
Molecular mechanism on
autophagy associated
cardiovascular dysfunction in
Drosophila melanogaster

Wei Zhang1†, Rong Zhou1†, Xinjuan Lei1†, Mofei Wang1,
Qinchun Duan1†, Yuanlin Miao1, Tingting Zhang1, Xinjie Li1,
Zhang Zutong1, Liyang Wang1, Odell D. Jones2, Mengmeng Xu3,
Joseph Bryant4, Jianjie Ma5, Yingli Liu6 and Xuehong Xu1*
1Laboratory of Cell Biology, Genetics and Developmental Biology, Shaanxi Normal University College of
Life Sciences, Xi’an, China, 2University Laboratory Animal Resources (ULAR), University of Pennsylvania
School of Medicine, Philadelphia, PA, United States, 3Department of Pediatrics, Morgan Stanley
Children’s Hospital, Columbia University, New York, NY, United States, 4Institute of Human Virology,
University of Maryland School of Medicine, Baltimore, MD, United States, 5Division of Surgical Sciences,
Department of Surgery, University of Virginia Medical School, Charlottesville, VA, United States,
6Department of Internal Medicine, University Hospital Shaanxi Normal University, Xi’an, China

As a highly conserved cellular process, autophagy has been the focus of extensive
research due to its critical role in maintaining cellular homeostasis and its
implications in cardiovascular pathogenesis. The decline in muscular function,
along with the neuronal system, and increased sensitivity to stress have been
recognized in multiple animal models. Autophagic defects in cardiovascular
architecture and cellular dysfunction have been linked to both physiological
and pathological conditions of the heart in mammals and Drosophila. In this
review, we systematically analyze the autophagy-associated pathways in the
hearts of fruit flies and aim to provide a comprehensive understanding for
developing potential treatments for patients and effective strategies for
agricultural applications. This analysis elucidates the molecular mechanisms of
autophagy in cardiovascular function under both physiological and pathological
conditions in Drosophila, offering significant insights into the development of
cardiovascular diseases. The loss of key autophagy-associated proteins, including
the transmembrane protein Atg9 and its partners Atg2 or Atg18, along with
DmSestrin, leads to cardiac hypertrophy and structural abnormalities in
Drosophila, resembling the age-dependent deterioration of cardiac function.
Members of the autophagy-related (Atg) gene family, cellular or nuclear skeletal
lamins, and the mechanistic or mammalian target of rapamycin (mTOR) signaling
pathways are critically influential in heart function in Drosophila, with autophagy
activation shown to suppress cardiac laminopathy. The mTORC1/C2 complexes,
along with axis of Atg2-AMPK/Sirt1/PGC-1α pathway, are essential in the hearts of
both mammals and fruit flies, governing cardiac development, growth,
maturation, and the maintenance of cardiac homeostasis. The beneficial
effects of several interventions that enhance cardiac function, including
exercise and cold stress, can influence autophagy-dependent TOR activity of
the serine/threonine protein kinase signaling in both mammals and Drosophila.
Exercise has been shown to increase autophagy when it is deficient and to inhibit
it when it is excessive, highlighting the dual role of autophagy in cardiac health.
This review evaluates the functional significance of autophagy in the heart,
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particularly in the context of Drosophila, in relation to mTORC-associated
autophagy and the axis of Atg2-AMPK/Sirt1/PGC-1α pathways. It systematically
contrasts the molecular mechanisms underlying autophagy-related cardiovascular
physiological and pathological conditions in both fruit flies and mammals. The
evolutionary conservation of autophagy underscores the value of Drosophila as a
model for understanding broader mechanisms of autophagy across species. This
study not only deepens our understanding of autophagy’s role in cardiovascular
function but also provides a theoretical foundation for the potential application of
autophagy in agricultural pest control.

