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» Mitochondrial dysfunction is a crucial pathology in obesity and diabetes.

» Mitochondria is responsible for the selective removal of impaired mitochondria.

» Mitophagy dysfunction varies with tissue and time, seen in both suppressed and activated states.
* Interventions targeting mitophagy could be beneficial for managing obesity and diabetes. *



Review
Pathophysiology

Diabetes Metab ] 2024;48:503-517
https://doi.org/10.4093/dm;j.2023.0213
PISSN 2233-6079 - eISSN 2233-6087

dm)

DIABETES & METABOLISM JOURNAL

‘ '.) Check for updates

Dysfunctional Mitochondria Clearance in Situ:
Mitophagy in Obesity and Diabetes- Associated
Cardiometabolic Diseases

Songling Tang"*, Di Hao"*, Wen Ma**, Lian Liu', Jiuyu Gao', Peng Yao', Haifang Yu', Lu Gan', Yu Cao"’

'Department of Emergency Medicine, Laboratory of Emergency Medicine, West China Hospital, West China School of Medicine, Sichuan University,
Chengdu,

*Sichuan University-The Hong Kong Polytechnic University Institute for Disaster Management and Reconstruction, Chengdu,

*Disaster Medical Center, Sichuan University, Chengdu, China

Several mitochondrial dysfunctions in obesity and diabetes include impaired mitochondrial membrane potential, excessive mito-
chondrial reactive oxygen species generation, reduced mitochondrial DNA, increased mitochondrial Ca** flux, and mitochondri-
al dynamics disorders. Mitophagy, specialized autophagy, is responsible for clearing dysfunctional mitochondria in physiological
and pathological conditions. As a paradox, inhibition and activation of mitophagy have been observed in obesity and diabetes-re-
lated heart disorders, with both exerting bidirectional effects. Suppressed mitophagy is beneficial to mitochondrial homeostasis,
also known as benign mitophagy. On the contrary, in most cases, excessive mitophagy is harmful to dysfunctional mitochondria
elimination and thus is defined as detrimental mitophagy. In obesity and diabetes, two classical pathways appear to regulate mi-
tophagy, including PTEN-induced putative kinase 1 (PINK1)/Parkin-dependent mitophagy and receptors/adapters-dependent
mitophagy. After the pharmacologic interventions of mitophagy, mitochondrial morphology and function have been restored,
and cell viability has been further improved. Herein, we summarize the mitochondrial dysfunction and mitophagy alterations in
obesity and diabetes, as well as the underlying upstream mechanisms, in order to provide novel therapeutic strategies for the obe-
sity and diabetes-related heart disorders.

Keywords: Diabetes mellitus; Heart diseases; Mitophagy; Obesity; Parkin protein; PTEN-induced putative kinase

INTRODUCTION

As well-acknowledged, autophagy is crucial for clearing abnor-
mal cells and cellular self-protection. Dysfunctional organelles
and some specific foreign bodies can be cleared by autophagy,
which is defined as selective autophagy. There are particular
autophagy pathways in mammals, such as mitophagy, prote-

aphagy, ribophagy, pexophagy, endoplasmic reticulum (ER)-
phagy, lysophagy, lipophagy, and nucleophagy [1]. Additional-
ly, selective autophagy is observed explicitly in yeast, such as
xenophagy for pathogen clearance [2]. Mitophagy is responsi-
ble for the selective removal of impaired mitochondria, and it is
considered a cellular self-protective process under both physio-
logical and pathological conditions [3]. The obesity and diabe-
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tes-related heart disorders refer to the common metabolic-re-
lated structural impairments and cardiac dysfunctions caused
by cell senescence, autophagy and apoptosis in obesity and dia-
betes, which is different from the macrovascular complications
of obesity and diabetes [4]. Among them, diabetes-induced
cardiomyopathy, which is also called diabetic cardiomyopathy,
is a typical phenotype in obesity and diabetes-related heart dis-
orders and is associated with significant mitochondrial dys-
function, ER stress, and impaired calcium homeostasis [5]. Un-
der pathological conditions in obesity and diabetes-related
heart disorders, due to significant mitochondrial dysfunction,
paradoxically abnormal mitophagy occurs [6], including defec-
tive but beneficial mitophagy and excessive but detrimental
mitophagy [7,8]. According to the different alterations in mi-
tophagy, pharmacologic or genetic interventions, including
suppression and activation, can be performed, and remarkable
protective effects have been revealed. However, different tissues
and phases of the disease have shown significant differences,
and the mechanisms are not fully understood. Therefore, we
will summarize the alterations in mitophagy in obesity and dia-
betes-related heart disorders, as well as the effects and underly-
ing mechanisms, to investigate potential therapeutic targets.

MITOCHONDRIAL DYSFUNCTION IS AN
IMPORTANT PATHOLOGICAL
MANIFESTATION OF OBESITY AND
DIABETES-RELATED HEART DISORDERS

In physiological conditions, mitochondria are responsible for
adenosine triphosphate (ATP) generation [9], metabolic ho-
meostasis maintenance, redox homeostasis [10], calcium regu-
lation, cell survival, and cell death [11]. Once mitochondria are
damaged, mitochondrial dysfunction occurs, such as mito-
chondrial dynamics disorders (mitochondrial fission or fusion
cycling disorders) [12,13], excessive mitochondrial reactive
oxygen species (mtROS) production [14], and abnormal mito-
chondrial DNA (mtDNA) accumulation [12]. As a result, the
disruption of mitochondrial function contributes to cellular
dysfunction and cell death.

