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Abstract: We analyzed the effects of apoptosis-inducing factor (AIF) deficiency, as well as those of
an exercise training intervention on autophagy across tissues (heart, skeletal muscle, cerebellum
and brain), that are primarily affected by mitochondrial diseases, using a preclinical model of these
conditions, the Harlequin (Hq) mouse. Autophagy markers were analyzed in: (i) 2, 3 and 6 month-old
male wild-type (WT) and Hq mice, and (ii) WT and Hq male mice that were allocated to an exercise
training or sedentary group. The exercise training started upon onset of the first symptoms of ataxia
in Hq mice and lasted for 8 weeks. Higher content of autophagy markers and free amino acids,
and lower levels of sarcomeric proteins were found in the skeletal muscle and heart of Hq mice,
suggesting increased protein catabolism. Leupeptin-treatment demonstrated normal autophagic
flux in the Hq heart and the absence of mitophagy. In the cerebellum and brain, a lower abundance
of Beclin 1 and ATG16L was detected, whereas higher levels of the autophagy substrate p62 and
LAMP1 levels were observed in the cerebellum. The exercise intervention did not counteract the
autophagy alterations found in any of the analyzed tissues. In conclusion, AIF deficiency induces
tissue-specific alteration of autophagy in the Hq mouse, with accumulation of autophagy markers
and free amino acids in the heart and skeletal muscle, but lower levels of autophagy-related proteins
in the cerebellum and brain. Exercise intervention, at least if starting when muscle atrophy and
neurological symptoms are already present, is not sufficient to mitigate autophagy perturbations.

Keywords: autophagy; OXPHOS; mitochondrial diseases; Harlequin; heart; skeletal muscle;
cerebellum; brain

1. Introduction

Mitochondrial diseases (MD) are caused by mutations in mitochondrial or nuclear
genes with subsequent impairment of the oxidative phosphorylation system (OXPHOS).
Despite their low prevalence (~1 in 5000 individuals), MD represent the most frequent
inborn errors of metabolism [1]. There is individual variability in symptom onset and
clinical manifestations and, although virtually any tissue can be affected skeletal muscle,
the heart and central nervous system (CNS) are the primary disease targets [2].

At the cellular level, OXPHOS dysfunction leads to impairments in ATP production,
mitochondrial membrane potential and the assembly of OXPHOS complexes, together
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with an increase in reactive oxygen species (ROS) production, thereby leading to ‘en-
ergy crises’, oxidative stress and cellular damage [3,4]. Alterations in autophagy—the
lysosomal-dependent process that recycles damaged or dysfunctional cellular components
including mitochondria (i.e., ‘mitophagy’)—can also occur in MD; this is reflected by an
increase in autophagy-related vesicles in transmitochondrial cybrids harboring pathogenic
mitochondrial DNA mutations, as well as in patient-derived fibroblasts or in tissues from
preclinical models [5-17]. However, the actual relevance of autophagy alterations in the
pathophysiology of MD remains to be fully elucidated and, it is in fact unknown whether
the different affected tissues show this type of alterations.

There is essentially no effective cure for most MD, although some strategies can help
to attenuate clinical manifestations [18]. One such strategies is regular physical exercise,
which has proven to mitigate exercise intolerance in affected patients [19-25]. However,
besides improvements in muscle oxidative capacity, the molecular bases underlying exercise
benefits are not yet fully clear. In this regard, there is growing evidence that regular
exercise produces beneficial effects at the multisystemic level through numerous molecular
pathways, including the promotion of autophagy—especially in those organs that are
primarily affected in MD, that is, skeletal muscle, the heart and CNS [26-30]. Furthermore,
exercise has been reported to attenuate dysregulation of autophagy in several conditions
associated with altered autophagy, such as age-related sarcopenia, spinal muscular atrophy,
hypertension or Parkinson’s disease [31-34]. However, it remains to be determined whether
exercise can improve autophagy in the context of MD.

Apoptosis inducing factor (AIF) is a mitochondrial protein that was first reported to
induce chromatin degradation and caspase-independent cell death by migrating to the
nucleus in response to an apoptogenic insult [35-37]. More recently, it has been elucidated
that AIF cooperates with the mitochondrial protein MIA 40 in the import of some subunits
of the respiratory complex I and of complex IV assembly factors through a disulfide relay
substrate oxidation mechanism [38,39]. The deficiency of AIF results in altered assembly
and low activity of the respiratory chain complex I in preclinical and clinical models [40].
The aim of the present study was to analyze the status of autophagy in the affected tissues
of a well-characterized preclinical model of MD, the Harlequin (Hq) mouse. This animal
exhibits a decrease of ~80% in the apoptosis inducing factor (Aif) gene expression due
to a proviral insertion in this gene. Thus, the Hq model recapitulates important patients’
alterations due to respiratory chain complex I deficiency, such as myopathy, increased
risk of cardiomyopathy, and cerebellar ataxia [41-45]. In addition, we analyzed whether a
physical exercise intervention combining aerobic and resistance training modalities could
promote changes in autophagy in the aforementioned affected tissues. Our results showed
a tissue-specific response, with increased autophagy in the heart and biceps femoris of the
Hq mouse, and no significant training effect on autophagy in any of the analyzed tissues.

2. Materials and Methods
2.1. Mouse Model

All experimental protocols were approved by the Institutional Review Committee
(Hospital 12 de Octubre; project numbers PROEX 111/15 and PROEX 067/18) and were
conducted in accordance with Animal Research: Reporting of In Vivo Experiments (AR-
RIVE) guidelines and with European (European Convention for the Protection of Vertebrate
Animals ETS123) and Spanish (32/2007 and R.D. 1201/2005) laws on animal protection in
research. Heterozygous male (B6CBACa Aw-J/A-Aifm1Hq/]) and female Hq mice (X/Hg,
B6CBACa Aw-]/A-Aifm1Hq/]), and wild-type male mice (WT, B6CBACa) of the same
strain, were obtained from The Jackson Laboratory (Bar Harbor, ME, USA) were used for
the present study. Mice were housed in the animal facility of Hospital 12 de Octubre (Madrid,
Spain) under controlled conditions of temperature, humidity and ventilation, with 12-h
light/dark cycles and ad libitum access to food and water.
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2.2. Study Design
2.2.1. Time Course Study

To assess the impact of MD progression on autophagy, 8-week-old heterozygous
female mice (X/Hq, BOCBACa Aw-J/A-Aifm1Hq/]) were crossed with WT males of the
same strain (all purchased from The Jackson Laboratory), and the male mice of the F1
generation were used for tissue analyses at different ages. PCR genotyping of F1 mice was
performed on tail DNA using previously described primers (Integrated DNA Technologies;
Coralville, IA, USA) [43].

F1 male mice were sacrificed at 2, 3 and 6 months of age (8 WT and 8 Hq mice for each
age, project number PROEX 067/18) by cervical dislocation, and the heart, biceps femoris,
quadriceps femoris, brain and cerebellum were dissected, frozen in liquid nitrogen and stored
at —80 °C for subsequent biochemical analysis.

2.2.2. Exercise Training Study

The study variables were analyzed in a group of mice after an 8-week exercise training
program previously described by us [41]. Briefly, 44 male mice (23 WT and 21 Hgq, project
number PROEX 111/15) were obtained from The Jackson Laboratory from 6-8 weeks of
age and were physically evaluated every week until the onset of MD symptoms. Physical
evaluation included locomotion analysis (treadmill locomotion test), as well as cerebellar
ataxia (rotarod) and muscular strength (handgrip) determinations. When symptoms of
MD were clear, each Hq mouse was paired to a WT mouse; both mice then performed a
maximal incremental test on a treadmill and were randomly allocated to a sedentary (Sed,
12 WT and 11 Hq) or an exercise training group (Ex, 11 WT and 11 Hq). In the latter, each
training session lasted between 40 and 60 min, and included resistance exercises thrice a
week (Monday, Wednesday and Friday), and endurance (treadmill) training five times per
week (from Monday to Friday), with the duration and intensity of each session gradually
increasing during the program. Sedentary animals did not perform the training program
but were free to move in their cages. The mean £ SD age of the Hq mice upon symptom
onset and at the end of the intervention period were 12.1 4 0.1 weeks and 5.3 + 0.1 months,
respectively. The mean age of the mice at the end of the intervention period did not differ
between the experimental groups [41].

After the 8-week intervention study, the aforementioned physical assessments were
also performed in age-matched pairs of sedentary and exercise-trained mice. In order to
account for a potential confounding effect caused by the short-term response to a single
acute exercise stimulus—we solely intended to determine the long-term (i.e., ‘training’)
effects of the exercise intervention—48 h elapsed after the last exercise test before mice
were sacrificed by cervical dislocation. The heart, biceps femoris, quadriceps femoris, brain and
cerebellum were quickly obtained and frozen in liquid nitrogen before storage at —80 °C
until molecular analysis.

2.3. Cardiomyocyte Cell Culture

Cardiomyocyte isolation was performed using the PierceTM Primary Cardiomyocyte
Isolation Kit (Thermo Fisher Scientific; Waltham, MA, USA) following the manufacturer’s
instructions. Briefly, hearts from postnatal (1-4 days old, P1-P4) mice were dissected, cut
into 1-3 mm fragments, and washed twice with Hanks’ Balanced Salt Solution without
calcium and magnesium at 4 °C. Tissue fragments were subsequently digested by enzymatic
treatment, mechanically disaggregated, and living cells were counted for cell culture
seeding. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco;
Gaithersburg, MD, USA), supplemented with 10% fetal bovine serum (Gibco), 100 IU/mL
penicillin, 100 IU/mL streptomycin and the cardiomyocyte growth factor provided by
Pierce in the isolation kit (1/1000), in a CO; incubator at 37 °C. The culture medium was
replaced every 3 days, and the obtained cardiomyocyte purity was approximately 80%.
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2.4. Assessment of Autophagy Flux

For the study of autophagic flux, 3-month-old male mice (5 WT and 5 Hq) were treated
i.p., with 0.5 mL of sterile phosphate buffered saline (PBS) containing 40 mg/kg leupeptin
hemisulfate (Merck; Darmstadt, Germany). After 30 min treatment, mice were sacrificed by
cervical dislocation and tissues were dissected, frozen and stored as described above.

To assess autophagic flux in cultured cardiomyocytes, cells were treated with
30 pg/uL of hydroxychloroquine sulfate (H0915, Sigma-Aldrich; St., Louis, MI, USA)
for 24 h (5-15 cells of 2-3 mice). After treatment, cells were fixed and processed for
immunofluorescence as described below.

2.5. Tissue Processing

Heart and muscle tissues were processed to obtain total homogenates in ice-cold
10 mM of Tris-HCI pH 7.6, containing 150 mM of NaCl, 1 mM of EDTA, 1% Triton™
X-100 and a protease and phosphatase inhibitor cocktail (Roche Diagnostics Corporation;
Indianapolis, IN, USA) 1:10 (weight: volume) in a Potter homogenizer. The brain and
cerebellum were homogenized at 1:10 (weight: volume) in ice-cold RIPA buffer containing
50 mM of Tris-HCI pH 7.4, 1% NP-40, 0.5% Na-deoxycholate, 1% SDS, 150 mM of NaCl,
2 mM of EDTA, with protease and phosphatase inhibitors. Homogenates were centrifuged
at 11,000 g for 15 min at 4 °C, and the supernatants containing the solubilized proteins
were collected for analysis. Protein concentration in the homogenates was determined
using the Pierce® BCA protein assay kit (Thermo Fisher Scientific; Whaltham, MA, USA).

2.6. Western Blotting

Autophagy-related protein levels were analyzed by Western blotting. Samples of
tissue homogenates containing between 20 and 40 pg of denatured proteins were separated
on 7.5-15% SDS-polyacrylamide gels. Resolved proteins were transferred to PVDF mem-
branes and blocked with 5% non-fat dry milk or 5% bovine serum albumin (BSA). Blocked
membranes were probed with the relevant primary antibody (Supplemental Table S1) and
subsequently incubated with horseradish peroxidase (HRP)-conjugated secondary anti-
body. Protein signals were finally detected with ECL Prime Western blotting Detection
Reagent (Amersham, GE Healthcare; Little Chalfont, UK). Protein signals were quantified
with Image] (Rasband, W.S, Image]; U. S. National Institutes of Health, Bethesda, MA,
USA). Data were normalized by total protein load per well according to Coomassie Blue
staining of the membrane as previously described [46] for heart protein analysis, whereas
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the loading control for
skeletal muscle analyses and y-tubulin for brain and cerebellum studies.

2.7. Immunocytochemistry

Cardiomyocytes were seeded and fixed on glass coverslips with 4% paraformaldehyde
in a CO;, incubator. Fixed cells were washed with PBS and antigen retrieval was performed
with 5% urea and 0.1 mM Tris pH 9.5 for 20 min at 95 °C. Cells were permeabilized with
0.1% Triton™ X-100, blocked with 10% goat serum and 0.01% Triton X-100 in PBS, and
incubated with primary antibody in blocking solution overnight (Supplemental Table S1).
After washing, cardiomyocytes were incubated with the relevant fluorophore-coupled
secondary antibody in blocking solution. After secondary antibody washing, nuclei were
stained with 0.5 pg/mL of 4’ ,6-diaminidino-2-phenylindole (DAPI) and mounted in Pro-
long Gold Antifade mounting medium (Thermo Scientific; Whaltham, MA, USA). Cells
were observed with an LSM510 META confocal microscope (Zeiss; Oberkochen, Germany)
fitted with a 40 x achromatic or 63 x plan-achromatic objective.

2.8. High Performance Liquid Chromatography

The amino acid content of heart and skeletal muscle homogenates was analyzed by
high-performance liquid chromatography (HPLC) using a methodology certified by the
Spanish National Accreditation Entity ENAC (Entidad Nacional de Acreditacion) (ISO15189)
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used for the analysis of clinical samples in the Clinical Biochemistry Department of the
Hospital 12 de Octubre. Briefly, homogenate samples containing 1.7 and 2.0 mg of total
protein for heart and skeletal muscles homogenates, respectively, were deproteinized with
50% sulfosalicylic acid and analyzed by ion exchange chromatography with post-column
derivatization with ninhydrin on a Biochrom 30+ amino acid analyzer (Biochrom Ltd.;
Cambridge, UK). Amino acid peaks were detected and quantified with OpenLAB EZChrom
Edition software A.04.10 (Siegwerk Druckfarben AG & Co. KGaA; Siegburg, Germany).

2.9. Statistical Analysis

All study variables were expressed as a median and interquartile range. All variables
were tested for normality of data distribution using the D’Agostino-Pearson test. Owing
to the relatively small sample size, and to the fact that most of the study variables did not
follow a Gaussian (normal) distribution, the non-parametric Kruskal-Wallis test was used
to determine whether a significant ‘group” effect was found for the different variables, in
which case pairwise comparisons were performed post hoc with the Dunn’s test. The Mann—
Whitney U test was used for comparisons between pairs of groups. Statistical significance
was set at a p-value p < 0.05. All analyses were performed with GraphPad Prism® 7 for
Windows (GraphPad Software; San Diego, CA, USA).

3. Results
3.1. Autophagy in the Heart: Time Course Study

To analyze if MD was associated with autophagy alterations depending on age, the
levels of proteins representative of distinct phases of the autophagy pathway were mea-
sured at 2, 3 and 6 months of age, respectively, in WT and Hq mice of the time-course study
(Figure 1). The analysis of the main regulators of autophagy showed the following results.
First, the levels of the active form (phosphorylated at residue Ser2448) of the mechanistic
target of rapamycin (pmTOR) tended to be higher in Hq mice than in WT mice at all ages,
with the difference between both groups significant at 3 months of age (Figure 1). In turn,
the levels of 5 AMP-activated protein kinase (AMPK) phosphorylated at residue Thr172
(pPAMPK), which is associated with a state of autophagy activation in response to low
cellular energy availability, tended to be lower in Hq mice than in WT, with the between-
group difference significant at 2 months of age. Subsequently, the levels of two proteins
involved in the early stages of formation of the phagophore (i.e., the double membrane
that encloses and isolates the cytoplasmic components during autophagy), Beclin 1 and
autophagy-related protein 16-like (ATG16L), were quantified. We found the trend towards
higher levels of both proteins in Hq mice compared to WT mice, with the difference between
groups significant at 2 (for both Beclin 1 and ATG16L) and 6 months of age (for ATG16L
only). The determination of microtubule-associated protein 1B light chain I (LC3B)-I and
LC3B-II (which is formed after LC3B-I conjugation to phosphatidylethanolamine) showed
that LC3B-I levels tended to be higher in Hq mice at all ages, with the between-group
difference significant at 2 and 3 months. Next, we measured the levels of the protein p62,
which tended to be higher in Hq mice than in WT mice at all ages, with between-group
differences significant at 2 and 3 months. Finally, to assess the lysosomal content in Hq
mice, the levels of the lysosomal protease cathepsin B (protein bands at 27 and 24 KDa)
were quantified, with the results showing a trend towards higher values in Hq mice and
with a significant difference vs. WT mice for the 27 KDa band at 2 months of age (Figure 1).

3.2. Autophagic Flux Analysis in the Heart

To assess whether the accumulation of autophagy proteins in the hearts of Hq mice
was due to a failure in the autophagosome-lysosome flux or to an autophagy induction
response, we studied the autophagic flux by treating 3-month-old WT and Hq animals with
leupeptin, an inhibitor of cysteine, serine and threonine peptidases present in lysosomes.
The levels of different autophagy proteins in leupeptin-treated mice are shown in Figure 2a.
We found a significant group effect for the levels of Beclin 1, p62 and LC3B-II (p = 0.0038,
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p =0.014 and p = 0.015, respectively), with higher values of the three variables in treated
mice than in untreated animals (Figure 2a). Post hoc analyses showed significant differences
in Beclin 1 and p62 levels between leupeptin-treated Hq and non-treated WT mice as well
as in p62 levels between treated and non-treated Hq, and a similar response to leupeptin in
Hgqg and WT mice with overall higher autophagy markers for treated mice (both genotypes).
These data suggest a normal autophagic flux in the heart of both Hq and WT mice and
may point to an increased protein degradation response by the lysosome-autophagosome
pathway in Hq mice.
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Figure 1. Autophagy proteins in the heart (time course study). Representative Western blots and
quantifications of proteins involved in autophagy in total heart homogenates from wild-type (WT)
and Harlequin (Hq) male mice at 2, 3 and 6 months (m) (n = 8 mice). Total protein content per lane
estimated by Coomassie Blue staining was used as loading control. Data (median and interquartile
range) are expressed relative to protein levels in the 2-month-old WT group. Black lines: Hq mice;
gray lines: WT mice. Mann-Whitney U-test: * p < 0.05; ** p < 0.01; *** p < 0.001 significantly different
from the age-matched WT group. Abbreviations: pmTOR, mTOR phosphorylated at residue Ser2448;
PAMPK, AMPK phosphorylated at residue Thr172; ATG16L, autophagy-related protein 16-like;
LC3B-I, microtubule-associated protein 1B light chain I; LC3B-II, microtubule-associated protein 1B
light chain II; Cathep. B, cathepsin B.
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Figure 2. Autophagic flux and mitochondrial markers in the heart. (a) Representative West-
ern blots and quantifications of autophagy (Beclin 1, p62, LC3B-I, LC3B-II) and mitochondrial
(NDUFBS, VDAC, TOM20 and ATP5A) markers in heart homogenates of 3-month-old wild-type
(WT) and Harlequin (Hq) male mice, whether untreated (no leup.) or treated with leupeptin (leup.)
(1 =5-6 mice). Quantification of Western blots. Total protein content per lane estimated by Coomassie
Blue staining was used as loading control. Data (median, interquartile range, minimum and maxi-
mum values) are expressed relative to the untreated WT group. (b) Representative images of LC3B
(green) and nuclei (blue) staining in cardiomyocytes from WT and Hq male neonatal mice untreated
(—) and treated (+) with hydroxychloroquine (native colors are shown). (¢) Quantification of mean
fluorescence intensity of LC3B per cell in untreated and hydroxychloroquine-treated WT and Hq
neonatal cardiomyocytes (1 = 5-15 cells from 2-3 mice). Data (median and interquartile range) are
expressed relative to the untreated WT mean value. p-values for group effect (Kruskal-Wallis test) are
shown above the graphs. Symbols for significant differences in post hoc (Dunn'’s test) pairwise compar-
isons: * p < 0.05. Abbreviations: ATP5A, ATP synthase lipid-binding protein; TOM20, mitochondrial
import receptor subunit TOM20; NDUFS8, mitochondrial NADH dehydrogenase (ubiquinone) 1 beta
subcomplex subunit 8; VDAC, voltage-dependent anion-selective channel protein.
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To assess whether the higher protein tagging for autophagic degradation in the hearts
of Hq animals was due to a higher lysosomal degradation of mitochondrial proteins, or
perhaps to mitophagy, we quantified the levels of several representative mitochondrial
proteins in leupeptin-treated and non-treated mice. We found no significant differences
in the levels of mitochondrial NADH dehydrogenase (ubiquinone) 1 beta subcomplex
subunit 8 (NDUFBS), the voltage-dependent anion-selective channel protein 1 (VDAC1),
or the mitochondrial import receptor subunit TOM20, respectively, between leupeptin-
treated and untreated Hq mice. However, we detected a significant group effect for the
ATP synthase lipid-binding protein (ATP5A) (p = 0.0026), which reached higher levels
in leupeptin-treated animals with significant post hoc differences observed for leupeptin-
treated Hq mice compared to both untreated Hq and WT animals (whether treated or not)
mice (Figure 2). These results suggest that, overall, mitophagy is not enhanced in the heart
of Hq mice and that autophagy participates in the turnover of some OXPHOS proteins.

Finally, we detected LC3B by immunofluorescence in WT and Hq cardiomyocytes
isolated from neonatal mice treated with hydroxychloroquine (a lysosomal inhibitor which
basifies lysosomes) for 24 h (Figure 2b,c). The analysis of LC3B fluorescence intensity per
cell showed significant differences between groups (p = 0.036), although post hoc tests did
not reveal differences between pairs of groups. A higher LC3B fluorescence was observed in
hydroxychloroquine-treated Hq cardiomyocytes compared to untreated Hq cells, with this
difference greater than that observed between treated and untreated WT cardiomyocytes.
These findings may suggest a more active autophagic flux in neonatal Hq cardiomyocytes
compared to WT cells (Figure 2c).

3.3. Effects of Exercise Training on Autophagy in the Heart

In order to determine if exercise training could induce normalization of autophagy
markers in the heart tissue of Hq mice, we measured several autophagy-related proteins
in sedentary and exercise-trained animals (Figure 3). We found significant differences
between experimental groups for most variables (pmTOR, p = 0.0008; Beclin 1 and ATG16L
p <0.0001; LC3B-I, p = 0.015; LC3B-II, p = 0.0021; p62, p < 0.0001; and cathepsin B (p = 0.002
for 27KDa and p = 0.0305 for 24 KDa band)) (Figure 3). However, post hoc analyses revealed
that the training intervention did not induce a significant effect in either Hq or WT. All the
observed differences between pairs of experimental groups were due to genotype (i.e., MD)
and corroborated our previous results regarding the differences in ATG16L and Beclin 1
levels between WT and sedentary Hq mice. In addition, statistical significance was also
reached for post hoc differences in LC3B-I and II, pmTOR, p62 and cathepsin B (27 KDa)
between sedentary Hq and WT mice. We found quasi-significant differences in pAMPK
between sedentary Hq and WT mice (p = 0.059) (Figure 3).

3.4. Sarcomere Proteins Levels in the Heart

To analyze if autophagy might be involved in the degradation of the contractile
machinery of the heart, we measured the levels of three sarcomere proteins in the hearts of
mice in the intervention study. The results are shown in Figure 4. We found a significant
group effect for the proteins myosin light chain 3 (MYL3), cardiac troponin I3 (TNNI3)
and cardiac troponin C1 (TNNC1) (p-value = 0.0006, 0.0002 and 0.0071, respectively),
with overall lower levels of these proteins in Hq mice (Figure 4). In post hoc pairwise
comparisons, sedentary Hq mice showed lower levels of TNNI3 and TNNC1 than sedentary
WT mice (Figure 4). On the other hand, the exercise training intervention did not induce
any significant change (i.e., no differences between exercise-trained and sedentary Hq,
respectively). However, strikingly, we found lower levels of TNNC1 in trained WT mice
than in sedentary WT mice.
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Figure 3. Effects of exercise training on autophagy in the heart tissue. Representative Western blots
and quantifications of mTOR phosphorylated at residue Ser2448 (pmTOR), AMPK phosphorylated
at residue Thr172 (pAMPK), Beclin 1, autophagy-related protein 16-like (ATG16L), microtubule-
associated protein 1B light chain I (LC3B-I) and II (LC3B-II), p62 and cathepsin B (Cathep. B), in
heart homogenates from wild-type (WT) and Harlequin (Hq), sedentary (Sed) and trained (Ex) mice
of the intervention study (1 = 10-12 male mice, age 5.3 months). Total protein content per lane
estimated by Coomassie Blue staining was used as loading control. Data (median, interquartile range,
minimum and maximum values) are relative to the control group (WT Sed). p-values for group effect
(Kruskal-Wallis test) are shown above the graphs. Symbols for significant differences in post hoc
(Dunn’s test) pairwise comparisons: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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Figure 4. Sarcomere protein levels in the heart. Representative Western blots and quantifications
of protein levels of myosin light chain 3 (MYL3), troponin C1 (TNNC1) and troponin I (TNNI3) in
heart homogenates from wild-type (WT) and Harlequin (Hq), sedentary (Sed) and trained (Ex) mice
in the intervention study (n = 10-12 male mice, age 5.3 months). Quantification of Western blots.
Total protein content per lane estimated by Coomassie Blue staining was used as loading control.
Significant p-values for group effect (Kruskal-Wallis test) are shown above the graphs. Symbols
for significant differences in post hoc (Dunn’s test) pairwise comparisons: * p < 0.05; ** p < 0.01;
5 p < 0.001.

3.5. Free Amino Acid and Ammonium Levels in the Heart

To determine whether the increased autophagic flux in Hq mice might be related
to increased protein catabolism, we measured the concentration of free amino acids by
HPLC in total heart homogenates from sedentary WT and Hq mice of the intervention
study groups. We found a trend towards higher levels of several amino acids in Hq mice
compared to WT mice, with significant differences for threonine, serine, glycine and valine
(Table 1). Ammonium levels were similar in both groups (p > 0.99).

3.6. Autophagy in Skeletal Muscle—Exercise Training Effects

To study whether autophagy was also altered in skeletal muscle, as well as the potential
effects of exercise training in this process, we measured the levels of different proteins
representing distinct phases of autophagy in homogenates of the biceps femoris of the
exercise training study groups (Figure 5). We found a significant group effect for total
AMPK (tAMPK) levels (p = 0.025), with post hoc analysis revealing higher tAMPK in
both Hq mice (exercise-trained or sedentary) than in sedentary WT mice. However, the
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analysis of pAMPK levels showed no difference between groups, indicating that the training
intervention did not produce a significant effect on total or phosphorylated AMPK levels
in any of the experimental groups. We also detected a significant group effect for Beclin 1,
ATG16L, LC3B-II and p62 (p = 0.004, p < 0.001, p < 0.001 and p = 0.0046, respectively), with
post hoc comparisons showing higher levels of Beclin 1, ATG16L and LC3B-II in both Hq
groups than in sedentary WT animals, as well as higher levels of these proteins in sedentary
Hq mice compared to sedentary WT mice. In the case of p62, the post hoc test only showed
differences between sedentary groups of mice. On the other hand, we did not observe a
significant group effect for LC3B-I or lysosomal-associated membrane protein 1 (LAMP1)
levels between experimental groups, for either disease or training effect (Figure 5).

Table 1. Free amino acids and ammonium in heart homogenates of wild-type (WT, n = 5) and
Harlequin (Hq, n = 5) male mice (age 5.3 months).

Amino Acid WT pumol/L Hq umol/L p-Value
Threonine 14.3 [12.9-15.6] 22.3[19.5-25.5] 0.008
Serine 17.0 [15.5-17.8] 22.4[20.1-24.9] 0.016
Asparagine 7.9 [3.3-9.4] 9.2 [6.9-11.4] 0.309
Glutamate 192.6 [159.1-227.5] 211.4 [191.5-252.9] 0.309
Glutamine 206.7 [171.4-310.3] 294.9 [234.9-303.3] 0.309
Glycine 24.4 [20.6-26.2] 41.2 [36.6-42.8] 0.007
Alanine 131.5[97.9-158.7] 170.5 [135.3-209.2] 0.095
Citrulline 7.0 [5.5-8.9] 7.1[6.3-8.0] 0.690
Valine 4.8[4.2-6.0] 10.4 [7.4-10.5] 0.031
Methionine 4.1[2.9-4.6] 5.2 [3.7-5.5] 0.222
Isoleucine 9.0 [6.8-10.2] 11.6 [9.6-12.2] 0.151
Leucine 13.6 [8.2-13.9] 18.5[14.1-19.1] 0.056
Tyrosine 49 [4.2-6.3] 6.5 [5.3-7.0] 0.309
Phenylalanine 5.8 [4.8-6.2] 5.2 [4.5-6.3] 0.690
Ammonium 313.9 [253.2-345.7] 336.9 [288.9-339.2] >0.99
Lysine 24.4 [20.6-25.0] 27.9 [23.4-33.3] 0.095
Histidine 7.416.7-10.2] 10.0 [8.6-11.3] 0.222
Arginine 16.2[13.1-18.0] 17.8 [16.5-22.0] 0.309

Data are expressed as the median (interquartile range) of the amino acid concentration for each experimental group
determined in homogenate aliquots containing 1.7 mg of total protein. p-values are shown for each comparison
between WT and Hq groups (Mann-Whitney U-test).

3.7. Free Amino Acids and Ammonium Levels in Skeletal Muscle

To determine whether an increase in protein catabolism status might also occur in
the skeletal muscles of Hq mice, we quantified the concentration of free amino acids and
ammonium by HPLC in total quadricep homogenates from WT and Hq sedentary mice from
the exercise training study. We found a trend towards higher levels of virtually all amino
acids in Hq mice compared to WT mice, with significant differences for valine, ornithine,
lysine and arginine (Table 2). By contrast, we detected no differences in ammonium levels
between Hq and WT mice.
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Figure 5. Autophagy proteins and effects of exercise training in skeletal muscle. Representative
Western blots and quantifications of total AMPK (tAMPK), AMPK phosphorylated at residue Thr172
(pPAMPK), autophagy-related protein 16-like (ATG16L), Beclin 1, microtubule-associated protein 1B
light chain I (LC3B-I) and II (LC3B-II), p62 and lysosomal-associated membrane protein 1 (LAMP1)
in biceps femoris homogenates from wild-type (WT) and Harlequin (Hq), sedentary (Sed) and exercise-
trained (Ex) mice in the intervention study (n = 10-12 male mice, age 5.3 months). GAPDH was used
as protein loading control. Data (median, interquartile range, minimum and maximum values) are
relative to the control group (WT Sed). p-values for group effect (Kruskal-Wallis test) are shown
above the graphs. Symbols for significant differences in post hoc (Dunn’s test) pairwise comparisons:
*p <0.05;* p < 0.01; *** p < 0.0001.
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Table 2. Free amino acids and ammonium in quadriceps homogenates of wild-type (WT, n = 5) and
Harlequin (Hg, 7 = 5) mice (age 5.3 months).

Amino Acid WT (uM) Hq (uM) p-Value
Threonine 38.2[36.5-44.7] 44.7 [44.1-62.5] 0.095
Serine 47.6 [34.9-65.5] 58.7 [47.3-82.4] 0.420
Asparagine 5.6 [4.8-7.3] 6.6 [5.8-13.1] 0.548
Glutamate 56.5 [48.4-72.9] 66.2 [57.3-131.2] 0.151
Glutamine 165.3 [143.4-202.1] 204.3 [181.8-235.5] 0.095
Glycine 205.3 [170.3-311.2] 282.1[235.1-334.4] 0.222
Alanine 348.7 [277.4-371.1] 379.4 [354.5-475.1] 0.095
Citrulline 13.6 [12.3-16.2] 15.6 [10.1-18.2] >0.999
Valine 24.7 [23.1-25.9] 31.1[29.3-39.1] 0.008
Methionine 9.9[9.4-10.4] 12.1[8.2-13.8] 0.690
Cysteine 8.3[7.9-8.4] 8.6 [7.8-9.4] 0.151
Isoleucine 17.9[15.8-18.8] 21.3[18.7-23.3] 0.055
Leucine 23.6 [22.9-25.5] 33.7 [25.7-38.3] 0.095
Tyrosine 16.2 [13.2-16.3] 16.6 [14.5-18.5] 0.222
Phenylalanine 11.5[11.2-13.1] 15.7 [11.5-17.3] 0.095
Ammonium 575.3 [573.5-600.0] 569.0 [555.1-598.5] 0.421
Ornithine 44+ [4.1-51] 8.3[6.2-12.8] 0.008
Lysine 53.6 [44.9-58.3] 66.8 [63.4-84.5] 0.008
Histidine 14.8 [12.9-18.7] 18.0 [14.9-21.5] 0.309
Arginine 25.0 [18.7-25.7] 34.1[27.9-46.4] 0.008
Hydroxyproline 11.7 [10.5-14.2] 14.6 [12.3-16.1] 0.222
Proline 34.4[16.7-37.3] 36.7 [28.9-57.8] 0.309

Data are expressed as the median =+ interquartile range of the amino acid concentration (M) for each experimental
group determined in homogenate aliquots containing 2.0 mg of total protein. p-value is shown for each comparison
between WT and Hq groups (Mann-Whitney U-test).

3.8. Autophagy Protein Levels and Effects of Exercise Training in Central Nervous System

To assess whether autophagy was altered in the CNS, as well as the potential effects
of exercise training on autophagy markers in this tissue, we measured several autophagy-
related proteins in the cerebellum and brain of sedentary and exercise-trained mice (Figure 6).
We found a significant effect for the levels of Beclin 1 and ATGI16L in the cerebellum
(p =0.0004 and p = 0.0032, respectively) and brain (p = 0.0007 and p = 0.0003, respectively)
(Figure 6a,b). The post hoc analysis revealed only significant differences between both
groups of Hq mice (trained or sedentary) and WT sedentary mice, and no effect of the
exercise training intervention in WT or Hq mice (Figure 6a,b). Regarding LC3B-I and
LC3B-II, we found no differences in the cerebellum or brain, indicating the absence of
autophagosome accumulation in the CNS of Hq mice and no effects of the exercise training
program on autophagosome content (Figure 6a,b). By contrast, we detected a higher content
of p62 and LAMP1 (p = 0.0084; p = 0.0053, respectively) in the cerebellum of Hq mice but
not in the brain. Post hoc analyses revealed significant differences only in sedentary Hq mice
in comparison with trained WT mice for p62, and differences between the exercise-trained
groups of Hq and WT mice for LAMP1, but no effect of the exercise intervention in WT
and Hq mice (Figure 6a).
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Figure 6. Autophagy proteins and effects of exercise training in central nervous system. Repre-
sentative Western blot and densitometry analysis of autophagy-related protein 16-like (ATG16L),
Beclin 1, microtubule-associated protein 1B light chain I (LC3B-I) and II (LC3B-II), p62 and lysosomal-
associated membrane protein (LAMP1) in cerebellum (a) and brain (b) homogenates of wild-type
(WT) and Harlequin (Hq), sedentary (Sed) and exercise-trained (Ex) mice of the intervention study
(n = 10-12 male mice, age 5.3 months). y-tubulin was used as protein loading control. Data (median,
interquartile range, minimum and maximum values) are relative to the control group (WT Sed).
p-values for group effect (Kruskal-Wallis test) are shown in the above graphs. Symbols for signifi-
cant differences in post hoc (Dunn'’s test) pairwise comparisons: * p < 0.05; ** p < 0.01; *** p < 0.001;

vt < 0.0001.
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Finally, the analysis of leupeptin treatment of WT and Hq mice (Figure 7) showed
significant accumulation of LC3B-I and LC3B-II in both WT and Hq leupeptin-treated
cerebella (p = 0.0028 and p = 0.0067, respectively) and a significant post hoc difference
between treated Hq and non-treated WT, revealing normal autophagosome elimination
in this tissue in the Hq mouse (Figure 7). Protein p62 was also apparently higher in WT
and Hq mouse leupeptin-treated cerebella, supporting normal autophagic flux in the Hq
cerebellum. However, we found no significant group effect, probably due to the variability
in the low number of animals analyzed (1 = 5-6 in each experimental group), and the time
selected for the treatment, which was optimal for the heart but not for the CNS [47].
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Figure 7. Autophagic flux analysis in the cerebellum. Representative Western blots and quantifi-
cations of autophagy markers p62, microtubule-associated protein 1B light chain I (LC3B-I) and II
(LC3B-1I), in cerebellum homogenates of 3-month-old wild-type (WT) and Harlequin (Hq) mice,
untreated (no leup.) and treated with leupeptin (leup.) (1 = 5-6 male mice). y-tubulin was used
as protein loading control. Data (median, interquartile range, minimum and maximum values) are
expressed relative to untreated WT group. p-values for group effect (Kruskal-Wallis test) are shown in
the above graphs. Symbols for significant differences in post hoc (Dunn’s test) pairwise comparisons:
*p <0.05.

4. Discussion

The present study suggests that AIF deficiency causes a tissue-specific effect on au-
tophagy, with the accumulation of autophagy-related proteins and a higher content of free
amino acids in the heart and skeletal muscle tissue, as well as increased autophagy flux
and lower levels of sarcomeric proteins in the heart, but, in turn, with the attenuation of
autophagy in the CNS. On the other hand, an exercise intervention combining endurance
and resistance training did not significantly mitigate autophagy alterations in the tissues
that are primarily affected by MD (i.e., skeletal muscle, the heart and CNS).

In the present work, the finding of higher levels of proteins involved in different
stages of autophagy in the heart of Hq mice suggest either an enhancement of autophagy,
or an alteration of the autophagic flux due to AIF deficiency. However, the fact that
treatment with leupeptin (a blocker of autophagy) in Hq mice demonstrated normal
autophagic flux in the heart, points to a higher autophagy flux in this tissue as a result
of AIF deficiency. Although we did not assess autophagy flux in skeletal muscles of Hq
mice, the accumulation of autophagy markers observed in this tissue would suggest the
existence of a similar response to that found in heart and correlates with a higher p62 and
LC3II/I ratio previously reported in the Deletor mouse model of MD [48]. In contrast,
the brain and the cerebellum did not show accumulation of autophagy markers in Hq
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mice but, in fact, a slightly lower content of Beclin 1 and ATG16L, and according to LC3B-
IT levels, a very low content of autophagosomes. In this regard, previous research has
demonstrated a negative effect of Beclin 1 deficiency on Purkinje cell survival in mice [49]
and that loss of ATG proteins in neurons leads to motor dyscoordination and progressive
neurodegeneration [50,51], both of which are hallmarks of the Hq mice phenotype [42,43,52].
Considering that leupeptin treatment revealed normal autophagosome-lysosome flux in
the cerebellum, our results might indicate a lower induction of autophagy in the CNS of
Hq mice, which in the cerebellum could be responsible for the accumulation of p62-linked
proteins. This high p62 content may also point to additional roles of p62 in the cerebellum
of Hq mice, such as compensatory proteasome-mediated protein degradation [53,54],
antioxidant response mediated by the Kelch-like ECH-associated protein (Keap1)/nuclear
factor erythroid-derived 2-like 2 (Nrf2) pathway [55,56] or apoptosis [57]. The higher
LAMP1 content found in the cerebellum indicates a higher lysosomal content in the Hq
mouse, which can hypothetically be attributed to lysosomal biogenesis to promote a
compensatory degradation of cellular components by direct lysosomal degradation, such
as chaperone-mediated autophagy and/or microautophagy [58,59]. We analyzed if the
enhanced autophagy observed in the Hq mouse heart could be related to mitophagy. In this
effect, we found that the levels of markers for different mitochondrial compartments (inner
and outer membrane) were not sensitive to leupeptin treatment, thereby suggesting that
AIF deficiency does not promote mitochondrial degradation by mitophagy. Nevertheless,
our finding of a higher content of ATP5A in the heart of leupeptin-treated mice compared
with untreated mice would indicate that this mitochondrial protein is, indeed, degraded by
the lysosomal pathway, which is consistent with the results of a previous study reporting
that autophagy acts selectively on some mitochondrial proteins [60]. Overall, our findings
indicate that the alterations in autophagy induced by AIF deficiency in the Hq mouse model
are tissue-specific, with an induction of autophagy in striated muscles, but an attenuation
in the CNS. Future studies are needed on the role of autophagy alterations in this mouse
model of MD.

One of the mTOR-independent signals capable of inducing autophagy is oxidative
stress [59], which is also involved in the physiopathology of MD. Indeed, other authors [43]
as well as our group [41], have previously reported evidence of oxidative stress in the skele-
tal muscle of the Hq mouse together with higher protein and activity levels of antioxidant
enzymes [41,43]. In addition, a higher sensitivity to oxidative stress-induced dead has been
reported in the myocardium of these animals [45], and in the present study we found a
higher content of peroxiredoxin 6 and a lower catalase activity in the hearts of 6-month-old
Hq mice (data not shown). Therefore, we could hypothesize that oxidative stress associated
to AIF deficiency could induce autophagy in the striated (skeletal and heart) muscles of
Hq mice. There are also evidences of oxidative stress and enhanced ROS sensitivity in
the cerebellum of the Hq mouse model [42,52]. Therefore, the aforementioned findings
together with the fact that we failed to detect an increased autophagy in the CNS of Hq
mice would suggest that the autophagic response to oxidative stress and mitochondrial
dysfunction is also tissue-specific in this preclinical model of MD.

Autophagy is a cellular stress response that can be induced by exercise, not only in
skeletal muscles but also in other tissues such as the brain, adipose tissue, pancreas or
liver [27,28,30,61-64]. Interestingly, exercise intervention has been reported to mitigate
autophagy alterations in several conditions such as muscle atrophy, heart failure, ischemic
stroke, Parkinson’s and Alzheimer’s disease or ataxia [31,65-69]. In the present study,
however, despite the significant exercise training-induced improvement in strength and
endurance capacity previously reported by us in the same Hq mice of the present study [41],
we failed to detect an attenuation of autophagy alterations in the striated muscles or the CNS
of these animals with the exercise intervention. In this regard, previous research assessing
the short-term effects of an acute exercise session has suggested that high-intensity exercise
sessions induce autophagy to a greater extent than longer but less intense ones [63,70].
In addition, autophagy induction can be detected immediately after acute exercise in
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skeletal muscles, but its persistence thereafter has been questioned [71]. Thus, the mild
intensity of the training program used in the present work, together with the fact that
animals were sacrificed 48 h after the last physical test to prevent a potential confounding
effect produced by an acute exercise stimulus, might explain, at least partly, the lack of
changes in autophagy with the exercise training intervention. In addition, an earlier start of
the intervention—before symptom onset—as well the use of a longer program could have
also normalized the observed autophagy alterations and perhaps increased the lifespan of
the animals. In fact, longer exercise interventions have been shown to attenuate proteome
deregulation in the skeletal muscle and CNS of the Mutator mouse model of MD [72] or
mitigate myopathy and increase the lifespan of the cytochrome C oxidase assembly factor
heme A: farnesyltransferase (COX10) knockout (Cox 10~/~) mouse model [73]. The fact
that our intervention started when myopathy and ataxia were already present might also
explain, at least partly, the absence of attenuations in the observed autophagy alterations
with exercise training. In this regard, it has been reported that the response of autophagy
to exercise can be attenuated is some metabolic diseases [74]. In turn, previous research has
indicated a tissue-specific effect of exercise training on autophagy response. For instance,
Sprague Dawley rats that underwent a long-term, moderate intensity exercise training
program showed autophagy induction in the brain cortex but not in the hippocampus,
heart or skeletal muscle [61]. In other studies, acute (i.e., a single bout) as well as long-
term exercise (i.e., training) in mice increased autophagy in the brain cortex but not in the
cerebellum and hippocampus [30,75]. Therefore, we cannot rule out the possibility that,
despite its moderate intensity, the training program used in our study may have elicited a
significant autophagic response in other skeletal muscles or brain areas (e.g., brain cortex)
that were not analyzed here.

The study of proteins involved in autophagy regulation in the heart showed lower
levels of activated AMPK in Hq mice and a higher activation of the autophagy inhibitor
mTOR [59]. The absence of activation of AMPK in the heart of Hq mice might be explained
by the absence of OXPHOS deficiency previously described in this organ [44]. On the
other hand, the enhanced mTOR activation in the Hq heart is in agreement with previous
observations of increased mTOR activity in other mouse models of MD, such as the Aifm1
(R200 del) model of AIF deficiency and the Deletor mouse [48,76-78]. In these two pre-
clinical models, mTOR overactivation was related to an enhancement of folate-mediated
1-carbon metabolism [48,76]. This metabolic route supplies glycine, serine and folate
needed for methylation of transfer RNA during the translation of mitochondrial proteins
and, therefore, supports the maintenance of the OXPHOS system [79]. Moreover, 1-carbon
metabolism has been reported to facilitate the assembly of respiratory chain complex I also
by a mechanism mediated by serine catabolism [58]. Therefore, overactivation of mTOR
may act as a compensatory mechanism to promote the 1-carbon metabolism in the Hq
mouse heart. In this effect, in the Deletor mouse, 1-carbon metabolism enhancement is
associated with higher free amino acid content in the skeletal muscle and heart and accu-
mulation of autophagic markers in the former [48,77]. In agreement with these findings, we
observed higher serine and glycine content together with higher mTOR activation in the
hearts of Hq mice than in those of the control mice. Therefore, one could hypothesize that
folate-mediated 1-carbon metabolism is promoted by mTOR activation as a compensatory
mechanism to enhance respiratory chain complex I and OXPHOS function in the Hq mouse
heart. Under these conditions, autophagy would be driven by an mTOR-independent
signal [59], as a synergistic response that induces protein catabolism and amino acid release
to feed 1-carbon metabolism, despite its potential detrimental effect on myofibrils and, thus,
explain the lower levels of sarcomere proteins and higher levels of free amino acids in the
Hgq heart.

Although the differences in amino acid content in the quadricep muscles of Hq mice
were less pronounced than in the heart—where significance was only reached for valine,
lysine and arginine, and a trend (p < 0.1) was observed for threonine, leucine, isoleucine,
and phenylalanine—, overall, all amino acids tended to be more abundant in the Hq
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mice, suggesting active protein catabolism probably due, at least partly, to the observed
enhanced autophagy. The higher content of free amino acids and autophagy markers
in Hq quadriceps is in accordance with previous findings on the Deletor mouse muscle
phenotype [48,77]. In addition, we have previously reported higher mTOR activation in
the skeletal muscles of Hq mice in comparison with WT mice [41]. These data support the
idea of an enhancement of 1-carbon metabolism and a protein catabolic response also in the
skeletal muscles of the Hq mouse and might contribute to explaining the muscle atrophy
and myopathy previously reported in this model [41].

The increased protein catabolism observed in the skeletal muscle tissue of the Hq
mouse could also result in a higher availability of amino acids for other metabolic pathways
in order to compensate for the mitochondrial defect. In this regard, computer models of
human complex I deficiency in cardiomyocytes have predicted that the supply of several
amino acids (glutamate, arginine, proline, valine, aspartate, lysine and glutamine) increase
maximal ATP production by the mitochondrial respiratory chain [80]. Another study
performed with transmitochondrial cybrids defective in mitochondrially-encoded ATP
synthase membrane subunit 6 (MT-ATP6) and the Cox10~/~ mouse model of mitochondrial
myopathy has demonstrated that anaplerosis of the Krebs cycle with x-ketoglutarate,
which can be obtained from glutamine and glutamate, mitigates the consequences of the
mitochondrial defect [81]. Given that skeletal muscles represent the main reservoir of
amino acids in the body, we can hypothesize that muscle catabolism serves as a source of
amino acids for Krebs cycle anaplerosis and energy production in the Hq mouse model,
particularly the CNS. Further detailed studies are needed to assess this proposed metabolic
rewiring, by analyzing whether amino acids are consumed only in the muscles, or if
they are also delivered to the CNS to enhance the residual energy production capacity of
this tissue.

5. Conclusions

AIF deficiency induces tissue-specific alterations of autophagy in the Hq mouse model
of MD, with opposite changes in striated muscle tissues (heart and skeletal muscle) and in
the CNS. In striated muscles, autophagy alterations may be related to metabolic rewiring
through an mTOR-dependent enhancement of 1-carbon metabolism, and subsequent amino
acid-driven anaplerosis of the Krebs cycle to promote energy production in other tissues,
particularly the CNS. Such metabolic rewiring could, however, have a detrimental effect
on muscle structure and function due to the breakdown of contractile proteins. Further re-
search is needed to assess the precise role of autophagy disruptions in the pathophysiology
of MD.
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Abstract: Reactive oxygen species (ROS) act as a signaling intermediate to promote cellular adapta-
tion to maintain homeostasis by regulating autophagy during pathophysiological stress. However,
the mechanism by which ROS promotes autophagy is still largely unknown. Here, we show that
the ATM/CHK2/ULKI1 axis initiates autophagy to maintain cellular homeostasis by sensing ROS
signaling under metabolic stress. We report that ULK1 is a physiological substrate of CHK2, and that
the binding of CHK2 to ULK1 depends on the ROS signal and the phosphorylation of threonine 68 of
CHK?2 under metabolic stress. Further, CHK2 phosphorylates ULK1 on serine 556, and this phospho-
rylation is dependent on the ATM/CHK2 signaling pathway. CHK2-mediated phosphorylation of
ULKT1 promotes autophagic flux and inhibits apoptosis induced by metabolic stress. Taken together,
these results demonstrate that the ATM/CHK2/ULK1 axis initiates an autophagic adaptive response
by sensing ROS, and it protects cells from metabolic stress-induced cellular damage.

Keywords: autophagy; ULK1; CHK2; oxidative stress; ROS

1. Introduction

Oxidative damage to cellular biomolecules caused by excess reactive oxygen species
(ROS) is the root cause of apoptosis and a potential factor leading to a range of pathologies,
including neurodegenerative diseases, atherosclerosis, and aging processes [1,2]. In recent
years, an increasing number of studies have shown that ROS appear to be induced in
response to pathophysiological stress and act as signaling intermediates that promote adap-
tive cellular responses to maintain homeostasis [3,4]. Autophagy, a multistep lysosomal
degradation pathway that supports nutrient recycling and metabolic adaptation, has been
implicated as an essential biological behavior for maintaining homeostasis [5]. ROS have
been widely recognized as being central signaling molecules that induce autophagy under
various stimuli [4,6]. However, the mechanism by which ROS promote autophagy is still
largely unknown.

Cell cycle checkpoint kinase 2 (CHK?2) is an evolutionarily highly conserved serine/ threonine-
protein kinase that was initially identified as a vital transducer in the DNA damage response
(DDR) [7]. When DNA damage occurs, ataxia-telangiectasia mutated (ATM) phosphory-
lates CHK?2 at threonine 68. After the phosphorylation of CHK2 inactive monomers at T68
by ATM, dimers form and undergo subsequent autophosphorylation, and may also serve
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as substrates for other protein kinases. Therefore, the phosphorylation of CHK2 T68 is
considered to be a prerequisite for CHK2 to be activated and to perform signaling functions,
such as cell cycle arrest, DNA repair, cell survival, proliferation, and cell death [8,9]. In
recent years, the ATM-CHK2 signaling pathway, which can act as a sensor of ROS and
participate in autophagy to maintain cell homeostasis, has received more attention [10,11].
The oxidation of ATM (Cys2991) directly induces ATM activation (phospho-ATM Ser1981)
in the absence of DNA DSBs and the MRN complex [12]. In response to elevated ROS,
ATM activates TSC2 through the LKB1/AMPK signaling pathway to inhibit mTORC1,
and it promotes autophagy [13]. Our previous study found that elevated levels of ROS
induced by glucose deprivation and hypoxia can promote autophagy to maintain cellular
homeostasis by activating the ATM/CHK2/Beclin 1 axis [10]. However, DDR signaling as
a direct crosstalk mechanism between ROS and autophagy remains to be further explored.

The serine/threonine-protein kinase ULK1 is the homologous protein of yeast Atgl in
mammalian cells [14]. It forms a complex with Atg13, FIP200, and Atg101, and plays a vital
role in autophagy [15-17]. Phosphorylation of ULK1 is critical in autophagy regulation [18].
Under adequate nutrient conditions, mTOR phosphorylates ULK1 and Atg13, resulting
in the inactivation of the ULK1 complex. Under starvation conditions, by inhibiting the
activity of mTORC]1, the inhibitory effect on ULK1 is relieved, and the kinase activity of
ULKT1 is enhanced, which can further phosphorylate Atg13 and FIP200 to initiate the occur-
rence of autophagy [19]. In addition, AMPK can promote autophagy by phosphorylating
multiple serine/threonine sites in the intermediate domain of ULK1 (including serines 317,
467, 555, 637, and 777, and threonine 574) [20-24]. However, the regulatory mechanism for
how ROS signaling promotes autophagy through ULK1 remains unclear.

Here, we found that the autophagy-related protein ULK1 is a new interaction protein of
CHK?2, and that its binding depends on the accumulation of ROS caused by metabolic stress.
CHK2 phosphorylates ULK1 at serine 556 to promote autophagy and inhibit cell apoptosis
under metabolic stress. Our findings establish that the ATM/CHK2/ULK1 signaling
pathway initiates an autophagic adaptive response by sensing ROS, and it protects cells
from metabolic stress-induced cellular damage.

2. Materials and Methods
2.1. Plasmids Constructs, Cell Culture, and Viral Infection

ULK1 expression plasmids were kindly provided by Xin Pan (National Center of
Biomedical Analysis, Beijing, China). ULK1 was subcloned into pGEX-5X-1. CHK2 (Ad-
dgene, no. 41901, Watertown, MA, USA) was subcloned into pcDNA3.1 with an amino-
terminal 3x Flag tag. ULK1IMUt constructs, ULK155%0A and ULK15%%P | and CHK2Mut
constructs, CHK2T%4 and CHK2T%P were created using site-directed mutagenesis.

HEK293T and HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS) and supplemented with 100 ug/mL
penicillin/streptomycin. H1299 and HCT116 cells were cultured in RPMI1640 medium
containing 10% FBS. The cells were cultured in standard conditions (37 °C, 5% CO,).
N-acetyl cysteine (NAC) was purchased from Sigma (Beijing, China). CHK2 Inhibitor II (2-
(4-(4-Chlorophenoxy)phenyl)-1H-benzimidazole-5-carboxamide hydrate) was purchased
from Sigma (C3742). CHK2 inhibitor II specifically inhibits CHK2 phosphorylation at
Thr68 and is specific for the inhibition of CHK2 activity. The ATM inhibitor KU-55933
(2-(4-Morpholinyl)-6-(1-thianthrenyl)-4H-Pyran-4-one) was from Sigma (SML1109).

ShRNA against CHK2, and ULK1 lenti-virus were purchased from GeneChem
(Shanghai, China). The CHK2 sequence was 5'- ACAGATAAATACCGAACAT -3’ and the
ULK1 sequence was 5'- CACGCCATCTCCTCAAGTT -3'. GFP-mCherry-LC3 lenti-virus
was purchased from Syngentech (Beijing, China).

2.2. Western Blotting

For the Western blot analysis, cells were collected and lysed with lysis buffer (50 mM
Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP40, 1% Triton X-100, and 0.25% sodium
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deoxycholate) containing protease inhibitor cocktail, on ice for 30 min. Afterwards, the cells
were vortexed every 10minutes and the lysates were centrifuged at 13,000 x g for 20 min at
4 °C. Then, the quantified proteins were subjected to SDS-PAGE electrophoresis, after which
the proteins were transferred to nitrocellulose, and the membranes were immunoblotted
with the indicated primary antibodies. Antibody information and usage are as follows:
rabbit anti-ULK1 (D9D7) mADb #6439 (1:1000, CST), rabbit anti-phospho-ULK1 (D1H4)
mADb#5869 (S555 (mouse), S556 (human)) (1:1000, CST), rabbit anti-ATM (D2E2) mAb #2873
(1:1000, CST), rabbit anti-phospho-ATM (Ser1981) (D25E5) mAb #13050 (1:1000, CST), rabbit
anti-CHK2 mADb #2662 (1:1000, CST), rabbit anti-phospho-CHK2 (Thr68) mAb (1:1000, CST),
rabbit anti-p62/SQSTM1 P0067(1:2000, Sigma), rabbit anti-LC3A /B #4108 (1:1000, CST),
mouse anti-Flag SG4110-16 (1:1000, Shanghai Genomics Technology, Shanghai, China), and
mouse anti-tubulin AC012 (1:2000, ABclonal Technology, Woburn, MA, USA).

2.3. Co-Immunoprecipitation

HCT116 cells were transfected with the indicated plasmids using Lipofectamine 3000
(ThermoFisher, L3000008, Waltham, MA, USA). After 24 h of expression, the cells were
treated with Earle’s balanced salt solution (EBSS) (GIBCO, Shanghai, China), a nutrient-
deprivation medium for 1 h and then lysed with IP lysis buffer. Imnmune complexes conju-
gated with primary antibodies to protein A /G beads (Santa Cruz, Dallas, TX, USA) were
added to the quantified cell lysates, incubated overnight at 4 °C, and washed three times.
Whole cell lysates and precipitation samples were analyzed by Western blot.

2.4. In Vitro GST Pull-Down

The protein of GST-ULK1 was induced by IPTG in E. coli BL21, and purified by
glutathione sepharose4B (GE Healthcare, Chicago, IL, USA) according to the manufacturer’s
protocol. At the same time, FLAG-tagged CHK2 was synthesized by using a transcription
and translation in vitrokit (Promega, P2221, Madison, WI, USA). The purified protein GST-
ULK1 was incubated with FLAG-tagged CHK2 synthesized in vitro, and its direct binding
in vitro was detected by Western blot.