KEYWORDS

Drosophila melanogaster, Autophagy, Cardiovascular dysfunction, cardiac laminopathy,
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1 Introduction

Autophagy is a vital cellular process responsible for maintaining
homeostasis by degrading and recycling damaged cellular
components. This process is conserved across species, playing a
crucial role in regulating cellular quality control and adaptation to
environmental stresses. In both Drosophila and mammals,
autophagy is activated in response to a variety of stresses,
including ischemia and metabolic challenges, to protect tissue
integrity and function. Recent studies have shown that autophagy
is essential for maintaining cardiac health, with its mechanisms
conserved in both species (Santovito et al., 2023). In Drosophila, for
example, the overexpression of the Atg2 gene, which is involved in
autophagy, enhances cardiac function, and exercise has been found
to stimulate autophagic activity, highlighting its importance in heart
health (Wen et al., 2023; Zhou et al., 2019; Ghosh et al., 2022). The
Drosophila homolog of the myokine Irisin, Idit (human FNDC5),
regulates both autophagy and exercise performance (Sujkowski
et al., 2015; King et al., 2024), further emphasizing the significant
role of autophagy in the heart (Cobb et al., 2023; Huang et al., 2022).

Autophagy’s significance is particularly evident in cardiac
diseases, including hypertrophy, laminopathies, and age-related
cardiac dysfunction. In Drosophila models of cardiac
laminopathies, for instance, elevated Nrf2 levels inhibit
autophagy through mTOR activation, demonstrating the complex
relationship between redox signaling and autophagy (Boťanská et al.,
2022; Bhide et al., 2018). These findings are echoed in mammalian
models, where modulating autophagy has shown therapeutic
potential for treating cardiac hypertrophy and age-related
dysfunction (Zang et al., 2020a; Ghosh et al., 2020). In particular,
the mTOR signaling pathway, a central regulator of autophagy, plays
a pivotal role in linking chronic stress and mitochondrial
dysfunction to autophagic imbalance in cardiovascular diseases.
mTOR inhibition, such as through dietary intake of alpha-
ketoglutarate, has been shown to extend lifespan and improve
cardiac function in Drosophila by modulating autophagy (Su
et al., 2019).

Further exploration of autophagy mechanisms in cardiac tissues,
particularly through the modulation of mTOR and AMPK pathways
inDrosophila, provides valuable insights into developing therapeutic
strategies for cardiovascular diseases (Walker et al., 2023; Le Dour
et al., 2022; Shaw et al., 2022). Investigating these pathways may
offer novel approaches to improve heart health and resilience in

humans by leveraging conserved mechanisms of autophagy
(Sanches-Silva et al., 2020; Georgila et al., 2020; Ren et al., 2021;
Xue et al., 2021). In summary, understanding autophagy’s role in
cardiac function, particularly through exercise and cold exposure in
Drosophila, offers valuable insights into improving heart health and
resilience in human. Investigating the mTOR and AMPK-mTOR
pathway mediated autophagy in Drosophila cardiac tissue is crucial
for developing therapies for cardiovascular diseases.

2 Autophagy and its role in Drosophila
melanogaster

As the process through which cells degrade and recycle damaged
organelles and proteins, autophagy is essential for maintaining
cellular health and homeostasis. This cellular process is a key
mechanism for the turnover of cellular components in eukaryotic
cells, which plays significant roles in growth, development, and
responses to environmental stresses. The principal proteins involved
in autophagy, initially identified in yeast (Saccharomyces cerevisiae),
are known as Atg proteins (Tsukada and Ohsumi, 1993). In
mammals, three different types of autophagy have been
identified, i.e., microautophagy, macroautophagy, and chaperone-
mediated autophagy based on their cellular characteristics.

Generally, autophagy works through five phases if cell begin this
cellular process, which are initiation, membrane elongation,
membrane closure, lysosome fusion and recycling (Figure 1)
(Yamamoto et al., 2023). While starvation triggers autophagy
initiation, ATG9-associated vesicle associates with ULK1-ATG13/
101-FIP200 (fly Atg1-Atg13/101-Atg17) complex and anchors on
endoplasmic reticulum (ER) entering second phase membrane
elongation. PI3KC3 complex I composed of BECN1 (fly Atg6),
VPS15/VPS34 (fly Vps15/Vps34) and NRBF2 along with ATG14
(fly Atg14) is recruited for omegasome formation on the anchored
ER locus with multiple ATGs including GABARAP/ATG5/12/16L1
(fly Atg5/8/12/16) and WIPI2 (fly Atg18). Under involvement of
ESCORT-III and VPS4, third phase membrane closure is completed
accompanied with isolating from ER and forming cellular
autophagosome. Mediated with SNAREs and its complex, fourth
phase autophagosome accomplishes its tethering fusion with
lysosome to degradation and form autolysosome. Further
autophagosome enters fifth phase recycling to form recycled
ATG9-STX17 (fly Atg9-Syx17) vesicle for next-round autophagic
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process and cellular reusable protolysosome (Yamamoto et al.,
2023). With these four continuously phases, autophagy performs
its important role in multiple critical physiological and pathological
function processes.