Obesity and diabetes are well-acknowledged energy metabo-
lism disorders, and multiple mitochondrial impairments have
been observed in obesity and diabetes-related heart disorders,
such as mitochondrial deformation, impaired mitochondrial
potential, excessive generation of mtROS, reduced mtDNA
levels, increased mitochondrial Ca*" flux, and disturbances in
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mitochondrial fission and fusion. First, increases in mitochon-
drial number and area, indicating abnormal mitochondrial ac-
cumulation, have been detected in mouse models of high-fat
diet (HFD)-induced obesity and diabetes [6]. Second, swollen
mitochondria and enlarged mitochondrial volume, which are
types of mitochondrial deformation, are observed in mice with
diabetes [15]. Consistent with this finding, impaired mito-
chondrial respiratory function is found in obese mice due to
decreased expression of the mitochondrial respiration complex
L, III, and IV, resulting in reduced ATP production [16,17].
Third, obesity and diabetes have been reported to decrease mi-
tochondrial membrane potential, as measured by JC-1 stain-
ing, in HFD-induced in vivo models and palmitic acid (PA)-
induced in vitro models, which indicates pathological mito-
chondrial membrane dysfunction and increased mitochondri-
al permeability in obesity [18,19]. Fourth, due to chronic in-
flammatory stimulation in individuals with obesity and diabe-
tes, excessive mtROS, including superoxide (O*") and hydro-
gen peroxide (H,O.), are generated, mtDNA copy number is
decreased, and there is a consequent decline in the mitochon-
drial DNA to nuclear DNA ratio (mtDNA:nDNA) [17,20]. Fi-
nally, altered mitochondrial dynamics have been reported in
response to high-fat (HF)-induced stress, resulting in signifi-
cant upregulation of the mitochondrial fission protein dyna-
min related protein 1 (Drpl) and downregulation of the mito-
chondrial fusion proteins mitofusin 2 (Mfn2) and mitochon-
drial dynamin like GTPase (OPA1) [21-23]. Overall, these mi-
tochondrial disorders lead to dysfunctional mitochondrial ac-
cumulation, a reduction in ATP production, mitochondrial
disruption, cellular degeneration, and cell death, such as apop-
tosis.

MITOPHAGY IS REQUIRED TO CLEAR
DYSFUNCTIONAL MITOCHONDRIAL

Mitophagy is crucial for maintaining mitochondrial quantity,
mitochondrial quality, and mitochondrial metabolic homeo-
stasis. Physiological and pathological mitophagy lead to mito-
chondrial clearance. Under certain physiological conditions,
mitophagy can be induced by aged and/or damaged mito-
chondrial degeneration. Physiological mitophagy can be clas-
sified as basal mitophagy, stress-induced mitophagy and pro-
grammed mitophagy [24]. Studies on basal mitophagy, which
is also known as steady-state mitophagy, are limited. McWil-
liams et al. and Sun et al’s studies [25,26] revealed basal mi-
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tophagy under physiological conditions with cell-type and tis-
sue-specific differences. In response to external stress, such as
hypoxia [27], stress-induced mitophagy is induced, which me-
diates metabolic homeostasis through mitochondrial quality
control [24]. Mitochondrial clearance during the development
of several specific cell types is defined as programmed mitoph-
agy. Mitochondria are eliminated from the cytoplasm during
the maturation of erythrocytes [28], and this process is called
programmed mitophagy. The elimination of paternal mito-
chondria during the development of fertilized oocytes [29] is
also due to programmed mitophagy, and this process is regu-
lated by the RAB7 member of the RAS oncogene family, which
is a newly discovered factor [30].

Table 1. Benign mitophagy in obesity and diabetes
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Pathological mitophagy [24] often occurs during aging and
in other pathological conditions, such as metabolic disorders
such as HFD-induced obesity [31], cardiovascular diseases [12],
neurodegenerative diseases such as Alzheimer’s disease (AD)
[32], and inflammation such as sepsis [33]. Emerging evidence
suggests that mitophagy contributes to the onset and progres-
sion of major neurodegenerative diseases. Defective mitopha-
gy is found in AD patients and animal models, and impaired
removal of dysfunctional mitochondria through mitophagy is
observed in Parkinson’s disease and Huntington’s disease [34].
In lipopolysaccharide-induced septic animal models, mitoph-
agy is inhibited in activated macrophages, thus contributing
to the survival of activated macrophages [33]. In addition, im-

Diseases Mitochonc‘irial Cl.langes of Mitoph.agy Effects of mitophagy .Mitop hag Y Reference
dysfunction mitophagy evaluation intervention
Diabetic Decreased ATP synthesis, Inhibition LC3B, p62, Reduced apoptosis, inflam- Activation by [6,7]
cardiomyopathy  lower A¥m, increased mt-Keima mation, mitochondrial Parkin overexpres-
mtROS, increased mtD- apoptosis, and ER stress sion, inhibition by
NA, mitochondrial FUNDCI ablation
calcium
Diabetic kidney = Impaired mitochondrial — Inhibition TEM, Reduced ROS production, Inhibition by OPTN  [15,22,
disease dynamics, lower AWm, LC3B+VDAC/  apoptosis, reduced RTEC  siRNA, inhibition 23,65]
increased mtROS, TOM20/ senescence, alleviated by PHB2 deletion
increased mtDNA COX-1V, p62 EMT, and fibrosis
Obesity-related ~ Decreased ATP synthesis, Inhibition LC3B Decreased markers of liver Inhibition by [18,38,70]
NAFLD; hepatic ~ impaired mitochondrial (mito-LC3B), damage, repressed hepatic  Parkin siRNA or
steatosis dynamics, lower A¥m, TOM20+ lipogenesis and fibrosis, Parkin ablation,
the increased opening LAMP1 attenuated hepatocyte inhibition by
rate of mPTP, increased ROS, inflammation, and Bnip3 knockdown
mtROS apoptosis
Painful diabetic =~ Lower A¥m Inhibition ~ TEM, LC3B+ Decreased cellular ROS Inhibition by lyso- (41]
neuropathy COX-IV,COX-  and apoptosis some deacidificant
IV+LAMPI (DC661)
Diabetic Lower AWm, increased Inhibition; TEM, GFP-LC3 Increased proliferation, Activation by [57]
retinopathy mtROS activation  +MitoTracker,  decreased inflammation =~ PINKI/Parkin
p62 and mitochondrial overexpression,
apoptosis inhibition by
PINK1 siRNA
Diabetic Increased mitochondrial ~ Activation TEM, LC3B, p62, Improved morphology None [17]
hyposalivation ~ volume, decreased ATP mitochondria ~ and secretion of SMG
synthesis, lower A¥m, and lysosome
decreased mtDNA markers

