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Abstract Mitochondria fulfill the high metabolic energy demands of the kidney and are regularly exposed 
to oxidative stress causing mitochondrial damage. The selective removal of damaged and dysfunctional 
mitochondria through a process known as mitophagy is essential in maintaining cellular homeostasis and 
physiological function. Mitochondrial quality control by mitophagy is particularly crucial for an organ such 
as the kidney, which is rich in mitochondria. The role of mitophagy in the pathogenesis of kidney diseases 
has lately gained significant attention. In this review, we summarize the current understanding of the 
implications of mitophagy during pathological conditions of the kidney, including acute and chronic kidney 
diseases. 
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Background 

The kidney functions to remove wastes and 
maintains electrolyte reabsorption, and is known 
to have the highest resting metabolic rate and 
the number of mitochondria second to the 
heart1. Mitochondria are highly dynamic and 
plastic double-membraned organelles that 
satisfy the high energy requirements of the 
kidney and perform a wide array of cellular 
functions1. Mitophagy is a selective autophagy 
that recycles the dysfunctional or superfluous 
mitochondria. Over six decades ago, the first 
illustration of mitophagy was reported in the 
proximal tubules of the kidney by ultrastructural 
studies and identified through the presence of 
the mitochondria in the lysosome-like structure2. 
A growing body of evidence has since emerged 
to support the critical role of mitophagy in the 
maintenance of homeostasis in kidney cells. 
Under physiological conditions, the 
counterbalance between mitochondrial fusion 
and fission, and mitophagy maintains a healthy 
network of these organelles3-9. The 
mitochondrial dynamic is maintained collectively 
by these processes9. Mitophagy is modulated by 

multiple regulators, including phosphatase and 
tensin homolog (PTEN)-induced kinase1 (PINK1) 
and Parkin (E3 ubiquitin ligase, encoded by 
Prkn), FUN14 domain-containing protein 1 
(FUNDC1), BCL2/adenovirus E1B 19kDa-
interacting protein 3 (BNIP3), and NIP3-like 
protein X (NIX).  

The PINK1/Parkin pathway of mitophagy is well 
known and widely studied. In a healthy cell, 
PINK1, a serine-threonine kinase, is recruited 
into the inner mitochondrial membrane (IMM) 
via translocase of the outer membrane (TOM) 
and translocase of the inner membrane (TIM23). 
Subsequently, the mitochondrial targeting signal 
(MTS) of PINK1 is cleaved by matrix 
metalloprotease (MMP) of mitochondria. 
However, under cellular stress, damaged 
mitochondria with a reducing membrane 
potential fail to import PINK1, and PINK1 
accumulates on the outer mitochondrial 
membrane (OMM), which in turn favors the 
recruitment of the cytosolic Parkin to the 
depolarized mitochondria7.  We10 and others3 
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have shown that PINK1 phosphorylates the 
outer mitochondrial fusion protein mitofusin 2 
(MFN2), and MFN2 plays a critical role in the 
recruitment of Parkin to the depolarized 
mitochondria. Parkin, after its recruitment, 
performs the ubiquitination of the OMM 
proteins, including MFN1 and MFN2, voltage-
dependent anion channel (VDAC), and Miro4. 
Parkin further promotes the recruitment of 
autophagy adaptor protein sequestosome 1, 
also known as p62 (SQSTM1/p62)5. 
Subsequently, p62 binds with the ubiquitinated 
OMM proteins and microtubule-associated 
protein light chain 3 (LC3) to promote 
autophagosome formation4-5. However, 
Narendra et al. demonstrated that the knockout 
or knockdown of p62 does not affect Parkin-
mediated mitophagy, indicating that p62 may be 
dispensable for Parkin-dependent mitophagy6.  
In the PINK1/Parkin-independent pathway of 
mitophagy, LC3 directly binds with the OMM 
proteins: FUNDC1, BNIP3, and NIX via LC3B 
interacting region (LIR). The autophagosome 
that contains mitochondria is termed as 
mitophagosome, which finally accomplishes the 
turnover of dysfunctional mitochondria7 (Figure 
1).  

