction of the parkin expression in the old mice. 
Similar to our findings, the parkin knockout mice show 
enhanced susceptibility to myocadiac infarction. In 
addition, parkin-dependent mitophagy induced by acidic 
postconditioning rendered the brain resistant to ische-
mic injury and extended the reperfusion window [30]. 
Moreover, genipin protected the liver from I/R injury by 
modulating parkin related mitochondrial quality control 
[31]. Thus, an enhancement of the parkin expression has 
a therapeutic potential for ameliorating the age-
mediated liver I/R injury. 
 
Kubli reported that the loss of parkin resulted in smaller 
and more disorganised mitochondria with no adverse 
effects on the mitochondrial function under the no-
stress condition [32]. Our data confirmed that parkin 
was not critical for the turnover of mitochondria under 
normal conditions. Parkin-deficient hepatic mito-
chondria in the old mice’s livers were normal under the 
base-line conditions but rapidly deteriorated after I/R, 
suggesting that parkin was involved in maintaining the 
mitochondrial function in response to stress. Similarly, 
parkin null mice do not suffer from motor impairments 
or loss of dopaminergic neurons in the substantia nigra 
until exposed to stress conditions [33]. Our findings are 
also consistent with the existing patient data. Loss-of-
function mutations in the parkin gene are associated 
with early-onset familial Parkinson’s disease [26], but 
there are currently no reports that these patients have an 
abnormal liver function. 

On one hand, the loss of the mitochondrial membrane 
potential triggers parkin translocation and thereby 
recruits ubiquitinated proteins to interact with LC3, 
leading to autophagosome formation around the 
mitochondrion [34]. Consistent with this, we found that 
there was an increase in parkin combined with LC3B in 
the vascular zone of the liver after I/R. In addition, 
Atg5, a key factor for autophagosome formation, was 
accumulated in this area. On the other hand, mito-
chondrial materials such as mitochondrial DNA that 
leak from damaged mitochondria have been reported to 
elucidate the inflammatory responses [35]. Our data 
revealed the infiltration of more inflammatory cells in 
the mitophagy-defected old mice at 1 h after the reper-
fusion. The activation of Kupffer cells, regulated by 
NF-κB, is a central event in the initial phase of hepatic 
I/R injury [36]. An increased activation of NF-κB was 
reported in old mice during hepatic I/R [37]. Tran found 
that NF-κB translocated to the nucleus and bind to the 
parkin promoter to repress the transcriptional activity in 
neuronal cells [38]. Additional studies are required to 
further investigate the role of NF-κB in the mito-
chondrial clearance in the liver. 
 
Recent studies have provided evidence that ER stress is 
capable of inducing autophagy in mammalian cells [39, 
40]. Mitochondria may have the priority to be 
recognized by an autophagosome under the ER stress 
evidenced by a recent investigation reporting that auto-
phagosomes form at the contact sites of the 
mitochondria and the ER [41]. Our data showed that the 
ER stress response can be activated by I/R, and the 
phosphorylation of EIF2α was reduced in the old mice. 
Phosphorylated EIF2α is considered to be a key 
mediator for the PERK signaling pathway under ER 
stress. After activation by phosphorylated EIF2α, the 
downstream transcription factor ATF4 can bind to a 
specific CREB/ATF site within the parkin promoter 
[42]. To further reveal such a relationship, we silenced 
EIF2α and found that the parkin expression was 
downregulated after OGD-Rep. Interestingly, a recent 
study documented that transient ischemia triggered a 
protective ER stress response by upregulating auto-
phagy, while prolonged ischemia induced a pathogenic 
ER stress response with impaired liver autophagy flux. 
Moreover, pretreatment with salubrinal inhibited the 
activation of autophagy and abolished the neuro-
protection induced by the ischemic preconditioning of 
the brain [21]. In our model, salubrinal enhanced the 
parkin expression and alleviated the hepatic I/R injury 
by maintaining the phosphorylation of EIF2α in vivo. 
Taken together, the functional dichotomy of stress 
responses, dictated by the severity of the stress, is 
dependent on their interactions. The autophagy activity 
is a key determinant of the outcome of the stress 
responses in the disease process. The ER stress can 
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augment autophagy at multiple stages [43]. A series of 
studies have indicated that EIF2α phosphorylation 
mediates the polyglutamine-induced LC3 conversion 
via the activation of the Atg5-Atg12-Atg16 complex 
[44]. However, the linkage between Atg5 and EIF2α 
was not observed in hepatocytes in the OGD-Rep. 
induced injury. 
 
