
Mitophagy in Diabetic Kidney Disease
Xiaofeng Zhang†, Jing Feng†, Xia Li, Dan Wu, Qian Wang, Shuyu Li* and Changhua Shi*

School of Basic Medical Sciences, Beijing University of Chinese Medicine, Beijing, China

Diabetic kidney disease (DKD) is the most common cause of end-stage kidney disease
worldwide and is the main microvascular complication of diabetes. The increasing
prevalence of diabetes has increased the need for effective treatment of DKD and
identification of new therapeutic targets for better clinical management. Mitophagy is a
highly conserved process that selectively removes damaged or unnecessary mitochondria
via the autophagicmachinery. Given the important role of mitophagy in the increased risk of
DKD, especially with the recent surge in COVID-19-associated diabetic complications, in
this review, we provide compelling evidence for maintaining homeostasis in the glomeruli
and tubules and its underlying mechanisms, and offer new insights into potential
therapeutic approaches for treatment of DKD.
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INTRODUCTION

Diabetic kidney disease (DKD), the main microvascular complication of diabetes, is most often the
consequence of chronic kidney disease and end-stage renal disease. Clinically, the main
characteristics of DKD are albuminuria and decline in glomerular filtration rate (Tuttle et al.,
2014). Metabolic and hemodynamic changes in diabetes lead to alterations in the glomerular
structure, such as progressive thickening of the glomerular basement membrane (GBM), expansion
of the extracellular matrix (ECM), loss of Sertoli cells, and typical glomerular sclerosis (Kanwar et al.,
2011). Although pathogenic mechanisms of DKD remain unclear, several factors are considered to be
involved in the pathogenesis of diabetic nephropathy including the generation of advanced glycation
end products (Saxena et al., 2019), reactive oxygen species (ROS) (Lindblom et al., 2015; Han et al.,
2018), endoplasmic reticulum stress (Fan et al., 2017; Umanath and Lewis, 2018), and inflammatory
factors and activation of the renin-angiotensin system. An increasing number of studies have shown
that impaired mitochondrial function, reduced mitochondrial DNA, accumulation of damaged
mitochondria, production of ROS, decreased ATP content and cell viability, and reduced number of
phagocytic mitochondria are associated with diabetic nephropathy, which lead to the destruction of
glomeruli, renal tubules, blood vessels, and interstitium (Czajka et al., 2015; Palikaras et al., 2015;Wei
et al., 2019). This suggests that dysregulation of mitophagy may be involved in the pathogenesis of
diabetic nephropathy. Here, we review the detailed molecular mechanisms of mitophagy and
highlight the role of mitophagy in the pathogenesis and treatment of DKD.

Mitophagy
Autophagy (AP) is a conserved intracellular process in which damaged or redundant organelles are
degraded by lysosomes (Tuttle et al., 2014). Mitophagy is the selective removal of mitochondria by
autophagy to maintain mitochondrial content of cells and to ensure quality control (Galluzzi et al.,
2017; Guan et al., 2018). Our understanding of mitophagy has come a long way since the coining of
this term in 2005 (Lemasters, 2005). We now know that mitophagy is mediated by two different
signaling pathways—the PINK1/Parkin pathway (Novak, 2012) and the mitophagy receptor
pathway. The mitophagy receptor consists of three components, viz., 1) Outer mitochondrial
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membrane (OMM) proteins, such as Bcl-2/E1B-19K-interacting
protein 3-like (BNIP3L/NIX) (Novak et al., 2010), BCL-2/
adenovirus E1B 19-kDa interacting protein 3 (BNIP3) (Hanna
et al., 2012), FUN14 domain containing 1 (FUNDC1) (Liu et al.,
2012), FK506 binding protein 8 (FKBP8) (Bhujabal et al., 2017),
and Bcl-2-like protein 13 (Bcl2-L-13) (Otsu et al., 2015),
autophagy/beclin 1 regulator 1 (AMBRA1) (Strappazzon et al.,
2015); 2) mitochondrial membrane lipids such as cardiolipin
(Chu et al., 2013); and 3) mitophagy receptors, such as prohibitin
2 (PHB2), which form an inner mitochondrial membrane (IMM)
component (Wei et al., 2017).

PINK1/Parkin Pathway
PTEN-induced kinase 1(PINK1) is a serine/threonine kinase
(Nguyen et al., 2016), a member of the RBR E3 ligase family,
which is usually located in the cytoplasm. Activation of the
PINK1/Parkin pathway is currently considered to be the first
and most studied regulatory mechanism in mitophagy (Sekine
and Youle, 2018).

PINK1 Degradation
In healthy mitochondria, full-length PINK1 (64 kDa) is
continuously directed to mitochondria based on the
mitochondrial targeting sequence (MTS) in its N-terminus and
is imported into the inner mitochondrial membrane by TOMM
(translocase of the outer membrane) 40 and TIMM (translocase
of the inner membrane) 23 complex (Sekine and Youle, 2018),
and shortly after import PINK1 is cleaved by mitochondrial

processing peptidase (MPP) and presenilins-associated
rhomboid-like protein (PARL) (Spinazzi and De Strooper,
2016); MPP eliminates the MTS from the PINK1 structure
and PARL cleaves PINK1 at the transmembrane structural
domain (TMD) Ala103 to generate 52 kDa PINK1 (Deas et al.,
2011; Yoo and Jung, 2018; Sekine, 2020). Cleaved PINK1 is
transported to the cytoplasm and is degraded by proteasomes
through the traditional N-terminal pathway (Yamano and Youle,
2013). In this process, E3 ubiquitin ligases, UBR1, UBR2, and
UBR4, are responsible for the degradation of PINK1 (Yamano
and Youle, 2013). It was recently reported that PINK1 could be
degraded at the mitochondrial-endoplasmic reticulum (ER)
interface through ubiquitin, endoplasmic reticulum, and
proteasomal degradation (Guardia-Laguarta et al., 2019). The
first two steps involved the endoplasmic reticulum (ER)-
associated degradation (ERAD) pathway, which involved the
E3 ligases gp78 and HRD1, and Valosin-containing protein
(VCP) (Figure 1).

Parkin Activation and Mitophagy
Parkin is inherently inactive and needs to be activated by PINK1.
Autophosphorylation of PINK1 is a key event for the
mitochondrial translocation of Parkin and its subsequent
phosphorylation and activation (Zhuang et al., 2016).
Misfolding or aggregation of mitochondrial proteins and
excessive ROS levels in the mitochondrial matrix stimulate
mitochondrial damage or depolarization. Thus, mitochondria
fail to import PINK1 into IMM, which induces the

FIGURE 1 | Degradation pathway of PINK1 in normal mitochondria. In normal mitochondria, PINK1 is imported into mitochondria utilizing the translocase complex
of the outer membrane (TOM) and the translocase (TIM) of the inner membrane. In the inner mitochondrial membrane (IMM),① is followed by proteolytic cleavage of full-
length PINK1 by mitochondrial processing peptidase (MPP) processing and the intermembrane serine protease progerin-associated rhomboid protein (PARL), which
cleaves full-length PINK1 into a 52 kDa fragment that is subsequently degraded by proteasomes via the conventional N-terminal pathway.② It is also thought to be
degraded at the mitochondrial–endoplasmic reticulum (ER) interface.
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accumulation and activation of PINK1 in the OMM (Jin et al.,
2010). A recent study showed that ΔΨm deletion-dependent
arrest of PINK1 import not only originated from Tim23
inactivation but was also closely associated with competition
between TOM7, and OMA1 (Sekine et al., 2019).
Phosphorylated PINK1 activates (Rasool et al., 2018) and
phosphorylates ubiquitin on serine 65 (Ser65), resulting in the
recruitment of Parkin from the cytoplasm to the damaged OMM
and its partial activation (Matsuda et al., 2010; Vives-Bauza et al.,
2010). Parkin recognizes phospho-Ser 65-ubiquitin (PSER65-
UB) and translocates it to OMM proteins or the ubiquitin
substrate, which provides more phosphorylated substrates for
PINK1, and further recruits more Parkin, creating a positive
feedback loop (Matsuda, 2016). PSER65-UB promotes the
phosphorylation of UBLS65 residues in Parkin, which fully
activates Parkin, ubiquitin, and many OMM proteins. This
ultimately leads to the ubiquitination of specific proteins in
the OMM and results in the recruitment of selective
autophagy-adaptor proteins (Lazarou et al., 2015), such as
nuclear dot protein 52 kDa (NDP52), optineurin (OPTN),
P62/SQSTM1, neighbor of BRCA1 gene 1 (NBR1), and Tax1-
binding protein 1 (TAX1BP1). TAX1BP1 served as a springboard
for ring finger protein34 (RNF34) and mitochondrial antiviral
signaling protein (MAVS) that facilitated RNF34-mediated
autophagic degradation of MAVS through K27-linked
ubiquitination (Xu et al., 2021). These proteins interact with
microtubule-associated protein light chain 3 (LC3) to trigger the
mitochondrial degradation process (Heo et al., 2015). Studies
have shown that nipsnap homolog 1 (NIPSNAP1) and
NIPSNAP2 are primarily mitochondrial matrix proteins that
effectively act as “eat-me” signals for Parkin -dependent
mitophagy, and NIPSNAP1 and/or NIPSNAP2 accumulate on
the mitochondrial surface after mitochondrial depolarization,
recruiting autophagy receptors as well as human Atg8
(autophagy-related 8)-family proteins to promote mitophagy
(Abudu et al., 2019; Princely Abudu et al., 2019).

Ubiquitin Substrate
The substrates for polyubiquitination by the active Parkin include
the mitochondrial matrix protein methionine sulfoxide reductase
B2 (MsrB2), mitochondrial Rho GTPase (Miro1) (Safiulina et al.,
2019), F-box andWD repeat domain-containing 7 (Fbw7) (Yoon
et al., 2017), phosphoglycerate dehydrogenase (PHGDH) (Liu
et al., 2020a), mitofusin (MFN) 1 and 2 (Gegg et al., 2010), and
voltage-dependent anion-selective channel protein 1 (VDAC1)
(Geisler et al., 2010). The ubiquitinated substrates are degraded
by proteasomes during the induction of mitophagy.

Specifically, MsrB2 is a necessary Parkin substrate. When
mitochondria are severely damaged or ruptured, MsrB2 is
released. It reduces Parkin methionine oxidation of MetO,
which activates oxidized Parkin, and leads to the
ubiquitination of MsrB2 by Parkin (Lee et al., 2019a).
Additionally, some polyubiquitin substrates have multiple
functions. Miro1 is considered a Ca 2+ biosensor. Recently, it
was found that Miro is not only located in the mitochondria but
also in peroxisomes. Besides acting as a substrate for parkin-
dependent degradation, Miro can also initiate the recruitment of

Parkin (Safiulina et al., 2019). Mitotic fusion proteins (MFN 1 and
2) are not only involved in the regulation of mitochondrial fission
and fusion, but also in mitophagy (Gegg et al., 2010). Recently, it
was reported that the PINK1/Parkin pathway is involved in the
regulation of mitophagy and apoptosis through the induction of
two different types of ubiquitination of VDAC1, and that VDAC1
polyubiquitination was involved in the regulation of Parkin-
mediated mitophagy (Ham et al., 2020).

SQSTM1/P62 can also ubiquitinate mitochondrial proteins
directly through the P62-KEAP1-RBX1 complex, which is
independent of PINK1 and PRKN (Yamada et al., 2019).
Similarly, it has been found that PINK1 can directly recruit
OPTN/NDP52 through the ubiquitin-binding domain,
independent of Parkin, and then it recruits UNC-51-like
autophagy-activated kinase 1 (ULK1) in mitochondria to
initiate mitophagy (Lazarou et al., 2015). In the absence of
LC3, NDP52 associates with the ULK1 complex via focal
adhesion kinase family-interacting protein of 200 kDa
(FIP200), facilitated by TANK-binding kinase 1 (TBK1), and
subsequently recruits the ULK1 complex to ubiquitinated cargo
to initiate mitophagy (Vargas et al., 2019). This suggests that
deficiency of the PINK1-dependent mitophagy factor can be
adequately compensated through other means (Figure 2).

Mitophagy Receptor Pathway
BNIP3 and NIX
BNIP3 and its homologous protein, Nix/BNIP3L, are members of
the “BH3-only” Bcl-2 subfamily (Ney, 2015). Both BNIP3 and
NIX contain LC3-interacting region (LIR) motifs that can bind to
LC3, inducing mitophagy (Schwarten et al., 2009; Hanna et al.,
2012).

Previous studies have shown that BINP3 is involved in
autophagic cell death in apoptosis-competent cells under
hypoxia (Azad et al., 2008). Phosphorylation of S17 and S24
in BNIP3 regulates the interaction between BNIP3 and LC3
during mitochondrial depolarization (Zhu et al., 2013),
suggesting that kinases or phosphatases may play a role in
modulating mitophagy.