The role of mitophagy in kidney diseases has 
recently captured considerable attention. This 
review summarizes the literature on the role of 
mitophagy during kidney diseases, with a focus 
on the functional significance of PINK1/Parkin-
mediated mitophagy in the various experimental 
models for acute kidney injury (AKI) and chronic 
kidney disease (CKD) (Table 1). The 
mitochondrial structural and functional 
alterations1, 8-9 during AKI11-13 and CKD14-15 are 
well recognized. The timely removal of 
dysfunctional mitochondria through mitophagy 
is crucial for normal homeostasis and regulating 
kidney function. Recently published findings 
suggest the cytoprotective role of mitophagy 
during both AKI16-19 and CKD10, 20-23.  
 
Mitophagy in Acute Kidney Injury 
Mitochondrial damage is known to exert a 
critical role in the progression of AKI. The renal 

tubules, which perform active reabsorption of 
ions, proteins, and solutes from the filtrate that 
passes through the glomerular filtration barrier, 
are particularly susceptible to injury in AKI. The 
number of mitochondria in the renal tubular 
epithelial cells is higher than any other cell types 
of the kidney1. Therefore, the published studies 
on the role of mitochondrial quality control in 
AKI have mostly focused on the tubules. The 
proximal convoluted tubules (PCT) display a 
higher oxygen consumption rate24 and greater 
mitophagy compared to distal convoluted 
tubules (DCT)25-26. However, the mitochondrial 
content of DCT is higher than PCT26, suggesting 
that the degree of mitophagy is not entirely 
dependent on the mitochondrial mass of a cell. 
The mitochondrial membrane potential of PCT is 
lower than that of DCT27. In addition, PCT display 
a higher production of mitochondrial-derived 
reactive oxygen species (mROS) than DCT27. 
These findings suggest that lower mitochondrial 
membrane potential and higher mROS 
production in the tubules are directly related to 
the activation of mitophagy during AKI. 

Ischemia-Reperfusion Injury-induced AKI 
The ischemia-reperfusion injury (IRI)-induced 
AKI is common in patients undergoing kidney 
transplantation28. The mitochondrial 
dysfunction exerts a critical role in worsening IRI-
induced AKI. The mitochondrial content of 
proximal tubular epithelial cells (PTEC) 
decreased after renal IRI29, suggesting that 
mitophagy is active during AKI. Tan and 
colleagues confirmed that the mitophagy in PTEC 
increased following IR-induced kidney injury16. 
The deficiency of mitophagy modulators, i.e. 
PINK1 and Parkin, exaggerated the 
mitochondrial injury, oxidative stress,      
inflammation, and apoptosis in tubular cells 
after IRI16, suggesting that mitophagy is 
protective against AKI. The mitochondrial fusion 
protein MFN2, but not MFN1, is known to 
promote mitophagy3,10. However, Gall et al. 
reported that the proximal tubule-specific 
conditional deletion of Mfn2 resulted in 
improved renal function and better survival after 
IRI30, challenging the role of MFN2 in mitophagy
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Figure 1. Mechanisms of mitophagy: PINK1/Parkin-dependent and PINK1/Parkin-independent pathways. 
In the PINK1/Parkin dependent mitophagy, healthy mitochondria allow PINK1 to enter into the inner 
mitochondrial membrane (IMM) via translocase of outer membrane (TOM) and translocase of inner 
membrane (TIM)-23 proteins. The matrix metalloprotease (MMP) cleaves the mitochondrial targeting 
signal (MTS) of PINK1. Oxidative stress induces mitochondrial damage and a decline in membrane 
potential inhibits the import of PINK1 to the IMM. PINK1 accumulates on the outer mitochondrial 
membrane (OMM) and binds with TOM. PINK1 phosphorylates mitofusin 2 (MFN2), resulting in the 
recruitment of Parkin from the cytoplasm to the OMM. Parkin facilitates the ubiquitination of OMM 
proteins including voltage-dependent anion channel (VDAC) and Miro. Subsequently, adaptor protein p62 
attaches to the ubiquitinated OMM proteins. Lastly, p62 binds with LC3B and promotes mitophagosome 
formation. In PINK1/Parkin-independent mitophagy, LC3B directly interacts with OMM proteins: FUN14 
domain- containing 1 (FUNDC1), NIP3-like protein X (NIX) and BCL2/adenovirus E1B 19kDa-interacting 
protein 3 (BNIP3) via the LC3B interacting region (LIR). The process of mitophagy involves the formation 
of the isolation membrane for the recruitment of dysfunctional mitochondria into the mitophagosome, 
and subsequent lysosome-mediated degradation to recycle the damaged mitochondrial components. 