2.5. In Vitro CHK2 Kinase Assay

Flag-tagged wild-type ULK1 or mutant ULK1 (S556A) was washed three times with
kinase buffer (50 mM HEPES, pH 7.4, 10 mM MgCl2, 10 mM MnCl2, and DTT 0.2 mM),
and then incubated with CHK2 recombinant human protein (PV3367, ThermoFisher SCI-
ENTIFIC) in kinase reaction buffer (kinase buffer containing 100 uM ATP (Sigma)) at 30 °C
for 45 min. Thephosphorylated proteins were subjected to SDS-PAGE electrophoresis,
and afterwards, the proteins were transferred to nitrocellulose and the membranes were
immunoblotted with the phospho-ULK1 (Ser556) antibody.

2.6. Fluorescence Microscopy

HEK293 cells stably expressing GFP-mCherry-LC3 were grown on coverslips, induced
by EBSS starvation for 3 h, and then fixed with 4% paraformaldehyde for 20 min. Confocal
images were obtained using a 60 x oil lens objective on an inverted fluorescence microscope
(Nikon, A1IRHD25, Japan, Tokyo). The fluorescence assay was performed as described
previously [10].

2.7. Flow Cytometric Analysis

Flow cytometry analysis of apoptosis was performed according to the manufacturer’s
instructions (KeyGENBioTECH, KGA1026, Nanjing, China). In brief, cells were treated
with EBSS for 8 h or H,O; for 8 h, and then harvested by trypsinization without EDTA.
After two washes with PBS, the cells were stained by Annexin V-APC and 7AAD for 30 min
and then resuspended in binding buffer solution for FACS analysis.
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2.8. Statistical Analysis

Statistical comparisons between only two groups were carried out using two-sided
t-tests. A one-way analysis of variance (ANOVA) was used for multiple-group comparisons.
Data are presented as mean + SEM. We tested data for normality and variance, and
considered a p value of less than 0.05 as significant. Statistical calculations were performed
using GraphPad Prism 5.0.

3. Results
3.1. ULKT1 Is a Physiological Substrate of CHK2

Our previous study found that metabolic stress can promote autophagy to maintain
cellular homeostasis by activating CHK2. To further explore the molecular mechanism of
CHK?2 regulating autophagy, we screened CHK2 binding proteins through the candidate
approach. We performed a co-immunoprecipitation (Co-IP) assay and showed that endoge-
nous CHK2 co-precipitates with endogenous ULK1 (Figure 1A,B). Next, using an in vitro
glutathione S-transferase (GST) pull-down assay, we found that CHK2 can directly bind to
ULK1 (Figure 1C). Furthermore, enhanced binding between ULK1 and CHK2 was observed
in response to metabolic and oxidative stress (Figure 1D,E). N-acetylcysteine (NAC) is a
widely used oxygen radical scavenger. The interaction was significantly reduced by using
NAC (Figure 1F), indicating that ROS are signaling molecules that facilitate the binding of
CHK?2 and ULK1. We found that the enhanced binding between these two proteins was
accompanied by the activation of CHK2 Thr68. Next, CHK2 inhibitors significantly reduced
its phosphorylation at Thr68 and the interaction between CHK2 and ULK1 under metabolic
stress (Figure 1G). In addition, under metabolic stress, the binding between wild-type (WT)
CHK2 and ULK1 was enhanced, whereas the binding of T68A CHK2 mutant to ULK1 was
not. Mimic threonine 68 phosphorylation of CHK2 (T68D) promotes its interaction with
ULK]1, even under non-metabolic stress (Figure 1H). Taken together, the binding of CHK2
to ULK1 is dependent on the phosphorylation of CHK2 Thr68.
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Figure 1. ULK1 is a physiological substrate of CHK2. (A,B) Immunoprecipitation assays testing the
endogenous interaction between CHK2 and ULK1 in HCT116 cells. Lysates were immunoprecipitated
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with ULK1 (A) or CHK2 (B) antibody. The immunoprecipitates and lysates were analyzed by Western
blot. (C) CHK2 binds with ULK1 in vitro. GST pull-down assays were performed by incubating
purified GST or GST-ULK1 with invitro-translated flag-tagged CHK2. Arrows indicate GST and
GST-ULK1 bands. (D) Lysates from HCT116 cells treated with EBSS were immunoprecipitated
with CHK2 antibody or rabbit IgG. The immunoprecipitates and lysates were analyzed by Western
blot. (E) Lysates from HCT116 cells treated with H,O, (500 M) were immunoprecipitated with
CHK?2 antibody or rabbit IgG. The immunoprecipitates and lysates were analyzed by Western blot.
(F) Lysates from HCT116 cells pretreated with NAC (SIGMA, A7250, 2 mM) for 3 h and then cultured
for 30 min in EBSS starvation were immunoprecipitated with CHK2 antibody. The expression of
p-CHK2 Thr68, CHK2, and ULK1 was detected by immunoblotting. (G) Lysates from HCT116 cells
pretreated with CHK2 inhibitor (SIGMA, C3742, 20 uM) for 4 h and then treated with EBSS for 30 min
were immunoprecipitated with CHK2 antibody. The expression of p-CHK2 Thr68, CHK2, and ULK1
was detected by immunoblotting. (H) Lysates from HCT116 cells expressing theindicated plasmids,
treated or untreated with EBSS, were immunoprecipitated with FLAG antibody. The immunoprecipi-
tates and lysates were analyzed by Western blot with the indicated antibodies. Quantitative analysis
for the binding intensity of ULK1 are shown.

3.2. CHK2 Phosphorylates ULK1 at Ser556

The protein modification of ULK1, especially the phosphorylation modification, is
significant in its involvement in autophagy initiation. To determine whether CHK2 could-
phosphorylate ULK1, we first utilized an optimal CHK2 substrate motif to search for
possible amino acids sequences containing conservative candidate target sites in the ULK1
sequence [25]. ULK1 contains a Ser556 site matching the optimal CHK2 substrate motif
conserved in higher eukaryotes (Figure 2A). Next, we further performed site-directed muta-
genesis combined with an in vitro kinase assay and showed that CHK2 can phosphorylate
ULK1 ser556, and that site-directed mutation of Ser556 to alanine (S556A) blocked the
CHK2 mediated-ULK1phosphorylation on Ser556 (Figure 2B). Further, we observed that the
phosphorylation of endogenous ULK1 Ser556 was enhanced under metabolic (Figure 2C)
and oxidative stress (Figure 2D). However, in the CHK2 shRNA-treated cells, the phospho-
rylation of ULK1 Ser556 was significantly reduced. Likewise, small-molecule inhibitors of
CHK?2 can block the phosphorylation of ULK1 under metabolic stress (Figure 2E). Further,
the phosphorylation of CHK2 and ULK1 was also reduced in ATM shRNA-treated or phar-
macological ATM inhibition cells under both metabolic (Figure 2F) and oxidative stresses
(Figure 2G). Taken together, these results demonstrate that the phosphorylation of ULK1
is dependent on the ATM/CHK2 signaling pathway in response to metabolic stress. Fur-
thermore, the antioxidant NAC was able to block the activation of the ATM/CHK2/ULK1
signaling pathway under conditions of metabolic stress (Figure 2H). These results estab-
lish a critical redox-dependent role for the ATM-CHK?2 signaling pathway in ULK1 Ser
556 phosphorylation under metabolic or oxidative stress.

3.3. CHK2-Mediated ULK1 Phosphorylation Promotes Autophagy

To further explore whether CHK2-mediated phosphorylation of ULK1 was involved
in the regulation of autophagy, we constructed ULK1-depleted H1299 cell lines that sta-
bly expressed different mutants of ULK1 (WT, S556A, or S556D) with or without CHK2
(Figure 3A). Increased levels of autophagy were demonstrated by a decrease in the au-
tophagy of substrate p62, and an increase in the conversion of LC3 from the non-lipidated
form (LC3-]) to the phosphatidylethanolamine-bound form (LC3-II). ULK1 WT promoted
metabolic and oxidative stress-induced autophagy, whereas increased autophagy was in-
hibited in cells lacking CHK2 expression. Compared with the effect of ULK1 WT, the ULK1
S556A mutant was not able to promote autophagy induced by metabolic and oxidative
stress. However, the ULK1 S556D mutant promoted autophagy, even in cells that did not
express CHK?2 in the H1299 and HEK293 cell lines (Figure 3B-E and Supplementary Figure
S1A-D).
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Figure 2. CHK2 phosphorylates ULK1 at Ser556. (A) Clustal alignment of the conserved sites in
ULK1 matching the optimal CHK2 substrate motif. (B) In vitro CHK2 kinase assay using CHK2
recombinant human protein with FLAG-ULK1IWT and FLAG-ULK1S556A as substrates, followed by
immunoblotting analysis. (C,D) Western blot analysis with the indicated antibodies in H1299 cells
with CHK2 knockdown. Cells were treated with EBSS (C) or H,O, (500 uM) (D). (E) Western blot
analysis with indicated antibodies in H1299 cells pretreated with CHK2 inhibitor for 3 h and treated
with EBSS for 1 h. (F,G) Western blot analysis with indicated antibodies in H1299 cells with ATM
knockdown. Cells were treated with EBSS (F) or H,O, (500 uM) (G). (H) Western blot analysis with
the indicated antibodies in H1299 cells pretreated with ATM inhibitor for 3 h and treated with EBSS
for 1 h. (I) Western blot analysis with the indicated antibodies in H1299 cells pretreated with NAC
for 4 h and treated with EBSS for 1 h. The results from three independent experiments are presented
as mean = SEM. ** p < 0.05, ** p < 0.001.
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Figure 3. CHK2-mediated ULK1 phosphorylation promotes autophagy. (A) Western blot analysis
with reconstituted expression of the indicated proteins in H1299 cells. (B,C) Western blot analysis
of p62and LC3 in H1299 cells with reconstituted expression of ULK1 WT, S556A mutant, or S556D
mutant treated with EBSS for 3 h with (B) or without (C) CHK2. (D,E) Western blot analysis of p62
and LC3 in H1299 cells with reconstituted expression of ULK1 WT, S556 A mutant, or S556D mutant
treated with HyO, (500 uM) for 3 h with (D) or without (E) CHK2. (F) The red puncta is shown by
representative confocal microscopic images in 293 cells expressing the indicated plasmids treated
with EBSS for 2 h. (G) Data are presented as mean + SEM. * ULK1 SA mutant treated with EBSS
compared to ULK1 WT treated with EBSS, p < 0.001; # ULK1 SD mutant compared to ULK1 WT,
p <0.001 and & ULK1 SD mutant treated with EBSS without CHK2 compared to ULK1 WT treated
with EBSS without CHK2, p < 0.001. Scale bar, 10 pm.

Furthermore, we found similar conclusions by the quantitative analysis of autophagic
flux, using tandemly labeled GFP-mCherry-LC3B. Given that mCherry fluorescence can be
detected in both neutral autophagosomes and acidic autolysosomes, whereas GFP fluores-
cence is quenched in acidic autolysosomes, we can judge the extent to which autophagic
flux proceeded and represented the promotion of autophagy levels, based on the reduction
in yellow puncta and the appearance of only red puncta due to GFP quenching by fusion
of autophagosomes with lysosomes. The red puncta representing autophagic flux were
increased after the expression of ULK1 WT under metabolic stress, but not in CHK2 knock-
down cells. Compared to the effect of ULK1 WT, the ULK1 S556A mutant failed to promote
metabolic stress-induced autophagic flux. However, the ULK1 S556D mutant promotes
autophagic flux, even in cells that did not express CHK2 (Figure 3EG).

3.4. CHK2-ULK1-Mediated Autophagy Protects Cells against Metabolic Stress-Induced Cell Death

To test the role of CHK2-mediated phosphorylation of ULK1 in cell fate determination
under stress conditions, we examined the effects of ULK1 WT, S556A, or S556D mutants
on apoptosis, with or without CHK2 in the H1299 and HEK293 cell lines, in response to
metabolic and oxidative stresses. The WT and S556D mutant reduced the number of cells
undergoing apoptosis compared to the control, while the S556 A mutant had no effect in
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response to metabolic and oxidative stress (Figure 4A,C, Supplementary Figure S2A,C).
In addition, compared with CHK2-expressing cells, we found that apoptosis under stress
was increased in CHK2-knockdown cells, even after expressing ULK1 WT (Figure 4B,D,
Supplementary Figure S2B,D).
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Figure 4. CHK2-ULK1 mediated autophagy protects cells against metabolic stress-induced cell death.
(A,B) Flow cytometry analysis of apoptosis was performed in H1299 cells expressing the indicated
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plasmids treated with EBSS for 8 h with (A) or without (B) CHK2. The results from three independent
experiments are presented as mean 4= SEM. *** p < 0.001 compared to ULK1 S556A treated with EBSS.
(C,D) Flow cytometry analysis of apoptosis was performed in H1299 cells expressing the indicated
plasmids treated with HyO, (500 uM) for 8 h with (C) or without (D) CHK2. The results from three
independent experiments are presented as mean 4+ SEM. *** p < 0.001 compared to ULK1 S556A
treated with HyO, (500 uM) stimulation.

4. Discussion

More and more evidence indicates that ROS are considered to be signaling molecules
that trigger autophagy under various stress conditions, but their specific regulatory mecha-
nism is still largely unknown [6]. Here, we found that the autophagy-related protein ULK1
is a novel interacting protein of CHK2, and that binding is dependent on the accumulation
of ROS caused by metabolic stress. CHK2 phosphorylates serine 556 of ULK1 to promote
autophagy and inhibit cell apoptosis under metabolic stress. Our findings establish that
the ATM/CHK2/ULK1 signaling pathway initiates an autophagic adaptive response by
sensing ROS, and it protects cells from metabolic stress-induced cellular damage.

The relationship between ROS, autophagy, and apoptosis has been well revealed [4].
However, the possible regulatory mechanism is largely unknown. Our studies have
revealed that ROS act as signaling molecules and activate the ATM/CHK2/ULKI1 signaling
pathway under metabolic and oxidative stress, while the ROS neutralizer NAC can inhibit
the activation of the ATM/CHK2/ULKI signaling pathway under metabolic stress. We
further verified that CHK2-mediated ULK1 phosphorylation could promote autophagy
and inhibit apoptosis in response to metabolic and oxidative stress. Previous studies
have fully demonstrated the relationship between ROS, autophagy, and apoptosis. For
example, the ROS neutralizer NAC can inhibit the accumulation of excessive ROS under
metabolic stress, thereby inhibiting apoptosis. Autophagy can inhibit the accumulation of
ROS by promoting the clearance of damaged mitochondria in response to metabolic stress,
thereby inhibit apoptosis. Conversely, the inhibition of autophagy leads to the excessive
accumulation of ROS under metabolic stress, and promotes apoptosis. As the molecular
mechanisms of autophagy are well understood, the focus has shifted to the initiation signals
of autophagy and the specific molecular mechanisms that initiate autophagy. More and
more studies have demonstrated that various stimuli inducing autophagy could lead to
an increase in ROS levels [26-30]. These findings suggest that ROS may play an essential
role in autophagic initiation as a variety of central signals inducing autophagy. However,
the molecular mechanism by which ROS initiates autophagy remains largely unknown.
In recent years, DNA damage response (DDR)-transduced ataxia-telangiectasia mutant
(ATM) has played a vital role in sensing ROS signaling and autophagy initiation. ATM
activates TSC2 through the LKB1/AMPK signaling pathway to inhibit mTORC1, and this
promotes autophagy [13]. Our previous study found that elevated levels of ROS induced by
glucose deprivation and hypoxia can promote autophagy to maintain cellular homeostasis
by activating the ATM/CHK2/Beclin 1 axis [10]. In this study, we further explored other
molecular mechanisms by which the ATM-CHK?2 signaling pathway initiated autophagy.
We found that the autophagy-related protein ULK1 is an essential substrate of CHK2 under
metabolic stress conditions, and further confirmed the role of the ATM/CHK2/ULK1 axis
in autophagic initiation. This study further improved the function of the ATM-CHK2
signaling pathway to sense ROS signaling molecules in the autophagy regulatory network.

The formation of autophagosomes is a critical initial event in autophagy [31,32]. The
serine/threonine-protein kinase ULK1 is the core protein involved in this step, and it forms a
complex with FIP200, ATG13, and ATG101 to participate in the initiation of autophagy [33,34].
The phosphorylation of ULK1 is critical in autophagy regulation. Under adequate nutrient
conditions, mTOR phosphorylates ULK1, resulting in the inactivation of the ULK1 complex.
AMPK can promote autophagy by phosphorylating multiple serine/threonine sites in the
intermediate domain of ULK1 (including serines 317, 467, 555, 637, 777 and threonine
574). We revealed that under oxidative stress conditions, CHK2 is activated by ATM,
activated CHK2 binds to ULK1 and phosphorylates serine 556 of ULK1, and activated
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ULK1 promotes autophagy initiation and autophagic flux. For the first time, we revealed the
specific molecular mechanism of how ROS signaling regulates ULK1 to promote autophagy,
enriching the autophagy regulatory network of ULK1. ULK2 is highly homologous to
ULK1, and is also particularly important in regulating autophagy. However, whether ULK2
is also involved in the autophagy process involving ROS signaling remains to be further
investigated.

5. Conclusions

Our results show that the ROS-ATM-CHK2-ULK1-autophagy axis is a novel metabolic
stress adaptive response pathway that protects cells from stress-induced cellular damage.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11061166/s1, Figure S1: CHK2-mediated ULK1 phospho-
rylation promotes autophagy; Figure S2: CHK2-ULK1 mediated autophagy protects cells against
metabolic stress-induced cell death.
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Abstract: Lipophagy, a type of autophagy that breaks down lipid droplets, is essential in the regula-
tion of intracellular lipid accumulation and intracellular free fatty acid levels in numerous organisms
and metabolic conditions. We investigated the effects of Stevia rebaudiana Bertoni (S), a low-calorie
sweetener, and stevioside (SS) on hepatic steatosis and autophagy in hepatocytes, as well as in db/db
mice. S and SS reduced the body and liver weight and levels of serum triglyceride, total cholesterol,
and hepatic lipogenic proteins. In addition, S and SS increased the levels of fatty acid oxidase,
peroxisome proliferator-activated receptor alpha (PPAR«x), and microtubule-associated protein light
chain 3 B but decreased that of sequestosome 1 (p62) in the liver of db/db mice. Additionally, Beclin 1,
lysosomal associated membrane protein 1, and phosphorylated adenosine monophosphate-activated
protein kinase protein expression was augmented following S and SS treatment of db/db mice. Fur-
thermore, the knockdown of PPAR« blocked lipophagy in response to SS treatment in HepG2 cells.
These outcomes indicate that PPARa-dependent lipophagy is involved in hepatic steatosis in the
db/db mouse model and that SS, a PPAR« agonist, represents a new therapeutic option for managing
associated diseases.

Keywords: non-alcoholic fatty liver disease; stevia; stevioside; lipophagy; PPARo

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common liver ailment caused
by the buildup of excess fat in liver cells rather than by alcohol [1]. Hepatic steatosis, or
fatty liver disease, develops when the liver’s weight is more than 5% fat [2]. Fatty liver
disease can be divided into two types: when the liver has fat buildup and no damage, it is
called NAFLD; when the liver has fat buildup, hepatocellular injury, inflammation, and
different degrees of fibrosis, it is called non-alcoholic steatohepatitis (NASH) [3]. NAFLD
is significantly linked to insulin resistance and obesity and is detected in more than 76%
of type 2 diabetes (T2D) patients [4]. In addition, patients with T2D are at significant
risk of developing NASH [3]. Recent findings suggest that autophagy may boost the
lipid metabolism. Therefore, autophagy is considered to have therapeutic potential in
NAFLD [5,6].

Autophagy mediates not only the redistribution of valuable nutrients during starva-
tion but also the treatment of excess or damaged small organs and invading microorgan-
isms [7]. When nutrients are sufficient, cells store their energy reserves as neutral lipids,
cholesteryl esters, and triglycerides in the lipid droplets (LDs). Owing to the dynamic
fusion of LDs with other intracellular organelles and erroneously folded proteins [8] or
infectious particles [9], these apparently inactive LDs have often been reflected as separate
organelles [10].

Autophagy breaks down LDs through a process called lipophagy [10,11]. Given
that starvation triggers autophagy, which results in the production of nutrients through
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the lysosomal decomposition of unnecessary cytoplasmic content, autophagy has been
postulated to have a role in disintegrating LDs to release free fatty acids for the starving
cells and aid in lipid metabolism [12].

Stevia rebaudiana Bertoni (S) is a natural sweetener that is 300-times sweeter than su-
crose and has various health-promoting biological effects [13,14]. These biological effects
are elicited by the plant leaf extract, which contains secondary metabolites, such as polyphe-
nols and steviol glycosides, including stevioside (SS), rebaudioside A, and rebaudioside
C [15]. SS is one of the main compounds in stevia extract and constitutes between 4% and
20% of dried leaves [16]. It exhibits non-caloric, anti-inflammatory [17], anti-tumor [14],
anti-diarrheal [18], and antihypertensive [19] effects and is effective in the treatment of
hyperlipidemia [20]. Studies have shown that S and SS have many health benefits; however,
their effects on hepatic metabolism and autophagy remain unclear. Therefore, the purpose
of this study was to investigate how S and SS affect NAFLD in HepG2 cells and db/db
mouse models.

2. Materials and Methods
2.1. Reagents

S leaf extract was obtained from Pharminogen (Pharminogen Inc., Gyeonggi-do,
Korea). The concentrate was lyophilized to remove moisture completely and stored at
—20 °C. SS (C33HgpO13) was purchased from ChemFaces (ChemFaces Biochemical Co.,
Wuhan, China). Chloroquine (CQ) was procured from Sigma (Sigma-Aldrich Co., St. Louis,
MO, USA), and the CYTO-ID Autophagy Detection Kit was acquired from Enzo Inc. (Enzo
Life Sciences, Farmingdale, NY, USA).

2.2. HepG2 Cells Culture, Steatosis Induction, and Oil Red O Staining

HepG2 (human hepatoma) cells were acquired from the American Type Culture Col-
lection (ATCC, Manassas, VA, USA). HepG2 cells were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM), which included 10% fetal bovine serum and 1% antibiotics
(antibiotic-antimycotic, ThermoFisher, Waltham, MA, USA) at 37 °C in an environment
with 5% CO,. Free fatty acid (FFA, oleic, and palmitic acid at a molar ratio of 2:1) stock was
dissolved in isopropyl alcohol.

To induce hepatic steatosis, HepG2 cells were grown in a serum-free medium and
exposed to 1 mM FFA for 24 h. BSA (1%) was used as a control. HepG2 cells were fixed
in formalin (10%) and stained with a working solution of Oil Red O for 30 min. After
three washes, the cells were viewed under an inverted microscope, and images were taken.
Following the observation, the absorbance of the lipids (in 1 mL of 100% isopropanol) was
measured at 500 nm. Each experiment was conducted in triplicate.

2.3. Mouse Models and Diets

Male C57BL/6] db/db mice (BKS.Cg-Dock7m +/+ Leprdb/J, homozygote, 8-weeks-old)
and negative controls (C57BL/6] mice, heterozygotes, similar age) were acquired from
Jackson Laboratories (Sacramento, CA, USA). Following acclimatization for 2 weeks, the
animals were randomly allocated into six groups as follows: the negative control group
(C57BL/6], N+; saline, n = 6), control group (C57BL/6] db/db, NC; saline, n = 6), positive
control group (C57BL/6] db/db, PC, n = 6; saline with metformin 200 mg/kg/day), low S
treatment group (C57BL/6] db/db, S200, n = 6; saline with 200 mg/kg/day of S extract), high
S treatment group (C57BL/6] db/db, S500, n = 6; saline with 500 mg/kg/day of S extract),
and SS treatment group (C57BL/6] db/db, SS, n = 6; saline with 40 mg/kg/day of SS). Mice
were orally administered saline and SS (prepared in saline) during the three weeks.

Three weeks later, all 36 mice were sacrificed. All studies using the chosen mouse
models were approved by Gachon University (GI-ACUC-R2020012) and performed in
compliance with the guidelines of the Guide for the Care and Use of Laboratory Animals.
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2.4. Liver Tissue Histological Evaluation and Oil Red O Staining

Liver tissue samples from all the experimental mice groups were fixed in formalin
(10%, Sigma-Aldrich, MO, USA) for a minimum of 72 h. The tissue sections (3—4 pum) were
stained with hematoxylin-eosin (H-E) and Oil Red O solutions. A competent pathologist
examined the stained sections using an Olympus Provis AX70 microscope (Olympus,
Tokyo, Japan). A scale bar of 100 pm is used.

2.5. Real-Time PCR Quantification of Gene Expression

The total RNA was extracted from HepG2 cells and liver tissues using a commercial
kit (iNtRON Biotechnology, Gyeonggi-do, Korea) in accordance with the owner’s manual.
Following quantification, 0.8 ug of RNA was reverse transcribed into complementary DNA
utilizing the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). SYBR® Green Master
Mix (TaKaRa Bio, Otsu, Japan) was used in real-time PCR performed on a QuantStudio3
machine (Thermo Fisher Scientific).

The following primers (5'-3') were used: peroxisome proliferator-activated receptor
gamma (PPARy, NC_000072.7) forward CAGGAGAGCAGGGATTTGCA and reverse CC-
TACGCTCAGCCCTCTTCAT; sterol regulatory element-binding transcription factor-1c (SREBP-
1c, NM_001113566.1) forward ATCGCAAACAAGCTGACCTG and reverse AGATCCAGGTTT
GAGGTGGG; CCAAT/enhancer binding protein alpha (C/EBPx, NM_001287523.1) forward
TTACAACAGGCCAGGTTTCC and reverse GGCTGGCGACATACAGTACA,; fatty acid syn-
thase (FAS, NC_000077.7) forward TTGCTGGCACTACAGAATGC and reverse AACAGC-
CTCAGAGCGACAAT; and B-actin (NM_007393.5) forward CTGTCCCTGTATGCCTCTG and
reverse ATGTCACGCACGATTTCC. The expression levels of the chosen genes were compared
to that of B-actin.

2.6. Western Blotting

For protein expression analysis, the total proteins were harvested from HepG2 cells
and liver tissues using a lysis buffer for the extraction of proteins (iNtRON Biotechnology)
comprising protease and phosphate inhibitors. Protein (30 ug) samples were electrophoret-
ically separated on a polyacrylamide gel containing 15% sodium dodecyl sulfate and
electrophoretically shifted to polyvinylidene difluoride membranes (Bio-Rad Laboratories,
Hercules, CA, USA).

After blocking with 5% skim milk at room temperature (RT, 18 to 25 °C), the mem-
branes were incubated for more than 2 h with the following primary antibodies at RT: PPARy
(1:1000 dilution), SREBP-1c (1:1000 dilution), C/EBP« (1:500 dilution), FAS (1:1000 dilution),
microtubule-associated protein light chain 3 B (LC3B; 1:1000 dilution), sequestosome 1
(SQSTM1; 1:1000 dilution), TFEB (1:1000 dilution), CPT-1 (1:1000 dilution), lysosomal as-
sociated membrane protein 1 (LAMP-1; 1:1000 dilution), BECN1 (1:1000 dilution), Bcl-2
(1:1000 dilution), Bax (1:1000 dilution), PPAR« (1:1000 dilution), adenosine monophosphate-
activated protein kinase (AMPK; 1:1000 dilution), and p-AMPK (1:1000 dilution).

The primary antibodies were acquired from Abcam (Cambridge, UK) and Santa Cruz
Biotechnology (Dallas, TX, USA). After 1 h of incubation at RT with the secondary antibody,
the membranes were developed using the Miracle-Star™ Western Blot Detection System
(iNtRON Biotechnology) and photographed using the ImageQuant™ 1L.AS500 system
(GE Healthcare Life Sciences, Issaquah, WA, USA). Densitometry data after western blot
analysis were obtained using the Amersham Imager 680 analysis software (GE Healthcare
Life Sciences, USA) and used for analysis.

2.7. Detection of Autophagy with CYTO-ID® Green

Autophagy was detected using the Cyto—ID® Autophagy Detection Kit (Enzo Life
Sciences) in accordance with the owner’s manual. Briefly, steatosis-induced cells were
stained by incubating them with Cyto-ID® Green stain solution for 30 min at 37 °C in
the dark. The samples were rinsed once, stained with Hoechst 33342 for 1 min, washed
three times with PBS, and mounted onto slides. Fluorescence images were obtained using
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a fluorescence inverted phase-contrast microscope (KI-2000F, Korea Lab Tech, Gyeonggi,
Korea) and inspected using processing software (OptiView 3.7, Korea Lab Tech).

2.8. Small Interfering RNAs (siRNAs) and Transfection

PPAR«x (Catalog No. AM51331) and negative control (NC, Catalog No. AM4635)
siRNAs were obtained from Invitrogen (Waltham, MA, USA). One day before transfection,
HepG2 cells were seeded in six-well plates at a density of 2 x 10° cells/well. The following
day, Opti-MEM (Gibco-BRL, Thermo Fisher Scientific) was used as a culture medium
substitute. Both the siRNAs were prepared in an Opti-MEM medium and mixed with
Lipofectamine® RNAiIMAX (7 uL) reagent (Thermo Fisher Scientific) to a final volume of
200 uL. The produced mixture was applied to each well after incubating for 20 min at room
temperature (25 °C). Fresh medium was given to each well after 4 h of incubation, and cells
were then allowed to grow. After 20 h, the transfected cells were treated with stevioside
and harvested after 24 h.

2.9. Statistical Analysis

The mean =+ standard error (SE) is used to express all experimental results. Each
experiment was performed three times, GraphPad Prism 9.02 (GraphPad Software, USA)
was used for statistical analysis using one-way analysis of variance (ANOVA), and Tukey’s
post-hoc testing was used to compare multiple independent groups. Statistical significance
was set at p < 0.05.

3. Results
3.1. S and SS Attenuated Liver Steatosis in db/db Mice

After three weeks of oral administration of S and SS, the terminal body weights of
db/db mice in the NC group showed significantly increased weighLinet (p < 0.01) from that
in the S (S200 and S500) and SS groups (Figure 1a). In addition, the liver tissue weights
of db/db mice were significantly decreased in the S200 (p < 0.001), S500 (p < 0.001), and SS
(p <0.1) treatment groups relative to that in the NC group (Figure 1b). The db/db mice had
the highest plasma serum triglyceride (TG) and total serum cholesterol (TC) levels among
type 2 diabetic mouse models [21].

Serum toalcholesterl (mgidL)

Liverweightlg)

(e)

Figure 1. Stevia and stevioside attenuate lipid accumulation in db/db mice. Mice were orally ad-
ministered saline (N+ and NC), saline with 200 mg/kg/day metformin (PC), saline with 200 or
500 mg/kg/day stevia (S200 and S500), and saline with 40 mM/kg/day stevioside (SS) for 3 weeks.
(a) Body weight. (b) Liver weight. (c) Serum triglyceride (TG). (d) Serum total cholesterol (TC). (e) Im-
age of liver tissues. All data are presented as the mean + standard error (SE), n = 6 and represent
results from three independent experiments. Scale bar, 100 um. * p < 0.05, ** p < 0.01, ** p < 0.001,
and **** p < 0.0001.
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Considering these characteristics, in this study, the weight and serum TG and TC
levels in the NC group were higher than in the N+ group of normal mice, and they were
significantly reduced by the oral administration of S and SS (Figure 1c,d). Histological
analyses of the livers from the six db/db mouse groups revealed that, compared to the N+
group, the NC group showed hepatocellular damage (H&E staining) and widespread LDs
(Oil Red O staining), whereas the 5200, S500, and SS treatment groups showed decreased
accumulation of LDs (Figure le).

3.2. Sand SS Attenuated Expressions of Hepatic Lipid Genes in db/db Mice

To examine the biological mechanisms of S in the liver, we used quantitative PCR
and immunoblot analysis to examine the lipogenic markers. As shown in Figure 2, the
mRNA expressions of PPARy (p < 0.1), SREBP-1c (p < 0.001), C/EBP«x (p < 0.001), and
FAS (p < 0.0001) were significantly higher in the NC group relative to the N+ group
(Figure 2a-d). The corresponding mRNA expression levels in the 5200, S500, and SS
groups were significantly lower than those in the NC group. Consistent with this, protein
expression analysis also showed a significant decrease in the levels of the respective proteins
in the S200-, S500-, and SS-treated groups (Figure 2e—f).
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Figure 2. Stevia and stevioside attenuate adipogenic-related genes and proteins in db/db mice. Mice
were orally administered saline (N+ and NC), saline with 200 mg/kg/day metformin (PC), saline
with 200 or 500 mg/kg/day stevia (5200 and S500), and saline with 40 mM/kg/day stevioside (SS)
for 3 weeks. (a,e) Peroxisome proliferator-activated receptor gamma (PPARY). (b,f) Sterol regulatory
element-binding transcription factor-1c (SREBP-1c). (c,g) CCAAT/enhancer binding protein alpha
(C/EBPw). (dh) Fatty acid synthase (FAS). All data are presented as the mean + SE, n = 6 and
represent results from three independent experiments. * p < 0.05, ** p < 0.01, **p <0.001, and
% < 0.0001.
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3.3. Sand SS Activated Lipid Metabolism and AMPK Phosphorylation in db/db Mice

The expression genes linked to fatty acid oxidation, such as PPAR«x and CPT1, were
evaluated in the livers of db/db mice following S and SS treatment. Immunoblot analysis
revealed enhanced levels of CPT1 and PPAR« protein in response to S and SS treatment
compared to those in the NC group (Figure 3a,b). In addition, the NC group showed
a significant reduction in AMPK phosphorylation, which showed an increasing trend
following S and SS treatment and was the highest in the PC group administered metformin
(Figure 3c).
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Figure 3. Stevia and stevioside activate fatty acid oxidation-related proteins in db/db mice. Mice were
orally administered saline (N+ and NC), saline with 200 mg/kg/day metformin (PC), saline with 200
or 500 mg/kg/day stevia (S200 and S500), and saline with 40 mM/kg/day stevioside (SS) for 3 weeks.
(a) Carnitine palmitoyl transferase-1 (CPT-1). (b) Peroxisome proliferator-activated receptor alpha
(PPAR@). (c) Adenosine monophosphate-activated protein kinase (AMPK). All data are presented as
the mean + SE, 1 = 3 and represent results from three independent experiments. * p < 0.05, ** p < 0.01,
#* p <0.001, and **** p < 0.0001.
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3.4. S- and SS-Induced Autophagy in Liver of db/db Mice

Next, we analyzed whether S and SS regulate autophagy to mediate intracellular
lipid storage in the db/db mice liver tissue. We found that the expression of microtubule-
associated protein light chain 3 B (LC3B)-II/LC3B-I was significantly increased in the S-
(5200 (p < 0.01) and S500 (p < 0.1)) and SS-treated (p < 0.0001) groups compared to that in the
NC group, whereas SQSTM1 (p62 and sequestosomel) was significantly downregulated in
the S- (5200 (p < 0.001) and S500 (p < 0.0001)) and SS-treated (p < 0.0001) groups (Figure 4a,b).
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Figure 4. Stevia and stevioside induce autophagy in hepatocytes of db/db mice. Mice were orally
administered saline (N+ and NC), saline with 200 mg/kg/day metformin (PC), saline with 200 or
500 mg/kg/day stevia (S200 and S500), and saline with 40 mM/kg/day stevioside (SS) for 3 weeks.
(a) Microtubule-associated protein light chain 3B (LC3B)-II/LC3B-I. (b) Sequestosomel (SQSTM1).
(c) Transcription factor EB (TFEB). (d) Lysosomal associated membrane protein 1 (LAMP-1). (e) Beclin
1 (BECN1). (f) Bax/Bcl-2. All data are presented as the mean =+ SE, nn = 3 and represent results from
three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

ity

|

Relativ lovel of L3 SIVLC3BA
Relative level of TFEBIp.act

]

Relative level of BECN1/f-actin
protein density
Relative level of BaxiBel-2
protein density

40



Antioxidants 2022, 11, 2496

Analysis of the lysosome-related proteins, transcription factor EB (TFEB), and lysosome-
associated membrane protein 1 (LAMP-1) revealed that TFEB expression was lower in
the livers of db/db mice compared with in the normal (N+) group, although oral S and SS
administration for three weeks markedly enhanced the relative levels of TFEB/ 3-actin
protein (Figure 4c). Similar results were observed for LAMP-1 expression by immunoblot
analysis (Figure 4d). The expression of Beclin 1 (BECN1) protein, which promotes crosstalk
between apoptosis and autophagy, was increased in the livers of the 5200, S500, and SS
groups relative to that in the db/db mice (NC) group (Figure 4e). Furthermore, the relative
Bax/Bcl-2 protein levels were lower in the 5200, S500, and SS groups than those in the NC
group (Figure 4f).

3.5. §S-Induced Autophagy in Steatosis-Induced Hepatocytes

Different concentrations of SS (0, 12.5, 25, 50, and 100 M) and 1 mM FFA were applied
to HepG2 cells for 24 h. SS treatment augmented LC3B-1I/LC3B-I levels and reduced
SQSTM1 (p62) levels in a dose-dependent manner (Figure 5a,b).
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Figure 5. Stevioside induces autophagy in steatosis-induced hepatocytes. HepG2 cells were treated
with 1 mM FFA and different concentrations of stevioside (SS; 0, 12.5, 25, 50, or 100 uM) in the
presence or absence of 10 uM chloroquine (CQ) for 24 h. (a) Microtubule-associated protein light
chain 3B (LC3B)-1I/LC3B-L. (b) Sequestosomel (SQSTM1). (c) HepG2 cells were stained with Oil Red
O. Scale bar, 100 pm. (d) Intracellular lipid accumulation (the absorbance of lipids was measured
at 500 nm). (e) Immunoblot analysis. (f) Cells were observed by fluorescence microscopy. Scale
bar, 10 um. All data are presented as the mean + SE and represent results from three independent
experiments. * p < 0.05, ** p < 0.01, ** p < 0.001, and **** p < 0.0001.
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SS-treated HepG2 cells were treated with chloroquine (CQ), an autophagy inhibitor
that prevents autophagosomes from attaching to lysosomes, and Oil Red O staining and
immunoassays were used to assess increasing lipophagy (Figure 5c-e). HepG2 cells treated
with FFA showed increased lipid concentration compared to the control (Con).

After FFA and SS (50 uM) treatment, the lipid concentration was decreased compared
to that in the Con (Figure 5d). The lipid concentration was increased following FFA treat-
ment after CQ treatment showed the same results with decreased LC3B-I1/LC3B-I levels
and increased SQSTM1 (p62) levels (Figure 5e). Next, the effect of SS on autophagy was
evaluated in steatosis-induced HepG2 cells using fluorescence microscopy. The presence
of autophagic green vacuoles was assessed using an autophagy detection kit in HepG2
cells treated with SS, or FFA and SS (Figure 5f). The cells were also stained with the nuclear
stain Hoechst 33342. As shown in Figure 5f, SS treatment markedly increased the number
of green autophagic vacuoles throughout the cells.

3.6. SS-Induced Autophagy Is Dependent on PPARw« in Hepatocytes

To test our hypothesis that PPAR regulates lipophagy in hepatocytes, we used siRNAs
to silence the PPAR gene in HepG2 cells. HepG2 cells transfected with the nonspecific (NS)
siRNA showed significant autophagy induction following SS treatment, whereas cells with
PPAR« knockdown did not show any significant change in autophagy induction following
SS treatment (Figure 6).
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Figure 6. Stevioside-induced autophagy is dependent on PPAR« in hepatocytes. HepG2 cells were
transfected with the nonspecific (NS) siRNA or peroxisome proliferator-activated receptor o« (PPARcx)
siRNA. After 24 h, the cells were treated with different concentration of stevioside (SS; 0, 12.5, and
25 uM) for another 24 h. (a) Immunoblot analysis of PPARx, microtubule-associated protein light
chain 3B (LC3B)-II/LC3B-1, sequestosomel (SQSTM1), and -actin. (b) Relative expression of LC3B-
II/LC3B-L (c) Relative expression of SQSTM1(p62)/ 3-actin. All data are presented as the mean + SE
and represent results from three independent experiments. * p < 0.05, *** p < 0.001, and **** p < 0.0001.

4. Discussion

In this study, we provide in vivo and in vitro evidence that S and SS induce autophagy
and that the lysosomal pathway reduces liver steatosis and hepatic lipid gene expression in
db/db mice and HepG2 cells. Furthermore, oral S and SS treatment reduces LDs and triggers
fatty acid oxidation in the livers of db/db mice, which is controlled by autophagy and the
lysosomal pathway. We also verified that PPAR plays a critical role in lipophagy, which
reduces hepatocyte steatosis.

Appropriate amounts of lipids are essential for cellular functions and cell survival [12].
The finding that macrophages can break down some of the lipids in liver cells has opened
up the possibility of controlling the pathologies associated with the lipid metabolism [22].
Lipid metabolism in the liver is associated with the plasma lipid levels, lipid synthesis, and
lipid exports from the liver [23]. Increased LD levels in hepatocytes do not always cause
cellular dysfunction [24].
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Lipid metabolism regulates various cellular processes to produce energy or structural
components in the cell membrane that regulate multiple cellular processes [25]. After
oxidation to FFAs, LDs are destroyed via the mitochondrial fatty acid oxidation pathway to
produce ATP (energy house) and meet the energy demands of rapidly growing cells [12,26].

In mice lacking leptin receptors (db/db), the levels of lipogenesis markers and LDs
were significantly higher following a high-calorie intake for three weeks than those in
normal control mice (Figures 1 and 2). However, lipophagy and liver-specific AMPK
activation were markedly lower than that in the other groups (Figures 3 and 4), which
differed significantly from the results of oral administration of S or SS in this study.

The transcriptional mechanism that links autophagy and the lipid metabolism is as-
sociated with the activation of nuclear TFEB [27]. Excessive expression of TFEB promotes
the decomposition of autophagy substrates and immobilizes LDs and damaged mitochon-
dria [28]. In an obese mouse model, TFEB-knockout resulted in lipid metabolism disorders
and metabolic pathway imbalances [29]. TFEB controls genes involved in lipid metabolism
through peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1x)
and PPARe, indicating that PGC-1« regulates lipid metabolism in the liver by controlling
the activity of PPAR« during starvation [29].

Fatty acids and their derivatives activate transcription factors, such as PPARs, helping
to regulate the expression of genes [30]. Three subtypes of PPARs (PPARf3 /5, PPAR«x, and
PPARY) have been identified in mammals based on their tissue-specific expression patterns.
PPAR« is the most prevalent subtype in hepatocytes and is implicated in various lipid
metabolic pathways [31]. PPAR is profusely expressed in tissues with high capabilities for
fatty acid oxidation, such as the liver, heart, and skeletal muscles. This is an essential factor
in converting and utilizing energy, particularly during fasting, and serves as the primary
regulator of fatty acid homeostasis [32].

SS is the principal sweetening component of the Stevia rebaudiana leaf and constitutes
4-20% of the leaf (dry weight basis), depending on the cultivar and growing conditions [33].
In both animals and humans, SS is absorbed and metabolized without being degraded by
digestive enzymes. SS is metabolized in the colon by the intestinal flora and absorbed into
the portal vein by the colon wall as S, which is then partially transported to the liver, filtered
by the kidneys, and eliminated in the urine as steviol glucuronide [34]. As the human
intestinal enzymes cannot cleave the steviol structure, they are released without retention
in the body. Therefore, steviol glycoside metabolites rarely accumulate in humans.

Several epidemiological studies have shown that consuming plant-based foods is
beneficial in alleviating fatty liver diseases, including NAFLD [35-37]. Some fruits and
their bioactive compounds ameliorate fatty liver disease by promoting the inhibition of
apoptosis, inflammation, and oxidative stress and alleviate hepatic steatosis by regulating
AMPK and SIRT1 signaling [38—-41]. Specific plant-based foods with bioactive compounds
are natural sources that prevent and alleviate fatty liver disease [42]. In addition, herbal
bioactive compounds and medicinal plants complement a healthy lifestyle and appear
to have several advantages in improving oxidative stress, cell inflammation, and insulin
resistance in NAFLD treatment [43].

In this study, SS, a natural food compound, caused PPARx-mediated autophagy, which
relieved fatty acid buildup in the liver, increased 3-oxidation, and alleviated hepatic steato-
sis through the activation of lipophagy. Though many studies have found a connection
between lipophagy and NAFLD, there is still some disagreement over the precise function
of (members of the autophagy/lipophagy pathways) in NAFLD [44,45]. Pharmacological
treatment has been shown to activate PPAR«, which reverses the normal regulation of
autophagy in the fed state and triggers lipophagy or autophagic lipid destruction [46].
Therefore, our goal was to determine whether or not PPAR was involved in the process of
S and SS, causing an autophagic lipid degradation state (lipophagy).

According to studies, higher TFEB expression can boost lipophagy, which, in turn,
can increase hepatic lipid catabolism and the beta-oxidation of fatty acids. Lysosomal
biogenesis and autophagy are both regulated by TFEB [31]. A previous human investigation
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discovered that human liver tissues with both simple steatosis and steatohepatitis had
lower TFEB expression than did the healthy controls [47]. In contrast to the control, the
expression of this master regulator was elevated in our study after S and SS treatments.

As can be observed in graphic abstract, increased expression of LC3-1 proteins can
identify big lipid droplets (LD), attract them (often referred to as cargo), and help them
fuse with the autophagolysosome membrane. Although p62 connects the cargo with
the autophagosome, which makes it necessary for autophagy and lipophagy, increased
levels typically signify accumulation or aggregation due to reduced autophagy [48]. A
considerably lower expression of p62 was observed in our study after the treatment of S
and SS. In the presence of LAMP-1, the newly formed autophagolysosome unites with the
lysosome, playing a crucial part in this fusion process that creates the autolysosome.

The liver content of LDs, TG, and TC in db/db mice treated with S and SS was lowered
because the lysosomal acid lipase in the autolysosome converted TG and TC into free fatty
acids. Free fatty acid then underwent beta-oxidation as indicated by enhanced PPARx and
CPT-1 and decreased expression of SREBP-1c, FAS, PPARy, and C/EBP«. Furthermore, the
knockdown of PPAR« blocked lipophagy in response to SS treatment in HepG2 cells. Beclin
1 function has been reported to be a cross regulator between autophagy and apoptosis.
According to Kang and coworkers, Beclin 1 often interacts with a number of cofactors and
allows for the creation of specific complexes that cause autophagy [49].

5. Conclusions

In the current study, we showed novel beneficial effects of S and SS, which ameliorate
hepatic steatosis through lipophagy activation in the liver of db/db mice. Furthermore,
the inhibition of PPAR«x, which plays an imperative role in fatty acid homeostasis in the
liver, blocked the effects of SS. Our findings suggest that SS, a new lipophagy enhancer,
represents a viable therapeutic option for hepatic steatosis.
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Abstract: Autophagy is a degradative conserved process in eukaryotes to recycle unwanted cellular
protein aggregates and damaged organelles. Autophagy plays an important role under normal
physiological conditions in multiple biological processes, but it is induced under cellular stress.
Therefore, it needs to be tightly regulated to respond to different cellular stimuli. In this review, the
regulation of autophagy by hydrogen sulfide is described in both animal and plant systems. The
underlying mechanism of action of sulfide is deciphered as the persulfidation of specific targets,
regulating the pro- or anti-autophagic role of sulfide with a cell survival outcome. This review aims
to highlight the importance of sulfide and persulfidation in autophagy regulation comparing the
knowledge available in mammals and plants.

Keywords: autophagy; autophagy-related genes (ATG); hydrogen sulfide; persulfidation

1. Introduction

The term “autophagy”, (from the Greek words auto, meaning “self” and phagein,
meaning “to eat”)—literally, eating one’s self—was first created by Christian de Duve over
40 years ago, who discovered lysosomes and provided clear proof of their participation in
this process [1]. It is an evolutionarily conserved process of degradation and recycling in
eukaryotic organisms. Two common forms of autophagy have been described in mammals
and plants: micro-autophagy and macro-autophagy, while they differ in a third type of
autophagy described, chaperone-mediated autophagy (in mammals) and mega-autophagy
(in plants) [2-6]. The differences among them have been previously described in detail
elsewhere [7,8], and this review will focus on macro-autophagy (hereafter, autophagy).
In this latest process, the cytoplasm and/or organelles are isolated in double membrane
vesicles—named autophagosomes—and then transported to the lytic organelle (vacuole
in plants and yeast, and lysosome in animals) to be degraded, resulting in the turnover of
cellular components. Therefore, autophagy is a fundamental cell clearance pathway that
eliminates cellular components, including nucleic acids, proteins, lipids, and organelles, to
promote homeostasis, differentiation, development and cell survival.

Autophagy is a unique membrane trafficking process that involves the de novo forma-
tion of a membrane, which is generally derived from the endoplasmic reticulum (ER) by
generating a double membrane structure called phagophore that elongates to sequester
cytoplasmic cargo and closes to form the autophagosome [6,9].

The molecular process of autophagy was mostly unknown until 1993, when Yoshinori
Oshumi described a genetic screen in yeast, leading to the discovery of AuTophagy-related
Genes (ATG) [10]. 41 yeast ATG genes have been described, and many of them have
orthologues in other organisms such as humans and plants.

The autophagy core process in mammals is induced in response to stress by inhibiting
the mammalian kinase target of rapamycin (mTOR) or activating 5° AMP-activated protein
kinase (AMPK). In mammals, different stress stimuli can trigger autophagy, such as protein
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misfolding, hypoxia, nutritional and energy deficiency, ER stress, redox stress, mitochon-
drial damage, and pathogen infection [11]. Dysregulated autophagy plays an important
role in many pathological processes, including ischemia-reperfusion injury, inflamma-
tory and infectious diseases, obesity and type 2 diabetes, cancer and neurodegenerative
diseases [12-14].

In plants, inhibition of TOR, usually induced by starvation of nutrients such as nitrogen
starvation, is the main pathway that triggers autophagy. In addition, it can also be regulated
by repression of glucose signaling, activating the energy sensor Snfl-related protein kinase
1 (5nRK1), which in turn inhibits TOR and activates the ATG1 autophagy initiation complex.
The function of AMPK in plant autophagy remains largely unknown, although a plant
ortholog of mammalian AMPK, named KIN10, was described as a positive regulator
of plant autophagy [15]. In plant cells, autophagy is triggered by different biotic and
abiotic stresses such as oxidative stress, salinity, hypoxia, heat and cold, nutrient starvation,
ER stress and pathogen infection. Therefore, autophagy is essential for plants during
reproductive and vegetative development, senescence, starvation, immune response and
it is critical to cope with environmental stress [3,16,17]. Thus, autophagy must be tightly
regulated to maintain cellular homeostasis.

Hydrogen sulfide (H;S) is a colorless, flammable and highly toxic gas known for its
rotten egg scent at low concentrations. It has always been considered a toxic pollutant that
is found naturally in sewers, stagnant or well waters, compost pits, gas wells and volcanoes.
However, it is also endogenously produced in cells by different enzymes.

H,Sis produced in animals by cystathionine (3 synthase (CBS, EC 4.2.1.22), cystathionine-
y-lyase (CSE, EC 4.4.1.1) and 3-mercaptopyruvate sulfurtransferase (3-MST, EC 2.8.1.2);
these use cysteine or 3-mercaptopyruvate as substrates. The sulfate-reducing bacterial
flora in the large intestine of animals also releases H,S, reaching concentrations from 0.3 to
3.4 mmol L~ in the colon [18,19].

In Arabidopsis, the plant species where the H,S signaling has been deeply studied, H,S
is produced from cysteine by the action of L-cysteine desulfhydrases (DES1, EC 4.4.1.2;
and L-CDES, EC 4.4.1.1), D-cysteine desulfhydrases (D-CDES, EC 4.4.1.15), cyanoalanine
synthase (CAS, EC 4.4.1.9), cysteine synthase (CS, EC 4.2.99.8), NifS-like proteins and in the
photosynthetic sulfate assimilation pathway by sulfite reductase (SiR, EC 1.8.7.1) [20].

Over the last decade, both in animal and plant systems, H,S has been highlighted
as a biological signaling molecule—namely, gasotransmitter—as important as other sig-
nal molecules such as nitric oxide (NO), carbon monoxide (CO) or hydrogen peroxide
(H20y) [21-23].

H,S is already considered a physiological mediator involved in many physiologi-
cal and pathological processes in animals and plants. Its regulatory function in mam-
mals includes processes such as reducing inflammation [24], synaptic transmission [25],
apoptosis [26], vascular tone [27], ischemia-reperfusion injury [28] and promoting ulcer
healing [29] and protects cells from oxidative stress [30]. In plants, H,S regulates a wide
range of physiological processes, from seed germination to fruit maturation and the first
description of its influence on vegetative development and disease resistance of plants
dates from the late 1960s [31,32]. Today, the protective effects of H,S against different
stresses are widely known, such as drought [33], osmotic and saline stresses [34], heat [35],
oxidative stress [36] and metal stresses [37]. In addition, H,S regulates photosynthesis [38],
stomatal closure/aperture [39,40] and autophagy [41-47].

2. Hydrogen Sulfide as a Regulator of Autophagy
2.1. The Anti-Autophagic Role of Sulfide in Plants

Over the last 10 years, there have been many studies on the effects of H,S on autophagy
in eukaryotic cells, but its mechanism has not been completely deciphered.

In plants, the role of H,S in autophagy has been described as a protective effect
towards a prosurvival outcome. By now, H,S has been revealed as a negative regulator
of autophagy induced by nutrient deficiency, carbon and nitrogen deprivation [41,43]
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and osmotic [46] and ER stress [45] (Figure 1). It was shown that only sulfide donor
molecules, and no other compounds containing inorganic sulfur, are responsible for the
inhibition of autophagy under nitrogen starvation in Arabidopsis roots [43]. Besides,
sulfide signaling was dose-dependent, with an optimal NaHS (commonly used as sulfide
generating molecule) concentration of 100-200 uM, with devastating effects at higher
concentrations, inducing autophagy, probably due to its toxicity.
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Figure 1. Schematic comparison of pro-autophagic and anti-autophagic effect of H,S signaling in
animal and plant systems. H;S, hydrogen sulfide; LKB1, liver kinase B1; PP2A, Protein phosphatase 2;
AMPK, adenosine monophosphate-activated protein kinase; mTOR, mammalian target of rapamycin;
NRF2, Nuclear factor E2-related factor 2; Akt (PKB), protein kinase B; PI3K, phosphatidylinositol
3-kinase; FOXO1, Forkhead Box O1; VEGFR-2, Vascular endothelial growth factor receptor 2; SRA,
Scavenger receptor A. Numbers between brackets refer to references cited.

The induction of autophagy by oxidative stress, especially during nutrient deprivation,
and the ability of H;S to activate the antioxidant response of plant cells, are well known.
However, it was nicely shown that the negative regulation of autophagy through sulfide
signaling was not dependent on its antioxidant activity, showing that hydrogen sulfide
does not behave as an H,O, or superoxide scavenger [43]. Furthermore, treatments with
identical concentrations of antioxidant molecules such as glutathione and ascorbate were
unable to produce the negative effect that sulfide treatment had on autophagy regulation;
only NaHS treatment significantly inhibited autophagy [43].

Hydrogen sulfide has also been revealed to play a key role in autophagy during
ER stress. Aggregation of misfolded proteins in the endoplasmic reticulum disrupts ER
function, producing ER stress [48], which interferes with normal physiological functions
of the cell. ER stress occurs when an increase of misfolded proteins accumulate in the ER
which may be activated by different adverse environmental conditions such as cold or heat
and pathogen infections in plants [49], or by several chemical and physiological situations
such as glucose deprivation, hypoxia or genome instability in animals [50].
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In a recent study, the effect of sulfide was also demonstrated to be independent from
the antioxidant activity under ER stress, comparing the results observed using similar
concentrations of sulfide, glutathione and ascorbate. Their results showed that when ER
stress was induced with tunicamycin, no significant decrease in autophagosomes was
detected upon well-established antioxidant compounds. By contrast, sulfide provoked
a severe decrease of autophagosomes, indicating that the negative effect of sulfide is
independent of redox conditions [45].

The anti-autophagic role of sulfide in Arabidopsis was also demonstrated under in-
duced autophagy by carbon starvation, where Cys-generated sulfide in the cytosol was
shown to regulate negatively autophagy and to modulate the transcriptional profile of
Arabidopsis [41]. DESI, the L-Cys desulfhydrase protein located in the cytosol, catalyzes
the desulfuration of L-Cys to sulfide plus ammonia and pyruvate. Consequently, the null
mutant desI-1 plants contain 30% less endogenous sulfide in leaves than WT plants. Mutant
des1-1 plants were shown to have induced autophagy under physiological conditions, and
exogenous treatment with NaHS negatively regulated autophagy in this mutant back-
ground [41]. Moreover, sulfide was able to suppress autophagy induction caused by carbon
starvation even in wild-type plants, whereas exogenous ammonia, also a product of DES1
activity, had no effect on carbon-induced autophagy. Therefore, it was concluded that
sulfide exerts a general effect on autophagy unrelated to nutrition limitation stress.

In a different study sought to decipher the mechanism of action by which NaHS regu-
lates autophagy, it was shown that abscisic acid (ABA) treatment induced the autophagic
flux and that this induction was also repressed by NaHS [46]. One of the first plant re-
sponses to adverse environmental conditions is the increase of intracellular ABA content in
order to activate downstream ABA-signaling pathway so as to help plants cope with the
stress. In this situation, when plants successfully have overcome the adverse conditions and
induced autophagy is not more required, NaHS repression prevents the over-activation of
autophagy allowing to return back to levels in favorable growth conditions [44]. Therefore,
in all studies reported up to now in plant systems, sulfide has an anti-autophagic role
(Figure 1).