NIX-dependent mitochondrial removal was first identified in
mature erythrocytes (Schweers et al., 2007), and previous research
demonstrated that phosphorylation of Ser34 and Ser35 in Nix
enhances its interaction with LC3 and increases the recruitment
of autophagic machinery to mitochondria (Rogov et al., 2017).
Recent evidence suggests that LIR phosphorylation and NIX
dimerization are novel molecular mechanisms for the
activation of NIX, wherein Ser212, the major amino acid
residue in the C-terminus, is responsible for the dimerization
of NIX (Marinkovic et al., 2020). These structural studies provide
important information for exploring drugs that target NIX.

FUNDC1
FUNDC1 is a new OMM protein that promotes mitochondrial
fragmentation and mitophagy during hypoxia (Liu et al., 2012;
Zhang et al., 2016a; Zhang et al., 2017). Recently, it was shown
that FUNDC1 could recruit dynamin 1-like (DNM1L) to drive
mitochondrial fission (Wu et al., 2016). Dephosphorylation of
Ser13 of FUNDC1 enhances its interaction with DNM1L, thus
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enhancing mitophagy (Chen et al., 2016). In addition, in a model
of ischemic acute kidney injury, the protective effect of Fundc1-
dependent mitophagy could be exerted via the suppression of
Drp1-mediated mitochondrial fission (Wang et al., 2020a).
FUNDC1-mediated mitophagy is greatly affected by the
phosphorylation status of FUNDC1 (Lv et al., 2017). Under
normal conditions, CK2 kinase-induced Ser13 phosphorylation
of the LIR motif and SRC kinase-induced Tyr18 phosphorylation
of the LIR motif inhibit FUNDC1-mediated mitophagy, whereas
Ser17 phosphorylation promotes mitophagy (Kuang et al., 2016).
Under loss of mitochondrial membrane potential or hypoxia,
FUNDC1 undergoes dephosphorylation due to loss of SRC and
CK2 kinase activity and activation of phosphatases including
phosphoglycerate mutase 5 (PGAM5) and ULK1 (Wu et al.,
2014a; Chen et al., 2014). Dephosphorylated FUNDC1 interacts
with LC3 through its typical LC3 binding motif Y 18) XXL 21) to
induce mitophagy. FUNDC1 was shown to be a substrate for
mitochondrial ubiquitin ligase (MARCH5), an E3 ligase localized
to the OMM. In addition, the MARCH5-FUNDC1 axis is capable
of fine-tuning hypoxia-induced mitophagy by a mechanism that
may be related to the regulation of FUNDC1 ubiquitination and
degradation (Chen et al., 2017a). B-cell lymphoma-2-like 1

(BCL2L1) inhibits PGAM5 activity (Wu et al., 2014b), whereas
syntaxin 17 (Stx17) promotes interaction between PGAM5 and
FUNDC1. FUNDC1 can also bind to inositol 4-inositol-5-
trisphosphate type 2 receptor (IP3R2) in the endoplasmic
reticulum, activating calcium-dependent cAMP responsive
element binding protein (CREB) to regulate fission protein 1
(Fis1) at the transcriptional level and promote mitophagy (Wu
et al., 2017).

Regulatory Factors and Interaction of
BINP3 and FUNDC1 Expression
The process of mitophagy induced by BINP3, FUNDC1, and
Parkin may not occur independently. These factors not only
promote their own recruitment through positive feedback
loops but also promote the recruitment of other pro-
mitophagy factors. BNIP3 and NIX can promote the
recruitment of Parkin to mitochondria (Ding et al., 2010;
Lee et al., 2011). BNIP3 can suppress the proteolysis of
PINK1 and facilitates the accumulation of full-length
PINK1 on the OMM (Zhang et al., 2016b). NIX can be used
as an alternative mediator of mitophagy (Koentjoro et al.,

FIGURE 2 | A brief illustration of PTEN-induced kinase 1 (PINK1) mediatedmitophagy in damagedmitochondria. When cells are stimulated, the inner mitochondrial
membrane undergoes sustained depolarization, which leads to a decrease in the mitochondrial transmembrane potential ΔΨm. PINK1 accumulates on the outer
mitochondrial membrane and phosphorylates ubiquitin and Parkin, which causes Parkin to be recruited from the cytoplasm to the mitochondria. Activated Parkin can
phosphorylate and ubiquitinate mitochondrial proteins (e.g., MFN1/2, MsrB2, Miro1, and Fbw7), and autophagic adaptor proteins can directly recognize
polyubiquitin chains (p62, NDP52, OPTN, TAX1BP1, and NBR1) on damaged mitochondria by binding to microtubule-associated protein light chain 3 (LC3). This can
recruit ubiquitinated substances into autophagosomes, subsequently forming mitochondrial autophagosomes, fusion with lysosomes, and ultimately break down of
damaged mitochondria.
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2017) restoring mitochondrial function under PINK1 or
Parkin deficiency.

As of date, many factors have been identified as BNIP3
transcription factors; these include hypoxia-inducible factor-1
subunit α (HIF-1 α), MIR-145 (Liu et al., 2019), p53 (Feng et al.,
2011), and Brain and muscle ARNT-like protein 1 (BMAL1) (Li
et al., 2020). Specifically, insulin-like growth factor I (IGF-1)
signal transduction promotes tumorigenesis. IGF-1-induced
BNIP3-dependent mitophagy is a stress-protective response in
cancer cell lines and mouse embryonic fibroblasts (MEFs). This
process also requires the nuclear factor erythroid-2 related factor
2 (Nrf2) to play a critical through HIF-1 α and nuclear factor
erythroid 2-like 1 (NRF1) (Riis et al., 2020). The BDNF/TrkB/
HIF-1 α/BNIP3 signal transduction pathway can regulate the
mitophagy in bone marrow endothelial cells (Jin et al., 2019),
which complements the upstream signaling of HIF-1 α/BNIP3. In
cardiomyocytes, the circadian gene, BMAL1, was observed to
bind to the E-box element in the BNIP3 promoter, thereby
directly regulating BINP3 transcription (Li et al., 2020).

Macrophage stimulating factor 1 (Mst1), a new type of
mitophagy upstream regulator, is involved in the regulation of
multiple mitophagy pathways. This was verified through a series
of tests. In colorectal cancer, overexpression of Mst1 can activate
the JNK/p53 pathway, increase p53 phosphorylation, and
eventually inhibit BNIP3-related mitophagy (Li et al., 2018a).
In fatty liver disease, it was found that Mst1 gene knockout
reverses Parkin-related mitotic phagocytosis, which regulates
Parkin expression through the AMP-activated protein kinase
(AMPK) pathway (Zhou et al., 2019a). p53 is a mitotic
regulator that can inhibit the transcription and expression of
BNIP3 and FUNDC1. It was shown that BNIP3-mediated
mitophagy is regulated by the NR4A1/DNA-PKcs/p53 axis in
non-alcoholic fatty liver disease, resulting in mitophagy arrest
(Zhu et al., 2020). Further experiments showed that the Sirt3/
ERK/CREB signal transduction axis is also involved in the
regulation of BNIP3-mediated mitophagy. Thus, it inhibits
mitochondrial-dependent apoptosis of hepatocytes (Li et al.,
2018b). Surprisingly, it was found that the NR4A1/DNA-
PKcs/p53 transduction axis also activates Drp1-related
mitochondrial fission and limits FUNDC1-related mitophagy
in alcohol-related liver disease (ARLD). This axis is also
related to the increase in the expression of CK2 by p53 (Zhou
et al., 2019b).

In mammals, the mitogen-activated protein kinase (MAPK)
pathway consists of three parts—the extracellular signal-
regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and
p38 kinase pathway. Among these, there is evidence that the
ERK and JNK pathways are involved in the regulation of
FUNDC1-dependent mitophagy. In myocardial ischemia-
reperfusion injury, Mst1 inactivates FUNDC1-related
mitophagy by downregulating the MAPK/ERK/CREB pathway
(Yu et al., 2019). In laryngeal cancer cells, upregulation of
FUNDC1 expression can be achieved by activating Erk1/2
signaling (Hui et al., 2019), and JNK and ERK MAPK
activation can also trigger BNIP3-induced mitophagy. This
was also confirmed by UVB radiation-mediated accumulation
of ROS in human primary epidermal keratinocytes (HPEK)

(Moriyama et al., 2017). In TNF-α–induced mouse microglial
BV-2 cells, the MAPK/ERK/Yap signal pathway was involved in
MA-5-mediated upregulation of BNIP3 expression (Lei et al.,
2018).

Sirtuin 3 (SIRT3) is a mitochondrial deacetylase in neonatal
mouse cardiomyocytes treated with high amounts of glucose.
Overexpression of SIRT3 significantly increased the deacetylation
of Forkhead box class O 3a (FoxO3a) as well as the expression of
Parkin and autophagy marker (LC3B) (Yu et al., 2017). The study
found that when SIRT3 was blocked, the deacetylation of p53 was
not maintained, increasing p53–Parkin binding and blocking
Parkin depolarized mitochondrial translocation (Li et al.,
2018c). In addition, Newcastle disease virus infection induces
SIRT3 loss via PINK1-PRKN-dependent mitophagy to
reprogram energy metabolism (Gong et al., 2021). In CATH.a
cells, mitochonic acid 5 (MA-5) increased the expression of
SIRT3 through the AMPK pathway and promoted Parkin-
related mitophagy (Huang et al., 2019).

AMPK, a heterotrimeric complex, is an important cellular
energy receptor and metabolic switch. There is evidence that the
AMPK signaling pathway promotes nuclear translocation of the
transcription factor EB (TFEB) and induces Parkin-related
mitophagy (Cao et al., 2020). In addition, AMPK can also
promote phosphorylation of Parkin by activating S-phase
kinase-associated protein 2 (Skp2) (He and Gu, 2018). In
cardiomyocytes, overexpression of the AMPKα 2 subtype can
phosphorylate Ser495 PINK1 to eliminate damaged
mitochondria (Wang et al., 2018a). AMPK mediates
phosphorylation of TBK1 through the ULK1 complex, which
enhances the binding ability of autophagy receptors (such as
OPTN) to the ubiquitin cargo (Seabright et al., 2020) (Figure 3).

FKBP8
FKBP8 belongs to the FK506 binding protein family and is a new
type of mitochondrial receptor. It recruits LC3A to damaged
mitochondria in an LIR-dependent manner to promote
mitophagy, which is unrelated to the PINK1-Parkin-induced
mitophagy pathway (Bhujabal et al., 2017).

Bcl2-L-13
Bcl2-L-13 is an OMM protein. When expressed in yeast, it can be
used as a mitochondrial receptor to compensate for the function
of mitophagy receptor, Atg32 (Mao et al., 2011). After
mitochondrial depolarization, Bcl2-L-13 recruits the ULK1
complex, which is composed of ULK1, ATG13, FIP200, and
ATG101. Thereafter, LC3B is recruited to the OMM. ULK1
induces mitophagy through interaction between the LIR motif
in the Bcl2-L-13-ULK1 complex and LC3B (Murakawa et al.,
2015; Murakawa et al., 2019).

AMBRA1
In an ischemia/reoxygenation model, AMBRA1, the E3 ubiquitin
ligase, HUWE1, and IKKα kinase together regulate mitophagy.
AMBRA1 acts as a cofactor for HUWE1 activity, promotes
interaction between HUWE1 and MFN2, leading to the
ubiquitination and degradation of MFN2, which ultimately
affects mitophagy. Moreover, IKKα can phosphorylate
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AMBRA1 on Ser1014, allowing the AMBRA1-LIR pattern to
interact with LC3 (Di Rita et al., 2018). AMBRA1 is also thought
to enhance the PINK1/PARK2-dependent mitophagy
(Strappazzon et al., 2015). Myeloid cell leukemia-1 (MCL1), a
member of the BCL2 family, is a negative regulator of AMBRA1-
dependent mitophagy, which inhibits the recruitment of HUWE1
to the mitochondria. When MCL1 is phosphorylated by GSK-3β
at a conserved GSK-3 phosphorylation site (S159), the stability of
MCL1 is disrupted, which initiates AMBRA1-induced mitophagy
and ultimately leads to the degradation of MCL1 (Strappazzon
et al., 2020).

PHB2
PHB2, a highly conserved membrane scaffolding protein, was
identified as a novel inner membrane mitophagy receptor that
mediates mitophagy (Wei et al., 2017). Recent evidence suggests
that PHB2 promotes PINK1-PRKN/Parkin-dependent
mitophagy through the PARL-PGAM5-PINK1 axis. During
mitochondrial depolarization or damage, PHB2 interacts with
PARL to protect the structural integrity of PGAM5, thereby,
retaining PINK1 on the OMM, which subsequently recruits
Parkin to the damaged mitochondria, initiating mitophagy
(Lahiri and Klionsky, 2017; Yan et al., 2020). Bax inhibitor 1
(BI1) could stabilize PHB2 and promote its retention in
mitochondria, thus, preserving mitochondrial homeostasis
(Wang et al., 2020b).

Cardiolipin
Cardiolipin is a diphosphatidylglyceride that is distributed in the
IMM. Rotenone, 6-hydroxydopamine, and other pre-

mitochondrial stimuli cause cardiolipin to be externalized to
the mitochondrial surface. Cardiolipin directly interacts with
microtubule-associated protein 1 light chain 3 (MAP1LC3) to
induce mitophagy for clearing damaged mitochondria (Chu et al.,
2013). This suggests that cardiolipin can act as an important “I
eat” signal to regulate mitochondrial cell death and survival
(Figure 4).