ATP, adenosine triphosphate; mtROS, mitochondrial reactive oxygen species; mtDNA, mitochondrial DNA; LC3B, microtubule-associated pro-
tein 1 light chain 3 beta; ER, endoplasmic reticulum; FUNDCI1, FUN14 domain containing 1; TEM, transmission electron microscope; VDAC,
voltage-dependent anion channel; TOM20, translocase of the outer mitochondrial membrane 20; COX-IV, cytochrome ¢ oxidase subunit 4;
ROS, reactive oxygen species; RTEC, renal tubular epithelial cell; EMT, epithelial-mesenchymal transition; OPTN, optineurin; siRNA, small in-
terfering RNA; PHB2, prohibitin 2; NAFLD, non-alcoholic fatty liver disease; mPTP, mitochondrial permeability transition pore; LAMP1, lyso-
somal associated membrane protein 1; Bnip3, BCL2 interacting protein 3; DC661, the lysosome deacidificant; GFP-LC3, green fluorescent pro-
tein-light chain 3; PINK1, PTEN-induced putative kinase 1; SMG, submandibular gland.
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paired autophagic flux and mitophagy have been observed in
Lactobacillus casei cell wall extract-induced Kawasaki disease
murine models, along with the excessive accumulation of
mtROS and mtDNA in cardiovascular lesions due to the patho-
logical decline in dysfunctional mitochondrial clearance [35].

SUPPRESSED AND EXCESSIVE MITOPHAGY
ARE BOTH OBSERVED IN OBESITY AND
DIABETES-RELATED HEART DISORDERS

To date, it remains unclear how mitophagy is altered in obese
individuals and type 2 diabetes mellitus (T2DM) patients.
However, many researchers have explored how mitophagy
changes and the possible mechanisms. In clinical patients, de-
fective mitophagy is observed in obesity and diabetes, and sup-
pressed expression of mitophagy markers, such as microtu-
bule-associated protein 1 light chain 3 beta (LC3B), PTEN-in-
duced putative kinase 1 (PINK1), and Parkin, has been ob-
served [36,37]. However, the changes in mitophagy changes

Table 2. Detrimental mitophagy in obesity and diabetes

under high glucose (HG) or HF stress in obese and diabetic
animal models and in vitro are controversial because activated
mitophagy and repressed mitophagy have been observed in
various studies. The difference in mitophagy might be time-
dependent, since mitophagy status could be different in the
early and later phases of HFD consumption. In the cardiomyo-
cytes of HFD-fed mice [38], autophagy is altered in a time-de-
pendent manner and is upregulated in the early stage (peaks at
6 weeks during HFD feeding) and downregulated in the ad-
vanced stage (2 months after HFD). Consistent with autopha-
gy, activated mitophagy is observed via Mito-Keima fluores-
cence analysis in vivo, and there are decreases in mitochondrial
content and the mtDNA:nDNA ratio. The potential explana-
tion for this time-dependent mitophagy in obesity and diabe-
tes might be a vicious cycle between mitophagy and mitochon-
drial dysfunction because the increase in dysfunctional mito-
chondria activates mitophagy for clearance in the early stage.
However, defective mitophagy is responsible for the accumula-
tion of damaged mitochondria in a later stage. However, age-

Diseases Mltochonfinal C}}anges of M1toph:agy Effects of mitophagy .Mltopha.gy Reference
dysfunction mitophagy evaluation intervention
Obesity-exposed ~ Decreased ATP Activation PINK1 Failure in the conversion None [42]
oocytes synthesis, lower AYm from fertilized oocytes
to the blastocyst stage
in oocytes
Obesity-induced ~ Decreased ATP Activation TEM, LC3B+TOM20, Increased cardiac Inhibition by PINK1 [16]
cardiomyopathy  synthesis, reduced TOM20+LAMP1, dysfunction siRNA
mitochondrial mass, mt-Keima
decreased mtDNA
Diabetic Reduced intracellular ~ Activation TEM, LC3B, p62, Impaired osteogenic Inhibition by [74]
osteoporosis Mg* PINK1, Parkin capability Parkin-RNAi
Diabetic Decreased ATP Activation LC3B, p62, BNIP3 Not mentioned None [43]
nephropathy synthesis, impaired
mitochondrial dynam-
ics, increased mtROS
Diabetes-related ~ Lower AWm, increased Activation GFP-LC3, mRFP-LC3, Enhanced apoptosis, Activation by [44]
depression mtROS beclin 1, Parkin exacerbated depression-  rapamycin, inhibi-
like behavior tion by MHY 1485
Diabetic Mitochondrial Activation Mitophagy-reporter  Increased cellular None [8]
retinopathy morphology then mice, FL-Pink1/ senescence
alterations inhibition =~ AN-Pinkl ratio,

LC3B+COX-1IV

ATP, adenosine triphosphate; PINK1, PTEN-induced putative kinase 1; mtDNA, mitochondrial DNA; TEM, transmission electron microscope;
LC3B, microtubule-associated protein 1 light chain 3 beta; TOM20, translocase of the outer mitochondrial membrane 20; LAMP1, lysosomal
associated membrane protein 1; siRNA, small interfering RNA; mtROS, mitochondrial reactive oxygen species; BNIP3, BCL2 interacting pro-
tein 3; GFP-LC3, green fluorescent protein-light chain 3; mRFP-LC3, monomeric red fluorescent protein-light chain 3; MHY1485, the mTOR
receptor agonist; FL-Pink1, full-length PINK1; AN-Pink1, N-terminal-cleaved PINK1; COX-IV, cytochrome ¢ oxidase subunit 4.
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related factors cannot be ruled out in defective mitophagy in
the advanced phase. Interestingly, increased expression of the
mitochondrial autophagy markers BCL2 interacting protein 3
(BNIP3) and p62 was revealed in response to short-term HFD
feeding, but no difference in LC3II and lysosomal associated
membrane protein 1 (LAMP1) levels was observed [39], indi-
cating that there was a timely change in mitophagy initiation at
the very beginning of HFD feeding. Therefore, mitophagy is
classified as benign and detrimental in obesity and diabetes-
related heart disorders.