Various biochemical and hematological parameters 
have been identified that, if abnormal within the first 
few days after the transplant, are associated with 
relative poor graft outcomes, but their predictive power 
for an aged graft is poor [45]. Our results provide the 
first evidence to the best of our knowledge that liver 
allograft biopsies with parkin expression assessment at 
2 h after the reperfusion is associated with the donor age 
and the peak AST level within 7 days after the trans-
plantation. This reflects that parkin is crucial for 
identifying these aged patients destined for early graft 
dysfunction. However, as the sample considered in this 
analysis was not sufficiently large enough, future 
studies are warranted for a complete evaluation of the 
parkin expression as a predictive tool for the aged liver 
transplantation.   
 
In summary, the present study suggested that the 
reduced expression of parkin attributed to the increased 
sensitivity of the old liver to the lethal I/R injury. The 
phosphorylated EIF2α-regulated parkin expression may 
be involved in age-dependent mitophagy impairment. 
These findings implied that enhancing the ER-stress-
induced mitophagy could be a novel strategy to improve 
the liver function of the elderly patients after the liver 
transplantation.  
 
MATERIALS AND METHODS 
 
Animals and establishment of hepatic ischemia-
reperfusion injury model 
 
Healthy male C57BL/6 mice at 8-10 weeks (young 
group) and 12 months (old group) of age, were 
purchased from the Nanjing University Laboratory 
Animal Center (Nanjing, China). All the experiments 
were approved by and conducted in accordance with the 
ethical guidelines of the Sun Yat-sen University Animal 
Experimentation Committee and were in compliance 
with the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals. 
 
After intraperitoneal injection of 0.6% pentobarbital 
sodium (100μL/10 g), the 70% liver I/R injury model 
was performed as previously described by Castellaneta 
[46]. Ischemia was continued for 60 min and completed 
by removing the atraumatic vascular clamp. Rapamycin 
(Sigma 1 mg/kg), chloroquine (Sigma 60 mg/kg) and 

salubrinal (Sigma 1 mg/kg) were given by an 
intraperitoneal injection to the mice 1 h before the sham 
or the ischemia operation. Each treatment group con-
tained 6 mice, which were chosen randomly from the 
major groups.  
 
Establishment of OGD-Rep. in cell culture 
 
The human hepatocellular line L02 (Guangdong 
Provincial Key Laboratory of Liver Disease) were 
cultured in a medium containing high glucose-DMEM 
with a 10% fetal bovine serum (Gibco). For the OGD 
treatment, the cells were refreshed with low-glucose 
(1.5 g/L) DMEM and immediately placed in a HERA 
cell 150i incubator (Thermos Fisher Scientific 
Company, UK) at 37  under hypoxia conditions (5% 
CO2 and 1% O2) for 24 h. The reperfusion was 
performed by refreshing cells with normal glucose (4.5 
g/L) DMEM and transferred back to the common 
incubator (21% O2, 5% CO2) for 2 h. 
 
Additional experimental procedures 
 
For more detailed and additional information on 
experimental procedures, please see Supplementary 
Materials and Methods. 
 
Patient selection and data collection 
 
The data of 46 patients who received the DCD liver 
transplantation at our centre between April 2016 and 
January 2017 were collected. The selection criteria were 
as follows: 1) DCD donor, 2) no severe infection-
related or vascular complications, 3) no perioperative 
period death and 4) no split transplantation. The study 
protocol was approved by the Clinical Ethics Review 
Board of the Third Affiliated Hospital of Sun Yat-sen 
University. Informed consent was obtained according 
to the Declaration of Helsinki. The biopsy of the 
allograft was performed 2 h after complete revascula-
risation.  
 
Statistical analysis 
 
Data were shown as mean ± SD or presented directly. All 
the statistical analyses were performed using the Prism 
statistical software (GraphPad) version 5.0 (USA). A 
Student’s two-tailed t-test was used to compare between 
the two groups and one-way ANOVA for three or more 
groups. A probability (p) value of <0.05 was considered a 
statistically significant difference. 
 