or the role of mitophagy during AKI. 
Interestingly, the study by the same group 
previously reported that the PTEC from kidney-
specific Mfn2 knockout mice showed 
mitochondrial fragmentation with no change in 
the renal function under non-stress conditions31. 
The inhibition of mitochondrial fission protein, 
dynamin-related protein 1 (DRP1) is known to 
induce mitophagy32. A study by Perry and 
colleagues showed that the proximal tubule-
specific deletion of Drp1 protected against IRI-
induced renal inflammation and apoptosis33, 
suggesting that the activation of mitophagy due 

to inhibition of mitochondrial fission may 
prevent AKI. Moreover, the protective effects of 
ischemic preconditioning (IPC) against IRI have 
also been attributed to activation of mitophagy 
with increased mitophagosome formation and 
clearance of damaged mitochondria. The 
mitophagy-dependent cytoprotection following 
simulated IPC in vitro was abolished in Pink1 
knockdown proximal tubular cells34. These 
findings suggest that PINK1-dependent 
mitophagy exerts protective functions after IPC 
to prevent IRI-induced renal damage. 
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Contrast-induced AKI 
The PINK1/Parkin-dependent mitophagy has 
also been implicated to play protective roles 
during contrast-induced AKI (CIA). Mitophagy in 
the renal tubular epithelial cells was activated in 
both in vivo and in vitro models of CIA35. The 
deficiency of Pink1 or Prkn in tubular epithelial 
cells in the experimental CIA mice model 
resulted in a higher oxidative stress-induced 
mitochondrial damage, cell death, and tissue 
injury35. This study also confirmed that the 
activation of mitophagy after CIA prevented 
renal tubular epithelial cell death and tissue 
damage by suppressing the production of mROS 
and the activation of nucleotide-binding 
oligomerization domain-like pyrin domain-
containing protein 3 (NLRP3) inflammasome. 

Cisplatin-induced AKI 
The treatment with cisplatin, a 
chemotherapeutic agent that contributes to 
nephrotoxicity and AKI, resulted in increased 
expression of PINK1 and Parkin17, indicating that 
mitophagy is induced after cisplatin treatment. 
Cisplatin-treated Pink1 and Prkn knockout mice 
displayed severe kidney damage, and loss of 
renal function, suggesting that mitophagy exerts 
protective function against cisplatin-induced 
AKI17. However, a contrasting study showed that 
the deficiency of Pink1 prevented cisplatin-
induced tubular damage and apoptosis36. The 
knockdown of Drp1 in human proximal tubular 
cell line (HK2) cells has also been shown to 
protect against cisplatin-induced mitochondrial 
dysfunction and apoptosis37, suggesting that the 
activation of mitophagy due to suppression of 
mitochondrial fission prevents cisplatin-induced 
mitochondrial damage. These studies suggest 
that mitophagy, by regulating damaged 
mitochondrial-derived oxidative stress prevents 
cisplatin-induced nephrotoxicity and loss of 
renal function. 
 