Mitophagy and Renal Cells in DKD
The mechanisms of mitophagy in kidney function and pathology
remain largely understudied. We are only beginning to appreciate
the complex cellular process of mitophagy. A growing body of
evidence implicates the importance of mitophagy in the
maintenance of kidney homeostasis and pathogenesis. Much
of the current insight has been gained from investigations on
renal cells in culture and from complementary studies on animal
models. The regulation and function of mitophagy in the kidney
are likely cell type- and context-specific. Below, we discuss studies
on four resident renal cell types, viz., tubular epithelial cells,
podocytes, glomerular mesangial cells, and endothelial cells
(Figure 5). These highly specialized cell types are targets for
diabetic kidney injury.

Renal Tubules and Mitophagy in DKD
In renal tubular epithelial cells (RTECs) from mice treated with
high glucose (HG) and in renal biopsies from DKD patients,
diminished levels of mitophagy were observed (Chen et al., 2018).
Additionally, there is evidence for diminished mitophagy in the
renal tissue of diabetic mice, with decreased expression of
mitochondrial PINK1, Parkin, LC3II (mito-LC3II), Beclin1,

FIGURE 3 | Related factors regulate FUNDC1, BINP3, and Parkin-mediated mitophagy. Among them, SIRT3 activates Parkin-associated mitophagy by mediating
FOXO3a and p53 deacetylation. SIRT3 is involved in the regulation of BNIP3-mediated mitophagy through the ERK-CREB signal transduction axis. p53 is involved in the
regulation of mitophagy. The NR4A1/DNA-PKcs/p53 pathway inhibits FUNDC1 and BINP3-mediated mitophagy.
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and Atg5 (Feng et al., 2018). Findings in primary human renal
epithelial cells in vitro demonstrate that mitochondrial quality
control can be perturbed by mitophagy mediated through PINK/
Parkin (Chen et al., 2018; Chen et al., 2020; Kang et al., 2020;
Zhao and Sun, 2020). In diabetic nephropathy models, Parkin
knockout leads to many injury features, such as apoptosis,
inflammation, fibrosis, premature senescence of RTECs, and
decreased renal function (Chen et al., 2020). The
mitochondrial division/mitophagy inhibitor, Mdivi-1, could
accelerate senescence in RTECs (Chen et al., 2018), whereas in
HG-stimulated HK2 and LLC-PK1 cells, overexpression of
MIOX, a tubule-specific enzyme, inhibits PINK1/Parkin-
induced mitophagy, which leads to increased renal ROS
generation and tubulointerstitial injury in diabetic mice (Zhan
et al., 2015). In vitro studies showed dysregulation of mitophagy
in HG-induced proximal tubular cells, and TXNIP siRNA
restored tubular mitophagy by inhibiting the mTOR signaling
pathway and expression of BNIP3 (Huang et al., 2016). A large
body of evidence indicates that impaired mitophagy may play a
fundamental role in the pathogenesis of DKD.

Interestingly, overexpression of PINK1 in mouse RTECs failed
to attenuate mitochondrial dysfunction and cellular senescence.
In contrast, increased mitochondrial formation, decreased the
accumulation of mitochondrial ROS (MtROS), and activation of
mitophagy was observed with overexpression of OPTN, which
ultimately alleviated premature tubular cell aging (Chen et al.,
2018). In addition, decreased OPTN expression leads to the

development of tubulointerstitial inflammation and the
mechanism may be related to the accumulation of damaged
mitochondria and activation of the NLRP3 inflammasome,
which in turn leads to the cleavage of caspase-1 and IL-1β and
a significant increase in the release of IL-1β and IL-18 (Chen et al.,
2019). This suggests that OPTN may be the most important
protein regulator of mitophagy in RTECs.

Podocytes and Mitophagy in DKD
The mitochondrial LC3II/LC3I ratio and levels of PINK1, Parkin,
and Mfn1 proteins were downregulated, whereas p62 protein
levels were upregulated in renal tubular epithelial cells of diabetic
mice, podocytes of diabetic mice, and high glucose-treated MPC5
cells (Zhan et al., 2015; Sun et al., 2019; Guo et al., 2020; Han et al.,
2021). Additionally, glomerular basement membrane thickening
and dilatation of podocytes were observed in the kidneys of
diabetic mice, suggesting that mitophagy of podocytes is
inhibited and affects the progression of diabetic nephropathy
(Li et al., 2017a; Guo et al., 2020). Silencing of Parkin inhibited
mitophagy and significantly increased apoptosis of podocytes and
production of MtROS, induced with palmitic acid (Jiang et al.,
2020).

A recent report provided evidence that mitochondrial
phagocytosis may be inhibited by the downregulation of the
secreted glycoprotein, PGRN (Zhou et al., 2019c). The
expression of PGRN was significantly decreased in the kidneys
of both DKD patients and diabetic mice. Reduced PGRN

FIGURE 4 | Receptor-mediated mitochondrial phagocytosis. Mitochondrial membrane proteins (NIX, BNIP3, FUNDC1, AMBRA1, BCL2L13, PHB2, and FKBP8)
and lipids (cardiolipin) interact with LC3 and then recruit autophagosomes to mitochondria to initiate mitophagy. Under hypoxic conditions, BNIP3 is phosphorylated at
S17 and S24, and NIX is phosphorylated at Ser81, favoring interaction with LC3. Normally, FUNDC1 is phosphorylated at S13 and T18 by CK2 kinase and SRC kinase,
respectively, to inhibit FUNDC1-mediatedmitophagy, whenmitochondria are stimulated, UNC-51-like autophagy-activated kinase 1 (ULK1) and E3 ubiquitin ligase
March5, PGAM5 phosphatase dephosphorylate FUNDC1. BCL2L13 recruits ULK1 to form a Bcl2-L-13-ULK1 complex that binds to LC3 through its LIR motif. PHB2 in
the inner mitochondrial membrane acts as a mitochondrial receptor and cooperates with PARL, PGAM5, PINK1, and Parkin to regulate mitophagy. AMBRA1 is
phosphorylated at S1014 in response to two key factors, HUWE1 and IKKα, enhancing the interaction with LC3. FKBP8 binds to LC3 in an LIR-dependent manner.
Cardiolipin translocates to the outer mitochondrial membrane and directly interacts with LC3 to promote mitophagy.
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expression leads to the inhibition of the transcription factor,
FoxO1, dependent on STAT1, resulting in the inhibition of the
expression of the mitophagy-associated proteins, PINK1 and
Parkin, which leads to mitochondrial dysfunction in the
kidney under HG conditions (Zhou et al., 2019d). In addition,
FoxO1 can regulate the PINK1/Parkin-dependent mitophagy
activity. Overexpression of FoxO1 could ameliorate apoptosis
and injury in a cultured immortalized mouse podocyte cell line
(CIMP) and in mouse glomerular mesopodia induced by
streptozotocin (STZ) (Zhou et al., 2019d). Knockdown of
lncRNA SNHG17 promotes the formation of autophagic
vacuoles and Parkin-mediated mitophagy by regulating the
degradation of Mst1 (Guo et al., 2020).

These studies have shown that in diabetic kidneys, factors,
such as PGRN, FoxO1, and lncRNA SNHG17, are involved in
PINK1/Parkin-induced mitophagy through different pathways.
These weaken the protective function of mitophagy, which leads
to diabetic kidney disease.

Mesangial Cell and Mitophagy in DKD
Increasing evidence shows that mitophagy plays an important
role in the pathogenesis of DKD. The expression of autophagy
markers, LC3I/LC3I and p62, was observed in rat mesangial cells
in a time-dependent manner (Chen et al., 2017b). It was observed
that Parkin was recruited to the damaged mitochondria, and the
production of autophagic vacuoles was significantly increased

(Xu et al., 2016). Similarly, decreased mRNA expression of
autophagy-associated proteins, Beclin1, PINK1, and Parkin,
was observed in renal mesangial cells (RMC) under HG
conditions. Stimulation of mTOR/PINK1/Parkin-mediated
mitophagy can improve renal inflammation, glomerular
membrane dilatation, and extracellular matrix deposition
(Wen et al., 2020). Stimulation of BNIP3/Nix signal
transduction also has the same intervention effect (Jin et al.,
2020).

Several studies have shown that the activation of the PI3K/
AKT/mTOR pathway is involved in the autophagy of
glomerular mesangial cells, which exhibited increased
phosphorylation of mTOR (Lee et al., 2019b), PI3K, Akt,
and mTOR STZ-induced type 1 diabetic nephropathy
(T1DN) (Wang et al., 2020c). In another study, FBW7 was
shown to be an upstream stimulator of mTOR and
overexpression of FBW7 could inhibit mTOR signaling to
increase autophagy and alleviate DKD (Gao et al., 2019).
Triptolide (TP) can restore autophagy and reduce fibrosis
through the miR-141-3p/PTEN/Akt/mTOR pathway in
DKD rats and human mesangial cells cultured with under
HG conditions (Li et al., 2017b). Ursolic acid can inhibit the
activation of mTOR to reduce the accumulation of
extracellular matrix and improve hypertrophy and
proliferation of cells (Lu et al., 2015). These studies suggest
that autophagy and mitophagy play roles in renal protection.

FIGURE 5 | Summary of renal cell autophagy-mediated pathways in diabetic kidney disease (DKD). Txnip, Thioredoxin-interacting protein; OPTN, Optineurin;
PGRN, Progranulin; FBW7, F-box and WD repeat domain-containing protein 7; PI3K, The phosphoinositide 3- kinase; Akt, protein kinase B; Nrf-2, nuclear factor
erythroid 2-related factor 2; mTOR, the mammalian target of rapamycin.
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Endothelial Cells and Mitophagy in DKD
As of date, only a few studies have been conducted on the role of
mitophagy in endothelial cells. In db/db mice, an animal model of
type 2 diabetes, glomerular LC3 accumulation is reduced and is
accompanied by decreased accumulation of ATP and mtROS.
When exposed to HG, mitochondrial glomerular endothelial cells
(mGECs) were found to have decreased levels of LC3 - II, PINK,
and parkin (Sun et al., 2019). Glomerular apoptosis was
significantly ameliorated in db/db mice using the mitophagy-
activating factor Torin1, suggesting that mitophagy plays an
important and possibly therapeutic role in this disease.
Activation of Nrf2/ARE signaling promotes mitophagy in
glomerular endothelial cells may restore diabetic nephropathy-
induced mitochondrial dysfunction and impaired renal function
(Sun et al., 2019). In diabetic conditions, the mechanism
underlying weakened mitophagy leading to glomerular lesions
needs to be investigated further.

Prospects of Targeting Mitophagy Therapy
in DKD
Given the key role of mitophagy in DKD, specific interventions
targeting mitophagy to protect and restore mitochondrial
function have become promising strategies for preventing,
treating, and mitigating DKD. As of date, various compounds
and Chinese herbal decoctions targeting mitophagy have been
shown to protect the kidney from damage in DKD.

A recent study showed that miR-379 deletion ameliorates
features of DKD by enhancing adaptive mitophagy via FIS1
(Kato et al., 2021). In additon, MitoQ and CoQ10 are
mitochondria-targeting antioxidants that enhance mitophagy
and clearance of damaged mitochondria in the kidney. CoQ10
modulates mtROS and Nrf2/ARE pathways to increase
glomerular mitophagy and improves renal function and
mitochondrial homeostasis in db/db mice (Sun et al., 2019).
MitoQ consists of ubiquinone (oxidized CoQ10) molecules
conjugated to triphenylphosphonium (TPP) cation moiety,
which can effectively prevent mitochondrial oxidative damage
when compared with the prevention achieved by CoQ10 (Ross
et al., 2005; James et al., 2007; Murphy and Smith, 2007). Renal
function and tubular interstitial fibrosis in Ins2+/-AkitaJ mice in
a type 1 diabetes model were improved by oral administration of

MitoQ (Chacko et al., 2010), and in addition, there is evidence
that MitoQ treatment also improved tubular injury and apoptosis
in HG conditions, which is closely related to upregulation of Nrf2
and PINK/Parkin pathways to regulate mitochondrial
phagocytosis in renal tubules (Xiao et al., 2017).

D-gluconate is a potential pharmacological inhibitor of
MIOX. It has a renal protective effect in DKD. D-gluconate
therapy reversed STZ-induced inhibition of mitophagy in
diabetic mice and improved the integrity of renal tubule
cells (Zhan et al., 2015). It was demonstrated that
metformin, a classic antidiabetic agent, protects renal
epithelial cells stimulated with HG in vitro by activating
PP2A and inhibiting NF-κB to reverse the expression of
Parkin and mitophagy (Zhao and Sun, 2020). These results
suggest that activation of mitophagy, especially of the PINK1/
Parkin pathway, is an attractive target for improving diabetes-
induced renal damage.