CONFLICTS OF INTEREST 
 
The authors of this manuscript have no conflicts of 
interest to disclose. 



www.aging‐us.com  1915  AGING 

FUNDING 
 
This work is supported by the National Natural Science 
Foundation of China (81600505, 81770648, 81670601, 
81570593, 81370555); National Key R&D Plan 
(2017YFA0104304); Key Scientific and Technological 
Projects of Guangdong Province(2015B020226004, 
2017A020215178), Guangdong Natural Science 
Foundation (2015A030312013, 2017A030311034), 
Guangdong Natural Science Fund for Distinguished 
Young Scholars (S20120011190), Science and 
Technology Planning Project of Guangdong Province 
(2017B030314027, 2017B020209004), Science and 
Technology Planning Project of Guangzhou(2014Y2-
00544, 201604020001) and 2017 Pearl River Scholar of 
Guangdong Province. 
 
REFERENCES 
 
1.   de  Rougemont  O,  Lehmann  K,  Clavien  PA. 

Preconditioning,  organ  preservation,  and 
postconditioning  to  prevent  ischemia‐reperfusion 
injury  to  the  liver.  Liver  Transpl.  2009;  15:1172–82. 
https://doi.org/10.1002/lt.21876 

2.   Detry O, Deroover A, Meurisse N, Hans MF, Delwaide 
J,  Lauwick S, Kaba A,  Joris  J, Meurisse M, Honoré P. 
Donor age as a risk factor in donation after circulatory 
death liver transplantation in a controlled withdrawal 
protocol  programme.  Br  J  Surg.  2014;  101:784–92. 
https://doi.org/10.1002/bjs.9488 

3.   Schweiger  H,  Lütjen‐Drecoll  E,  Arnold  E,  Koch  W, 
Nitsche  R,  Brand  K.  Ischemia‐induced  alterations  of 
mitochondrial  structure  and  function  in  brain,  liver, 
and  heart  muscle  of  young  and  senescent  rats. 
Biochem  Med  Metab  Biol.  1988;  40:162–85. 
https://doi.org/10.1016/0885‐4505(88)90117‐X 

4.   Yorimitsu  T,  Klionsky  DJ.  Autophagy:  molecular 
machinery  for  self‐eating.  Cell  Death  Differ.  2005 
(Suppl 2); 12:1542–52.  

  https://doi.org/10.1038/sj.cdd.4401765 

5.   Cursio  R,  Colosetti  P,  Gugenheim  J.  Autophagy  and 
liver  ischemia‐reperfusion  injury.  BioMed  Res  Int. 
2015; 2015:417590.  

  https://doi.org/10.1155/2015/417590 

6.   Tang C, Han H, Yan M, Zhu S, Liu J, Liu Z, He L, Tan J, 
Liu  Y,  Liu  H,  Sun  L,  Duan  S,  Peng  Y,  et  al.  PINK1‐
PRKN/PARK2  pathway  of mitophagy  is  activated  to 
protect  against  Renal  ischemia‐reperfusion  injury. 
Autophagy. 2018; 14:880‐97.  
 https://doi.org/10.1080/15548627.2017.1405880 

7.   Kubli  DA,  Zhang  X,  Lee  Y,  Hanna  RA,  Quinsay MN, 
Nguyen  CK,  Jimenez  R,  Petrosyan  S,  Murphy  AN, 
Gustafsson AB. Parkin protein deficiency exacerbates 

cardiac  injury  and  reduces  survival  following 
myocardial infarction. J Biol Chem. 2013; 288:915–26. 
https://doi.org/10.1074/jbc.M112.411363 

8.   Zhang X, Yuan Y, Jiang L, Zhang J, Gao J, Shen Z, Zheng 
Y, Deng T, Yan H, Li W, Hou WW, Lu J, Shen Y, et al. 
Endoplasmic reticulum stress induced by tunicamycin 
and  thapsigargin  protects  against  transient  ischemic 
brain  injury:  involvement  of  PARK2‐dependent 
mitophagy. Autophagy. 2014; 10:1801–13.  

  https://doi.org/10.4161/auto.32136 

9.   Komatsu M, Waguri S, Koike M, Sou YS, Ueno T, Hara 
T, Mizushima N,  Iwata J, Ezaki J, Murata S, Hamazaki 
J, Nishito Y, Iemura S, et al. Homeostatic levels of p62 
control  cytoplasmic  inclusion  body  formation  in 
autophagy‐deficient  mice.  Cell.  2007;  131:1149–63. 
https://doi.org/10.1016/j.cell.2007.10.035 