Role of PINK1/Parkin-independent Mitophagy 
in AKI 
The PINK1/Parkin-independent mitophagy does 
not require ubiquitin to recycle the damaged 
mitochondria. BNIP3 plays an essential role in 

the PINK1/Parkin-independent pathway of 
mitophagy18. The increase in the expression of 
BNIP3 in PTEC after IRI suggests that the BNIP3-
dependent mitophagy is activated during AKI18-

19. The expression of BNIP3 in PTEC and renal 
tubules increased after oxygen-glucose 
deprivation-reperfusion and IRI, respectively18. 
Bnip3 knockout mice after IRI displayed severe 
renal injury, higher oxidative stress, and 
accumulation of damaged mitochondria19. These 
observations in different experimental models of 
AKI suggest that the mitophagy is activated 
during AKI, and it maintains mitochondrial 
quality control and protects against oxidative 
stress-induced tubular damage. 
 
Mitophagy in Chronic Kidney Disease 
CKD is characterized by the progressive loss of 
renal function and the development of kidney 
fibrosis. The elevated mitochondrial 
fragmentation and mROS production have been 
reported during CKD14-15. Removal of superfluous 
mitochondria in the kidney is critically important 
to maintain cellular homeostasis. The 
accumulation of damaged mitochondria leads to 
increased oxidative stress-induced tubular 
apoptosis and kidney injury during CKD14. Here, 
we summarize the studies on functions of 
mitophagy in CKD, mainly focusing on its role in 
the pathogenesis of tubulointerstitial fibrosis 
and diabetic nephropathy (DN). 

Mitophagy in Tubulointerstitial Fibrosis 
Kidney fibrosis represents a common 
pathological outcome of CKD38.  Using two 
different experimental models, unilateral 
ureteral obstruction (UUO) and adenine diet, we 
have recently delineated the cytoprotective role 
of PINK1/MFN2/Parkin-dependent mitophagy 
against kidney fibrosis10. The expression of 
mitophagy regulators PINK1, MFN2, and Parkin 
in the kidney tissues was lower in the 
experimental models of kidney fibrosis as well as 
in patients with CKD10. Similarly, the peripheral 
blood mononuclear cells (PBMCs) from patients 
with CKD showed reduced expression of 
mitophagy regulatory proteins. Loss of either 
Pink1 or Prkn promoted renal extracellular 
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Table 1. Studies on the role of mitophagy and mitochondrial fission and fusion mediators using different 
experimental models of kidney diseases. 

Disease Models Phenotype Reference 

AKI IRI Single and double Pink1 and Prkn knockout mice show severe 
renal tubular damage after IRI 

16 

Proximal tubule-specific Mfn2 knockout mice show improved 
renal function and better survival post-IRI 

30 

Proximal tubule-specific deletion of Drp1 protects against IRI-
induced renal inflammation and apoptosis 

33 

BNIP3 expression in renal tubules increases after IRI 18 
Bnip3 knockout mice after IRI exhibit higher oxidative stress, 
accumulation of damaged mitochondria, and severe renal 
injury 

19 

CIA Pink1 or Prkn knockout mice show higher mitochondrial 
damage after CIA 

35 

Cisplatin Cisplatin-treated Pink1 and Prkn knockout mice display severe 
kidney damage and loss of renal function 

17 

Pink1 deficiency prevents cisplatin-induced tubular damage and 
apoptosis 

36 

CKD TIF: UUO or 
adenine diet 

Pink1, Prkn, and LysM-specific Mfn2 single knockout mice 
display higher kidney fibrosis, frequency of profibrotic 
macrophages in the kidney after UUO, or adenine diet. 

10 

Pink1 or Prkn knockout mice show severe mitochondrial 
damage and higher mROS production in the kidney after UUO 

40 

DN: STZ LC3 puncta, PINK1, and MFN2 expression decrease while the 
expression of DRP1 and Fis1 increase in the kidneys of STZ-
induced diabetic mice 

14 

DN: db/db 
mice 

DRP1 expression increases while MFN2 and LC3 II expression 
and mitochondrial DNA copy number decrease in the kidney of 
db/db mice. MitoQ reverses these changes. 

