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Abstract

Mitochondrial dysfunction can be a major cause of a wide range of age-related diseases. Maintaining the normal homeostasis
of mitochondria population plays an important role in ensuring people’s health, which is done through the mitophagy process.
Among the various stimuli for the onset of mitophagy, caloric restriction (CR) is one of the strongest non-genetic triggers for
initiating the mitophagy process. The primary objective of this paper is to review the literature assessing the effect of CR on
mitophagy. Medline, Web of Science, Scopus, and Google Scholar databases was searched from inception to 1 August 2019.
Reference lists from all selected articles were also examined for additional relevant studies. The evidence regarding the effect
of fasting or CR on mitophagy is still limited. In addition, the methodological approaches of the studies are too heterogeneous
in terms of types of food restriction, study duration, and targeted tissues. Most of the studies showed that fasting or CR
induced mitophagy and mitophagy-related markers such as Binp3 and Parkin. However, some studies demonstrated that
mitophagy occurred both in fasting and fed state with no significant differences or may be induced in fed state. Study on
the muscle tissue of subjects after exercise showed that mitophagy was upregulated in the fed state. It has been demon-
strated that mitophagy in the muscle was lowered in the absence of AMP-dependent kinase and fibroblast growth factor 21
genes, both in fasted and fed conditions. Current evidence overwhelmingly suggests that CR and fasting induce mitophagy
and mitophagy-related markers. Based on the current evidence that we reviewed here, it could be concluded that fasting
or CR has a promising role as a novel and practical approach in the prevention of age-related diseases without any side effects
by inducing mitophagy in different organs of the body. More studies will be required in future to clarify the relationship
between food deprivation and mitophagy. Further studies using a variety of different types of CR and fasting states are also
warranted to determine the best approach for inducing mitophagy and improving health.
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Introduction

Mitochondria are double-membrane-bound organelles re-
sponsible for many process in eukaryotic cells, such as the
production of adenosine triphosphate and reactive oxygen
species (ROS), cell death, regulation of calcium haemostasis,

and innate immunity.>? Thus, regulation of mitochondria
function is important for cell health. Adenosine triphosphate
is produced by oxidative phosphorylation within the respira-
tory chain inside the mitochondria. This process can result in
the generation of ROS, such as peroxides, superoxide,
hydroxyl radical, and singlet oxygen.3 If the overproduction
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of ROS is higher than the antioxidative capacity of the cell, this
causes oxidative stress and cell death, which can occur in
mitochondria due to their low antioxidant capacity. Impaired
mitochondrial function leads to enhanced ROS production,
stimulating apoptotic cell death.® Mitochondrial quality and
quantity is mediated by the mitophagy process in which
damaged or dysfunctional mitochondria are degraded.* The
half-life of mitochondria in the human body is 10-25 days,
and the mitophagy process is important in maintaining the
balance between degradation and biosynthesizing of
mitochondria.> Furthermore, mitophagy plays an important
role in removing mutated mitochondrial DNA.® Two types of
mitophagy exist, one of them is micromitophagy in which
vacuolar/lysosomal membrane invades the mitochondria
directly,” while macromitophagy refers to the removal of
targeted mitochondria by autophagosomes and fusion of
autophagosomes to vacuolar/lysosomal leading to degrada-
tion dysfunction mitochondria by hydrolases.® Only
macromitophagy exists in mammalian cells, which plays a
major role in several biologic process in the body, including
the development of diseases. For example, dysfunctional mi-
tochondria are degraded by PINK1/Parkin-dependent process
in dopaminergic neurons in the substantia nigra, which
contributes to Parkinson’s disease pathology.® Mitophagy
was initially termed in 2005 when Uth1p, specific outer
membrane protein in yeast mitochondria, was introduced
and demonstrated to be responsible for mitochondrial
autophagy.’® Two vyears later, Tal et al." revealed that the
localization of Aup1p in the intermembrane space of yeast
mitochondria is important for efficient mitophagy in
stationary phase cells. Further research demonstrated that
evacuation of a mitochondrial inner membrane protein,
Mdm38, leads to the loss of mitochondrial K*/H" exchange
activity and mitochondrial swelling occurred, resulting in frag-
mentation of the mitochondrial reticulum.’ Atg32 is located
in the intramitochondrial domain and acts as a mitochondrial
receptor for mitophagy in the yeast.”® Nitrogen starvation
phosphorylates Atg32, which is required for mitophagy to
occur. Atg11 is phosphorylated by the mitogen-activated
protein kinase, Hog1. Hog1 is also required to phosphorylated
the downstream mitogen-activated protein kinase, Pbs2." In
addition to removing dysfunctional mitochondria, mitophagy
also plays an important role in adaptive responses to
conditions such as starvation, hypoxia, or developmental
signals.® Mammalian mitophagy is induced by two main
pathways, specifically damage-induced mitophagy or
developmental-induced mitophagy.””  Damage-induced
mitophagy is stimulated by two main proteins: (i) Parkin is a
E3 ubiquitin protein ligase and (ii) serine/threonine-protein
kinase PINK1 that encodes the PTEN-induced putative
kinase.” In normal polarized conditions, PINK1 is preserved
at basal levels and is located in the inner mitochondrial
membrane. When depolarization occurs due to damaged
mitochondria, the mitochondrial membrane potential is not