2.2. The Pro- or Anti-Autophagic Role of Sulfide in Mammals

However, the pro- or anti-autophagic role of H,S in mammals has not always been
completely clear, and several publications have shown that autophagy and H,S could be
a double-edged sword in cancer studies depending on the experimental settings. Hydro-
gen sulfide induces autophagy of hepatocellular carcinoma cells (HCC) by inhibiting the
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/ mTOR (PI3K/Akt/mTOR)
signaling pathway [51]. PI3Ks are a family of lipid kinases, which phosphorylate phos-
phoinositides that entail AKT recruitment to the cell membrane. AKT is an evolutionarily
highly conserved serine/threonine protein kinase, considered one of the key downstream
proteins of PI3K. mTOR is a conserved serine/threonine protein kinase and it is the cat-
alytic core of two complexes: mMTORC1 and mTORC2. Activation of the PI3K/Akt pathway
further phosphorylates downstream regulators such as mTOR and the transcription factor
Forkhead box O-1 (FoxO-1), upregulating the activity of mTOR complex 1 (mTORC1) that
drives autophagy inhibition [52]. The PI3K/AKT signaling pathway is one of the upstream
pathways that regulate mTOR. Suppression or dysfunction of PI3K can greatly block the
downstream signaling pathways AKT and mTOR, and therefore the induction of autophagy
(Figure 1).

NaHS treatment significantly inhibited the expression of phospho-PI3K, phospho-Akt,
and mTOR proteins in HCC cells, mimicking the effect of rapamycin [51], and therefore
activating autophagy. However, NaHS did not affect basal-level Akt phosphorylation
in heart disease during ischemia, but further doubled myocardial Akt phosphorylation
during reperfusion [53]. Zhou Y. et al., also found that NaHS enhances mTOR phospho-
rylation in both ischemic and reperfused hearts [53]. In another study, pretreatment of
MC3T3-E1 osteoblasts with SDSS [a H,S donor derived from (3-(3,4-dihydroxyphenyl)lactic
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acid] stimulated Akt phosphorylation in a concentration-dependent manner [54]. H,S
also activates vascular endothelial growth factor 2 (VEGFR-2), which, in turn, activates
the PI3K/AKT/FOXO-1 signaling pathway, with the opposite result of inhibition of au-
tophagy [55,56] (Figure 1).

Thus, the role of NaHS activating the phosphorylation or dephosphorylation of the
PI3K/AKT signaling pathway and the outcome of autophagy regulation has not been
clearly deciphered in mammals. The different cell types, as well as the sulfide concentra-
tions used in the experiments, were likely the consequence of different conclusions.

The adenosine monophosphate-activated protein kinase (AMPK) is involved in the reg-
ulation of metabolic energy balance, and several studies have implicated the AMPK/mTOR
pathway in the regulation of autophagy. Numerous publications described the role of
H,S in activating autophagy through the AMPK/mTOR pathway, making this signaling a
promising target for several diseases [18,57,58].

Another pro-autophagic effect of H,S has been described in the regulation of the
liver kinase B1 (LKB1)-AMPK signaling pathway [59]. LKB1 forms a heterotrimeric com-
plex with the pseudokinase Ste20-related adaptor (STRAD) and the scaffolding mouse
protein 25 (MO25), and this LKB1-STRAD-MO25 complex activates AMPK by phosphory-
lation [60]. Kundu et al. described that NaHS treatment in hyperglycemic cells increased
LKB1/STRAD/MO25 complex assembly and therefore, AMPK phosphorylation, promot-
ing autophagy [59] (Figure 1). However, a later study demonstrated that H,S regulated
AMPK phosphorylation through inhibition of protein phosphatase 2A (PP2A), and not
through the LKB1/STRAD/MO25 complex [61], but sulfide still had a pro-autophagic role.

The protective effect of sulfide in several illnesses has been linked to its role promoting
autophagy which may decrease ROS production. In a recent study in endothelial progenitor
cells (EPCs), exogenous HyS ameliorated the high glucose (HG)-induced injury by promot-
ing autophagic flux and decreasing ROS production, demonstrating the protecting role of
sulfide under this dysfunction [62]. Their findings demonstrated that the phosphorylation
of the endothelial nitric oxide synthase (eNOS) at Thr495 determines whether this enzyme
produces either NO or superoxide, and sulfide reduced the phosphorylation level of this
enzyme, decreasing NO and ROS production [62].

But on the other hand, it is well known that oxidative stress may induce autophagy to
protect cells from apoptosis. The effect of sulfide ameliorating oxidative stress has also been
described in mice where it was demonstrated that GYY4137, a sulfide donor, attenuated
the severity of lung injury by alleviating septicemia-induced ferroptosis and inhibiting the
activation of autophagy in sepsis-induced acute lung injury [63]. Therefore, sulfide may
play an anti-autophagic role by alleviating oxidative stress (Figure 1).

Prolonged ER stress has been associated with a wide range of diseases, including
neurodegeneration, cancer, atherosclerosis, type 2 diabetes and liver disease. Autophagy
is activated to remove dysfunctional proteins during ER stress. Several studies have
connected the role of sulfide enhancing autophagy in reducing ER stress in mammals. In
peritoneal macrophages of rats, hydrogen sulfide induces autophagy by suppressing the
class A scavenger receptor (SRA) pathway (Figure 1). This cell response reduces ER-stress
by inducing autophagy and protects against ischemia/reperfusion injury, maintaining liver
function [64]. In other studies, NaHS treatment blocked ER stress and ER stress-associated
autophagy [65].

During ER stress, HyS has been reported to inhibit protein tyrosine phosphatase
(PTP1B) [66]. PTP1B dephosphorylates PKR-like endoplasmic reticulum kinase (PERK), an
ER stress sensor that autophosphorylates and induces the phosphorylation of eukaryotic ini-
tiation factor 2 alpha (elF2ct), which is necessary to mediate the induction of autophagy [67].
Therefore, it was concluded that exogenous H;S, or induction of its endogenous synthesis,
suppress the activation of PERK/elF2a/ ATF4 pathway and its subsequent effects on ER
stress, which are an increased elF2« phosphorylation [68], and the induction of autophagy.
In addition, HyS suppresses the expression of PKR-like endoplasmic reticulum kinase
(PERK) [69], which induces autophagy.
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Additionally, H,S induces the activity of the transient receptor potential channel
(TPRV4) and KATP channels, mediating angiogenesis and inducing vasodilation [70,71].
Through activation of TPRV4, H,S also activates the AMPK/mTOR pathway, by this means
reducing autophagy [72].

Hydrogen sulfide also exerts a cytoprotective role by upregulating cellular antioxidants
by suppressing nuclear factor erythroid-2 related factor 2 (NRF2) [73]. NRF2 is a family
of nuclear basic leucine zipper transcription factors that regulate the gene expression of a
number of antioxidant enzymes. However, Nrf2 can also sense ROS and RNS in stressed
cells, triggering the activation of AMPK, which suppresses mTOR and therefore induces
autophagy [74]. Thus, NaHS could also inhibit excessive autophagy of vascular endothelial
cells by the Nrf2/AMPK signaling pathway [72].

We can draw the conclusion that in mammals H;S could play opposite effects, en-
hancing or decreasing autophagy induction, which may be attributed to the sulfide con-
centration, reaction time, cell types and/or differences among the diseases studied. The
administration of exogenous HyS in mammalian systems has also typically been performed
at micromolar concentrations as in plants [75]. Higher doses of H,S exposed in some
publications lead to contradictory data.

However, in all cases, the final outcome of the role of H,S is cell survival, which
likewise has been described in plant systems. When stress is mild, in mammals H,S often
activates autophagy to protect cells, usually by reducing stress conditions, but with the
progression of the disease, H,S can act as a regulator inhibiting autophagy to avoid excess
stress-induced autophagy and cell death.

3. Persulfidation as the Molecular Mechanism of Sulfide for Autophagy Regulation

During the past decade, the research of H,S as a signaling molecule has been focused
on the effect of sulfide donors on different diseases and physiological pathways, until in
2009 when Snyder’s group described persulfidation or S-sulfhydration as the mechanism
of H;S signaling [76]. Since then, numerous targets have been identified to undergo per-
sulfidation, and it has become recognized as the main mechanism by which H,S controls
several cellular functions. Persulfidation is a posttranslational modification of cysteine
residues, where a thiol group (RSH) is transformed into a persulfide group (RSSH). Modi-
fied cysteines show greater reactivity than their thiol counterparts [23]. It has been proven
that this new posttranslational oxidative modification can affect the subcellular localization
of the modified protein [77], its activity [76,78] and stability, and it has been proposed to be
a cellular mechanism to cope with oxidative stress [79,80]. Numerous studies have demon-
strated that persulfidation is a widespread modification in animal and plant cells [76,81]
involved in a huge range of biological processes [82], which explains the great interest of
the scientific community in understanding this cell mechanism.

3.1. Regulation of Autophagy by Persulfidation in Plants

The role of persulfidation as the molecular mechanism of sulfide for autophagy regula-
tion was first proposed in plants by Gotor’s group [83] and then several autophagy-related
core proteins were demonstrated to be targets for persulfidation [82,84]. Recently, the
autophagy-related (ATG) proteins, ATG18a, ATG3, ATG5 and ATG7 were published to
be targets for persulfidation identified by a quantitative proteomic study in Arabidopsis
leaves [82]. Nevertheless, the role of persulfidation in those proteins was not deciphered.

In a very recent quantitative proteomic approach in Arabidopsis under nitrogen
deprivation, more than 5200 proteins were identified as targets for persulfidation. In
this work, authors extended the number of persulfidated proteins involved in autophagy.
They found 17 proteins that play an essential role in core autophagy machinery were
persulfidated; including ATG2, 3,4, 5, 7, 11, 13, the serine/threonine kinase TARGET OF
RAPAMYCIN (TOR), its effectors proteins REGULATORY-ASSOCIATED PROTEIN OF
TOR 1 (RAPTOR 1) and LETHAL WITH SEC THIRTEEN PROTEIN 8 (LST8), five subunits
of PP2A, the regulatory subunit of PP2A (TAP46) and the serine/threonine-protein kinase
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VPS15 [84]. In addition, this study also revealed that other 58 proteins related to endocytosis
and the formation of the phagophore were persulfidated, including several transporters
and vacuolar sorting proteins.

The role of persulfidation as the underlying mechanism regulating autophagy through
sulfide was demonstrated in the ATG4 protease, which was specifically modified by persul-
fidation of Cys170 residue, negatively regulating [46] (Figure 2). These authors established
that persulfidation of ATG4 upon sulfide treatment inhibited its protease activity, disabling
the progress of autophagy. They also revealed that an increase in the intracellular level of
the plant hormone abscisic acid (ABA) triggered a decrease in the persulfidated ATG4 level;
consequently, its protease activity was enhanced, activating the processing of ATGS8, which
was further lipidated, and, as a result, autophagy was induced.

/N
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\ L

1DSSSH

autophagosome

Figure 2. Persulfidation of specific proteins differently regulates autophagy in plants and mammals.
ATG4, autophagy-related gene 4; ATG18, autophagy-related gene 18; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.

In plants, the role of HS in the regulation of autophagy has been studied under stress
conditions, particularly under nutrient limitation, demonstrating the negative regulation of
bulk autophagy by sulfide through persulfidation of specific targets [41,46,85]. However, a
recent research was published describing the role of persulfidation of ATG18a regulating
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autophagy under ER-stress [45], and, therefore, deciphering a new level of regulation of
selective autophagy through the persulfidation of ATG18a [45] (Figure 2). ATG18a binds to
phosphoinositides [86] and forms a complex with ATG2, which is involved in autophago-
some biogenesis during phagophore expansion [87]. In this research, it was demonstrated
that sulfide regulates ATG18a phospholipid-binding activity by reversible persulfidation at
the specific residue Cys103, which reversibly activates ATG18a binding capacity to specific
phospholipids. Authors proved that the mutation of Cys103 in ATG18a decreased its bind-
ing capacity to membranes and its localization time within the phagophore was shorter.
In this way, the reversible persulfidation of ATG18a affects its binding to membranes,
which potentially delays its release from the autophagosome, inhibiting autophagosome
progression and maturation [45]. This regulation of autophagy through the persulfidation
of ATG18a probably allows the plant a correct physiological response upon stress, with the
final outcome of plant survival.

3.2. Regulation of Autophagy by Persulfidation in Animals

The molecular mechanism by which H,S regulates autophagy in mammals has been
recently established thought the study of the persulfidation of glycolytic glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) [88] (Figure 2). This modification of GAPDH triggers
its translocation to the nucleus, which is critical to induce autophagy via deacetylation
of the autophagic core protein LC3B, and the consequential autophagosome formation.
Authors demonstrated that nuclear GAPDH interacts with the cell cycle activator and
apoptosis regulator 2 (CCAR2/DBC1), avoiding the interaction of CCAR2 with deacetylase
SIRT1, and therefore avoiding the inactivation of SIRT1. Then, activated SIRT1 deacetylates
MAP1LC3B/LC3B (microtubule-associated protein 1 light chain 3 beta) inducing its translo-
cation into the cytoplasm and activating autophagy [88]. Persulfidation of GAPDH at the
same residue, Cys150 was previously described in mammals resulting in an increase of its
enzymatic activity [76], although in later studies, polysulfide treatment of GAPDH showed
opposite effects decreasing its enzymatic activity [89]. In plants, persulfidation of the
cytosolic isoform GAPDH (GapC) was also previously described [78] and demonstrated its
nuclear translocation upon the modification of the protein [77]. However, in none of these
studies, the relationship between persulfidation of GAPDH and autophagy regulation was
analyzed. A similar situation comes about the regulation of protein tyrosine phosphatase
(PTP1B), which was described to be persulfidated at Cys215, inhibiting its enzymatic activ-
ity. This inhibition resulted in the activation of PERK alleviating ER stress [66], but authors
did not relate this regulation to autophagy. Nevertheless, later was demonstrated that
activation of PERK by sulfide treatments, increased elF2 phosphorylation and induced
autophagy [68], probably due to the persulfidation of PTP1B.

4. Conclusions

The aim of this review is to provide insights into the role of H,S regulating autophagy,
contrasting the available knowledge in plant and animal systems. In plants, it has been
widely accepted that the beneficial effect of sulfide mitigating different stresses, as well
as all the studies published, point toward an anti-autophagic role of sulfide by repressing
autophagy. Accumulating experimental evidence in mammalians demonstrates the cyto-
protective effect of sulfide in a wide range of physiologic and pathologic conditions and its
role through regulating autophagy. However, it needs further clarification as to if sulfide
exerts a pro- or anti-autophagic role in mammalians.

It is worth pointing out that the mechanisms by which hydrogen sulfide regulates
autophagy are through the persulfidation of specific targets, what seems to be evolutive
conserved among species.

Therefore, from all the above, we can conclude that these findings suggest that either
in mammals and in plant systems, the regulation of autophagy by persulfidation of specific
targets seems to be the H,S signaling mechanism in autophagy, and, regardless, because
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sulfide exerts a pro-autophagic or anti-autophagic role, its beneficial effect points toward
cell survival.
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Abstract: Autophagy is a highly conserved degradation mechanism in eukaryotes, executing the
breakdown of unwanted cell components and subsequent recycling of cellular material for stress relief
through vacuole-dependence in plants and yeast while it is lysosome-dependent in animal manner.
Upon stress, different types of autophagy are stimulated to operate certain biological processes
by employing specific selective autophagy receptors (SARs), which hijack the cargo proteins or
organelles to the autophagy machinery for subsequent destruction in the vacuole/lysosome. Despite
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programmed cell death (PCD) [8]. Moreover, autophagy occurs at low-intensity under
normal conditions; however, it is drastically intensified when confronts with various abiotic
and biotic stresses (e.g., carbon or nitrogen deficiency, salt, drought, temperature, reactive
oxygen species, or infections) [9]. On the other hand, autophagy plays a crucial part in
mammals” appropriate growth and development, beginning with embryogenesis [10].
It is critical for good health since its proper functioning inhibits the onset of various
diseases, including cancer, liver, muscle, and heart problems, neurological disorders (such
as Huntington’s disease), inflammation, pathogen infections, and aging [11].

In plants, there are three types of autophagy mechanisms: microautophagy, macroau-
tophagy, and mega-autophagy [12]. Microautophagy is a pattern in which the vacuole
membrane invagination directly packages target substrates in the cytoplasm, and the
bundled substrates are then degraded for cyclic use. In plants, macroautophagy is charac-
terized by the presence of a large autophagic vacuole with a double-membrane structure
that is utilized to package and transport toxic cytoplasmic components for degradation [13].
Mega-autophagy is only found in plants and occurs concomitantly with developmental
programmed cell death (PCD). Throughout mega-autophagy, large amounts of hydrolases
are released into the cytoplasm from the vacuole, resulting in large-scale degradation
of cellular components including cytoplasm, all organelles, the plasma membrane, and
part of the cell wall [12,13]. Unlike microautophagy and macroautophagy that recycle
macromolecular constituents back to the cytosol from the vacuole, mega-autophagy is an
extreme form of massive degradation leading to cell death [14].

In mammalian cells, the lysosomal membrane invaginations/protrusions are em-
ployed to collect cargo during microautophagy [15]. Microautophagosomes are formed
close to the vacuole, while macroautophagosomes occur far from it [2,12]. Moreover,
chaperone-mediated autophagy (CMA) differs from microautophagy as it requires chap-
erones to recognize cargo proteins where these substrates are independently unfolded
and translocated via the lysosomal membrane [16]. Unlike microautophagy and CMA,
macroautophagy comprises of the sequestration of cargo away from the lysosome and,
subsequently, de novo synthesis of autophagosomes is employed to sequester the cargo
and carry it to the lysosome [17]. In this review, we are in particular attempting to advance
the current knowledge of autophagy and discuss the distinct and conserved mechanism of
autophagy between plants and animals.

2. Mechanism of Autophagy in Plants and Animals

Although autophagosomes were initially discovered in mammalian cells in the 1950s [18],
the molecular principles of autophagy were originally explored in yeast and subsequently
expanded to animal and plant cells by the characterization of ATG proteins [13,19,20]. To
date, the ATGs driving autophagy have been thoroughly understood in terms of induction,
cargo recognition, phagophore generation, development, autophagosome fusion, and
degradation [21]. In yeast, more than 40 ATG genes have been isolated, leading to the
identification of many ATG homologs in mammals and plants (Table 1) [9]. In plants, such
as Arabidopsis (Arabidopsis thaliana), roughly 40 ATGs have been discovered according
to the protein similarity to yeast ATGs [22]. These ATG proteins are mostly clustered
into four functional categories: (1) the ATG1/ATG13 kinase complex, which triggers
the formation of autophagosome under nutrient deprivation; (2) the autophagy-specific
class III phosphatidylinositol (PI) 3 kinase complex; (3) the ATG8/ATG12 ubiquitin-like
conjugation systems that act in phagophore expansion; and (4) the ATG9 complex, which
stimulates phagophore expansion [1,23].
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Table 1. Identified ATGs genes in yeast, mammals, and plants.

Yeast Mammalian Plants Function Reference
AtATGla-1¢,1t, Protein kinase; functions in the
ATGI ULKL, ULK2 OsATGla-1d induction of autophagy [24-26]
Phosphorylated by TORC1;
AtATG13a-13b, forms complex with ATG1 to
ATGI3/APG13 ATGI3 OsATG13a-13c function in the induction of [25-27]
autophagy
. - Essential for both stability and
ATG17 FIP200 Not identified phosphorylation of ULK1 [25,28]
ATG29 Not identified Not identified Function in induction and [25,29]
regulation of autophagy
ATG31 Not identified Not identified Function in induction and [30]
regulation of autophagy
Membrane protein; deliver
ATGY9/APG9/AUT9/CVT7 ATGY9A, ATGIB AtATG9a, OsATG9a-9b membrane to the forming [31,32]
autophagosome
Atgl8-interacting protein;
ATG2 AtATG2a, OsATG2a function in autophagosome [32,33]
formation
B PI(3)P-binding protein; involved
ATG18/AUT10/CVT18 WIPI-1, 2,3, 4 AtATG18a-18h, in the formation of [32-34]
OsATG18a-18f
autophagosome
Protein required for
ATG27 Not identified Not identified autophagy-dependent cycling of [35]
Atg9
Beclin1 (the core subunits),
ATG6/VPS30/APG6 BECN1 AtATG6a, OsATG6a bcl2-interacting protein; [36-38]
functions in nucleation
Enhancer of autophagosome
ATG14 ATG14 AtATG14a-14b . L . [37,39,40]
formation; function in nucleation
Ubiquitin-like, conjugates to
ATG12/APG12 ATG12 AtATG12a-12b Atgb; function in [41,42]
autophagosome membrane
expansion
ATG5/APG5 ATG5 AtATG5a Ubiquitin-like ligase, conjugated [42,43]
by Atgl2
interacts with Atg5; stimulate
ATG16 ATGI16L1 AtATGI16L ATG8-PE conjugation reaction [44,45]
El-like enzyme for Atgl2 and
ATG7/APG7 ATG7 AtATG7a, OsATG7 Atg8/LC3 conjugation [41,46]
E2-like enzyme covalently
ATG10/APG10 ATG10 AtATG10a conjugates Atgl2 to ATG5 [41,47,48]
ATGS8/APG8/AUT7 MPA1LC3B/LC3B AtATG8a-8i, Ubiquitin-like conjugates to PE [41,49,50]
OsATG8a-8e qu e conjugates to A9,
Function as E2-like enzyme for
ATG3/APG3 ATG3/APG3 AtATG3 Atgl2 and Atg8/LC3 [51,52]
conjugation
Cytosolic cysteine protease for
ATG4/APG4/AUT2 ATG4A-D AtATG4a-4b processing and recycling of [32,53]

Atg8/LC3

Two evolutionarily conserved protein kinase complexes, Target of Rapamycin (TOR)
and Sucrose nonfermenting-1-Related protein Kinase 1 (SnRK1), compete for autophagy ini-
tiation [54]. TOR inhibits the conserved ATG1/ATG13 kinase activity, which is a negative
regulator of autophagy (Figure 1) [26]. The TOR complex in Arabidopsis is made up of three
main components: the TOR serine/threonine kinase [55], the regulatory-associated protein
of TOR (RAPTOR) that supplies the substrates by TOR for phosphorylation [56,57], and the
complex stabilizer LST8 [58]. TOR is widely expressed in actively growing tissues of Ara-
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bidopsis, such as endosperm, meristems, and embryos [55]. The reduced TOR expression, for
example, results in reduced root growth, while overexpressing phenotypes show increased root
growth [56]. TOR is rapidly activated under nutrient-rich conditions to accelerate development
in sink tissues, in particular by Glc (glucose) after imported sucrose.

The protein kinase mechanistic target of rapamycin complex 1 (mTORC1/TORC1),
which functions upstream of autophagy, includes mTOR, the regulatory associated protein
of mTOR (Raptor), mammalian lethal with Sec13 protein 8 (mLst8/Lst8), proline-rich
AKT substrate 40 kDa (PRAS40), and DEP domain-containing mTOR interacting protein
(Deptor) [59]. Both growth factors and nutrition activate mTORCI1 in the lysosome, which
stimulates the translation regulating factors such as the ribosomal protein S6 kinase and
the eukaryotic initiation factor 4E binding protein. Meanwhile, autophagy is suppressed by
mTORC1 via phosphorylation of the ULK-complex [59]. Under glucose deficiency, AMPK
directly senses the increase in the AMP:ATP ratio, leading to its activation [60]. Additionally,
in response to glucose deprivation, AMPK suppresses mTORC1 by phosphorylating and
activating the mTOR negative regulator tuberous sclerosis complex 2 (TSC2) (Figure 1) [61].
When nutrition levels are deprived, mTORCI is repressed, and autophagy begins with ULK
complex activation, the production of PI3KC3-mediated PI(3)P at the early autophagosomal
membrane, the ATG12 complex, and the conjugation of the ATGS8 family protein to the
membrane lipid phosphatidylethanolamine (PE) [59].

In mammalian cells, the TOR complex suppresses ATG13-ULK1 interaction by phos-
phorylating ATG13, thus reducing autophagy, while AMPK stimulates autophagy by di-
rectly phosphorylating ULK1 (Figure 1) [62]. Notably, it is unclear if SnRK1/ AMPK and /or
TOR can directly phosphorylate ATG1 in plants, necessitating additional research [26,38].
Interestingly, even in plants overexpressing SnRK1 during hostile conditions, constitu-
tive TOR expression inhibited autophagy, demonstrating that in both animals and plants,
TOR that acts downstream of SnRK1/AMPK is crucial for autophagy induction [63].
Additionally, the overexpression of catalytic subunit of SnRK1 (KIN10) increases ATG1
phosphorylation in Arabidopsis, and the SnRK1-ATGI interaction appears to exist in all
plant tissues [38]. TOR is active in Arabidopsis and hyper-phosphorylates ATG13 under
normal circumstances because highly phosphorylated ATG13 has a poor binding capacity
for ATGI so that the ATG1 activity is low and autophagy levels are maintained at baseline.
In Arabidopsis, ATG1, ATG13, ATG11, and ATG101 form an active complex to stimulate
autophagy (Figure 1) [26,64]. However, whether the ATG1-ATG13 complex is controlled
by nutritional availability still remains a point of contention. In Arabidopsis membrane
delivery, the nucleation, expansion, and closure of phagophores are all stimulated when
the ATG1-ATG13 complex is activated [13,65]. ATG9 is involved in the development of
the separation membrane at the phagophore assembly site (PAS) as well as in the supply
of lipids to the growing phagophore, together with ATG2 and ATG18 (Figure 1) [4]. Atg9
mutants in yeast and mammals do not generate autophagosomes, while in Arabidopsis,
ATG9 deletion leads to the expansion of autophagosome-related tubules associated with
the ER [4,66,67]. Furthermore, the sequence of AtATGY has little in common with that of
yeast or humans [68], implying that AtATG9 can work in plant-specific ways during the
production of autophagosomes.
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Figure 1. Schematic illustration of autophagy regulation in plants and animals. Autophagy is activated by inhibiting TOR
and is blocked when TOR is overexpressed. Autophagy is triggered by the formation of an active complex between ATG13,
ATG1, ATG11, and ATG101, as well as ATG11 and ATG101, which activates autophagy. Autophagosome development
comprises membrane delivery, nucleation, expansion, and closure of the phagophore. ATGY is employed in the transport

of lipids to the expanding phagophore, together with ATG2 and ATG18. PI3P decoration is generated by the VPS34 lipid
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kinase complex, which is followed by ATGS8 conjugation to PE. Initially, ATG8 is matured by ATG4 cleaving of its C-terminal
and conjugating it to PE by E2-like ATG3 and the E3-like ATG12-ATG5-ATG16 complex. For phagophore expansion,
ATG8-PE binds to the autophagosomal membrane. Sealed ATGS8- and PI3P-decorated autophagosomes are transported to
the vacuole with the help of FYCO (FYVE and coiled-coil domain-containing) proteins that bind the autophagosome to the
microtubule transport machinery. With the aid of ARP2/3 (NAP1), ESCRT (CFS1, CHMP1, FREE1, and VPS2.1), and exocyst
(EXO70B1) components, SNARE-mediated fusion of autophagosomes with the tonoplast releases autophagic bodies into
the vacuole. Following that, vacuolar hydrolases degrade the vesicles. Model of Ulk1 regulation by AMPK and mTORC1 in
response to glucose signals. Left: when glucose is sufficient, AMPK is inactive and mTORC1 is active. The active mTORC1
phosphorylates Ulk1 on Ser 757 to prevent Ulkl interaction with and activation by AMPK. When cellular energy level is
limited, AMPK is activated and mTORC1 is inhibited by AMPK through the phosphorylation of TSC2 and Raptor. The
induction complex consists of ULK1/2, ATG13, RB1CC1, and C120rf44. Under nutrient-rich conditions, MTORC1 associates
with the complex and inactivates ULK1/2 and ATG13 through phosphorylation. During starvation, MTORC1 dissociates
from the complex, and ATG13 and ULK1/2 become partially dephosphorylated by yet-unidentified phosphatases, allowing
the complex to induce macroautophagy. RB1CC1/FIP200 and C120rf44/ATG101 are also associated with the induction
complex and are essential for macroautophagy. RB1CC1/FIP200 may be the ortholog of yeast Atgl7, whereas the function
of C120rf44/ATG101 is not known. A signal transduction event regulated by the TOR kinase leads to the following: (1)
the induction of autophagy—a membrane from an unknown source sequesters cytosol and/or organelles resulting in the
formation of a double-membrane vesicle termed an autophagosome; (2) on completion—the autophagosome docks with the
lysosome or vacuole. Fusion of the autophagosome outer membrane with the vacuole releases the inner vesicle into the
vacuole lumen. The inner vesicle is termed an autophagic body. Breakdown within the vacuole allows the recycling of the
degraded autophagic body and its hydrolyzed cargo (amino acids, fatty acids, sugars, and nucleotides).

Autophagosome expansion and vesicle closure are aided by ATG8-PE, which is found
in both the inner and outer autophagosome membranes [69,70]. In Arabidopsis, SH3P2
(SH3 domain-containing protein 2), a membrane-associated protein, translocates the PAS
(phagophore assembly site) during autophagy (Figure 1) [71]. In addition to interact-
ing with ATGS8, SH3P2 also connects with PI3P and is involved in membrane elongation
and autophagosome closure via the PI3K complex [71]. To ensure the movement of au-
tophagosomes through the microtubules’ plus end, on the outer autophagosome membrane,
LC3/ATG8 and PI3P bind with FYCO1 (FYVE and coiled-coil domain-containing 1) on
the inner autophagosome (Figure 1) [72]. Moreover, co-sedimentation and co-localization
tests in Arabidopsis revealed that ATG8 can bind to microtubules in vivo, implying that
microtubules are involved in autophagosome migration to the vacuole [73].

In mammalian cells, autophagosomes go through a maturation process that includes
PI(3)P turnover and the removal of ATG8 proteins by ATG4 proteases, as well as the
recruitment of fusion machinery such as RAB7, the homotypic vacuole fusion and protein
sorting (HOPS) tethering complex, and SNARES [74].

Unlike yeast, Arabidopsis possesses nine ATG8 (ATG8a—-ATGS8i) homologs, two ATG4
(ATG4a and ATG4b) homologs, and two ATG12 (ATG12a and ATG12b) homologs [75,76].
The expression patterns of the Arabidopsis ATGS genes are tissue-specific, indicating that
they may have diverse roles [77]. The ATG4s in Arabidopsis can cleave the C-terminus
of ATGS, similar to their yeast counterparts. Furthermore, the atg4a atg4b double mutant
exhibits autophagy defects, as shown by early senescence and lower silique synthesis,
implying that ATG4s are required for plant growth [78]. The atg12a atg12b double mutant
in Arabidopsis exhibits early senescence, food starvation sensitivity, and the absence of
autophagic bodies, while the single mutants of afg12a and atg12b do not show, presenting
functional redundancy. The ATG12-ATG5 conjugate accumulation was reduced in single
mutants of atg12a or atg12b in which ATG8-PEs were not found, demonstrating that the
ATG12-ATGS5 binding is compulsory for ATG8-PE conjugation [79]. Mutations in plant
ATGS5, ATG7, or ATG10 result in hypersensitivity to nitrogen and carbon deficiency [79].
Likewise, atg12, atg5, and atg10 mutants are unable to generate autophagic bodies in the
vacuole [80].

Regarding the fusion of autophagosomes to the vacuole, several components have
been implicated. For example, it was reported that SNAREs (soluble NSF attachment
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protein receptors) are required for accurate autophagosome targeting to the vacuole [81].
In Arabidopsis, the absence of VTI12, a VTI1-type v-SNARE (vesicle SNARE) on the target
membrane, prevents autophagosomes from entering the vacuole under nutritional stresses,
indicating that VTI12 is important for the fusion of the autophagosome [81]. AMSH3 (asso-
ciated molecule with the STAM3 SH3 domain) is required for autophagosome trafficking
to the vacuole in Arabidopsis and interacts with the ESCRT-III subunit VPS2.1 (vacuolar
protein sorting 2.1) (Figure 1) [82]. Notably, in Arabidopsis, the plant-specific ESCRT compo-
nent FREE1 (FYVE domain protein necessary for endosomal sorting 1) was discovered to
interact with SH3P2 and to regulate the fusion of autophagosomes and vacuoles [71,83].
Furthermore, the interior vesicle, known as the autophagic body, is discharged into the
vacuole when the autophagosome and vacuole are united and destroyed by a sequence
of resident hydrolases [13]. The ATG8-PE linked to the inner autophagosome membrane
is degraded into the vacuole, but ATG4 cleaves the ATG8-PE attached to the outside of
autophagosome membrane, freeing ATG8 from PE and allowing it to be recycled [78].

In mammals cell, after lysosome fusion, lysosomal enzymes degrade the inner mem-
brane of the autophagosome and its contents, and amino acids along with sugars are
effluxed out of the lysosome by specific transporters, comprising of sugar efflux Spinster
(SPNS), which is essential for degradation, autolysosome reformation, and the reactivation
of mTORC1 [84].

3. Organelles Selective Autophagy

Organelle autophagy is essential for maintaining cellular homeostasis by preserving
the integrity and quantity of organelles in changing environments and pressures. The
specific selectivity of organelles by autophagy is governed by ATGS interactions with
specific autophagic receptors (termed SARs) with an ATG8-interacting motif (AIM) [85-87],
resulting in different types of autophagy in regulating relevant biological processes.

3.1. Aggrephagy

Selective autophagy can also degrade nonfunctional proteins as aggregates, a pro-
cess known as aggrephagy, with ubiquitin chains serving as a signal for degradation [88].
Aggrephagy receptors Cueb in yeast and p62/SEQUESTOSOME 1 (SQSTM1) and Neigh-
bor of BRCA 1 (NBR1) in mammals bind to ATGS8 via the ubiquitin-binding domain
(Figure 2) [89,90]. Plants have been shown to have a homolog of NBR1, an N-terminal PB1
(Phox and Bem1p) domain that binds to ubiquitin and ATG8 simultaneously, implying
that aggrephagy mechanisms in yeast, plants, and mammals are similar (Figure 2a) [91].
NBR1 mutation causes an accumulation of ubiquitylated insoluble proteins in Arabidopsis
during heat stress [92]. Furthermore, heat stress can drive NBR1 and ATGS to bind with the
aggregatic cytoplasmic protein, demonstrating that the plant aggrephagy receptor NBR1 is
important in the regulation of proteostasis [93].
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Figure 2. Schematic representation of several mechanisms of selective autophagy in plants and animals. The degradation
autophagic pathways for cell organelles and aggregates are shown and distinct features of each are highlighted. (a) Aggrephagy.
Degradation of intracellular protein aggregates that form naturally or as a result of abiotic stresses that cause protein folding.
Aggrephagy is activated by aggregate ubiquitylation and autophagy-binding receptors, such as NBR1 in plants and p62/NBR1
in animals. (b) Proteaphagy. Degradation of proteasomes occurs in response to proteasome inactivation or nitrogen starvation.
Proteaphagy is triggered by p62 in animals and RPN10 in plants and translocates it to the cytoplasm for degradation (c)
Nucleophagy. Atg39 interacts with cargo receptor Atgl1 through Atgl1 binding region in animals and in plants ATGS interacts
with C1 and transports it to the cytoplasm from the nucleus. (d) Ribophagy. A ribophagy receptor NUFIP1 is essential for the
selective degradation of ribosomes in animals and plants. (e) Lipophagy. PNPLAS is required to produce autophagosomes
during the lipophagy process in mammals while, in plants, no receptors have been identified so far. (f) Reticulophagy. The
IRE1D stress sensor is required for endoplasmic reticulum degradation, which happens in response to an accumulation of
unfolded proteins during ER stress. The reticulon homology domain (RTN) containing the family of reticulophagy receptors
has been identified in mammals and yeast, but not in plants. ATI1 and ATI2 were the first ER-phagy receptors discovered in
plants, and FAM134B, BNIP3, RTN3, and p63 have been identified as receptors in animals that translocate it to the cytoplasm
for degradation. (g) Pexophagy. Pexophagy activates in response to ROS by phosphorylating PEX5 and PMP70 leading to
ubiquitination recognized by p62, targeting peroxisomes for pexophagy. No pexophagy receptors have yet been described in
plants, although the LON2 chaperone likely plays a role in peroxisome stress sensing, whereas PEX6 and PEX10 interact with
ATGS. (h) Lysophagy. Removal of injured lysosome via concentrated recruiting of galectin-3 and LC3 onto lysosomal membranes,
as these proteins are presumably recognized by p62/SQSTMI and targeted for degradation via autophagy. (i) Chlorophagy.
Chloroplasts are degraded in a variety of ways, including piecemeal degradation of stromal fragments in Rubisco-containing
bodies (RCBs) during senescence or nutrient starvation, which may be mediated by ESCRT components such as CHMP1; the
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engulfment of whole chloroplasts in response to oxidative damage, which may be mediated by PUB4-dependent ubiquityla-
tion; and the formation of ATI1/2 bodies.

3.2. Proteaphagy

The eukaryotic proteasome contains the regulatory particle (RP), which is responsible
for the recognition and unfolding of substrates, and the core particle (CP) for degrada-
tion [94]. Autophagy targets proteasomes in Arabidopsis, and it was previously confirmed
that Arabidopsis RPN10 acts as a selective autophagy receptor and targets inactive 265
proteasomes by concurrent interactions with ubiquitylated proteasome subunits/targets
and lipidated ATGS lining, the enveloping autophagic membranes [95]. Previously, it was
concluded that nitrogen deprivation induces autophagy in both proteasome subunits and
is reliant on the lipidation of Atg8 via Atg7 and Atgl10 [87]. Proteaphagy was increased in
plants treated with the proteasome inhibitor MG132, whereas bulk autophagy remained
unaltered, as determined by the lysosomal cleavage of GFP-Atg8. Notably, RPN10, a
component of the RP which is essential for identifying ubiquitinated substrates, is required
for proteaphagy (Figure 2b) [87,96]. RPN10 is a cytoplasmic protein that is not integrated
into the proteasome, unlike other proteasomal proteins [87]. The binding motifs and se-
quence of RPN10 are substantially conserved among plants while neither the yeast nor
human (PSMD4 in humans) homologs of Rpn10 have been confirmed to have any effect
on proteaphagy or Atg8 [87,97]. Unlike yeast and plants, the animal proteasome becomes
ubiquitinated upon starvation of amino acids, which is essential for its degradation by
autophagy [13,87,98]. In animals, p62 can regulate the autophagosomal engagement of pro-
teasomes by acting as a specific proteaphagy receptor (Figure 2b). Furthermore, autophagy
receptor p62/SQSTM1, associated with numerous types of selective autophagy, recognizes
the ubiquitin-modified proteasome [99]. These studies indicate that p62 is a key player in
regulating the balance between proteasomal function and lysosomal degradation. Overall,
it appears that proteaphagy occurs in a wide range of organisms, while molecular details
vary that require further investigation.

3.3. Nucleophagy

The nucleus, similar to the eukaryotic cell primary organelle, is responsible for regu-
lating gene expression and maintaining genomic integrity. When cells are stressed, they
need a way to dispose of unwanted nuclear proteins and components. The mechanisms
of nucleophagy are evolutionarily conserved catabolic processes which target various
nuclear components such as the nuclear envelope, RNA, and DNA through a series of
processes including nuclear sensing, nuclear export, and autophagic degradation in the
cytoplasm [100]. For a long time, however, there was no proof that nucleophagy occurs in
plants. The increase in the geminivirus nuclear protein C1 triggers autophagy, according
to new research. Through the nuclear export-dependent process mediated by exportin 1
(XPOL1), C1 is transported to the cytoplasm from the nucleus by interacting with ATG8h
(NbATGS8h or SIATGS8h), one of several autophagy proteins, and when the AIM in C1
is mutated, it loses its ability to interact with ATGS8 (Figure 2c) [101]. C1 degradation is
prevented by inhibitors of autophagy and the removal of ATG5, ATG7, and ATGS8h pro-
teins [101]. In plants, this was the first time that autophagy was discovered to be involved
in the breakdown of nuclear proteins.

Furthermore, a transcription factor BRI1-EMS Suppressor 1 (BES1), which controls
brassinosteroid signaling, is ubiquitinated and interacts with DSK2A, leading to degra-
dation in a DSK2 and core ATG-dependent way. DSK2A an adaptor of autophagy has
two AlMs: a ubiquitin-like domain and a ubiquitin-associated domain. [102]. BIN2 kinase
regulates DSK2 binding to ATGS8, phosphorylating DSK2 around the AIM domains to
improve its capacity to bind with ATG8 [102]. However, whether BES1 is damaged before
or after entering the nucleus is unclear.

In mammals, nucleophagic activity is associated with genotoxic and oncogenic stress [101].
Although pathogenic conditions trigger nucleophagy in mammalian cells, the Nem1/Spo7-
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Pahl axis and the orthologous CTDNEP1/NEP1R1-lipin complex are conserved from yeast
to mammals. Similarly to its counterpart, the CTDNEP1/NEP1R1-lipin complex is found
in the nuclear envelope. [23]. Nucleophagy in S. cerevisiae is mediated by the autophagic
cargo receptor Atg39, which is found on the outer nuclear membrane [103]. Atg39 interacts
with Atg8 via AIM within its cytosolic N-terminal region and subsequently interacts with
the cargo receptor adaptor Atgll via an Atgll binding region (11-BR) (Figure 2c). Both of
these interactions with Atg11 and Atg8 are essential for macronucleophagy [103]. However,
future research is needed to determine whether nucleophagy occurs in mammalian cells
under physiological circumstances.

3.4. Ribophagy

The selective autophagy of ribosomes can be observed in plant cells in addition to
the above-mentioned particular autophagy pathway: For instance, a selective autophagy
mechanism relying on ATG5 has been found in Arabidopsis and is involved in rRNA
turnover [104]. It was recently observed that NUFIP1 is a ribophagy receptor in mammals
that is essential for ribosome selective degradation during starvation (Figure 2) [105].
Arabidopsis has a homolog of mammalian NUFIP1; however, more research is required to
determine whether Arabidopsis NUFIP1 is likewise engaged in ribophagy (Figure 2d) [106].
A new class of ATGS interactors with a Ubiquitin-interacting motif (UIM)-like domain
interacts with ATGS in yeast/plants and animals has just been characterized [95]. As a
result, additional selective autophagy routes are likely to be uncovered soon. Plant cells
can efficiently eliminate damaged or unwanted cell components through these diverse
types of selective autophagy pathways, ensuring plant survival and cell viability during
environmental constraints.

3.5. Lipophagy

Lipids in membrane organelles serve as energy generation substrates as well as cellular
structural materials. Fatty acids are first stored as triacylglycerol (TAG) in the lipid droplets
(LDs) before being used directly for f-oxidation [107-109]. Lipolysis breaks down LDs
into fatty acids for the cell caused by lipophagy, a selective autophagy mechanism found
in mammalian cells [110,111]. Plant lipophagy processes were less studied than yeast’s
and mammals’ [112,113]. In rice, LDs carrying TAGs in the tapetum are required during
pollen maturation as a source of lipid components [114]. LDs encased in vacuoles have
been discovered in rice tapetum cells, and LD-like structures were found in greater abun-
dance in the cytoplasm of Osatg7 and Osatg9 mutants than in the wild type, showing that
LDs in plants may also be degraded by lipophagy [114]. Furthermore, lipidomic research
revealed that these mutant anthers had impaired phosphatidylcholine (PC) editing and
lipid desaturation during pollen maturation, demonstrating that autophagy is involved in
regulating lipid metabolism during plant development [114,115]. Under normal and limit-
ing conditions in Arabidopsis, for the synthesis of TAG, organelles’ autophagy can offer a
source of fatty acids, demonstrating that autophagy could increase TAG synthesis. A lipase
sugar-dependent 1 (SDP1), responsible for the initiation of catabolism of TAG, hydrolyzes
TAGs that are stored in LDs under normal conditions [116]. However, lipophagy, on the
other hand, is driven by nutritional deprivation and causes the LDs to be degraded for en-
ergy production [109]. In the atgb mutant, for the synthesis of fatty acid and beta-oxidation,
the ER and peroxisomal proteins are upregulated, and the concentrations of phospholipids,
galactolipids, and sphingolipids are altered, suggesting that lipid metabolism is adversely
affected in mutant autophagy, which could affect plant lipid metabolism in addition to
regulating the synthesis of TAG and the degradation of LD [117].

Lipophagy in mammals activates with the autophagosomal membrane recognizing
cargo by interacting with light chain 3 (LC3) [118]. Through the interaction with ATGL’s
LIR domain, LC3 stimulates the translocation of cytoplasmic ATGL to the LD and causes
lipophagy, and by the activity of SIRT1 action, ATGL enhances lipophagy to regulate
hepatic LD catabolism [119]. Lipases found in LD, such as PNPLAS5 (patatin-like phos-
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pholipase domain-containing enzyme 5) have been linked to lipophagy and autophagic
proteolysis [120]. In a mouse model with a high-fat diet, another lipase from the same
family, PNPLAS, can similarly interact with LC3 to induce lipophagy. These lipases are
vital in initiating lipophagy by promoting the recruitment of triglycerides and sterol esters,
which directly contribute to the production of autophagosomes, in addition to their role in
LD detection [121]. Furthermore, in deprived human hepatocytes, PNPLA3 (patatin-like
phospholipase domain-containing enzyme 3) is required to produce autophagosomes
during the lipophagy process (Figure 2e) [122]. Surprisingly, a forced lipophagy system
based on a fusion of the LD-binding domain and p62 has been shown to diminish the
number of LDs, lower the level of TG throughout embryonic development, and finally,
cause developmental retardation in mouse embryos. Furthermore, lipophagy-induced
embryos are resistant to lipotoxicity and indicate the elimination of excess LD [123].

3.6. ER-Phagy (Reticulophagy)

The endoplasmic (ER) reticulum is a network of membrane tubules that is signif-
icant for protein and lipid synthesis in the cytoplasm and for storing calcium. When
unfolded, proteins accumulate in the ER, and the ER-associated degradation (ERAD) and
the unfolded protein response (UPR) pathways are triggered [110]. UPR is a signaling
pathway that aims to reduce the accumulation of misfolded proteins in organelles while
enhancing their folding capacity [110]. ERAD, on the other hand, identifies misfolded
proteins and translocates them to the cytoplasm for degradation by ubiquitin proteasome
system (UPS) [124]. Furthermore, autophagy is triggered by ER stress, and autophago-
somes generated during this time have been found to contain ER components [125]. The
ER autophagy or reticulophagy helps to maintain cell homeostasis by counteracting ER
enlargement during the UPR. In addition to ER stress, other stimuli have been proven to
induce ER-phagy as well [125]. ER-phagy, similar to other types of selective autophagy,
involves receptor proteins that play key roles in the selection of targets. In yeast S. cere-
visine, Atg39 and Atg40 mediate ER-phagy, where they localize to different domains of
the ER and enable the production of autophagosomes by interacting with Atg8 [103]. In
mammals, the family with sequence similarity 134 member B (FAM134B) protein is Atg40’s
functional homolog with the conserved LIR motif and positive ER fragments co-localizing
with LC3B. Furthermore, whereas FAM134B downregulation causes ER enlargement, its
overexpression causes ER fragmentation and lysosomal degradation [126]. Both the retic-
ulon domain and the LIR motif of FAM134B are essential for ER-phagy (Figure 2f). The
recently identified soluble members C53, CALCOCOI] (identified for homology with the
xeno-phagy receptors TAXBP1 and CALCOCQ2), and Sequestosomel/p62 extended the
list of mammalian ER-phagy receptors [127-129]. Finally, the ER stress sensor IREla and
two cytosolic autophagy receptors with a ubiquitin-binding domain, NBR1, and optineurin,
have been involved in ER turnover and polypeptide clearance from the ER membrane [130].

The Arabidopsis thaliana Atg8-interacting proteins ATI1 and ATI2 were the first ER-
phagy receptors reported in plants (Figure 2f) [131]. They lack homologs in yeast and
higher eukaryotes and feature a single transmembrane domain and Atg8 interacting motif
(AIM) in their cytosolic N-terminus and were found in the ER under favorable conditions.
Carbon deprivation segregates ATI1 and ATI2 in the ER network into spherical entities
that are subsequently transported to the vacuole after interacting with Atg8 [131]. The ER
membrane proteins AtSec62 (A. thaliana), the reticulon homology domain (RHD)-containing
proteins RTN1 and RTN2 (Zea mays), and the soluble protein Atc53 are all members of the
ER-phagy receptor family in plants (A. thaliana) (Figure 2f) [128].

3.7. Mitophagy

Although several mechanisms mentioned above are essentially similar in plants, mi-
tophagy regulators are considerably different in yeast/animals and plants. Mitophagy is
the term for autophagic selective degradation of mitochondria. Autophagy is responsible
for removing mitochondria, whether owing to injury, altered energy demands, or con-
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trolled cell maturation, as in the case of reticulocytes’ loss of mitochondria. Mitophagy is
induced by various stimuli that cause mitochondrial damage, including hypoxia, chemical
uncouplers, and reactive oxygen species (ROS) [132]. Additionally, mitophagy can occur in
mammalian reticulocytes and the enterocyte cells of the Drosophila intestinal midgut in
response to developmentally controlled alterations in the cell [133]. Moreover, during C.
elegans development, mitophagy is also required to remove paternal mitochondria from
fertilized oocytes [10]. Pinkl and Parkin genes, linked to familial Parkinson’s disease,
are the most well-studied mitophagy pathways [134]. PINK1 phosphorylates a variety
of targets, including ubiquitin and recruiting and activating Parkin, an E3 ubiquitin lig-
ase [135]. Parkin then works as an amplifier of the mitophagy signal provided by PINKI1.
These ubiquitinating mitochondrial surface proteins can be detected by cargo receptor
proteins, which transport mitochondria to autophagosomes for degradation [136]. Multiple
receptors, including p62/SQSTM1, NIX/BNIP3L, BNIP3, FUNDC1, NDP52 (CALCOCO2),
TAX1BP1, and optineurin (OPTN), have been involved in mitophagy in mammals [135].

Mitophagy appears to have a role in development, senescence, stress response, and
programmed cell death (PCD) in plants [137]. On the other hand, plants lack many of the
genes that drive mitophagy in yeast and animal cells, and no plant proteins that identify
defunct mitochondria for autophagic degradation have yet been discovered. In plants,
chloroplasts co-exist in energy generation alongside mitochondria, and chloroplasts are
targeted by autophagy via a process called chlorophagy [138]. An early study indicated that
mitochondria were encased with a double membrane structure similar to ER in mung bean
(Vigna radiata) during autophagy [139]. Notably, these mitochondrial autophagous struc-
tures have been found to combine with lytic vacuoles. Recently, mitochondrial proteins and
vesicles were shown to be degraded by autophagy in Arabidopsis during senescence [25]. A
homolog of yeast ATG11 (and mammalian FIP200/RB1CC1) has recently been discovered
in Arabidopsis. It is involved in mitophagy in nitrogen-depleted circumstances [25,64].
During senescence-induced mitophagy, ATG7, an El-like enzyme, is also important as it
facilitates the conjugation of ATG8 with phosphatidylethanolamine (PE) and ATG12 with
ATGS, resulting in ATG8-PE and ATG5-ATG12 complexes, respectively [25,76].

3.8. Pexophagy

Peroxisomes are small round organelles surrounded by a single lipid bilayer present
in most eukaryotes [140]. Despite their morphological similarity and conserved functions
in all eukaryotes, major differences in peroxisomes have been found between plants and
animals [141]. The selective autophagy pathways in eukaryotes require specific cargo
receptor(s) and/or adaptors. Two kinds of pexophagy cargo receptors have been described
in yeast and mammals, which differ in their capacities to bind ubiquitylated cargos [142].
In yeast, two AIM-containing pexophagy receptors (Atg30 and Atg36) become attached
to peroxisome surface proteins such as Pex3, Pex5, or Pex14 (33), and then the Atg30
and Atg36 recruit the autophagic machinery by interacting with Atg8 and Atgl1 [143].
Mammals do not have Atg30 or Atg36 but instead use p62/SQSTM1 or NBR1 as pexophagy
adaptors that bind ubiquitylated forms of PEX5 or PMP70 (Figure 2g) [144].

Although plant peroxisome proteins are targets of ubiquitylation, plants do not have
obvious orthologs of either Atg30 or Atg36, and there is no direct evidence that plant
NBR1 is the pexophagy receptor, even though the co-localization of NBR1 and ATGS in
electron-dense peroxisomal cores in Arabidopsis plants exposed to Cd has recently been
reported [145]. However, the peroxisome proteins PEX6 and PEX10 in Arabidopsis were
recently shown to interact with ATGS via their AIMs, suggesting that they may be the
potential receptor for driving pexophagy in plants (Figure 2g) [13]. In addition, by using
forward genetic screening, the peroxisomal matrix protease LON 2 was identified, mutation
of which consistently recovers Arabidopsis atg mutants. Notably, the autophagy of lon2
peroxisomes does not require NBR1, but NBR1 may play an important role in LON2-
independent pexophagy [146]. Collectively, it is still worthy to explore if the ubiquitination
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of PEXs, such as PEX3, PEX5, and PEX14 reported in yeast and mammals, is also involved
in plant pexophagy [147].

3.9. Lysophagy

The lysosome, a membrane-bound acidic organelle is required for eliminating un-
wanted intracellular compounds. The lysosome contains a significant number of hydrolytic
enzymes that are involved in degradation. The lysosome’s destabilization and the leakage
of these hydrolytic enzymes are detrimental to the cell [148]. Furthermore, if damaged
lysosomes are not removed, the intracellular lysosome’s number remains unchanged, and
cells are incapable of sustaining cellular homeostasis. As a result, to keep cellular home-
ostasis, the cell uses an autophagic mechanism called lysophagy [149,150]. Lysophagy can
be triggered by several factors that cause lysosomal degradation (Figure 2h). Photochemi-
cal internalization is a method that enhances gene transport by light-induced lysosome
breakdown that has been used to activate lysophagy in the lab [149]. Mineral crystals such
as monosodium urate and silica, viral or bacterial toxins, lysosomotropic chemicals, lipids,
and proteases have all been shown to disrupt lysosomal membranes in vivo [148,150]. In
the case of lysosomal damage, ubiquitination coincides with the vigorous employment of
the autophagy receptor SQSTM1/p62 that is essential for efficient lysophagy (Figure 2h).
Although research into the mechanisms that regulate lysophagy is incomplete, it has been
revealed that, following lysosomal injury, LC3 and galectin-3 are employed to the wounded
lysosome [150]. In mouse embryonic fibroblasts (MEFs), damaged lysosomal membranes
are galectin-3 positive, ubiquitinated, and co-localize with p62 [150]. Furthermore, in
HelLa cells, a similar connection between p62 and ubiquitin has been linked with damaged
lysosomes [149]. These findings point out to ubiquitination and subsequent recruitment
of the cargo adapter protein p62 in this mechanism. There are still many unanswered
questions about the molecular aspects of lysophagy. However, biochemical and functional
studies of ubiquitin, ubiquitin receptors, and the factors that affect their activity could help
us better understand this process.

4. Chlorophagy

Plants and photoautotrophs have chloroplasts that are responsible for photosynthesis and
are essential for the metabolism. Despite the fact that plants are sessile, cellular components
must be used and recycled to survive and thrive in a variety of conditions. After the degra-
dation of cellular macromolecules, their components are mobilized and reused during plant
senescence. For instance, the degradation of chloroplast proteins such as Rubisco (ribulose-1,
5-bisphosphate carboxylase/oxygenase) is a significant source of nitrogen.

In senescing leaves, the primary method for chloroplast protein degradation was
sequential breakdown within the vacuole known as chlorophagy [151]. The chloroplast,
similar to the nucleus, can be digested piecemeal or through complete organelle autophagy.
Senescence-associated vacuoles (SAVs) and Rubisco-containing bodies (RCBs) can cause
piecemeal chloroplast degradation (Figure 2i). RCBs are Rubisco and GIn synthetase-
containing double-membrane entities produced from the chloroplast envelope. Further-
more, the RCB is then encircled by various membrane structures, including the isolation
membrane in the cytoplasm, after pinching off from the chloroplast.

Damaged chloroplasts are ubiquitylated by PUB4 (Plant U-BOX Protein 4), the cytoso-
lic ubiquitin ligase as part of the whole chloroplast process. The ubiquitylated chloroplasts
are then encapsulated and transported to the vacuole via ATG8-decorated autophagic
vesicles [152]. Autophagy mediated by RCB has been demonstrated to be dependent on
Atg4 and Atg5, and is essential for the recycling of protein during abiotic stresses [153,154].
The RCBs are formed by the fission of stroma-filled tubules protruding from the chloroplast,
a process in which the ESCRT component CHMP1 (Charged Multivesicular Body 1) may
play a key role, and they are degraded in the vacuole by autophagy [13]. SAVs have also
been linked to chloroplast autophagy on a piecemeal basis. These tiny and lytic vacuoles
are only present in senescing tissues and contain stromal proteins, including Rubisco
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and GIn synthetase, similar to RCBs. Unlike RCBs, they do contain chlorophyll 2 and do
not appear to employ any autophagic machinery. The decline in chloroplast number is
hampered in atg4 mutants [155], suggesting that there may be an ATGs-dependent selective
autophagy of the chloroplast. Recently, plant-specific proteins ATG8-interacting protein 1
and 2 (ATI1 and ATI2), which are found in the plastid-derived bodies and ER, are proposed
to be involved in ATGs-mediated chlorophagy (Figure 2i) [156]. Plastid proteins from the
outer envelope are translocated to the vacuole via the ATI1-decorated plastid structures
(ATI1-PS)-mediated autophagy [156]. Notably, incomplete degraded chloroplasts in the
vacuole were also found in plastid protein Tic40 (ppi40) mutants of Arabidopsis [157]. Be-
cause these defects were observed in a starvation-independent way, it is assumed that
plants could use the autophagy-independent pathway to eliminate chloroplasts for quality
control. This possibility was recently validated by the characterization of the Chloroplast
Vesiculation protein (CV)-containing vesicles (CCVs) pathway [158].