21 

AKI: acute kidney injury; IRI: ischemia-reperfusion injury; PINK1: Phosphatase and tensin homolog (PTEN)-
induced kinase1; MFN2: mitofusin 2; DRP1: dynamin-related protein 1; BNIP3: BCL2/adenovirus E1B 
19kDa-interacting protein 3; CIA: Contrast-induced AKI; CKD: chronic kidney disease; TIF: tubulointerstitial 
fibrosis; UUO: Unilateral ureteral obstruction; DN: diabetic nephropathy; STZ: Streptozotocin; LC3: 
microtubule-associated protein light chain 3; MitoQ: mitoquinone. 
 
matrix accumulation and kidney fibrosis induced 
by UUO or adenine diet10. Others have also 
reported the lower mRNA expression of PINK1, 
MFN2, and Parkin22, and higher production of 
mROS39 in PBMCs from CKD patients. In line with 
our observations, Li and colleagues recently 
showed that the deficiency of Pink1 or Prkn 
resulted in higher mROS production in hypoxia-
treated HK2 cells and in the kidney after UUO 
that was associated with severe mitochondrial 

damage, increased renal tubule expression of 
transforming growth factor-beta 1 (TGF-β1), and 
worsened tubulointerstitial fibrosis40. These 
findings provide further evidence for the 
protective role of mitophagy against kidney 
fibrosis. Interestingly, they also reported the 
upregulation of PINK1, Parkin, and LC3 II (a 
lipidated form of LC3 involved in 
mitophagosome formation) in the isolated 
mitochondrial fraction from the obstructed 



18  JoLS December 2019:13-22 

kidneys and hypoxia-treated HK2 cells40 that may 
represent a stress response.  We had reported 
decreased expression of Parkin and LC3 II in the 
mouse whole kidney tissue lysate after UUO and 
the isolated mitochondrial fraction from TGF-β1-
treated macrophages10. The seemingly 
contrasting findings might be that mitophagy 
functions in context and cell-type specific 
fashion, and warrant further investigations using 
corresponding conditional gene knockout mouse 
models.  Nevertheless, both studies 
demonstrate that the deficiency of Pink1 or Prkn 
exacerbates mitochondrial damage and kidney 
fibrosis, indicating a renoprotective role of 
mitophagy. 

We also uncovered the role of mitophagy in 
macrophages, which are one of the critical 
contributors to renal inflammation and 
fibrosis41. Our findings indicate that the 
deficiency of PINK1-dependent mitophagy 
resulted in a higher number of abnormal 
mitochondria in the renal macrophages and an 
increase in the frequency of renal profibrotic/M2 
macrophages after UUO or adenine diet10. 
Similarly, TGF-β1-treated Pink1 deficient bone 
marrow-derived macrophages exhibited 
compromised mitochondrial respiration and 
higher mitochondrial-derived superoxide 
production. These observations highlight the 
role of PINK1-mediated mitophagy in 
maintaining macrophage mitochondrial quality 
control and homeostasis in the kidney. Although 
our understanding of the role of mitophagy in 
kidney fibrosis remains incompletely 
understood, investigations to date suggest that 
mitophagy is generally renoprotective and 
prevents the progression of kidney fibrosis. 

Mitophagy in Diabetic Nephropathy 
Diabetic nephropathy (DN) is the chief cause of 
CKD in patients who progress to end-stage renal 
disease (ESRD), and is characterized by clinical 
presentation of proteinuria, hypertension, and 
decline in kidney function42. Findings from 
preclinical studies indicate that renal 
impairment and oxidative stress in diabetic 
kidney disease (DKD) are closely linked to 