sufficient to pass PINK1 from the outer mitochondrial
membrane to the inner mitochondrial membrane.” Then,
PINK1 is located on the outer membrane of mitochondria
leading to phosphorylation of Mitofusin-1, Mitofusin-2,
ubiquitin, and ubiquitin-like domain of Parkin to activate the
E3 ligase of parkin1.?>® Parkin promotes ubiquitination of
voltage dependent anion channels. These are required to
preserve the LC3-interacting region containing p62 that acts
as an adaptor molecule to recruit autophagosomal mem-
branes in mitochondria.”® Developmental process-induced
mitophagy occurs by the proapoptotic protein, Nip3-like pro-
tein X (Nix) or Bnip3L, and adenovirus E1B 19 kDa-interacting
protein (Bnip) 3 that they are part of the B-cell ymphoma 2
(Bcl-2) family.*?* Mitophagy can be induced by the Nix
protein that interacts with LC3. Then, LC3 interacts with
gamma-aminobutyric acid receptor-associated protein to pro-
duce the LC3/gamma-aminobutyric acid receptor-associated
protein complex that transfers the autophagosome to the mi-
tochondria for removal.>® Also, the beclin1/Bcl-2 interaction is
broken by the binding of Nix and Bnip3 to Bcl-2, so beclin1 can
initiate mitochondrial autophagy.” FUNDC1 is a mitochondrial
outer-membrane receptor of mitophagy, which is induced by
hypoxia. When FUNDC1 is dephosphorylated due to hypoxia, it
interacts with LC3-Il to initiate mitophagy process.?3

Fasting or calorie restriction

Accumulated evidence suggest that dietary restriction (DR),
including modifications in calorie intake, dietary composition
(e.g. protein content), or timing of food intake (e.g. intermit-
tent fasting [IF]), has a substantial role in preventing or
treating chronic disorders.?* DR also has beneficial effects
on longevity, likely through a delay in onset and reduction
in severity of chronic aging-related diseases, including
cancer.”* The major role of DR on longevity and health span
is regulated by overlapping pathways: in the presence of suf-
ficient nutrient supply, nutrient-sensing signalling cascades
will be activated and cellular growth will be promoted, which
lead to organismal growth and proliferation. These signalling
pathways are downregulated in periods of low food availabil-
ity or the lack of specific macromolecules, resulting in activa-
tion of protective metabolic pathways to ameliorate the
accumulation of cellular damage, block cellular proliferation,
and activate stress resistance transcription factors that nega-
tively regulate pro-aging pathways.?*72° One of the dietary in-
terventions is calorie restriction (CR) that reduces calorie
intake without creating malnutrition.3° CR alters physiological
processes, such as reduction of cell proliferation rates,
decreased generation of ROS, and a decline in body
temperature.3 34 Insulin-like growth factor-1 receptor-
dependent pathways and target of rapamycin (TOR)-depen-
dent activities are inhibited by CR, these processes are
involved in cell proliferation and glycolysis.3> CR also has
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anti-inflammatory effects; it reduces nuclear factor-kB
activity and decreases pro-inflammatory profile of aging.3®
Research has also revealed that CR induces mitochondrial
activity through activation of AMP-dependent kinase (AMPK)
and sirtuins. Simultaneously, a higher activity of Forkhead box
proteins occurs which activates both auto/mitophagy and
antioxidant expression.3® Therefore, both TOR inhibition and
AMPK activation can active Forkhead box protein. CR also
activates nuclear factor erythroid 2-related factor 2, resulting
in the expression of antioxidant proteins.3® CR leads to
decreased accumulation of damaged proteins through two
mechanisms. Firstly, CR produces short-term starvation that
leads to increase proteolysis and reduce accumulation of
damaged protein.3” Secondly, CR leads to decrease protein
turn over, reducing the need for protein replacement. CR
improves glucose metabolism, reduces insulin levels, and
has protective effects on neurodegeneration in animal
models of Huntington’s disease, Alzheimer’s disease,
Parkinson’s disease, and stroke.3® Additionally, CR can reduce
the incidence of inflammatory disorders, such as diabetes,
cancer, and cardiovascular disorders (Figure 1).3%3°