In Drosophila, more than 20 genes have been identified to directly
associate with cellular autophagy and their regulation in genomic and
transcription level. Their encoding proteins involved to its biochemical
roles along with other related gene including induction, nucleation and
expansion (Demir and Kacew, 2023). Atg1 (humanULK1) with Serine/
threonine kinase domain is necessary to trigger autophagic initiation
through phosphorylation of Atg13 (human ATG13) on Atg1-Atg13-
Atg17 (human ULK1-ATG13-FIP200) complex. Interaction between
Atg17 (human FIP200) and Atg101 (only in Yeast) can stabilize the
complex to grantee the initiation in either mammal or Drosophila
(Kawamata et al., 2005; Kawamata et al., 2008). As critical factor of
ubiquitination, ubiquitin is necessary for cargo-driven assembly of
SQSTM1 (fly Ref(2)P) condensate in autophagy initiation and
autophagosome formation (Yamamoto et al., 2023). In Drosophila,
Atg7 (human ATG7), Atg8a (human GABARAP), Atg8b (human
GABARAP), Atg10 (human ATG10) and Atg12 (human ATG12)
are essential for autophagic initiation by directly involved in the
assembly through ubiquitination: Atg7 (human ATG7) as E1-type
ligase activating Atg8 (human GABARAP) and Atg12 (human
ATG12) enzyme to SQSTM1 (fly Ref(2)P) condensate (Liu J et al.,
2024; Turco et al., 2019; Juhász and Neufeld, 2008; Donde et al., 2020);
Atg8a (human GABARAP), Atg8b (human GABARAP) and Atg12
(human ATG12) as ubiquitin like protein involving in autophagosome

formation (LiuW. et al., 2018; Lőw et al., 2013; Jipa et al., 2021; Xu et al.,
2024); (human ATG10) as E2-like enzyme assembly most likely
performing its role on autophagy fifth phase recycling (Mizushima
et al., 1998; Demir and Kacew, 2023; Damulewicz et al., 2022). Besides
Atg8a (human GABARAP), Atg6 (human BECN1), Atg14 (human
ATG14) and Atg101 (human ATG101) are necessary autophagosome
assembly and/or late endosome-lysosomematuration (Shen et al., 2022;
Shravage et al., 2013; Chau et al., 2024; Bánréti et al., 2012; Guo et al.,
2019; Hegedűs et al., 2014; Hegedűs et al., 2016). It appears that fruit fly
autophagy associated gens is diverse between Drosophila fruit flies and
mammalians, then we listed in Supplementary Table S1 according to
databases of Flybase (https://flybase.org/), NCBI (https://www.ncbi.
nlm.nih.gov/gene/), HGNC (https://www.genenames. org/), and MGI
(https://www.informatics.jax.org/).

Using Drosophila fruit flies combined with complementary
DNA (cDNA) analysis, research data have unveiled that more
than 289 gene identified to functional corresponding genes,
which are related to human diseases including diabetes, autism,
cancer, vascular disorder, neuronal degeneration and aging
(Yamamoto et al., 2023; Rubin et al., 2000; Santarelli et al.,
2023). Currently, many research focuses on molecular
mechanism of autophagy and its regulation and revealed function
of autophagic flux using Drosophila model. Many efforts monitored
autophagosome–lysosomal degradation by tracking their movement
of cytoplasm, organelles and autophagic-vesicle, and documented
time-course of ubiquitinated aggregates during autophagic flux. The
data approved that Atg8 (human GABARAP) gene mutations

FIGURE 1
General mechanism of autophagy in Drosophila melanogaster. Autophagy occurs through five distinct phases: initiation, during which the
autophagic process is triggered; membrane elongation, where the autophagic membrane extends; membrane closure, ensuring the formation of a
sealed autophagosome; lysosome fusion, enabling the breakdown of engulfed materials; and recycling, facilitating the reuse of degraded components.
This complex autophagy process is orchestrated by the sequential and coordinated action of Atg proteins and their complexes. In Drosophila,
extensive research has led to the identification of over 20 genes and their coding proteins till now, which have been demonstrated to directly participate
in the cellular autophagy. SR, sarcoplasmic reticulum. (Not to scale).
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worsen the accumulation of ubiquitinated proteins and over-
expressed Atg8 (human GABARAP) avoided this accumulation
(Scott et al., 2004; Rusten et al., 2004; Cumming et al., 2008).
The above progresses make significant alternation on unveiling
autophagy in neurodegenerative diseases induced by
proteinopathies (Santarelli et al., 2023). Recently, substantial
progresses have been made on autophagy and cardiovascular
function using Drosophila model, and we summarize the
comprehensive detailed on human cardiovascular diseases within
following sections.