In summary, the mechanisms underpinning chlorophagy are still poorly understood,
leaving many open questions. For instance, it is unclear when and how cargo receptor
proteins target the entire chloroplast to trigger chlorophagy. Although plants have putative
cargo receptors of autophagy, such as ATI1 and ATI2 [131], as well as RCB receptors, it is
still unclear how these proteins are specifically assigned in operating chlorophagy, and
thus, novel approaches and/or components are needed.

5. Advances of Selective Autophagy in Plant

Plant selective autophagy research is progressing at a rapid pace. The majority of
the previously documented selective autophagy pathways in metazoans have lately been
discovered to work in plants as well [159,160].

Plants have an NBR1-like protein that is necessary for autophagosome degradation
of ubiquitinated peroxisomes [161]. Peroxisomes are ubiquitous organelles in plants that
control numerous metabolic events such as photorespiration, fatty acid $-oxidation, and
the glyoxylate cycle [162]. Reactive oxygen species (ROS) are primarily produced by
peroxisomes, making them prone to oxidative damage. Multiple antioxidative enzymes
are found in the peroxisomes to eliminate excessive ROS, such as catalase, which degrades
H0, exclusively [163]. High glucose levels of wild-type plant roots cause the accumulation
of ROS. On one side, reactive oxygen species (ROS) oxidize active IAA (indole3-acetic
acid) and constitutive pexophagy, on the other hand, it is aided by the increased level of
ROS, which reduces root meristem activity by inhibiting IAA production [164]. However,
autophagy deficit in atg5 and atg7 affects the transmission of the high glucose signal to
the peroxisomes, increasing IAA and root meristem activity and resulting in increased
primary roots compared to wild type under enhanced glucose conditions [164]. Recently,
Arabidopsis plants exposed to Cd were found to have NBR1 and ATGS8 co-localized
in electron-dense peroxisomal cores [145]. Peroxisome oxidation and pexophagy were
induced by Cd exposure, however, the Arabidopsis mutant rbohC (NADPH oxidase C) and
gox2 (glycolate oxidase 2) inhibit this process significantly by reducing ROS generation in
Arabidopsis. Pexophagy is a key component of quick plant responses to Cd (cadmium), as
it protects peroxisomal populations and the cell redox homeostasis [145].

In the case of chlorophagy, ESCRT III component CHMP1 proteins are involved in the
efficient recycling of fragmented chlorophagy vesicles containing stromal proteins, accord-
ing to an exquisite cell biology investigation [165]. Unlike chloroplasts related chlorophagy,
little is known mechanistically about plant mitophagy even though accumulating genetic
and cytological evidences suggest that mitochondria are recycled through autophagy [25],
because some of the known mitophagy receptors and regulators are absent in plants [137].
It is also indistinct whether chlorophagy and mitophagy have any similarities, such as
if they would share the same autophagy receptor. As a case, the ATI1/2 may service as
receptor for both chlorophagy and ER-phagy [134,156]. Additionally, if plants, such as
metazoans, utilize piecemeal mitophagy mechanisms is yet to be identified.
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Moreover, mitophagy has been discovered in plants, where it is involved in develop-
ment, stress response, senescence, and PCD [137]. The relationship between mitophagy
and senescence is well-known, although its mechanistic understanding is lacking despite
the fact that the core ATG proteins are well conserved in plants and are necessary for
the senescence-induced degradation of mitochondrial vesicles and mitochondria-resident
proteins [64]. Arabidopsis has a number of mitochondrial membrane proteins with ATGS8-
interacting motifs, according to a bioinformatic investigation [166], which are thought to
be mitophagy receptors [137]. Arabidopsis mutants lacking key autophagy components are
more vulnerable to UVB exposure, resulting in increased leaf chlorosis [152], demonstrat-
ing that autophagy is critical for cellular homeostasis in response of UVB. The number of
mitochondria in wild-type leaves falls in response to UVB exposure but increases in atg
(atg2, atg5, and atg7) mutants [138]. Notably, following UVB damage, confocal and electron
microscopy observations reveal that atg5 and atg7 mutant plants accumulate fragmented
and tiny mitochondria in the cytoplasm [138]. A substantial percentage of mitochondria
in UVB-damaged atg leaves fail to collect tetramethylrhodamine ethyl ester (TMRE) [138],
suggesting that damaged mitochondria stay in the mutant cytoplasm and their mem-
branes are depolarized in response to UVB damage. Additionally, a variety of evolutionary
conserved mitochondrion-associated proteins are also involved in the quality control of
mitochondria [167]. Notably, the clustered mitochondria protein (CLU) is essential for
mitochondria distribution and function in yeast, plants, and animals [168]. Mitochon-
drial membrane potential is abolished when uncouplers such as 2,4-dinitrophenol (DNP),
carbonyl cyanide, and p-trifluoro-methoxyphenylhydrazone (FCCP) are applied. More
recently, in Arabidopsis roots, mitophagy eliminates depolarized mitochondria in response
to uncoupler treatment [169]. These findings support the idea that plant mitophagy plays a
critical role in mitochondrial quality control. Upon uncoupler treatment, friendly mitochon-
dria (FMT) labeled with YFP is recruited to mitochondria and co-localizes with mCherry
ATGS [169]. Moreover, in fmt mutants, the uncoupler-induced mitochondrial degradation
was reduced [169], suggesting that FMT has a direct role in mitophagy activation. In
terrestrial plants, the shape and volume of mitochondria vary dramatically throughout
reproductive development [170]. The tapetum is the anther’s innermost layer, which
supplies nutrition to pollen grains as they mature, and later undergoes programmed cell
death (PCD) [171]. Mitochondrial fragmentation and a reduction in overall mitochondrial
volume occur before PCD in Arabidopsis tapetal cells [170]. Previously, it was observed
that autophagy is necessary for the regulated PCD of tapetal cells in rice [114]. As a result,
autophagy could be involved in mitochondrial degradation during PCD of tapetal cells.

6. Conclusions and Future Perspective

Over the last few decades, autophagy research has progressed to unprecedented
depths, with studies on the interaction and communication between autophagosomes and
other organelles. Many of the protein components and molecular mechanisms involved
in autophagy have been identified and key regulatory factors have also been discovered,
such as the TOR complex [172] and SnRK1 [173]. Studies on the roles of autophagy upon
various stress have enabled us to understand the potential contributions of autophagy to
crop breeding. However, several important open questions about the underlying molecular
mechanisms of autophagy still remain to be further investigated, including the identifica-
tion of specific SARs for certain types of organelles’ selective autophagy, possible crosstalk
between autophagy and other regulatory pathways (ubiquitin-proteasome etc.), and the
manipulation of ATGs or autophagic machinery for robust improvement of crop yield and
therapy of human diseases.

It is no doubt that the rapidly expanding collection of SARs and cargo proteins by
high throughput screening of ATG8-interacting proteins would extend our knowledge of
the multiple roles of autophagy in organism development and growth, as well as their
response to stress. However, it is still difficult to precisely determine the specific SARs
and/or cargo proteins due to the greater diversity of gene families and functions in both
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plants and animals. Moreover, as mentioned above, the evolutionary divergence of certain
SARs derived from animals or plants may also impose restrictions on the identification of
these SAR homologs in plants or animals. For example, detailed studies on the detection
of ubiquitinated cargo by mammalian p62 have been published, while similar attempts
in plants have not been as successful. On the other hand, the employed experimental
approaches are currently limited, and thus specific genetic screening is still desirable,
such as suppressors or enhancers screening of atg mutants or subcellular localization of
fluorescence-labled ATGs.

To summarize, despite the fact that there is still much work to be done, autophagy
investigations are nonetheless exciting and relevant since they have the potential to target
virtually all organelles for degradation, thereby facilitating the quality control of organelles
upon various stresses. With further research and the application of new methodologies,
we will undoubtedly obtain a better knowledge of the autophagy interaction network, as
well as the extensive insights into the conserved and distinct mechanisms of autophagy
between plants and animals.
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Abbreviations

AIM Autophagy-interacting motif

AMPK AMP-activated protein kinase

ATG autophagy-related

CAMKK2/CaMKKp  calcium/calmodulin-dependent protein kinase kinase 2, beta
CHMP1 Charged Multivesicular Body 1

CMA chaperone-mediated autophagy

Deptor DEP domain-containing mTOR interacting protein
ERAD endoplasmic reticulum associated degradation

FREE1 FYVE domain protein necessary for endosomal sorting 1
FYCO1 FYVE and coiled-coil domain containing 1

HOPS homotypic vacuole fusion and protein sorting

LC3 light chain 3

PAS phagophore assembly site

PC phosphatidylcholine

PCD programmed cell death

PE phosphatidylethanolamine
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PUB4 Plant U-BOX Protein 4
RAPTOR  regulatory-associated protein of TOR
RCBs Rubisco-containing bodies
RHD reticulon homology domain
ROS reactive oxygen species
SAV Senescence-associated vacuoles
SnRK1 Sucrose nonfermenting-1-Related protein Kinase 1
TMRE tetramethylrhodamine ethyl ester
TOR target of Rapamycin
ULK unc-51-like kinase
UPR unfolded protein response
uPs ubiquitin proteasome system
XPO1 export-dependent process mediated by exportin 1
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Abstract: Recent advances in the research of the mammalian target of the rapamycin (mTOR) sig-
nalling pathway demonstrated that mTOR is a robust therapeutic target for ocular degenerative
diseases, including age-related macular degeneration (AMD), diabetic retinopathy (DR), and glau-
coma. Although the exact mechanisms of individual ocular degenerative diseases are unclear, they
share several common pathological processes, increased and prolonged oxidative stress in particular,
which leads to functional and morphological impairment in photoreceptors, retinal ganglion cells
(RGCs), or retinal pigment epithelium (RPE). mTOR not only modulates oxidative stress but is also
affected by reactive oxygen species (ROS) activation. It is essential to understand the complicated
relationship between the mTOR pathway and oxidative stress before its application in the treat-
ment of retinal degeneration. Indeed, the substantial role of mTOR-mediated autophagy in the
pathogenies of ocular degenerative diseases should be noted. In reviewing the latest studies, this
article summarised the application of rapamycin, an mTOR signalling pathway inhibitor, in different
retinal disease models, providing insight into the mechanism of rapamycin in the treatment of retinal
neurodegeneration under oxidative stress. Besides basic research, this review also summarised and
updated the results of the latest clinical trials of rapamycin in ocular neurodegenerative diseases. In
combining the current basic and clinical research results, we provided a more complete picture of
mTOR as a potential therapeutic target for ocular neurodegenerative diseases.

Keywords: mTOR; AMD; DR; glaucoma; oxidative stress; hypoxia; inflammation; ROS; rapamycin;
clinical trial

1. Introduction

The mammalian target of rapamycin (mTOR), also known as the mechanistic target
of rapamycin, is a 289-kDa serine/threonine kinase that belongs to the phosphoinositide
3-kinase (PI3K)-related kinase family and is highly conserved in evolution. It plays a
central role in cell growth, cell survival autophagy, and metabolism via two distinct protein
complexes of mMTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC?2) [1]. mTOR also
integrates with other signalling pathways, including PI3K/AKT, tuberous sclerosis complex
subunit 1 (TSC1)/tuberous sclerosis complex subunit 2 (TSC2)/Rheb, LKBL/adenosine
5’-monophosphate-activated protein kinase (AMPK), and VAM6/Rag GTPases, by affecting
transcription and protein synthesis [2]. Dysregulation of the mTOR signalling pathway
is involved in many diseases, such as cancers, neurodegenerative diseases, and diabetes
mellitus [3-6]. Clinical data show that the mTOR signal is abnormally overactivated
in nearly 30% of cancers and is one of the most frequently altered cascades in human
cancers [7].

Recently, more and more studies are focused on the potential therapeutic effects of
mTOR inhibitors in neurodegenerative diseases that are linked with oxidative stress. In a
rat model of Alzheimer’s disease (AD) induced by zinc injection, inhibition of mTOR by
rapamycin attenuated zinc-induced tau phosphorylation and elevated levels of oxidative
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stress, as well as the synaptic impairment and decrease in cognitive function [8]. In a
Parkinson’s disease (PD) model induced by 6-hydroxydopamine (6-OHDA), pathogenic
oxidative stress increased the negative mTOR regulator tuberous sclerosis complex 2 (TSC2)
and increased autophagy in dopaminergic neurons, implicating that mTOR is a potential in-
tervention target for oxidative-stress-induced dysfunctional autophagy in PD [9]. The retina
is a part of the central nervous system; it contains complex neural circuitry and transduces
the converted electrical potentials to the brain [10]. The neuroprotective roles of rapamycin
may be a novel therapeutic pathway in ocular neurodegenerative diseases, such as diabetic
retinopathy (DR), age-related macular degeneration (AMD), and glaucoma, which share
common pathophysiological mechanisms, especially increased and prolonged oxidative
stress, which would ultimately result in retinal neuronal death [11-14]. Recently, a large
number of studies have been conducted to elucidate the neuroprotective role of rapamycin
and its underlying mechanism(s) in the treatment of ocular degenerative diseases [15-27].
For instance, a study has shown that rapamycin ameliorated high-glucose-induced ROS
formation and inflammatory injury in retinal pigment epithelial (RPE) cells [28].

In this review, we introduced the mTOR signalling pathway and its role in ocular
neurodegenerative diseases under oxidative stress, trying to highlight and summarise the
current understanding of the mechanisms of mTOR inhibitors, especially rapamycin and
its analogues, in different retinal models, including DR, AMD, and glaucoma. In updating
the latest basic research findings and clinical trial results, we attempted to shed light on the
novel therapeutic strategies of mTOR in ocular degenerative diseases.

2. mTOR Signalling Pathway

mTOR is part of the catalytic subunit in two structurally and functionally distinct
complexes, known as mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) [1].
mTORC1 consists of five components: mTOR; regulatory-associated protein of mTOR
(Raptor); mammalian lethal with Sec13 protein 8 (mLST8, also referred as GBL); proline-rich
AKT substrate 40 kDa (PRAS40); and DEP-domain-containing mTOR-interacting protein
(Deptor) [29]. Raptor has been reported to function as a scaffolding protein that controls
mTORC1 activity by regulating assembly of the complex and by recruiting substrates
for mTOR [30]. The role of mLST8 in mTORC1 function is still unclear; however, it is
established that mLST8 is indispensable for mTORC2 integrity and kinase activity [31].
PRAS40 and Deptor have been identified as distinct negative regulators of mTORC1. When
the activity of mMTORC1 decreases, PRAS40 and Deptor are recruited to the complex and
promote the inhibition of mMTORCI. It has been reported that PRAS40 regulates mTORC1
kinase activity by direct inhibition of substrate binding [32]. On the other hand, mMTORC1
once activated would directly phosphorylate PRAS40 and Deptor, which reduce their
physical interaction with mTORC1 and further activate mTORC1.

Similar to mTORC1, mTORC?2 also comprises six different proteins, among which
three are identical to those in mTORC1, including mTOR, mLSTS, and Deptor [29]. The
remaining three components include rapamycin-insensitive companion of mTOR (Rictor),
mammalian stress-activated protein kinase interacting protein (mSIN1), and protein ob-
served with Rictor-1 (Protor-1). It is proposed that Rictor and mSIN1 stabilise each other
and establish the structural foundation of mTORC2. Rictor also interacts with Protor-1, but
the physiological function of this interaction is not yet clear [33].

The mTOR signalling pathway integrates both intracellular and extracellular signals
and transduces divergent signalling cascades. Apart from intracellular signals, such as
cellular energy status and hypoxia stress, extracellular signals that include growth factors,
amino acids, and hormones play essential roles in regulating the activity of mTORC1 [34].
Insulin, a pivotal hormone serving to maintain energy balance and glucose homeostasis,
initiates a signalling cascade through the insulin receptor (IR), insulin receptor substrate
(IRS), class I phosphoinositide 3-kinases (PI3Ks), phosphoinositide-dependent protein
kinase 1 (PDK1), and AKT (also known as protein kinase B) [35]. AKT activates mTORC1
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through phosphorylation of TSC1/TSC2 and PRAS40 (Figure 1). It has been reported that
there is a feedback loop between AKT and mTOCR2 induced by insulin [36].

@

"4/ Retinal neurodegeneration

Figure 1. The common mTOR signalling pathway in ocular neurodegenerative diseases. Abbrevia-
tions: AMP’, 5" adenosine monophosphate-activated protein kinase; ATF4, activating transcription
factor 4; ATG, autophagy-regulating protease; BNIP3L, adenovirus E1B 19 kDa protein-interacting
protein 3-like; CHOP, C/EBP homologous protein; ER, endoplasmic reticulum; HIF-1«, hypoxia-
inducible factor 1-alpha; HO-1, heme oxygenase-1; mTORC1, mammalian target of rapamycin
complex 1; Nrf2, nuclear factor-erythroid factor 2-related factor 2; PERK, protein kinase R (PKR)-like
endoplasmic reticulum kinase; PI3K, phosphoinositide 3-kinase; PINK1, PTEN-induced kinase 1;
REDDI1, regulated in development and DNA damage responses 1; Rheb, ras homolog enriched in
brain; ROS, reactive oxygen species; TFEB, transcription factor EB; TSC, tuberous sclerosis complex;
ULK]1, unc-51-like kinase 1; VPS34, vacuolar protein sorting 34.

In addition to AKT, mitogen-activated protein kinase (MAPK) and proinflammatory
cytokine TNFo also promote the activation of mTORC1 through inhibiting TSC1/TSC2 [37].
Wnt/ 3-catenin signalling plays a role in regulating mTORC1 by suppressing glycogen
synthase kinase 33 (GSK3-f3), which phosphorylates and increases TSC1/2 activity [38].
AMPK is one of the signalling pathways that inhibits the activation of mTORC1 by direct
phosphorylation of TSC2, promoting TSC1/2 activity [39]. AMPK can be activated by DNA
damage via p53-dependent transcription of Sestrin1/2 [40].

Oxidative stress reflects an imbalance in the production of reactive oxygen species
(ROS) and the antioxidative capacity in the cell. The retina is susceptible to ROS due to its
high energy consumption and exposure to light. ROS is not only a by-product generated in
the retinal cells but also a signal transducer involved in the PI3K/AKT/mTOR signalling
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pathway (Figure 1). The increased level of intracellular ROS activates the kinases, including
PKC, MARK, and PI3K, which leads to the amplification of their downstream signalling,
respectively [41,42]. ROS can also inhibit the activation of phosphatase and tensin homolog
(PTEN), which negatively regulates the synthesis of PIP3, a signalling molecule in the
plasma membrane, which plays a role in the activation of AKT [43].

In regard to the downstream signalling of mTOR, there are many substrates for
mTORC], such as p70 ribosomal protein S6 kinase (p70S6K) and eukaryotic initiation factor
4E (eIF4E)-binding protein (4EBP), that are responsible for translation control [44]. Other
mTORCI substrates, such as Unc-51-like autophagy activating kinase 1 (ULK1) and ATG13,
play essential roles in the regulation of autophagy (Figure 1). Studies have shown that AKT,
which regulates mTORC1 activity, is also an mTORC?2 substrate. Protein kinase C (PKC),
which regulates diverse cellular functions, is an mTORC2 substrate as well [30,45].

The mTOR signalling pathway plays a central role in the regulation of autophagy,
whereas autophagy maintains retinal homeostasis by removing dysfunctional organelles
and unfolded proteins [46]. Hence, mTOR modulates oxidative stress by both direct and
indirect mechanisms. A study has shown that autophagy played a neuroprotective role in
DR [47]. The autophagic genes beclin-1 and LC3 were moderately up-regulated, which was
accompanied with increased phosphorylated AMPK and decreased phosphorylated mTOR
in the diabetic retinas [48]. After the inhibition of autophagy by 3-MA in STZ-induced
diabetic rats, RGC apoptosis increased when compared with the vehicle-treated group [48].
Studies have also demonstrated that autophagy-deficient cells lacking BECN1, ATG5, or
ATG?7 caused the accumulation of impaired organelles [49,50]. There is a feedback loop in
which autophagy modulates oxidative stress through activating transcription factors, such
as NRF2 and p53 [40,51].

A recent study quantified the expression of mMTORC1- and mTORC2-specific partner
proteins in normal adult rat retina, brain, and liver, and further localised these components
in normal adult human and mouse retina [52]. They found a relatively higher content of
mTORC1, mTORC2, and their components included higher Raptor (mTORC1) and Rictor
(MTORC2) in the retina than the brain and liver. The two mTOR complexes may serve
distinct purposes within the retina, while the mTORC1 complex is predominantly expressed
in retinal ganglion cells (RGCs) and their axons with lower expression in the inner plexiform
layer (IPL) and inner nuclear layer (INL); mTORC2 complex proteins, such as Rictor, were
mainly found in astrocytes and Miiller cells. However, no detectable immunoreactivity of
mTORCI- and mTORC2-specific components was found in photoreceptor cells, RPE, and
vascular endothelial cells. The composition and topology of mTOR components closely
parallel the physiological characteristics of the retina as a tissue of high energy and oxygen
consumption and the role of the mTOR signalling pathway in retinal metabolism and
homeostasis in response to glucose.

3. mTOR Inhibitors

mTOR inhibitors are a class of drugs that inhibit the activity of the serine/threonine-
specific protein kinase coded by the MTOR gene. This protein kinase belongs to the family
of phosphatidylinositol-3 kinase (PI3K)-related kinases (PIKKSs) and serves as the catalytic
subunit of two multi-protein complexes (mTORC1 and mTORC?2) [53] (Table 1).
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mTOR H

The best-established mTOR inhibitors are rapamycin and its analogues (rapalogs).
Rapamycin is a good example of the first-generation mTOR inhibitors, which were initially
introduced as immunosuppressive drugs and approved by the FDA in 1997 in use for
transplant surgery to prevent allograft rejection [63]. Other therapeutic effects, such as
anti-cancer activity, angiogenesis, and neuroprotection, were discovered and exploited in
the following years [64—66]. Rapamycin is a macrolide compound containing two binding
moieties for mTOR and FKBP12, respectively. This engagement of the binding moieties has
limited the modification of the ATP binding pocket. Thus, further drug development for
rapamycin mainly focused on improving its pharmacokinetics and stability due to its low
aqueous solubility [67]. Rapalogs were derived and evolved from rapamycin; they have a
more favourable pharmacokinetic profile when compared to their parent drug.

However, they still have the same binding sites for mTOR and FKBP12 as in rapamycin.
Their mechanism of action is also identical; they bind with FKBP12 to form a complex,
which then binds to the FRB domain of mTOR. Through modulating mTOR formation, both
rapamycin and rapalogs inhibit the kinase activity of mTORC1 (Figure 2). Rapalogs include
temsirolimus (CCI-779), everolimus (RAD001), ridaforolimus (AP23573), umirolimus, and
zotarolimus (ABT-578) [68-71].

1st generation mTOR inhibitors

; ip

Kinase domain FATC

FAT

HEAT repeats

Figure 2. Domains of the mTOR protein and two generations of mTOR inhibitors.

mTOR protein is composed of several structural domains, including HEAT repeats
and FAT, FRB, and FATC domains. The first-generation mTOR inhibitors bind to FKBP12
and then interact with the FRB domain of mTOR to inhibit mTOR activity. The second-
generation mTOR inhibitors are ATP-competitive mTOR inhibitors that act as ATP ana-
logues and bind to the kinase domain of mTOR. Abbreviations: FAT domain, FKBP12-
rapamycin-associated protein, ataxia-telangiectasia and transactivation/transformation
domain; FATC domain, FAT carboxyterminal domain; FRB domain, FKBP12-rapamycin-
binding domain; HEAT, Huntingtin, elongation factor 3 (EF3), protein phosphatase 2A
(PP2A), and the yeast kinase TORI.

The second-generation mTOR inhibitors are ATP-competitive mTOR kinase inhibitors,
which have been developed as two types. They include mTORC1/mTORC2 dual inhibitors,
such as Torinl, PP242, and AZD8055, and dual mTOR/PI3K inhibitors, such as PI-103,
OSI-027, GSK2126458, and NVP-BEZ235 [72-74]. They are developed to compete with
ATP in the catalytic domain of mTOR (Figure 2). Compared with rapalogs, which only
inhibit mTORC1 activity, the second-generation mTOR inhibitors are designed to target
both mTORC1 and mTORC?2 and inhibit all the catalytic isoforms of PI3K (Figure 3). As a
result of the blockade in the feedback activation of PI3K/AKT signalling in mTORC1, they
impose more potent inhibition on the mTOR pathway and stronger induction of autophagy
than rapalogs (Table 1) [75]. This new generation mTOR inhibitors has been introduced
into clinical trials mainly for the treatment of various cancers [71,76].
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Figure 3. The signalling pathway that is modulated by different generation mTOR inhibitors. Inhi-
bition of mMTORCI results in the suppression of 4E-BP1 and S6K1 phosphorylation. Inhibited S6K1
reduces protein synthesis through phosphorylation of the 40S ribosomal subunit, which has been
suggested to decrease the translational efficiency of a class of mRNA transcripts with a 5'-terminal
oligopolypirymidine. There is a negative feedback loop in which mTORC1 activation can inhibit the
PI3K pathway by S6K1-mediated phosphorylation and degradation of IRS-1, and it fills an impor-
tant gap in our understanding the underlying mechanisms by which mTORC1 inhibits PI3K-Akt
signalling. Abbreviations: IRS-1, insulin receptor substrate 1; PI3K, phosphatidylinositol-3-kinase;
AKT, protein kinase B; PRAS40, proline-rich AKT substrate of 40 kDa; mTOR, mammalian target of
rapamycin; S6K1, S6 kinase 1; 4E-BP1.

4. mTOR in Ocular Neurodegenerative Diseases
4.1. mTOR and Diabetic Retinopathy (DR)

The pathogenesis of DR is complex and multifactorial. Many biochemical mechanisms
are involved in the development and progression of DR. For instance, polyol pathway
activation, increased advanced glycation end-products (AGEs) formation, activation of PKC,
and induction of the hexosamine pathway are related to the pathogenesis of DR [77]. These
pathways induce inflammation, oxidative stress, and vascular dysfunction in the retina.
Chronic hyperglycaemia in diabetes mellitus favours the production and accumulation of
ROS, which leads to oxidative-stress-induced impairment in different cells of the retina,
especially the retinal neurons [78]. The classical view is that microvascular alteration is the
primary event in the pathogenesis of DR. However, there is growing evidence showing
that neurodegeneration occurs in the early stage of DR, which could also be related to the
development of microvascular abnormalities [79-82]. Diabetic retinal neurodegeneration is
characterised by reactive gliosis and retinal neuron apoptosis. While RGC and amacrine cell
death induced by diabetes-induced apoptosis occur in the early phase of DR, other retinal
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neurons, such as photoreceptors, also have an increased apoptotic rate [83,84]. Reactive
gliosis (glial activation) may also be involved in retinal neurons apoptosis and may be
associated with the neurodegenerative process with microvascular disease [85]. In addition
to macroglial cells, activated microglia, the main resident immune cells of the retina, and
infiltrating monocytes also mediate diabetes-induced inflammation [86].

Recently, more and more studies have emphasised the key roles of inflammation,
oxidative stress, and autophagy in the pathogenesis of DR. As described above, the mTOR
pathway plays a substantial role in regulating autophagy. The activated mTORC1 inhibits
autophagy through various steps, including the inhibitory phosphorylation of ULK1 and
transcription factor EB (TFEB), which initiates autophagy and promotes lysosomal biogene-
sis required to degrade the contents of autophagosomes, respectively. LC3B and Beclin-1
are cellular autophagy markers involved in the initial stage of autophagosome formation.
Park et al. observed a slight increase in Beclin-1 and the ratio of LC3B-II-to-LC3B-I after
1, 4, and 8 weeks of hyperglycaemia in STZ-induced diabetic rats compared with the
non-diabetic rat [48]. Of note, the level of Beclin-1 decreased dramatically, even lower than
the basal level, after prolonged hyperglycaemia over 8 weeks. Significant upregulation of
phosphorylated AMPK but downregulation of phosphorylated mTOR was also observed in
the early stage of DR before 8 weeks of hyperglycaemia. After the inhibition of autophagy
using 3-methyladenine (3-MA), apoptosis of RGCs was significantly increased in the dia-
betic retinas. These results indicated that autophagy induced by hyperglycaemia may act
as a survival attempt to rescue RGC apoptosis; however, the insufficient activation of au-
tophagy failed to maintain retinal homeostasis. It suggested that AMPK-activation-induced
autophagy may play a neuroprotective role in DR.

A similar result was also reported in a recent study. Fang et al. found that LC3-II and
p62 levels, as well as the phosphorylated proteins in the PI3K/Akt/mTOR signalling path-
way in STZ-induced diabetic rats, were increased when compared with the normal control
group [87]. This suggested that retinal autophagy was initiated in DR but was inadequate
to protect retinal neurons due to the excessive activation of the PI3K/Akt/mTOR signalling
in DR. After the administration of a traditional Chinese medicine, Mingmu Xiaomeng
tablets (MMXM), which have been proven as an effective mTOR inhibitor, LC3-1I, p62,
p-PI3K, p-Akt, and p-mTOR protein levels were significantly decreased in retinal tissue
compared with that of the untreated diabetic rats. Glial fibrillary acidic protein (GFAP) is a
specific glial cell marker that is used to reflect the response of glial cells under pathological
conditions. The therapeutic effects of MMXM were also observed in retinal Miiller cells
(RMCQ), including the inhibition of GFAP overreaction and the restraint of local inflamma-
tion. Since RMC is a key player in inducing the expression of acute-phase response proteins
and other inflammation-related genes in DR, the expressions of downstream inflammatory
cytokines, such as IL-1f3, IL-4, IL-6, TNF-o, and VEGF, were also significantly reduced.

RMCs provide structural and neurotrophic support to the retina via uptake and reg-
ulation of neurotransmitters. RMC hyperplasia is one of the early pathological changes
in DR [88], and upregulated GFAP expression in RMCs was found in animal models and
tissue from diabetic patients. A recent study showed that mTORC1 may play an impor-
tant role in RMC dysfunction during DR [89] (Table 2). Besides the upstream kinases,
mTOR senses multiple stimuli, including growth factors, amino acids, nutrients, energy
status, and cellular stress. Guo et al. found that high glucose (HG) treatment increased
glutamine synthetase activity in the cultured RMC, which promoted the biosynthesis of
Gln, leading to the activation of mTORC1 through ADP-ribosylation factor 1 (Arf 1) in Rag
GTPases-dependent and Rag-independent manners [89]. RMC proliferation and activation
in high-fat diet and STZ-induced mouse diabetic models were inhibited by rapamycin.
Lopes de Faria et al. investigated the correlation between the autophagy machinery and
ER stress in RMCs in the HG condition and found that lysosome-mediated autophagy was
impaired in RMCs. However, autophagy was activated due to the sustained but insufficient
ER stress response inducing the misfolded /unfolded protein under oxidative stress condi-
tion [90]. There were higher amounts of autophagosomes in the cytosol and accumulating
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p62/SQTSMI cargo than those in the normal control (NC) group, which usually occurred
when autophagic flux was compromised. Furthermore, the lysosome proteolytic activity
decreased due to the malfunction of cathepsin L. After the administration of rapamycin, the
recovery of cathepsin L activity improved the autophagic flux and reduced p62/SQTSM1
cargo accumulation leading to the amelioration of ER stress.

Table 2. Involvement of mTOR in DR: in vitro and animal studies.

Target Cells or Tissue Disease Model mTOR 1 A L Related Markers Related Pathways Effects of lated mTOR
R28 cells Hypoxia-induced AMD model Insulin LC3A| PI3K/AKT/mTOR? Oxidative stress| VEGF| [49]
X . Beclinl? Apoptosis|

rMC-1 HG Rapamycin i mTOR| VECEL [90]

ARPE-19 HG Curcumin - PI3K/AKT/mTOR | TNF-o/ IL-13 /IL-6)

LC3B2| ROS
661W cells HG 3-MA P62/ PI3K/AKT/mTOR? Mitophagy Apoptosis’ [91]
Ex vivo mouse retinal . LC3-11 e
explants HG Octreotide LC3-I net flux’ mTOR/S6K1| Apoptosis [92]
RGCs STZ-induced diabetic rats 3-MA Blgcl}n-l A AMPK | /mTORT ApoptosisT [28]
RGCs STZ-induced diabetic mice Rapamycin - mTOR/S6K1 | aumi 193]
NN . YAP/GS/Gln/ RMCs activation/
RMCs STZ-induced diabetic rats/HG PPP1CA mTORCL | proliferation’ [89]
L3It IL-13/ IL-6/
RMCs STZ-induced diabetic rats MMXM g PI3K/AKT/mTOR| VEGF| [87]
P62 GFAP|
VEGF| PEDF|
Retina tissue STZ-induced diabetic rats Rapamycin - mTORC1/S6K1 HRCECs [94]
proliferation/migration.
Retina tissue STZ-induced diabetic rats Phosphatidic acid - mTOR/S6K1" Apoptosis | [95]
STZ-induced diabetic AKT/mTORC2/

Retina tissue rats/Ins2AKt mice Insulin/phloridzin - mTEL)IEgIl’l/SﬁKl / Retinal protein synthesis’ [96]

Ribosomal protein S6 kinase beta-1 (S6K1) is a downstream target of the mTORC1
pathway. It is phosphorylated and activated by mTORC1; therefore; the level of p-S6
is often used as an indicator of the activation degree of the mTORC1 pathway. In the
STZ-induced diabetic model, the expressions of p-56 and VEGF were upregulated in the
retina [94]. After the administration of rapamycin in HG-induced human retinal capillary
endothelial cells (HRCECs), the expression of p-S6 was decreased, and the proliferation
and migration of HRCECs were restrained. It indicated that mTORC1 is involved in the
development of DR, targeting different cells in the retina.

mTOR also serves as a regulator to maintain the balance between retinal neuronal
death and survival based on the equilibrium between apoptosis and autophagy [97]. Due to
microvascular alteration in DR, retinal neurons are subjected to ischaemia/reperfusion (I/R)
injuries. Tang et al. compared autophagy level in hyperglycaemic and normoglycaemic
states following I/R injury and found an elevated autophagy after two hours of ischaemia
induced by middle cerebral artery occlusion (MCAO) surgery in the retinae of Akita
mice [98]. After two hours of reperfusion, the expression levels of LC3B and LAMP1 were
still higher in the inner retinae of Akita MCAO mice compared with sham-treated Akita
mice. In contrast, the expression level of LCB3 was higher in WT sham-treated mice than
WT MCAO-injured mice. It indicated that the upregulated autophagy was pre-existing
in the chronic hyperglycaemic condition and sustained at a higher level in the retinal I/R
episode. Moreover, the autophagy upregulation exhausted and returned to basal levels
after longer time reperfusion of 22 h. It is possible that upregulated autophagy has a
beneficial effect in the I/R-injured retina under hyperglycaemia. Amato et al. also found
high glucose treatment significantly increased apoptosis and decreased the autophagic
flux by the up-regulation of mTOR in ex vivo mouse retinal explants [92]. Compared with
untreated explants, LC3 immunolabeling was dramatically reduced in different retinal
layers, including GCL, INL, and OPL. After the administration of octreotide, a well-known
inhibitor of the PI3K/AKT/mTOR pathway, in HG-treated retinal explants, apoptosis was
reduced below control levels, and LC3 expression was increased in different types of retinal
neurons, especially the bipolar cells and ganglion cells. It suggested that mTOR may play a
significant role in the crosstalk between apoptosis and autophagy in DR.

More importantly, rapamycin may have an antioxidative effect and plays a role in
the amelioration of diabetic oxidative stress. Ozdemir et al. found that oral rapamycin
treatment reduced nitrotyrosine and malondialdehyde (MDA) levels, both of which are
oxidative stress markers, in STZ-induced diabetic rat retina [99]. It is possible that ra-
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pamycin prohibits the induction of inducible NO synthase (iNOS) in the retina by reducing
the expression of inflammatory mediators, such as VEGF, TNF-«, and IL-1f3 [100]. The
inhibition for the secretions of inflammatory mediators through the AKT/mTOR pathway
was further confirmed by Ran et al., who found that curcumin had comparable effects
with rapamycin to inhibit the phosphorylation of AKT and mTOR, as well as reducing
the HG-induced ROS in RPEC [28]. Semaglutide and rosiglitazone are two commonly
used antidiabetic drugs. Yang et al. found the combined treatment of these two drugs
inhibited the PI3K/Akt/MTOR signalling pathway and the inhibition of mTOR reduced
oxidative stress in STZ-induced diabetic rat retina [101]. The combination administration
also downregulated GFAP expression in Miiller cells; however, the relationship between
mTOR signalling inhibition and the alleviation of Miiller cells activation is unknown.

4.2. mTOR and Age-Related Macular Degeneration (AMD)

AMD is the leading cause of central vision impairment in the industrialised world [102].
There are two basic types of AMD, wet (exudative) AMD and dry (nonexudative) AMD.
Wet AMD is a serious type of AMD featured with neovascularisation and subretinal haem-
orrhage. Most AMD patients have dry AMD, which accounts for 90% of AMD cases [103].
Dry AMD is characterised by RPE dysfunction, drusen formation, and progressive loss of
neurons [104]. Although the precise mechanism of AMD has not been delineated, many
studies have shown that oxidative stress acts as an initial trigger for the pathogenesis
of AMD [105-108] and plays a central role in the progression of AMD [109-111]. As an
early sign of AMD, drusen-like deposits have been found in SOD (superoxide dismutase)
knockout mice [112,113]. The decreased autophagy in RPE cells exposed to oxidative
stress reduces the removal of aggregated proteins and damaged organelles, leading to
the formation and accumulation of those subretinal deposits [114,115]. Phospholipid de-
cosahexaenoic acid (DHA) from the shredded photoreceptor outer segments is one of the
main sources of ROS after lipid peroxidation in RPE cells [116]. The end-products of lipid
peroxidation activate the nuclear factor kappa-light-chain-enhancer of activated B cells’
(NF-kB) signalling pathway, triggering a proinflammatory cascade, which could lead to
choroidal neovascularization (CNV) formation [110].

mTOR, the key member of the PI3K/AKT/mTOR signalling pathway, plays a fun-
damental role in cellular nutrient, oxygen, and energy sensing [117]. A previous study
has shown the strong association between hypoxia and RPE-associated neovascularisation
in dry AMD [118]. The long-lasting hypoxia activates PI3K/mTOR, which increases the
expression of hypoxia-inducible factor-1a (HIF-1a). The accumulation of HIF-1a protein
significantly induces apoptosis and the secretion of angiogenic factors. Lin et al. found
that Silibinin, a traditional medicine extract, inhibited the PI3K/mTOR signalling pathway,
leading to the reduction in HIF-1a subunit accumulation, suppressing RPE apoptosis and
secretion of VEGF in a rat model of VEGF-induced AMD [119]. Interestingly, Silibinin
reversed hypoxia-initiated autophagy induction in hypoxia-conditioned ARPE-19 cells,
although the mTOR pathway had been inhibited. This is probably because of the interaction
between autophagy and oxidative stress since oxidative stress activates autophagy and
elevated autophagy, in turn, reduces oxidative stress. Mitter et al. found that there was
a dynamic alteration in autophagic flux in cultured RPE cells based on the time exposed
to oxidative stress [115]. The autophagy activity increased significantly when exposed
to short-term (4 hrs to 24 hrs) oxidative stress and decreased when exposed to long-term
(1 d to 14 d) oxidative stress. Rapamycin not only protected ARPE-19 cells from an acute
lethal dose of HyO; but also rescued the autophagy activity, leading to a reduction in
ROS generation and lipofuscin-like granule accumulation upon long-term oxidative stress.
Besides the in vitro model, rapamycin also played a key role in attenuating an inflammatory
response and oxidative stress in sodium-iodate (NalOs3)-induced retinal degeneration in
mice as well [21].

mTOR is an essential upstream regulator of autophagy, which inhibits the ULK1-
ATG13-RB1CC1/FIP200 complex. To investigate the relationship between autophagy and
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AMD, Yao et al. used the Cre-loxP system to knock out the Rblccl gene in mice [114]. After
the deletion of Rblccl, significant autophagy defects were observed in the RPE, including
decreased conversion of LC3-I to LC3-II, accumulation of autophagy-targeted precursors,
and increased numbers of mitochondria, accompanied by the deposition of inflammatory
and oxidatively damaged proteins and subretinal drusenoid deposits. In contrast, Cai
et al. enhanced autophagy by overexpressing miR-29, a key precursor molecule that post-
transcriptionally repressed LAMPTOR1/p18 and reduced the recruitment of mTORC1 to
lysosomal membranes [120]. Upon inhibition of mTORCT activity, the elevated autophagy
enhanced the removal of protein aggregates. Similar results were reported using rAAV-
mTOR shRNA to block the activity of both mTOR complex 1 and 2 in the mouse laser-
induced CNV model [121]. Besides the removal of protein aggregates, Ebeling et al. found
that rapamycin improved the clearance of damaged mitochondria in donated human RPE
cells with AMD [122]. It also showed that rapamycin increased basal respiration and
attenuated mitochondrial function in RPE cells [122]. Table 3 is a summary of the in vitro
and in vivo studies investigating the involvement of mTOR in AMD (Table 3).

Table 3. Involvement of mTOR in AMD: in vitro and animal studies.

Target Cells or Tissue Disease Model mTOR Autop lated Markers Related Pathways Effects of Regulated mTOR  Reference
ARPE-19 H,0,-induced RPE cell injury model Silibinin LC3A| PI3K/AKT/mTOR | Oxidative stress|, VEGF |, 46]
ARPE-19/hRPE H, 0, -induced RPE cell injury model a-MSH - PI3K/AKT/mTOR®  Oxidative stress| Apoptosis| [123]
hRPE/HUVEC Hypoxia-induced RPE cell injuiry model Temsirolimus - mTOR | VEGF| PEDEF| [19]
hRPE Human AMD patient Rapamycin LC3-11/1 mTOR | Mt function” Mitophagy [122]
H,0,-induced RPE cell injury model - . Oxidative stress|, ROS |
ARPE-19/hRPE ot Rapamycin L.C3 puncta’ mTOR| e e ot [115]
L3 Apoptosis|
ARPE-19 H,Os-induced RPE cell injury model Resveratrol 62! mTOR| VEGFA | [124]
- o P IL-6/TL-8)
ARPE-19 L‘P'd*r’eﬂi’:fs;ﬁf‘:‘éﬁuced RPE Glucosamine ;gg'“/ﬂ AMPK? /mTOR/| Lipofuscin-like deposit| [125]
ARPE-19/hRPE ocB-crystallin R120G-mutation-induced miR-29 LC3-11/17 p62) mTOR| Protein aggregation | [120]
protein aggregation model
Vascular leakage | CNV
Retina tissue Laser-induced model of CNV GSK2126458 PI3K/mTOR | lesions | Apoptosis|, [126]
Serum glucose level |
Retina tissue Laser-induced model of CNV rAAV-mTOR shRNA LC3Bt PI3K/mTOR| Vascular leakage| CNV [127]
ATG71 lesions|, Apoptosis..
Retina tissue Laser-induced model of CNV rAAV2-shmTOR-SD - mTOR| CNV lesions | Apoptosis | [127]
Oxidative stress | Apoptosis|.
Retina tissue NalOj induced retinal degeneration Rapamycin - mTOR | GFAP 1]

I1-6/ MCP-1/TNF-o |

4.3. mTOR and Retinitis Pigmentosa (RP)

In contrast to AMD, retinitis pigmentosa (RP) is a genetic disorder with early onset and
characterised by diffuse progressive degeneration of predominantly rod photoreceptors
with subsequent dysfunction of cone photoreceptors. Although this inherited retinal
degeneration does not share the same common pathological processes with other ocular
neurodegenerative diseases, such as AMD, DR, and glaucoma, that are induced by oxidative
stress, hypoxia, and inflammation (Figure 1), mTOR plays a critical role in the pathogenesis
of RP. In a rat model for retinitis pigmentosa, D’Cruz et al. found that the mutation of
receptor tyrosine kinase gene Mertk caused an RPE phagocytosis defect, which led to the
accumulation of rod outer segment debris [128]. More importantly, the mutation of this
autophagy-related gene was found in RP patients as well [129]. As a master regulator of
the autophagic signalling pathway, mTOR may also be involved in the regulation of Mertk.
MERTK expression was shown to be regulated by rapamycin in a time-course-dependent
manner [130]. In an rd] mouse model of retinitis pigmentosa, mTOR was upregulated
in photoreceptors. Furthermore, the progression of retinal degeneration in rd1 mice was
alleviated after rapamycin treatment [131].

4.4. mTOR and Glaucoma

Glaucoma, a leading cause of irreversible blindness in the world, is one of the most
common ocular neurodegenerative diseases. It is characterised by a progressive death of
RGCs and structural damage to the optic nerve (ON) [132]. Elevated intraocular ocular pres-
sure (IOP) has always been thought to be the major risk factor of this disease; however, RGC
and nerve fibre loss may also occur in a person with normal IOP [133,134]. A great deal of
studies have provided evidence showing the involvement of the mTOR signalling pathway
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in the pathogenesis of glaucoma. A recent study found that AMPXK, a critical regulator of
mTORC1, was highly expressed in RGCs from both mice with high IOP and patients with
primary open-angle glaucoma [135]. Ocular hypertension-induced AMPK overexpression
strongly inhibited mTORCI, leading to RGC dendrite retraction and synapse elimination
in the early stage. The restoration of mTORC1 activity by knocking down AMPK rescued
dendrites and synaptic contacts and promoted RGC survival. It indicated that activated
mTORC1 is essential for RGC dendritic maintenance and regeneration, and the inhibition
of mTORC1 may diminish its neuroprotective effects in hypertension-induced RGC injury.
Similar results were found by Park et al. They observed a significant decrease in mTOR
in rat glaucomatous retinas [48]. Furthermore, when autophagy was inhibited by 3-MA,
apoptosis of RGCs was significantly decreased in glaucomatous retina.

Not only in RGCs, mTOR-mediated autophagy was also activated in Miiller cells in
an ischaemic injury model induced by CoCl, [136]. After the treatment of lutein, a potent
anti-oxidant, autophagosome formation induced by rapamycin was suppressed [137].
Moreover, the rMC-1 cell viability and survival rate significantly increased when autophagy
was inhibited by lutein [137]. Autophagy is generally considered as a neuroprotective
mechanism in the early onset of stress condition. However, over-upregulated autophagy
may exacerbate hypoxia-induced cell damage to retinal neurons.

Owing to the versatile roles of the mTOR signalling pathway in multiple cellular
functions, it could induce off-target effects [138]. The non-specific effects are also time-
dependent; sustained daily rapamycin treatment may promote neuroprotection through
activation of multiple pathways downstream or crosstalk with mTOR. Su et al. found
that rapamycin promoted RGC survival in a rat chronic hypertensive glaucoma model
via inhibition of neurotoxic mediators release and suppression of RGC apoptosis [15].
Moreover, the anti-apoptotic effects were induced directly by rapamycin instead of acting
through the PI3K/AKT cell survival pathway. Rapamycin also played a role in inhibiting
the activation of microglia in the glaucomatous retinas, preventing the release of pro-
inflammatory factors [139]. Topical administration of rapamycin has also shown robust
neuroprotective effects in a rat glaucoma model [18]. Strikingly, rapamycin eye drops
could reduce IOP by inhibiting RhoA protein activation that regulates actin cytoskeleton in
trabecular meshwork (TM) cells.

The trabecular meshwork, which controls the outflow of aqueous humour (AH), plays
a critical role in the regulation of IOP. TM cells in the AH pathway are constantly subjected
to oxidative stress, which increases the generation of intracellular reactive oxygen species
(ROS), leading to mitochondrial dysfunction and apoptosis [140,141]. Besides, the TM
cell is one type of post-dividing cell that does not have the capacity to remove excess
harmful substances, such as damaged DNA and lipids and collagen deposits [142]. A
study also showed that the autophagy homeostasis of TM cells was disrupted in glaucoma
patients [143]. Decreased autophagy activity can be considered as an indication of pro-
gressive dysregulation of TM function. Studies on promoting autophagy activity in TM
cells by blocking the mTOR signalling pathway have been conducted. Zhu et al. found
that rapamycin treatment decreased x-actin and myocilin expression in the TM cells of a
glucocorticoid-induced glaucoma (GIG) mouse, which was responsible for the extracellular
matrix deposition in the TM cells [20]. Rapamycin also recovered the TM ultrastructural
and morphological changes in a glaucomatous mouse model, including mitochondrial and
collagen fibre arrangement and basement membrane integrity. As a result, the elevated
IOP was alleviated after treatment. He et al. found that rapamycin dramatically cleared
the damaged mitochondria and accumulated ROS in the TM-1 cells that were exposed to
rotenone-induced oxidative stress [16]. Rapamycin also promoted mitochondrial function
and prevented TM cell death. Moreover, Igarashi et al. found that topical rapamycin
treatment ameliorated TM fibrosis and suppressed collagen deposition in rabbit eyes after
trabeculectomy [22]. Table 4 is a summary of the in vitro and in vivo studies investigating
the involvement of mTOR in glaucoma (Table 4).
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5. Clinical Trials of mTOR Inhibitors in Ocular Neurodegenerative Diseases

As mentioned above, rapamycin, the most established mTOR inhibitor, exhibited
potent anti-angiogenic and neuroprotective effects in animal models of DR. Up to now,
there have been three clinical trials that evaluated the safety and tolerability of rapamycin
in patients with diabetic macular oedema (DMO). Krishnadev et al. conducted a phase
I/1I study that included five adult participants with diabetic macular oedema (DMO) [150].
The participants received subconjunctival sirolimus injection (440 pg) every 2 months for
12 months with the fellow eye as control. There were no significant drug-related adverse
events and repeated subconjunctival injections were well-tolerated. Limited efficacy results
were observed, including a 2-line improvement in visual acuity (VA) and 2 log unit decrease
in retinal thickness in one participant and improvement in central retinal thickness in three
participants; however, one participant had a 2-line worsening of VA and a 1 log unit
increase in retinal thickness. Dugel et al. conducted a phase I study to evaluate the safety
and tolerability of different dosages of sirolimus in DMO patients with two administration
routes, single subconjunctival (SCJ), and intravitreal (IVT) injection, respectively (220, 440,
880, 1320, or 1760 pg vs. 44, 110, 176, 264, or 352 pug) [151]. Twenty-five DMO patients
were assigned into each treatment group with the fellow eye as a control. During 90 days
of observation, there were no significant drug-related adverse events and dose-limiting
toxicities. For the SCJ group, a median increase in BCVA (5.0, 3.0, 4.0, and 4.0 letters) was
observed at day 7, 14, 45, and 90, respectively. At day 45, the median decrease in retinal
thickness was —23.7 pm. In comparison, the median increase in BCVA of IVT (2.0, 4.0,
4.0, and 4.0 letters) was observed at day 7, 14, 45, and 90, respectively. At day 45, the
median decrease in retinal thickness was —52.0 pm. These clinical data provided support
for prospective larger randomised trials of rapamycin in the treatment of DR.

To date, there have been three clinical trials that evaluated the safety and efficacy
of rapamycin in the treatment of AMD-associated GA. Wong et al. conducted a phase
II trial that included 11 participants with bilateral GA [152]. The participants received
subconjunctival sirolimus injection (440 pg) every 3 months for 24 months with the fellow
eye as a control. Although the treatment was safe and well-tolerated, no significant
beneficial effects of sirolimus were observed in the prevention of GA progression; a drug-
associated VA decrease was instead found when compared with untreated eyes. In the
phase I/1I trial conducted by Petrou et al., ocular adverse events, including accelerated
retinal thinning and abnormal perilesional changes, on fundus autofluorescence (FAF)
were found in two of six participants besides drug-related endophthalmitis [153]. Later, a
larger phase II trial was conducted, which included 52 participants with GA treated with
monthly intravitreal injection of sirolimus (440 ug) [154]. The trial was suspended because
of the observed sterile endophthalmitis in three participants treated with sirolimus. No
significant structural or functional benefits were observed after sirolimus injection when
compared with the sham group.

There are several potential reasons for the unsatisfactory efficacy in the clinical trial
of rapamycin for GA. Firstly, the neuroprotective effects of rapamycin that are efficient
in the experimental models of AMD may not be potent enough to prevent and slow
down the progression of GA alone, especially in its later stages. Secondly, the protective
effect induced by upregulated autophagy in early AMD may exacerbate the apoptosis
of retinal neurons in the late stage of AMD. Furthermore, due to the complexity of the
mTOR signalling pathway, its effects to modulate the pathological process of disease is
unpredictable, and off-target effects are inevitable, especially in the long-term treatment
with rapamycin. A systemic kinome-wide approach is required to profile the selectivity
and potency of mTOR inhibitors. Recently, Liu et al used chemical proteomics and assays to
study the enzymatic activity, protein binding, and disruption of cellular signalling of some
mTOR inhibitors, including Torin 1, PP242, Ku-0063794, and WYE354 [155]. The mTOR
pathway also has a different contribution in the retinal neurodegeneration in different
pathological contexts. Although chronic ischaemic changes are the common pathological
pathway of glaucoma and DR, and RGCs are under energetic stress due to ischaemia,
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rapamycin-induced autophagy played a positive role in promoting RGCs’ survival in the
diabetic retinas, whereas increased RGC apoptosis was found in the glaucomatous retinas
with rapamycin. AMD is a complex disease with a distinct pathological context in different
stages of the disease. The modulation of rapamycin may result in paradoxical outcomes in
different types of AMD as well. Indeed, clinical trials of mTOR inhibitors in CNV have also
been performed with more favourable results.

A series of pilot clinical trials have been conducted to evaluate the safety and efficacy
of mTOR inhibitors for CNV both as a single drug and co-treatment with anti-VEGF therapy.
Nussenblatt et al. performed a phase I/1I clinical trial that included three CNV patients
receiving an oral dose of rapamycin (2 mg daily) combined with intravitreal anti-VEGF
injection [156]. The treatment was safe and well-tolerated and there were no systematic
drug-related adverse events during the six-month observation. Compared with other
immunosuppressive drugs, including daclizumab and infliximab, there was no significant
difference in the reduction in anti-VEGF injection frequency nor VA improvement and
retinal structure amelioration. Furthermore, a recent phase II trial was performed in 2021
to evaluate the safety of the monotherapy with intravitreal sirolimus, and its efficacy
was compared with conventional anti-VEGF treatment in exudative AMD [157]. Twenty
participants with CNV were assigned to each treatment group with the fellow eye as
control. No obvious adverse events were observed, and the treatment is safe and tolerable.
VA improvement (6 letters) was observed for both treatment groups; however, there
was no significant difference between each other. Most importantly, significant anatomic
improvement was found after sirolimus treatment. The mean central subfield thickness
(CST) was decreased by 40 um in the sirolimus group compared with the 20 um CST
increase in the anti-VEGF group. The second-generation mTOR inhibitor, Palmoid 529,
was also tested in a clinical trial for the treatment of CNV. Dalal et al. conducted a phase
I trial that included 13 CNV patients to assess the safety and efficacy of Palmoid 529
subconjunctival injection (1.9 mg, every four weeks) for 12 weeks in a short period [158].
There were no drug-related adverse events and no ocular or systemic safety concerns for
the treatment. Probably due to the limited sample size, no treatment effects were found
in those anti-VEGF refractory patients. Larger-scale randomised studies are, therefore,
required to test the efficacy of the dual inhibitor in the treatment of CNV. Table 5 is a
summary of the clinical trials of mTOR inhibitors in ocular degenerative diseases including
AMD and DR (Table 5).
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6. Discussion

In line with the potent antioxidant and anti-inflammatory effects of mTOR inhibitors
in different ocular neurodegenerative disease models shown above, rapamycin, a lead
mTOR inhibitor, presents an attractive treatment option in the clinical trials of DR and AMD
with a favourable safety profile and sustained ocular pharmacokinetics (Table 5). However,
some studies reported that mTOR activation may have beneficial effects on the survival
of cellular components in the retina. Cao et al showed that NGF (nerve growth factor)
protected RPE cells against HyO,-induced cell apoptosis through the PI3K/Akt/mTOR
and ERK/MARK signalling pathway [23]. Co-treatment with rapamycin diminished NGF-
induced S6 phosphorylation and protective effects against oxidative stress in ARPE-19 cells.
Since the modulation of mTOR was conducted in an RPE cell line, it is possible that mTOR
upregulation may induce distinctive effects in vivo. mTOR may also have different contri-
butions to different cellular components in the retina and to different disease conditions,
respectively. Park et al. reported that the upregulation of mMTOR decreased RGC apoptosis
in glaucomatous retinas, which was instead increased in the diabetic retinas [48]. mTOR-
mediated autophagy may, therefore, play different roles in RGCs’ survival in different
disease conditions. It is unclear whether prolonged and/or overregulated autophagy may
have detrimental effects to the retinal cell survival. Especially, the mTOR signalling pathway
may also affect the metabolism in the retina. Fang et al. found that short-term rapamycin
treatment (6 weeks) induced metabolic impairment in mice, but prolonged rapamycin treat-
ment (20 weeks) reversed the detrimental effects, with better metabolic profiles, increased
oxygen consumption and ketogenesis, and markedly enhanced insulin sensitivity [162].
Yet, conflicting results were reported; short-term hyperglycaemia (1 month) upregulated
mTORCT activity, inhibited autophagy, and prevented RGCs death, whereas prolonged
hyperglycaemia (6 months) downregulated mTORC1 activity, promoted autophagy, and
induced RGCs damage [93]. In light of this, it is important to address how mTOR signalling
contributes to retinal neurodegeneration. A systematic profiling of mTOR signalling has
been conducted in the foetal fibroblasts [163], but there is no publication covering the
mTOR genetic profile in the disease model of retinal neurodegeneration. With more evi-
dence on how mTOR modulates autophagy, cell proliferation, apoptosis, and metabolism
in the retina, precise treatment using new drug delivery techniques and gene therapy may
avoid adverse effects and provide higher therapeutic effectiveness. Indeed, rAAV-mTOR
shRNA (recombinant adeno-associated virus-delivered mTOR inhibiting short hairpin
RNA) treatment significantly reduced CNV lesions and decreased local inflammation in a
laser-induced mouse model [121]. Another gene therapy study using rAAV2-shmTOR-SD
achieved similar results [127]. Furthermore, the development of newer compounds that se-
lectively induce or target autophagy may have a more promising therapeutic perspective in
ocular neurodegenerative diseases (Figure 4). Wen et al. found that inhibition of mTORC2
alone resulted in blood—optic nerve barrier disruption, but co-treatment with rapamycin
and mTORC2 activator SC79 improved RGC survival [164].
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Figure 4. Timeline of mTOR inhibitors from discovery to the clinic for the treatment of ocular
neurodegenerative diseases. Abbreviations: AMD, age-related macular degeneration; CNV, choroidal
neovascularization; EGCG, epigallocatechin gallate; HG, high glucose; GA, geographic atrophy;
MMXM, Mingmu Xiaomeng; OCT, octreotide; OPTN, optineurin; RGC, retinal ganglion cell; rMCs,
retinal Miiller cells. References in the figure: 1992 [55], 1990 [60], 1991 [1], 1997 [63], 2002 [61],
2009 [159], 2010 * [162], 2010 ** [161], 2013 * [160], 2013 ** [123], 2014 * [146], 2014 ** [16], 2015 * [44],
2015 ** [94], 2016 * [120], 2016 ** [83], 2018 [89], 2019 * [19], 2019 ** [136], 2021 * [153], 2021 ** [28],
2021 ***[91].