Due to the wide range of beneficial effects, fasting has
recently attracted significant attention as a novel strategy
to promote protection against multiple diseases.*®4" A
common type of fasting is IF (including alternate day fasting
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[ADF]), which refers to eating patterns where individual
intake little or no energy for extended time periods (e.g.
16-48 h), with intervening periods of normal food intake
on a recurring basis. Periodic fasting is another type of
fasting, which refer to IF with periods of fasting or ‘fasting
mimicking diets’ lasting from 2 to as many as 21 or more
days. Time-restricted feeding indicates an eating pattern in
which food access is limited to a time window of 89 h or
less every day.”**"** Research demonstrates that IF/ADF
has beneficial impacts on metabolic conditions because it re-
duces insulin and leptin level, reduces body fat, resting heart
rate, blood pressure, inflammation, increases insulin and lep-
tin sensitivity, and improve the resistance of the brain and
heart to stress (e.g. reduced tissue damage and improved
functional outcome in models of stroke and myocardial
infarction).*" Similarly, animal studies have demonstrated
the beneficial effects of IF/ADF, periodic fasting, and
time-restricted feeding on preventing and/or treating,
delaying onset, and slowing the progression of a wide range
of age-related disorders including cardiovascular disease,
stroke, diabetes, and neurological disorders such as
Alzheimer’s disease and Parkinson’s disease.*' Research sug-
gests that IF improves memory performance,*® which could
be beneficial in diseases such as dementia and Alzheimer’s
disease. Additionally, evidence demonstrates that IF should
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Figure 1 Schematic summary of pathways depicting the possible effects of fasting or calorie restriction (CR) on various cellular pathways, which in-
duces responses of the whole organism, leading results in several health benefits for the body. Fasting or CR inhibits IGF-1 receptor-dependent path-
ways and TOR-dependent activities. Fasting or CR inhibit nuclear actor-kB (NF-kB) activity. Fasting or CR also activate AMP-dependent kinase (AMPK)
and sirtuins. At the same time, fasting or CR activate FoxOs. Fasting or CR also induces the nuclear factor (erythroid-derived 2)-like 2 (Nrf2) activation.
Moreover, fasting or CR upregulate cyclic AMP response element-binding protein (CREB) and neurotrophic factors, including brain-derived neuro-
trophic factor (BDNF) and fibroblast growth factor 2 (FGF2). All of these processes have several beneficial effects on organisms including upregulation
of autophagy, reduction of inflammation and stress oxidative as well as cell proliferation rates, and increase mitochondrial health. These processes
have several health benefits such as reduction in body temperature, insulin level, leptin, body fat, blood pressure, and increase longevity. Finally, sev-
eral positive health outcomes will achieve such as age related disorders such as Huntington’s disease, Alzheimer’s disease, and Parkinson disease, as
well as metabolic disorders such as cardiovascular diseases, and diabetes mellitus, and cancer. ROS, reactive oxygen species.
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be considered as a novel approach to prevent malignancies
and increase the efficacy of cancer therapies.*® Activation
of adaptive cellular stress response signalling pathways
results in increased mitochondrial health, DNA repair, and
autophagy. These effects are considered the main cellular
and molecular mechanisms by which IF improves health
and counteracts disease progression.*’ Several signalling
pathways could be affected by IF, such as a reduction in
mammalian TOR signalling, improvement of mitochondrial
function, stimulation of mitochondrial biogenesis, and
upregulation of autophagy, upregulation of cyclic AMP
response element-binding protein and neurotrophic factors,
including brain-derived neurotrophic factor and fibroblast
growth factor 2 (FGF2).*' Research has revealed that fasting
stimulates anti-aging processes and prolongs lifespan.474¢
The molecular mechanism of the process by which fasting
causes lifespan-extension in many spices is its salient role
in autophagy induction.*”*° Similar to CR, fasting is the
most common and popular approach of autophagy induction
which causes increased in cellular clean-up, prevention of
the accumulation of toxic components and promotes
longevity.*°

However, according to our knowledge, the effect of CR
or fasting on induction of mitophagy or mitochondrial
autophagy has not been assessed until now. In this review,
we examine the impact of CR on autophagy stimulation®
and assessed whether fasting or CR can stimulate mitophagy.