10.  Taneike M, Yamaguchi O, Nakai A, Hikoso S, Takeda T, 
Mizote  I,  Oka  T,  Tamai  T,  Oyabu  J,  Murakawa  T, 
Nishida  K,  Shimizu  T,  Hori  M,  et  al.  Inhibition  of 
autophagy  in  the  heart  induces  age‐related 
cardiomyopathy.  Autophagy.  2010;  6:600–06. 
https://doi.org/10.4161/auto.6.5.11947 

11.  Wang  JH, Ahn  IS, Fischer TD, Byeon  JI, Dunn WA  Jr, 
Behrns  KE,  Leeuwenburgh  C,  Kim  JS.  Autophagy 
suppresses age‐dependent  ischemia and  reperfusion 
injury  in  livers  of  mice.  Gastroenterology.  2011; 
141:2188–2199.e6. 
https://doi.org/10.1053/j.gastro.2011.08.005 

12.  Bratic  A,  Larsson  NG.  The  role  of  mitochondria  in 
aging. J Clin Invest. 2013; 123:951–57.  

  https://doi.org/10.1172/JCI64125 

13.  Selzner M, Selzner N,  Jochum W, Graf R, Clavien PA. 
Increased  ischemic  injury  in old mouse  liver: an ATP‐
dependent mechanism.  Liver Transpl. 2007; 13:382–
90. https://doi.org/10.1002/lt.21100 

14.  Murdoch  CE,  Zhang M,  Cave  AC,  Shah  AM.  NADPH 
oxidase‐dependent  redox  signalling  in  cardiac 
hypertrophy, remodelling and failure. Cardiovasc Res. 
2006; 71:208–15.  

  https://doi.org/10.1016/j.cardiores.2006.03.016 

15.  Kurihara  Y,  Kanki  T,  Aoki  Y,  Hirota  Y,  Saigusa  T, 
Uchiumi T, Kang D. Mitophagy plays an essential role 
in  reducing  mitochondrial  production  of  reactive 
oxygen  species  and mutation  of mitochondrial DNA 
by maintaining mitochondrial quantity and quality  in 
yeast. J Biol Chem. 2012; 287:3265–72.  

  https://doi.org/10.1074/jbc.M111.280156 

16.  Liu A,  Fang H, Dahmen U, Dirsch O. Chronic  lithium 
treatment protects against liver ischemia/reperfusion 
injury  in  rats.  Liver  Transpl.  2013;  19:762–72. 
https://doi.org/10.1002/lt.23666 



www.aging‐us.com  1916  AGING 

17.  Wang Y, Shen J, Xiong X, Xu Y, Zhang H, Huang C, Tian 
Y,  Jiao  C,  Wang  X,  Li  X.  Remote  ischemic 
preconditioning  protects  against  liver  ischemia‐
reperfusion  injury  via  heme  oxygenase‐1‐induced 
autophagy. PLoS One. 2014; 9:e98834.  

  https://doi.org/10.1371/journal.pone.0098834 

18.  Jiang  SJ,  Li  W,  An  W.  Adenoviral  gene  transfer  of 
hepatic  stimulator  substance  confers  resistance 
against  hepatic  ischemia‐reperfusion  injury  by 
improving mitochondrial  function.  Hum  Gene  Ther. 
2013; 24:443–56.  

  https://doi.org/10.1089/hum.2012.219 

19.  Liu  Y, Qi  SY,  Ru  LS, Ding  C, Wang HJ,  Li  AY,  Xu  BY, 
Zhang  GH,  Wang  DM.  Salubrinal  improves  cardiac 
function  in  rats  with  heart  failure  post  myocardial 
infarction  through  reducing  endoplasmic  reticulum 
stress‐associated apoptosis. Zhonghua Xin Xue Guan 
Bing Za Zhi. 2016; 44:494–500.  

  https://doi.org/10.3760/cma.j.issn.0253‐3758.2016. 
06.008 

20.  Anuncibay‐Soto  B,  Pérez‐Rodríguez  D,  Santos‐
Galdiano M, Font E, Regueiro‐Purriños M, Fernández‐
López A. Post‐ischemic salubrinal treatment results in 
a neuroprotective  role  in global  cerebral  ischemia.  J 
Neurochem. 2016; 138:295–306.  