3 Major signaling pathways involved in
the regulation of autophagy and heart
function in Drosophila

As a crucial cellular process involved in degrading and recycling
damaged organelles and proteins, autophagy-related (ATG)
proteins mediated autophagy plays a significant role in various
physiological and pathological conditions. Several signaling
pathways regulate autophagy in different contexts. The HIF-1α/
BNIP3 signaling pathway induces autophagy and plays a protective
role during myocardial ischemia-reperfusion injury (Zhang et al.,
2019). Additionally, the mTOR signaling pathway is implicated in
regulating autophagy, chronic stress, mitochondrial dysfunction,
and senescence, with natural agents like polyphenols potentially
modulating this pathway (Sanches-Silva et al., 2020).

3.1 Atg proteins regulate autophagy and
affect son cardiac function in Drosophila

Autophagy is tightly regulated by a network of autophagy-related
proteins, with crucial impact on cardiac function in regulating
autophagy in Drosophila. Murakawa et al. found that an extensive
tubular autolysosomal network in remodeling muscle is uniquely
marked by the autophagic SNARE protein Syntaxin 17 (human
STX17). Formation of the network depends on both autophagic flux
and degradative cellular process (Murakawa et al., 2020). Based on the
data from the Atg-deficient mutants, the efficiency of lysosomal
tubulation appeared a co-relationship to phenotypic severity in
muscle remodeling, suggesting that Atgs are crucial in regulating
autophagy during muscle remodeling. Chang et al. identified TGFβ-
INHB (human BMP2)/activin signaling as a novel upstream regulator
of mTORC2 to control autophagy and cardiac health during aging.
They found that downregulation of TGFβ-INHB/activin activates
mTORC2 signaling to regulate cardiac autophagy, and activation of
mTORC2 alone promotes autophagic flux and preserves cardiac
function with aging in both mouse and fruit fly as well (Chang
et al., 2020). Their results approved that Atgs involvement ensure in
regulating autophagy and cardiac health in aging Drosophila.

An efficient fusion of the autophagosome with the lysosome was
found, which may build a critical link for the formation of the tubular
autolysosomal network. González-Rodríguez et al. reported that SETD2
(fly Set2) acts as a positive transcriptional regulator of autophagy,
primarily regulating the differential expression of protein isoforms
encoded by the ATG14 (fly Atg14) gene. They found that, on the
condition of nitrogen starvation, SETD2 (fly Set2) promotes the

expression of the long ATG14 isoform (ATG14L) but not the short
ATG14 isoform (ATG14S), essential for the efficient fusion of the
autophagosome with the lysosome (González-Rodríguez et al., 2022). It
is worth expecting if this phenomenon would be existent and what a
similar function would perform in Drosophila especially in heart.

In both mammals and Drosophila, Atg1 (human ULK1),
composed of three distinct regions—namely, the N-terminal kinase
domain, a central region, and the C-terminal MIT domain—is crucial
for its interaction with Atg13 (human ATG13) (Toda et al., 2008;
Hegedűs et al., 2016). Atg13 (human ATG13) engages with Atg1 via
microtubule-interacting and transport domains, facilitated by an
extended helix-loop-helix motif. As a binding partner to Atg1,
Atg13 is essential for the kinase activity of Atg1 and for the
development of the autophagy process (Fujioka et al., 2014; Pan
et al., 2019). As the E1-like ubiquitin-activating enzyme, ATG7
(human ATG7) plays a pivotal role in initiating classic autophagy
by facilitating the formation and expansion of autophagosome
membranes (Liu Y et al., 2024). This protein catalyzes the
conjugation of Atg8 (human GABARAP) and Atg12 (human
ATG12) to their respective E2 enzymes, Atg3 (human ATG3) and
Atg10 (human ATG10) (Tables 1, 2; Figure 2). Remarkably, the
interactions between Atg7 (human ATG7) and the E2 core
domains of Atg3 (human ATG3) and Atg10 (human ATG10)
exhibit strong conservation across different species (Kaiser et al.,
2012; Kaiser et al., 2013). These results highlight that comparative
studies of autophagic cellular processes in different species should be
more comprehensive (Table 1; Supplementary Tables S1–S3). As
schematic information and multi-alignment analyses show many
critical identities and diversities (Figure 1; Supplementary Figure
S1), a more comprehensive study should be performed in Drosophila.