Deficient benign mitophagy in obesity and diabetes-related
heart disorders

Benign mitophagy is defined as mitophagy that is beneficial to
mitochondrial maintenance, cellular homeostasis and cell via-
bility under the pathological conditions of obesity and diabe-
tes. This benign mitophagy is typically impaired, and there are
decreased levels of autophagy and mitophagy markers [6]. In
obese and diabetic rodents, excessive mtROS and mitochon-
drial fragmentation can be eliminated by restoring mitophagy,

dmj

and mitochondrial morphology and function in cardiac tissue,
as well as cardiac function, can be recovered [7,40]. Table 1 sum-
marizes benign mitophagy in other conditions, including dia-
betic kidney disease, obesity-related non-alcoholic fatty liver
disease (NAFLD), diabetic neuropathy [41], diabetic retinopa-
thy, and diabetic hyposalivation.

Excessive detrimental mitophagy in obesity and diabetes-
related heart disorders

In contrast to benign mitophagy, detrimental mitophagy is de-
fined as mitophagy that is harmful to mitochondrial homeo-
stasis and normal cellular activity in obesity and diabetes. Det-
rimental mitophagy is frequently upregulated in obesity and
diabetes-related heart disorders [16], and there is an increase
in the expression of autophagy and mitophagy markers [42-
44]. This damaging effect is enhanced by a further increase in
mitophagy but suppressed by inhibiting activated mitophagy.
Furthermore, mitochondrial morphology and function are
damaged due to detrimental mitophagy because this increased
but dysfunctional mitophagy cannot clear damaged mitochon-

Mitochondrial matrix

Fig. 1. PTEN-induced putative kinase 1 (PINK1)/Parkin-independent pathway in mitophagy. The diagram shows the classical
mitophagy pathway mediated by receptors and adapters. Receptors-mediated mitophagy includes BCL2 interacting protein 3 like
(NIX; also named BNIP3L), BCL2 interacting protein 3 (BNIP3), FUN14 domain containing 1 (FUNDCI1), autophagy and beclin
1 regulator 1 (AMBRA1), HECT, UBA and WWE domain containing E3 ubiquitin protein ligase 1 (HUWEL), and prohibitin 2
(PHB2)-mediated mitophagy. These mediators are almost outer mitochondrial membrane (OMM) proteins, with light chain 3
(LC3)-interacting regions (LIRs) responsible for LC3 recognition and mitophagy initiation. Adapters-mediated mitophagy in-
cludes NBR1 autophagy cargo receptor (NBR1), optineurin (OPTN), p62, Tax1 binding protein 1 (TAX1BP1), and calcium bind-
ing and coiled-coil domain 2 (NDP52)-mediated mitophagy. These adapters are not localized on OMM except PHB2 and are ac-
tivated by the ubiquitination of OMM proteins. Also, they can recognize LC3 with LIRs, thus initiating mitophagy. Fig. 1 is creat-
ed with BioRender.com. IMM, inner mitochondrial membrane.
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dria. Table 2 shows detrimental mitophagy in other tissues in
obesity and diabetes.

REGULATION OF THE MITOPHAGY
PATHWAY IN OBESITY AND DIABETES-
RELATED HEART DISORDERS

The classical mitophagy pathway
Similar to autophagy, mitophagy involves initiation, mem-
brane nucleation, phagophore formation, phagophore expan-
sion, fusion with the lysosome, and cargo degradation [11].
Mitophagy is initiated by mitochondrial fragmentation [45],
and a double-layered membrane forms, followed by expansion
and mitochondrial fragmentation to form a double-mem-
braned mitophagosome. Finally, mitophagic degeneration de-
pends on fusion with lysosomes or peroxisomes [46].

Two classical signaling pathways exist in mammals to regulate
mitophagy [1]: the PINK1/Parkin-independent and PINK1/

Parkin-dependent pathways. PINK1/Parkin-independent mi-
tophagy is characterized as receptor/adapter-mediated mitoph-
agy (Fig. 1). Typical receptors that mediate mitophagy are al-
most all outer mitochondrial membrane (OMM) proteins, in-
cluding FUN14 domain containing 1 (FUNDC1), BNIP3,
BCL2 interacting protein 3 like (NIX), autophagy and beclin 1
regulator 1 (AMBRAL1), HECT, UBA and WWE domain con-
taining E3 ubiquitin protein ligase 1 (HUWEL), prohibitin 2
(PHB2), cardiolipin, and FKBP prolyl isomerase 8 (FKBPS).
Standard adapters include p62, optineurin (OPTN), Tax1 bind-
ing protein 1 (TAX1BP1), calcium binding and coiled-coil do-
main 2 (NDP52), and NBR1 autophagy cargo receptor (NBR1),
which can be recruited to damaged mitochondria after ubiqui-
tination of the OMM. PINK1/Parkin-induced mitophagy
mainly depends on PINK1 activation in the mitochondrial
membrane and Parkin translocation from the cytoplasm to mi-
tochondria (Fig. 2) [47]. After mitochondrial damage in re-
sponse to mitochondrial stress and binding with OMM proteins

Cytoplasm
®
... ) ...
pe® ' /000000000 [ 73
auter ' A ”“““““Ooo.oo“o !
membrane { ]
PN Se $000¢
00® LL T