  https://doi.org/10.1111/jnc.13651 

21.  Gao B,  Zhang XY, Han R,  Zhang TT, Chen C, Qin ZH, 
Sheng R.  The endoplasmic  reticulum  stress  inhibitor 
salubrinal  inhibits  the  activation  of  autophagy  and 
neuroprotection  induced  by  brain  ischemic 
preconditioning.  Acta  Pharmacol  Sin.  2013;  34:657–
66. https://doi.org/10.1038/aps.2013.34 

22.  Zhou  H,  Zhu  J,  Yue  S,  Lu  L,  Busuttil  RW,  Kupiec‐
Weglinski  JW,  Wang  X,  Zhai  Y.  The  Dichotomy  of 
Endoplasmic  Reticulum  Stress  Response  in  Liver 
Ischemia‐Reperfusion  Injury.  Transplantation.  2016; 
100:365–72. 
https://doi.org/10.1097/TP.0000000000001032 

23.  Sano  R,  Reed  JC.  ER  stress‐induced  cell  death 
mechanisms.  Biochim  Biophys  Acta.  2013; 
1833:3460–70. 
https://doi.org/10.1016/j.bbamcr.2013.06.028 

24. Wang K. Autophagy and apoptosis  in  liver  injury. Cell 
Cycle. 2015; 14:1631–42.  

  https://doi.org/10.1080/15384101.2015.1038685 

25.  Genova ML, Pich MM, Bernacchia A, Bianchi C, Biondi 
A,  Bovina  C,  Falasca  AI,  Formiggini  G,  Castelli  GP, 
Lenaz  G.  The  mitochondrial  production  of  reactive 
oxygen  species  in  relation  to  aging  and  pathology. 
Ann N Y Acad Sci. 2004; 1011:86–100.  

  https://doi.org/10.1196/annals.1293.010 

26.  Domingo A, Klein C. Genetics of Parkinson disease.  

Handb Clin Neurol. 2018; 147:211–27.  
  https://doi.org/10.1016/B978‐0‐444‐63233‐3.00014‐2 

27.  Donati A, Cavallini G, Paradiso C, Vittorini  S, Pollera 
M,  Gori  Z,  Bergamini  E.  Age‐related  changes  in  the 
regulation  of  autophagic  proteolysis  in  rat  isolated 
hepatocytes.  J  Gerontol  A  Biol  Sci  Med  Sci.  2001; 
56:B288–93. 
https://doi.org/10.1093/gerona/56.7.B288 

28.  Del Roso A, Vittorini S, Cavallini G, Donati A, Gori Z, 
Masini  M,  Pollera  M,  Bergamini  E.  Ageing‐related 
changes  in  the  in  vivo  function  of  rat  liver 
macroautophagy and proteolysis. Exp Gerontol. 2003; 
38:519–27.  https://doi.org/10.1016/S0531‐
5565(03)00002‐0 

29.  Zhang X, Yan H, Yuan Y, Gao J, Shen Z, Cheng Y, Shen 
Y,  Wang  RR,  Wang  X,  Hu  WW,  Wang  G,  Chen  Z. 
Cerebral  ischemia‐reperfusion‐induced  autophagy 
protects  against  neuronal  injury  by  mitochondrial 
clearance. Autophagy. 2013; 9:1321–33.  

  https://doi.org/10.4161/auto.25132 

30.  Shen Z, Zheng Y, Wu J, Chen Y, Wu X, Zhou Y, Yuan Y, 
Lu S,  Jiang L, Qin Z, Chen Z, Hu W, Zhang X. PARK2‐
dependent  mitophagy  induced  by  acidic 
postconditioning  protects  against  focal  cerebral 
ischemia  and  extends  the  reperfusion  window. 
Autophagy. 2017; 13:473–85.  

  https://doi.org/10.1080/15548627.2016.1274596 

31.  Shin  JK,  Lee  SM.  Genipin  protects  the  liver  from 
ischemia/reperfusion  injury  by  modulating 
mitochondrial  quality  control.  Toxicol  Appl 
Pharmacol. 2017; 328:25–33.  

  https://doi.org/10.1016/j.taap.2017.05.002 

32.  Kubli  DA,  Quinsay  MN,  Gustafsson  AB.  Parkin 
deficiency  results  in  accumulation  of  abnormal 
mitochondria in aging myocytes. Commun Integr Biol. 
2013; 6:e24511. https://doi.org/10.4161/cib.24511 