Materials and methods

This narrative review was designed and reported in
accordance with the guidelines of the preferred reporting
items for systematic reviews and meta-analyses (PRISMA).
Medline, Web of Science, Scopus, and Google Scholar data-
bases were search using the following terms in titles
abstracts: mitophagy OR mitochondrial autophagy AND fating
OR fast OR fasted OR CR OR CR OR food restriction OR food
deprivation or low calorie OR low calorie diet. We included
studies that assessed the effect of fasting or CR on
mitophagy. The literature search was conducted from
inception to 1 August 2019. Two researchers (SM and MB)
independently and systematically screened the major biblio-
graphic databases. Reference lists from all selected articles
were also examined for additional relevant studies.

Results
Fasting or calorie restriction and mitophagy
The effect of CR or fasting on inducing mitochondrial autoph-

agy has been assessed in preclinical experiments and a few
clinical studies. A summary of results is shown in Table 1. In

addition, a schematic summary pathway of the effect of
fasting or CR on signalling pathways of mitophagy stimulation
is presented in Figure 2.

Price et al.3° assessed the effect of long-term CR on in vivo
hepatic mitophagy in mice. Twenty CR male C57/BL6 mice and
20 age-matched ad libitum (AL) group controls were used in
this study. Mice were allocated into two groups to receive ei-
ther a CR diet where the mice were provided with 3.0 g of
NIH-31/NIA fortified diet once a day (this is an autoclavable
diet formulated used in biological and biomedical research
as a standard reference diet) or an AL diet in which animals
freely accessed the NIH-31/NIA fortified feed. Animals were
sacrificed at various time points (0.5, 1, 4, 8, 15, or 32 days) fol-
lowing their allocated diet. Food intake and body weight of
mice in each group measured weekly and while anaesthetising
them. Following prolonged CR, global protein synthesis and
breakdown rates were reduced in the majority of cellular pro-
teins in the liver. The half-life of mitochondrial protein in-
creased in CR-conditioned mice compared with AL mice.
Additionally, a considerable reduction was observed in he-
patic mitochondrial biogenesis and global rate of proteolysis
including mitophagy, as well as general protein metabolic
rates in response to chronic CR. Similarly, Cui et al.>" assessed
the effect of long-term CR or high-calorie diet on the kidney,
specifically mitochondrial function and protein expression of
autophagy and mitophagy markers. Three-month-old rats
were purchased and placed on adopting feeding for 1 month.
Then, rats were randomly divided into three groups to receive
either a normal rat chow providing 3.42 kcal/g (control group
n = 20), high calorie diet group consumed modified chow that
supplied 4.51 kcal/g (n = 25), or a CR diet in which animals
were fed 30% less calorie compared with control rats
(n =16). After 20 months of intervention, six rats from each
group were sacrificed and blood samples and renal tissue
waste collected. This study showed that a high-caloric diet re-
sulted in increased kidney weight, creatinine concentration,
cholesterol, and triglyceride levels compared with the control
group. Also, a significant increase was observed in the expres-
sion of PINK1 in the high-calorie kidneys, indicating increased
mitochondrial damage. Nevertheless, in the CR group, the ex-
pression of PINK1 in the kidneys was dramatically decreased,
demonstrating that mitochondrial damage could be mitigated
by CR. While Parkin expression did not significantly differ be-
tween the three groups. Bnip3 expression was significantly
upregulated in the CR rat kidneys, suggesting mitophagy can
be increased by CR while the expression of Binp3 decreased
in high-caloric condition that indicated possibility of
preventing mitophagy in this condition. In another study, Zhao
et al.>®> examined the effects of exercise training and DR on
cardiac mitophagy. Eight-week-old male mice were given AL
water and standard mouse food before being randomly allo-
cated in one of three groups; control (n—8), exercise trained
(n = 8, mice underwent swim training 5 days/week for
10 weeks), CR (n = 8 mice were fed 40% less calories than
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%.E § o g = EE E % this study (specific-pathogen-free food) included 23% protein,
<Z( *g g _g’.g é “‘EEE‘ > 9% Wfa\ter, 4% crude fibre, and 6% fat. The ave.rage intake of
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o|8 2 §. B %-_g § ) 5 _g E, CR + T groups, which indicated that CR and exercise training
S|2°sS S 888 3¢5 can increase mitophagy. Following the 10 week intervention,
PINK1 protein and mRNA expression was significantly in-
creased in the T and CR + T group compared with control
B -§ group. However, Parkin mRNA expression was significantly
2 E reduced in the T + CR group relative to control group,
E gg demonstrating a higher sensitivity of PINK1 than Parkin in
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% L g 5 ¢ g PINK1 or Drp1 upregulation, respectively. Conversely, Bnip3
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tion in mouse cardiac tissue.
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E E ; E & ; g a exercise for 36 h before being exposed to either fasting con-
< ditions or a high-fat meal. Muscle biopsies were taken after
v 12 h of fasting and 4 h after a high-fat meal (contained 52 g
- o g carbohydrate, 24 g protein, and 58 g fat) to assess mitophagy
o s ° c biomarkers. Four days food diaries were used to assess the
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Figure 2 The effect of fasting or calorie restriction (CR) on signalling pathways of mitophagy stimulation. CR result in upregulating of protein markers
of mitophagy, such as PINK1, Parkin, ubiquitin, p62/LC3-Il, Nix, Bnip3L, and Bnip3 in mammalian. Also, CR can induce atg32 in yeast, which leads to
increased mitophagy processes. Activation of Sirt3 and downregulation of GCN5L1 induced by fasting or CR lead to deacetylation of mitochondrial pro-
teins, and mitophagy may be initiated by unknown process through retrograde signalling or direct ubiquitinylation. In tumour cells, decorin stabilized
mitostatin mRNAs, leading to the accumulation of mitostatin and mitophagy initiated by modulation of the PINK1/Parkin signalling axis.