In addition, traditional Chinese medicine (TCM) has been
widely used in the treatment of diabetes and its complications and
has achieved good results (Tian et al., 2019). However, there are
relatively few studies on the potential therapeutic mechanisms of
TCMs against diabetic nephropathy. Intriguingly, in db/db mice,
AstragalosideIV (AS-IV) treatment reduced the expression of
mitophagy-related proteins, PINK1, Parkin, p-Parkin (Ser65),
and LC-3II, in the kidney, thereby, reducing proteinuria and
promoting recovery from renal injur (Liu et al., 2017). Similarly,
treatment with Huangqi-Danshen decoction (HDD) improved
glomerular hypertrophy and increased glomerular mesangial cells
in db/db mice (Liu et al., 2020b). This suggests that the
mechanism underlying the effect of TCM against DKD may
involve inhibition of the mitophagy activity of renal
mitochondria.

Mitophagy inducers, such as resveratrol, rapamycin,
quercetin, or berberine, which trigger multiple signaling
pathways, are perceived as potential protective molecules
against DKD. For example, resveratrol turns on the expression
of Sirt, Beclin1, and BNIP3 (Ajoolabady et al., 2020). Rapamycin,
a pharmacological inhibitor of mTOR, stimulated autophagy and
mitophagy, and alleviated nephrotoxicity by restoring the
expression of PINK1 and Parkin (Wang et al., 2018b).
Quercetin can alleviate kidney fibrosis by reducing the
senescence of renal tubular epithelial cells through the SIRT1/

TABLE 1 | Summary of drugs aimed at improving mitochondrial dysfunction in DKD.

Agent Mechanism Model Influence factor Effect on DKD and
repair

Effect on
mitophagy

Pub.
year

References

d-gluconic inhibitor of MIOX diabetic mice PINK1, MIOX, ROS Attenuated DKD Promote 2015 Zhan et al. (2015)
CoQ10 Mitochondria-targeted

antioxidant
db/db type 2
diabetic mice

MtROS, Nrf2/ARE Attenuated DKD Promote 2019 Sun et al. (2019)

MitoQ Mitochondria-targeted
antioxidant

db/db mice Nrf2/Keap1 and
PINK/Parkin

Attenuated DKD Promote 2017 Xiao et al. (2017)

HDD db/db mice PINK1/Parkin Reduces urinary albumin excretion
and improves kidney injury

Restrain 2020 Liu et al. (2020b)

AS-IV db/db mice Attenuated DKD Restrain 2017 Liu et al. (2017)
metformin PP2A, NF-κB,

Parkin
Attenuated DKD Promote 2020 Zhao and Sun

(2020)
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PINK1/mitophagy axis (Liu et al., 2020c). Berberine alleviates
cisplatin-induced acute kidney injury by regulating mitophagy
via the PINK1/Parkin pathway (Qi et al., 2020). To this end, the
search for inducers of mitophagy, with minimal side effects, is
pertinent.

Mitophagy is considered to be a protective mechanism under
pathological conditions. However, with the progression of
diabetic nephropathy, mitophagy becomes overburdened or
impaired and mitochondrial fragments accumulate, leading to
cell death. TCM treatment is counterintuitive to the regulation of
mitophagy activity in DKD kidney by MITOQ, CoQ10, and
D-gluconate. A possible explanation is that mitophagy plays a
role in kidney protection, but its long-term activation may lead to
cell damage. This hypothesis needs to be tested in clinical trials
(Table 1).

CONCLUSION

There is no definitive cure for diabetic nephropathy. The main
treatment options for patients with diabetic nephropathy are to
reduce cardiovascular risk, control blood glucose, blood pressure,
blood lipids, and institute lifestyle changes. Drugs used to treat
diabetes such as the renin-angiotensin system (RAS) inhibitors,
including angiotensin-converting enzyme inhibitor (ACEI) and
angiotensin receptor blocker (ARB) (Lv et al., 2012; Miyazaki
et al., 2015). Drugs that control blood sugar include sodium-
glucose cotransporter-2 inhibitors (SGLT2i) (Fioretto et al., 2016;
Kawanami et al., 2017), glucagon-like peptide-1 receptor agonists
(GLP-1 RAs), and dipeptidyl peptidase IV (DPP-4) inhibitors
(Inzucchi et al., 2012; Pugliese et al., 2019); however, side effects
of these drugs have been reported (Seger et al., 2021).
Additionally, early prevention or slowing down the
progression of DKD cannot effectively prevent the

development of end-stage renal disease; therefore, it is
particularly important to find new therapeutic targets. There is
evidence that mitochondrial-targeted therapy for diabetic
nephropathy may have a renal protective effect. However,
related studies have shown that excessive mitophagy may also
lead to cell damage. Future studies are needed to reveal the exact
role of mitophagy in the renal tubules and glomeruli in DKD. We
also need to explore the roles of other cellular processes associated
with mitophagy in DKD, which will further promote our
understanding of the molecular mechanisms behind DKD and
the discovery of potential treatment methods.

AUTHOR CONTRIBUTIONS

XZ and JF were in charge of the writing of manuscript. XL was in
charge of editing the manuscript. DW and QW was in charge of
the revision of manuscript. SL and CS conceived and designed
this study, reviewed the manuscript and was responsible for the
overall content as guarantor. All authors contributed to the article
and approved the submitted version.

FUNDING

The research by the authors is supported by a grant (No.
81803941) from Chinese National Natural Science Foundation,
China.

ACKNOWLEDGMENTS

We also wish to sincerely thank editage for the English language
review.

REFERENCES

Abudu, Y. P., Pankiv, S., Mathai, B. J., Lamark, T., Johansen, T., and Simonsen, A.
(2019). NIPSNAP1 and NIPSNAP2 Act as "eat Me" Signals to Allow Sustained
Recruitment of Autophagy Receptors during Mitophagy. Autophagy 15 (10),
1845–1847. doi:10.1080/15548627.2019.1637642

Ajoolabady, A., Aslkhodapasandhokmabad, H., Aghanejad, A., Zhang, Y., and Ren,
J. (2020). Mitophagy Receptors and Mediators: Therapeutic Targets in the
Management of Cardiovascular Ageing. Ageing Res. Rev. 62, 101129.
doi:10.1016/j.arr.2020.101129

Azad, M. B., Chen, Y., Henson, E. S., Cizeau, J., McMillan-Ward, E., Israels, S. J.,
et al. (2008). Hypoxia Induces Autophagic Cell Death in Apoptosis-Competent
Cells through a Mechanism Involving BNIP3. Autophagy 4 (2), 195–204.
doi:10.4161/auto.5278

Bhujabal, Z., Birgisdottir, Å. B., Sjøttem, E., Brenne, H. B., Øvervatn, A.,
Habisov, S., et al. (2017). FKBP8 Recruits LC3A to Mediate Parkin-
independent Mitophagy. EMBO Rep. 18 (6), 947–961. doi:10.15252/
embr.201643147

Cao, S., Wang, C., Yan, J., Li, X., Wen, J., and Hu, C. (2020). Curcumin Ameliorates
Oxidative Stress-Induced Intestinal Barrier Injury and Mitochondrial Damage by
Promoting Parkin Dependent Mitophagy through AMPK-TFEB Signal Pathway.
Free Radic. Biol. Med. 147, 8–22. doi:10.1016/j.freeradbiomed.2019.12.004

Chacko, B. K., Reily, C., Srivastava, A., Johnson, M. S., Ye, Y., Ulasova, E., et al.
(2010). Prevention of Diabetic Nephropathy in Ins2(+/)⁻(AkitaJ) Mice by the

Mitochondria-Targeted TherapyMitoQ. Biochem. J. 432 (1), 9–19. doi:10.1042/
bj20100308

Chen, G., Han, Z., Feng, D., Chen, Y., Chen, L., Wu, H., et al. (2014). A
Regulatory Signaling Loop Comprising the PGAM5 Phosphatase and CK2
Controls Receptor-Mediated Mitophagy. Mol. Cell 54 (3), 362–377.
doi:10.1016/j.molcel.2014.02.034

Chen, J., Zhao, D., Zhu, M., Zhang, M., Hou, X., Ding, W., et al. (2017).
Paeoniflorin Ameliorates AGEs-Induced Mesangial Cell Injury through
Inhibiting RAGE/mTOR/autophagy Pathway. Biomed. Pharmacother. 89,
1362–1369. doi:10.1016/j.biopha.2017.03.016

Chen, K., Chen, J., Wang, L., Yang, J., Xiao, F., Wang, X., et al. (2020). Parkin
Ubiquitinates GATA4 and Attenuates the GATA4/GAS1 Signaling and
Detrimental Effects on Diabetic Nephropathy. FASEB J. 34 (7), 8858–8875.
doi:10.1096/fj.202000053r

Chen, K., Dai, H., Yuan, J., Chen, J., Lin, L., Zhang, W., et al. (2018).
Optineurin-mediated Mitophagy Protects Renal Tubular Epithelial Cells
against Accelerated Senescence in Diabetic Nephropathy. Cell Death Dis 9
(2), 105. doi:10.1038/s41419-017-0127-z

Chen, K., Feng, L., Hu, W., Chen, J., Wang, X., Wang, L., et al. (2019).
Optineurin Inhibits NLRP3 Inflammasome Activation by Enhancing
Mitophagy of Renal Tubular Cells in Diabetic Nephropathy. FASEB J.
33 (3), 4571–4585. doi:10.1096/fj.201801749rrr

Chen, M., Chen, Z., Wang, Y., Tan, Z., Zhu, C., Li, Y., et al. (2016). Mitophagy
Receptor FUNDC1 Regulates Mitochondrial Dynamics and Mitophagy.
Autophagy 12 (4), 689–702. doi:10.1080/15548627.2016.1151580

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 77801110

Zhang et al. Mitophagy

https://doi.org/10.1080/15548627.2019.1637642
https://doi.org/10.1016/j.arr.2020.101129
https://doi.org/10.4161/auto.5278
https://doi.org/10.15252/embr.201643147
https://doi.org/10.15252/embr.201643147
https://doi.org/10.1016/j.freeradbiomed.2019.12.004
https://doi.org/10.1042/bj20100308
https://doi.org/10.1042/bj20100308
https://doi.org/10.1016/j.molcel.2014.02.034
https://doi.org/10.1016/j.biopha.2017.03.016
https://doi.org/10.1096/fj.202000053r
https://doi.org/10.1038/s41419-017-0127-z
https://doi.org/10.1096/fj.201801749rrr
https://doi.org/10.1080/15548627.2016.1151580
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Chen, Z., Siraj, S., Liu, L., and Chen, Q. (2017). MARCH5-FUNDC1 axis fine-tunes
Hypoxia-Induced Mitophagy. Autophagy 13 (7), 1244–1245. doi:10.1080/
15548627.2017.1310789

Chu, C. T., Ji, J., Dagda, R. K., Jiang, J. F., Tyurina, Y. Y., Kapralov, A. A., et al.
(2013). Cardiolipin Externalization to the Outer Mitochondrial Membrane Acts
as an Elimination Signal for Mitophagy in Neuronal Cells.Nat. Cell Biol 15 (10),
1197–1205. doi:10.1038/ncb2837

Czajka, A., Ajaz, S., Gnudi, L., Parsade, C. K., Jones, P., Reid, F., et al. (2015).
Altered Mitochondrial Function, Mitochondrial DNA and Reduced Metabolic
Flexibility in Patients with Diabetic Nephropathy. EBioMedicine 2 (6), 499–512.
doi:10.1016/j.ebiom.2015.04.002

Deas, E., Plun-Favreau, H., Gandhi, S., Desmond, H., Kjaer, S., Loh, S. H. Y., et al.
(2011). PINK1 Cleavage at Position A103 by the Mitochondrial Protease PARL.
Hum. Mol. Genet. 20 (5), 867–879. doi:10.1093/hmg/ddq526

Di Rita, A., Peschiaroli, A., D′Acunzo, P., Strobbe, D., Hu, Z., Gruber, J., et al.
(2018). HUWE1 E3 Ligase Promotes PINK1/PARKIN-independent Mitophagy
by Regulating AMBRA1 Activation via IKKalpha. Nat. Commun. 9 (1), 3755.
doi:10.1038/s41467-018-05722-3

Ding, W.-X., Ni, H.-M., Li, M., Liao, Y., Chen, X., Stolz, D. B., et al. (2010). Nix Is
Critical to Two Distinct Phases of Mitophagy, Reactive Oxygen Species-
Mediated Autophagy Induction and Parkin-Ubiquitin-P62-Mediated
Mitochondrial Priming. J. Biol. Chem. 285 (36), 27879–27890. doi:10.1074/
jbc.m110.119537

Fan, Y., Lee, K.,Wang, N., andHe, J. C. (2017). The Role of Endoplasmic Reticulum
Stress in Diabetic Nephropathy. Curr. Diab Rep. 17 (3), 17. doi:10.1007/s11892-
017-0842-y

Feng, J., Lu, C., Dai, Q., Sheng, J., and Xu, M. (2018). SIRT3 Facilitates Amniotic
Fluid Stem Cells to Repair Diabetic Nephropathy through Protecting
Mitochondrial Homeostasis by Modulation of Mitophagy. Cell Physiol
Biochem 46 (4), 1508–1524. doi:10.1159/000489194

Feng, X., Liu, X., Zhang, W., and Xiao, W. (2011). p53 Directly Suppresses BNIP3
Expression to Protect against Hypoxia-Induced Cell Death. Embo j 30 (16),
3397–3415. doi:10.1038/emboj.2011.248