Intermembrane
space

Inner
membrane

Mitochondrial

AN-PINK1l
matrix

FL-PINK1 T

PINK1/Parkin dependent pathway

Fig. 2. PTEN-induced putative kinase 1 (PINK1)/Parkin-dependent pathway in mitophagy. The diagram shows the classical mi-
tophagy pathway mediated by PINK1 and Parkin. In basal condition, PINK1 anchors on the outer mitochondrial membrane
(OMM) and extends to the inner mitochondrial membrane (IMM), where PINKI1 is cleaved as the N-terminal-cleaved PINK1
(AN-PINK1), the mature form, by presenilin associated, rhomboid-like (PARL) activity on IMM. After mitochondrial damage,
PINKI1 cleavage is impaired, leading to increased levels of full-length PINK1 (FL-PINK1). FL-PINK1 accumulation on OMM acti-
vates phosphokinase activity, recruits Parkin from the cytoplasm to the mitochondrial membrane, and further increases the phos-
phorylated-Parkin (p-Parkin) level. Consequently, the elevated p-Parkin level will ubiquitinate OMM proteins and further recruit
P62 to these dysfunctional mitochondria to initiate mitophagy. Fig. 2 is created with BioRender.com. TOM, translocase of the outer
mitochondrial membrane; P, phosphorylation; Ub, ubiquitin; S, substrates\proteins on mitochondria.
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such as translocase of the outer mitochondrial membrane 7
(TOM?7), TOM20, TOM22, TOM40, and TOM70, the PINK1
complex is activated by kinase activity, which is essential for
subsequent Parkin recruitment. An increase in Parkin translo-
cation to mitochondria results in the ubiquitination of OMM
proteins and the recruitment of P62 to these dysfunctional mi-
tochondria to initiate mitophagy.

Dysregulation of the mitophagy pathway in obesity and
diabetes-related heart disorders

The PINK1/Parkin-dependent mitophagy pathway and PINK1/
Parkin-independent mitophagy pathway are the two classic mi-
tophagy regulatory mechanisms and are dramatically altered in

dmj

obesity and diabetes.

Impaired PINK1/Parkin-dependent mitophagy in obesity
and diabetes-related heart disorders

The crucial role of PINK1 and Parkin in mitophagy regulation
in obesity and diabetes has been well demonstrated. Parkin-me-
diated mitophagy can prevent the accumulation of dysfunc-
tional mitochondria and consequent cardiac hypertrophy dur-
ing HFD consumption [48]. In comparison, these protective
effects are impaired by Parkin inhibition in Parkin-knockout
(KO) diabetic mice and Parkin-small interfering RNA (siRNA)
PA-treated cells [48] in vitro. PINK]1 is a well-known upstream
regulator of Parkin in mitophagy, and PINKI expression is of-

Tipel

Lleo

Mitophagosome

Mitolysosome

Fig. 3. Upstream regulation on Parkin and PTEN-induced putative kinase 1 (PINK1)-mediated mitophagy in obesity and type 2
diabetes mellitus. Parkin regulation: The C-type lectin domain family 16 member A (Clec16a)-ring finger protein 41 (Nrdp1)-ubig-
uitin specific peptidase 8 (Usp8) complex could induce cellular reactive oxygen species (ROS) through increased Clec16a levels due
to the proteosomal inhibition of Nrdp1. Excessive ROS and endoplasmic reticulum (ER) stress activate p53 thus inhibiting Parkin
phosphorylation (p-Parkin), with a consequent mitophagy suppression. Serine/threonine protein phosphatase 2A (PP2A) inhibi-
tion induced by high-fat diet (HFD) will also decrease p-Parkin levels. Mammalian sterile 20-like kinase 1 (Mst1) is a negative regu-
lator of Parkin expression via the AMP-activated protein kinase (AMPK)/p-AMPK pathway, and long non-coding RNA (IncRNA)
small nucleolar RNA host gene 17 (SNHG17) is reported to modulate the ubiquitination of Mstl. PINKI regulation: PINKI trans-
lation is regulated by forkhead box O3a (FOXO3a) acetylation and bromodomain containing 4 (BRD4)-acetylated histone H3 ly-
sine 27 (H3K27ac) binding to the PINK1 promoter, as FOXO3a acetylation and H3K27 acetylation are significantly increased in
HED-fed mice, leading to the decreased PINK1 messenger RNA (mRNA) and protein level. In addition, an elevated level of tumor
necrosis factor, alpha-induced protein 8-like 1 (Tipel) exacerbates proteosomal activity of prohibitin 2 (PHB2), and the consequent
lower level of PHB2 will inhibit PINK1 and Parkin expression, thus suppressing PINK1/Parkin-mediated mitophagy. Fig. 3 is creat-
ed with BioRender.com. TXNIP, thioredoxin-interacting protein; Ac, acetylation; P, phosphorylation.
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ten detected in the presence of Parkin. Under physiological
conditions, healthy mitochondria are polarized. Immature
PINKI1, which is also known as full-length PINK1 (FL-PINK1),
is shuttled into the mitochondrial matrix and cleaved to form
the mature form: N-terminal-cleaved PINK1 (AN-PINKI1). As
mitochondrial dysfunction occurs, PINK1 maturation becomes
defective, leading to FL-PINK1 accumulation at the OMM,
which is responsible for mitophagy initiation [8,49]. Moreover,
this process is regulateed by forkhead box O3a (FOXO3a) acet-
ylation and the bromodomain containing 4 (BRD4)-acetylated
histone H3 lysine 27 (H3K27ac) complex, which can bind to
the PINKI promoter and regulate PINK1 messenger RNA
(mRNA) expression under HF stress [50,51]. After PINK1 de-
letion, PINK1 and Parkin expression is reduced, and oxidative
stress, inflammation, apoptosis and cell dysfunction are in-
creased [52,53]. The impairment of PINK1/Parkin-dependent
mitophagy and the potential upstream mechanisms in obesity
and T2DM are illustrated in Fig. 3.