subjects contains a greater amount of phospho-P1NK1
compared with sedentary subjects in both fasted and fed
states. Additionally, total Parkin protein was higher in seden-
tary participants, especially following the intake of a high fat
meal, while skeletal muscle of endurance-trained subjects
contained higher amount of phospho-Parkin following both
fasted and high-fat meal intervention. Mitochondrial fusion
protein (Mfn2) significantly increased in endurance-trained
subjects in both fasted and high-fat diet state. Mfn2 protein
content tended to be higher in the fasting state but
significantly increased following the high fat meal in
the endurance-trained subjects. Elevated levels of
phospho-PINK1 and phospho-Parkin in endurance runners
confirmed that endurance-training enhances mitophagy and
mitochondrial dynamics in skeletal muscle.

Similarly, Schwalm et al.>® aimed to determine the effect of
exercise and diet on mitophagy in skeletal muscle. Seven
healthy cycle athletes (minimum VO, max of 50 mL/min/kg)
were included in this study. Subjects were fed a
high-carbohydrate diet containing 63% carbohydrate the day
before they were randomly allocated into a fed group or
fasted group. In a cross-over design, participants were allo-
cated into a fed or fasted group. The fed group consumed
150 mL drink containing 6% carbohydrate every 15 min while
subjects in the fasted group consumed 150 mL water every
15 min during the 2 h exercise session. Following a two weeks
wash-out period, subjects in each group receive the another
intervention. Muscle biopsies were collected from the
mid-portion of the vastus lateralis muscle under local anaes-
thesia at baseline, before initiation of exercise, immediately
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after and 1 h after exercise to assess mRNA level and protein
expression of related mitophagy biomarkers. Based on the re-
sults of this study, Mfn2 mRNA level were lowered in the fed
state compared with baseline values. Conversely, mitochon-
drial DRP1 and Fis1 protein expression were increased
post-exercise in fed condition. This study revealed that mito-
chondrial Parkin was similar among the two nutritional states,
as well as before and after exercise. While protein expression
and mRNA levels of Bnip3 were significantly higher in the fed
group immediately after exercise compared with fasted state.
Phospho-DRP1 involved in mitochondrial fission, increased
post-exercise and 1 h post-exercise in the fed state. The ratio
of LC3blI/LC3bl was significantly decreased in the fasted state
post-exercise compared with fed state, demonstrating de-
creased mitophagy in this condition. In another study, Linden
et al.°” used diabetic Otsuka Long-Evans Tokushima fatty rats
to assess the effect of CR, metformin therapy, and combina-
tion therapy on managing of non-alcoholic fatty liver and dia-
betes. Twenty-week-old rats were allocated to one these four
groups: AL diet, metformin (300 mg/kg/day) with AL diet, CR
(~30% less than AL diet; 21 g/day), or combination of
metformin + CR for 12 weeks. Liver and blood samples were
collected at 32 weeks to assess biochemical markers attrib-
uted to liver function and insulin resistance. This study dem-
onstrated that BNip3 concentrations were elevated in
CR + metformin group compared with AL diet. Also, fasting
glucose and insulin were improved in the CR group. Combina-
tion of CR + metformin therapy led to improved glucose toler-
ance. Reduction in serum alanine aminotransferases was
shown in the CR + metformin group. Markers of de novo lipo-
genesis in liver such as fatty acid synthase, acetyl-CoA carbox-
ylase, and stearoylCoA desaturase-1 were also decreased in
the CR group while hepatic mitochondrial activity such as pal-
mitate oxidation and S-hydroxyacyl CoA dehydrogenase activ-
ity was increased in this group. In another study conducted by
Glic et al.,”® 3-5 month BNip3 heterozygous and BNip3 null
mice were used to assess the effect of Binp3 protein in regu-
lation of mitochondrial function. Mice were fasted for 16 h
prior to conducting a glucose tolerance test, glucagon stimula-
tion test, pyruvate challenge, or alanine challenge, or 4 h
fasted for assessment of the insulin tolerance tests, 6 and
24 h fasted for mitophagy protein marker assessment. Results
from this study revealed high levels of Binp3 expression in the
liver and heart of BNip3 heterozygous mice. This study also re-
vealed that BNip3 protein expression was higher during the
fasted state than basal levels. BNip3 protein levels were fur-
ther induced following 24 h of fasting than 6 h of fasting. How-
ever, no change in nix protein levels were observed in the
fasted state compared with their initial condition. Similar re-
sults were obtained by Jamart et al.>°, who randomly allo-
cated thirty-six 12-week-old mice into four intervention
groups: fed state and rested, fed state and exercised
(90 min running with speed of 10 m/min), fasted state (9.5 h
of food withdrawal), and rested (deprived of food during the