Fioretto, P., Zambon, A., Rossato, M., Busetto, L., and Vettor, R. (2016). SGLT2
Inhibitors and the Diabetic Kidney. Diabetes Care 39 (Suppl. 2), S165–S171.
doi:10.2337/dcS15-3006

Galluzzi, L., Baehrecke, E. H., Ballabio, A., Boya, P., Bravo-San Pedro, J. M.,
Cecconi, F., et al. (2017). Molecular Definitions of Autophagy and Related
Processes. Embo j 36 (13), 1811–1836. doi:10.15252/embj.201796697

Gao, C., Fan, F., Chen, J., Long, Y., Tang, S., Jiang, C., et al. (2019). FBW7 Regulates
the Autophagy Signal in Mesangial Cells Induced by High Glucose. Biomed.
Res. Int. 2019, 6061594. doi:10.1155/2019/6061594

Gegg, M. E., Cooper, J. M., Chau, K.-Y., Rojo, M., Schapira, A. H. V., and Taanman,
J.-W. (2010). Mitofusin 1 and Mitofusin 2 Are Ubiquitinated in a PINK1/
parkin-dependent Manner upon Induction of Mitophagy.Hum. Mol. Genet. 19
(24), 4861–4870. doi:10.1093/hmg/ddq419

Geisler, S., Holmström, K. M., Skujat, D., Fiesel, F. C., Rothfuss, O. C., Kahle, P.
J., et al. (2010). PINK1/Parkin-mediated Mitophagy Is Dependent on
VDAC1 and p62/SQSTM1. Nat. Cell Biol 12 (2), 119–131. doi:10.1038/
ncb2012

Gong, Y., Tang, N., Liu, P., Sun, Y., Lu, S., Liu, W., et al. (2021). Newcastle Disease
Virus Degrades SIRT3 via PINK1-PRKN-dependent Mitophagy to Reprogram
Energy Metabolism in Infected Cells. Autophagy, 1–19. doi:10.1080/
15548627.2021.1990515

Guan, R., Zou, W., Dai, X., Yu, X., Liu, H., Chen, Q., et al. (2018). Mitophagy, a
Potential Therapeutic Target for Stroke. J. Biomed. Sci. 25 (1), 87. doi:10.1186/
s12929-018-0487-4

Guardia-Laguarta, C., Liu, Y., Lauritzen, K. H., Erdjument-Bromage, H., Martin, B.,
Swayne, T. C., et al. (2019). PINK1 Content in Mitochondria Is Regulated by
ER-Associated Degradation. J. Neurosci. 39 (36), 7074–7085. doi:10.1523/
jneurosci.1691-18.2019

Guo, F., Wang, W., Song, Y., Wu, L., Wang, J., Zhao, Y., et al. (2020). LncRNA
SNHG17 Knockdown Promotes Parkin-dependent Mitophagy and Reduces
Apoptosis of Podocytes through Mst1. Cell Cycle 19 (16), 1997–2006.
doi:10.1080/15384101.2020.1783481

Ham, S. J., Lee, D., Yoo, H., Jun, K., Shin, H., and Chung, J. (2020). Decision
between Mitophagy and Apoptosis by Parkin via VDAC1 Ubiquitination. Proc.
Natl. Acad. Sci. USA 117 (8), 4281–4291. doi:10.1073/pnas.1909814117

Han, Y. C., Tang, S. Q., Liu, Y. T., Li, A. M., Zhan, M., Yang, M., et al. (2021).
AMPK Agonist Alleviate Renal Tubulointerstitial Fibrosis via Activating
Mitophagy in High Fat and Streptozotocin Induced Diabetic Mice. Cell
Death Dis 12 (10), 925. doi:10.1038/s41419-021-04184-8

Han, Y., Xu, X., Tang, C., Gao, P., Chen, X., Xiong, X., et al. (2018). Reactive
Oxygen Species Promote Tubular Injury in Diabetic Nephropathy: The Role of
the Mitochondrial Ros-Txnip-Nlrp3 Biological axis. Redox Biol. 16, 32–46.
doi:10.1016/j.redox.2018.02.013

Hanna, R. A., Quinsay, M. N., Orogo, A. M., Giang, K., Rikka, S., and Gustafsson,
Å. B. (2012). Microtubule-associated Protein 1 Light Chain 3 (LC3) Interacts
with Bnip3 Protein to Selectively Remove Endoplasmic Reticulum and
Mitochondria via Autophagy. J. Biol. Chem. 287 (23), 19094–19104.
doi:10.1074/jbc.m111.322933

He, L., and Gu, K. (2018). Tanshinone IIA Regulates Colorectal Cancer Apoptosis
via Attenuation of Parkinmediated Mitophagy by Suppressing AMPK/Skp2
Pathways. Mol. Med. Rep. 18 (2), 1692–1703. doi:10.3892/mmr.2018.9087

Heo, J.-M., Ordureau, A., Paulo, J. A., Rinehart, J., and Harper, J. W. (2015). The
PINK1-PARKIN Mitochondrial Ubiquitylation Pathway Drives a Program of
OPTN/NDP52 Recruitment and TBK1 Activation to Promote Mitophagy.Mol.
Cell 60 (1), 7–20. doi:10.1016/j.molcel.2015.08.016

Huang, C., Zhang, Y., Kelly, D., Tan, C., Gill, A., Cheng, D., et al. (2016).
Thioredoxin Interacting Protein (TXNIP) Regulates Tubular Autophagy and
Mitophagy in Diabetic Nephropathy through the mTOR Signaling Pathway.
Scientific Rep. 6, 29196. doi:10.1038/srep29196

Huang, D., Liu, M., and Jiang, Y. (2019). Mitochonic Acid-5 Attenuates TNF-
Alpha-Mediated Neuronal Inflammation via Activating Parkin-Related
Mitophagy and Augmenting the AMPK-Sirt3 Pathways. J. Cell Physiol 234
(12), 22172–22182. doi:10.1002/jcp.28783

Hui, L., Wu, H., Wang, T., Yang, N., Guo, X., and Jang, X. (2019). Hydrogen
Peroxide-Induced Mitophagy Contributes to Laryngeal Cancer Cells Survival
via the Upregulation of FUNDC1. Clin. translational Oncol. : official Publ. Fed.
Spanish Oncol. Societies Natl. Cancer Inst. Mexico 21 (5), 596–606. doi:10.1007/
s12094-018-1958-5

Inzucchi, S. E., Bergenstal, R. M., Buse, J. B., Diamant, M., Ferrannini, E., Nauck,
M., et al. (2012). Management of Hyperglycaemia in Type 2 Diabetes: a Patient-
Centered Approach. Position Statement of the American Diabetes Association
(ADA) and the European Association for the Study of Diabetes (EASD).
Diabetologia 55 (6), 1577–1596. doi:10.1007/s00125-012-2534-0

James, A. M., Sharpley, M. S., Manas, A. R., Frerman, F. E., Hirst, J., Smith, R. A.,
et al. (2007). Interaction of theMitochondria-Targeted AntioxidantMitoQwith
Phospholipid Bilayers and Ubiquinone Oxidoreductases. J. Biol. Chem. 282
(20), 14708–14718. doi:10.1074/jbc.m611463200

Jiang, X. S., Chen, X. M., Hua, W., He, J. L., Liu, T., Li, X. J., et al. (2020). PINK1/
Parkin Mediated Mitophagy Ameliorates Palmitic Acid-Induced Apoptosis
through Reducing Mitochondrial ROS Production in Podocytes. Biochem.
Biophys. Res. Commun. 525 (4), 954–961. doi:10.1016/j.bbrc.2020.02.170

Jin, H., Zhu, Y., Li, Y., Ding, X., Ma, W., Han, X., et al. (2019). BDNF-mediated
Mitophagy Alleviates High-Glucose-Induced Brain Microvascular Endothelial
Cell Injury. Apoptosis 24 (5-6), 511–528. doi:10.1007/s10495-019-01535-x

Jin, L., Zheng, D., Yang, G., Li, W., Yang, H., Jiang, Q., et al. (2020). Tilapia Skin
Peptides Ameliorate Diabetic Nephropathy in STZ-Induced Diabetic Rats and
HG-Induced GMCs by Improving Mitochondrial Dysfunction. Mar. Drugs 18
(7). doi:10.3390/md18070363

Jin, S. M., Lazarou, M., Wang, C., Kane, L. A., Narendra, D. P., and Youle, R. J.
(2010). Mitochondrial Membrane Potential Regulates PINK1 Import and
Proteolytic Destabilization by PARL. J. Cell Biol 191 (5), 933–942.
doi:10.1083/jcb.201008084

Kang, L., Liu, S., Li, J., Tian, Y., Xue, Y., and Liu, X. (2020). The Mitochondria-
Targeted Anti-oxidant MitoQ Protects against Intervertebral Disc
Degeneration by Ameliorating Mitochondrial Dysfunction and Redox
Imbalance. Cell Prolif 53 (3), e12779. doi:10.1111/cpr.12779

Kanwar, Y. S., Sun, L., Xie, P., Liu, F.-y., and Chen, S. (2011). A Glimpse of Various
Pathogenetic Mechanisms of Diabetic Nephropathy. Annu. Rev. Pathol. Mech.
Dis. 6, 395–423. doi:10.1146/annurev.pathol.4.110807.092150

Kato, M., Abdollahi, M., Tunduguru, R., Tsark, W., Chen, Z., Wu, X. W., et al.
(2021). miR-379 Deletion Ameliorates Features of Diabetic Kidney Disease by
Enhancing Adaptive Mitophagy via FIS1. Commun. Biol. 4 (1). doi:10.1038/
s42003-020-01516-w

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 77801111

Zhang et al. Mitophagy

https://doi.org/10.1080/15548627.2017.1310789
https://doi.org/10.1080/15548627.2017.1310789
https://doi.org/10.1038/ncb2837
https://doi.org/10.1016/j.ebiom.2015.04.002
https://doi.org/10.1093/hmg/ddq526
https://doi.org/10.1038/s41467-018-05722-3
https://doi.org/10.1074/jbc.m110.119537
https://doi.org/10.1074/jbc.m110.119537
https://doi.org/10.1007/s11892-017-0842-y
https://doi.org/10.1007/s11892-017-0842-y
https://doi.org/10.1159/000489194
https://doi.org/10.1038/emboj.2011.248
https://doi.org/10.2337/dcS15-3006
https://doi.org/10.15252/embj.201796697
https://doi.org/10.1155/2019/6061594
https://doi.org/10.1093/hmg/ddq419
https://doi.org/10.1038/ncb2012
https://doi.org/10.1038/ncb2012
https://doi.org/10.1080/15548627.2021.1990515
https://doi.org/10.1080/15548627.2021.1990515
https://doi.org/10.1186/s12929-018-0487-4
https://doi.org/10.1186/s12929-018-0487-4
https://doi.org/10.1523/jneurosci.1691-18.2019
https://doi.org/10.1523/jneurosci.1691-18.2019
https://doi.org/10.1080/15384101.2020.1783481
https://doi.org/10.1073/pnas.1909814117
https://doi.org/10.1038/s41419-021-04184-8
https://doi.org/10.1016/j.redox.2018.02.013
https://doi.org/10.1074/jbc.m111.322933
https://doi.org/10.3892/mmr.2018.9087
https://doi.org/10.1016/j.molcel.2015.08.016
https://doi.org/10.1038/srep29196
https://doi.org/10.1002/jcp.28783
https://doi.org/10.1007/s12094-018-1958-5
https://doi.org/10.1007/s12094-018-1958-5
https://doi.org/10.1007/s00125-012-2534-0
https://doi.org/10.1074/jbc.m611463200
https://doi.org/10.1016/j.bbrc.2020.02.170
https://doi.org/10.1007/s10495-019-01535-x
https://doi.org/10.3390/md18070363
https://doi.org/10.1083/jcb.201008084
https://doi.org/10.1111/cpr.12779
https://doi.org/10.1146/annurev.pathol.4.110807.092150
https://doi.org/10.1038/s42003-020-01516-w
https://doi.org/10.1038/s42003-020-01516-w
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Kawanami, D., Matoba, K., Takeda, Y., Nagai, Y., Akamine, T., Yokota, T., et al.
(2017). SGLT2 Inhibitors as a Therapeutic Option for Diabetic Nephropathy.
Int. J. Mol. Sci. 18 (5). doi:10.3390/ijms18051083

Koentjoro, B., Park, J.-S., and Sue, C. M. (2017). Nix Restores Mitophagy and
Mitochondrial Function to Protect against PINK1/Parkin-Related Parkinson’s
Disease. Sci. Rep. 7, 44373. doi:10.1038/srep44373

Kuang, Y., Ma, K., Zhou, C., Ding, P., Zhu, Y., Chen, Q., et al. (2016). Structural
Basis for the Phosphorylation of FUNDC1 LIR as a Molecular Switch of
Mitophagy. Autophagy 12 (12), 2363–2373. doi:10.1080/
15548627.2016.1238552

Lahiri, V., and Klionsky, D. J. (2017). PHB2/prohibitin 2: An Inner Membrane
Mitophagy Receptor. Cell Res 27 (3), 311–312. doi:10.1038/cr.2017.23