(1) Redox pathways in PINK1/Parkin-dependent mitophagy
Excessive reactive oxygen species (ROS) generation inhibits
PINKT1 activation, thus suppressing p-Parkin levels but not total
Parkin levels in HG conditions [17,54]. Inactivation of PINK1-
p-Parkin results in impaired mitophagy and defects in mtROS
clearance, which forms a vicious cycle between ROS and defec-
tive mitophagy [15]. Thioredoxin-interacting protein (TXNIP)
is increased in the diabetic brain, and PINK1/Parkin-mediated
mitophagy is impaired [55]. After TXNIP-siRNA transfection in
PC12 cells, cellular ROS production and cytochrome ¢ oxidase
subunit 4 (COX-IV)-LAMPI colocalization were suppressed,
suggesting that TXNIP regulates PINK1-mediated mitophagy
and mitophagy degradation [56]. Inversely, TXNIP might be the
upstream regulator of ROS, since it is involved in ROS-PINK1/
Parkin-mediated mitophagy in diabetic mice via nuclear factor,
erythroid derived 2, like 2 (Nrf2)/kelch-like ECH-associated
protein 1 (Keapl) or Nrf2/antioxidant response element (ARE)
signaling [54,57].

C-type lectin domain family 16 member A (Clecl6a), an ini-
tiator of redox and inflammatory cascades [17,58], inhibits
Parkin-mediated mitophagy activation in physiological condi-
tions by forming the Clecl6a-ring finger protein 41 (Nrdp1)-
ubiquitin specific peptidase 8 (Usp8) complex. As a specific
partner of Clec16a, Nrdp1 directly contacts Clecl6a and is pro-
tected from proteasomal degradation [59]. After mitochondri-
al damage during pathological states, Clec16a-Nrdp1 promotes
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autophagosome-lysosome fusion or mitophagosome-lysosome
fusion via advanced mitophagy through Parkin activation.
Furthermore, this protective effect is abolished by Clecl6a
pharmacologic inhibitor treatment and in Clec16a-KO mice,
and there is a further increase in Parkin-mediated mitophagy
and detrimental mitophagy in diabetic mice. Moreover, en-
hanced cytosolic p53 expression is observed due to excessive
ER stress and oxidative stress and reduced Parkin-dependent
mitophagy in diabetic B-cells, indicating a negative regulatory
effect on mitophagy in a redox-dependent manner [60].

(2) The Mst1 pathway in PINK1/Parkin-dependent mitophagy
Mammalian sterile 20-like kinase 1 (Mstl) has been reported
to negatively regulate mitophagy via a Parkin-dependent path-
way, and Mst1 can reduce Parkin expression, thereby suppress-
ing mitophagy in diabetic cardiomyocytes [18]. After the inhi-
bition of Mstl phosphorylation and activity, Parkin-mediated
mitophagy was enhanced in diabetic hearts [61,62]. Recently,
we discovered that long non-coding RNA (IncRNA) small nu-
cleolar RNA host gene 17 (SNHG17) was the upstream regula-
tor of Mstl in Parkin-mediated mitophagy. LncRNA SNHG17
overexpression led to the elevated Mst1 protein levels by inhib-
iting the ubiquitination and degradation of Mstl [45] and a
consequent suppression of Parkin-dependent mitophagy. In
addition, Parkin-mediated mitophagy is restored after Mst1
deletion [18], indicating the crucial role of the IncRNA SN-
HG17-Mstl-Parkin pathway in mitophagy regulation in dia-
betic kidneys.

(3) The TIPE1-PHB2-PINK1/Parkin pathway in mitophagy
Elevated expression of tumor necrosis factor, alpha-induced
protein 8-like 1 (TIPE1) has been observed in both diabetic pa-
tients and diabetic mice. Furthermore, renal tubular epithelial
cell (RTEC)-specific Tipel deletion attenuates cellular damage,
reducing collagen accumulation, increasing epithelial cell mark-
ers, and alleviating renal fibrosis in diabetic nephropathy, which
results from enhanced PINK1/Parkin-mediated mitophagy. As
an inner mitochondrial membrane protein, PHB2 functions as
a crucial mitophagy receptor. After Tipel ablation, the half-life
of PHB2 was prolonged because Tipel could interact with
PHB2 and promote the proteasomal degradation of PHB2.
Moreover, the crucial role of PHB2 in Tipel-PINK1/Parkin mi-
tophagy has been evidenced by the fact that the cellular and mi-
tochondrial protection of Tipel silencing are abolished by fur-
ther PHB2 ablation [63].
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Fig. 4. Upstream regulation on receptors and adapters-mediated mitophagy in obesity and type 2 diabetes mellitus. (1) FUN14
domain containing 1 (FUNDCI) regulation. FUNDCI-mediated mitophagy is suppressed during high-fat diet (HFD) feeding
through the long non-coding RNA (IncRNA) maternally expressed 3 (MEG3)-Rac family small GTPase 1 (Racl) pathway, as de-
creased IncRNA MEGS3 level lessens Racl inhibition, thus increasing FUNDC1 dephosphorylation and decreasing FUNDC1
phosphorylation. The F-box domain of F-box and leucine rich repeat protein 2 (FBXL2) combines with FUNDCI and regulates
FUNDCI -related mitophagy. (2) BCL2 interacting protein 3 (BNIP3) regulation. The suppressed brain-derived neurotrophic fac-
tor (BDNF)/tropomyosin receptor kinase B (TrkB) pathway inhibits BNIP3-mediated mitophagy and the activated nuclear recep-
tor 4A1 (NR4A1)/DNA-dependent protein kinase, catalytic subunit (DNA-PKcs)/p53 pathway. Decreased serine/threonine ki-
nase 3 (STK3)/STK4 expression is responsible for BNIP3-mediated mitophagy repression, while the BNIP3 reduction could fur-
ther reduce the STK3/STK4 level. (3) BCL2 interacting protein 3 like (NIX) regulation. Protein kinase (PKA) participants in NIX
phosphorylation, as a lower level of PKA, is associated with decreased inhibitory NIX phosphorylation, leading to excessive mi-
tophagy in obesity. (4) FOX regulation. Inhibitory phosphorylation of forkhead box O1 (FoxO1) is increased by Akt kinase 2
(AKT2)/AMP-activated protein kinase (AMPK)-p-FoxO1 signal pathway. And FoxO1 acetylation is elevated due to sirtuin 1
(SIRT1) suppression in type 2 diabetes mellitus. The translocation of FoxO3a from the cytoplasm to mitochondria is repressed by
SIRT6 suppression. In addition, FoxO3a reduction is an upstream regulator of NIX-mediated mitophagy through the cyclic ade-
nosine monophosphate (cAMP)/PKA pathway. (5) Optineurin (OPTN) regulation. OPTN-mediated mitophagy is activated in
diabetic mice. Fig. 4 is created with BioRender.com. LRR1, leucine-rich repeat protein 1; P, phosphoryl,tion; Ub, ubiquitin; Ac,
acetylation; mtROS, mitochondrial reactive oxygen species; MMP, mitochondrial membrane potential; ER, endoplasmic reticu-
lum; MAM, mitochondria-associated endoplasmic reticulum membrane.