dark cycle) or fasted state and exercised (running began 8 h
after starvation). A biopsy of the gastrocnemius muscle of
mice was used to assess biomarkers of mitophagy. According
to result of this study, Drp1 mRNA decreased in fasted state,
but it remains unchanged in exercise state. Binp3 protein level
increased in fasted plus rest condition but decreased after ex-
ercise in the fasted mice group. BNip3 mRNA increased during
the fasted state whether the mice underwent a rest or run
session. Parkin protein levels were significantly increased in
the fasted + rest group, but parkin mRNA remained un-
changed in all intervention condition. Additionally, mitochon-
drial fusion was not affected by any intervention, as Mfn1 and
Mfn2 levels remained unchanged across the groups.

Bujak et al.°° examined the link between AMPK, autophagy,
and fasting. AMPK is known to activate autophagy; however,
the role of AMPK in muscle function during fasting periods
has not been established. This study examined mice lacking
skeletal muscle AMPK (AMPK-MKO) which were either 2
(young) or 18 (aged) month old wild-type mice. The mice were
placed under either fasting conditions for 12, 24, or 48 h or fed
AL before sacrificing, and muscle was removed for autophagy
and mitophagy biomarker assessment. This study revealed
that protein level and mRNA expression of autophagy adaptor
protein, p62, was increased in fasted condition. Also Parkin
protein level increased by more than two-fold in AMPK-MKO
mice compared with wild-type, regardless of the diet condi-
tion, demonstrating that AMPK in skeletal muscle is needed
for induction of mitophagy and autophagy. Similar to Bujak’s
group, Oost et al®' also studied muscle function and
mitophagy, but instead examined FGF21. This was done using
a knockout muscle derived FGF21 knockout model, where
mice were either fasted for 24 h or remained on a fed diet.
Mitochondrially targeted mKeima plasmid (mt-mKeima) was
injected to assay mitophagy. In fasted wild-type mice, the
levels of FGF21 mRNA were significantly increased suggesting
physiological stress as FGF21 typically has low expression in
healthy muscle. Fasting FGF21 knockout mice presented with
normal muscle histology and no muscle loss, similar to that
of wild-type fed mice demonstrating that the deletion pro-
tects against fasting-induced muscle damage. The
mt-mKeima injection also revealed a decrease in mitophagy
flux in FGF21 knockout mice in the fasting group. Bnip3 levels
were reduced in the absence of FGF-21in both diet conditions,
indicating that this protein is essential for FGF21-mediated
muscle wasting. This study was able to demonstrate a link be-
tween fasting and autophagy using FGF21.