Lazarou, M., Sliter, D. A., Kane, L. A., Sarraf, S. A., Wang, C., Burman, J. L., et al.
(2015). The Ubiquitin Kinase PINK1 Recruits Autophagy Receptors to Induce
Mitophagy. Nature 524 (7565), 309–314. doi:10.1038/nature14893

Lee, E. J., Kang, M. K., Kim, Y. H., Kim, D. Y., Oh, H., Kim, S. I., et al. (2019).
Dietary Chrysin Suppresses Formation of Actin Cytoskeleton and Focal
Adhesion in AGE-Exposed Mesangial Cells and Diabetic Kidney: Role of
Autophagy. Nutrients 11 (1). doi:10.3390/nu11010127

Lee, S. H., Lee, S., Du, J., Jain, K., Ding, M., Kadado, A. J., et al. (2019).
Mitochondrial MsrB2 Serves as a Switch and Transducer for Mitophagy.
EMBO Mol. Med. 11 (8), e10409. doi:10.15252/emmm.201910409

Lee, Y., Lee, H.-Y., Hanna, R. A., and Gustafsson, Å. B. (2011). Mitochondrial
Autophagy by Bnip3 Involves Drp1-Mediated Mitochondrial Fission and
Recruitment of Parkin in Cardiac Myocytes. Am. J. Physiology-Heart
Circulatory Physiol. 301 (5), H1924–H1931. doi:10.1152/ajpheart.00368.2011

Lei, Q., Tan, J., Yi, S., Wu, N., Wang, Y., and Wu, H. (2018). Mitochonic Acid 5
Activates the MAPK-ERK-Yap Signaling Pathways to Protect Mouse Microglial
BV-2 Cells against TNFalpha-Induced Apoptosis via Increased Bnip3-Related
Mitophagy. Cell Mol Biol Lett 23, 14. doi:10.1186/s11658-018-0081-5

Lemasters, J. J. (2005). Selective Mitochondrial Autophagy, or Mitophagy, as a
Targeted Defense against Oxidative Stress, Mitochondrial Dysfunction, and
Aging. Rejuvenation Res. 8 (1), 3–5. doi:10.1089/rej.2005.8.3

Li, E., Li, X., Huang, J., Xu, C., Liang, Q., Ren, K., et al. (2020). BMAL1 Regulates
Mitochondrial Fission and Mitophagy through Mitochondrial Protein BNIP3
and Is Critical in the Development of Dilated Cardiomyopathy. Protein Cell 11
(9), 661–679. doi:10.1007/s13238-020-00713-x

Li, Q., Qi, F., Meng, X., Zhu, C., and Gao, Y. (2018). Mst1 Regulates Colorectal
Cancer Stress Response via Inhibiting Bnip3-Related Mitophagy by Activation
of JNK/p53 Pathway. Cell Biol Toxicol 34 (4), 263–277. doi:10.1007/s10565-
017-9417-6

Li, R., Xin, T., Li, D., Wang, C., Zhu, H., and Zhou, H. (2018). Therapeutic Effect of
Sirtuin 3 on Ameliorating Nonalcoholic Fatty Liver Disease: The Role of the
ERK-CREB Pathway and Bnip3-Mediated Mitophagy. Redox Biol. 18, 229–243.
doi:10.1016/j.redox.2018.07.011

Li, W., Du, M., Wang, Q., Ma, X., Wu, L., Guo, F., et al. (2017). FoxO1
Promotes Mitophagy in the Podocytes of Diabetic Male Mice via the
PINK1/Parkin Pathway. Endocrinology 158 (7), 2155–2167. doi:10.1210/
en.2016-1970

Li, X. Y., Wang, S. S., Han, Z., Han, F., Chang, Y. P., Yang, Y., et al. (2017).
Triptolide Restores Autophagy to Alleviate Diabetic Renal Fibrosis through
the miR-141-3p/PTEN/Akt/mTOR Pathway. Mol. Ther. Nucleic Acids 9,
48–56. doi:10.1016/j.omtn.2017.08.011

Li, Y., Ma, Y., Song, L., Yu, L., Zhang, L., Zhang, Y., et al. (2018). SIRT3
Deficiency Exacerbates p53/Parkin-Mediated Mitophagy Inhibition and
Promotes Mitochondrial Dysfunction: Implication for Aged Hearts. Int.
J. Mol. Med. 41 (6), 3517–3526. doi:10.3892/ijmm.2018.3555

Lindblom, R., Higgins, G., Coughlan, M., and de Haan, J. B. (2015). Targeting
Mitochondria and Reactive Oxygen Species-Driven Pathogenesis in
Diabetic Nephropathy. Rev. Diabet Stud. 12 (1-2), 134–156. doi:10.1900/
RDS.2015.12.134

Liu, H., Huang, H., Li, R., Bi, W., Feng, L., Lingling, E., et al. (2019). Mitophagy
Protects SH-Sy5y Neuroblastoma Cells against the TNFα-Induced
Inflammatory Injury: Involvement of microRNA-145 and Bnip3. Biomed.
Pharmacother. 109, 957–968. doi:10.1016/j.biopha.2018.10.123

Liu, J., Zhang, C., Wu, H., Sun, X.-X., Li, Y., Huang, S., et al. (2020). Parkin
Ubiquitinates Phosphoglycerate Dehydrogenase to Suppress Serine Synthesis

and Tumor Progression. J. Clin. Invest. 130 (6), 3253–3269. doi:10.1172/
jci132876

Liu, L., Feng, D., Chen, G., Chen, M., Zheng, Q., Song, P., et al. (2012).
Mitochondrial Outer-Membrane Protein FUNDC1 Mediates Hypoxia-
Induced Mitophagy in Mammalian Cells. Nat. Cell Biol 14 (2), 177–185.
doi:10.1038/ncb2422

Liu, T., Yang, Q., Zhang, X., Qin, R., Shan, W., Zhang, H., et al. (2020). Quercetin
Alleviates Kidney Fibrosis by Reducing Renal Tubular Epithelial Cell
Senescence through the SIRT1/PINK1/mitophagy axis. Life Sci. 257, 118116.
doi:10.1016/j.lfs.2020.118116

Liu, X., Lu, J., Liu, S., Huang, D., Chen, M., Xiong, G., et al. (2020). Huangqi-
Danshen Decoction Alleviates Diabetic Nephropathy in Db/db Mice by
Inhibiting PINK1/Parkin-Mediated Mitophagy. Am. J. Transl Res. 12 (3),
989–998.

Liu, X., Wang, W., Song, G., Wei, X., Zeng, Y., Han, P., et al. (2017). Astragaloside
IV Ameliorates Diabetic Nephropathy by Modulating the Mitochondrial
Quality Control Network. PLoS One 12 (8), e0182558. doi:10.1371/
journal.pone.0182558

Lu, X., Fan, Q., Xu, L., Li, L., Yue, Y., Xu, Y., et al. (2015). Ursolic Acid Attenuates
Diabetic Mesangial Cell Injury through the Up-Regulation of Autophagy via
miRNA-21/PTEN/Akt/mTOR Suppression. PLoS One 10 (2), e0117400.
doi:10.1371/journal.pone.0117400

Lv, J., Perkovic, V., Foote, C., Craig, M., Craig, J., and Strippoli, G. (2012).
Antihypertensive Agents for Preventing Diabetic Kidney Disease.
Cochrane database Syst. Rev. 12, CD004136. doi:10.1002/
14651858.CD004136.pub3

Lv, M., Wang, C., Li, F., Peng, J., Wen, B., Gong, Q., et al. (2017). Structural Insights
into the Recognition of Phosphorylated FUNDC1 by LC3B in Mitophagy.
Protein Cell 8 (1), 25–38. doi:10.1007/s13238-016-0328-8

Mao, K., Wang, K., Zhao, M., Xu, T., and Klionsky, D. J. (2011). Two MAPK-
Signaling Pathways Are Required for Mitophagy in Saccharomyces cerevisiae.
J. Cell Biol 193 (4), 755–767. doi:10.1083/jcb.201102092

Marinkovic, M., Sprung, M., and Novak, I. (2020). Dimerization of Mitophagy
Receptor BNIP3L/NIX Is Essential for Recruitment of Autophagic
Machinery. Autophagy 17 (5), 1232–1243. doi:10.1080/
15548627.2020.1755120

Matsuda, N. (2016). Phospho-ubiquitin: Upending the PINK-Parkin-Ubiquitin
cascade. J. Biochem. 159 (4), 379–385. doi:10.1093/jb/mvv125

Matsuda, N., Sato, S., Shiba, K., Okatsu, K., Saisho, K., Gautier, C. A., et al. (2010).
PINK1 Stabilized by Mitochondrial Depolarization Recruits Parkin to
Damaged Mitochondria and Activates Latent Parkin for Mitophagy. J. Cell
Biol 189 (2), 211–221. doi:10.1083/jcb.200910140

Miyazaki, H., Babazono, A., Nishi, T., Maeda, T., Imatoh, T., Ichiba, M., et al.
(2015). Does Antihypertensive Treatment with Renin-Angiotensin System
Inhibitors Prevent the Development of Diabetic Kidney Disease? BMC
Pharmacol. Toxicol. 16, 22. doi:10.1186/s40360-015-0024-y

Moriyama, M., Moriyama, H., Uda, J., Kubo, H., Nakajima, Y., Goto, A., et al.
(2017). BNIP3 Upregulation via Stimulation of ERK and JNK Activity Is
Required for the protection of Keratinocytes from UVB-Induced Apoptosis.
Cell Death Dis. 8 (2), e2576. doi:10.1038/cddis.2017.4

Murakawa, T., Okamoto, K., Omiya, S., Taneike, M., Yamaguchi, O., and Otsu, K.
(2019). A Mammalian Mitophagy Receptor, Bcl2-L-13, Recruits the ULK1
Complex to Induce Mitophagy. Cell Rep 26 (2), 338–345 e336. doi:10.1016/
j.celrep.2018.12.050

Murakawa, T., Yamaguchi, O., Hashimoto, A., Hikoso, S., Takeda, T., Oka, T., et al.
(2015). Bcl-2-like Protein 13 Is a Mammalian Atg32 Homologue that Mediates
Mitophagy and Mitochondrial Fragmentation. Nat. Commun. 6, 7527.
doi:10.1038/ncomms8527

Murphy, M. P., and Smith, R. A. (2007). Targeting Antioxidants to Mitochondria
by Conjugation to Lipophilic Cations. Annu. Rev. Pharmacol. Toxicol. 47,
629–656. doi:10.1146/annurev.pharmtox.47.120505.105110

Ney, P. A. (2015). Mitochondrial Autophagy: Origins, Significance, and Role of
BNIP3 and NIX. Biochim. Biophys. Acta 1853 (10 Pt B), 2775–2783.
doi:10.1016/j.bbamcr.2015.02.022

Nguyen, T. N., Padman, B. S., and Lazarou, M. (2016). Deciphering the Molecular
Signals of PINK1/Parkin Mitophagy. Trends Cell Biol. 26 (10), 733–744.
doi:10.1016/j.tcb.2016.05.008

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 77801112

Zhang et al. Mitophagy

https://doi.org/10.3390/ijms18051083
https://doi.org/10.1038/srep44373
https://doi.org/10.1080/15548627.2016.1238552
https://doi.org/10.1080/15548627.2016.1238552
https://doi.org/10.1038/cr.2017.23
https://doi.org/10.1038/nature14893
https://doi.org/10.3390/nu11010127
https://doi.org/10.15252/emmm.201910409
https://doi.org/10.1152/ajpheart.00368.2011
https://doi.org/10.1186/s11658-018-0081-5
https://doi.org/10.1089/rej.2005.8.3
https://doi.org/10.1007/s13238-020-00713-x
https://doi.org/10.1007/s10565-017-9417-6
https://doi.org/10.1007/s10565-017-9417-6
https://doi.org/10.1016/j.redox.2018.07.011
https://doi.org/10.1210/en.2016-1970
https://doi.org/10.1210/en.2016-1970
https://doi.org/10.1016/j.omtn.2017.08.011
https://doi.org/10.3892/ijmm.2018.3555
https://doi.org/10.1900/RDS.2015.12.134
https://doi.org/10.1900/RDS.2015.12.134
https://doi.org/10.1016/j.biopha.2018.10.123
https://doi.org/10.1172/jci132876
https://doi.org/10.1172/jci132876
https://doi.org/10.1038/ncb2422
https://doi.org/10.1016/j.lfs.2020.118116
https://doi.org/10.1371/journal.pone.0182558
https://doi.org/10.1371/journal.pone.0182558
https://doi.org/10.1371/journal.pone.0117400
https://doi.org/10.1002/14651858.CD004136.pub3
https://doi.org/10.1002/14651858.CD004136.pub3
https://doi.org/10.1007/s13238-016-0328-8
https://doi.org/10.1083/jcb.201102092
https://doi.org/10.1080/15548627.2020.1755120
https://doi.org/10.1080/15548627.2020.1755120
https://doi.org/10.1093/jb/mvv125
https://doi.org/10.1083/jcb.200910140
https://doi.org/10.1186/s40360-015-0024-y
https://doi.org/10.1038/cddis.2017.4
https://doi.org/10.1016/j.celrep.2018.12.050
https://doi.org/10.1016/j.celrep.2018.12.050
https://doi.org/10.1038/ncomms8527
https://doi.org/10.1146/annurev.pharmtox.47.120505.105110
https://doi.org/10.1016/j.bbamcr.2015.02.022
https://doi.org/10.1016/j.tcb.2016.05.008
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Novak, I., Kirkin, V., McEwan, D. G., Zhang, J., Wild, P., Rozenknop, A., et al.
(2010). Nix Is a Selective Autophagy Receptor for Mitochondrial Clearance.
EMBO Rep. 11 (1), 45–51. doi:10.1038/embor.2009.256