Impaired receptor/adapter-dependent mitophagy pathways (1) FUNDCI-mediated mitophagy

in obesity and T2DM FUNDCI plays an essential role in mitochondrial morphology
Receptor/adapter-dependent mitophagy is another classical ~ and functional regulation in obesity and diabetes. We found
mitophagy. Identified mitophagy receptors/adaptors involved  detrimentally elevated FUNDCI expression in diabetic hearts.
in obesity and diabetes include FUNDCI1, BNIP3, OPTN, and = FUNDCI overexpression induces excessive detrimental mi-
FoxO1/FoxO3a (Fig. 4). tophagy, leading to the disruption of dysfunctional mitochon-
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dria elimination, increased mitochondrial Ca?* flux, mitochon-
drial ROS overproduction, impaired mitochondrial membrane
potential, and increased mitochondria-associated endoplasmic
reticulum membrane (MAM) formation in diabetic hearts [19].
In contrast, FUNDCI1 suppression was observed in skeletal
muscle tissue during HFD feeding, which was consistent with
mitophagy inhibition in diabetic mice [64], which is considered
benign [31]. Maternally expressed 3 (MEG3)-Rac family small
GTPase 1 (Racl) has been reported to improve oxidative stress,
inflammation and apoptosis in HG-treated neurons through
FUNDCI1-dependent mitophagy. MEGS3 is overexpressed and
can bind with the Racl 3’ untranslated region (3’'UTR); thus,
inhibiting Racl expression and resulting in detrimental mi-
tophagy inhibition by increasing FUNDCI dephosphorylation
in diabetic neurons, and the protective effects were abolished
by FUNDCI1 ablation [65]. Moreover, F-box and leucine rich
repeat protein 2 (FBXL2) can directly interact with FUNDC1
and further regulate FUNDC1-mediated mitophagy, and the
FUNDCI1-FBXL2 interaction mainly relies on the F-box do-
main rather than the leucine-rich repeat protein 1 (LRR1) do-
main of FBXL2. However, there was no significant difference in
the FUNDCI1-FBXL2 interaction in cardiac tissues after low-
fat and HF intake. Therefore, more research is needed to ex-
plore the potential mechanism by which the FUNDC1-FBXL2
interaction mediates FUNDC1-dependent mitophagy in obesi-
ty and diabetes [6].

(2) BNIP3-mediated mitophagy

In obesity and T2DM, it is unclear whether BNIP3 expression
is upregulated or downregulated; thus, whether BNIP3-medi-
ated mitophagy is beneficial or detrimental remains ambigu-
ous. Decreases in BNIP3 expression and BNIP3-mediated mi-
tophagy were detected in vivo and in vitro, and mitochondrial
homeostasis and cellular viability were improved after BNIP3
reactivation. BNIP3-mediated mitophagy is mediated by the
brain-derived neurotrophic factor (BDNF)/tropomyosin re-
ceptor kinase B (TrkB)-dependent pathway and nuclear recep-
tor 4A1 (NR4A1)/DNA-dependent protein kinase, catalytic
subunit (DNA-PKcs)/p53 pathway, and BDNF is positively
regulated by BNIP3 [66] and negatively regulated by NR4A1/
DNA-PKcs/p53 activation [67]. However, we also observed
that it enhanced BNIP3 expression and activated mitophagy in
obesity and diabetes, which is defined as detrimental BNIP3-
mediated mitophagy and occurred in a serine/threonine ki-
nase 3 (STK3)/STK4-dependent manner. Interestingly, after
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BNIP3 ablation, there was a significant decrease in STK3/STK4
levels, indicating a potential feedback loop between BNIP3 and
STK3/STK4 [68]. Apart from BNIP3 expression, the phosphor-
ylation and subcellular location of BNIP3 also contribute to
mitophagy regulation. Inhibitory BNIP3L phosphorylation at
Ser212 within the carboxy terminus of the transmembrane do-
main of BNIP3L (NIX) can suppress excessive mitophagy in-
duced by PA in myotubes. Additionally, the subcellular translo-
cation of BNIP3 is essential for mitophagy. Increases in BNIP3
and mitochondrial marker colocalization promote mitophagy,
while BNIP3 in other organelles does not affect mitophagy [69].

(3) Fox-mediated mitophagy
Fox is a newly discovered protein family that regulates autoph-
agy including FoxO1 and FoxO3. HFD regulates FoxO1 post-
transcriptionally, including phosphorylation and acetylation,
while FoxOl expression remains unchanged. There is an in-
crease in FoxO1 phosphorylation but no change in total FoxO1
levels in HFD-induced obesity. However, the increase in FoxO1
phosphorylation inhibits mitophagy, indicating inhibitory
phosphorylation in mitophagy via the Akt kinase 2 (AKT2)/
AMP-activated protein kinase (AMPK)-p-FoxO1 signaling
pathway [37]. The FoxO1 acetylation level is significantly in-
creased when mitophagy is repressed, indicating that FoxO1-
mediated mitophagy is suppressed in diabetic mice. This oc-
curs in a sirtuin 1 (Sirtl)-dependent manner, which has been
proven by gain- and loss-of-function experiments [20,70].