Shirakabe et al.®* also utilized mt-mKeima transduction
(adeno-associated virus 9 vector) to assess mitochondrial au-
tophagy in the heart. Keima targeted to mitochondria is a
fluorescent protein that can emit several colour signals in dif-
ferent situation of pH; therefore, it can be used to assess
mitophagy in cardiomyocytes when administered intrave-
nously to mice. Mice were divided into two groups; a control
group that was fed chow normally and a 48 h fasted group.
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Cardiac tissue was removed, and total DNA extract was used
to assess mitochondrial DNA. The results demonstrated an in-
crease in mitochondrial autophagy, as indicated by the pres-
ence of autophagosomes containing mitochondria in the
48 h fasted group compared with the fed group. The mito-
chondrial DNA content and COX1/GAPDH levels can be used
as an indicator of mitochondrial mass were significantly lower
in the fasted group compared with the control group. This pa-
per further provides evidence that fasting can induce
mitophagy and could provide be cardioprotective.

Dongil et al.?3 examined fasting and mitophagy using a PAS
Domain Kinase (PASK) deficient model. This study recruited
both wild type or PASK deficient male mice that were 12—
20 weeks old. Mice were kept on an AL diet or fasted for 24—
48 h, and liver samples were collected to assess the expression
of mitophagy biomarkers. This study demonstrated that the
mitochondrial DNA content of PASK-deficient mice was higher
than in wild type under fasted and fed conditions. Expression
of Mnf1 and Opa1 genes that are related to mitochondrial fu-
sion were higher in PASK-deficient mice under non-fasting
conditions relative to wild-type mice. PASK deficient mice also
had greater protein levels and mRNA expression of genes in-
volved in mitophagy (Fis1 and PINK1) compared with the
wild-type group in the 48 h fasted condition. Also, Binp3
MRNA increased in fasted state in PASK deficient mice and
wild-type mice. Genes involved in the expression of antioxi-
dant enzymes (GPx, MnSOD, HO1, Cu/ZnSOD, and GCLm) were
also overexpressed in the PASK deficient fasting group. Collec-
tively, these findings demonstrate improved cell survival and
mitophagy during fasting periods.

Muscle mass loss is considered normal with age; however,
calorie restricted diets can slow aging and protect muscle.
Therefore, Gutierrez-Casado et al.* assessed CR and age on
markers of mitophagy. Ten-week-old mice were divided into
four groups: a control group and three CR groups with differ-
ent sources of dietary fat (lard, fish oil, or soybean oil) for 6 or
18 months. After the interventions, a period of fasting was in-
duced for 18 h followed by dissection of the hind limb muscle.
Mitophagy markers were assessed using monoclonal and
polyclonal sera raised against PINK1 and Parkin. Primary anti-
bodies of Mfn1, Mfn2, OPA1 and Drp1 were used to detection
the concentration of mitochondrial fusion and fission pro-
teins. This study revealed that the CR with lard intervention
group for 18 months produced the highest levels of PINK1
compared with 6 months intervention. Additionally, mice that
were in the CR + lard group had a highest level of PINK1 com-
pared with sunflower or fish oil CR. The soybean intervention
group had a lower Parkin level compared with control group.
The levels of Parkin were affected by age and dietary fat
within the CR groups, among the three CR groups 18 months
CR + lard group had the highest Parkin level. In the case of
fusion/fission markers, Mfn1 was not affected by type of fat
intervention and age. Mfn2 increased in 18 months sunflower
CR group compared with control group. There was also an

increasing linear trend for OPA1 levels seen for lard, sun-
flower, and fish CR group, respectively, after 18 month. Ac-
cording to result of this study, it can be considered that the
lard intervention CR diet had the greatest protective effect
on preventing muscle loss during aging.

Gubbiotti et al.%®> examined decorin, a secreted proteogly-
can known to play a role in the mitophagy of breast carcinoma
cells. Four-month-old to six-month-old male and female mice
were placed on a fed diet or under fasting conditions for 25 h.
Mice in the fasted condition had food withheld for 25 h, but
they could consume water AL. Fasting resulted in a significant
increase in cardiac decorin transcript levels. Additionally, im-
munoblotting of whole tissue extracts confirm that the fast
state lead to increased decorin proteoglycan transcript and
protein levels of cardiac decorin increased after fasting, indi-
cating again that fasting can induce autophagy.