Nishimura et al. highlighted the emerging roles of Atg proteins and
membrane lipids in autophagosome formation in mouse model. They
discussed the ability of Atg proteins to interact directly with membranes,
transfer lipids between membranes, regulate lipid metabolism, and the
role of various membrane lipids in autophagosome formation
(Nishimura and Tooze, 2020). Peng et al. identified critical Atgs,
specifically Atg2 (human ATG2), Atg9 (human ATG9), and Atg18
(humanWIPI2), as integral for maintaining mitochondrial integrity and
cardiac function. The targeted knockdown of Atg2, Atg9, or Atg18 in the
heart and indirect flightmuscles ofDrosophila led to a shortened lifespan
and a decline in locomotive function, underscoring the importance of the
Atg2-Atg18 (human ATG2-WIPI2) or Atg2-Atg9 (human ATG2-
ATG9) autophagy complex in preserving mitochondrial health and
regulating heart and muscle functions (Xu et al., 2019).

These findings approved that Atgs are involved in the formation
of autolysosomal networks, regulation of autophagic flux, and the
fusion of autophagosomes with lysosomes, highlighting their
importance in maintaining cellular homeostasis and cardiac
health in Drosophila as well.

3.2 Axis of Atg2-AMPK/Sirt1/PGC-1α (human
ATG2-AMPK/SIRT1/PGC-1α) pathway
postpones age-related deteriorations of
skeletal and cardiac muscle in Drosophila

Muscular tissues, including skeletal muscle for wingmovement and
cardiac muscle for circulation in fruit flies, have long been recognized
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TABLE 1 Autophagy related proteins domain and functions in Drosophila melanogaster.

Gene Flybase
ID

Domain structure and interacting ATG proteins Functions References

Atg1 FBgn0260945 Serine/threonine kinase Toda et al., 2008; Fujioka
et al., 2014; Bierlein et al.,
2023; Pai et al., 2023;
Srivastav et al., 2024

Atg2 FBgn0044452 Lipid transporter for
autophagosome biogenesis

Shen and Codogno, 2011;
Qin et al., 2011; Laczkó-
Dobos et al., 2021

Atg3 FBgn0036813 E2-like enzyme, Atg8 ligase
activity

Soukup et al., 2016;
Ishibashi et al., 2021;
Hernandez-Diaz et al.,
2022

Atg4a FBgn0031298 Cysteine-type endopeptidase Chakraborty et al., 2018;
Gerenu et al., 2021

Atg4b FBgn0038325 Cysteine-type endopeptidase Gerenu et al., 2021; Li et al.,
2023

Atg5 FBgn0029943 Atg8 ligase activity Issa et al., 2018; Cui et al.,
2020; Insolera et al., 2021;
Maruzs et al., 2022

Atg6 FBgn0264325 Autophagosome assembly,
late endosome-lysosome
maturation

Lőrincz et al., 2014; Haghi
et al., 2020; Shen et al., 2022

Atg7 FBgn0034366 E1-type ligase, Atg8 and
Atg12 activator enzyme

Juhász et al., 2008;
Pino-Jiménez et al., 2023

Atg8a FBgn0052672 Ubiquitin like protein,
autophagosome assembly

Chen et al., 2014; Bali and
Shravage, 2017; Jipa et al.,
2021; Sujkowski et al.,
2022; Zhang et al., 2022

Atg8b FBgn0038539 Ubiquitin like protein Yang et al., 2015; Valko
2019; Perlegos et al., 2024

Atg9 FBgn0034110 Organization of PAS,
response to oxidative stress,
JNK activation

Blázquez-Bernal et al.,
2021; Yi et al., 2024

Atg10 FBgn0040780 E2-like enzyme,
Atg12 transferase activity

Abaquita et al., 2021;
Damulewicz et al., 2022;
Abaquita et al., 2023

Atg12 FBgn0036255 Ubiquitin like protein,
Atg8 ligase activity

Pandey et al., 2007; Wang
and Zhang, 2019

Atg13 FBgn0261108 Atg1 regulator activity Alers et al., 2014; Velentzas
and Baehrecke, 2021;
Hargitai et al., 2022