FoxO3 is another member of the Fox protein family that plays
a vital role in mitophagy regulation in obesity and T2DM. We
observed decreased levels of NIPA magnesium transporter 2
(NIPA2), a negative regulator of FoxO3a and consistently acti-
vated mitophagy in diabetic osteoblasts, which indicates that
NIPA2 is involved in FoxO3a-mediated mitophagy regulation
[71]. Moreover, FoxO3a cellular localization is critical for mi-
tophagy regulation. SIRT6 activation-mediated FoxO3a trans-
location from the cytoplasm to mitochondria induces mitopha-
gy, thus inhibiting mitochondrial fission in diabetic cardiomy-
opathy [40]. Furthermore, FoxO3 is considered an upstream
regulator of other mitophagy receptors, such as BNIP3L, in
obese adipocytes [72].

In conclusion, mitophagy regulation in obesity and diabetes
is complicated. All mitophagy receptors and adapters form a
complex network and can regulate each other.
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PHARMACOLOGIC INTERVENTION IN
MITOPHAGY IN OBESITY AND DIABETES-
RELATED HEART DISORDERS

Pharmacologic suppression of mitophagy

To date, several types of studies have investigated the effects of
mitophagy suppression on obesity and T2DM. When excessive
detrimental mitophagy is suppressed, we observed protective
effects on obesity and diabetes. It has been reported that sesamol
treatment results in a significant reduction in body fat and lipid
accumulation after HFD consumption. We further observed
that sesamol could increase mitochondrial numbers and pro-
mote mitochondrial biogenesis, which is associated with inhib-
iting excessive and detrimental mitophagy via the f3-adrenergic
receptor/protein kinase A ($3-AR/PKA) signaling pathway in
obese adipocytes [73]. KU-596, a newly discovered treatment,
is reported to attenuate diabetic peripheral neuropathy in clini-
cal patients by improving mitochondrial bioenergetics and de-
creasing cellular oxidative stress. Further study showed that
HFD-induced excessive mitophagy was inhibited, and there
were improvements in mitochondrial morphology and func-
tion, which indicates that KU-596 inhibits excessive and detri-
mental mitophagy in diabetes [55].

Pharmacologic activation of mitophagy

Moreover, many studies have demonstrated the effects of mi-
tophagy activation on obesity and diabetes. When defective be-
nign mitophagy is activated, we observed improvements in mi-
tochondrial function and morphology, which reversed cellular
dysfunction. In the myocardial ischemia-reperfusion model,
reduced mitophagy and enhanced mitochondrial fission were
observed in diabetic mice, and there were decreases in plasma
melatonin levels. Melatonin treatment can restore impaired mi-
tophagy, thus improving mitochondrial biogenesis and inhibit-
ing mitochondrial fission by activating SIRT6 signaling [40].
Similar effects of melatonin have been revealed in NAFLD via
the NR4A1/DNA-PKcs/p53 pathway [67]. Moreover, melato-
nin significantly improves the early and advanced stages of mi-
tophagy, and increased numbers of autophagosomes engulfing
mitochondria and autolysosomes engulfing mitochondria were
observed in HG-treated cardiomyocytes [61] in vitro. Autopha-
gy-related 7 conditional knockout (Atg7 cKO) mice exhibit sig-
nificant mitophagy dysfunction in the context of obesity and
diabetes, suggesting the potential effects of autophagy on mi-
tophagy. Therefore, a peptide derived from a region of beclin 1
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protein (TAT-beclin 1), which contains 18 amino acids derived
from Beclinl, was administered to diabetic mice to investigate
the impact of autophagy activators on mitophagy. TAT-beclin 1
improved Parkin-independent mitophagy in diabetic cardio-
myopathy, attenuating HFD-induced mitochondrial dysfunc-
tion and enhancing mitochondrial turnover [38]. Coenzyme
Q10 (CoQ10) has been reported to participate in ATP produc-
tion and antioxidant activity. It can reverse mitophagy impair-
ment in obese kidney and HG-treated murine glomerular en-
dothelial cells, ameliorate mtROS generation and mitochondri-
al dysfunction and improve mitochondrial dynamics by restor-
ing the Nrf2/ARE signaling pathway [57]. Additionally, mitoQ,
a mitochondria-specific antioxidant, is composed of CoQ10
and tiphenylphosphine cations. Similar renal mitochondrial
protective effects have been demonstrated in mitoQ-treated di-
abetic mice via the Nrf2-PINK1 pathway [22]. Treatment with
recombinant human progranulin (rPGRN), a secreted glyco-
protein, attenuates HG-induced mitochondrial dysfunction,
thereby improving mitochondrial morphology and decreasing
mitochondrial fission in the diabetic kidney. These protective
effects on diabetic kidneys depend on the restoration of
PINK1-mediated mitophagy by activating the Sirtl-peroxi-
some proliferative activated receptor, gamma, coactivator 1 al-
pha (PGC-1a)/FoxO1 pathway [20]. Urolithin A restores defec-
tive mitophagy and improves cardiac function in the obese
hearts. In addition, there is a significant increase in autophago-
somes and a decrease in autolysosomes after urolithin A treat-
ment, suggesting that urolithin A activates mitophagy by en-
hancing the initiation but not the later stage of mitophagy in
obesity [74].

CONCLUSIONS

Many studies have suggested that obesity- and diabetes-related
heart disorders result from significant mitochondrial dysfunc-
tion and subsequent mitophagy damage. However, it remains
unclear how mitophagy changes under these pathological con-
ditions. Mitophagy in obesity and diabetes occurs in a tissue-
specific, time-dependent, and age-related manner, and mi-
tophagy shows different changes in different tissues and may
be different in the early and advanced stages. After pharmaco-
logic mitophagy interventions, mitochondrial morphology
and function were restored, and there were additional im-
provements in cell viability. Therefore, mitophagy intervention
might be a new therapeutic strategy for heart disorders associ-
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ated with obesity and diabetes, although previous studies have
been conducted just in animal models.
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