mitochondrial dysfunction and directly 
associated with the worsening of metabolic 
stress43. Studies also found that the expression 
of PINK1 and Parkin in the tubules of diabetic 
mice decreased while the mitochondrial 
fragmentation increased14,21. The LC3 puncta 
formation and the expression of PINK1 and 
mitochondrial fusion protein, MFN2 in the 
kidneys of streptozotocin-induced diabetic mice 
decreased while the expression of mitochondrial 
fission protein DRP1 and Fis1 increased14. These 
observations suggest that the mitophagy in the 
kidney during diabetic conditions was 
compromised, and there was an imbalance 
between mitochondrial fission/fusion processes. 
Similarly, mitophagy was suppressed in high-
glucose treated human proximal tubular cells 
and in the kidneys of diabetic mice14,21. Xiao et al. 
also reported that the expression of MFN2 and 
LC3 II and the copy number of the mitochondrial 
DNA in the kidneys of diabetic (db/db) mice 
decreased while the expression of DRP1 
increased21, suggesting that the mitophagy is 
impaired during DKD. 

The mitochondrial fragmentation in renal 
mesangial cells also increased after high glucose 
treatment23. The mitophagy was negatively 
correlated with mROS production, mitochondrial 
fragmentation, and cell death14. Moreover, 
PBMCs from patients with DN showed reduced 
mitochondrial respiration, poor bioenergetic 
health index than diabetic patients without 
kidney disease22. The treatment with 
mitoquinone (MitoQ), an mROS scavenger, 
helped in partly restoring the expression of 
PINK1 and Parkin, and prevented mitochondrial 
damage and tubular injury during DKD21.  

These observations indicate that mitophagy is 
impaired during CKD, and the activation of 
mitophagy may serve as a potential therapeutic 
approach in treating CKD and preventing disease 
progression. 

Conclusion and Perspectives 
Mitophagy by maintaining mitochondrial quality 
control has been shown to exert protective 
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functions during both AKI and CKD. Recently 
published studies using global Pink1 or Prkn, or 
conditional Mfn2 knockout rodent models have 
sought to elucidate the functions of mitophagy 
regulators using different experimental settings 
of kidney diseases. However, a deeper 
understanding of the molecular regulation and 
function of mitophagy during different 
pathological conditions of the kidney is still 
warranted. Whether mitophagy occurs as a 
consequence of mitochondrial fission/fusion 

mechanism or is entirely an independent event, 
is still unclear. Additional studies need to 
determine the functions of mitochondrial 
fission/fusion machinery in modulating the 
regulation of mitophagy during kidney diseases. 
Strategies to enhance mitophagy may be a 
potential therapeutic approach that may help in 
attenuating damaged mitochondrial-derived 
production of ROS and cell death and thereby 
maintaining cellular homeostasis. 
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Abbreviations Used

Acute kidney injury: AKI 
BCL2/adenovirus E1B 19kDa-interacting protein 3: 
BNIP3 
Chronic kidney disease: CKD 
Contrast-induced AKI: CIA 
Distal convoluted tubules: DCT 
Diabetic kidney disease: DKD 
Diabetic nephropathy: DN 
Dynamin-related protein 1: DRP1 
End-stage renal disease: ESRD 
FUN14 domain-containing protein 1: FUNDC1 
Ischemic preconditioning: IPC 
Ischemia-reperfusion injury: IRI 
Inner mitochondrial membrane: IMM 
LC3B interacting region: LIR 
Matrix metalloprotease: MMP 
Microtubule-associated protein light chain 3: LC3 
Mitochondrial fusion protein: MFN 

Mitochondrial-derived reactive oxygen species: 
mROS 
Mitochondrial targeting signal: MTS 
NIP3-like protein X: NIX 
NLRP3: Nucleotide-binding oligomerization 
domain-like pyrin domain-containing protein 3 
Outer mitochondrial membrane: OMM 
Peripheral blood mononuclear cells: PBMCs 
Phosphatase and tensin homolog (PTEN)-induced 
kinase1: PINK1 
Proximal convoluted tubules: PCT 
Proximal tubular epithelial cells: PTEC 
Transforming growth factor-beta 1: TGF-β1 
Translocase of the outer membrane: TOM 
Translocase of the inner membrane: TIM 
Unilateral ureteral obstruction: UUO 
Voltage-dependent anion channel: VDAC
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