Atg14 FBgn0039636 Autophagosome assembly Khezri et al., 2021; Szabó
et al., 2023; Demir and
Kacew, 2023

Atg16 FBgn0039705 Atg8 ligase activity Varga et al., 2016; Hargitai
et al., 2022; Bhattacharjee
et al., 2022

Atg17 FBgn0037363 Atg1 regulator activity Wang and Zhang, 2019;
Deng et al., 2022;
Hernandez-Diaz et al.,
2022; Bierlein et al., 2023

Atg18a FBgn0035850 Binds to PI(3,5)P2 and PI3P Xiao et al., 2018; Shekhar
et al., 2023

(Continued on following page)
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for their autophagy functions. As a critical pathway, autophagy plays a
role in maintaining muscle performance and metabolism, which are
closely related to aging, including cardiac muscle senescence (Aparicio
et al., 2019; Rodney et al., 2016; Fujita et al., 2017). By maintaining
muscle mass andmyofibril function, autophagy performs its proteolytic
role by managing the accumulation of misfolded proteins and
dysfunctional mitochondria (Rodney et al., 2016; Terman et al.,
2010; Miyamoto, 2019; Hood et al., 2019). Increasing autophagy
significantly improves heart function against aging through
regulation of the Atg-AMPK pathway axis, which was recently
demonstrated in Drosophila melanogaster.

When Atg2 (human ATG2) gene was overexpressed in skeletal
muscle and heart function of fruit fly, the specific expression significant
promoted activation of the AMPK/Sirt1/PGC-1α (human AMPK/
SIRT1/PGC-1α) pathway and eventually declined the aging process
in male combined with loss of function approach via muscle Atg2

(human ATG2) knockdown (Wang et al., 2023; Kayashima et al., 2017;
Fujita et al., 2017). Based on climbing characteristics against gravity, the
Drosophila fruit flies were trained endurance exercise. Climbing index
were used to measure as motor capabilities of the endurance and speed
recognition. Using real-time quantitative PCR analysis, the mRNA
expression of Atg2 (human ATG2), Atg8a (human GABARAP),
AMPK (human AMPK), Sirt1 (human SIRT1) and PGC-1α (human
PGC-1α) were inspected. The research conclude that the muscle specific
Atg2 overexpression can improve the motor ability via activating
AMPK/Sirt1/PGC-1α pathway, and enhancing antioxidant capacity of
muscle. This phenomena was confirmed by Atg2 muscle specific
knockdown, which reduced the motor capacity through inhibiting
AMPK/Sirt1/PGC-1α pathway along with declining muscle
antioxidant capacity (Wang et al., 2023).

Furthermore, using M-mode cardiogram inspection
characterized with systolic time, systolic diameter, diastolic

TABLE 1 (Continued) Autophagy related proteins domain and functions in Drosophila melanogaster.

Gene Flybase
ID

Domain structure and interacting ATG proteins Functions References

Atg18b FBgn0032935 Binds to PI(3,5)P2 and PI3P DeLeo et al., 2021; Nagata
et al., 2022

Atg101 FBgn0030960 Protein aggregate containing
autophagosome formation

Hegedűs et al., 2014; Guo
et al., 2019; Jipa et al., 2021

Vps15 FBgn0260935 PtdIns 3-kinase Lindmo et al., 2008;
Anding and Baehrecke
2015

Vps34 FBgn0015277 Ser/Thr protein kinase Juhász et al., 2008; Abe
et al., 2009; Csizmadia
et al., 2018; Hauswirth
et al., 2018

Aduk FBgn0037679 Involved in autophagy and
positive regulation of
autophagosome assembly

Braden and Neufeld 2016;
Jin et al., 2024

Rab2 FBgn0014009 Recruited to the late
endosomes, where it controls
the fusion of LAMP-
containing carriers and
lysosomes with the late
endosomes

Lőrincz et al., 2017; Lund
et al., 2021; Takáts et al.,
2021

Rab7 FBgn0015795 Assists the movement of
endocytic compartments,
links autophagosomes to
dynein/dynactin motors to
facilitate movement toward
lysosomes