The previously mentioned studies all examined fasting on
normal, healthy rodents; however, Sacks et al.?® assess gas-
tric bypass surgery in obese animals and the effect this has
on mitochondrial dynamics. Rats (12 weeks of age) were
placed on a high-fat diet to establish obesity and then divided
into sham surgery or ROX-en-Y gastric bypass surgery (RYGB).
Gastric bypass procedure was performed after overnight
fasting. Seven days post-surgery rats were placed on an unre-
stricted liquid diet prior to returning to an AL high-fat diet.
Ninety days after surgery, all rat were euthanized, and livers
were collected to evaluate biomarkers of mitophagy. This
study showed that the mRNA and protein expression of Bnip3
was significantly higher in the RYGB group than sham group.
Other gene markers for mitochondrial fusion (Mfn1, Mfn2,
and OPA1) and biogenesis regulators (PGC1 a and Nrf1) were
also increased in the RYGB rats compared to sham group. Nu-
trient deprivation also increases organelle recycling through
autophagy as demonstrated by Kim and Lemasters.®” Green
fluorescent protein-light chain 3 protein transgenic mice
were used to determine hepatocyte mitochondrial turnover
by mitophagy during nutrient deprivation. Green fluorescent
protein-light chain 3 protein fluorescence was incorporated
in small patches in the vicinity of mitochondria representing
pre-autophagic structures. This study revealed that after
90 min of nutrient deprivation, pre-autophagic structures
grew into phagophores and then into autophagosomes that
surrounded the mitochondria. Following this, degradation of
the mitochondrial content occurred due to mitochondrial de-
polarization. These results indicate that nutrient deprivation
was able to accelerate mitophagy. McWilliams et al.®®
assessed basal mitophagy in brain, heart, eye, spleen, liver,
and kidney tissues with high rates of metabolic demand and
assessed the contribution of PINK1 to mitophagy in above tis-
sues. They also assessed the effect of fasted and non-fasted
condition on mitophagy in pancreas mouse model. Based
on their results, high degree of mitophagy occurred in neural
cells such as dopaminergic neurons and microglia. Also in all
tissues except pancreatic islets, loss of PINK1 despite
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disrupting depolarization did not affect basal mitophagy, and
there was no significant difference observed between fasted
and non-fasted conditions on the mitophagy process
according to PINK1 level. Luevano-Martinez et al.%® examined
the effect of CR on mitochondria membrane. For this reason,
phospholipids from rat liver mitochondria isolated in CR and
fed condition. In this study 8-week-old mice were divided in
two groups: AL group, fed AIN-93-M diet and CR group, fed
40% less calorie than AL group. The amount of food given
to CR group was adjusted weekly according to their weight.
Intervention lasted for 4 months, and then, rats were
sacrificed after 12 h of fasting, and the livers were extracted
for assessment of study objectives. The result demonstrated
that the expression of enzymes involved in biosynthesize
and remodelling of cardiolipin (is a mitochondrial anionic
phospholipid that acts as a signalling protein in mitophagy
biosynthesize pathway) was increased in the CR group com-
pared with the fed AL group. Also in CR group redistribution
of cardiolipin phospholipid occurred when mitochondrial
membranes were fractionated. Also, expression of Drp1 and
Mfn2 that they were involved in fission and fusion of mito-
chondria increased in CR group compared with AL group. So
CR lead to prompts mitochondrial membrane redistribution.
Rambold et al.”® used mouse embryonic fibroblasts to
determine the tubular network formation during starvation
to protect mitochondria degradation by autophagosomal.
Mouse embryonic fibroblasts were transfected with mito-
chondrial matrix-targeted YFP and starved for 2 and 6 h with
different nutrient deprivation (Dulbecco’s phosphate
buffered saline contained 1 g/L glucose without serum, amino
acid and glutamine; D-GSG contained 1 g/L glucose and amino
acid without serum and glutamine; and no Ser contained
4.5 g/L glucose + amino acid + GIn without serum) or 6 h
(no glucose contained amino acid + serum + GIn without
glucose, low glucose contained 1 g/L glucose + amino
acid + GIn + serum, no amino acid contained 4.5 g/L
glucose + serum + GIn without amino acid, no glutamine
contained 4.5 g/L glucose + serum + amino acid without Gln
and D-GG contained 1 g/L glucose + serum + amino acid
without GIn. Result of this study showed that nutrient
deprivation protected the mitochondria from degradation
by post-translational modification of Drp1. Assessment of
mitochondrial morphology with live imaging showed that
additive nutrient deprivation led to induced mitochondrial
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