Novak, I. (2012). Mitophagy: a Complex Mechanism of Mitochondrial Removal.
Antioxid. Redox Signaling 17 (5), 794–802. doi:10.1089/ars.2011.4407

Otsu, K., Murakawa, T., and Yamaguchi, O. (2015). BCL2L13 Is a Mammalian
Homolog of the Yeast Mitophagy Receptor Atg32. Autophagy 11 (10),
1932–1933. doi:10.1080/15548627.2015.1084459

Palikaras, K., Lionaki, E., and Tavernarakis, N. (2015). Balancing Mitochondrial
Biogenesis and Mitophagy to Maintain Energy Metabolism Homeostasis. Cell
Death Differ 22 (9), 1399–1401. doi:10.1038/cdd.2015.86

Princely Abudu, Y., Pankiv, S.,Mathai, B. J., Håkon Lystad, A., Bindesbøll, C., Brenne,
H. B., et al. (2019). NIPSNAP1 and NIPSNAP2 Act as "Eat Me" Signals for
Mitophagy. Developmental Cell 49 (4), 509–525. doi:10.1016/j.devcel.2019.03.013

Pugliese, G., Penno, G., Natali, A., Barutta, F., Di Paolo, S., Reboldi, G., et al. (2019).
Diabetic Kidney Disease: New Clinical and Therapeutic Issues. Joint Position
Statement of the Italian Diabetes Society and the Italian Society of Nephrology
on “The Natural History of Diabetic Kidney Disease and Treatment of
Hyperglycemia in Patients with Type 2 Diabetes and Impaired Renal
Function”. J. Nephrol. 33 (1), 9–35. doi:10.1007/s40620-019-00650-x

Qi, J., Xue, Q., Kuang, L., Xie, L., Luo, R., and Nie, X. (2020). Berberine Alleviates
Cisplatin-Induced Acute Kidney Injury by Regulating Mitophagy via PINK 1/
Parkin Pathway. Translational Androl. Urol. 9 (4), 1712–1724. doi:10.21037/
tau-20-1129

Rasool, S., Soya, N., Truong, L., Croteau, N., Lukacs, G. L., and Trempe, J. F. (2018).
PINK1 Autophosphorylation Is Required for Ubiquitin Recognition. EMBO
Rep. 19 (4). doi:10.15252/embr.201744981

Riis, S., Murray, J. B., and O’Connor, R. (2020). IGF-1 Signalling Regulates
Mitochondria Dynamics and Turnover through a Conserved GSK-3beta-
Nrf2-BNIP3 Pathway. Cells 9 (1). doi:10.3390/cells9010147

Rogov, V. V., Suzuki, H., Marinković, M., Lang, V., Kato, R., Kawasaki, M., et al.
(2017). Phosphorylation of the Mitochondrial Autophagy Receptor Nix
Enhances its Interaction with LC3 Proteins. Sci. Rep. 7 (1), 1131.
doi:10.1038/s41598-017-01258-6

Ross, M. F., Kelso, G. F., Blaikie, F. H., James, A. M., Cochemé, H. M., Filipovska,
A., et al. (2005). Lipophilic Triphenylphosphonium Cations as Tools in
Mitochondrial Bioenergetics and Free Radical Biology. Biochemistry (Mosc)
70 (2), 222–230. doi:10.1007/s10541-005-0104-5

Safiulina, D., Kuum, M., Choubey, V., Gogichaishvili, N., Liiv, J., Hickey, M. A.,
et al. (2019). Miro Proteins Prime Mitochondria for Parkin Translocation and
Mitophagy. EMBO J. 38 (2), e99384. doi:10.15252/embj.201899384

Saxena, S., Mathur, A., and Kakkar, P. (2019). Critical Role of Mitochondrial
Dysfunction and Impaired Mitophagy in Diabetic Nephropathy. J. Cell Physiol
234 (11), 19223–19236. doi:10.1002/jcp.28712

Schwarten, M., Mohrlüder, J., Ma, P., Stoldt, M., Thielmann, Y., Stangler, T., et al.
(2009). Nix Directly Binds to GABARAP: a Possible Crosstalk between
Apoptosis and Autophagy. Autophagy 5 (5), 690–698. doi:10.4161/
auto.5.5.8494

Schweers, R. L., Zhang, J., Randall, M. S., Loyd, M. R., Li, W., Dorsey, F. C., et al.
(2007). NIX Is Required for Programmed Mitochondrial Clearance during
Reticulocyte Maturation. Proc. Natl. Acad. Sci. 104 (49), 19500–19505.
doi:10.1073/pnas.0708818104

Seabright, A. P., Fine, N. H. F., Barlow, J. P., Lord, S. O., Musa, I., Gray, A., et al.
(2020). AMPK Activation Induces Mitophagy and Promotes Mitochondrial
Fission while Activating TBK1 in a PINK1-Parkin Independent Manner.
FASEB J. 34 (5), 6284–6301. doi:10.1096/fj.201903051r

Seger, C. D., Xing, H., Wang, L., and Shin, J. S. (2021). Intraoperative Diagnosis of
Sodium-Glucose Cotransporter 2 Inhibitor-Associated Euglycemic Diabetic
Ketoacidosis: A Case Report. A. A. Pract. 15 (1), e01380. doi:10.1213/
xaa.0000000000001380

Sekine, S. (2020). PINK1 Import Regulation at a Crossroad of Mitochondrial Fate:
the Molecular Mechanisms of PINK1 Import. J. Biochem. 167 (3), 217–224.
doi:10.1093/jb/mvz069

Sekine, S., Wang, C., Sideris, D. P., Bunker, E., Zhang, Z., and Youle, R. J. (2019).
Reciprocal Roles of Tom7 and OMA1 during Mitochondrial Import and
Activation of PINK1. Mol. Cell 73 (5), 1028–1043. doi:10.1016/
j.molcel.2019.01.002

Sekine, S., and Youle, R. J. (2018). PINK1 Import Regulation; a fine System to
Convey Mitochondrial Stress to the Cytosol. BMC Biol. 16 (1), 2. doi:10.1186/
s12915-017-0470-7

Spinazzi, M., and De Strooper, B. (2016). PARL: The Mitochondrial Rhomboid
Protease. Semin. Cell Developmental Biol. 60, 19–28. doi:10.1016/
j.semcdb.2016.07.034

Strappazzon, F., Di Rita, A., Peschiaroli, A., Leoncini, P. P., Locatelli, F., Melino, G.,
et al. (2020). HUWE1 Controls MCL1 Stability to Unleash AMBRA1-Induced
Mitophagy. Cell Death Differ 27 (4), 1155–1168. doi:10.1038/s41418-019-
0404-8

Strappazzon, F., Nazio, F., Corrado, M., Cianfanelli, V., Romagnoli, A., Fimia, G.
M., et al. (2015). AMBRA1 Is Able to Induce Mitophagy via LC3 Binding,
Regardless of PARKIN and p62/SQSTM1. Cell Death Differ 22 (3), 419–432.
doi:10.1038/cdd.2014.139

Sun, J., Zhu, H., Wang, X., Gao, Q., Li, Z., and Huang, H. (2019). CoQ10
Ameliorates Mitochondrial Dysfunction in Diabetic Nephropathy
through Mitophagy. J. Endocrinol. 240 (3), 445–465. doi:10.1530/joe-
18-0578

Tian, J. X., Jin, D., Bao, Q., Ding, Q., Zhang, H., Gao, Z., et al. (2019). Evidence and
Potential Mechanisms of Traditional Chinese Medicine for the Treatment of
Type 2 Diabetes: A Systematic Review and Meta-Analysis. Diabetes Obes.
Metab. 21 (8), 1801–1816.

Tuttle, K. R., Bakris, G. L., Bilous, R. W., Chiang, J. L., de Boer, I. H., Goldstein-
Fuchs, J., et al. (2014). Diabetic Kidney Disease: a Report from an ADA
Consensus Conference. Dia Care 37 (10), 2864–2883. doi:10.2337/dc14-1296

Umanath, K., and Lewis, J. B. (2018). Update on Diabetic Nephropathy: Core
Curriculum 2018. Am. J. Kidney Dis. 71 (6), 884–895. doi:10.1053/
j.ajkd.2017.10.026

Vargas, J. N. S., Wang, C., Bunker, E., Hao, L., Maric, D., Schiavo, G., et al. (2019).
Spatiotemporal Control of ULK1 Activation by NDP52 and TBK1 during
Selective Autophagy. Mol. Cell 74 (2), 347–362. doi:10.1016/
j.molcel.2019.02.010

Vives-Bauza, C., Zhou, C., Huang, Y., Cui, M., de Vries, R. L. A., Kim, J., et al.
(2010). PINK1-dependent Recruitment of Parkin to Mitochondria in
Mitophagy. Proc. Natl. Acad. Sci. 107 (1), 378–383. doi:10.1073/
pnas.0911187107

Wang, B., Nie, J., Wu, L., Hu, Y., Wen, Z., Dong, L., et al. (2018). AMPKalpha2
Protects against the Development of Heart Failure by Enhancing Mitophagy via
PINK1 Phosphorylation. Circ. Res. 122 (5), 712–729. doi:10.1161/
circresaha.117.312317

Wang, J., Zhu, P., Li, R., Ren, J., Zhang, Y., and Zhou, H. (2020). Bax Inhibitor 1
Preserves Mitochondrial Homeostasis in Acute Kidney Injury through
Promoting Mitochondrial Retention of PHB2. Theranostics 10 (1), 384–397.
doi:10.7150/thno.40098

Wang, J., Zhu, P., Li, R., Ren, J., and Zhou, H. (2020). Fundc1-dependent Mitophagy
Is Obligatory to Ischemic Preconditioning-Conferred Renoprotection in Ischemic
AKI via Suppression of Drp1-Mediated Mitochondrial Fission. Redox Biol. 30,
101415. doi:10.1016/j.redox.2019.101415

Wang, K., Zheng, X., Pan, Z., Yao, W., Gao, X., Wang, X., et al. (2020). Icariin
Prevents Extracellular Matrix Accumulation and Ameliorates Experimental
Diabetic Kidney Disease by Inhibiting Oxidative Stress via GPER Mediated
P62-dependent Keap1 Degradation and Nrf2 Activation. Front Cell Dev Biol 8,
559. doi:10.3389/fcell.2020.00559

Wang, Y., Tang, C., Cai, J., Chen, G., Zhang, D., Zhang, Z., et al. (2018). PINK1/
Parkin-mediated Mitophagy Is Activated in Cisplatin Nephrotoxicity to Protect
against Kidney Injury. Cell Death Dis. 9 (11), 1113. doi:10.1038/s41419-018-
1152-2

Wei, L., Qin, Y., Jiang, L., Yu, X., and Xi, Z. (2019). PPARγ and Mitophagy Are
Involved in Hypoxia/reoxygenation-Induced Renal Tubular Epithelial Cells
Injury. J. Receptors Signal Transduction 39 (3), 235–242. doi:10.1080/
10799893.2019.1660894

Wei, Y., Chiang, W. C., Sumpter, R., Jr., Mishra, P., and Levine, B. (2017).
Prohibitin 2 Is an Inner Mitochondrial Membrane Mitophagy Receptor. Cell
168 (1-2), 224–238. doi:10.1016/j.cell.2016.11.042

Wen, D., Tan, R. Z., Zhao, C. Y., Li, J. C., Zhong, X., Diao, H., et al. (2020).
Astragalus Mongholicus Bunge and Panax Notoginseng (Burkill) F.H. Chen
Formula for Renal Injury in Diabetic Nephropathy-In Vivo and In Vitro