33.  Frank‐Cannon  TC,  Tran  T,  Ruhn  KA,  Martinez  TN, 
Hong  J, Marvin M, Hartley M, Treviño  I, O’Brien DE, 
Casey B, Goldberg MS, Tansey MG. Parkin deficiency 
increases vulnerability to  inflammation‐related nigral 
degeneration. J Neurosci. 2008; 28:10825–34.  

  https://doi.org/10.1523/JNEUROSCI.3001‐08.2008 

34.  Pankiv  S,  Clausen  TH,  Lamark  T,  Brech A, Bruun  JA, 
Outzen  H,  Øvervatn  A,  Bjørkøy  G,  Johansen  T. 
p62/SQSTM1  binds  directly  to Atg8/LC3  to  facilitate 
degradation  of  ubiquitinated  protein  aggregates  by 
autophagy.  J  Biol  Chem.  2007;  282:24131–45. 
https://doi.org/10.1074/jbc.M702824200 

35.  Oka T, Hikoso S, Yamaguchi O, Taneike M, Takeda T, 
Tamai T, Oyabu J, Murakawa T, Nakayama H, Nishida 
K,  Akira  S,  Yamamoto  A,  Komuro  I,  Otsu  K. 
Mitochondrial  DNA  that  escapes  from  autophagy 



www.aging‐us.com  1917  AGING 

causes  inflammation and heart failure. Nature. 2012; 
485:251–55. https://doi.org/10.1038/nature10992 

36.  Jaeschke H,  Farhood A. Neutrophil  and Kupffer  cell‐
induced  oxidant  stress  and  ischemia‐reperfusion 
injury  in  rat  liver. Am  J Physiol. 1991; 260:G355–62. 
https://doi.org/10.1152/ajpgi.1991.260.3.G355 

37.  Okaya T, Blanchard J, Schuster R, Kuboki S, Husted T, 
Caldwell  CC,  Zingarelli  B,  Wong  H,  Solomkin  JS, 
Lentsch  AB.  Age‐dependent  responses  to  hepatic 
ischemia/reperfusion  injury. Shock. 2005; 24:421–27. 
https://doi.org/10.1097/01.shk.0000181282.14050.11 

38.  Tran TA, Nguyen AD, Chang  J, Goldberg MS,  Lee  JK, 
Tansey MG.  Lipopolysaccharide  and  tumor  necrosis 
factor  regulate  Parkin  expression  via  nuclear  factor‐
kappa B. PLoS One. 2011; 6:e23660.  

  https://doi.org/10.1371/journal.pone.0023660 

39.  Høyer‐Hansen  M,  Jäättelä  M.  Connecting 
endoplasmic  reticulum  stress  to  autophagy  by 
unfolded  protein  response  and  calcium.  Cell  Death 
Differ. 2007; 14:1576–82.  

  https://doi.org/10.1038/sj.cdd.4402200 

40.  Yorimitsu T, Nair U, Yang Z, Klionsky DJ. Endoplasmic 
reticulum  stress  triggers  autophagy.  J  Biol  Chem. 
2006; 281:30299–304.  

  https://doi.org/10.1074/jbc.M607007200 

41.  Hamasaki  M,  Furuta  N,  Matsuda  A,  Nezu  A, 
Yamamoto A, Fujita N, Oomori H, Noda T, Haraguchi 
T, Hiraoka Y, Amano A, Yoshimori T. Autophagosomes 
form at ER‐mitochondria contact sites. Nature. 2013; 
495:389–93. https://doi.org/10.1038/nature11910 

42.  Bouman L, Schlierf A, Lutz AK, Shan J, Deinlein A, Kast 
J, Galehdar Z, Palmisano V, Patenge N, Berg D, Gasser 
T,  Augustin  R,  Trümbach  D,  et  al.  Parkin  is 
transcriptionally  regulated  by ATF4:  evidence  for  an 
interconnection between mitochondrial stress and ER 
stress. Cell Death Differ. 2011; 18:769–82.  

  https://doi.org/10.1038/cdd.2010.142 

43.  Deegan S, Saveljeva S, Gorman AM, Samali A. Stress‐
induced  self‐cannibalism:  on  the  regulation  of 
autophagy by endoplasmic reticulum stress. Cell Mol 
Life Sci. 2013; 70:2425–41.  