7. Conclusions

Autophagy is an essential catabolic process critical for stress responses and the mainte-
nance of cellular homeostasis. Autophagy promotes cell survival by eliminating damaged
cellular components in response to oxidative stresses. As one of the key regulators of
autophagy, the involvement of the mTOR signalling pathway in the pathophysiology of
major ocular neurogenerative diseases, including DR (Table 2), AMD (Table 3), glaucoma
(Table 4), and RP, was summarised in this review, which focused on the common patho-
logical processes, including mitochondrial dysfunction, elevated ROS level, and increased
ER stress induced by oxidative stress, hypoxia, and inflammation (Figure 1). Each of these
processes plays a substantial role in the regulation of mTOR by modulating the upstream
signalling pathways, such as PI3K/Akt, AMPK, and TSC1/2. Although rapamycin may be
an attractive treatment option in DR and AMD, more clinical trials are still needed. It is
also essential to understand how mTOR modulates autophagy, cell proliferation, apoptosis,
and metabolism in the retina. New drug delivery techniques and gene therapy, as well
as selective regulators in the mTOR pathway, may help to avoid the adverse effects and
provide more precise treatment, yielding higher therapeutic efficacy.
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Abstract: All processes in human physiology relies on homeostatic mechanisms which require the
activation of specific control circuits to adapt the changes imposed by external stimuli. One of
the critical modulators of homeostatic balance is autophagy, a catabolic process that is responsible
of the destruction of long-lived proteins and organelles through a lysosome degradative pathway.
Identification of the mechanism underlying autophagic flux is considered of great importance as both
protective and detrimental functions are linked with deregulated autophagy. At the mechanistic and
regulatory levels, autophagy is activated in response to diverse stress conditions (food deprivation,
hyperthermia and hypoxia), even a novel perspective highlight the potential role of physical forces in
autophagy modulation. To understand the crosstalk between all these controlling mechanisms could
give us new clues about the specific contribution of autophagy in a wide range of diseases including
vascular disorders, inflammation and cancer. Of note, any homeostatic control critically depends in at
least two additional and poorly studied interdependent components: a receptor and its downstream
effectors. Addressing the selective receptors involved in autophagy regulation is an open question
and represents a new area of research in this field. G-protein coupled receptors (GPCRs) represent one
of the largest and druggable targets membrane receptor protein superfamily. By exerting their action
through G proteins, GPCRs play fundamental roles in the control of cellular homeostasis. Novel
studies have shown Gaq, a subunit of heterotrimeric G proteins, as a core modulator of mTORC1
and autophagy, suggesting a fundamental contribution of Gaxqg-coupled GPCRs mechanisms in the
control of this homeostatic feedback loop. To address how GPCR-G proteins machinery integrates the
response to different stresses including oxidative conditions and mechanical stimuli, could provide
deeper insight into new signaling pathways and open potential and novel therapeutic strategies in
the modulation of different pathological conditions.

Keywords: GPCR; Gq; autophagy; oxidative stress; mechanotransduction; extracellular matrix

1. Introduction

Cells are constantly exposed to a huge number of intra-and extra-cellular signals
which requires a proper cell response for adaptation and homeostasis control [1]. Among
the different sensors and integrators for such varying signals, the family of G-protein
coupled receptors (GPCRs) arise as one of the most important transducers [2,3]. With
over 800 GPCRs encoded in the human genome, this family of transmembrane receptors
can bind a plethora of stimuli which include hormones, metabolites, and inflammatory
mediators, influencing a diverse network of signaling pathways [4].

Apart from the classical chemical inputs, recent studies have begun to unravel the
potential of mechanical and architectural properties of the environment as a new and
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alternative way to dynamically modulate cellular homeostasis [5]. Extracellular Matrix
(ECM) is considered as an intricate meshwork of proteins and carbohydrates organized in a
specific manner which acts not only as a reservoir of growth factor and bioactive molecules
but also as a highly dynamic entity which provide mechanical rigidity and structural
support to the cells [6].

All GPCRs contain seven transmembrane domains embedded within the cell mem-
brane with several intracellular domains that trigger guanine nucleotide binding proteins
downstream signaling pathways and, interestingly, extracellular domains in GPCRs have
been reported as potentially critical elements in the interaction with components of the
ECM and as a force sensing mechanism [7,8]. This opens the questions about the potential
of GPCRs as linkers in the integration of all these signals (both chemo- and mechanical stim-
uli) raising the possibility that specific GPCRs and its downstream effectors can mediate the
crosstalk between both types of triggers during the control of homeostatic feedback loops.
Indeed, the ECM has the potential to significantly impact virtually on every physiological
cellular mechanism [9,10]. Excessive deposition and increased stiffness of ECM has been
directly linked with the progression of many different pathologies and has the potential to
regulate cellular metabolism [11].

An important downstream process in the crossroad between chemo- and mechanosens-
ing regulatory responses is autophagy [12]. The catabolic activity of autophagy is a fun-
damental cellular process that eliminates molecules and subcellular elements (including
proteins, lipids, nucleic acids and even organelles) through a lysosomal-mediated degrada-
tive pathway for providing energy sources for ATP production or building blocks for
protein synthesis [12]. Activated by different types of stress including those related with
DNA damage, hypoxia, oxidative stress, inflammation, and food deprivation and by dif-
ferent challenges arising from mechanical (stretching, shear stress or hypotonic shock),
autophagy can have both beneficial and deleterious effects [13-15]. Indeed, vascular and
heart diseases, infectious diseases, neurodegenerative pathologies, and cancer have all been
related to autophagy dysfunctions. Thus, autophagy represents a double-edge sword and
for this reason the possibility to regulate autophagy in a time- and local-dependent manner
represents a novel and valid therapeutic approach to control most of these disorders.

Several studies show the potential role of GPCRs as autophagy modulators through
their downstream heterotrimeric G proteins [16-19] or through B-arrestinl [20]. Inter-
estingly, recent data from our laboratory demonstrate that Gaq can act as a general and
relevant modulator of mTORCI signaling over autophagy in response to fluctuations in
different types of nutrients [21]; however, the contribution of mechanical forces and stromal
remodeling impact in this regulation remains elusive. In this review, we will try to summa-
rize the most recent advances in GPCRSs, its connection with autophagy and the mechanisms
underlying autophagic flux control. A better understanding of the interplay between au-
tophagy and GPCR signaling networks will be very helpful to develop pharmacological
strategies based on specific GPCR modulation with potential application to a great number
of pathological situations, ranging from vascular and cancer to neurological diseases.

2. GPCRs Regulation and Functions, beyond the Classical Modulation

GPCRs share a common structural characteristic, the transmembrane region con-
stituted by seven transmembrane spanning o«-helices linked by three intracellular and
three extracellular loops, together with an intracellular C-terminus and an extracellular
N-terminus domain [7,22].

The GPCR superfamily has been subdivided into six classes based on how their ligand
binds, or on their physiological function and structure: A, B, C, D, E and F. The classification
considers amino acid sequences and functional correlation between species, with classes D
and E missing in the mammalian system. Another analysis is based on the phylogenetic
tree groups classifying GPCRs in five families: (G) Glutamate, (R) Rhodopsin, (A) Adhesion,
(F) Frizzled /taste 2 and (S) secretin [23].
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In all cases, upon activation by specific ligands, GPCRs undergo specific conforma-
tional changes allowing them to bind to heterotrimeric G proteins (¢, 3 and y subunits).
This results in the activation of Galpha subunits by sequentially promoting the exchange
of guanosine diphosphate (GDP) for guanosine triphosphate (GTP) to the heterotrimeric
G proteins [7]. Then, GTP-bound G protein x-subunit dissociates from the 3y dimer, and
then both of which bind to their respective downstream effector molecules. Recent findings
further delineate complex receptor state transitions as transformations catalyzed both by G
proteins and effectors that bind to the ligand-bound receptors [24,25]. This GPCR signaling
can be terminated by the phosphorylation of the active receptor by specific kinases (GPCR
kinases, or GRKs), followed by the binding of arrestin proteins which leads to GPCRs de-
sensitization and internalization via clathrin-coated vesicle-mediated endocytosis [26-28].
Association of the GPCR with clathrin-coated pits induces its internalization and degra-
dation through lysosomes [29] or alternatively, GPCR can be recycled back to the plasma
membrane [30].

An additional aspect to be considered is that apart from the canonical signaling route
from cell surface GPCRs and their downstream signaling partners, recent studies demon-
strate that intracellular GPCRs can signal from internal cell compartments. They have
been found at lysosomes, endosomes, endoplasmic reticulum, nuclei and mitochondria,
displaying diverse cellular responses from their signaling at the cell surface [30]. This
raises the concept of the existence of multiple signaling platforms that can be specifically
activated by different stimuli. Thus, for some GPCRs, receptor activation and/or inhibition
may occur at the cell surface; while for others, the fact that a ligand can get across the
cellular membrane may change its functional response. From a pharmacological point of
view, this opens the possibility of a new way to selectively target specific pools of GPCRs.

Common ligands for GPCRs are strikingly diverse: spanning ions, small molecules,
lipids, peptides and proteins. Apart from its chemo-sensory function, recent studies
have unveiled the participation of GPCRs in mechano-transduction [31-34]. Experimental
evidence strongly supports the critical role of mechanical forces in the direct activation
of these receptors. Mechanical stimuli can activate GPCRs without the involvement of
their cognate agonists [35,36]. Supporting these observations, stimuli such as shear stress,
hypotonic conditions and cell stretching, that alter membrane organization, have been
reported as inducers of conformational transitions of GPCRs between an inactive to an
activated state [35,37,38]. However, there are many aspects to be explored to further clarify
how GPCRs might themselves be mechano-sensors and the mechanisms and functions
behind this novel regulatory pathway.

Recent studies have shown that extracellular N-terminus within adhesive GPCRs
can act as an anchor mechanism to the extracellular matrix (ECM), playing key roles
in response to mechanical tension and in the control of their activity [37,38]. A recent
revision approaches the different GPCRs which can be directly modulated by mechanical
forces, highlighting the critical role of specific GPCRs in mechanotransduction such as
adhesion GPCRs, AP]/apelin, AT;R, B,AR, ByR, ET{AR, GPR68, HiR, M5R PTH;R, all
of them very relevant at vascular level [35,36,39-41]. Since most GPCRs contain at least
one N-glycan chain in their extracellular domain, further investigation will be required to
address their patho-physiological functions. As part of the GPCR network, heterotrimeric
G proteins, such as Gai and Gaq/11, seem to be the critical element in the orchestration
of this mechanosensitive response [40,41]. A more detailed information is listed in Table 1
where GPCRs mainly coupled to Gq proteins are summarized. Adding to the complexity,
mechanical forces can also be sensed by intracellular organelles [42]. Mechanosensitive
organelles such as the nucleus, mitochondria or even lysosomes are also the residence for
GPCRs and its downstream signaling, opening interesting new areas in GPCR field.
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Table 1. Gg-coupled GPCRs and their stimuli.

GPCRs (Coupled to

Chemical Class of Natural Ligand

Mechanical Stimulation References

Gq Protein)
5HT2A
5HT2B Serotonin Mechanical stretch [43]
5HT2C
ADRA1A Adrenaline/Noradrenaline Shear stress [44]
BB1 Bombesin No reported [45]
BLT1 Leukotrienes No reported [46]
CCK1 ChOIeCySt.O kinin No reported [47]
gastrin
CysLT1 Leukotrienes Hypotonicity/ [48,49]
Increased intravascular pressure

EP1 ProstaglandinE2 No reported [50,51]
ET1AR Endothelin Stretch [34,52]
PAR1 Thrombin Laminar flow [53,54]

Gal2 Galanin No reported [55]

GHSR1a Ghrelin No reported [56]
GnRH1 Gonadotropin Insensitive [57,58]
GRP39 Obestatin/Zinc No reported [59]
GPR68

GPR4 Protons Shear stress [41,60]

HIR Histamine Hypotonicity, dlI‘G%Ct membrane stretches, [34,58,61]

shear stress, intravascular flow

M5R .

Acetylcholine Hypotoniticy and membrane stretch
[62,63]
MIR . No reported
M3R Acetylcholine
Hypotonicity, direct membrane
ATIR Angiotensin ) stretch,. pressure overload, [64-66]
increased intravascular pressure
Pressure overload
MCHR Melanin No reported [67]
. Shear stress, hipotonicity,

B2R Bradykinin Increase in plasma membrane fluidity [68]
GPER Estrogen Mechanical stress [69]
FFAR1 Fatty acids No reported [70]
PTHIR PTH Fluid shear stress [71,72]
VIAR Oxytocm Stretch, shear stress [34,73]

Vasopressin
ADGRG2 No identified Luminal fluid [74]
P2YR nucleotides Fluid shear stress/Mechanical stress [33,75,76]

3. New Avenues in Gaq/11 Signaling Complexes

Despite the high diversity of GPCRs, there are relatively small number of G proteins
involved in the initiation of different intracellular signaling cascades. As we have mention,
G protein a-subunits are defined by their ability to bind and hydrolyze GTP [77,78], which
is a central event in their functionality. On the basis of sequence similarity G« subunits
have been divided into five different families (Gas, Gai, Gaq, Ga12 and Gv) [79]. Recent
structures of GPCRs in complex with G proteins have revealed novel insights into G-protein
coupling, including sequence determinants, and the flexibility of critical contact points
(e.g., transmembrane helix 6, TM6) regulating G-protein access [80,81]. In this regard, the
characterization of the structure of fully active GPCRs complexed with G« proteins are
being solved by advances cryo-electron microscopy techniques [82-84]. Several studies
identify the N-terminus of G« proteins as a key determinant of selectivity in GPCR binding
and subsequent activation, providing new insights into the molecular basis of G protein-
coupling selectivity beyond the G« carboxy terminus [77].While some models propose
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a specific Ga binding to a particular GPCR, more recently it has been established the
possibility that GPCRs can activate several Ga subtypes, displaying certain selectivity for
specific isoforms [77,78,85].

The Gaq family of G proteins comprises four family members. The ubiquitously
expressed Gaq and Gal1, Ga14 mainly expressed in liver, lung and kidney, and Gx15/16
(orthologues in mouse/human), specifically expressed in hematopoietic cells [86-88]. In
this review we will focus on Gaq, the most widely studied member.

Classically, Gaq activity has been linked to the binding and activation of the 3-isoform
of phospholipase C, but in the last years a complex and important Gaq interactome has
unraveled the possibility of activating different signaling pathways in distinct cellular
scenarios [89]. Indeed, as intracellular GPCRs, it has become more evident that G proteins
can dynamically be modulated to localize at diverse subcellular compartments. These
new localizations provide novel mechanisms for signaling by G proteins [90,91]. A great
number of cellular components have been reported to interact with Gaq, resulting in
either propagation or deactivation of Gxq signaling. Gxq is known also to interact with
components of the cytoskeleton, with important organizers of membrane microdomains,
an also to reside in different organelles (see [79] for more details). This includes proteins
involved in the regulation of GTPase activity such as GAPs (GTPase-activating proteins)
and GEFs (Guanine-nucleotide-exchange factors) which led to the modulation of G protein
cycle [92]. The regulator of G protein signaling (RGS) proteins act as GAP for G proteins,
accelerating endogenous GTPase activity of Ga subunits. More than 20 members of RGS
have been described with different members regulating Gaq activity [93,94]. Although
RGS2 showed selectivity for Gaq/11 over Gi/o in vitro and in intact cell assay, recent
data reveals new rules governing RGS-G« recognition and the structural basis of this
selectivity [95]. In a yeast two-hybrid screening using Gaq as bait, Ric8 has been also
reported as a novel regulator and Gaq effector. siRNA-gene silencing of Ric8 shows a
reduction in Gag-coupled receptor-mediated ERK activation and intercellular calcium
mobilization [96,97]. Ric-8 proteins were also shown to positively influence both plasma
membrane localization and abundance of G proteins [98]. In this sense, an additional GEF-
independent function for Ric-8 has been described during the protein synthesis process
where it serves as a molecular chaperone that aids G subunit biosynthesis and mediates
the initial association of G protein « subunits with endomembranes [99].

Interestingly, multitude of physiological processes regulated by GPCRs signaling
regulators are involved in the rearrangements of the cytoskeleton with Rho GTPases
as key. The signaling from the stimulation of GPCR to the RhoA activation is another
important pathway which is mediated by Dbl-family GEFs [100,101]. Both G12/13 and
Goq/11 family members are upstream activators of RhoA. Recently, p63RhoGEF has been
identified as a novel effector of Gaq involved in the stimulation of SRF-dependent gene
expression. Biochemical and biophysical approaches have shown that p63RhoGEF directly
and specifically associates with activated Gaq to enhance the guanine nucleotide exchange
of RhoA, RhoB and RhoC [102]. In addition, Trio and Duet members, also act as Goq
effectors involved in the activation of RhoA [103]. Goaq interacts also with filamentous
actin (F-actin) and moreover, the stimulation of Gg-coupled GPCR recruits tubulin to
the membrane, both fostering PLCf activation [104,105]. Thus, there is a cooperative
relationship between cytoskeletal components, GPCRs and G proteins to confine signaling
molecules in specific domains.

The general view of G protein signaling usually centers on its association with the cyto-
plasmic surface of the plasma membrane and the mechanisms underlying G protein cycling
to carry out their cellular signaling functions. Plasma membrane (PM) is an extremely com-
plex cellular entity, characterized by a two-dimensional asymmetric distribution formed
by glycerophospholipids, sphingolipids, proteins, cholesterol, and carbohydrates. Its com-
position confers PM a specific fluidity, which enables the control of lateral diffusion and
mobility of embedded molecules due to liquid-ordered and liquid-disorder plasma mem-
brane microdomains [106]. Despite the controversies about the nomenclature, organization
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and dynamic of these microdomains considered as lipid rafts, what it is common to all
these membrane nanodomains is its enrichment in cholesterol, sphingolipids, and specific
anchored proteins [107]. Caveolae, represent a subset of membrane lipid rafts characterized
by an enrichment in the membrane organizers caveolins and cavins. These two principal
components have emerged as critical elements in the control of PM topography, rendering
PM invaginations of 20-100 nm size which can undergo fusion endocytic and exocytic
events through a variety of pathways ensuring protein recycling and chemical commu-
nication with the outside microenvironment [108,109]. Interestingly, plasma membrane
nanoplatforms and its lateral organization have been proposed as critical driver modulators
in the maintenance of membrane tension and in cellular mechanical responses [110].

Caveolins can act as scaffold proteins in multiprotein complexes, and they have been
described as regulators of GPCR-Gxq system [111]. It has been reported the enrichment
of GPCR signaling components in lipid rafts or caveolae, restricting their mobility and
increasing their concentration, thus promoting the interaction and the initiation of different
signaling pathways [112]. Although caveolae-lipid rafts seem to be a determinant of
receptor-effector coupling, not all GPCRs (or G proteins) are found in this liquid ordered
domains. Different types of G proteins appear to segregate differently with Gxq protein
preferentially localizing into caveolae, while Gs and Gi isoforms are mainly localized into
lipid rafts [113]. Consistent with this idea, it has been reported that Gaq but not Gs can
immunoprecipitate with Caveolin-1 (Cav1). Interestingly, while Cav1 depletion does not
alter Gaq subcellular localization, Gag-mediated GPCR signaling is impaired.

The Cavl1 contribution in the mechanosensing and adaptation in response to various
mechanical stimuli, such as membrane stretching, hypoosmotic shock, shear stress or de-
tachment [114,115], raises the possibility that Cavl-GPCR-Goq could be a novel integrated
module in the regulation of mechanotransduction. Indeed, it has been described that when
cells are subjected to osmotic pressure, the enhancement of Ca?* signals due to Gag-Cav1l
interactions is ablated [116] and more recently, an interesting work shows that the activation
of Gg-calcium dependent signaling by mechanical stretch is mediated by the type of stretch
and the amount of caveolae [117]. Previous studies have demonstrated that mechanical
stressors can result in conformational changes in Cav1 to cause the release of key signaling
molecules such as eNOS and Goq [113,118].

In addition to Cavl, Gaq has been reported to interact with flotillins, lipid rafts
resident proteins, in a mechanism which is nucleotide-binding independent. It has been
demonstrated the implication of flotillins in Gaxq-medated p38 MAPK activation, through
Src family tyrosine kinase [119]. The interesting finding that Gxq can interact with both
caveolin and flotillins opens the possibility of a differential regulation in each specific type
of microdomains, both at plasma membrane and internal compartments. Furthermore,
caveolin and flotillins can act as scaffolding proteins in signal transduction mechanisms
directly connected with multiple cellular processes including the control of autophagy.

Interestingly while many other Gaq interactors have been reported, our group has
recently described an unanticipated role of Gaq/11 as a key regulator of autophagy via
modulation and interaction with components of the mTORC1 signaling hub. We have
described that Gaq is part of the autophagic and lysosomal compartments participating
as a general modulator of autophagy in response to serum, amino acids or glucose via
interaction with the multifunctional p62/SQSTM1 protein [21]. In the next sections we will
focus on autophagy emphasizing the potential and novel contribution of GPCR-G protein
signaling in this process.

4. Autophagy between Nutrient, Mechanical and Oxidative Stress: An Emerging Role
of Gaq

Autophagy is a highly conserved mechanism for cellular degradation in which cytoso-
lic waste, protein aggregates and organelles are sequestered into a double-membrane vesicle
(autophagosome) and delivered into lysosomes for breakdown [120]. Autophagy is orches-
trated by sequential steps tightly control machinery in which ATG and associated proteins

114



Antioxidants 2022, 11, 1599

regulate the formation and maturation of autophagosomes into autolysosomes [121]. Under
pathophysiological conditions, damaged or excessive accumulation of organelles such as
endoplasmic reticulum, ribosomes, mitochondria, lipid droplets and peroxisomes can be
degraded through mechanisms mediated by a collection of specific autophagy-related
proteins [13,120].

Typically, autophagy stimulation depends on the mTOR system modulation [122]. It
is initiated by the ULK1 complex (Unc-51-like-autophagy-activating kinase) which can
receive input from cellular energy balance, and the availability of nutrients from mTORC1
(Rapamycin Complex1) and AMPK signaling networks (AMP-activated protein kinase).
Canonical initiation of autophagy entails those metabolic stresses (chemical stimuli) such
as nutrient deprivation. This causes mTORC1 dissociation from ULK1 which becomes
active and binds to ATG13 and FIP200 triggering autophagosome formation [123,124]. In
addition, mechanical stresses are also involved in autophagic flux control. Although it
is unclear whether mechanical stresses may play a direct role in ULK1 activation, it has
been reported that the mechanosensitive mTORC2 complex can indirectly induce ULK1
activation via inactivation of mMTORC1 repressor function, through a FAK (focal adhesion
kinase)-dependent mechanisms [125-127].

The extracellular matrix (ECM) constitutes a dynamic and plastic network of bio-
physical and biochemical factors that maintains tissue homeostasis. Changes in ECM
composition, elasticity, and structure have also been reported to impact on autophagic flux
raising the potential of matrix biology modulation as a critical controller of this process [9].
Apart from the interaction with physicochemical environmental imposed by the ECM,
cells are also subject, and they have to respond to a great variety of mechanical forces due
to other external forces, such shear stresses of fluid pressure (e.g., blood vessels), lateral
stretches and compression (such in the case of muscles). Overall, this plethora of short- and
large- scale forces elicit an adaptive cellular response in which autophagy seems to be a
critical player.

In this adaptive response, cells can sense extracellular mechanical cues in different
ways. This includes cellular adhesion complexes with ECM and/or cells, mechanosensors
such as proteoglycans localized at the cell surface or mechanically activated ion channels
(e.g., Piezo) [128,129] even plasma membrane-associated structures such cilium, caveo-
lae, and clathrin-coated pits [115,130,131]. Moreover, multiple intracellular organelles,
including autophagosomes, can also sense mechanical forces [132-134].

Mechanical cues imposed by forces or microenvironmental cues may affect the au-
tophagic process through specific crosstalk with autophagy regulatory proteins (such as
mTORC system, or AMPK pathway) or via mechanical regulation of cytoskeletal elements
or phospholipid membranes, which can be crucial in the autophagic process [135-137].
Interestingly, a direct link between cell attachment to ECM and autophagy has also been
reported [138]. Loss of cell attachment with the ECM usually results in programmed cell
death via anoikis. In some cases, ECM-cell detachment can rapidly activate autophagy
allowing for survival and re-attachment to the substrate [139]. However, it remains elusive
the mechanism controlling this process with integrin-mediated adhesions emerging as a
critical element [140]. Furthermore, ECM and integrin-mediated adhesion may trigger
autophagy via FAK and ILK (integrin linked kinase) being relevant in different processes
such as for immunosurveillance [141].

Additionally, matrix constituents have been shown to regulate autophagy in both
directions, promoting or inhibiting this process, depending on matrix stiffness but also
on its specific composition [142]. Indeed, recent studies have demonstrated an active
and dynamic signaling role of specific extracellular matrix components on autophagic
regulation which can act in both positive (activators) or negative (inhibitors) ways. Among
them, decorin, collagen VI, kringle 5, endorepellin and endostatin function as activators
and pro-autophagic matrix constituents that engage a diverse array of cell surface receptor
for autophagic initiation [143-145]. In contrast, laminin «2 acts as an inhibitor. Thus,
absence of laminin «2 permits excessive autophagy [146]. Interestingly, the action of all
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these components seems to be independent of the predominant nutrient concentrations.
This unique class of matrix molecules can function as an alternative mechanism to the
classical nutrient deprivation mechanism to safeguard cellular homeostatic balance through
autophagic control and providing a new mechanism through which GPCRs could also be
participating in the regulation of autophagy.

As we mention in a previous section, GPCRs are directly linked with mechano-
transduction mechanisms (see Table 1). Supporting this idea, it has been demonstrated that
mechanical perturbations can modulate GPCR conformational transitions [36]. Moreover,
the response to shear stress can be directly modulated through the Gaq-coupled GPCR,
GPR68 [35,41]. Interestingly, PKC(, a protein that we have described as new interactor of
Gouq [147], can be regulated by shear stress and activated by disturbed flow in atheroprone
areas [148]. Further evidence on this mechanical stimulation comes from studies on adhe-
sion GPCRs which display a long extracellular N-terminus with adhesive properties to the
extracellular matrix or N-glycans modifications. These glycan chains have been reported
to be able to be activated in the context of mechanical traction forces [38,149]. Further
investigations are required to really address how these forces can structurally activate
GPCRs in different contexts.

As a sequential process involving membrane remodeling events, autophagy is mechan-
ically linked to cytoskeletal dynamics that lead to mechanical deformation and transport.
Actin filaments and fibers and microtubule network can act as critical modulators in the
control of organelle dynamics and autophagy control [150].

Although the most classical autophagy process relies on the delivery of cytoplas-
mic material to lysosomes via the double-membraned autophagosome, another form of
autophagy, known as chaperone-mediated autophagy (CMA), occurs in the lysosome
directly [151]. Thus, lysosomes can be considered critical hubs in the modulation of
autophagic control. Lysosomes constitute a highly dynamic organelle which display impor-
tant changes, including acidification and enhanced enzymatic activity. Furthermore, this
organelle can move from the perinuclear localization to the cell periphery with important
implications in cell metabolic control [152].

An emerging aspect to be considered is how lysosomal position can directly modulate
its function. Lysosomes are transported bidirectionally through the microtubule network
by dynein and kinesin motors, with microtubule motors such as dynein modulating the
movement of lysosomes from the periphery towards a perinuclear location, while kinesins
promote the scattering of lysosomes through the cytoplasm [153,154]. Recent evidence
suggest that the distribution of lysosomes can be controlled by stimulation with different
inputs. Under cell starvation, autophagosomes and lysosomes move toward the center of
the cell facilitating the fusion of both compartments and the degradative capacity [155].

Several protein complexes have been implicated in the regulation of lysosomal po-
sitioning. One important regulator is the Rab7, a small GTPase involved in the coordi-
nation of appropriate coordination and homeostatic control of late endosomes and lyso-
somes [156,157]. Recently, WDRI1 a Rab7 effector has been reported to be essential for
lysosomal function [158]. In addition, the transcription factors TFEB and TFE3 are essential
to promote the expression of multiple lysosomal genes. They play critical roles in the
modulation of lysosomal biogenesis and distribution through the control of the lysoso-
mal transmembrane protein TMEMS55B (transmembrane protein 55B) expression [159].
TFEB acts as a link between autophagic process and lysosome biology [160], interacting
with mTORC1 complex but not with mTORC2 controlling the lysosomal localization and
function of mTORC1 [161].

Our recent studies strongly suggest that Gq is a critical autophagy regulator raising
the potential to control the shift between mTORC1-mTORC?2 switch through lysosome con-
trol. We have recently reported a higher number of autolysosomes in cell lacking Gaxq/11
compared to the wild type of counterpart which is directly linked with the involvement
of this protein in the modulation of autophagy [21]. Immunofluorescence with LAMP1,
a lysosomal-endolysosomal compartment marker, revealed that Gaxq KO cells showed
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a predominant perinuclear lysosomal distribution in basal conditions, a phenotype that
was mimicked by upon starving conditions. These results are consistent with a not-yet
described role of Gaq in the modulation of lysosome dynamic regulation.

Furthermore, although many components of the autophagic machinery and autophagy
receptors which are involved in the regulation of the process are being subjected to lysoso-
mal degradation, in the case of Gagq, its presence in lysosomes does not alter its protein
expression levels neither in basal nor in nutrient stress conditions which reinforce a critical
role of this protein in the modulation of the autophagic control process.

Recent studies have demonstrated by using a biosensor the presence of GTP-loaded
Gaq/11 at endosomes [162]. This provides a powerful tool to be applied to other cellular
organelles such lysosomal compartment to fully address the specific function of GPCR-
Gaq signaling at these organelles. Furthermore, this raises the possibility that GPCR-Gaq
signaling may act as a modulator of autophagy by acting as a switch between chemical and
mechanical cellular responses (see Figure 1).
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Figure 1. Gxq as a potential integrator of chemical and mechanical signals modulating autophagic
process. Involvement of Gxq interactome-autophagy control in pathophysiological settings.

Importantly, in the last years there have been many reports that suggest that oxidative
stress is also an important inducer of autophagy. Autophagy eliminates the toxic effects of
reactive oxygen species (ROS) production to enable cell survival [163]. Reactive oxygen
species (ROS) are produced in many cellular stress conditions such as hypoxia, nutrient
deprivation or viral infection, among others. Under normal conditions, ROS levels par-
ticipates in physiological processes regulating signaling pathways, to maintain cellular
homeostasis. Excessive ROS production irreversibly oxidize organelles, proteins, lipids and
DNA that can be partially counteracted by antioxidant enzymes, but high ROS eventually
results in cellular damage by oxidative stress which is associated to the pathogenesis of
diseases [164,165]. Autophagy serves the cell to clear off the damaged biomolecules and
DNA produced by oxidative stress and there is a clear interplay between oxidative stress
and induction of autophagy [166,167].
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The main source of ROS in the cell (approximately 90%) is the respiratory chain in
the inner membrane of the mitochondria. During oxidative phosphorylation the leaking
of electrons from the electron transport chain (ETC) produce superoxide anion (0%),
hydroxylperoxide (H,0O5), then OH™ under the catalysis of superoxide dismutase (SOD)
and glutathione peroxidase (GSH-Px) [167]. Several works have established complex I and
III as the major sites to generate ROS [168-170]. Under normal physiological conditions,
ROS production is low, and the antioxidant machinery is able to scavenge ROS, while under
high ROS production, oxidative stress occurs.

There are several studies that describe the crosstalk between oxidative stress and the
autophagic machinery [165]. A direct link was shown through the inactivation of ATG4 by
H,0,-oxidation to ensure autophagosome elongation [170]. On the other hand, ROS has been
proven to induce autophagy through mTORC1 inactivation or AMPK activation [171-173]
and through transcriptional regulation (HIF-1a, NRF2, p53 and FOXO3) [165,174]. These
transcription factors mediate the induction of autophagy genes, including Beclin-1, LC3,
p62, the mitophagy associated BNIP3 and NIX. On the other hand, ROS can regulate
autophagy through the oxidation and inactivation of the ATG7, ATG10 and ATG3 proteins
involved in the process of autosomal maturation and fusion to lysosomes and inactivate
autophagy modulators like TFEB and PTEN [166,173,175]. Not only does ROS regulate
autophagy, but autophagy can modulate ROS through the Keap-Nrf2 system. p62 can
interact with Keap1 and release Nrf2 that translocates to the nuclei and activates antioxidant
genes [176]. In this way, ROS can induce autophagy that in turn activates antioxidant genes
to control ROS.

Extensive ROS can turn on the selective removal of damaged mitochondria by au-
tophagy (mitophagy) [177]. Thus, autophagy limits the production of ROS and protects the
cell from oxidative damage by selectively removing mitochondria [178]. There are several
mechanisms of mitochondrial removal by mitophagy that have been described [178]. The
most studied is the PINK/Parkin axis. Thus, mitochondrial damage triggers the translo-
cation and regulation of the PTEN-induced putative kinase 1 (PINK1) and the ubiquitin
E3-ligase Parkin. Parkin ubiquitinates several outer mitochondrial proteins that in turn
recruit autophagy cargo receptors [179]. Among these receptors it has been described
NDP52, optineurin and p62. The Rab proteins Rab5 and Rab7 located at the mitochondria
surface and the RabGAP protein TBC1D15, that contains LC3 interacting domain, also
help in this membrane recruitment process [180]. Several lines of work show that ROS
stress leads to Parkin translocation to mitochondria to initiate the removal of mitochondria
by mitophagy [15,181,182]. ROS accumulation can lead to disruption of mitochondrial
membrane potential that stabilizes PINK. PINK1/Parkin mediated mitophagy has also
been proven to play a protective role against oxidative stress in human nucleus pulposus
cells [183]. ROS stress can also induce the translocation of adaptor proteins like DJ-1 to
mitochondria [184]. The other mitophagy mechanisms described to induce mitophagy
utilizes the mitochondrial adaptor proteins FUNDC1, BNIP3 and NIX [185]. These proteins
localized at the outer membrane and can interact with LC3 to promote membrane contact
and mitophagy [15]. The expression of several of these cargo receptors are induced by
oxidative stress.

As mentioned before, ROS and mitophagy have a clear interplay and, although oxida-
tive stress induces mitophagy, ROS can also lead to decrease mitophagy. The interaction
between these processes requires a tight regulation and as we have seen both the mTORC1-
p62 axis and mitophagy are crucial elements. Interestingly, recently it has been shown that
mTORCI signaling regulates mitophagy through the PINK1/PARK2 pathway [186]. In that
context, the Gaq-dependent pathways may provide a mechanism of cross-regulation [79].
As stated Gaq is found in autophagic compartments and lysosomes and is part of the
mTORC1 multimolecular complexes, contributing to inhibition of autophagy under GPCR
activation and physiological conditions [21]. Gaq is also present at the outer and inner mito-
chondrial membrane [61] and contributes to cristae integrity and respiratory chain function.
Interestingly, the absence of Gaq/11 alters mitochondrial crests and super respiratory
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complexes containing complex I and III which in turn may induce ROS production [187] As
we have mention, Gaq also interacts with p62 and it is present in the autophagosomes [21].
Gaq is a key component for how nutrients and activated receptors sense and control au-
tophagy, and through p62, can be an important component of the autophagy and oxidative
stress control.

On the other hand, the role of Gxq in mitochondrial ROS generation is well sustained.
As such, Gag-induced cardiac decompensation has been associated with mitochondrial
dysfunction and increased of ROS, with either enhanced expression of Gaq or activation of
Goag-linked GPCRs [188-191]. Noteworthy, the implication of Gag-intracellular pathways
via mitochondria and through mTORC1 and p62 seems to be a crucial asset to control the
balance between oxidative stress and autophagy, but further work needs to be done to link
these processes.

5. Autophagy in Disease for Good and for Bad: Gaq Involvement

Organisms have to constantly adapt to external stimuli and changes in their intracellu-
lar environment. Organs, tissues and cells have to face both chemical (e.g., Ca?*, amino
acids, cytokines, chemokines and hormones) as well as physical challenges. Among the
cytoplasmic responses to mechanical forces, recent studies have uncovered the role of au-
tophagy in the translation of mechanical forces into biological responses [126,127,192,193].
Given the importance of autophagy regulation and dynamics of lysosomal system to en-
sure cellular fitness, it is not surprising that autophagy disruption can contribute to the
development of several diseases such as metabolic disorders, cardiovascular or cancer
diseases. Although the involvement of autophagy in these major diseases has been well
studied (reviewed in [194], over the years autophagy regulation has grown in complexity
and their consequences are less predictable. The importance of Goq and Gag-coupled
GPCRs in all these contexts, together with its recently described importance in autophagy,
strongly suggest that alteration in Gaq modulation signaling pathways can contribute to
all these pathological situations. In this part of the review, we will focus on how autophagy
may be involved in different pathologies, emphasizing as far as possible the influence of
mechanical inputs.

Various metabolic disorders have shown functional defects in autophagy [195,196].
Since the lysosomal disposal of intracellular macromolecules leads to their breakdown into
important metabolic intermediates, including amino acids, glucose, nucleotides, and free
fatty acids (FAs), autophagy plays an important role in the response to energetic stresses,
at both the tissue-specific and systemic levels [197]. Many studies have emphasized the
importance of autophagy in conditions such as obesity, insulin resistance and diabetes that
are characterized by metabolic alterations and intracellular stresses that have in common
the accumulation of damaged cellular components. Silencing of ATG system promotes
obesity and induces metabolic alterations [198]. Interestingly autophagy genes are differen-
tially expressed and activated in a tissue and stage-specific manner. In general, nutrient
limitation and different stress situations favor autophagy as a mechanism of cytoprotecting,
reducing cellular death and limiting inflammatory response. Upon autophagy inhibition
alteration of adipocyte differentiation, lipid metabolism and storing of lipids is drastically
altered [199-201] For example, in obesity, autophagy is suppressed due to an increased
in mTOR activity. Moreover, in patients with diabetes, changes in oxidative stress and
autophagy have been reported [202]. Therefore, the enhancement of autophagy activity
has been suggested as a novel therapeutic approach against organ failure associated to
metabolic disorders.

In general, GPCRs regulate virtually all metabolic processes including glucose and
energy homeostasis, particularly diabetes and obesity-related diseases. Several endogenous
ligands such as free fatty acids and their receptors have been extensively studied in insulin
secretion regulation, and glucose metabolism [203]. A growing number of GPCR are
being identified as sensors of circulating of local concentrators of energy substrates or
metabolic intermediates. Examples of these receptors include the amino-acid responsive
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receptors GPRC6A taste receptors type 1 members 1 and 3 (T1R1/T1R3), the calcium
sensing receptor (CaSR) long chain fatty acid receptors GPR120 and GPR40, short fatty
acid receptors GPR41 and GPR43 or hydroxy carboxylic acid receptors [204-206]. These
GPCR nutrient receptors act via different G proteins including Gaq/11 and might be able
to modulate the canonical metabolic regulators AMPK and mTORC1 [19]. In this sense,
Goag-coupled TIR1/T1IR3 act as a direct sensor of the fed state and amino acids availability,
leading to the activation of mTORC1 [207]. Nutrient and homeostasis fluctuations may
also indicate the release of classical hormones and neurotransmitters that activated GPCRs,
along a systemic regulation of autophagy. In this sense, 3-adrenergic receptors activation
has been related with autophagic flux favoring lipolysis [208], and hyperglycemia induces
autophagy in pancreatic {3 cells through P,Y purinergic receptors [209]. In addition, drugs
that target metabolic tissues have emerged as attractive diabetes therapeutic targets as well.
The p62-mTORC1-autophagy axis has been described to regulate adipogenesis and energy
control in a complex manner [210]. The potential and reported connections of Gaq signaling
that we have described with this axis [21] may provide new insights in the mechanisms
underlying these metabolic alterations. Recent studies have further confirmed the relevance
of Gxq signaling for driving metabolic reprogramming in uveal melanoma [211] and in
the regulation of glucose and lipid homeostasis [212] reinforcing a critical role of GPCR-
Gaq system in metabolic diseases. Further investigation will be required to define the
mechanisms involved.

Interestingly, cell metabolism is sensitive also to the physical cell microenviron-
ment [213]. Although cell metabolism has recently emerged as one of the processes
regulated by mechanical cues, the link between cell mechanics and metabolism is still
poorly understood when compared with other pathologies such as cardiovascular diseases
or cancer (Figure 2). Thus, in addition to metabolic intermediates, autophagy can influence
metabolic reprogramming in epithelial cells through the involvement of mechanical forces
such as shear stress [214,215] and, mechanical stretching/tension exerted by exercise has
been shown to induce also autophagy in peripheral tissues (liver, pancreas and adipose
tissue) [216].
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Figure 2. Goq signaling and autophagy at the crossroads of a balance between mechanical and
chemical cues and their impact in cancer, metabolic and cardiovascular pathologies.
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The involvement of shear stress and mechanical forces in endothelial function has been
well established and although, there is an increasing interest in the role of autophagic flux
in vessel wall biology, the mechanosensors upstream of autophagy induction in endothelial
cells are not well known [217]. Emerging evidence links alterations in autophagic flux with
disease processes that include atherosclerosis, pulmonary hypertension and cardiovascu-
lar diseases [218]. Interestingly, a very recent study proposes a protective role of CMA
(Chaperon Mediated Autophagy) against atherosclerosis [219]. Loss of autophagy may be
a central mechanism through which risk factors elicit endothelial dysfunction. The role of
autophagy in vascular development and in sprouting has been associated with a defective
autophagy in mice lacking endothelial specific-TFEB factor [220]. The autophagic state of
endothelial cells is also critical for vascular permeability [221]. Additionally, endothelial
cells require autophagy to regulate tight junction proteins and maintain endothelial bar-
rier integrity during inflammation [222]. Moreover, it has been reported that autophagy
may be involved in the regulation of nitric oxide bioavailability, a crucial molecule that
maintains vascular homeostasis in endothelial cells. Concomitant with a reduction in NO,
loss of autophagy promotes and increase in endothelial ROS and inflammatory cytokine
production [223,224]. Shear-stress-dependent autophagy is also important for NO produc-
tion [224,225]. Indeed, in zones of low shear stress that are prone to develop atherosclerotic
plaques, the impairment of autophagic flux induces endothelial NO synthase (eNOS)
uncoupling, resulting in the production of superoxide instead of NO. Restoration of the au-
tophagic flux favors the production of NO by endothelial NO synthase [226]. Interestingly,
Gaq has been described as an important sensor of shear stress in endothelium [33,227].
Recent studies have demonstrated that changes in the type of flow can activate the same
initial mechanosensing pathway involving Piezol- and Gaq/11-mediated signaling with
different atheroprotective response depending on the activation of «5 integrin, which is
activated only by disturbed flow, but not by sustained laminar flow [228].

Regarding cardiovascular context, autophagy preserves cardiac structure and function
under baseline conditions and is activated during stress, contributing to limit damage and
preserve cardiac functionality during ischemia [229]. Cardiac cells are also subjected to
tension. Several pathophysiological conditions, lead to an increase in cardiac workload and
mechanical forces that are usually associated with pathological cardiac hypertrophy [230].
Mechanical forces can induce autophagy in cardiac cells being protective or detrimental
depending on the context [217]. Indeed, during ischemia, autophagy has a protective effect
on cardiomyocytes [231-233], while inhibition of autophagy improves cardiac function
after reperfusion in an ischemia-reperfusion mouse model [232]. Much evidence places
Gagq at the center of hypertrophic pathways in the heart (see [234], for more details). Indeed,
Goq signaling is both necessary and sufficient for the development of cardiac hypertrophy.
The development of a cardiac hypertrophy phenotype has been correlated with a higher
risk of heart failure [186]. Interestingly, it has become increasingly clear that both events are
tied to the activation/presence of Gq that can promote cardiomyocyte apoptosis and heart
failure [235] by affecting vascular permeability and hypertension. Indeed, Gaq inhibition
using specific drugs have been proposed to have anti-hypertensive role [236]. We have also
described, in previous studies, a role of Gaq/PKC( signaling axis in the development of
cardiac hypertrophy in response to angiotensin II through a novel binding region on Gxq.
Given the involvement of Gaq in cardiovascular function and in the process of autophagy,
the potential participation of novel mechanisms downstream Gaq directly linked with
autophagic flux in cardiovascular system is a relevant open question.

Autophagy is also recognized as a critical player in a context-dependent manner
in cancer. Although it is well accepted that autophagy is important in many diseases,
as described above, practically all clinical studies that involve autophagy manipulation
are focused on cancer therapy. Autophagy networks are related to multiple aspects of
cancer and may play a dual role with tumor-suppressive and tumor promoting functions
depending on tumor cell type and stage [237]. Both inhibition of autophagy and its
overstimulation are strategies tested in cancer, with the use of different drugs such as
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hydroxychloroquine, 3-methyl-adenina and everolimus as currently new strategies to be
employed in clinics in combination with other chemotherapeutic treatments [238]. However,
the high toxicity and adverse effects of these treatments urge a further understanding of the
specific mechanisms by which autophagy modulates the different tumor progression steps.

Deficiency of autophagic genes has been found in various cancers. Impaired autophagy
can promote tumorigenic environment through ROS dysregulation and inflammation
processes [163,239,240]. On the other hand, at advanced cancer stages, increased autophagy
can sustain tumor cell growth in nutrient-deficient, hypoxic tumor microenvironment
and resistance to anoikis [241]. Upregulation confers chemoresistance and promotes the
maintenance and survival of stem cell cancer status. Furthermore, autophagy inhibition
can favor tumor cell invasiveness through the induction of de-differentiation mechanism.
Thus, it seems that in premalignant lesions, enhanced autophagy might be beneficial
preventing cancer, but in advance cancers most therapeutic strategies are focused on
inhibiting autophagy [242]. Adding another layer of complexity, the novel Gaq role in
modulating autophagy suggests that the balance between these processes characteristic of
tumor growth might be altered in different cancer settings.

Furthermore, evidence identifies tumor microenvironment as a central driver of tu-
morigenesis in cancer [243]. Interestingly, cancer cells can also experience shear stress that
can induce autophagy in different tumor cell lines [244-247]. Interstitial flow can promote
the distribution of tumor-derived cells in primary tumor, while circulating tumor cells
are also subjected to the shear stress from body fluids (blood, lymph and interstitial fluid)
during metastasis [248,249]. It has been suggested that shear stress-induced autophagy
can play an important role in controlling important cell responses from the regulation of
cell size and metabolism to inflammation and cell death [217]. Moreover, the activation
of tumor stromal fibroblasts to a state commonly known as cancer associated fibroblasts
(CAFs) is critical. CAFs impact tumor progression by the modulation of multiple secretion
functions of different factors (growth factors and inflammatory signals), by remodeling the
extracellular matrix and even reprogramming their metabolism to provide nutrients and
survival factors [250]. Moreover, autophagy can play a key role in CAFs activation [251].
Recent studies demonstrate that normal fibroblasts can differentiate into CAFs as protec-
tive responses to stresses under tumor microenvironment via the p62-Nrf2-pathway [252].
Furthermore, a molecular mechanism for CAFs activation has shown that tumor secreted
lactate downregulates p62 in the stroma blocking AP-1-mediated p62 transcription [253].
Interestingly, we have described changes in the expression of Gaq affecting some partners
such as p62 promoting its downregulation and favoring autophagic flux [21].

Altered GPCR pathways have increasingly been reported in cancer context and acti-
vating mutations in Gaq has been identified in approximately 80% of uveal melanomas.
Considering Gq as a component of the nutrient-sensing machinery, able to link nutrient
availability with the activation of mTORC1 through its interaction with p62 [21] strongly
reinforce its potential contribution in the modulation of both the tumor and its microenvi-
ronment, during tumor progression.

6. Conclusions

The highly conserved autophagy mechanisms are critical in cellular homeostasis
by allowing degradation of cellular components in a lysosomal-dependent manner both
in basal conditions or in response to internal or external fluctuations. In consequence,
autophagy represents a central adaptation system.

Different studies have demonstrated that molecular mechanisms of autophagy are
not only regulated by chemical stresses and metabolic challenges, such as starvation, but
can also be modulated by mechanical stresses stemming from the environment. How
these stimuli are integrated remains a challenge. In this review we propose a putative role
of GPCR-Guq signaling as a central integrator in this crosstalk suggesting its potential
contribution as a balancer shaft (Figure 2). In addition to the canonical roles of Gaxq and
other heterotrimeric G proteins derived from their presence at the cytoplasmic surface of
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the plasma membrane, emerging evidence demonstrates that Ga subunit proteins can also
localize in other cellular organelles such as endosomes, Golgi, ER, nucleus, mitochondria
and most importantly in lysosomes. Determining whether such intracellular pools of
heterotrimeric Gx protein subunits are dynamically generated via trafficking from the
plasma membrane or represent resident stable subpopulations, as well as the identification
of their location-specific interactors and functional roles, are active areas of research.
Furthermore, our recent study pointing out the critical involvement of Gaq as an
autophagy regulator and the existence of GPCRs that can be directly modulated by physical
forces providing new frontiers for deeper analysis. To understand how integration of
chemical-mechanical-autophagic process occurs and the specific role of Gag-GPCR in the
interplay between metabolic cellular modulation and environmental cues will help us to
understand the molecular basis of multiple diseases, in which autophagy represents a
central element. Thus, a better comprehension of Gag-mediated signaling pathways con-
sidering the context-specific modulation of autophagy will open new avenues for treating
autophagy-related diseases based not only upon chemical but also mechanical inputs.
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Abstract: Mitochondrial dysfunction is a hallmark of aging. Dysfunctional mitochondria are recog-
nized and degraded by a selective type of macroautophagy, named mitophagy. One of the main
factors contributing to aging is oxidative stress, and one of the early responses to excessive reactive
oxygen species (ROS) production is the induction of mitophagy to remove damaged mitochondria.
However, mitochondrial damage caused at least in part by chronic oxidative stress can accumulate,
and autophagic and mitophagic pathways can become overwhelmed. The imbalance of the delicate
equilibrium among mitophagy, ROS production and mitochondrial damage can start, drive, or
accelerate the aging process, either in physiological aging, or in pathological age-related conditions,
such as Alzheimer’s and Parkinson’s diseases. It remains to be determined which is the prime
mover of this imbalance, i.e., whether it is the mitochondrial damage caused by ROS that initiates
the dysregulation of mitophagy, thus activating a vicious circle that leads to the reduced ability
to remove damaged mitochondria, or an alteration in the regulation of mitophagy leading to the
excessive production of ROS by damaged mitochondria.

Keywords: mitophagy; aging; Reactive Oxygen Species; PINK1; mitochondria; Alzheimer; Parkinson

1. Introduction

Mitochondrial (mt) dysfunction is considered a hallmark of aging [1]. Dysfunctional
mitochondria are recognized and degraded either by non-selective autophagy or by a
selective type of macroautophagy, named mitophagy [2]. This catabolic process allows the
degradation of dysfunctional and damaged mitochondria [3,4], with the aim of recycling
mitochondrial contents and macromolecules, such as amino acids and preserving ATP
production [3,5-8]. Mitophagy is evolutionarily conserved and has been observed from
yeast to mammals. Mitophagy process starts when dysfunctional mitochondria are targeted
with specific receptors or adaptors and are engulfed in a double-membrane vacuole named
autophagosome. Then, this vesicle fuses with a lysosome, forming an autolysosome
in which specific enzymes degrade the organelle. Based on the ability of receptor to
recruit ubiquitin, the mitophagy regulatory pathways could be classified as ubiquitin-
dependent or ubiquitin-independent (receptor-dependent) [3,9]. This process is triggered
by multiple stimuli and can be activated on the basis of cell requirement. Depending
on the physiological condition of the cell, mitophagy can be classified in steady-state
or basal mitophagy, programmed mitophagy, and stress-induced mitophagy [5,10]. The
functions of basal mitophagy are not well understood and the process level differs between
cells and tissues. However, it is likely that, in physiological conditions, mitophagy is
required for mitochondrial turnover, cellular homeostasis, and metabolic demand [3,10-13].
Programmed mitophagy is necessary for development and differentiation processes, such
as maturation of erythrocytes and cardiomyocytes and for allophagy [5,10,14-16]. Finally,
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stress-induced mitophagy is activated by stimuli, such as oxidative stress, starvation,
hypoxia, and loss of the mitochondrial membrane potential (MMP), with the aim of
reducing mitochondrial amount and, in turn, decreasing the production of reactive oxygen
species (ROS) and oxygen consumption by damaged mitochondria [17].

Several lines of evidence indicate a close correlation between the increase in ROS
observed with age and the modulation of age-dependent mitophagy. On the one hand,
the study of mitophagy on different model species, from S. cerevisiae to C. elegans, clearly
indicates that the aging process is related to an impairment of the regulation of mitophagy,
and that targeting of genes that regulate mitophagy can modulate lifespan. On the other
hand, several studies on cellular and in vivo models have shown a close correlation between
ROS production, mitochondrial stress, and activation of mitophagy. Since oxidative stress
is one of the main drivers of aging, and many diseases characterized by premature aging
are characterized by an excess of ROS production or a defect in the scavenging processes of
free radicals, it is likely that age-related increase of ROS can play a role in the impairment
of mitophagy observed with aging.

In this review, we discuss the main findings linking mitophagy, oxidative stress, and
aging, both in physiological aging, and in age-related diseases such as Alzheimer’s disease
(AD) and Parkinson’s disease (PD).

2. Mitophagy and Its Regulation

Mitophagy is an extremely complex and finely regulated process; the detailed descrip-
tion of the molecular mechanisms underpinning mitophagy goes far beyond the purpose
of this review For this reason, we will summarize only the pathways that are—or could
be—relevant for the aging process (Figure 1).
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Figure 1. Main molecular mechanisms of mitophagy. Mitophagy is regulated by the interaction of
mitochondrial proteins with LC3 through different mechanisms. In the PINK1/Parkin pathway,
decreased MMP leads to the accumulation of PINK1 to the OMM. PINK1 phosphorylates both
ubiquitin and Parkin. Activated Parkin polyubiquitinates specific proteins on the OMM, making
available ubiquitins for PINK1 phosphorylation. The ubiquitinated proteins on the OMM allow
the interaction of mitochondria with LC3 through specific adaptors, such as p62, Nbrl, OPTN,
TAX1BP1, and NDP52. PINKI1 can also phosphorylate Mfn2 and promote its ubiquitination by
Parkin and rapid degradation, to prevent fusion of damaged mitochondria with healthy organelles.
Besides PINK1/Parkin pathway, mitophagy is triggered by the mitochondrial receptors BNIP3,
BNIP3L/NIX, FUNDC1, which can bind directly to LC3. Finally, mitochondrial lipids cardiolipin
(CL) and C18-ceramide (C18) can move from the mitochondrial cristae to the OMM, where they
interact with LC3.
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2.1. Ubiquitin-Dependent Mitophagy

The phosphatase and tensin homologue (PTEN)-induced putative kinase 1 (PINK1)-
Parkin pathway represents one of the most studied ubiquitin-dependent mechanism of
mitophagy. In functional mitochondria, the serine/threonine kinase PINK1 is continually
imported to mitochondria through the translocases of the outer and the inner membrane
(TOM and TIM complexes) taking advantage of the mitochondrial targeting sequence
(MTS). During the import, PINK1 is clipped first by matrix processing peptidases (MPP)
and subsequently by a protease of the mitochondrial inner membrane (IMM), the presenilin-
associated rhomboid like (PARL). Cleaved PINK1 moves to the cytosol, where is rapidly
degraded [2,18,19]. In damaged or aged mitochondria, the decrease of the MMP locks
the import of PINK1 in the mitochondrial matrix and its degradation, stabilizing it on the
mitochondrial outer membrane (OMM) in a complex with the translocase TOM [2,7,19].
Stabilized PINK1 is auto-phosphorylated and: (i) phosphorylates ubiquitin and poly-
ubiquitin, connected in a basal manner to proteins on the OMM, at Ser65, (ii) recruits and
phosphorylates the cytosolic E3-ubiquitin ligase Parkin at Ser65. Phospho-ubiquitin, in
turn, can recruit Parkin [3,10,20-24]. The active conformation of Parkin polyubiquitinates
specific proteins on the OMM, making available ubiquitins for PINK1 phosphorylation,
and triggering a feedback loop which leads to the recruitment of other molecules of Parkin
on the mitochondrial surface finally activating mitophagy in a feedforward mechanism [24].
The ubiquitinated proteins of the OMM recruit five LC3 interacting region (LIR)-containing
autophagy adapters: sequestosome-1 (p62/SQSTM1), Optineurin (OPTN), neighbor of
BRCAT1 gene 1 (NBR1), nuclear domain 10 protein 52 (NDP52), and TAX1 binding protein
1 (TAX1BP1). Through the LIR region, these ubiquitin-binding receptors recognize and
bind LC3 driving mitochondria to mitophagy [2,25]. The PINK1/Parkin pathway is strictly
interconnected with molecules and pathway regulating mitochondrial dynamics, such as
Mitofusin (MEN) 1 and 2, GTPase of OMM involved in mitochondrial fusion MEN1 and
MFN?2 are highly susceptible to Parkin ubiquitination. MFN2 mediates the recruitment of
Parkin to damaged mitochondria; PINK1 phosphorylates Mfn2 and promotes its ubiquiti-
nation by Parkin [26]. Thus, PINK1/Parkin activation causes their rapid ubiquitination and
degradation, which prevents fusion of damaged mitochondria with healthy organelles [26].