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 77801113

Zhang et al. Mitophagy

https://doi.org/10.1038/embor.2009.256
https://doi.org/10.1089/ars.2011.4407
https://doi.org/10.1080/15548627.2015.1084459
https://doi.org/10.1038/cdd.2015.86
https://doi.org/10.1016/j.devcel.2019.03.013
https://doi.org/10.1007/s40620-019-00650-x
https://doi.org/10.21037/tau-20-1129
https://doi.org/10.21037/tau-20-1129
https://doi.org/10.15252/embr.201744981
https://doi.org/10.3390/cells9010147
https://doi.org/10.1038/s41598-017-01258-6
https://doi.org/10.1007/s10541-005-0104-5
https://doi.org/10.15252/embj.201899384
https://doi.org/10.1002/jcp.28712
https://doi.org/10.4161/auto.5.5.8494
https://doi.org/10.4161/auto.5.5.8494
https://doi.org/10.1073/pnas.0708818104
https://doi.org/10.1096/fj.201903051r
https://doi.org/10.1213/xaa.0000000000001380
https://doi.org/10.1213/xaa.0000000000001380
https://doi.org/10.1093/jb/mvz069
https://doi.org/10.1016/j.molcel.2019.01.002
https://doi.org/10.1016/j.molcel.2019.01.002
https://doi.org/10.1186/s12915-017-0470-7
https://doi.org/10.1186/s12915-017-0470-7
https://doi.org/10.1016/j.semcdb.2016.07.034
https://doi.org/10.1016/j.semcdb.2016.07.034
https://doi.org/10.1038/s41418-019-0404-8
https://doi.org/10.1038/s41418-019-0404-8
https://doi.org/10.1038/cdd.2014.139
https://doi.org/10.1530/joe-18-0578
https://doi.org/10.1530/joe-18-0578
https://doi.org/10.2337/dc14-1296
https://doi.org/10.1053/j.ajkd.2017.10.026
https://doi.org/10.1053/j.ajkd.2017.10.026
https://doi.org/10.1016/j.molcel.2019.02.010
https://doi.org/10.1016/j.molcel.2019.02.010
https://doi.org/10.1073/pnas.0911187107
https://doi.org/10.1073/pnas.0911187107
https://doi.org/10.1161/circresaha.117.312317
https://doi.org/10.1161/circresaha.117.312317
https://doi.org/10.7150/thno.40098
https://doi.org/10.1016/j.redox.2019.101415
https://doi.org/10.3389/fcell.2020.00559
https://doi.org/10.1038/s41419-018-1152-2
https://doi.org/10.1038/s41419-018-1152-2
https://doi.org/10.1080/10799893.2019.1660894
https://doi.org/10.1080/10799893.2019.1660894
https://doi.org/10.1016/j.cell.2016.11.042
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Evidence for Autophagy Regulation. Front. Pharmacol. 11, 732. doi:10.3389/
fphar.2020.00732

Wu, H., Xue, D., Chen, G., Han, Z., Huang, L., Zhu, C., et al. (2014). The BCL2L1
and PGAM5 axis Defines Hypoxia-Induced Receptor-Mediated Mitophagy.
Autophagy 10 (10), 1712–1725. doi:10.4161/auto.29568

Wu, S., Lu, Q., Wang, Q., Ding, Y., Ma, Z., Mao, X., et al. (2017). Binding of FUN14
Domain Containing 1 with Inositol 1,4,5-Trisphosphate Receptor in
Mitochondria-Associated Endoplasmic Reticulum Membranes Maintains
Mitochondrial Dynamics and Function in Hearts In Vivo. Circulation 136
(23), 2248–2266. doi:10.1161/circulationaha.117.030235

Wu, W., Li, W., Chen, H., Jiang, L., Zhu, R., and Feng, D. (2016). FUNDC1 Is a
Novel Mitochondrial-Associated-Membrane (MAM) Protein Required for
Hypoxia-Induced Mitochondrial Fission and Mitophagy. Autophagy 12 (9),
1675–1676. doi:10.1080/15548627.2016.1193656

Wu, W., Tian, W., Hu, Z., Chen, G., Huang, L., Li, W., et al. (2014). ULK 1
Translocates to Mitochondria and Phosphorylates FUNDC 1 to Regulate
Mitophagy. EMBO Rep. 15 (5), 566–575. doi:10.1002/embr.201438501

Xiao, L., Xu, X., Zhang, F., Wang, M., Xu, Y., Tang, D., et al. (2017). The
Mitochondria-Targeted Antioxidant MitoQ Ameliorated Tubular Injury
Mediated by Mitophagy in Diabetic Kidney Disease via Nrf2/PINK1. Redox
Biol. 11, 297–311. doi:10.1016/j.redox.2016.12.022

Xu, H. X., Yu, W. J., Sun, S. Q., Li, C. Y., Ren, J., and Zhang, Y. M. (2021).
TAX1BP1 Protects against Myocardial Infarction-Associated Cardiac
Anomalies through Inhibition of Inflammasomes in a RNF34/MAVS/
NLRP3-dependent Manner. Sci. Bull. 66 (16), 1669–1683. doi:10.1016/
j.scib.2021.01.030

Xu, L., Fan, Q., Wang, X., Zhao, X., and Wang, L. (2016). Inhibition of
Autophagy Increased AGE/ROS-mediated Apoptosis in Mesangial Cells.
Cell Death Dis 7 (11), e2445. doi:10.1038/cddis.2016.322

Yamada, T., Dawson, T. M., Yanagawa, T., Iijima, M., and Sesaki, H. (2019).
SQSTM1/p62 Promotes Mitochondrial Ubiquitination Independently of
PINK1 and PRKN/parkin in Mitophagy. Autophagy 15 (11), 2012–2018.
doi:10.1080/15548627.2019.1643185

Yamano, K., and Youle, R. J. (2013). PINK1 Is Degraded through the N-End
Rule Pathway. Autophagy 9 (11), 1758–1769. doi:10.4161/auto.24633

Yan, C., Gong, L., Chen, L., Xu, M., Abou-Hamdan, H., Tang, M., et al. (2020).
PHB2 (Prohibitin 2) Promotes PINK1-PRKN/Parkin-dependent
Mitophagy by the PARL-PGAM5-PINK1 axis. Autophagy 16 (3),
419–434. doi:10.1080/15548627.2019.1628520

Yoo, S. M., and Jung, Y. K. (2018). A Molecular Approach to Mitophagy and
Mitochondrial Dynamics. Mol. Cell 41 (1), 18–26. doi:10.14348/
molcells.2018.2277

Yoon, J. H., Ann, E. J., Kim, M. Y., Ahn, J. S., Jo, E. H., Lee, H. J., et al. (2017).
Parkin Mediates Neuroprotection through Activation of Notch1 Signaling.
Neuroreport 28 (4), 181–186. doi:10.1097/WNR.0000000000000726

Yu, W., Gao, B., Li, N., Wang, J., Qiu, C., Zhang, G., et al. (2017). Sirt3
Deficiency Exacerbates Diabetic Cardiac Dysfunction: Role of Foxo3A-
Parkin-Mediated Mitophagy. Biochim. Biophys. Acta Mol. Basis Dis. 1863
(8), 1973–1983. doi:10.1016/j.bbadis.2016.10.021

Yu, W., Xu, M., Zhang, T., Zhang, Q., and Zou, C. (2019). Mst1 Promotes
Cardiac Ischemia-Reperfusion Injury by Inhibiting the ERK-CREB
Pathway and Repressing FUNDC1-Mediated Mitophagy. J. Physiol. Sci.
69 (1), 113–127. doi:10.1007/s12576-018-0627-3

Zhan, M., Usman, I. M., Sun, L., and Kanwar, Y. S. (2015). Disruption of Renal
Tubular Mitochondrial Quality Control by Myo-Inositol Oxygenase in
Diabetic Kidney Disease. J. Am. Soc. Nephrol. 26 (6), 1304–1321.
doi:10.1681/asn.2014050457

Zhang, T., Xue, L., Li, L., Tang, C., Wan, Z., Wang, R., et al. (2016). BNIP3 Protein
Suppresses PINK1 Kinase Proteolytic Cleavage to Promote Mitophagy. J. Biol.
Chem. 291 (41), 21616–21629. doi:10.1074/jbc.m116.733410

Zhang, W., Ren, H., Xu, C., Zhu, C., Wu, H., Liu, D., et al. (2016). Hypoxic
Mitophagy Regulates Mitochondrial Quality and Platelet Activation and
Determines Severity of I/R Heart Injury. Elife 5. doi:10.7554/eLife.21407

Zhang,W., Siraj, S., Zhang, R., and Chen, Q. (2017). Mitophagy Receptor FUNDC1
Regulates Mitochondrial Homeostasis and Protects the Heart from I/R Injury.
Autophagy 13 (6), 1080–1081. doi:10.1080/15548627.2017.1300224

Zhao, Y., and Sun, M. (2020). Metformin Rescues Parkin Protein Expression and
Mitophagy in High Glucose-Challenged Human Renal Epithelial Cells by
Inhibiting NF-Κb via PP2A Activation. Life Sci. 246, 117382. doi:10.1016/
j.lfs.2020.117382

Zhou, D., Zhou, M., Wang, Z., Fu, Y., Jia, M., Wang, X., et al. (2019). PGRN Acts as
a Novel Regulator ofMitochondrial Homeostasis by FacilitatingMitophagy and
Mitochondrial Biogenesis to Prevent Podocyte Injury in Diabetic Nephropathy.
Cell Death Dis 10 (7), 524. doi:10.1038/s41419-019-1754-3

Zhou, D., Zhou, M., Wang, Z., Fu, Y., Jia, M., Wang, X., et al. (2019). Progranulin
Alleviates Podocyte Injury via Regulating CAMKK/AMPK-mediated
Autophagy under Diabetic Conditions. J. Mol. Med. (Berl) 97 (11),
1507–1520. doi:10.1007/s00109-019-01828-3

Zhou, H., Zhu, P., Wang, J., Toan, S., and Ren, J. (2019). DNA-PKcs Promotes
Alcohol-Related Liver Disease by Activating Drp1-Related Mitochondrial
Fission and Repressing FUNDC1-Required Mitophagy. Signal. Transduction
Targeted Ther. 4 (1). doi:10.1038/s41392-019-0094-1

Zhou, T., Chang, L., Luo, Y., Zhou, Y., and Zhang, J. (2019). Mst1 Inhibition
Attenuates Non-alcoholic Fatty Liver Disease via Reversing Parkin-Related
Mitophagy. Redox Biol. 21, 101120. doi:10.1016/j.redox.2019.101120

Zhu, Y., Han, X. Q., Sun, X. J., Yang, R., Ma, W. Q., and Liu, N. F. (2020). Lactate
Accelerates Vascular Calcification through NR4A1-Regulated Mitochondrial
Fission and BNIP3-Related Mitophagy. Apoptosis 25 (5-6), 321–340.
doi:10.1007/s10495-020-01592-7

Zhu, Y., Massen, S., Terenzio, M., Lang, V., Chen-Lindner, S., Eils, R., et al. (2013).
Modulation of Serines 17 and 24 in the LC3-Interacting Region of Bnip3
Determines Pro-survival Mitophagy versus Apoptosis. J. Biol. Chem. 288 (2),
1099–1113. doi:10.1074/jbc.m112.399345

Zhuang, N., Li, L., Chen, S., and Wang, T. (2016). PINK1-dependent
Phosphorylation of PINK1 and Parkin Is Essential for Mitochondrial
Quality Control. Cell Death Dis 7 (12)–e2501. doi:10.1038/cddis.2016.396

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhang, Feng, Li, Wu, Wang, Li and Shi. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 77801114

Zhang et al. Mitophagy

https://doi.org/10.3389/fphar.2020.00732
https://doi.org/10.3389/fphar.2020.00732
https://doi.org/10.4161/auto.29568
https://doi.org/10.1161/circulationaha.117.030235
https://doi.org/10.1080/15548627.2016.1193656
https://doi.org/10.1002/embr.201438501
https://doi.org/10.1016/j.redox.2016.12.022
https://doi.org/10.1016/j.scib.2021.01.030
https://doi.org/10.1016/j.scib.2021.01.030
https://doi.org/10.1038/cddis.2016.322
https://doi.org/10.1080/15548627.2019.1643185
https://doi.org/10.4161/auto.24633
https://doi.org/10.1080/15548627.2019.1628520
https://doi.org/10.14348/molcells.2018.2277
https://doi.org/10.14348/molcells.2018.2277
https://doi.org/10.1097/WNR.0000000000000726
https://doi.org/10.1016/j.bbadis.2016.10.021
https://doi.org/10.1007/s12576-018-0627-3
https://doi.org/10.1681/asn.2014050457
https://doi.org/10.1074/jbc.m116.733410
https://doi.org/10.7554/eLife.21407
https://doi.org/10.1080/15548627.2017.1300224
https://doi.org/10.1016/j.lfs.2020.117382
https://doi.org/10.1016/j.lfs.2020.117382
https://doi.org/10.1038/s41419-019-1754-3
https://doi.org/10.1007/s00109-019-01828-3
https://doi.org/10.1038/s41392-019-0094-1
https://doi.org/10.1016/j.redox.2019.101120
https://doi.org/10.1007/s10495-020-01592-7
https://doi.org/10.1074/jbc.m112.399345
https://doi.org/10.1038/cddis.2016.396
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Mitophagy in Diabetic Kidney Disease
	Introduction
	Mitophagy
	PINK1/Parkin Pathway
	PINK1 Degradation
	Parkin Activation and Mitophagy
	Ubiquitin Substrate
	Mitophagy Receptor Pathway
	BNIP3 and NIX
	FUNDC1

	Regulatory Factors and Interaction of BINP3 and FUNDC1 Expression
	FKBP8
	Bcl2-L-13
	AMBRA1
	PHB2
	Cardiolipin
	Mitophagy and Renal Cells in DKD
	Renal Tubules and Mitophagy in DKD
	Podocytes and Mitophagy in DKD
	Mesangial Cell and Mitophagy in DKD
	Endothelial Cells and Mitophagy in DKD
	Prospects of Targeting Mitophagy Therapy in DKD

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