  https://doi.org/10.1007/s00018‐012‐1173‐4 

44.  Kouroku Y, Fujita E, Tanida I, Ueno T, Isoai A, Kumagai 
H, Ogawa  S, Kaufman RJ, Kominami E, Momoi T. ER 
stress  (PERK/eIF2alpha  phosphorylation)  mediates 
the  polyglutamine‐induced  LC3  conversion,  an 
essential  step  for  autophagy  formation.  Cell  Death 
Differ. 2007; 14:230–39.  

  https://doi.org/10.1038/sj.cdd.4401984 

45.  Ali JM, Davies SE, Brais RJ, Randle LV, Klinck JR, Allison 
ME, Chen Y, Pasea L, Harper SF, Pettigrew GJ. Analysis 

of  ischemia/reperfusion  injury  in  time‐zero  biopsies 
predicts liver allograft outcomes. Liver Transpl. 2015; 
21:487–99. https://doi.org/10.1002/lt.24072 

46.  Castellaneta A, Yoshida O, Kimura S, Yokota S, Geller 
DA, Murase N, Thomson AW. Plasmacytoid dendritic 
cell‐derived  IFN‐α  promotes  murine  liver 
ischemia/reperfusion  injury  by  induction  of 
hepatocyte IRF‐1. Hepatology. 2014; 60:267–77.  

  https://doi.org/10.1002/hep.27037 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



www.aging‐us.com  1918  AGING 

SUPPLEMENTARY MATERIAL 
 

SUPPLEMENTARY MATERIALS and METHODS 
 
Histological analysis, TUNEL staining and 
measurement of mitochondrial superoxide level 
 
The collected livers were fixed with 10% neutral 
buffered formalin and embedded in paraffin. All the 
paraffin-embedded sections were stained with H&E for 
a conventional morphological evaluation. TUNEL 
staining (Roche Diagnostics, Indianapolis, USA) was 
used to assess the apoptosis level of the paraffin-
embedded fraction slides, according to the manufac-
turer’s instructions. Freshly prepared frozen liver 
sections were incubated with a 2-μM MitoSOX™ Red 
mitochondrial superoxide indicator (Invitrogen) for 30 
min at 37°C and were observed by fluorescence 
microscopy and quantified with using the Image pro 
plus software. 
 
Biochemical analysis 
 
The release of ALT and AST in the serum was 
measured by standard spectrophotometry using an 
automated clinical biochemistry analyzer (Olympus 
AU5400, Tokyo, Japan). 
 
Immunohistochemistry 
 
All the specimens after deparaffinization were 
rehydrated and a citrate buffer (pH 6.0) was used for 
antigen retrieval. The hydrogen peroxide solution was 
used to block the endo-genous peroxidase. The slides 
after blocking with a 10% normal goat serum were 
incubated with LC3B (Cell Signaling Technology), 
TOMM20 (Santa Cruz), parkin (Abcam) and Atg5 (Cell 
Signaling Technology) at 4°C overnight. After rinsing 
with PBS, the secondary antibody was added to the 
slides and incubated at room temperature for 1 h. DAB 
was added for color development and then counter-
stained with hematoxylin. Positive and negative 
controls were set for each dye batch. For the graft 
biopsy, the immunohistochemical staining results were 
assigned the mean score considering both the intensity 
of the staining and the proportion of the hepatocytes. 
Each section was independently assessed by two patho-
logists without any prior knowledge of the patient data. 
 
Transmission electron microscopy (TEM) 
 
TEM was applied to further confirm and monitor 
autophagy and quantify the autophagic vacuoles. The 
liver samples were cut into 1 mm3 and fixed with 2.5% 
glutaraldehyde in a 0.1 M phosphate buffer at 4  (pH 
7.4) for 1 h. Ultrathin sections (70-80 nm) were 

obtained using an ultramicrotome (RMC MT6000-XL) 
after fixation and dehydration. All the sections were 
stained with lead citrate and uranylacetate and detected 
and photographed using a transmission electron 
microscope (HT7700, Hitachi, Japan). 
 