In addition to Parkin, several other ubiquitin E3 ligases are able to ubiquitinate
proteins on the mitochondrial surface: SMAD ubiquitination regulatory factor 1 (SMURF1),
Glycoprotein 78 (Gp78), mitochondrial E3 ubiquitin protein ligase 1 (MUL1), HECT, UBA,
and WWE domain-containing protein 1 (HUWEL1), E3 ubiquitin-protein ligase SIAH1
(SIAH1), and Ariadne RBR E3 ubiquitin ligase homolog 1 (ARIH1) [5,9,10,27-36]. The
ubiquitin chains generated recruit autophagy adaptors, such as p62, NDP52, and OPTN.
Finally, other molecules such as unc-51-like autophagy activating kinase 1 (ULK1) mediates
the biogenesis of the phagophore [9,25].

2.2. Ubiquitin-Independent Mitophagy (Receptor-Dependent)

An alternative mechanism to ubiquitin-dependent mitophagy takes advantage of
protein receptors encompassing LIR motif and able to interact directly with LC3 or other
autophagy-related proteins (ATGs) such as GABARAP in a ubiquitin-independent way.

In OMM, FUN14 domain containing 1 (FUNDC1), BCL2 interacting protein 3 (BNIP3),
and NIP3-like protein X (NIX, also known as BNIP3-like, NIX/BNIP3L) are involved
in the induction of mitophagy under stress condition, such as hypoxia [37-39]. The in-
teraction of this group of protein with LC3/GABARAP is generally mediated by their
phosphorylated/dephosphorylated status.

FUNDCI1 contributes to mitophagy during hypoxia in mammalian cells by directly
binding to LC3 [2,27]. In normoxic conditions, FUNDCI is phosphorylated at Ser13
by casein kinase II (CK2) and at Tyr18 by SRC kinase, and this prevents its interaction
with LC3 and, in turn, the activation of mitophagy pathways [27]. In hypoxic condi-
tions, phosphoglycerate mutase 5 (PGAMS5) dephosphorylates FUNDC1 at Ser13, while
serine/threonine-protein kinase ULK1 phosphorylates it at Ser17. Dephosphorylation of
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FUNDC1 mediated by PGAMS5 improves its interaction with LC3 [28]. FUNDC1 is also
involved in the intercross communication between mitochondrial fission and fusion and
mitophagy. Specifically, during physiological conditions, FUNDC1 can bind the Dynamin-
like 120 kDa protein (OPA1, GTPase involved in fusion and fission processes) to the inner
surface of OMM taking advantage of Lys70. Conversely, under stress conditions, this
interaction is reduced and FUNDCI can also recruit Dynamin-1-like protein (DNM1L,
GTPase involved in fission) from cytosol [29].

NIX and BNIP3 are proteins with homology to BCL2 in the BH3 domain. NIX (also
called BNIP3L) can trigger mitophagy under both physiological and hypoxic conditions.
During development, NIX plays an important role in the maturation process of erythrocytes,
eliminating mitochondria [16,19]. BNIP3 and NIX mRNA and BNIP3 protein are induced
by hypoxic environment in a wide range of human epithelial, endothelial, and macrophage
cell lines but not in fibrosarcoma or lymphocyte cell lines [30]. Moreover, NIX and BNIP3
are induced at the transcriptional level also in CHO-K1 cells [31]. It is possible that
BNIP3 is a direct target of hypoxia-inducible factor 1-alpha (HIF1x) [30,31]. In addition
to its involvement in ubiquitin-independent mitophagy, NIX acts as a substrate of Parkin,
recruiting NBR1 and finally triggering mitophagy [32].

Other mitophagy protein receptors of OMM are autophagy and beclin 1 regulator 1
(AMBRAL1), FKBP prolyl isomerase 8 (FKBPS), and BCL2 like 13 (BCL2L13).

2.3. Mitophagy Triggered by Lipid Receptors

In addition to protein receptors, mitophagy can also be promoted by lipids such as
Cardiolipin (CL), C18-ceramide, and SREBF1 [17]. CL triggers mitophagy moving from
mitochondrial cristae (where is located in normal conditions) to OMM where interacts with
LC3 taking advantages from LIR motif [17,33,34]. Interestingly, CL is particularly prone to
peroxidative attack by ROS, and CL peroxidation has been shown to play a critical role in
several physiopathological situations [35], including neurodegenerative diseases [36].

3. Effects of Oxidative Stress on Mitophagy

Mitochondria are the main source for cellular ROS [37]. NADH: ubiquinone oxi-
doreductase, or complex I (CI) is the main producer of superoxide anion (O,°7) in the
mitochondrial (mt) matrix [38]. The coenzyme Q:cytochrome c—oxidoreductase or com-
plex III (CIII) is the main source of O,°~ in the intermembrane space [39]. Mitochondria
detoxifies the excess of O,°~ by means of manganese superoxide dismutase (MnSOD or
SOD2), which is located in the mt matrix, and of the copper-zinc SOD (CuZnSOD or SOD1),
which is located in the intermembrane space. The product of SOD-mediated reactions is
hydrogen peroxide (H,O,), which is less reactive and can diffuse across mitochondrial
membranes. Because of its low reactivity, its relative specificity for cysteine residues, and
its capability to diffuse across membranes, H,O, can also act as a second messenger [40].
However, uncontrolled levels of H,O, lead to hydroxyl radical (OH®) formation. For this
reason, HyO; levels are tightly regulated by robust detoxification systems. In the cytosol,
it is converted to water primarily by catalase, while in the mitochondria it is detoxified
by peroxiredoxin -3 (Prx3) and -5 (Prx5), by the Glutathione peroxidase 1 (GPx1) and
Glutaredoxin 2 (Grx2) [41].

Oxidative stress occurs when the steady-state levels of ROS surpass their catabolism or
detoxification, and can regulate mitophagy at multiple levels. Stress conditions stimulating
ROS production, such as hypoxia, nutrient starvation, and ischemia/reperfusion (IR) can
cause oxidative damage to mitochondria. One of the early responses to excessive ROS is
to induce mitophagy, which can reduce oxidative damage and ROS production [42] and
multiple lines of evidence have proved that ROS interacts with both ubiquitin- dependent
and receptor-dependent mitophagy pathways. Generation of ROS within mitochondria
using the mitochondrial-targeted photosensitizer mt KillerRed (mtKR) causes increased
ROS levels in the mt matrix, the loss of MMP, and the activation of Parkin-dependent
mitophagy. The overexpression of the mt antioxidant proteins, like mtSOD2, abolishes
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this effect [43]. ROS determines the recruitment of Peroxiredoxin-6 (PRDX6) to damaged
mitochondria, where it controls ROS homeostasis in the initial step of PINK1-dependent
mitophagy [44]. Although mtROS resulted not required for mitophagy [45] and not
involved in mitochondrial translocation of Parkin, O,°~ has been shown to be drive
the progression of Parkin/PINK1-dependent mitophagy, once Parkin has translocated to
mitochondria [46]. Mild oxidative stress selectively triggers mitophagy in the absence of
autophagy, which is dependent on Dynamin-1-like protein (Drp1) [47].

Changes in redox balance of the cell can also affect mitophagy by modifying mito-
chondrial dynamics. When reduced glutathione (GSH) is oxidized to oxidized glutathione
(GSSG), Mfn forms oligomers via disulfide bond formation and enhances membrane fu-
sion [48]. Conversely, S-nitrosylation of Drp1 determines mitochondrial fragmentation [49].
The effect of oxidative stress and redox imbalance on PINK1/Parkin is less obvious and
clear. The oxidation of Parkin has been reported to inhibit [50,51] or stimulate [52,53] the
activity of E3-Ub ligase, depending on the model taken into account. It is likely that these
opposite effects are due to different cysteine residues modified.

Another emerging link between oxidative stress, mitophagy, and aging is provided by
the regulation of the ataxia-telangiectasia mutated (ATM)/Denitrosylase S-nitrosoglutathione
reductase (GSNOR) axis. The downregulation of GSNOR during senescence and human
aging promotes mitochondrial nitrosative stress, nitrosylation of Drp1 and Parkin, and
impairment of mitochondrial dynamics and mitophagy [54]. GSNOR is also induced at the
translational level in response to HyO, and mt ROS [55].

Methionine is a sulfur-containing amino acid susceptible to reversible oxidation. It has
been recently demonstrated that the mitochondrial matrix protein methionine sulfoxide re-
ductase B2 (MsrB2) is a Parkin substrate, needed for mitophagy induction [56]. In condition
of high oxidative stress, Parkin is oxidized at Met192, leading to protein inactivation and
inhibition of mitophagy. MsrB2 released from damaged mitochondria reduces oxidized
Met192, restoring Parkin function. Interestingly, Met192 is mutated in familial, early onset
forms of PD [57], a typical age-related disease (see below), and levels of MsrB2 declines
with age [58]. Thus, an imbalance in this axis due to the impaired capability to restore
reduced Met192 could contribute to the age-related mitophagy dysregulation.

ROS can also modulate mitophagy at transcriptional level [59]. A crucial transcription
factor for response to oxidative stress is the nuclear factor (erythroid-derived 2)-like 2 tran-
scription factor (Nrf2). In unstressed conditions, Nrf2 is sequestered in the cytoplasm by
the kelch-like ECH-associated protein 1 (Keap1)-Cul3 complex and targeted for ubiquitin-
mediated degradation. Under oxidative stress conditions, Keap1 cysteines are oxidized,
and Keap1 cannot ubiquitinate Nrf2, which is free to translocate to the nucleus and activate
antioxidant response [60]. A tight interplay exists between Nrf2 and mitophagy upon
oxidative stress. Nrf2 regulates PINK1 expression under oxidative stress conditions [61],
and pharmacological inhibition of Keap1 triggers mitophagy [62]. Furthermore, autophagic
degradation of Keapl mediated by p62 activates Nrf2, which in turn increases the transcrip-
tion of p62 gene [63,64]. In a model of liver damage, p62 can also promote mitochondrial
ubiquitination in Parkin-independent mitophagy, by recruiting Keap1 and another cullin,
E3 ubiquitin-protein ligase RBX1 (Rbx1), to mitochondria [65]. In glioblastoma, NRF2
activates NIX in conditions of hypoxia and oxidative stress, and silencing NIX promotes
the production of superoxide under hypoxia, likely mediated by dysfunctional mitochon-
dria [66]. Since the FUNDC1 phosphatase PGAMS is a substrate for Keap1 [67], it is also
possible that FUNDC1-dependent mitophagy is regulated by Keap1/Nrf2 axis, even if this
hypothesis is still to be proved.

Another crucial transcriptional factor that modulates mitophagy in oxidative stress
conditions is HIF-1« [30]. Low O, tension and subsequent increase of ROS inhibit prolyl
hydroxylase (PHD) responsible for HIF-1a degradation [68]. High ROS levels can also
stabilize Sentrin/SUMO specific proteases (SENPs) that enhance HIF-1« transcriptional
activity [69]. Thus, HIF-1ox induces the transcription of mitophagy receptors BNIP3 and
NIX, producing a metabolic adaptation to a hypoxic environment [30]. Notably, the absence
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of BNIP3 in mammary cancer causes accumulation of dysfunctional mitochondria and
elevated mtROS that upregulates HIF-1x and HIF-1« target genes, including those involved
in cancer aggressiveness [70]. This observation further underlines that efficient turnover of
mitochondria mediated by mitophagy is crucial in preventing ROS-mediated damage.

Mitophagy is also regulated by the action of Histone acetyltransferases (HATs) and
histone deacetylases (HDACs). HATs acetylate conserved Lys on target proteins, while
HDAC deacetylates Ac-Lys. Two classes of HAT and three classes of HDAC exist [71]. Of
particular interest in the regulation of mitophagy is the class IIl HDAC, a family of NAD+
dependent deacetylases, known as sirtuins [72]. Seven sirtuins have been identified in
humans (SIRT1-SIRT7) with different subcellular distribution; SIRT3, SIRT4, and SIRT5
are located in mitochondria [73]. SIRT 3, the best characterized mitochondrial sirtuin, is
involved in the regulation of mitophagy in different ways [74]. By activating LKB1, SIRT
3 promotes the activation of AMPK-mTOR pathway, which in turn leads to autophagy.
Furthermore, SIRT3 triggers mitophagy via deacetylation of FOX O3 under oxidative stress
conditions. Once deacetylated, FOXO3 translocates to the nucleus, where it promotes
the transcription of NIX, Bnip3, and LC3 [75]. Finally, SIRT 3 can mediate an antioxidant
response by deacetylating superoxide dismutase 2 (SOD2), a crucial mitochondrial an-
tioxidant enzyme, in two critical residues. A higher activity of SOD2 reduces mtROS,
and inhibits Beclin-1. The inhibition of Beclin-1 reduces mitophagy. The activity of sir-
tuins declines with aging, and this decline can contribute to age-dependent impaired
mitophagy [76,77]. The decline of Sirtuin activity could be due to the parallel decline of
NAD+ levels with age, as the upregulation of NAD metabolism counteracts age-related
diseases, and increasing intracellular NAD* improves mitochondrial quality via mitophagy
and reverse cognitive deficits in models of AD [78,79].

Finally, a possible role of ROS in regulating mitophagy is played in immune response,
and in particular in natural killer (NK) cells. After viral infection, the majority of effector
NK cells undergo apoptosis; ROS triggers BNIP3- and NIX-dependent mitophagy, which in
turn promotes the survival of virus-specific NK cells and seeding of memory, by removing
dysfunctional mitochondria [80].

4. Mitophagy and Oxidative Stress in Physiological Aging

Several lines of evidence strongly suggest that mitophagy plays a role in aging, and
recent studies have demonstrated that mitophagy is crucial in delaying physiological
aging and age-related disorders, such as neurodegenerative and cardiovascular diseases.
Mitophagy decline with aging has been observed in different tissues either from humans
or mice, including (but not limited to) myocardium [81] skeletal muscle [82,83] skeletal
muscle satellite cells [84], dentate gyrus [85], cultured fibroblasts [86].

A crucial contribution in understanding the crosstalk between aging, ROS, and mi-
tophagy has been given by studies performed in model organisms, such as Saccharomyces
cerevisiae, Caenorhabditis elegans, and Drosophila melanogaster. In S. cerevisiae, deficiency in
non-selective autophagy (atglA) and ubiquitin-independent mitophagy (atg32A or atg11A)
causes accumulation of ROS upon starvation [87,88]. In mitophagy-deficient cells, exces-
sive quantity of mitochondria is not degraded, produce ROS in excess, and spontaneously
age [88] suggesting a link between mitophagy, ROS and aging. In C. elegans, mitophagy
mediated by dct-1, the homolog of BNIP3 and NIX/BNIP3L, plays an important role
during aging. DCT-1 is a key mediator of mitophagy and contribute to longevity in stress
conditions. Deficiency of dct-1 causes accumulation of mitochondria in young adults,
in a way similar to what observed in aged animals. Impairment of mitophagy triggers
mitochondrial retrograde signaling, which coordinates the biogenesis and turnover of
mitochondria and antagonizes the aging process [89].

The importance of mitophagy in aging of C. elegans is also demonstrated by the effects
of mitophagy modulation on daf-2 mutants, which are characterized by extended lifespan.
Induction of mitophagy in these mutants determines a lifespan shortening. Similarly,
altered mitophagy by inactivating dct-1, PINK-1, and pdr-1 (the C. elegans Parkin homologs)
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significantly reduces their lifespan. Although none of these studies has analyzed in depth
the consequence of ROS production and oxidative stress, it is interesting to note that dct-1 is
transcriptionally regulated by skn-1 and daf-16, the counterparts of mammalian NRF2 and
FOXO3, which are crucial regulators of oxidative stress response. In agreement with these
observations, it has been reported that the glycoalkaloid tomatidine enhances lifespan in C.
elegans through ROS-dependent induction of skn-1, which in turn induces mitophagy [90].

Furthermore, mitophagy is activated in reaction to mitochondrial stress in pdr-1,
PINK1, and dct-1 dependent manner, as a response to iron starvation upon frataxin de-
pletion. This response is similar to that one to hypoxia, and is involved in the extension
of animal lifespan [91]. However, it must be noted that in human cells, loss of iron does
not cause depolarization of mitochondria or extensive production of ROS, if compared to
electron transport chain inhibitors [92]. Thus, it is possible that it is activated in response
to free-iron deficiency stored in the organelle, rather than in response to ROS-induced
damage or to metabolic reprogramming induced by HIF-1c.

In D. melanogaster, Pink1, and Parkin mutants are characterized by male sterility, loss of
normal mitochondrial morphology and muscle degeneration [93]. In intestinal stem cells,
depletion of Pink1 or Parkin alters mitochondrial morphology and density, and results in
higher levels of ROS in the intestinal progenitor cells; these changes are associated with an
up-regulation of senescence-associated markers [94]. Conversely, the overexpression of
Pink1 and Parkin in indirect flight muscles leads to lifespan extension [95].

The importance of excessive ROS production in age-related impairment of mitophagy
has been also observed in different mice models. Sarcopenia is one of the most evident
phenomena that characterize the aging process, and is strictly associated with mitochon-
drial dysfunction and oxidative stress. In skeletal muscle, a dramatic impairment of
PINK1/Parkin pathway has been observed with aging, and a crucial role of this path-
way in counteracting the age-related mitochondrial dysfunction has been demonstrated.
Knock out of Parkin in mice leads to an aging-like phenotype of skeletal muscle in adult
animals [96], while Parkin overexpression increases mitochondrial enzyme activity, mito-
chondrial content in skeletal muscle of aged mice, and attenuates age-related oxidative
stress [97]. Accordingly, a reduction in Parkin levels has been observed in atrophied muscle
of elderly men [98] as well as a reduced expression of PARK2 gene in elderly, inactive
women [82]. In the same tissue, an age-dependent decrease of MFN2 has been observed
that impacts on mitophagy. Low levels of MFN2 impair mitochondrial fusion/fission
regulation and quality control, and favor the accumulation of damaged mitochondria [99].
The subsequent higher ROS production initially activates a feedback loop that promotes
mitochondrial turnover through the axis ROS/HIFla/BNIP3/mitophagy, and minimizes
mitochondrial damage. When MFN2 is absent or its levels are too low, mitophagy im-
pairment occurs and age-related mitochondrial dysfunction are exacerbated [99]. The
age-related reduction of MFN2 and the impairment of mitophagy impacts also other tis-
sues. MFN2 promotes mitophagy and prevents mitochondrial dysfunction caused by
ischemia/reperfusion in murine liver; the age-related reduction of MFN2, along with
SIRT1, makes hepatocytes more susceptible to ischemia/reperfusion injury. A similar
role has been shown in murine cultured neurons [100]. In chondrocytes, an age depen-
dent reduction of MFN2 causes a reduction in mitochondrial fission, accompanied by
dysfunctional mitochondria and oxidative stress [101]. Interestingly, in this model Parkin
negatively regulates the levels of MFN2, and an age-related decrease of Parkin causes a
post transcriptional increase of MFN2 and hyperfused mitochondria. These observations
suggest that a limited production of ROS can activate mitophagy to prevent or reduce
mitochondrial damage. When the production of ROS is excessive, activation of mitophagy
is not sufficient to limit mitochondrial damage, leading to accumulation of dysfunctional
mitochondria, producing increasing levels of ROS.

One of the most interesting phenomena that indirectly suggests a crucial role of
oxidative stress in regulating mitophagy during aging is caloric restriction (CR). Caloric
restriction is known to extend lifespan. Almost every study performed so far indicates
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that mtROS production is lower in liver, brain, heart, and other tissues of long-lived than
of short-lived species [102], and that long-term CR reduces the rate of mtROS generation,
and extends lifespan in different animal models, including C. elegans and mice. Not
only CR prolongs lifespan in mice, but it also attenuates the effects of aging on different
tissues, including skeletal muscle and myocardium [103]. In these animal models, CR
causes the activation of AMPK-ULK1 pathway, which determines the removal of damaged
mitochondria via mitophagy [97-99]. Aged mice kept for 20 weeks on a CR diet showed
normal, not damaged mitochondria, low levels of oxidative stress and low levels of PINK1
in kidney, suggesting that CR can mitigate the mitochondrial damage observed with age,
and making activation of the PINK1 pathway no longer necessary [104].

In some models, caloric restriction cannot be maintained for a long time. However, the
use of molecules that mimics some of their effects can help in understanding the impact of
CR on mitophagy [105]. An example of these molecules is spermidine, a dietary compound
that has been shown to extend lifespan through induction of autophagy in S. cerevisiae, C.
elegans and D. melanogaster [106]. Increased levels of Parkin-positive mitochondria have
been found in aged hearts along with lower levels of Nrfl, a crucial factor for mitochondrial
biogenesis, reduced Drpl-mediated mitochondrial fission, and formation of enlarged
mitochondria [107]; spermidine feeding promotes protective autophagy and mitophagy in
cardiomyocytes, counteracting mitochondrial respiration decline observed with aging [108].
Although it has not been shown that this effect on mitophagy is mediated by reduction
or mtROS generation, the strict correlation between CR and mtROS suggests that this
could be the case, at least in part. Notably, induction of autophagy by resveratrol, another
molecule mimicking CR, is dependent on the nicotinamide adenine dinucleotide-dependent
deacetylase sirtuin 1 (SIRT1) [109], a factor that is upregulated in response to oxidative
stress in the heart [110]. Accordingly, moderate expression of Sirtl induces resistance
to oxidative stress and counteracts aging in mice [110]. Interestingly, in centenarians—
exceptional humans who reach the age of 100 years or more—a decreased mitophagy has
been observed, even in the presence of oxidative stress. This phenomenon is accompanied
by a sort of “mitochondrial hypertrophy” within the cell that help to keep a full bioenergetic
competence, even in the presence of OXPHOS defects [86].

5. Mitophagy and Oxidative Stress: Insights from Age-Related Diseases

The efficacy of the mitochondrial respiratory chain tends to diminish with aging, with
a reduction in ATP synthesis and increase in the production of ROS [111]. Thus, cellular
damage caused at least in part by chronic oxidative stress can accumulate, and autophagic
and mitophagic pathways can become overwhelmed, particularly in non-dividing, high
energy demanding cells such as neurons. As a consequence, cortical degeneration is
commonly observed in aging. Thus, it is not surprising that many age-related diseases, such
as AD or PD, show the simultaneous occurrence of chronic oxidative stress, mitochondrial
dysfunctions and impaired mitophagy. The study of mitophagy in these pathologies, as
well as in other diseases characterized by accelerated aging, provided crucial information
about the mechanistic connections between mitophagy and oxidative stress during aging.

5.1. Mitophagy Defects and Oxidative Stress in Premature Aging Diseases

The observations concerning mitophagy defects in monogenic diseases characterized
by premature aging are of particular interest to understand the interconnections between
mitophagy and ROS. Loss of mitophagy was first described in Cockayne syndrome (CS),
a progeroid syndrome characterized by progressive neurodegeneration that resembles
that observed in mitochondrial disorders [112]. Mutations in CS complementation group
B (CSB) gene cause the 80% of CS cases. It has been shown that CSB deficient cells are
characterized by increased mitochondrial content, higher MMP and sustained production
of ROS [113], accompanied by higher spare respiratory capacity and increased oxygen
consumption rate. These changes did not appear to be related to increased mitochondrial
biogenesis, but rather to an impairment of mitophagy that reduces the turnover of damaged
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mitochondria. This impairment is likely due to a reduced activity of PGC-1x, which
is needed to the transcription of genes encoding uncoupling proteins (UCP). A lower
UCP expression increases MMP and impairs PINK1-mediated mitophagy. In agreement
with this hypothesis, the overexpression of UCP2 rescues mitophagic defects in CS [114].
A similar phenotype was reported in ATM deficient cells [115]: an increased oxygen
consumption rate was associated with higher mitochondrial mass, higher ROS levels and
decreased mitophagy. As ATM is present in mitochondria, it is possible that CSB and
ATM contribute to a mtDNA damage response pathway by enhancing mitophagy. Notably,
the same phenotype (higher mitochondrial metabolism, MMP and ROS formation, along
with impaired mitophagy) has been found in related DNA repair disorder xeroderma
pigmentosum group A [116].

5.2. Mitophagy and Oxidative Stress in Alzheimer’s Disease

AD represents a paradigmatic example of age-related, multifactorial neurodegenera-
tive disease. AD occurs in two forms: a familial early-onset and a sporadic, late-onset form,
and is the most common cause of dementia, accounting for 50-75 % of cases [117]. Early
onset AD, which represents around 5% of AD total cases, is caused by highly penetrant
mutations of few genes, PSEN1, PSEN2, and APP [118] whereas age-related factors are
responsible for disease process and clinical symptoms. AD is characterized by progres-
sive accumulation of extracellular aggregates of the amyloid-f3 peptide (Af3), which are
generated from cleavage of the membrane-bound amyloid precursor protein (APP), and ag-
gregates of tau proteins, which form neurofibrillary tangles in the cytoplasm. Both soluble
AP and abnormally phosphorylated tau can directly impair mitochondrial functions.

Multiple lines of evidence indicate that mitophagy is involved in neurodegeneration
observed in AD. ROS are among the players that drive mitophagy impairment, and markers
of oxidative stress (such as protein carbonylation, lipid oxidation, and the oxidation of
the mtDNA) that are increased with age, appears to be particularly evident in AD [119].
Consistently, enhanced oxidative stress was observed in animal models of AD [120,121]
and mtROS are sufficient to trigger A production in vitro and in vivo [122]. Abnormal
mitophagy in AD patient brains have been evidenced by autophagic accumulation of
mitochondria in vulnerable AD neurons [110] and then confirmed by different groups [123].
The overexpression of mutant APP (mAPP) in mouse primary hippocampal cells results in
higher expression of mitochondrial fission genes, DRP1, and FISs1 and decreased levels
of fusion genes (MFN1, MFEN2, and OPA1) as well as of autophagy (ATG5 and LC3BI,
LC3BII) and mitophagy (PINK1, TERT, BCL2, and BNIP3L) genes at the mRNA and protein
level [124], suggesting that the initiation and cargo recognition component of mitophagy is
inhibited by Af.

The involvement of PINK1/Parkin-dependent mitophagy in AD pathogenesis have
been intensively studied in the last years. Progressive A3 accumulation and subsequent
mitochondrial damage strongly induce PINK1/Parkin pathway in animal models of AD,
and its upregulation has been observed in AD patient brains [125,126]. Furthermore, cy-
tosolic Parkin is depleted in AD brains during disease progression, resulting in mitophagic
impairment and augmented mitochondrial defects. In neurons bearing a mutant hAPP, an
increased recruitment of cytosolic Parkin to depolarized mitochondria has been observed
in the absence of MMP dissipation reagents [127]. Moreover, Parkin translocation has been
observed mainly in the somatodendritic regions of the cells. This imbalanced recruitment
leads to a decreased anterograde and increased retrograde mitochondrial axonal transport.
Along with the observation that mitophagy is enhanced in AD brains, accompanied by
depletion of cytosolic Parkin over disease progression, these data suggest that impaired
mitophagy significantly contributes to the accumulation of dysfunctional mitochondria
in AD-affected neurons [127]. In agreement with these observations, skin fibroblasts and
brain biopsies from AD patients showed high levels of oxidized proteins, which suggests
the presence of mitochondrial damage caused by oxidative stress, low Parkin levels and
accumulation of PINK1 [128]. The overexpression of Parkin in cultured patients’ fibroblasts
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restored mitophagy, as evidenced by decreased PINK1 and accumulation of defective
mitochondria, and recovery of MMP.

As far as the effects of abnormal Tau on mitophagy are concerned, first studies showed
that the destabilization of microtubule networks and interruption of organelle migration
determines accumulation of damaged organelles in the soma of neurons. In brains from
AD patients with increased levels of Tau, an increase in the levels of different mitophagy
markers has been observed, suggesting a mitophagy deficit within cells. The overexpression
of hTau in a cellular model determines an increase of the MMP, associated with a decrease
in the localization of Parkin to the mitochondria [129]. Tau has been shown to interact
with Parkin and inhibit its translocation to defective mitochondria by sequestering it in the
cytosol in neuroblastoma cells [130]. In a transgenic mouse model of AD, excessive levels of
Tau can induce mitophagy by increasing MMP and Parkin levels [129]. Tau can also interact
with DRP1, suggesting that it can contribute to increased mitochondrial fragmentation
observed in AD [131]. In old transgenic tau mice bearing P301L mutation, increased
levels of the fission proteins DRP1 and FIS1 and decreased levels of mitochondrial fusion
proteins, MFNn1, MFN2, and OPA1 has been observed in the hippocampus. This change
was associated with higher levels of mtROS and lipid peroxidation mice [132]. Although
no data concerning mitophagy has been provided in this study, it is conceivable that the
alterations of mitochondrial dynamics impact on mitophagy, and contribute to impaired
capability to remove damaged mitochondria, which resulted more prone to produce ROS.

Finally, changes in the cardiolipin profile of synaptic mitochondria have been observed
in a mouse model of AD, which were associated with mitochondrial dysfunction, in a way
similar to what observed during aging in rat hearts [35,133,134]. Even if direct evidence has
not been provided, this observation could also suggest that cardiolipin-related mitophagy
could also be impaired in AD [135].

Defects in the proteolytic activities of lysosomes can impair mitophagy. Lysosomal
defects have been repeatedly observed in brains specimens from AD patients. Studies in
mouse models highlighted the importance of lysosome functionality in AD pathogenesis, as
suppression of lysosomal proteolysis mimics AD neuropathology, while restoring normal
lysosomal proteolysis and autophagy efficiency in AD mouse models improves neuronal
function and cognitive performance, [136,137]. Accordingly, mutations of PSEN1—one of
the genes causing early onset AD—in combination with ApoE4, a key genetic risk factor
of AD, disrupt lysosomal function [138]. Other factors, including Ap peptides, ROS, and
oxidized lipids and lipoproteins, can also impair lysosomal proteolysis. Lysosomal deficits
in AD have been also attributed to defects in protease targeting to lysosomes [139]. As a
whole, these lysosomal defects reduce proteolytic removal of defective mitochondria, along
with other autophagic cargoes, in neurons of AD patients [139]. Therefore, increased Parkin
association with mitochondria and abnormal mitochondrial retention within lysosomes
observed in AD neurons of patients, as well as in cells overexpressing mutant APP, could
also be due to lysosomal deficiency [139].

Overall, these studies demonstrate that mitophagy impairment is clearly involved in
AD pathogenesis, and contributes to the progressive loss of mitochondrial functionality
observed in AD progression. To what extent the functional alteration of mitochondria
associated with age is crucial for the development of AD, or to what extent it represents a
concurrent but secondary phenomenon is still under discussion. According to the so-called
“mitochondrial cascade hypothesis”, mitochondria could represent the primary generator
of AD [140]: since mitochondrial function declines during aging, it connects AD and aging
by explaining why advanced age is the greatest AD risk factor. In physiological aging, an
equilibrium exists between mtROS, mitochondrial damage and removal of dysfunctional
mitochondria via mitophagy. In AD progression, the decrease below a critical threshold of
mitochondrial function associated with age starts the events leading to the accumulation
of AB. Mitophagy impairment can contribute to overcome this threshold, and in turn
impaired mitochondrial function and associated bioenergetic changes alter A3 homeostasis
and lead to an accumulation of Af.
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5.3. Mitophagy and Oxidative Stress in Parkinson’s Disease

PD is the second most common progressive disorder of the CNS, that affects predomi-
nantly the dopaminergic neurons od the substantia nigra (SN) [141]. A typical sign of PD is
the presence of the Lewy bodies, eosinophilic cytoplasmic inclusions in the SN [142]. PD is
mainly sporadic and associated with aging, even if 5-15% is hereditary with an autosomal
transmission, always with early onset [143]. In a way similar to AD, the early-onset form
of PD is caused by gene mutations, whereas aging is the single, most important risk factor
for the sporadic form. Indeed, the prevalence of PD is at 5% in people aged 80 years, at
2% in aged 65 years, and rare in aged 50 years or less [144,145]. The mechanisms at the
basis of neuronal degeneration in PD have not been fully elucidated, but several lines
of evidence suggest that deficiencies in mitochondrial homeostasis play a crucial role in
neuronal degeneration characterizing PD pathogenesis [146]. The high request of energy of
these cells is probably at the basis of their susceptibility to mitochondrial dysfunction [141]
and both mitophagy impairment and oxidative stress have been proved to be involved in
this process.

A possible involvement of mitophagy in the pathogenesis of PD was first suggested
by a study showing that mitochondria accumulated abnormally in autophagosomes in
neurons of patients with PD and Lewy Body Dementia (LBD) [147]. Numerous studies have
described defects in mitophagy and an overall mitochondrial impairment with consequent
increased ROS production in neurons of PD patients and/or in models [146,148-156].
Although oxidative stress is described as a key regulator of the neurodegenerative process
in all forms of PD [146,157], it is not clear yet if the increase of ROS is a causative factor
or a consequence of cells degeneration. Nevertheless, investigation in early-stage PD
patients showed that oxidative stress is arising during the initial stages of the disease
before the neuron loss, supporting the idea that ROS could be the cause of neuronal
degeneration [158]. As oxidative stress is observed during physiological aging, molecular
alterations occurring during PD could aggravate the imbalance between ROS production
and scavenging observed with age, leading to nigral neurodegeneration [145].

The observations made on early onset, recessive familial PD are of particular interest
to understand how impairment of mitophagy affects the delicate balance between damage
caused by oxidative stress and mitochondrial turnover maintaining the organelle home-
ostasis. Early onset, recessive familial PD can be caused by mutations in the genes Park2
(Parkin), Park6 (Pink1), or Park7 (DJ-1), among others [125,159-161]. All three proteins
are crucial in resistance to oxidative stress and to maintain mitochondrial functions [125].
While the role of PINK1 and Parkin in mitophagy is clearly established, the possible in-
volvement and the precise function of DJ-1 in this process is still a matter of discussion.
DJ-1 is involved in anti-oxidative, anti-inflammatory, and anti-apoptotic pathways, and
can protect substantia nigra from oxidative stress during PD onset. Missense mutations
in this gene cause a very rare autosomal recessive PD, often with early onset [162], and
fibroblasts and lymphoblasts from PD patients with mutated DJ-1 showed fragmentated
mitochondria, revealing a role of DJ-1 in mitochondrial dynamics [163-165]. Interestingly,
overexpression of PINK1 and Parkin rescues the aberrant mitochondrial phenotype ob-
served in DJ-1 deficient cells, suggesting that DJ-1 functions in mitophagy are partially
redundant [164].

Alpha-Synuclein, encoded by the SNCA gene, plays a role in compartmentalization
of neurotransmitters and synaptic vesicle recycling and it is mainly located in neurons,
in presynaptic terminals [146,166-170]. Multiplications and mutations in SNCA gene
are related to autosomal dominant PD. Alpha-Synuclein is a natively unfolded protein,
without a stable structure in aqueous solutions, and its aggregation represents a hall-
mark of PD [146,171]. Indeed, alpha-Synuclein fibrils are the main component of Lewy
bodies. Mutated or high amount of protein can constitute aggregations and amyloid fib-
rils [172-175]. Numerous in vivo and in vitro studies connect oxidative stress with the
formation of x-Synuclein aggregations and fibrils, supporting the idea that an unbalance
redox state in brain may contribute to neurodegeneration [176,177]. Neurotoxins such as
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rotenone or MPP* (metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, MPTP)
capable of inhibit mitochondrial complex I producing ROS have been shown to increase
a-Synuclein in vitro and in vivo; a study revealed that this effect is due to the derepression
of microRNAs (miRNAs) capable of inhibit x-Synuclein mRNA expression, leading to
a de novo translation [172]. Moreover, an increase of «-Synuclein aggregation has been
observed in a transgenic mouse overexpressing x-Synuclein in the presence of oxidative
stress due to haploinsufficiency of SOD2 [178]. Furthermore, x-Synuclein misfolding is
responsible of increasing in ROS production, triggering a vicious cycle that in turn leads to
neurodegeneration [179,180].

LRKK?2 is a kinase enzyme codified by the LRRK2 gene and mutations in LRRK2 are
responsible for 1-2% of total PD cases and about 5% of total familial cases, even if LRKK2
represent also a risk locus for sporadic PD [181-183]. It has been showed that LRKK2 can
interact with Miro, a protein of the OMM responsible for the link between microtubules and
the mitochondrial surface and involved in mitochondria mobility [184-186]. Interaction of
LRKK2 with Miro targets it for degradation and triggers mitophagy. In a study performed
on fibroblasts from sporadic and familial LRRK2-mutated PD patients treated with CCCP
(a mitochondrial uncoupler), Miro degradation, and the subsequent mitochondrial clear-
ance were compromised. Delaying and impairment of mitochondrial clearance were also
observed in induced pluripotent stem cell (iPSC)-derived neurons from PD patients with
LRKK2G2019S mutations treated with antimycin A, an inhibitor of complex III able to start
mitophagy. This demonstrated that mutations in LRRK2 could delay Miro degradation
and the onset of mitophagy, leading to the increase of ROS, followed by cell death [187]. In
another study, the effects of mutated PINK1 have been analyzed in dopaminergic neurons
derived from iPS cells from skin fibroblasts of PD patients. Although iPSC were treated
with valinomycin, a potassium ionophore capable of dissipate the transmembrane electro-
chemical gradients, they showed impaired Parkin translocation to mitochondria with an
increase of mitochondrial copy number [188].

Multiple lines of evidence suggest that the imbalance of acetylases and deacetylases
activity also impacts mitophagy regulation in PD pathogenesis, either in idiopathic or
familiar forms of the disease. Hyperacetylation of SOD1 has been observed in post-mortem
midbrains from PD patients [189]. SIRT3 overexpression, or administration of Nicoti-
namide Riboside (NR), a NAD+ precursor, counteracts the degeneration of dopaminergic
neurons in PD [190]. CR, which is known to induce SIRT3, reduces neurodegeneration
in animal models of both PD and AD [191]. Decreased sirtuin deacetylase activity was
observed in iPSC-derived dopaminergic neurons from patients bearing the G2019S LRRK2
mutation [192]. Fibroblasts from PD patients with the same mutation displays increased
mitophagy, due to the activation of SIRT3, clearly suggesting that impaired SIRT-induced
mitophagy plays a major role in the pathogenesis of this form of early-onset PD. Conversely,
idiopathic PD exhibits a reduced capability to remove defective mitochondria, associated
with higher levels or ROS production reactive oxygen species (ROS) [71].

The crucial role of oxidative stress and mitophagy in the pathogenesis of PD has been
also proved by the observation that NIX and AMBRAT1 can help in delaying cell death in
PD by exerting an antioxidant action. When PINK1-mediated mitophagy is abrogated in
PD dopaminergic neurons, NIX can stimulate the removal of damaged mitochondria, so
preserving dopaminergic neurons. Phorbol 12-myristate 13-acetate (PMA) induces NIX
expression, and leads to ROS production in the same cells, clearly suggesting that induction
of mitophagy helps in reducing oxidative stress [193]. In a similar model in which PINK1-
mediated mitophagy is not functional, because of PINK1 or PARK2 mutations, AMBRA1
can rescue mitophagy [194] and reduce cell death in vitro induced by rotenone or 6-OHDA
treatments, by limiting selectively the source of oxidative stress [195]. The main alterations
of factors modulating mitophagy observed in AD and PD are depicted in Figure 2, while
Table 1 summarizes the main findings described above concerning changes of mitophagy
observed during aging or in PD and AD, which are related to oxidative stress.
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Figure 2. Main alterations of factors modulating mitophagy observed in AD and PD. In AD, A
accumulation upregulated PINK/Parkin pathway. Mutant human APP increases recruitment of
Parkin to depolarized mitochondria. mAPP also causes upregulation of mitochondrial fission genes
DRP1, and decrease of fusion genes MFN1/2 and OPA1. Tau interacts with Parkin and inhibits its
translocation to defective mitochondria. Furthermore, it upregulates fission proteins and inhibits
fusion proteins. In PD, defective mitophagy is determined by loss of function of Parkin, PINK1, and
DJ- 1; their dysfunction is associated with high levels of ROS. Loss of LRKK2 blocks the degradation
of the outer membrane protein Miro and triggers mitophagy. In this context, NIX and AMBRA, can
limit the excessive production of ROS. See text for details.

Table 1. Changes of mitophagy observed with age or in PD and AD, which are related to oxidative stress.

Mitophagy Pathway or Protein

Age Related Changes

Changes in PD or AD

Pink/Parkin

Depletion of Pink1 and Parkin leads to
hallmarks of senescence in ISCs
(Intestinal stem cells) of D. melanogaster,
including high ROS levels [94];
Overexpression of Pink1 or Parkin
extends lifespan of D. melanogaster [95];
Parkin overexpression attenuates
molecular and biochemical markers of
aging, extending lifespan in D.
melanogaster [196]

mRNA levels of BNIP3, PINK1, Parkin
and NIX, and the protein levels of
BNIP3, PINK1 and Parkin decrease in
the mouse auditory cortex with

aging [197];

Parkin levels are diminished in
atrophied muscles of elderly men [98];
Parkin overexpression attenuates the
effects of advanced aging on myocardial
function in transgenic mice [198]
Parkin overexpression attenuates
aging-dependent loss of muscle
strength and mass in transgenic

mice [97].

Upregulation of the PINK1/parkin
pathway were showed in AD
patients” brain [119,120];

Depletion of Parkin during AD
progression were found in AD
patients’ brain [121];

Low levels of the Parkin protein
were identified in skin fibroblasts
and brain biopsies from AD
patients [122];

Increased levels of Parkin were
revealed in a transgenic mouse
model [123];

Homozygous or compound
heterozygous mutations and the
consequent loss of function of
Parkin and PINK1 genes are the
main cause of recessive early-onset
PD [119,159];

Mutations in PINK1 gene are also a
rare source of sporadic early-onset
PD [160].
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Table 1. Cont.

Mitophagy Pathway or Protein

Age Related Changes

Changes in PD or AD

Cardiolipin levels in mitochondria

Changes in the cardiolipin profile
were described in mouse model of

decrease with aging [134]; AD [126];
e  Changes to cardiolipin content and Correlation between oxidative
Cardiolipin oxidative damage have been related to damage of CL by ROS and
aging in hearts of rats; no direct pathogenesis of PD, likely because
evidence of cardiolipin-mitophagy of the impairment of mitophagy
impairment has been provided [35,133]. caused by damaged CL. No direct
evidence is provided [199].
Immunostaining revealed high
levels of DJ-1 protein in
hippocampal pyramidal neurons
and astrocytes of AD brains [201];
Mutations in DJ-1 gene are cause of
. DJ-1 mutants in D. melanogaster exhibit autosomal recessive PD [161];
lifespan shortening and sensitivity to Fibroblasts and lymphoblasts from
DJ-1 oxidative stress; PD patients with mutated DJ-1
e  Repressed during aging in rat thymus showed fragmented
tissues [200]. mitochondria [151,153].
Mutations in Dj-1 impaired
protection against oxidative stress, a
key regulator of the
neurodegenerative process in PD
and AD [202-210]
° mRNA levels of BNIP3, PINK1, Parkin
and NIX, and the protein levels of
BNIP3 BNIP3, PINK1 and Parkin in the mouse No data available
auditory cortex decrease with
aging [197].
e  Age-related increase of MFN1 and Increased expression in neurons
MFN1 OPAL1 in cultured fibroblasts. from patients with AD.
Reduced levels of MFN1, MFN2 and
OPA1 were found in aged tau
mice [132];
Changes of MFN1 and MFN2 were
e MEN2 expression is higher in rat and identified both in the
human chondrocytes during aging and PrP-hAPP/hPS1 AD mouse model
MEN1/MFN2 OA (osteoarthritis) [101] brains and in an SH-SY5Y cell

MEN2 decreases during aging in mouse
skeletal muscle [99].

model of early-onset AD [211].
Decreased levels of mitochondrial
fusion proteins, MFN1, MFN2 and
OPA1 were found in 12-month-old
tau mice relative to age-matched
WT mice [132].
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6. Conclusions

The interplay between mitophagy, ROS production, and aging is complex and far
from being completely elucidated. The central role of ROS production and consequent
damage to mitochondria in the aging process has been clearly established in the last 50
years, despite some objections to this theory over the past 15 years [212], and mitophagy is
a key mechanism for mitochondrial quality and quantity control, as it limits the production
of ROS, the damage to mtDNA of transmembrane potential loss and the decrease in ATP
production. The data and observations discussed in this review indicate that the imbalance
of the delicate equilibrium among mitophagy, ROS production, and mitochondrial damage
can start, drive, or accelerate the aging process, either in physiological or pathological
conditions (Figure 3). It remains to be determined which is the prime mover of this
imbalance, i.e., whether it is the mitochondrial damage caused by ROS that initiates the
dysregulation of mitophagy, thus activating a vicious circle that leads to the reduced ability
to remove damaged mitochondria, and further damage from ROS, or if, on the other hand,
an alteration in the regulation of mitophagy constitutes one of the initial events leading to
the main of the excessive production of ROS.

Oxidative

ROS
stress

Healthy Damaged
mitochondria Mitophagy mitochondria Impaired
mitophagy

Figure 3. In normal conditions, ROS physiologically produced in the cell, and particularly by
mitochondria, can induce mitophagy, which contributes to the normal homeostasis of the cells by
removing damaged mitochondria, so maintaining the organelles healthy. The progressive increase
in ROS production observed with age can lead to chronic oxidative stress, which in turn impairs
mitophagy and reduces the capability to remove damaged mitochondria. Damaged organelles
further produced ROS, so keeping a vicious cycle active.
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Abbreviations

AD
AMBRA1
APP
ARIH1
ATG
ATM

AB
BCL2L13
BNIP3
CI

CIIT

CK2

CL

CR

CSs

CSB
CuZnSOD (SOD1)
DNMI1L
Drpl
FKBP8
FUNDC1
Gp78
GPx1
Grx2
GSNOR
HAT
HDAC
HIFla
HUWE1
MM
iPSC

IR

Keapl
LBD

LIR
mAPP
MnSOD (SOD2)
MPP
MsrB2
mtKR
MMP
MTS
MUL1
NAD
NBR1
NDP52
NIX (BNIP3-like, NIX/BNIP3L)
NK

NR

Nrf2
OMM
OPA1
OPTN
p62/SQSTM1
PARL
PD

150

Alzheimer’s disease

Autophagy and beclin 1 regulator 1
Amyloid precursor protein
Ariadne RBR E3 ubiquitin ligase homolog 1
Autophagy-related protein
Ataxia-telangiectasia mutated
Amyloid-3 peptide

BCL2 like 13

BCL2 interacting protein 3
Complex I

Complex III

Casein kinase II

Cardiolipin

Caloric restriction

Cockayne syndrome

CS complementation group B
Copper-zinc SOD

Dynamin-1-like protein
Dynamin-1-like protein

FKBP prolyl isomerase 8

FUN14 domain containing 1
Glycoprotein 78

Glutathione peroxidase 1
Glutaredoxin 2
S-nitrosoglutathione reductase
Histone acetyltransferase

Histone deacetylases
Hypoxia-inducible factor 1-alpha
HECT, UBA and WWE domain-containing protein 1
Mitochondrial inner membrane
induced pluripotent stem cell
Ischemia/reperfusion

Kelch-like ECH-associated protein 1
Lewy Body Dementia

LC3 interacting region

Mutant APP

Manganese superoxide dismutase
Matrix processing peptidase
Methionine sulfoxide reductase B2
Mt KillerRed

Mitochondrial membrane potential
Mitochondrial targeting sequence
Mitochondrial E3 ubiquitin protein ligase 1
Nicotinamide adenine dinucleotide
Neighbor of BRCA1 gene 1

Nuclear domain 10 protein 52
NIP3-like protein X

Natural killer

Nicotinamide riboflavide

Nuclear factor (erythroid-derived 2)-like 2 transcription factor
Mitochondrial outer membrane
Dynamin-like 120 kDa protein
Optineurin

Sequestosome-1
Presenilin-associated rhomboid like
Parkinson’s disease
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PGAMS5 Phosphoglycerate mutase 5

PHD Prolyl hydroxylase

PINK1 Phosphatase and tensin homologue (PTEN)-induced
putative kinase 1

PMA Phorbol 12-myristate 13-acetate

PRDX6 Peroxiredoxin-6

Prx3 Peroxiredoxin-3

Prx5 Peroxiredoxin-5

Rbx1 E3 ubiquitin-protein ligase RBX1

ROS Reactive oxygen species

SENPs Sentrin/SUMO specific proteases

SIAH1 E3 ubiquitin-protein ligase SIAH1

SIRT1 Nicotinamide adenine dinucleotide-dependent
deacetylase sirtuin 1

SMURF1 SMAD ubiquitination regulatory factor 1

SNc Substantia nigra pars compacta

SNCA Alpha-Synuclein

TAX1BP1 TAX1 binding protein 1

TIM Translocase of the inner membrane

TOM Translocase of the outer membrane

ucrp Uncoupling proteins

ULK1 Unc-51-like autophagy activating kinase 1
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Abstract: Eukaryotic cells frequently experience fluctuations of the external and internal environ-
ments, such as changes in nutrient, energy and oxygen sources, and protein folding status, which,
after reaching a particular threshold, become a type of stress. Cells develop several ways to deal with
these various types of stress to maintain homeostasis and survival. Among the cellular survival mech-
anisms, autophagy is one of the most critical ways to mediate metabolic adaptation and clearance of
damaged organelles. Autophagy is maintained at a basal level under normal growing conditions and
gets stimulated by stress through different but connected mechanisms. In this review, we summarize
the advances in understanding the autophagy regulation mechanisms under multiple types of stress
including nutrient, energy, oxidative, and ER stress in both yeast and mammalian systems.

Keywords: autophagy; energy stress; ER stress; nutrient stress; oxidative stress; regulation

1. Overview of Autophagy in Yeast and Mammals

Autophagy is a highly regulated cellular degradation and recycling process, conserved
from yeast to more complex eukaryotes [1]. The proteasome is responsible for degrading
most short-lived, individual proteins, therefore, autophagy can degrade and recycle long-
lived proteins, large protein complexes, and organelles [2]. The key definition of autophagy
is the delivery and, typically, the degradation of cytoplasmic cargo within the lysosome (or
the vacuole in fungi and plants) [3]. Based on different types of cargo and various modes
of cargo delivery, at least three types of autophagy have been characterized, including
microautophagy, macroautophagy, and chaperone-mediated auto-phagy/CMA; the latter
process occurs in birds, fish, and mammals, but is not present in fungi [4]. The most
comprehensively studied of these processes is macroautophagy, and, hereafter, we will use
the term autophagy to refer to macroautophagy. The morphological hallmark of autophagy
is the formation of the autophagosome, a large cytoplasmic double-membrane vesicle,
which originates through the generation of the phagophore and the latter’s subsequent
expansion and closure [5]. Once completed, the outer membrane of the autophagosome
fuses with the lysosome/vacuole, while the inner membrane and cargo are exposed to the
lumen of the degradative organelles for hydrolysis and the final efflux of the breakdown
products into the cytosol [6].

The basic mechanism of autophagy has been well-documented, and the entire pro-
cess of autophagy can be divided into the following stages: induction and nucleation
of the phagophore, expansion and maturation of the phagophore into a completed auto-
phagosome, docking and fusion with the lysosome/vacuole, and degradation and efflux
of the breakdown products (Figure 1A) [7]. Initially identified in yeast, over 40 genes that
have products primarily involved in the basic process of autophagy have been classified
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under the name autophagy-related (ATG) [8]. Many papers have provided details on this
topic [2,4,9], therefore, here, we will briefly describe the autophagy process and the Atg
proteins involved in both yeast and mammalian systems.
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Figure 1. Autophagy in yeast and mammalian systems. (A) Four stages of autophagy. The upper and
lower parts of each panel represent yeast and mammals, respectively. In both yeast and mammals, au-
tophagy includes four stages, induction and nucleation of the phagophore, expansion and maturation
of the phagophore, fusion with the vacuole (in yeast)/lysosome (in mammals), and degradation and
efflux of the breakdown products. (B) Protein complexes involved in induction and nucleation of the
phagophore. In yeast, Atgl and PtdIns3K complex I will be recruited to the PAS and drive the forma-
tion of PtdIns3P on the phagophore. In the mammalian system, the ULK1 complex phosphorylates
and activates PtdIns3K complex I, which contributes to the formation of the phagophore. (C) Two
ubiquitin-like systems. In both yeast and mammals, the Atg12 complex (Atg12—-Atg5-Atgl6 in yeast
and ATG12-ATG5-ATG16L1 in mammals) forms with the help of Atg7/ATG7 and Atgl0/ATG10;
this complex then functions as an E3 enzyme for the conjugation of Atg8 (in yeast) and Atg8-family
proteins (LC3 and GABARAP subfamilies in mammals) with PE.

In yeast, the induction of autophagy begins at a single perivacuolar site, called the
phagophore assembly site (PAS) which is proximal to the vacuole. This step is regulated by
the Atgl protein complex, including Atgl, Atgl3, and the Atgl7-Atg31-Atg29 ternary sub-
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complex [10,11]. In the nucleation stage, the Atgl4-containing class III phosphatidylinositol
(PtdIns) 3-kinase (PtdIns3K) complex I (consisting of Vps34, Vps30, Vpsl5, Atgl4, and
Atg38) is recruited to the PAS (Figure 1B) [12]. Next, the phagophore begins to expand and
then seal to complete the formation of the autophagosome. Key components participating
at this stage are two ubiquitin-like (Ubl) conjugation systems, which mediate the conjuga-
tion of Ubl proteins Atg12 and Atg8 [13,14] (Figure 1C). Through an enzymatic pathway
involving Atg7 (an El-like enzyme) for Atgl2 activation and Atg10 (an E2-like enzyme)
for Atg12-Atg5 conjugation, the C terminus of Atgl2 is conjugated to an internal Lys of
Atg5; Atgl6 then noncovalently binds to Atg5 in the conjugate [15]. This system plays a
role in membrane recruitment for the expanding phagophore. In contrast to Atg12, which
is conjugated to another protein, Atg8 is conjugated to the lipid phosphatidylethanolamine
(PE), allowing for its membrane association. Atg8 is initially synthesized with a C-terminal
extension, which is removed by the Atg4 cysteine protease to expose a C-terminal Gly [16].
The modified Atg8 is activated with the help of Atg7, and then transferred to Atg3 (an
E2 enzyme) that attaches the exposed C-terminal Gly to PE [13,15]. Atg8-PE is found
on both sides of the phagophore and initially of the autophagosome; the portion on the
autophagosome outer membrane will be deconjugated by a second Atg4-depedent cleav-
age when autophagosome formation is completed. The transmembrane protein Atg9 may
cycle between the PAS and peripheral sites, thus carrying or directing the delivery of
membrane for the expansion stage [17]. Upon maturation, the intact autophagosome fully
surrounds the cargo, and ultimately delivers cargos to the vacuole by fusing with the
vacuolar membrane. Finally, the cargo is degraded by various hydrolases in the vacuole,
and breakdown products will be released back into the cytoplasm through permeases in
the vacuole membrane.

There are some slight differences in components involved in the autophagy process in
mammalian cells, whereas most components are homologs of Atg proteins in yeast. The
activation of the ULK Ser/Thr kinase complex is required for autophagy induction, and
the initiation begins with the ULK kinase complex (the catalytic subunits ULK1 or ULK2,
the regulatory scaffold protein ATG13, RB1CC1, and the stabilizing protein ATG101) which
can phosphorylate downstream factors for the induction of autophagy [9,18]. Next, the
activated ULK1 complex phosphorylates and activates the PtdIns3K complex 1 (mainly
composed of BECNI1 [beclin 1], PIK3C3/VPS34, PIK3R4/VPS15, ATG14, NRBF2, and
AMBRAI1) [19]. The activated PIK3C3/VPS34 can phosphorylate PtdIns to produce
phosphatidylinositol-3-phosphate (PtdIns3P), further contributing to formation of the
phagophore [20]; ATG14 is directly associated with the ability of the PtdIns3K complex I to
translocate to this site [21]. NRBF2 regulates PIK3C3 activity via promoting assembly of
the complex, while AMBRA1 contributes to the interaction of BECN1 and PIK3C3 and the
catalytic activity [22,23] (Figure 1B). Phagophores are nucleated on ER-emanating PtdIns3P-
rich membrane domains called omegasomes [24]. In the expansion step, the ATG12 con-
jugation system (ATG12-ATG5-ATG16L1 complex) is like that in yeast (Figure 1C). In
addition, the second Ubl system involves Atg8-family proteins including MAP1LC3/LC3
and GABARAP subfamilies, undergoing a similar process. With another protein, UVRAG,
and core proteins from the PtdIns3K complex I, PtdIns3K complex II is formed, which is
also important for autophagy. For example, UVRAG can bind to SH3GLB1 and promote
autophagosome maturation [19].

Under normal conditions, autophagy keeps working constitutively at a basal state to
maintain cellular homeostasis. When the cell is exposed to certain stress conditions, au-
tophagy is massively induced and promotes the turnover of cytoplasmic materials required
for cell survival or removing superfluous or damaged organelles. Too little or too much
degradation from uncontrolled autophagy is harmful, and aberrant autophagy is associated
with various diseases, such as cancer, aging, and neurodegeneration [25]. Autophagy can be
either nonselective or selective: the nonselective mode degrades relatively random portions
of the cytoplasm (although phase separation may be involved), whereas the selective mode
is highly specific for certain components [26]. In particular, selective autophagy can de-
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grade damaged and superfluous organelles or invasive microbes; these selective processes
are given different names depending on the cargo, including mito-phagy (mitochondria),
pexophagy (peroxisomes), aggrephagy (protein aggregates), lipophagy (lipid droplets),
and xenophagy (intracellular pathogens) [26]. The selective mode of autophagy also plays
a key role in cell physiology.

The frequently changing external environment causes cellular stress, and cells in a
diseased state also experience stress from the unstable internal environment; therefore,
stress biomarkers and their detection are important in the assessment of cell homeostasis
(Table 1). To meditate metabolic adaptation and clear damaged organelles, autophagy
is considered as one of the most important mechanisms to maintain cell survival under
stress. Whereas the depletion of nutrients constitutes the main stimulus for massive
autophagy induction, many other types of cellular stress are also involved in autophagy
regulation. These different conditions can also regulate autophagy at different levels,
including epigenetic, transcription, post-transcription, translation, and post-translation. In
this review, we consider different stress stimuli and their relations with autophagy, with a
goal of providing a more comprehensive understanding about this field.

Table 1. Stress biomarkers and their detection.

Stress Type Organism Biomarkers Detection Reference
Sch9 dephosphorylation [27]
Y TORC1 - -
east inactivation Mammalian EIF4].€BP.1 dephosphorylation 28]
Nutrient stress in vitro
MTORC1 RPS6KB1 dephosphorylation [29]
Mammals . s
inactivation EIF4EBP1 dephosphorylation [29]
Liquid chromatography to detect ATP, ADP and
AMP level (301
Yeast and Lower ATP:
mammals ADP/AMP ratio ATP:ADP fluorescence reporter [31,32]
Bioluminescent detection [33]
Energy stress
Yeast Snfl activation “SAMS” peptide phosphorylation [34]
AMPK phosphorylation [35]
Mammals AMPK activation Phosphorylation of downstream targets such as 35]
ACAC (acetyl-CoA carboxylase) g
Dichlorodihydrofluorescein fluorescence [36]
PG1 or PC1 fluorescence [371
High level of ROS Calcein-acetoxymethylester (calcein-AM) [38]
fluorescence
CellROX dye [39]
Oxidative stress ;\{/Ie:;t;zis High-performance liquid chromatography [40]
Increased GSSG:GSH Capillary electrophoresis [40]
ratio Bioluminescence [41]
Genetically-encoded fluorescent sensors [42,43]
Lipid Fluorescence shift of C11-BODIPY (581/591) [44]
peroxidation TBA-MDA assay [45,46]
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Table 1. Cont.

Stress Type Organism Biomarkers Detection Reference
M;Scfgiﬁjlgtﬁfm Kar2 sedimentation [47]
Yeast Transcription reporter containing a UPR element [47]
UPR pathway promoter driving fluorescent proteins
activation :
Irel clustering [47]
ER stress Protein Thioflavin T (ThT) 48]
aggregates fluorescence
Spliced XBPT mRNA detection using ER [49]
Mammals stress-activated indicator” (ERAI) construct
UPR pathway -
activation Upregulated expression of UPR target genes, [50]
including DDIT3 and HSPA5/GRP78
ATF6 translocation [51]

2. Autophagy Regulation under Nutrient Stress
2.1. Mechanisms of Autophagy Regulation by Nutrient Stress in Yeast

Nutrients, such as amino acids and other nitrogen sources, are crucial for yeast growth
and the target of rapamycin (TOR) pathway is the central regulator [52]. Torl and Tor2
are conserved protein kinases that can be found in two protein complexes termed TOR
complex 1 (TORC1) and TORC2. TORC1, which consists of Tor1 or Tor2, Kogl, Lst8, and
Tco89, is particularly sensitive to rapamycin treatment and activated by nutrients [52].
Unlike TORC1, TORC2 can only utilize Tor2 as its catalytic component and is not sensitive
to rapamycin [53]. Even though some studies indicate that TORC2 is involved in promoting
autophagy [54], TORC1 is still considered as the master regulator of autophagy, especially
under nutrient stress.

Nitrogen and amino acid signaling are transmitted to TORC1 via different mechanisms,
which largely involve the conserved RAG GTPase, composed of Gtrl and Gtr2 [55]. Gtrl
and Gtr2 form a heterodimer and are tethered on the vacuole membrane by the Egol-Ego2-
Ego3/EGO complex [52]. In the presence of sufficient nitrogen sources/amino acids, with
the help of Vamé as a guanine nucleotide exchange factor/GEF, Gtrl and Gtr2 are in the
GTP and GDP bound forms, respectively. Activated Gtrl binds to Kogl and Tco89 in the
TORC1 complex, trapping and activating TORC1 on the vacuole [56]. When the amino
acid level goes down, Seh1-associated subcomplex inhibiting TORC1/SEACIT, which is
composed of Npr2, Npr3, and the catalytic subunit Iml1, functions as the GTPase activating
protein (GAP) to induce GDP loading onto Gtr1; this form no longer activates TORC1 [57].

TORCI1 regulation function with regard to autophagy can be summarized in three
aspects (Figure 2A). First, TORC1 directly phosphorylates Atg13 under growing conditions,
which prevents Atg13-Atgl complex activity [58,59]. The inactivation of TORC1 by nutrient
deprivation leads to the hypophosphorylation of Atgl3, the induction of Atgl kinase
activity and autophagy stimulation [58].

Second, TORC1 regulates the transcription of ATG genes. TORC1 negatively regulates
the expression of genes required for the adaptation to nutrient stress by regulating the
expression and localization of several transcription factors (TFs), including Gen4, and
the GATA-binding proteins GIn3 and Gatl [60,61]. When TORCI is inactivated by the
depletion of nutrients, the activated phosphatases Sit4 and PP2A (Pph21/22-Tpd3-Cdc55)
mediate the translocation of GIn3 and Gat1 to the nucleus [60], where they are required
for the successful induction of ATG7, ATGS, ATG9, ATG29, and ATG32 expression [62];
GIn3 is necessary for promoting ATG14 expression [63]. TORC1 inhibition also induces
Gen4 expression [61] and GCN4 deletion leads to decreased ATGI mRNA level and au-
tophagy activity during starvation [62]. Additionally, Gen4 is responsible for the increased
expression of ATG41 during starvation, which is required for efficient autophagy [64]. In
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addition to directly regulating the localization of TFs, TORC1 and one of its downstream
targets, Sch9, inhibit the translocation of Rim15 from the cytosol to the nucleus; Rim15 is
a kinase, which controls the association between several TFs and ATG genes [27,65]. For
instance, Rphl is a transcriptional repressor of several ATG genes, including ATG7, ATGS,
ATGY9, ATG14, and ATG29 under nutrient-rich conditions. Upon nutrient stress, Rph1 is
phosphorylated by the nuclear-localized Rim15 and dissociates from the ATG genes to
induce autophagy [66]. Similarly, Ume6 inhibits ATGS transcription when nutrients are
abundant, and this inhibition is relieved by Rim15-dependent phosphorylation during
starvation [67].
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Figure 2. Autophagy regulation by TORC1 and MTORC1. (A) In yeast, nutrient sources activate
TORC1 basically through activated Gtrl-Gtr2 heterodimer. The activated MTORC1 inhibits auto-
phagy through phosphorylating Atg13, inducing degradation of ATG mRNA and inhibiting Rim15
translocation to nucleus, which releases some repressing transcription factors such as Rph1 and Ume6
and induces ATG genes transcription. (B) In mammalian cells, amino acids activate RRAG GTPase
and recruit MTORCT1 to lysosomes, where it is activated by RHEB. Activated MTORC1 phosphorylates
several ATG proteins and inhibits their functions. Meanwhile, MTORC1 dependent phosphorylation
in TFEB, MITF, and TFE3 blocks their translocation into nucleus and the induction of ATG and CLEAR
genes transcription. Solid and dashed lines represent direct and indirect regulations respectively.

Third, TORC1 controls the posttranscriptional regulation of ATG genes. In a report
by Hu et al., a temperature sensitive mutation in the decapping enzyme Dcp2 results in
increasing mRNA level of multiple ATG genes under nutrient-replete conditions, including
ATG1, ATG8, ATGY, and ATG13, and a higher autophagy activity [68]. In the same study, the
researchers also found that in C. neoformans, TORC1 phosphorylates Dcp2 under nutrient-
rich condition, thus promoting ATG8 mRNA degradation [68].

Here, we only summarized autophagy regulation related to TORC1. Multiple layers of
regulation happen in both growing and/or starvation conditions to regulate autophagy as
listed in Table 2, but their relations to nutrient stress signals are not completely elucidated.
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Table 2. Autophagy regulation in yeast under nutrient-rich and starvation conditions.

Regulato Effects Target Genes or
Type of Regulation Fgactorsry Conditions (1, Positive; gProteins Reference
1, Negative)
Pho23 Nutrient-rich 1 ATG1,7,8,9,12,14, 29 [69]
Spt10 Nutrient-rich I ATG1,7,9,14, 32
Nutrient-rich
Fyv5 and I ATG1,7,8,9,14, 29, 32
starvation
Sfl1 Nutrient-rich 1 ATG1,7,8,9,14,29, 32 [62]
L . Nutrient-rich
Transcriptional regulation Skol and ! ATG1.7.8.32
starvation
Zapl Nutrient-rich 1 ATG1,7,8,9,14,29, 32
Swib Nutrient-rich T ATG7,8,9,14, 29
Rscl Starvation T ATG8 [70]
Nutrient-rich 1 ATGS, 41
Spt4/5 : [71]
Starvation T ATG41
Xrnl Nutrient-rich 1 ATG1, 4,5,7,8,12, 14, 16, [72]
29,31
Nutrient-rich 1 ATG3,7,8,19,20,22,24 [68]
Dhh1 -
Post-transcriptional regulation Starvation T ATGL13 [73]
Patl Starvation 1T ATG1,2,7,9 [74]
Psp2 Starvation T ATG1, 13 [75]
Ded1 Starvation T ATG1 [76]
Cvt pathway
. and
Phosphorylation Hrr25 pexophagy T Atg19,36 [77]
Post- induction
translational T - -
regulation Ubiquitination Met30 Nutrient-rich 1 Atg9 [78]
Acetylation Esal Starvation T Atg3 [79]
Deacetylation Rpd3 Starvation 1 Atg3 [79]
Epigenetic Acetylation Sas2 Nutrient-rich N Histone H4 Lys16 [80]
regulation Methylation Unclear Nutrient-rich 1 Histone H3 Lys4 [80]

Although additional factors have been identified that regulate autophagy in yeast
during starvation, many questions still remain. First, some autophagy regulators play dual
roles under growing and starvation conditions (Table 2). For example, Dhh1 contributes
to the degradation of multiple ATG mRNAs under nutrient-rich conditions, but, on the
contrary, promotes the translation of ATG genes during starvation [68,73,81]. However,
how this transition happens and how it connects with a nutrient-sensing pathway is
still unclear. Second, TORC]1 has different localizations based on nutrient status. When
nutrients are replete, TORCI is activated and disperses along the vacuole membrane;
several studies indicate that TORC1 forms punctate structure on the vacuole in response to
starvation [82-84]. However, it is still unclear whether the change in TORC1 localization
contributes to autophagy regulation. One model proposes that because the PAS is formed
close to the vacuole, the dispersed TORC1 localization along the vacuole prevents Atg13
recruitment to the PAS. Conversely, TORC1 puncta formation during starvation limits
its access to Atg13, providing more opportunities for hypophosphorylated Atgl3 to be

167



Antioxidants 2022, 11, 304

recruited to the PAS [82]. A recent study indicates that the EGO complex and TORC1 have
two localizations, both on endosomes and the vacuole but only the TORC1 on endosomes
controls autophagy through targeting Atgl3 [85]. However, it is not clear why TORC1
has these two different pools and, considering that the distribution between them does
not change during nitrogen starvation, why these two populations of TORC1 function
differently. Third, epigenetic regulation is another critical way to control autophagy at
an appropriate level. Although not much is known in yeast, some evidence indicates the
relationship between TORC1, histone modifications, and autophagy regulation. A study
from Fiillgrabe et al. identified that autophagy occurs concomitant with the reduction in
histone H4 Lys16 acetylation/H4K16ac, which may result from the autophagic degradation
of the acetyltransferase Sas2 [80]. More recently, Set2, a histone methyltransferase, was
shown to be necessary for the transcriptional response to nutrient stress; Set2 genetically
interacts with Tor1 and Tor2, indicating a potential role in autophagy regulation [86], but
further studies are needed to reveal the mechanism of this type of regulation.

2.2. Autophagy Regulation in Mammalian Cells

In mammalian cells, nutrient starvation is also a common stress that induces auto-
phagy. Multiple important nutrient-response molecules have been reported to regulate
autophagy, among which MTOR (mechanistic target of rapamycin kinase) complex 1
(MTORC1) is the best characterized. In this subsection, we will summarize autophagy
regulation mechanisms mediated by MTORC1 and briefly introduce some other molecules
that contribute to autophagy regulation under nutrient stress.

2.2.1. Autophagy Regulation by MTORC1

Like in yeast, there are two TOR complexes in mammalian cells, MTORC1 and
MTORC2. MTORC1, which consists of MTOR, RPTOR/raptor, DEPTOR, LSTS8, and
PRASA40, is the general responder to growth factors and nutrients [87]. Amino acids
are essential for the activation of MTORC1 through RRAG GTPases [88,89]. Mammalian
cells contain four RRAG GTPase members, RRAGA, RRAGB, RRAGC, and RRAGD and
they functions in a heterodimer, in which one monomer of either RRAGA or RRAGB
partners with either RRAGC or RRAGD [90]. Amino acids in the lysosomal lumen activate
the Ragulator complex, possibly through the vacuolar-type H*-translocating ATPase (V-
ATPase) [91,92], and the Ragulator complex functions as a guanine nucleotide exchange
factor that promotes the active conformation of RRAG GTPase; where RRAGA /B binds
with GTP and RRAGC/D is loaded with GDP [91-93]. In addition, amino acids inhibit
the GATOR1 complex (analogous to yeast SEACIT), the GAP for RRAGA /B, therefore
facilitating the activation of the RRAG GTPase [94]. Once activated, RRAG heterodimer
binds with RPTOR and brings MTORC1 into proximity with RHEB (Ras homolog, mTORC1
binding) GTPase on lysosomes [88]. MTORC1 activity is coupled with growth factors; the
removal of TSC1-TSC2, the GAP of RHEB GTPase, in response to growth factors, allows
the activation of MTORC1 by RHEB [95]. In contrast, the lack of nutrients results in the
conversion of RRAG GTPase into its inactive form and the lysosomal localization of TSC2,
which inhibits RHEB GTPase activity [96]. In addition, the absence of amino acids inhibits
the polyubiquitination of RHEB, which is important for its binding with MTORC1 [97]. As
a result, MTORC1 becomes inactivated and displays a cytosolic localization.

MTORC1 is considered as the master regulator of autophagy when cells are facing
nutrient stress. Autophagy regulation by MTORC1 can be summarized in the follow-
ing aspects (Figure 2B): First, MTORCI regulates the posttranslational modification of
autophagy-associated proteins. Several ATG proteins are the direct targets of MTORC1
and the best known are ULK1 and ATG13. MTORC1-dependent phosphorylation of ULK1
and ATG13 reduces ULK1 complex activity. During starvation, the inactivated MTORC1
disassociates from ULKI, relieving inhibition of the latter; subsequent triggering of ULK1
complex activity promotes autophagy [98-100]. In return, activated ULK1 inhibits MTORC1
activity via phosphorylating RPTOR and reducing its substrate-binding ability [101,102].
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This feedback loop maintains the inactivation of MTORC1 and is important for the full
activation of autophagy during nutrient deprivation.

Several components of the PtdIns3K complex are also targets of MTORC1. In complex
I, MTORCI1-dependent phosphorylation of ATG14 inhibits the kinase activity of the com-
plex [103]. Another component, NRBF2, can be phosphorylated by MTORC1 at Ser113 and
Ser120. MTORC1 inhibition suppresses NRBF2 phosphorylation and changes it binding
preference from PIK3C3/VPS34 and PIK3R4/VPS15 to ATG14 and BECN1, supporting
PtdIns3K complex I assembly and its association with the ULK1 complex [104]. In addition,
AMBRAL1 is phosphorylated by MTORC1 at Ser52 and becomes inactivated. Upon nutrient
stress, activated AMBRAT1 interacts with the E3 ligase TRAF6 and ubiquitinates ULK1,
enhancing its activity [105]. In complex II, UVRAG is the direct target of MTORC1 [106].
MTORC1-dependent phosphorylation on Ser498 has a positive effect on the interaction
between UVRAG and RUBCN, which negatively regulates PIK3C3/VPS34 kinase activity
and the interaction between HOPS (a complex involved in tethering) and UVRAG, there-
fore inhibiting the fusion between autophagosomes and lysosomes [106]. Apart from the
proteins in these two complexes, WIPI2 can be phosphorylated by MTORCI at Ser395,
which promotes its polyubiquitination by HUWE1 and subsequent degradation [107].

Besides directly phosphorylating ATG proteins, MTORC1-dependent phosphorylation
of the acetyltransferase EP300 prevents its intra-molecular inhibition, thus activating its
catalytic activity [108]. Several ATG proteins, including ATG5, ATG7, ATGS8, and ATG12
are the targets of EP300, and the acetylation of these ATG proteins inhibits autophagy [109].
Therefore, under nutrient stress, MTORC1 inactivation reduces the acetylation of essential
ATG proteins to fully activate autophagy.

Second, MTORC1 controls the transcription of ATG genes and lysosomal genes via
regulating the localization of several TFs. TFEB is a member of the basic helix-loop-helix
leucine-zipper family of TFs that promotes the transcription of genes in lysosomal bio-
genesis and autophagy [110]. When nutrients are repleted, TFEB will be recruited to the
lysosome by active RRAG GTPase and phosphorylated by MTORC1 [111], whereas starva-
tion leads to a rapid translocation of TFEB from the cytosol to the nucleus and the induction
of transcription of autophagy-associated genes such as UVRAG, WIPI, MAPLC3B, SQSTM1,
VPS11, VPS18, and ATGIB [112]. Several MTORC1-dependent phosphorylation sites are
found on TFEB, including Ser122, Ser138, Ser142, and Ser211 [113-116], which regulate
TFEB cellular localization through different but coordinated mechanisms. Phosphory-
lation on Ser211 by MTORC1 promotes TFEB association with YWHA /14-3-3 (tyrosine
3-monooxygenase/ tryptophan 5-monooxygenase activation protein) proteins, which traps
TFEB in the cytosol. Inactivation of MTORCI leads to the transport of TFEB to the nucleus,
thus stimulating the transcription of autophagy-associated genes [113,114]. Ser122 is an-
other MTORC1-dependent phosphorylation site. The phosphorylation mimetic mutation
Ser122Asp reduces nuclear TFEB when Ser211 is dephosphorylated but Ser122 dephos-
phorylation is not sufficient, in itself, to result in the nuclear localization of TFEB [115],
indicating that Ser122 coordinates with Ser211 to control TFEB localization. Ser138 and
Ser142 are localized in proximity to the nuclear export signal/NES on TFEB, and MTORCI1-
dependent phosphorylation at these two sites is critical for TFEB nuclear export [116].
Besides the direct regulation of TFEB, MTORCT1 inhibits TFEB activity through activating
KAT2B/GCNS5, an acetyltransferase that acetylates TFEB and inhibits its DNA-binding
activity [117]. Therefore, under nutrient stress, MTORC1 inhibition stimulates not only
TFEB accumulation in the nucleus but its binding to target genes as well, thus promoting
lysosomal biogenesis and autophagy flux.

TFE3 and MITF are additional TFs that drive the expression of genes involved in lyso-
some biogenesis and autophagy [118-120]. Similar to TFEB, TFE3 and MITF are recruited
to lysosomes by activated RRAG GTPase, and MTORC1 inactivation during starvation is
necessary for their release from YWHA /14-3-3 proteins and nuclear localization [111,118].
Ser321 on TFE3 is apparently an MTORC1-dependent phosphorylation site because both
MTORCT1 inactivation and Ser321Ala mutation abolish its interaction with YWHA /14-3-3
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proteins and stimulate nuclear localization [118]. On MITEF, Ser280, a residue that corre-
sponds to TFEB Ser211 by homology analysis, is also nominated as a potential MTORC1
phosphorylation site [111]. Interestingly, a study found that TFEB and TFE3 positively
regulate MTORC1 activity by promoting RRAGD expression and recruiting MTORC1 to
the lysosome when nutrients are provided to the starved cells. Even though it remains
as an open question as to how modulating RRAGD expression is sufficient for regulat-
ing MTORCT1 activity, this mechanism may be important for cells to prepare for nutrient
refeeding during starvation [121].

In addition to directly phosphorylating TFs and affecting their localization, MTORC1
also regulates the EIF2A (eukaryotic translation initiation factor 2A)-ATF4 pathway, which
induces the expression of ATG genes [122,123]. During nutrient deprivation, MTORC1
inactivation induces PPP6C (protein phosphatase 6 catalytic subunit) phosphatase activity,
which dephosphorylates and activates EIF2AK4/GCN2. EIF2AK4/GCN2 further phospho-
rylates and activates EIF2A, leading to the subsequent increase of ATF4 expression, ATG
gene transcription induction and activated autophagy [122].

Third, MTORC1 is responsible for the posttranscriptional regulation of ATG genes.
Recently, MTORC1 is reported to regulate autophagy via controlling mRNA N®-methyl-
adenosine (m®A) methylation. In this study, the researchers found that MTORC1 activates
the CCT (chaperonin containing TCP1) complex, which helps in the folding of proteins
in the m°A methyltransferase complex, resulting in more méA RNA methylation, the
degradation of ATG transcripts and the suppression of autophagy [124].

Finally, in recent years epigenetics has been proposed to be an important regulatory
aspect of autophagy [125]. Even though not much is known about the regulation of
histone modifications by MTORC1 during nutrient stress, some studies provide initial
clues. One example is that during starvation or rapamycin treatment, acetylation of
histone H4 Lys16/H4K16ac and the corresponding acetyltransferase KAT8 /hMOF are both
downregulated, which is important for cell survival during starvation although the detailed
mechanism is not known [80]. In addition, MTORC1 enhances the nuclear localization of
FOXK1 and FOXK2, which recruit the SIN3A-HDAC complex to restrict the acetylation
of histones and the expression of ATG genes [126]. These two examples suggest a close
connection between MTORC1 and the epigenetic regulation of autophagy, but more studies
are still needed to better understand this relationship.

2.2.2. Other Autophagy Regulation during Nutrient Stress

In addition to MTORC1, the main sensor of nutrients, several other stress-response
kinases regulate autophagy during nutrient stress. For instance, the stress-activated signal-
ing molecule MAPKS8/JNK1 phosphorylates BCL2 during starvation, which prevents its
interaction with BECN1, thus promoting autophagy [127]. MAPKAPK2 and MAPKAPKS3,
which belong to the stress-response kinase MAPK family, phosphorylates BECN1 Ser90
during starvation and this phosphorylation is important for BECN1 function [128]. Addi-
tionally, the IKK complex gets activated by starvation and induces the expression of several
autophagy genes, therefore stimulating autophagy [129]. As mentioned above, multiple
stress-response kinases contribute to the stimulation of autophagy during nutrient starva-
tion, but whether, and how, these signaling pathways coordinate to regulate autophagy
requires further attention.

3. Autophagy Regulation under Energy Stress

Recycling by autophagy is essential for yeast and mammals to survive starvation. The
breakdown products and materials can be further used to provide building blocks for the
synthesis of essential proteins and to produce ATP through catabolic pathways. Therefore,
autophagy is essential for the maintenance of energy homeostasis and is finely regulated
upon energy deprivation.

AMP-activated protein kinase (AMPK) is an evolutionarily conserved serine/threonine
protein kinase [130], sensing low cellular ATP levels and controlling turnover of cellular
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materials and metabolism, thus being essential for cellular adaptation to energy limita-
tion [131]. AMPK is a heterotrimeric complex composed of a catalytic subunit (PRKAA/ x)
and two regulatory subunits (PRKAB/ 3 and PRKAG/v). The PRKAA-subunit contains
the kinase domain and the critical residue Thr172 whose phosphorylation by upstream
kinases activates AMPK activity [132]. The PRKAG-subunit possesses four cystathionine
[-synthase/CBS motifs that can bind to all forms of adenosine-containing ligands, enabling
it to sense the changes in the ATP:AMP /ADP ratio [133,134], and the activity of AMPK is
precisely regulated by these ratios in the cell [130]. When cells are in the fed state, AMPK
is mostly bound by ATP and its activity is inhibited. Under energy-starvation conditions,
the cellular concentration of ATP decreases whereas levels of ADP and AMP increase.
AMP or ADP binding to the PRKAG-subunit activates the kinase through three distinct
mechanisms: (1) it promotes the STK11/LKB1 (serine/threonine kinase 11)-mediated phos-
phorylation of the PRKAA subunit at Thr172, which can increase AMPK activity up to
100-fold in vitro [135,136]; (2) it protects phosphorylated Thr172 from dephosphorylation
by phosphatases [137]; and (3) it causes allosteric activation of the AMPK complex [138].
Once activated, AMPK serves as a central metabolic regulator to restore energy homeostasis
by inhibiting anabolic pathways and promoting catabolic pathways, including autophagy.
AMPK promotes autophagy at various steps by phosphorylating autophagy-related pro-
teins or autophagy regulators.

Activated AMPK can induce the autophagic process by inhibiting the activity of
MTOR in two ways (Figure 3): (1) AMPK directly phosphorylates the MTORC1 component
RPTOR on Ser722 and Ser792. This phosphorylation induces YWHA /14-3-3 binding to
RPTOR, thus hindering the binding of RPTOR to MTOR and MTOR substrates, leading
to suppression of MTORC1 activity [139]. (2) AMPK phosphorylates the MTOR upstream
regulator TSC2 on Thr1227 and Ser1345, which promotes the GTPase-activating function of
the TSC1-TSC2 complex, leading to the transformation of RHEB into an inactive RHEB-
GDP state, which consequently reduces MTOR activity [140,141]. As mentioned above,
reduced MTOR activity relieves the inhibition on ULK1 to activate autophagy.
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Figure 3. AMPK drives autophagy through three layers of regulation. (1) AMPK suppresses MTOR
activity by phosphorylating TSC2 and RPTOR. (2) AMPK directly phosphorylates and activates
proteins involved in autophagy including ULK1, BECN1, PIK3C3/VPS34, and ATGYA. (3) AMPK
activates the positive regulators of autophagy, for example, phosphorylation of FOXO3 leads to
increased transcription of autophagy-related genes.
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AMPK can also stimulate autophagy through phosphorylating autophagy related pro-
teins including ULK1, BECN1, and PIK3C3/VPS34 (Figure 3). Under energy-starvation con-
ditions, AMPK directly activates ULK1 through phosphorylation of Ser317, Ser467, Ser555,
Ser574, Ser637, and Ser777 [98]. This activation is prevented by MTOR activity during nor-
mal physiological conditions as MTORC1 phosphorylates ULK1 at Ser757, which is located
in the AMPK-ULK1 binding region (amino acids 711-828), thereby inhibiting the interaction
between AMPK and ULK1 [98]. AMPK also regulates the PIK3C3/VPS34 lipid kinase
complex upon glucose withdrawal: AMPK activates the pro-autophagy PIK3C3/VPS34
complex by phosphorylating Ser91 and Ser94 in BECN1, which increases autophagosome
formation. In the meantime, AMPK inhibits the PIK3C3/VPS34 complexes not involved
in autophagy by phosphorylating Thr163 and Ser165 in PIK3C3/VPS34 to suppresses
overall PtdIns3P production. The presence of ATG14 dictates the differential regulation
by inhibiting PIK3C3/VPS34 phosphorylation and increasing BECN1 phosphorylation by
AMPK during glucose starvation [142]. Furthermore, AMPK can phosphorylate other core
components of the autophagy pathway. For example, activated AMPK can phosphorylate
ATGIA at Ser761, which recruits ATG9A to LC3-positive autophagosomes and enhances
autophagosome production [143].

Apart from direct phosphorylation of the core components of the autophagy machinery,
AMPXK can also promote autophagy through activating autophagy regulators (Figure 3). For
example, human transcription factor FOXO3 is phosphorylated by AMPK at Thr179, Ser399,
Ser413, Ser555, Ser588, and Ser626, which promotes the nuclear translocation of FOXO3 and
its activity, thus upregulating the transcription of downstream auto-phagy-related genes
such as ATG4, ATG12, BECN1, LC3, and ULK1 [144,145]. The NAD-dependent deacetylase
SIRT1 (sirtuin 1), an essential regulator of autophagy during energy deprivation, is also
under the regulation of AMPK. Under glucose starvation conditions, cytoplasmic GAPDH
is phosphorylated by activated AMPK and redistributes into the nucleus, where it interacts
with SIRT1 and displaces SIRT1's repressor CCAR2/DBC1 leading to the activation of
SIRT1 [146]. SIRT1 can also be activated by the increased level of NAD™ during starvation.
The targets of SIRT1 include, but are not limited to, autophagy pathway components ULK1,
ATG5, and LC3 and the transcription factor FOXO1, which induces the expression of the
GTPase RAB7 that mediates the fusion of autophagosomes with lysosomes [80,147,148].
During energy stress, a considerable amount of AMPK is translocated from the cytosol
to mitochondrial-associated ER membrane/MAM, where it interacts with and phospho-
rylates the mitochondrial fusion protein MEN2. This AMPK-MFN?2 axis is required for
mitochondrial-associated ER membrane dynamics and auto-phagy induction [149].

4. Autophagy Regulation under Oxidative/Nitrosative Stress

Reactive oxygen and nitrogen species (hereafter ROS and RNS) are highly reactive
molecules that can cause oxidative damages on macromolecules and biological mem-
branes [150,151]. Cells have developed very sophisticated mechanisms to regulate the
homeostasis of ROS and RNS, including endogenous antioxidants, such as glutathione and
TXN (thioredoxin), and detoxifying enzymes, such as GPX (glutathione peroxidase), CAT
(catalase), and SOD (superoxide dismutase), to efficiently resolve the excessive oxidative
stress [151,152]. In coordination with the ubiquitin—proteasome system, autophagy plays
essential roles in sequestering oxidized proteins in the lysosome/vacuole for degradation
to maintain homeostasis [153-155]. However, autophagy is also involved in oxidative
stress-induced cell death [156]. For example, the free iron released by ferritinophagy could
promote lipid ROS accumulation, thus triggering ferroptosis and the increased autophagic
flux in SOD15%A transgenic lead to muscle atrophy [157-159]. To date, there is abun-
dant evidence showing that the autophagy activity is tightly regulated by the oxidative
stress [154,160-162].

As for the ROS, the direct reaction between oxygen and extra electron gives rise to
the superoxide (O,°7), which is highly reactive and is rapidly converted into hydrogen
peroxide by the endogenous SOD [163]. HyO; is relatively stable and is considered as an
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important signaling molecule for the ROS responsive pathways [164,165]. In the presence
of iron, HyO; can generate the unstable hydroxyl radical (HO®) via a process called the
Fenton reaction. Hydroxyl radicals can further react with polyunsaturated fatty acid to
form various lipid peroxides [166,167]. Autophagy is activated by each of these different
ROS species as well as numerous RNS species [156,168-176].

In this section, we cover the current understanding of the regulatory mechanisms
of autophagy in yeast and mammalian cells. The relationship between mitophagy and
oxidative stress has been reviewed by De Gaetano et al., in the same special issue [177].

4.1. Mechanisms of Autophagy Regulation by Oxidative Stress in Yeast

The regulatory role of oxidative stress on autophagy is evolutionarily conserved in
the budding yeast Saccharomyces cerevisiae. For example, yeast mitophagy induced by
nitrogen starvation and ethanol challenge both can be prevented by adding the antioxidant
N-acetylcysteine/NAC [178,179].

Yapl1 signaling is the most well-characterized oxidative stress responsive pathway
in yeast [180,181]. Yap encompasses a transcription factor family of eight basic leucine
zipper (bZIP) domain proteins [182,183]. Among them, Yap1 can directly translocate into
the nucleus to activate the expression of various antioxidant genes such as TRX2 by the
stimulation of oxidative stress [184,185]. Under basal conditions, Yap1 is enriched in the
cytosol as the nuclear exporter Crm1 efficiently pumps Yap1 out of the nucleus [185]. Upon
H,0; activation, however, Yap1 is oxidized, and several disulfide bonds are formed on its
C-terminal cysteine-rich domain/c-CRD and amino-terminal cysteine-rich domain/n-CRD
so that the Crm1-cognate nuclear export signal is masked. As a result, Yap1 is trapped
in the nucleus where it activates the expression of stress-responsive genes [186,187]. The
oxidation of Yap1 (especially the covalent bonds between Cys303 and Cys598) requires
the participation of the thiol peroxidase Hyr1/Gpx3/Orp1, which acts as a direct receptor
for HyO, [188]. Yap1 recognizes a consensus DNA element in the promoter region called
the Yap response element (YRE, which includes TGACTAA, TTAGTCA, TTACTAA, and
T[T/GJACAAA) [180]. Among all currently known ATG genes, only ATG15 contains a
potential binding site for Yap1. ATG15 encodes a vacuolar phospholipase that can break
down the inner autophagosome membrane in the vacuole lumen, and its direct activation
by Yap1 has been experimentally verified (Figure 4A) [189,190].

Atg4 is a cysteine protease, and the mammalian homolog has been reported to be
directly regulated by H,O, (see below for further details) [191]. However, the Cys81 residue
on human ATG4A and ATG4B that is proposed to play important roles in this process is not
conserved in yeast. Yeast Atg4 is also redox regulated through a different mechanism: site-
directed mutagenesis reveals that a single disulfide bond formed by Cys338 and Cys394 has
a very low redox potential and is required for Atg4 redox regulation in yeast; the formation
of this disulfide bond decreases the Atg4 protease activity and can be rapidly reduced by
thioredoxin [192].

4.2. Mechanisms of Autophagy Regulation by Oxidative Stress in Mammalian Cells

In mammalian cells, ROS accumulation can be triggered by several different stimuli,
such as hypoxia, nutrient stress or cytokines including TNF/TNF« [193-197]. Therefore,
many upstream signaling pathways have been proposed to affect the activity of auto-
phagy, including signaling by NFKB/NF-kB, AMPK, HIF1A/HIF-1, ATM, AKT-MTOR,
and MAPK [194,195,197-204]. The regulation of autophagy by these upstream signaling
pathways has been well summarized elsewhere [153,154,160,205].

The NFE2L2/Nrf2 (NFE2 like2 bZIP transcription factor 2)-KEAP1 (kelch ECH as-
sociated protein 1)-antioxidant signaling pathway can be directly activated by oxidative
stress and can stimulate the expression of various stress-responsive genes including several
detoxifying enzymes and autophagy proteins [206—-208]. As a functional ortholog for Yap1,
NFE2L2 is also a bZIP transcription factor; heterodimers of NFE2L.2 and MAF proteins
recognize a specific antioxidant response element/ARE in the promoter region of target
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genes [209,210]. Under basal conditions, the NFE2L2 is localized in the cytoplasm and
maintained at a very low level. This dynamic regulation is achieved by its interacting
partner KEAP1 which is a CUL3 (cullin 3) E3 ubiquitin ligase adaptor [211-213]. KEAP1
interacts with NFE2L2 via the carboxy-terminal Kelch domain with a 2:1 stoichiometry. At
the same time, KEAP1 interacts with the CUL3 ligase via the amino-terminal bric-a-brac,
tramtrack, and broad complex/BTB domain, thus promoting the efficient degradation of
NFE2L2 [211,214-216]. KEAP1 acts as the redox sensor and the interaction between KEAP1
and NFE2L2 is directly regulated by environmental cues via a mechanism called the “hinge
and latch model”: in response to HyO,, KEAP1 Cys226, Cys613, and Cys622/624 residues
form disulfide bonds that impair the interaction between KEAP1-CUL3 and NFE2L2, thus
stabilizing NFE2L.2 and releasing it into the nucleus where it is active [212,213,217-219].
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Figure 4. The transcriptional regulation of autophagy by oxidative stress. (A) In yeast, upon oxidative
stress, oxidized Yap1 is accumulated in the nucleus and drives the expression of detoxifying enzymes
and the autophagy-related gene ATG15. YRE: Yap response element. (B) In mammalian cells,
upon oxidative stress, the oxidation of cysteine residues of KEAP1 prevent the ubiquitination of
NFE2L2/NRF2, thus allowing NFE2L2 to enter the nucleus and activate several autophagy genes.
ARE: antioxidant response element. (C) In pathological conditions, nitrosative stress activates
autophagy activity via multiple signaling cascades.
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The SQSTM1/p62 (sequestosome 1) protein contains an LC3-interacting region (LIR)
domain thus allows it to act as an autophagy receptor to facilitate delivery of cargos
into the phagophore for subsequent degradation [220,221]. The antioxidant response
element has been identified in the promoter of SQSTM1 that makes it a target for NFE2L2
activation [222]. Interestingly, KEAP1 is among the autophagic substrates of SQSTM1.
Therefore, SQSTM1-mediated autophagy can degrade KEAP1 to further activate NFE2L2
signaling in a positive feedback loop [223-226]. Recently, more NFE2L2-targeted autophagy
genes have been reported, including ULK1, CALCOCO2, ATG4D, ATG7, GABARAPL1,
ATG2B, ATGS, and LAMP2B, suggesting that, in addition to TFEB and FOXO, NFE2L2
is an important autophagy regulator, perhaps in a more oxidative-stress relevant context
(Figure 4B) [227,228].

In addition, ROS can regulate autophagy by directly oxidizing the cysteine residues
on the core autophagy components. For example, the cysteine protease ATG4A and ATG4B
can be inactivated by HyO, The possible mechanism is that Cys81 is sensitive to oxidation,
triggering a conformation change on Cys77 which is the catalytic residue, thus inhibiting
the cysteine protease activity of ATG4 [191]. As a result, the transient blockade of ATG4
activity stabilizes the lipidated forms of its substrates LC3 and GABARAPL2/GATE-16
so that autophagosome biogenesis is promoted [191]. Of note, this reversible inhibition of
ATGH4 is spatially and temporally regulated. As the autophagosome is trafficked towards
lysosomes where the local H,O; is lower, ATG4 is reactivated to deconjugate and recycle
the LC3 and GABARAPL2. Similarly, in the context of mito-phagy, the cysteine residues of
the ubiquitin E3 ligase PRKN/parkin can be oxidized by sulfhydration that is required for
full PRKN ligase activity and normal mitophagy flux [229,230].

4.3. Mechanisms of Autophagy Regulation by Nitrosative Stress

In both yeast and mammals, nitric oxide (NO) mediates critical physiological functions
as a signaling molecule at low concentrations, but causes nitrosative stress at high concen-
trations [231-233]. Imbalance of reactive nitrogen species (RNS) results in accumulation of
protein tyrosine nitration, protein S-nitrosylation on cysteine residues, and damage to lipids
and DNA [234,235]. In mammalian systems, nitrosative stress is correlated with many
pathological conditions, such as cancer, neurodegenerative diseases, and ischemia, and
upregulated autophagy activity is observed in several nitrosative stress models [236-238].
For example, in a microsphere embolism rat model, the increased autophagy signaling
(protein level of BECN1, LC3, LAMP2, and CTSB [cathepsin B]) is accompanied by ni-
trosative stress, which can be partially resolved by adding the peroxynitrite (ONOO™)
scavenger melatonin [239]. Furthermore, RNS can attenuate MTORCI activity to promote
autophagy via the ATM-AMPK-TSC2 and AKT signaling axis [240,241]. A recent study
challenged MCF7 cells with the NO donor compound DETA-NONOate and observed an
increased NAD*:NADH ratio. The pharmacological and genetic inhibition of the NAD*-
dependent deacetylase SIRT1 reduces autophagy activity, and the acetylation of TP53,
and promotes cell survival, suggesting the complex interplay among SIRT1, TP53, and
autophagy upon nitrosative stress (Figure 4C) [242]. However, whether autophagy is
required for RNS homeostasis will requires further loss-of-function studies of autophagy
genes and their products.

5. Autophagy Regulation under ER Stress
5.1. Endoplasmic Reticulum Stress and Autophagy

The endoplasmic reticulum (ER) is a central membrane-bound organelle, and its
membrane structure was first documented by Porter et al. in 1945 using electron mi-
croscopy [243]. The ER is an important organelle in eukaryotic cells with various functions,
such as protein synthesis, modification and processing of proteins, secretion of correctly
folded proteins, calcium homeostasis, and lipid and carbohydrate metabolism [244,245].
Therefore, the ER is essential for cell homeostasis.
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Normally, the ER utilizes chaperones to properly fold newly synthesized proteins and
identify misfolded proteins for destruction. However, the ER homeostasis is disrupted
under numerous pathological conditions including nutrient deprivation, perturbation of
cellular ATP level, calcium metabolic imbalance, redox imbalance, viral infection, and the
presence of environmental toxins. In addition, the protein-folding capacity of the ER can
also be compromised and eventually cause the accumulation of unfolded or misfolded
proteins in the ER lumen, also known as ER stress [246].

The ER stress triggers an adaptive response referred to as the unfolded protein re-
sponse (UPR). After sensing the ER stress, the UPR transduces the signal to the reg-
ulation of downstream transcription factors and then induces ER chaperone genes to
upregulate the folding capacity. Additionally, the cells can also begin a process termed
ER-associated degradation (ERAD) to mediate the transport of unfolded or misfolded
proteins into the cytosol for degradation. ERAD mainly consists of two mechanisms:
ubiquitin—proteasome-dependent ERAD/ERAD(I) and autophagy-lysosome dependent
ERAD/ERAD(II) [247-249]. ER-to-lysosome-associated degradation/ERLAD is the name
currently used for the autophagy-dependent mechanism that is employed to handle pro-
teins that cannot be degraded by ERAD.

As mentioned in the previous section in this review, autophagy can be induced
by different types of cellular stress, which includes the ER stress discussed here. The
relationship between ER stress and autophagy was first described in 2006 in yeast [250,251].
Here, we name the autophagy activated by ER stress as “ER stress-mediated autophagy”
because this is the term used in most studies.

5.2. The Mechanisms of ER Stress-Mediated Autophagy in Yeast

In yeast, the ER stress can be sensed by an ER-resident type 1 transmembrane protein
called Irel, which plays a critical role in the UPR induced by ER stress [252,253]. It is note-
worthy that Irel was initially identified as an mRNA splicing factor in yeast [254,255]. In
addition, Irel is also capable of sensing unfolded or misfolded proteins in the ER lumen be-
cause Irel has both an endoribonuclease domain and an ER lumenal stress-sensing domain.

Irel is localized in the ER membrane with its C terminus facing into the cytosol and
the N terminus residing in the ER lumen. Under normal conditions, the N-terminal region
of Irel is bound to Kar2 unless Irel senses the accumulation of unfolded proteins in the ER
lumen. Irel is activated by autophosphorylation after dissociation from Kar2, leading to
the expression of activated Hacl, a transcription factor.

Upon the UPR induced by ER stress, a non-classical intronic sequence near the 3’
end of the open reading frame of HACI mRNA is excised by activated Irel and then
the two ends of the mRNA are ligated by the tRNA ligase Trll [256]. The spliced HACI
encodes an activated form of the Hacl protein containing 238 amino acids, which contains
18 amino acids more than the Hacl protein encoded by un-spliced HACI mRNA; these
18 amino acids play a key role for TF activation [257]. The difference in the properties
of the two types of Hacl protein is mainly caused by the C terminus. The N terminus
of both types of Hacl has a DNA-binding function while the C terminus of activated
Hacl has an active transcriptional activation domain due to the cleavage and splicing
reaction [258]. Eventually, activated Hacl is exported to the nucleus and binds to the
unfolded protein response elements/UPREs to promote the transcription of UPR-related
genes [259]. Furthermore, studies have reported that these unfolded protein response
elements are commonly found in the promoters of some UPR-related genes including
FPR2/FKB2, KAR2, and PDI1 [260].

Studies carried out in 2006 show that ER stress can induce autophagy through this
Irel-Hacl pathway in yeast [250,251]. Yorimitsu et al. used two types of drugs: dithio-
threitol/DTT (an inhibitor of disulfide bond formation) and tunicamycin (an inhibitor of
glycosylation) to induce ER stress. Then GFP-Atg8 processing and precursor Apel matura-
tion assays were applied to monitor autophagic induction after the drug treatment. Both
assays showed increased autophagic flux, indicating an induction of autophagy caused
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by ER stress. Additionally, the necessity of the Irel-Hacl signaling pathway for this ER
stress-mediated autophagy was also explored in this study. The authors found that deletion
of either IRE1 or HAC1 does not affect the capability for inducing autophagy caused by
nutrient depletion; however, either knockout did block ER stress-mediated autophagy,
suggesting that Irel and Hacl are involved in the induction of this pathway probably
through the UPR.

5.3. The Mechanisms of ER Stress-Mediated Autophagy in Mammalian Cells

The UPR is a highly conserved mechanism and mammalian cells also utilize it to
alleviate ER stress by enhancing the protein-folding capacity of, and reducing the pro-
tein synthetic load on this organelle to restore ER homeostasis [259]. Unlike the UPR in
yeast, that consists of the Irel signaling pathway, the UPR in mammalian cells is char-
acterized by three major branches involving three ER membrane resident proteins: the
serine/threonine-protein kinase/endoribonuclease ERN1/IRE1x (endoplasmic reticulum
to nucleus signaling 1), EIF2AK3/PERK (eukaryotic translation initiation factor 2 alpha
kinase 3), and the cyclic AMP-dependent transcription factor ATF6 (activating transcription
factor 6).

Under normal physiological conditions, all three ER stress sensors are inactive due to
the binding of an ER-resident chaperone protein, HSPA5/BIP/GRP78. Due to the high affin-
ity of unfolded or misfolded proteins for HSPA5, ERN1, EIF2AK3, and ATF6 become active
when there is an accumulation of unfolded or misfolded proteins in the ER lumen [261].
Moreover, the increased activity of these three ER sensors is also partially contributed
to by unfolded or misfolded proteins acting as active ligands for their activation [262].
The activation of these three UPR signaling pathways alleviates ER stress by partially
overlapping but distinct mechanisms, including autophagy.

5.3.1. ERN1

ERNT1 is a bifunctional protein in mammalian cells consisting of three domains: an
N-terminal lumenal domain, a cytosolic endoribonuclease domain, and a cytosolic ser-
ine/threonine kinase domain [263]. Similar to the Irel in yeast, active ERN1 can excise a
26-nucletide intron from XBP1 mRNA. The spliced XBP1 mRNA allows the expression
of an active and stable form of XBP1 (X-box binding protein 1). The transcription factor
XBP1 is then translocated to the nucleus and upregulates the expression of target genes
in response to ER stress [264]. Among the target genes, BECN1 plays a central role in
autophagy, suggesting that the splicing of XBP1T mRNA mediated by ERN1 under ER stress
is important for autophagy induction [265]. Consistently, studies report that the un-spliced
XBP1 mRNA can interact with FOXO1 (forkhead box O1), resulting in a decreased level of
this TF, finally leading to the downregulation of autophagy [266-268].

Additionally, ERN1 can interact with TRAF2 (TNF receptor associated factor 2) and
form a complex, which can phosphorylate MAP3K5/ASK1 (mitogen-activated protein ki-
nase kinase kinase 5). Next, the phosphorylated MAP3KS5 actives MAPK8/JNK1 (mitogen-
activated protein kinase 8) by phosphorylation. Subsequently, the phosphorylated MAPKS-
mediated phosphorylation of BCL2 can increase the level of free BECN1 by disrupting the
BECNI1-BCL2 complex, or by elevating BECN1 transcription, which leads to autophago-
some formation [127,269]. Moreover, it is reported that the activation of AMPK mediated
by ERN1 is involved in autophagy initiation [270].

5.3.2. EIF2AK3

Under ER stress conditions, the activation of the EIF2AK3 UPR signaling pathway
upregulates many autophagy-related genes. The active EIF2AK3 can mediate the phos-
phorylation of EIF2A, which can elevate both ATG12 mRNA and protein levels [271]. In
addition, EIF2AK3-mediated EIF2A phosphorylation also enables the selective translation
of ATF4 mRNA, and the transcription factor ATF4 is then translocated to the nucleus
where it upregulates the expression of multiple proteins, such as several autophagy-related
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proteins (ATG3, ATG12, ATG16L1, BECN1, and LC3) and DDIT3/CHOP (DNA damage
inducible transcript 3) [272]. The expression of DDIT3 can also transcriptionally increase
the expression of some proteins involved in autophagy (ATG5, ATG10, and GABARAP). In
addition, DDIT3 can downregulate the expression of BCL2, a protein that binds to BECN1
and inhibits autophagosome formation [273,274]. Interestingly, the complex formed by
ATF4 and DDIT3 can also induce the expression of some proteins involved in autophagy,
including ATG7, NBR1 (NBR1 autophagy cargo receptor), and SQSTM1 [123]. Furthermore,
the active EIF2AK3 pathway can initiate autophagy via the activation of AMPK and the
inhibition of MTORC1 [275]. Consistent with this finding, the activation of ATF4-DDIT3 me-
diated by EIF2AK3 inhibits MTORC1 activity resulting in the induction of autophagy [276].

5.3.3. ATF6

Under ER stress conditions, ATF6 is translocated to the Golgi apparatus where it is
cleaved by MBTPS1/S1P and MBTPS2/S2P. The N-terminal domain of ATF6 after the
cleavage is translocated to the nucleus to induce the expression of UPR genes, including
DDIT3 and XBP1 [277-279]. Therefore, ATF6 can indirectly regulate autophagy through the
DDIT3 and XBP1 signaling pathway as mentioned above. In addition, ATF6 might regulate
autophagy in the initiation step by the inhibition of AKT activity [280]. Additionally, ATF6
can interact with the transcription factor CEBPB (CCAAT enhancer binding protein beta)
and then stimulate the expression of DAPK1 (death associated protein kinase 1) [281,282],
which can phosphorylate BECNI so that it will be released from the auto-phagy inhibitory
BECN1-BCL2 complex, promoting the induction of autophagy.

5.3.4. Calcium

The ER is a multifunctional organelle which plays a pivotal role in maintaining in-
tracellular calcium homeostasis. Under ER stress conditions, the calcium homeostasis is
disrupted and the release of calcium from the ER to the cytosol is also elevated, which
can induce autophagy. When calcium is released from the ER through ITPR (inositol 1,4,5-
trisphosphate receptor), the CAMKK-AMPK-dependent signaling pathway is activated and
the inhibitory effect of MTOR on the ULK1 complex is relieved [283,284]. Moreover, calcium
release can activate DAPK1 [285], which is involved in the induction step of autophagy as
noted above.

6. Conclusions

In this review, we summarized autophagy regulation under different types of stress,
including that involving nutrients, energy, oxidation, and the ER (Figure 5). Besides the
ones mentioned in this review, other types of stress, such as DNA damage and pathogen
infection, are also able to induce autophagy [286,287]. The fact that autophagy is induced
by multiple stresses highlights the importance of autophagy in allowing cells to maintain
homeostasis in response to changes in the environment.

Of note, in this review, we mainly focus on how stress-response molecules and/or
pathways regulate autophagy. There are a wide range of regulatory mechanisms affecting
autophagy-associated genes under stress conditions, especially during nutrient deprivation,
but the connections with stress-sensing pathways have not been established [288]. Addi-
tionally, apart from stress, the activity of stress-sensing molecules can also be regulated by
other factors, and all these contribute to autophagy regulation under stress conditions. We
did not discuss these factors in detail because they are beyond the scope of this review, but
their roles in autophagy regulation cannot be ignored.

Even though we introduced different types of stress separately, it does not mean that
the stress-responding molecules or pathways function alone. In fact, stress-responding path-
ways have very close connections, regulating each other or sharing the same downstream
effector. Using the nutrient sensor MTORC1 and energy sensor AMPK as an example, it
is well known that AMPK inhibits MTORC1 and both kinases target ULK1 to regulate its
activity [53,98]. The regulatory network among AMPK, ULK1, and MTORCI1 are important
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for the oscillation of autophagy [289]. Recently, AMPK was shown to be inhibited by
MTORCT1 [290], further indicating the complex interaction between these two important
stress responders. Another example is seen with EIF4A, which is activated by multiple
stresses and induces the expression level of ATF4, a transcription factor that promotes
the transcription of multiple ATG genes [272]. Similarly, NFE2L2 is also in the center
of the stress response, as the expression of this transcription factor is activated not only
by oxidative stress, but also by other conditions such as ER stress [291]. The interaction
between different stress-responding pathways and the existence of a common response
pathway makes autophagy induction by stress a rapid and well-controlled process.
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Figure 5. Summary of autophagy regulation under stress. Mammalian systems are presented here to
demonstrate the major causes of stress, the main stress-sensing molecules and pathways and their
regulation of autophagy.

Thanks to advanced studies in recent decades, we can now draw a clearer picture
of the autophagy regulation network under stress conditions. However, more studies
focusing on this field are still needed for a better understanding on how autophagy is
controlled, because too much or too little autophagy can harm cells. More importantly,
the insights on autophagy regulation under stress may shed light on understanding the
relation between autophagy and disease because cells in a diseased state usually undergo
stress. For example, cancer cells in the interior of a tumor usually experience nutrient and
oxidative stress because of the lack of proximal blood vessels. ER stress and oxidative stress
are also proposed to contribute to neurodegenerative diseases [292,293]. Autophagy has a
close connection with these diseases [18], therefore, a deeper understanding of autophagy
regulation under stress conditions may help us find more potential autophagy-targeting
therapeutic approaches.
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Abbreviations

AMPK AMP-activated protein kinase

ATG autophagy related

ER endoplasmic reticulum

ERAD ER-associated degradation

GAP GTPase activating protein

H,0, hydrogen peroxide

méA NC-methyl-adenosine

MTORC1  mechanistic target of rapamycin kinase complex 1
NO nitric oxide

PAS phagophore assembly site

PE phosphatidylethanolamine
PtdIns3K  class III phosphatidylinositol kinase
RNS reactive nitrogen species

ROS reactive oxygen species

TFs transcription factors

Ubl ubiquitin-like

UPR unfolded protein response

V-ATPase vacuolar-type H*-translocating ATPase
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Abstract: The intestinal epithelium is continuously exposed to abundant stress stimuli, which relies
on an evolutionarily conserved process, autophagy, to maintain its homeostasis by degrading and
recycling unwanted and damaged intracellular substances. Otherwise, disruption of this balance
will result in the development of a wide range of disorders, including colorectal cancer (CRC).
Dysregulated autophagy is implicated in the regulation of cellular responses to stress during the
development, progression, and treatment of CRC. However, experimental investigations addressing
the impact of autophagy in different phases of CRC have generated conflicting results, showing
that autophagy is context-dependently related to CRC. Thus, both inhibition and activation of
autophagy have been proposed as therapeutic strategies against CRC. Here, we will discuss the
multifaceted role of autophagy in intestinal homeostasis and CRC, which may provide insights for
future research directions.

Keywords: autophagy; intestinal homeostasis; colorectal cancer; stress response

1. Introduction

The mucosal surface of the gastrointestinal tract continuously encounters abun-
dant stimuli originating from both endogenous and exogenous sources, including
metabolic alterations, a variety of bacterial species, chemical irritants, and agents that
produce oxidative stress. Autophagy, a stress-responsive process, is tightly linked to
the maintenance of intestinal cellular homeostasis [1,2] (Figure 1). Under conditions of
physiological stress, cells in the intestinal mucosa frequently accumulate unwanted
and damaged intracellular substances. In this case, autophagy can be triggered to
transport them to the lysosomes for degradation and recycling [3]. Intestinal epithelial
cells (IECs) and intestinal stem cells rely on this mechanism to ensure their survival,
as it helps maintain protein and organelle quality by selectively degrading and recy-
cling aggregates of impaired or unnecessary proteins, mitochondria, peroxisomes, and
endoplasmic reticulum (known as selective autophagy) [4—6]. Moreover, autophagic
degradation of the intestinal tight junction proteins governs the intensity of the in-
testinal barrier. Apart from this, autophagy plays a central role in the host-microbiota
interactions, where it eliminates potential pathogens and forms an integral component
of anti-infectious immunity [2].

In contrast, defective autophagy predisposes normal IECs to undergo malignant
transformation. Although the exact etiological mechanisms underlying CRC remain mul-
tifactorial and largely unknown, it is well established that both genetic predisposition
and environmental factors contribute to its initiation and development. The genetic basis
underpinning sporadic CRCs is well defined by theories such as the adenoma-carcinoma
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sequence model, suggesting that CRC is driven by sequential genetic and epigenetic
mutations, arising from normal epithelial cells to dysplastic adenomas and, ultimately,
carcinomas [7-10]. Various genetic events are required during the malignant transforma-
tion, involving mutations of Adenomatous polyposis coli (APC), KRAS, and P53 [7,8,10]. It
is essential to perceive that across stages of CRC tumorigenesis, alteration of autophagy-
related genes plays a significant role. A large genome-wide association study identified
genetic variants of transcription factor EB (TFEB), a positive regulator of the autophagic
pathway that promotes the expression of autophagy genes [11,12], as a novel risk fac-
tor associated with CRC susceptibility [13]. Mutation of another autophagy regulator,
UV-radiation-resistance associated gene (UVRAG), which activates the Beclin1-PI3KC3
complex, also underpins the genetic basis of CRC tumorigenesis [14]. Similarly, genetic
alterations involved in the endocytosis-autophagy network were frequently observed in
KRAS-wild-type CRC [15].