Immunofluorescence 
 
For the liver tissues, the three processes of dewaxing, 
dehydration and repairmen were performed on the 4-
μm-thick sections. The L02 cells in each group were 
fixed with 4% paraformaldehyde for 30 min and 
blocked with 5% BSA for 1 h. Both the liver sections 
and cells were incubated with the primary antibodies 
(parkin, LC3B and  TOMM20 1:200) at 4  overnight. 
Alexa Flour 488 (1:1000)- and 594 (1:1000)-conjugated 
secondary antibodies were used for the subsequent 
incubation for 1 h in the dark at 37 . Finally, DAPI 
was used for nucleus staining for 2 min at room 
temperature in the dark. The samples were observed and 
photographed using a fluorescence inverted microscope 
(Leica, Germany). Parkin was purchased from Abcam. 
TOMM20 from Santa Cruz and LC3B from Cell 
Signaling Technology. The immunofluorescent second-
dary antibodies were purchased from Life, USA. 
 
Cell viability  
 
The measurement of the viable cell mass was performed 
with CCK8 (Dojindo Laboratories Co., Kumamoto, 
Japan) according to the manufacturer’s instructions. The 
absorbance of the samples was measured using a 
microplate reader ELX800 (BIO-TEK Instruments, Inc., 
Winooski, VT) at 490 nm. 
 
Transfection and RNA silence 
 
The shRNA candidate target sequences to parkin and 
EIF2a are 5'-CGTGAACATAACTGAGGGCAT-3' and 
5'- GAAGATTAACTTTGTGGGAAA-3', respectively. 
A scrambled shRNA (Scr.) sequence was used as the 
negative control. The oligonucleotides encoding the 
parkin-shRNA, EIF2a-shRNA or SCR-shRNA sequen-
ce were inserted into the vector (Genechem, China). 
After successful recombinant virus packaging, the L02 
liver cells were infected with the lentivirus carrying the 
corresponding shRNA. The cells were harvested to 
assess the efficiency of the gene knockdown by Western 
blotting. 
 
Mitochondrial membrane potential and 
measurement of mitochondrial ROS 
 
JC-1 was added to the culture medium (500μL/well) 
and incubated at 37°C for 30 min in the dark for 
mitochondrial staining. After washing twice with a cold 
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dyeing buffer to remove the unbound dye, the samples 
were resuspended. Quantification by flow cytometry 
detected mitochondria containing red JC-1 aggregates in 
the FL2 channel and green JC-1 monomers in the FL1 
channel. For the measurement of mitochondrial ROS, 
the cells were incubated with 250 µL of MitoSox 
diluted in DMSO (stock solution: 5 mM), for 10 min in 
darkness at 37°C. The oxidation products were detected 
using the FL2-H channel of a FACScan flow cytometer. 
 
Western blotting 
 
The primary antibodies included LC3B (Cell Signaling 
Technology, 1:1000), PARP (Cell Signaling 
Technology, 1:1000), Caspase 3 (Cell Signaling 
Technology, 1:1000), TOMM20 (Santa Cruz, 1:1000), 
ATG3 (total) (Cell Signaling Technology, 1:1000), 
ATG5 (Cell Signaling Technology, 1:1000), ATG7 
(Cell Signaling Technology, 1:1000), Beclin1 (Cell 
Signaling Technology, 1:1000), PINK1 (Abcam, 
1:1000), parkin (Abcam, 1:1000), EIF2α (Cell Signaling 
Technology, 1:1000), P- EIF2α (Cell Signaling 
Technology, 1:1000). Thereafter, the secondary 
antibody (anti-rabbit IgG, 1:5000, Sigma-Aldrich) was 
used for the 1-h incubation at room temperature. The 
blots were detected by an enhanced chemiluminescence 
(ECL) substrate and visualised by FluorChem Systems 
(Proteinsimple, CA, USA). The intensities of the bands 
were analysed by a densitometric analysis using an 
image analyser (Image J software, USA). 
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Supplementary Figure 1. Mice of different age were treated as indicated. (A) Representative histology of liver by
H&E staining at 15, 30 and 60 minutes after reperfusion. (B) Representative images of LC3B staining of liver tissues by
fluorescence microscopy  at 15,  30  and 60 minutes  after  reperfusion.  (C) Representative histology of  liver by H&E
staining from indicated sham group (Y for young mice, Y+CQ for young mice with chloroquine pretreatment, O for old
mice, O+RA  for old mice with Rapamycin pretreatment, O+SAL  for old mice with Salubrinal pretreatment).  (D) The
LC3B and TOMM20 protein levels were determined by western blot analysis from sham group. Scale bar: 50μm. 