Given that it generally takes years to decades for adenomas to transform into car-
cinomas, the mutated precursor cells constantly endure endogenous and exogenous
stress [16,17]. A clear role has emerged for autophagy in CRC cells, where it exerts
diverse effects on cellular adaptation to tumor microenvironmental cues and therapeu-
tic stress, which ultimately results in cell survival, death, or growth inhibition [18,19].
First, highly proliferative CRC cells tend to have a limited supply of nutrients. In the
context of nutrient deprivation, autophagy is triggered to provide energy sources and
metabolites to sustain metabolism and tumor growth [20-22]. Moreover, insufficient
and irregular neovascularization of rapidly proliferating CRC cells causes a hypoxic
microenvironment, where autophagy is harnessed to eliminate protein aggregates and
damaged endoplasmic reticulum (ER) and mitochondria [4,5]. This contributes to the
prevention of the overproduction of reactive oxygen species (ROS) and reduction of
oxidative and ER stress, thereby preserving genomic integrity [23]. In addition, intestinal
microorganisms with oncogenic properties continuously cause an abnormal microenvi-
ronment that profoundly affects the initiation and progression of sporadic CRC [24]. The
involvement of autophagy in the interaction of microbiota and CRC is complicated and
differs in a temporal manner [1,2]. Finally, abnormal autophagy is activated in response
to treatment and confers resistance to therapeutic challenges. In this context, autophagy
protects CRC cells from drug-induced apoptosis and induces them into a slow-cycling,
drug-tolerant state.

In this review, we focus on the regulatory roles of autophagy in the maintenance of
intestinal homeostasis. Meanwhile, we discuss how dysregulation of this conserved process
orchestrates different stress factors in a context-dependent manner in distinct stages of CRC
development and progression and under therapeutic pressure, with the aim of providing a
perspective for future research.
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Figure 1. Functional mechanisms of autophagy. The most-studied form of autophagy is macroau-
tophagy, a multistage and dynamic process. Autophagy is negatively regulated by the cell growth
promoter rapamycin complex 1 (mTORC1), while the sensor of energy deprivation AMP-activated
kinase (AMPK) activates autophagy. The canonical autophagy consists of four sequential stages:
initiation, phagophore formation, phagophore elongation, and autophagosome-lysosome fusion [25].
During the initiation phase, the UNC-like autophagy-activating kinase 1 (ULK1) complex serves as a
bridge between the upstream mTOR and AMPK and downstream autophagosome formation [26,27].
The complex is composed of ATG13, focal adhesion kinase-family-interacting protein of 200 kDa
(FIP200), ATG101, and ULK1, in which ULKI is the core protein with serine/threonine kinase
activity [28]. After being stimulated by nutrient deficiency and stress-related pathways, phospho-
rylated ULK1 subsequently leads to membrane nucleation, which requires activation of class III
phosphatidylinositol-3 kinase complex I (PI3KC3-CI). Formed by beclin-1, vacuolar protein sorting
34 (VPS34), autophagy-related protein 14- like protein (ATG14L), p150, and nuclear receptor-binding
factor 2 (NRBF2), this multiprotein complex can be activated through ULK-dependent phosphoryla-
tion [29]. The nucleation of the isolation membrane, known as the phagophore, further expands with
the support of PI3KC3-CI [30]. At the phagophore assembly site, the complex produces PI3P, favoring
the recruitment of the effector proteins (such as WIPI/II), thus resulting in the phagophore elonga-
tion [31]. This phase is further promoted by the ubiquitin-like conjugation system, involving the E1
ligase, ATG?, the E2 ligase, ATG3, and the E3 ligase complex, ATG12/ATG5/ATG16L [32]. Through
ATG4-dependent proteolytic cleavage, followed by the action of the conjugation system, microtubule-
associated proteins 1A /1B light chain 3 (LC3) can be transformed to lipidated LC3 (LC3-II), which
is instrumental for elongation and closure of the phagophore [33]. Meanwhile, LC3-II physically
links to substrates that contain the LC3-interacting region (LIR) motif, thereby targeting them for
degradation. Once phagophores are closed, the ensuing autophagosomes fuse with lysosomes to
form autolysosomes; within them, the delivered contents are degraded and recycled [34].

2. Autophagy Maintains Intestinal Epithelial Homeostasis under Physiological Stress

The intestinal mucosa is constantly exposed to alimentary and bacterial antigens
as well as mechanical stress, which relies on an intact intestinal barrier and healthy gut
microbiota to maintain intestinal homeostasis that would otherwise cause infection, inflam-
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mation, and cellular damage [1,35-37]. Regulation of autophagy plays a key role in the
ability of the gut epithelium to cope with cell stress, as elucidated by lines of evidence from
experimental and clinical studies (Figure 2).
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Figure 2. Role of autophagy in intestinal homeostasis maintenance Multiple roles of autophagy in
intestinal homeostasis are shown, including regulating the survival of intestinal epithelial cells and
intestinal stem cells, the host-microbiota interactions, and the intestinal tight junctions.

The IECs constitute the first line of defense, which includes the formation of the physi-
cal barrier as well as the integration of regulatory mechanisms. As the intestinal epithelium
is one of the most vigorously regenerative tissues in adults, its turnover serves as a crucial
mechanism for the protective effect provided by the mucosal barrier, which is achieved
through a balance of cell apoptosis and proliferation in crypts [38]. Mouse models with
ATG14 or Rblecl/Fip200 deleted in the intestinal epithelium exhibited extensive intestinal
villous atrophy, suggesting that autophagy is protective against cell death during home-
ostasis in the intestinal epithelium [39]. Mechanistically, these autophagy-related proteins
defended intestinal epithelial cells from TNF (tumor necrosis factor)-triggered apopto-
sis [39]. Moreover, intestinal homeostasis is maintained by leucine-rich repeat-containing
G protein-coupled receptor 5-positive intestinal stem cells (LGR5* ISCs) for constant tissue
regeneration. Notably, autophagy has been demonstrated to play a cytoprotective role in
the LGR5" ISCs against toxic and infectious injuries. During irradiation damage, muramyl
dipeptide (MDP), a microbiota-derived product, can be recognized by NOD2 in LGR5*
ISCs, thereby promoting cell survival by mediating the clearance of ROS. This reduction of
ROS was achieved via mitophagy induction coordinated by NOD2 and ATG16L1, which
eliminate damaged mitochondria in ISCs and therefore enhance epithelial repair [40]. In
addition, autophagy contributes to LGR5* ISCs maintenance under conditions of irradia-
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tion and chemotherapy. Following these stresses, ATG7-dependent DNA damage repair
was stimulated, facilitating ISCs survival. Activation of autophagy on fasting showed a
protective effect on LGR5" ISCs against oxaliplatin and doxorubicin-induced DNA damage
and cell death [41].

The balance of host-microbiota interactions has profound impacts on the host’s intesti-
nal health. Notably, the crucial role of autophagy lies in maintaining intestinal microbiota
homeostasis, and dysfunctional autophagy is known to cause gut microbial dysbiosis [42].
As previously demonstrated in the mouse model with conditional inactivation of Atg5
in IECs, blockade of the autophagic flux led to a remarkable alteration and reduced the
diversity of gut microbiota [43]. The altered colonization pattern involved decreased abun-
dances of anti-inflammatory microorganisms and enrichment of proinflammatory bacterial
groups, many of which are believed to be associated with inflammatory bowel disease
(IBD) and colorectal cancer (CRC) [43].

The proposed mechanisms by which autophagy modulates the balance of bacterial
flora include direct degradation of harmful bacteria and regulation of the antibacterial
immune response. Under physiological conditions, all intestinal bacteria are coated with
complement protein C3 [44]. Following the invasion of potentially pathogenic microor-
ganisms into the intestinal mucosa, C3 on the bacterial surfaces can be targeted by host
cytosol ATG16L1, thereby activating the autophagy system [45]. Apart from this, it has
been reported that MyD88, the canonical adaptor for inflammatory signaling pathways,
was also required during the process of autophagy induction [46]. It is worth mentioning
that autophagy in IECs can affect the expression and secretion of antimicrobial peptides
(AMPs) to restrict bacterial dissemination [47]. Interestingly, several mouse models in
which different autophagy genes are deleted in IECs (including ATG16L1, ATG4B and
LC3B) showed an enhanced response to microbiota-induced type I interferon (IFN-I) sig-
naling [48]. This spontaneous activation of IFN-I in IECs conferred protection against the
pathogen Citrobacter rodentium and chemical injury via C-C motif chemokine receptor 2
(CCR2)-dependent monocyte recruitment, fortifying the intestinal barrier in response to
both infectious and non-infectious stress [48]. Although autophagy was demonstrated to
have an adverse function in antimicrobial activity and tissue repair, as evidenced by this
study, the immunomodulatory properties of IFN-I signaling may be far more nuanced
under different circumstances, such as autoimmune diseases and tumor immunity [48,49].

Epithelial cells in the intestinal tract attach via tight junctions (Tjs) including claudin,
occludin, etc. TJ modulation is closely linked to intestinal permeability, and autophagy
has been implicated in enhancing intestinal barrier function via TJ] regulation [1]. By
mediating the lysosomal-dependent degradation of claudin-2, a pore-forming protein,
starvation-induced autophagy reduced intestinal permeability of ions and small molecules
in IECs [50]. Further mechanistic investigation revealed that autophagy-triggered claudin-2
degradation was dependent on clathrin-mediated endocytosis, where claudin-2 directly
binds to adaptor related protein complex 2 subunit mu 1 (AP2M1), and an increased claudin-
2-AP2M1-LC3 association was observed [51]. In contrast, proinflammatory cytokine tumor
necrosis factor alpha (TNF-«) weakened the intestinal barrier. This was mediated by the
inhibitory effect of TNF-« on autophagy, which resulted in elevated claudin-2 expression
and impaired epithelial tight junction [52]. Another TJ-associated protein, occludin, is
also tightly regulated by autophagy in IECs. Notably, beclin 1 interacted with occludin on
the cell membrane, leading to the endocytosis of occludin and, subsequently, defective T]
barrier function. While this process was autophagy independent, autophagy activation
was shown to counteract the effect of Beclin 1 and restore the endothelial barrier [53].

Overall, these findings revealed that autophagy is required for the maintenance of
intestinal homeostasis, but its beneficial or deleterious nature can vary depending on
the setting.
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3. Autophagy Coordinates Cellular Adaptation to Stress in the Progression of CRC
3.1. Autophagy Enables Adaptation to Metabolic Alteration-Induced Stress

After oncogenic transformation, the established tumor is highly proliferative and
metabolically active, requiring large amounts of energy and metabolic precursors. Un-
like other normal cells, cancer cells constitutively utilize glycolysis to sustain oncogenic
metabolism [54]. In such a situation, autophagy serves as a mechanism of survival [22].
Given that a key feature of autophagy has been suggested to supply substrates to fuel
metabolism, it is constantly active under nutrient-competent conditions to enhance tu-
mor growth [55]. Cancer cells utilize it as an alternative source of nearly all aspects of
metabolic fuel and reduce oxidative stress, creating “autophagy addiction” [55-57]. Oth-
erwise, autophagy-deficient tumor cells suffer from metabolic vulnerabilities and energy
crises in the stressed microenvironment. Indeed, in the transformed IECs, not the adjacent
normal IECs, autophagy is indispensable for cell metabolism [42]. Deletion of ATG7 in
intestinal adenoma blocked its progression to malignancy via p53-induced growth arrest
and AMPK-dependent downregulation of glycolytic genes [42], consistent with the theory
that cancer cells exhibit a particular addiction to autophagy [58,59].

Starvation-induced reduction of nutrient inputs, such as glucose and amino acids,
leads to decreased intermediate metabolites of various metabolic pathways; for example,
the tricarboxylic acid (TCA) cycle [60]. This will ultimately lower the ratio of adeno-
sine triphosphate (ATP) to adenosine diphosphate (ADP) and adenosine monophosphate
(AMP), energy stress that can be sensed by AMPK [61]. Once activated, AMPK suppresses
ATP-consuming pathways and upregulates energy-generating processes, including au-
tophagy [62]. In contrast, another major autophagy modulator, mTOR, is sensitive to
the abundance of amino acids and is activated by available nutrients. In addition, other
regulators including ATF4, SIRT1, and TFEB govern the transcription of autophagy-related
genes, in response to nutrient availability and reduction status [62]. Together, there is an
intricate regulatory network that integrates autophagy with response to metabolic cues.

Interestingly, the metabolic reliance on autophagy of tumors may be dependent on
their mutational status. Prior studies have revealed different degrees of autophagy ad-
diction across multiple carcinoma types, most notably in Ras-driven tumors, including
lung cancer, pancreatic cancer, prostate cancer, and CRC [58,63-65]. KRAS is mutated in
approximately 40% of CRC patients and is associated with poor prognosis and therapy
resistance [66]. For Ras-transformed CRC cells, enhanced glucose metabolism is required
for their high rates of proliferation in starvation. Autophagy has been shown to facilitate
glycolytic flux in H-RASV!? cells [63], likely due to its potential to degrade macromolecules
and provide metabolic substrates. Interestingly, autophagy is able to protect mitochondrial
function in H-RASV!? and K-RASV!? cells. This was achieved through the supply of sub-
strates for mitochondrial metabolism, presumably TCA-cycle metabolites, via conversion
of pyruvate and fatty acids into acetyl-CoA [64]. Defective autophagy in H-RAS V2 and
K-RAS""? models also impaired mitochondrial respiration, causing reduced energy levels
and increased oxidative stress [64]. However, while lack of autophagy in a mouse model
of KRAS-driven lung cancer resulted in impaired fatty acid oxidation, it was absent in the
BRAF-driven mouse model [67]. This raises the question as to the influence of genotype on
the metabolic role of autophagy, which is broadly unknown in CRC.

Apart from glucose metabolism, autophagy is closely associated with fatty acid
metabolism. Fatty acid -oxidation in mitochondria produces acetyl CoA, thereby fu-
eling the TCA cycle [68]. Indeed, CRC patient-derived adipocytes were shown to favor
the survival of CRC cells under the condition of nutrient deprivation. Mechanistically,
the adipocytes secreted free fatty acids, which in turn are absorbed and utilized by colon
cancer cells by inducing autophagy and mitochondrial fatty acid $-oxidation via AMPK
activation [69]. In addition to cell-autonomous autophagy, host autophagy has a metabolic
role in the antitumor immunity of CRC [70]. In activated Treg cells, autophagy was function-
ally stimulated and negatively regulated mTORC1-dependent glycolytic metabolism, thus
promoting their metabolic homeostasis and immunosuppressive function [71]. Together,
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these studies suggested the metabolic vulnerabilities mediated by autophagy and provided
opportunities for therapeutic intervention in CRC (Figure 3).
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Figure 3. The crosstalk between autophagy and metabolic reprogramming CRC cells is highly
proliferative and metabolically active, requiring large amounts of energy and metabolic precursors.
In this context, autophagy serves as an alternative source of nearly all aspects of metabolic fuel. By
coordinating glycolysis, fatty acid 3-oxidation, and tricarboxylic acid cycle, autophagy is intimately
connected to the metabolic reprogramming of CRC.
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3.2. Autophagy Enables Adaptation to Hypoxia-Induced Stress

Due to rapid proliferation, excessive oxygen consumption, and abnormal microvascu-
lature, the tumor mass of CRC is constantly exposed to reduced oxygen levels. Hypoxia
is one of the major hallmarks of the CRC microenvironment, and autophagy is elicited to
enable tumor cells to thrive in this situation. Hypoxia-inducible factor (HIF-1), the major
transcription factor complex in response to hypoxic conditions, can induce autophagy
through upregulation of autophagy-related genes, crosstalk with the mTOR signaling,
and production of reactive oxygen species (ROS) [72-74]. Notably, under hypoxia stress,
functional mitochondria play an indispensable role in ROS generation and subsequent
HIF-1 stabilization.

The association of autophagy dysfunction with CRC initiation is evident in prior stud-
ies, in which essential autophagy genes, including Atg7 [42], Atg16l1 [75], and UVRAG [14],
were edited in mice. In these cases, the arisen neoplasms would accumulate large amounts
of autophagic cargo, most obviously damaged mitochondria [76]. Mitochondria is re-
sponsible for the adaptation of cells to a variety of stressors, and autophagy functions to
eliminate defective mitochondria, a process known as “mitophagy” [77]. Indeed, during
the onset of CRC, enhanced mitophagy in IECs was demonstrated to cause lysosomal
membrane permeabilization via an iron(lI)-dependent mechanism. In turn, the elevated
lysosomal permeability led to release of proteases and subsequent antigen presentation,
thereby activating CD8" T cells and antitumor immunity [78]. Excess ROS is another
type of stress generated by abnormal cellular metabolism, hypoxia, and proteotoxic stress
during intestinal tumorigenesis [6]. It was shown that autophagy in IECs was essential for
counteracting ROS to enhance barrier integrity, and therefore attenuated the development
of CRC [79].

Nevertheless, although autophagy prevents tumor formation at the early stage of
intestinal carcinogenesis, it is not the case once the malignant transformation is established.
Tumor-initiating cells (TICs), a cell subpopulation endowed with unlimited self-renewal
and enhanced tumor-formation capacities, are known to greatly favor CRC initiation [80].
Under hypoxic conditions, autophagy promoted the self-renewal of TICs and their tu-
morigenic potential [81]. Conversely, autophagy suppressed the growth of the more
differentiated counterpart cells [81]. As another example, Atg7-deficiency in IECs attenu-
ated intestinal tumorigenesis in Apc(+/—) mice by the regulation of microbiome-mediated
antitumor responses [42]. In samples taken from CRC patients, upregulation of Beclin 1 was
related to HIF-1« overexpression, which further correlated with higher histological grade,
disease stage, and poor prognosis [82]. Regarding the molecular mechanism, under nor-
moxic conditions, Bcl-xL and Bcl-2 interacted with beclin-1, thereby inhibiting autophagy.
In contrast, under hypoxic conditions, HIF-1x promoted the expression of proapoptotic
genes BNIP3 and BNIP3L, which are associated with Bcl-xL and Bcl-2 to release beclin-1,
thus triggering prosurvival autophagy in CRC cells [72]. In addition, HIF-1x upregulated
miR-210, which suppressed Bcl-2 and induced autophagy to reduce the radiosensitivity
of CRC [83]. Hypoxia also causes the accumulation of misfolded or unfolded proteins,
leading to the unfolded protein response (UPR), and extended UPR signaling promotes
cellular apoptosis. In CRC cells, hypoxia elicited UPR and the downstream key factor
eukaryotic translation initiation factor 2 alpha kinase 3 (EIF2AK3). Subsequently, EIF2AK3
upregulated transcription factors ATF4 and CHOP to enhance the expression of LC3 and
ATGS, thereby triggering cytoprotective autophagy [84]. Moreover, a recent study also
demonstrated a sequential activation of AMPK, HIF-1«, HIF-2x, and JNK that accounted
for the autophagy induction in CRC cells exposed to low oxygen levels [85]. Thus, these
studies highlighted the distinct roles of autophagy in coordinating hypoxia stress response
at different stages of colorectal development (Figure 4).
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Figure 4. Autophagy coordinates cellular adaptation to hypoxia. Epithelial hyperproliferation results
in a reduced level of oxygen, and dysregulated autophagy is involved in response to hypoxia. In
transforming IECs, autophagy prevents cancer initiation via the elimination of hypoxia-induced
accumulation of damaged cellular substances; while in transformed CRC cells, it promotes cancer
cell survival by orchestrating multiple stress response pathways.

3.3. Autophagy Enables Adaptation to Oncogenic Microorganism-Induced Stress

As discussed above, accumulating evidence has supported the involvement of gut
microorganisms in intestinal homeostasis and the etiology of sporadic CRC [2,86]. Bac-
terium pattern is different in CRC patients compared to healthy individuals. Through
sequencing studies of the intestinal microbiota, the contribution of certain bacteria, includ-
ing Fusobacterium nucleatum, Escherichia coli, and Bacteroides fragilis in CRC has been
well established [87,88]. These infectious agents trigger DNA damage in host genetics by
producing genotoxins, generating carcinogenic metabolites, regulating host cell signaling
pathways, and shaping the cancer immune landscape in CRC [89-94].

A prime example of the role of microbiota-mediated autophagy in CRC is Fusobac-
terium nucleatum. Fusobacterium nucleatum, a Gram-negative anaerobe, is frequently
present in the oral cavity and is commonly involved in dental plaques and periodontal
disease [95]. Of note, Fusobacterium nucleatum was found in approximately 30% of CRC
tissues in patients [96], and its abundance was positively associated with lymph node
metastasis [97] and worse prognosis [98]. Interestingly, Fusobacterium nucleatum was
enriched in CRC tissues from patients who relapsed after chemotherapy [24]. Although
5-fluorouracil (5-FU) in combination with platinum-based chemotherapy has been the
first-line therapy for CRC patients [99], most patients develop chemoresistance during
treatment and relapse after the initial response [100]. Mechanistic investigations revealed
that infection with Fusobacterium nucleatum activated the innate immune response via
TLR4 and MYD88-dependent signaling, which resulted in downregulation of miR-4802 and
miR-18a*. Subsequently, reduction of these microRNAs attenuated their target on the 3’'UTR
regions of ULK1 and ATG? genes, thus alleviating the silencing of autophagy. Eventually,
activated autophagy gave rise to chemoresistance to oxaliplatin and 5-fu by protecting
CRC cells from drug-induced apoptosis [24]. This has highlighted the prominent role of
Fusobacterium nucleatum in coordinating a network of immune responses and autophagy
to govern chemoresistance in CRC. Similarly, this network has also been implicated in
CRC metastasis. Upon infection, Fusobacterium nucleatum induced the expression of
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Normal IECs

CARD3 in CRC cells, an essential kinase involved in innate and adaptive immune signaling.
Upregulation of CARD3 then enhanced autophagic flux, thereby promoting the formation
of liver and lung metastases in mouse models [101]. Nevertheless, the specific mechanism
by which CARD3 regulates autophagy has been elusive and warrants further investigation.

Another mucosa-associated bacterium, Escherichia coli, is likely to exert an oncogenic
phenotype in CRC through crosstalk with autophagy in a time-dependent manner. Acti-
vated autophagy can protect against CRC initiation in response to bacterial-induced stress.
During the early stage of CRC initiation, increased epithelial autophagy eliminated the
intracellular Colibactin-producing Escherichia coli to ameliorate malignant transformation
in ApcMin/+ mice [75]. Colibactin-producing E coli (CoPEC), a colonic mucosa-associated
E coli frequently detected in CRC patients, are able to promote CRC development by
inducing genomic instability and inflammation [93,102,103]. There was evidence that
autophagy-mediated elimination of Colibactin-producing Escherichia coli (CoPEC) lim-
ited the carcinogenesis process in ApcMin/+ mice by stimulating bacteria-induced DNA
damage repair via RAD51 and reducing the secretion of inflammatory cytokines IL 6 and
IL 8 [75]. Following this, at the mid phase of CRC development, the invasive E. coli that
successfully colonized the colonic epithelium blocked autophagy to avoid clearance, achiev-
ing persistent infection. The repression of autophagy by E. coli, in turn, led to increased
generation of ROS and epithelial hyperproliferation. However, as the dysplasia tissue
progressed, autophagy was upregulated to eradicate the pathogen, suggesting an E. coli
-independent tumor growth in the late stage of CRC development [104]. In line with this,
the only time window when antibiotic intervention exhibited a tumor-suppressive effect
was in the middle stages of tumor development [104]. Hence, the interplay between gut mi-
crobes and autophagy changes over time in the course of CRC development and therefore
awaits future studies (Figure 5).
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Figure 5. Distinct roles of autophagy in microbiota-induced stress. Sporadic CRC is driven by
sequential genetic and epigenetic mutations, and environmental factors, arising from normal epithelial
cells to dysplastic adenomas and, ultimately, carcinomas. During this process, a link between CRC
tumorigenesis, infection with certain bacteria, and autophagy has been established. Time-dependent
interactions between autophagy and intestinal bacteria are shown.
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4. Autophagy Modulates Response to Therapeutic Stress in CRC

Although the above studies have highlighted the different roles of autophagy in
coordinating environmental cues with CRC tumorigenesis and development, extensive
laboratory evidence supported the stimulation of autophagy under therapeutic stress in
CRC [105]. Given that numerous stress-sensing signaling pathways that elicit autophagy
are utilized by CRC treatment approaches, many of these drugs have been revealed to
induce cytoprotective autophagy [106]. In addition to surgery, patients with CRC are
treated with combination regimens that involve chemotherapy, radiation therapy, and
targeted therapy, tailored to specific pathologic staging and genetic status. Exposure to
these therapeutic approaches can trigger autophagy that can enable tumor survival via
DNA damage response, ER stress response, mMTOR and AMPK signaling, and other stress-
activated signaling pathways [105]. Indeed, cytoprotective autophagy has been seen as a
crucial mechanism underpinning therapeutic resistance in CRC [107]. Moreover, as demon-
strated by several preclinical studies and clinical trials, combining autophagy inhibitors
with standard conventional therapies can improve the drug response of CRC [107]. Here,
we focus on the roles of autophagy under different therapeutic stresses and the mechanism
by which it mediates drug resistance in CRC (Figure 6).
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Figure 6. Autophagy under therapeutic stress in CRC. Autophagy activation has been observed
during chemotherapies, targeted therapies, and PDT against CRC. In most cases, autophagy serves
as a survival mechanism by protecting cells from apoptosis or maintaining cell survival in a DTP
state; therefore, autophagy inhibition may be an effective therapeutic strategy in CRC. Paradoxically,
autophagy is indispensable in the immune response to chemotherapy in CRC; hence, suppression of
autophagy may result in a reduction of immunogenicity of cancer cells and impair antitumor immune
immunity. Therefore, whether autophagy inhibitors should be combined with conventional therapies
warrants further investigation.
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4.1. Autophagy Regulates Cellular Response to Chemotherapy

The commonly used chemotherapeutics for treating CRC include fluorouracil (5-FU),
oxaliplatin, and irinotecan, alone or in combination [66]. FU, an analog of uracil, mainly
suppresses thymidylate synthase, which prevents the generation of thymidine needed for
DNA synthesis, thereby inhibiting the proliferation of CRC cells [108]. In CRC models
in vitro and in vivo, autophagy activation has been observed upon 5-FU treatment and pro-
tected cells from 5-FU-induced apoptosis [109]. The underlying mechanisms involved the
upregulation of Bcl-xL, a key crosstalk factor between autophagy and apoptosis, and activa-
tion of the P53-AMPK-mTOR pathway [109]. Abnormal activity of metabolic enzymes also
contributes to autophagy-mediated chemoresistance. ABHDS, a lipolytic factor situated in
the lysosome, binds to PDIAS5 to attenuate its inhibitory effect on ribonuclease RNASET2.
In turn, RNASET2 regulates RNA degradation in autophagolysosomes, producing oligonu-
cleotides, including uracil [110]. Treatment with 5-FU triggered metabolic reprogramming
in CRC cells, and the expression of ABHD5 enhanced autophagic uracil yield, thus con-
ferring 5-FU resistance due to decreased intake of 5-FU as external uracil [111]. Another
report observed the induction of autophagy as a key mechanism of irinotecan resistance
in TP53-defective CRC cells through the MAPK14/p38a pathway [112]. In addition, au-
tophagy elicited by extracellular cytokine IL-6 protected CRC cells against the cytotoxic
effects of 5-FU and oxaliplatin via the JAK2/BECNT1 signaling axis [113]. Similar findings
were made in microsatellite instability (MSI) CRCs, where mutation of a key autophagy
regulator, UVRAG, led to a significant reduction in functional autophagy and became more
responsive to 5-FU, oxaliplatin, and irinotecan [114].

The extensive laboratory studies above supported that autophagy engages in a com-
plex interplay with apoptosis under therapeutic stress. Interestingly, apart from apoptosis,
autophagy serves as a key mechanism for maintaining cell survival in a drug-tolerant per-
sister (DTP) state to survive the stressful environment caused by chemotherapy [115,116].
In this context, CRC cells reversibly transition into a largely quiescent or slow-growing state,
and after withdrawal of treatment, they exit the DTP state and regain the ability of growth
and proliferation [117,118]. Mechanistically, this is achieved by employing an evolutionarily
conserved program, diapause, which is adopted by hundreds of mammalian species that
can suspend embryonic development under unfavorable environmental conditions [119].
Remarkably, as revealed by analyses of expression signatures of the diapause-like DTP in
CRC models, this phenotype was maintained via downregulation of the mTOR pathway
and upregulation of the autophagy program [120]. Therefore, combination therapy of
chemotherapy and autophagy inhibitors represented an innovative therapeutic strategy to
disrupt the survival mechanism and prevent cancer relapse [120].

4.2. Autophagy Regulates Cellular Response to Targeted Therapies

Aberrant activation or upregulation of oncogenes including EGFR, KRAS, NRAS, and
BRAF are frequently present in CRC [121]. Biologics targeting EGFR, such as cetuximab
and panitumumab, are often incorporated into the chemotherapy regimens based on the
mutation status of individual patients [122-125]. Anti-EGFR monoclonal antibodies act
by blocking access of ligands to the binding domain of EGFR and promoting its inter-
nalization and degradation. The interplay between EGFR and autophagy involves RAS
PI3K-AKT-mTOR pathways, which serve as the downstream signaling of EGFR as well as
the key regulatory network of autophagy [126]. Given the common mechanisms shared
by internalized EGFR and autophagy, it is not surprising that activation of autophagy was
demonstrated to underlie the acquired resistance of anti-EGFR therapies. Indeed, it has
been reported that treatment with the EGFR antibody cetuximab can elicit autophagy in
CRC cells and protect them from therapy-induced apoptosis [127,128]. Mechanistic investi-
gations revealed that cetuximab suppressed the expression of HIF-1x and subsequently
Bcl-2, which attenuated the inhibitory effect of Bcl-2 on beclin 1 and enhanced the formation
of the beclin 1/hVps34 complex, thus activating autophagy [127]. Moreover, cetuximab
downregulated miR-216b, which can impair the translation of Beclin-1 through binding to
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3’-UTR of its mRNA, thereby inducing cytoprotective autophagy [128]. Therefore, these
studies suggested the potential of autophagy inhibitors to sensitize CRC to anti-EGFR
monoclonal antibodjies.

BRAF-V600E mutation activates the MEK/ERK pathway, conferring a poor prognosis
in CRC patients [129]. Targeted combination therapy with BRAF inhibitor encorafenib plus
EGFR inhibitor cetuximab has been shown to extend overall survival and approved for
second-line therapy [130]. Intriguingly, targeting MEK/ERK pathway using MEK inhibitor
trametinib induced prosurvival autophagy by activating the LKB1/AMPK/ULKI1 axis
in KRAS-mutated pancreatic ductal adenocarcinoma [131]. This was similarly relevant
to CRC, since combination therapy of trametinib with autophagy inhibitor chloroquine
demonstrated significant antitumor effects in patient-derived xenografts (PDX) of BRAF-
mutated CRC [131]. Another monoclonal antibody, bevacizumab, which targets VEGF
and interrupts tumor angiogenesis, has been extensively used in CRC [132]. In mouse
xenografts of CRC, bevacizumab elicited autophagy and blockade of autophagy with
chloroquine displayed synergistic antiproliferative effects against tumor [133]. Photody-
namic therapy (PDT), in which photosensitizers are irradiated and excited by light, leads to
ROS generation and accumulation, and eventually cell death [134]. This novel technique
has become a complement to traditional cancer treatment. Notably, it has been reported that
PDT can activate autophagy in CRC, and pharmacological autophagy inhibitors enhanced
therapeutic sensitivity to PDT [135]. Together, autophagy serves as a key survival mecha-
nism in response to chemotherapies, targeted therapies, and PDT against CRC; therefore,
autophagy inhibition may be an effective therapeutic strategy in CRC.

4.3. Autophagy Regulates Cellular Response to Immunotherapy

While autophagy was convincingly shown to be hijacked by cancer cells to resist ther-
apeutic challenges, the consensus that combining autophagy inhibitors with chemotherapy
should be regarded as a general therapeutic strategy has been challenged. It is important
to perceive that conventional chemotherapies exert anticancer effects not only through
a direct cytotoxic mechanism, but also partly owing to the re-stimulation of antitumor
immune function [136]. Interestingly, evidence has indicated that autophagy has a major
role in immunological control in response to immunogenic chemotherapy in CRC [137,138].
In the context of anticancer chemotherapy exposure, autophagy-competent CRC favored
ATP secretion from malignant cells, thereby enhancing the recruitment of dendritic cells
and T lymphocytes [137]. Moreover, similar findings were revealed in melanoma, where
chemotherapy and radiotherapy-induced autophagy has been shown to augment the
sensitivity of tumor cells to lysis by cytotoxic T cells [138,139]. Together, these lines of
evidence highlighted that suppression of autophagy might, at least in part, result in a
reduction in immunogenicity of cancer cells, and hence defective immune response and
relapsed disease.

On theoretical grounds, this detrimental side effect exerted by autophagy inhibition
that blunts the antitumor immunity in CRC may be circumvented via combined admin-
istration with an immune checkpoint inhibitor [105,140]. Indeed, it has been shown that
blocking PIK3C3/VPS34 in combination with anti-PD-1/PD-L1 immunotherapy exhib-
ited promising efficacy in CRC [141,142]. However, in this study, autophagy inhibition
achieved by targeting PIK3C3/VPS34 promoted the attraction of cytotoxic immune cells
via STAT1/IRF7-dependent production of CCL5 and CXCL10 [141,142]. Along similar
lines, experimental studies addressing the impact of autophagy on cancer immune land-
scape have yielded a wealth of controversial results across various cancer types. In mouse
models of melanoma and breast cancer, the levels of T cell infiltration and T cell responses
remained unchanged upon autophagy inhibition [143], whereas in other studies, loss of
autophagy was believed to facilitate recruitment of antitumor immune effector cells to the
tumor bed [144-147]. The extrapolation can be made that targeting different autophagy
proteins may elicit different impacts on cancer immune response and presumably involves
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autophagy-independent mechanisms. Hence, there is still a lack of knowledge regarding
the interaction between autophagy and antitumor immunity.

5. Clinical Implications and Future Perspectives

Mounting evidence suggested a prominent role of autophagy in the development
of cancer, especially in those organs that are constantly challenged by environmental
stressors, such as the large intestine [148]. The idea that autophagy serves as a survival
mechanism for tumor cells has provided the logical rationale for autophagy inhibition as
a therapeutic strategy in CRC [149]. Indeed, autophagy inhibitors, notably chloroquine
(CQ) or hydroxychloroquine (HCQ), have been widely adopted in combination with
traditional chemotherapy/radiotherapy in clinical trials of multiple tumor types. Other
specific inhibitors are also in development and need further investigation in preclinical
and clinical trials [150]. Although the safety of these drugs has been demonstrated, the
efficacy of autophagy inhibition has varied widely between patients with different types
of tumors and at different stages [148]. These reported clinical outcomes, which are not
always encouraging, exemplify the underlying limitations of the clinical applications of
autophagy inhibition.

It is critical to note that autophagy has multifaceted and opposing roles in the world of
oncology. First, it also plays a cytotoxic role under certain circumstances, which is related
to its regulation of apoptosis by the degradation of different proapoptotic or antiapoptotic
factors. As such, autophagy inhibition is a bad idea since it would protect malignant cells
from undergoing programmed cell death. Moreover, in the context of tumor initiation,
growth, and therapeutic pressure of CRC, autophagy functions in a context-dependent
manner. For different cell types along the course of the adenoma-carcinoma sequence,
including normal IECs, hyperproliferative IECs, adenoma cells, and carcinoma cells, au-
tophagy exerts opposing effects in the presence of distinct microenvironmental conditions.
For example, autophagic defects predispose normal cells to malignant transformation,
whereas tumor cells can exploit autophagy to thrive under the hostile microenvironment
and survive anticancer therapy. In the meantime, while accumulating studies support
that autophagy operates in a cell-intrinsic fashion, it also has a cell-extrinsic function. A
prime example of this is its relevance in immunological control, where autophagy is re-
sponsible for the immunostimulatory signal-sending (notably, ATP) and effector immune
cell recruitment [151].Thus, based on these observations, autophagy inhibition may be
counterproductive in cancer therapy. To address this dilemma, evaluation with appropriate
biomarkers of the status of autophagy, that is, prosurvival or prodeath, whether tumori-
genic or tumor-suppressive, may aid in selecting patients who will benefit from autophagy
inhibition or induction therapy.

Another issue about the clinical implication of autophagy manipulation is drug speci-
ficity. Currently, most pharmacological modulators of autophagy do not selectively target
autophagy. Various inhibitors that regulate the different steps of autophagy, including
those targeting mTORC1, ULKI, Beclinl, and so on, also interfere with other oncogenic
signaling cascades. The ubiquitous effects of autophagy on normal tissues may also limit
the clinical utility of autophagy regulators, given that deficiency of autophagy can result in
neurodegeneration, lysosomal storage diseases, and other organ dysfunction [152]. Thus,
with the increasing understanding of the non-autophagic role of autophagy-related pro-
teins, as well as the potential toxicity of global autophagy modulation on non-transformed
tissues, specific regulation of autophagy-related functions local to tumor lesions is required
to prevent adverse effects.

Overall, it is impossible to achieve long-term remission and cure through a single-
agent treatment in cancer; therefore, combination therapy utilizing multiple means holds
great potential for optimal management of CRC [105]. Thus, further explorations that shed
additional light on the pleiotropic mechanisms of autophagic machinery more accurately
will be critical to help enhance the effectiveness of current CRC therapy:.
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Abstract: Metabolic syndrome is a global health problem in adults and its prevalence among children
and adolescents is rising. It is strongly linked to a lifestyle with high-caloric food, which causes
obesity and lipid metabolism anomalies. Molecular damage due to excessive oxidative stress plays
a major role during the development of metabolic syndrome complications. Among the different
hormones, melatonin presents strong antioxidant properties, and it is used to treat metabolic diseases.
However, there is not a consensus about its use as a metabolic syndrome treatment. The aim of this
study was to identify melatonin effects in a metabolic syndrome model. Golden hamsters were fed
with 60% fructose-enriched food to induce metabolic syndrome and were compared to hamsters fed
with regular chow diet. Both groups were also treated with melatonin. Fructose-fed hamsters showed
altered blood lipid levels (increased cholesterol and LDL) and phenotypes restored with the melatonin
treatment. The Harderian gland (HG), which is an ideal model to study autophagy modulation
through oxidative stress, was the organ that was most affected by a fructose diet. Redox balance was
altered in fructose-fed HG, inducing autophagic activation. However, since LC3-II was not increased,
the impairment must be in the last steps of autophagy. Lipophagy HG markers were also disturbed,
contributing to the dyslipidemia. Melatonin treatment improved possible oxidative homeostasis
through autophagic induction. All these results point to melatonin as a possible treatment of the
metabolic syndrome.

Keywords: melatonin; metabolic syndrome; autophagy; lipophagy; Harderian gland

1. Introduction

Current changes in lifestyle and eating behavior are increasing the prevalence of over-
weight and obesity, reaching the status of pandemic. These changes include sedentariness
and an elevated consumption of high-calorie food and sugary beverages. Although obesity
is a known risk factor for metabolic defects, associated problems like insulin resistance
and diabetes also affect normal weight people. Metabolic syndrome (MetS), cluster ab-
normalities including abdominal obesity, insulin resistance, and dyslipidemia, increased
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blood pressure, pro-inflammatory states, and risk of cerebrovascular accidents [1]. MetS
is also characterized by high levels of oxidative stress, which might play a fundamental
role in its progression [2], since the accumulation of free radicals is a harmful process
that can damage several cellular structures. This state, together with reduced antioxidant
defenses [3], suggests that an oxidative imbalance might be very relevant to MetS.

The pineal melatonin is the capital endogenous synchronizer of the circadian rhythms
in many organisms [4]. Likewise, melatonin as well as its metabolites, are well-known
endogenous antioxidants [5] and they exert anti-inflammatory, antihyperlipidemic, and
anti-hypertensive actions and modulates insulin secretion and action [6], mainly fostering
the antioxidant system. Melatonin treatment ameliorates metabolic changes associated
with obesity in rats fed a high-fat diet [7] or metabolic changes and hypertension associated
with obesity in young Zucker diabetic fatty rats [1]. Melatonin was even suggested as
a treatment for viral infections like Sars-Cov2 [8]. However, it is still unclear whether
melatonin could ameliorate the pathological phenotype during MetS, induced by high-
fructose intake in hamsters, which might better emulate the harmful effects of prepared
foods and carbonated beverages [9].

The Syrian hamster Harderian gland (HG) is a tubule-alveolar orbital gland secreting
lipid that lubricate the cornea [10]. This small gland presents many more functions in-
cluding the production of pheromones [11], the participation in a pineal-gonadal axis [12],
the synthesis of indolamines, as melatonin [13], and an important porphyrin production
(which might regulate melatonin production [14]) that is stronger than that in the liver [15].
Moreover, due to the localization of the HG, porphyrins exposed to light produce reactive
oxygen species (ROS) through photo-oxidation. Therefore, the gland is an excellent model
to comprehend physiological oxidative stress and its control [16]. In previous reports we
showed that damage caused by oxidative stress forces the gland to trigger autophagic
processes to maintain vital functions, adapting to environmental stress [17]. We wondered
if a similar scenario could occur after inducing MetS, and whether melatonin might present
protective functions.

Our aim was to identify melatonin effects in a metabolic syndrome model. Particularly,
the melatonin role in the autophagic response to oxidative stress. Here, we showed that
melatonin ameliorates the fructose-diet induced dyslipidemia. Furthermore, melatonin
treatment partially restored impaired autophagy in the most affected organ through a
fructose diet.

2. Material and Methods
2.1. Animals

Eight-week-old male Syrian hamsters (Mesocricetus auratus) (Harlan Interfauna Ibérica,
Barcelona, Spain) were housed 2 per cage, during long days, with a 14:10 light:dark cycle
(lights on daily from 07:00 to 21:00) at 22 + 2 °C (1 = 6 per experimental condition). Animals
received water and a standard pellet diet, ad libitum. The Oviedo University Local Animal
Care and Use Committee approved the experimental protocols. All experiments were
carried out according to the Spanish Government Guide and the European Community
Guide for Animal Care (Council Directive 86/609/EEC). After 1 month in the animal house,
the hamsters were fed either a high-fructose diet (n = 12) (TD.89247, Harlan Interfauna
Ibérica, Barcelona, Spain) or a regular chow diet (n = 12) for 4 weeks, following the Kasim-
Karakas’ protocol to induce Metabolic Syndrome (MetS) [18]. Then, six hamsters of each
diet were treated daily with 25 pg of melatonin for 15 days. Melatonin was dissolved in
ethanol (final ethanol concentration, 0.5%) and injected subcutaneously (5Q) at Zeitgeber
time (ZT) 10 (ZT 0 = onset of light). The controls received the same volume of saline
(0.5% final ethanol concentration) under similar conditions, six animals for fifteen days.
Weight and food intake was monitored weekly. Blood extraction was performed 1 day
before harvest and the blood parameters (glucose, triglycerides, total cholesterol, HDL
cholesterol and LDL cholesterol) were analyzed by routine laboratory tests at the Laboratory
of Veterinary Analysis of Dr. Barba (Madrid, Spain). Hamsters were sacrificed and the
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Harderian glands were immediately removed, weighted, frozen in liquid nitrogen, and
stored at —80 °C, until the experiments were performed. The other organs (brain, liver,
muscle, heart, and white adipose tissue) were removed, weighted, and stored at —80 °C.

2.2. Isolation of Proteins

HGs (0.1 g) were homogenized using a Polytron homogenizer at 4 °C in 1 mL of lysis
buffer (50 mM Tris/HCI, 150 mM NaCl at pH 7.4). The tissue homogenates were then
centrifuged for 6 min at 3000 rpm at 4 °C. The supernatants were collected and centrifuged
again under the same conditions. The protein concentration of the supernatants was
measured by the method of Bradford [19].

2.3. Lipid Peroxidation

A lipid peroxidation kit from Calbiochem (437634, Calbiochem, EMD Biosciences Inc.,
San Diego, CA, USA) was used to measure the amount of malondialdehyde (MDA) and
4-hydroxy-2(E)-nonenal (4-HNE) as an index of the oxidative destruction of lipids. Data
are presented as nmol (MDA +4-HNE) per mg protein.

2.4. Total Antioxidant Activity (TAA)

TAA was determined using the ABTS/H;0,/HRP method modified for tissue
samples [20,21]. The results are expressed as equivalents of mg Trolox/mg protein.

2.5. Immunoblotting

The protein samples (100 pg) were prepared in Western blotting sample buffer
(65.8 mM Tris-HCI, pH 6.8, 2.1% SDS, 26.3% (w/v) glycerol, 0.01% Bromophenol Blue).
The 12% SDS-polyacrylamide gels were run and analyzed, as previously described [21-23].
Primary antibodies applied were—Beclin 1, perilipin (PLIN), p-mTOR, and mTOR from
Santa Cruz Biotechnology (Santa Cruz, CA, USA), sequestosome-1 (SQSTM1/p62) from
Cell Signaling Technology (Boston, MA, USA), Lysosomal acid lipase (LAL) antibody from
Abcam (Cambridge, UK), and LC3 from MBL (Naka-ku Nagoya, Japan). Primary antibod-
ies were diluted 1:1000 in blocking buffer. Goat anti-human p-actin antibody (Santa Cruz
Biotechnology, Inc.) diluted at 1:1000 was always assayed as a loading reference. After
washing in TBS-T (20 mM Tris-HCl, 150 mM NaCl, pH 7.4 and 0.05% Tween-20), the mem-
branes were then incubated with the corresponding horseradish peroxidase-conjugated
secondary antibody (Santa Cruz Biotechnology, Inc.) diluted at 1:2500. Binding of antibod-
ies to their antigens was detected using the Western Blotting Luminol Reagent (sc-2048;
Santa Cruz Biotechnology, Inc.), according to the manufacturer’s protocol. The results were
calculated from at least three separate experiments for each antibody and were normalized
to actin. Band intensity was quantified using the Quantity One 1D-analyzes software
v. 5.5.1. (Bio-Rad Laboratories Inc., Hercules, CA, USA).

2.6. Statistical Analysis

Data are represented as mean =+ standard error of mean (SEM). The Graphpad prism was
used to perform ANOVA with a Tukey’s post-hoc test. * p < 0.05, ** p < 0.01, or *** p < 0.001
and # p < 0.05, ## p < 0.01, and ### p < 0.001 was considered statistically significant.

3. Results and Discussion
3.1. Melatonin Treatment Ameliorates the Lipid Effect Caused by a Fructose Diet

Syrian hamsters have a reproducible response to dietary manipulation [24]. Their lipid
metabolism closely resembles that of humans, and unlike mice and rats, hamsters show
cholesterol ester transport protein activity [25]. Fructose is an important nutritional factor
in the development of the Metabolic Syndrome (MetS) in humans [2] and high fructose
intake in hamsters also leads to the development of MetS-associated symptoms [18]. Syrian
hamsters were fed with 60% fructose enriched food for 4 weeks, while control hamsters
were fed with a regular chow diet. Then, half of the hamsters of each diet were injected
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with SQ melatonin for 15 days (25 pig of melatonin per hamster) [22]. Before sacrifice, blood
was extracted, and biochemical determinations were performed. Glucose levels showed
no significant differences between diets (Figure 1A). As hamster were not fasted before
the blood extraction, changes were not expected either [3]. Fructose is a highly lipogenic
sugar that is already associated with dyslipidemic symptoms induced by MetS [26]. Ac-
cordingly, triglycerides were increased with the fructose diet (Figure 1B, p < 0.05) and
restored with the melatonin treatment (Figure 1B, p < 0.05). Total cholesterol was also
increased (Figure 1C, p < 0.01), as well as LDL particles (Figure 1E, p < 0.05), whilst there
was no significant compensation with the HDL cholesterol (Figure 1D). Melatonin restored
total and LDL cholesterol levels (Figure 1C,E, p < 0.05). These results demonstrates that
melatonin improves dyslipidemia in fructose-fed hamsters more efficiently than melatonin
treatments in MetS’ patients [3]. This might be due to a higher dose in hamsters than
in humans [3]. Melatonin’s role as a hypolipidemic is related to a decrease in intestinal
cholesterol absorption [27] or inhibition of cholesterol biosynthesis and LDL-C accumula-
tion [28] in rats. However, further studies need to be performed to decipher melatonin’s
hypolipidemic role in hamsters and humans.
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Figure 1. Fructose diet produces an imbalance in serum lipid markers that is ameliorated by melatonin. (A) Glucose levels
in serum were measured in mg/dl from hamsters fed with regular chow or fructose with or without melatonin treatment
(25 pg of melatonin for 15 days). (B) Triglycerides, (C) Cholesterol, (D) HDL, and (E) LDL levels in serum were measured
in mg/dl from hamsters fed with regular chow or fructose with or without melatonin treatment. Bars are mean + SEM.
* p < 0.05 (differences caused by melatonin treatment) and # p < 0.05, ## p < 0.001 (differences caused by diet).

3.2. The Harderian Gland Is the Organ Most Affected by a Fructose Diet

Weight and food intake was monitored during the experiment. Fructose-fed hamster
weight increase tended to be higher (Figure 2A), but they were eating less (Figure 2B,
p < 0.05), which underlined a metabolic unbalance [29]. At the end of the experiment, ex-
perimental groups did not show significant weight differences (Figure 2C). Reports showed
that excessive fructose intake induced features of MetS in humans with and without obe-
sity [6], which agreed with our results—fructose-fed hamster showed MetS symptoms like
dyslipidemia, but not overweight. Then, we evaluated the different organ weights—brain,
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liver, muscle, heart, and white adipose tissue (WAT) showed no significative differences
in any condition (Figure 2D). Nevertheless, the Harderian gland’s (HG) weight increased
in the fructose-fed hamster (Figure 2E, p < 0.05) and this increase was suppressed with
the melatonin treatment (Figure 2E, p < 0.05). HG cells accumulated fats in lipid droplets,
which were active organelles in this organ [30]. Thus, HG weight increase could be due to
an excessive lipid accumulation, impaired lipid metabolism, or defective lipophagy.
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Figure 2. The Harderian gland is the organ most affected by a fructose diet. (A) Weight increase in grams of the hamsters
fed with regular chow or fructose with or without melatonin treatment (25 pig of melatonin for 15 days). (B) Food intake
measure in grams per day and hamster from all the above conditions. (C) Total weights in grams of all groups. (D) Different
organs and (E) the Harderian gland weights in grams, from all the above conditions. Bars are mean + SEM. * p < 0.05
(differences caused by melatonin treatment) and # p < 0.05 (differences caused by diet).

Dyslipidemia and increased lipid oxidation are symptoms of an early MetS [31]. The
HG is a well-established model to study oxidative stress [22], and it showed the disease’s
earliest hallmarks, with respect to other organs. Thus, HG is a good target to study both
early stages of MetS and melatonin as a putative therapy. Our results indicated that this
antioxidant rescued the weight changes and the dyslipidemia caused by fructose. We then
decided to delve into the connections between MetS, oxidative stress, and defects in lipid
metabolism and autophagy, using HG as a model.

3.3. Melatonin Ameliorates Autophagic and Lipophagic Impairment in the Harderian Gland
Caused by the Metabolic Syndrome.

Our previous results showed that HG was affected the most after fructose feeding.
Early MetS is characterized by increased systemic markers of lipid oxidation [6]. Accord-
ingly, the HG from fructose fed hamsters showed the highest levels of oxidated lipids
(Figure 3A, p < 0.01). Melatonin treatment restored the lipoperoxidation levels (Figure 3A,
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p < 0.01). Prolonged state of oxidative stress results in reduction of antioxidative enzyme
activities [3]. We also observed this effect in animals fed with fructose (Figure 3B, p < 0.05),
a phenotype once again restored by a melatonin injection (Figure 3B, p < 0.01). Interestingly,
melatonin had no effect in the regular chow-fed hamsters (Figure 3B).

Autophagy is key to eliminate damaged proteins, lipids, and organelles, favoring
cellular survivability under oxidative stress environments or cellular damage in the
HG [16,32], and in many other contexts [33,34]. We then wondered whether autophagy
was also involved in this MetS scenario. HG from the fructose-fed hamster showed sig-
nificant raised levels of the autophagy inhibitor mTOR (Figure 3C, p < 0.05), evaluated
by the ratio of p-mTOR and mTOR expression (representative Westerns showed with
their quantification). In a highly-nutrient state, mTOR is activated [35], which would
fit with the fructose diet nutrient overload. Melatonin’s role in the mTOR pathway was
not clarified and both activation and inhibition of the mTOR pathway were described in
different contexts [36,37]. Melatonin treatment increased the mTOR activity in the regular
chow-fed hamsters (Figure 3C, p < 0.01), which might be fostering the mTOR role in storing
nutrients [38]. However, in the fructose-fed hamsters displaying an inflammatory environ-
ment caused by impaired lipid handling, melatonin treatment inhibited mTOR activity
(Figure 3C, p < 0.001). This latter result would suggest that melatonin stimulates protective
mechanisms when present in a toxic scenario [37]. We also found an increased expression
in the autophagy inductor Beclin 1 produced by a fructose diet (Figure 3C, p < 0.001) and
a further increase after melatonin treatment in both diets (Figure 3C, p < 0.001). LC3-II, a
marker of autophagosomes, was also elevated (Figure 3C, p < 0.05). Likely, fructose diet
induces an oxidative and inflammatory state that triggers autophagosome formation as cel-
lular survival response, as previously described (15, 34). However, activated mTOR would
keep autophagy inhibited [39]. LC3-II/LC3-I ratio was also measured to better understand
the autophagic dynamics. We found that this ratio was increased in the fructose-fed glands
when they were treated with melatonin (Figure 3C, p < 0.05). Conversely, and according
to our experiments, melatonin treatment in the fructose-fed hamster triggers autophago-
some formation (LC3-II and Beclin 1 are increased) and at the same time mTOR activity is
reduced, which might allow a more efficient autophagy [32].

Autophagy is also involved in a plethora of other functions, such as an alternative
energy source through a type of selective autophagy called lipophagy [40]. Moreover,
fructose is a highly lipogenic sugar [26] that causes lipid metabolism impairment [25].
To decipher the role of this selective pathway, we analyzed the expression of proteins
related with lipophagy in the Harderian gland. We previously described that p62, a key
autophagic protein that mediates the selective specific degradation of protein aggregates
and cytoplasmic bodies [41], is a key regulator of lipophagy in the HG [30]. Fructose
diet reduced p62 expression (Figure 3D, p < 0.001), a phenotype partially recovered by
melatonin treatment, which also increased p62 expression in a regular diet (Figure 3D,
p <0.01). Lipophagic processes were studied by assaying the expression of lysosomal
acid lipase (LAL), which was reduced in the HG from fructose-fed hamsters (Figure 3D,
p < 0.05) and was recovered by melatonin treatment (Figure 3D, p < 0.05). Finally, a specific
lipid droplet marker, perilipin (Plin), was increased in fructose diet, implying more lipid
droplets (Figure 3D, p < 0.001), which were reduced by melatonin treatment (Figure 3D,
p < 0.001). Melatonin seemed to induce a different effect, depending on the diet in both LAL
and Plin (Figure 3D, p < 0.001), which might depend on the availability of the autophagic
machinery [40]. However, deep studies, i.e., through immunofluorescence and differential
expression of more perilipins and its posttranslational modifications, would be required to
understand how melatonin modifies lipophagy activity.
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Figure 3. Melatonin ameliorates autophagic and lipophagic impairment in the Harderian gland in animals fed with fructose.
(A) Harderian gland’s lipid peroxidation measured in nmols of 4-HNE+MDA /mg prot from hamsters fed with regular chow
or fructose, with or without melatonin treatment (25 pig of melatonin for 15 days). (B) Harderian gland’s total antioxidant
activity measured in mg Trolox/mg protein from hamsters from all the above conditions. (C) Autophagy pathway proteins
and LC3-1I/LC3-I ratio in Harderian gland’s homogenates from hamsters from all conditions (quantified in histograms of
protein expression/actin expression and mTOR is represent as p-mTOR/mTOR). (D) Lipophagy-related proteins expression
in Harderian gland’s homogenates from hamsters from all conditions (quantified in histograms of protein expression/actin
expression). Bars are mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 (differences caused by melatonin treatment) and
#p <0.05, ## p < 0.01, ## p < 0.001 (differences caused by diet).
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According to our results, damage produced in the HG by the fructose diet seem
to induce autophagosome formation as an oxidative stress response. However, under
nutrient-enrichment, mTOR is strongly activated and autophagy is consequently inhibited.
Additionally, selective autophagy markers and lysosome lipase activity are diminished, and
lipid droplets are accumulated. Melatonin might have a dual role depending on the cellular
situation, when the cells are balanced, the melatonin activates the mTOR, which promotes
the nutrient’s storage [38] as was observed by the Plin accumulation. However, when
homeostasis is broken and oxidative stress levels are high, melatonin seems to activate
autophagy and selective autophagy through mTOR inhibition [36], which would have a
protective effect (Figure 4).
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Figure 4. Proposed model—melatonin might have a dual role depending on the cellular situation. When cells are balanced,

melatonin activates mTOR that promotes nutrient’s storage. When oxidative stress levels are high, melatonin activates
autophagy and selective autophagy, through mTOR inhibition, which have a protective effect.
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4. Conclusions

The Harderian gland is an ideal model to study early Metabolic Syndrome onset.

Melatonin improves dyslipidemia in a model of Metabolic Syndrome.

Fructose diet activates mTOR and inhibits autophagy in the Harderian glands.

Melatonin seems to activate lipophagy to ameliorate oxidative damage in an early
Metabolic Syndrome model.
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