Dinter et al., 2016; Hegedűs
et al., 2016; Fujita et al.,
2017; Basargekar et al.,
2020; Patel et al., 2020;
Takáts et al., 2021;
Krzystek et al., 2023; Zhou
et al., 2023

Sesn* FBgn0034897 Inhibits the
TORC1 signaling pathway

Lee et al., 2010; Kim et al.,
2020; Chen et al., 2021;
Cobb et al., 2021;
Sujkowski and Wessells,
2021; Gu et al., 2022

Syx17 FBgn0035540 Mediates the fusion of
autophagosomes with
endosomes and lysosomes

Takáts et al., 2014; Rong
et al., 2022

Arl8 FBgn0037551 Promotes the proper
distribution of lysosomes

Rosa-Ferreira et al., 2018;
Boda et al., 2019; Lund
et al., 2021

Atg13 engages with Atg1 through a pair of microtubule-interacting and transport domains, facilitated by an extended helix-loop-helix motif. Functioning as a homodimeric E1 enzyme,

ATG7 catalyzes the conjugation of ATG8 and ATG12 to their respective E2 enzymes, ATG3 and ATG10.//Break of Atg2 protein sequence. * Suggested autophagy gene in Drosophila. Please

check out Abbreviations for protein’s full name.
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diameter, cardiac cycle and ejection fraction, the research approved
that the muscle Atg2 (human ATG2) expression and endurance
exercise effected on heart function of fruit flies. This functional

improvements resulted in delaying muscle aging, and significant
improved motor capabilities along with prolonged Drosophila
lifespan (Wang et al., 2023). These effects on heart function

TABLE 2 Atg proteins in Drosophila melanogaster.

Protein
complex

Proteins Flybase
ID

Identity (%) Phenotype from the loss of
function model

References

Dm/
Hs

Dm/
Ce

ATG1 complex Atg1 FBgn0260945 53.826 66.171 Short lived, oxidative stress response defects,
reduced dendritic growth, autophagy defect

Nagy et al., 2014; Ulgherait et al., 2014;
Bierlein et al., 2023; Pai et al., 2023;
Srivastav et al., 2024

Atg13 FBgn0261108 43.421 27.778 Short lived, autophagy defect Alers et al., 2014; Velentzas and
Baehrecke, 2021; Hargitai et al., 2022

Atg17 FBgn0037363 34.043 22.766 Short lived, autophagy defect, reduced
locomotor ability

Kim et al., 2015; Wang and Zhang, 2019;
Deng et al., 2022; Hernandez-Diaz et al.,
2022; Bierlein et al., 2023

Atg101 FBgn0030960 50.917 33.197 Neurodegeneration, short lived, thicker and
shorter midgut, autophagy defect

Guo et al., 2019; Jipa et al., 2021

PID3K complex Atg6 FBgn0264325 50.115 29.091 Autophagy defect, melanotic mass formation Lőrincz et al., 2014; Haghi et al., 2020;
Shen et al., 2022

Atg14 FBgn0039636 27.549 -- Autophagy defect. Decreased stem Khezri et al., 2021; Szabó et al., 2023;
Demir and Kacew, 2023

Atg12 and
Atg8 conjugation
systems

Atg3 FBgn0036813 62.84 57.732 Short lived, autophagy defect Soukup et al., 2016; Ishibashi et al., 2021;
Hernandez-Diaz et al., 2022

Atg4a FBgn0031298 41.287 36.32 Accumulation of p62 positive Chakraborty et al., 2018; Gerenu et al.,
2021

Atg4b FBgn0038325 33.994 33.333 - Gerenu et al., 2021; Li et al., 2023

Atg5 FBgn0029943 48.339 30.741 Memory defect, autophagy defect, ataxia,
reduced dendritic growth, impaired immune
function

Issa et al., 2018; Cui et al., 2020; Insolera
et al., 2021; Maruzs et al., 2022

Atg7 FBgn0034366 40.741 36.031 Short lived, memory defect, impaired immune
function, autophagy defect

Juhász et al., 2008; Pino-Jiménez et al.,
2023

Atg8a FBgn0052672 91.453 85.345 Reduced dendritic growth, autophagy defect Chen et al., 2014; Bali and Shravage,
2017; Jipa et al., 2021; Sujkowski et al.,
2022; Zhang et al., 2022

Atg8b FBgn0038539 91.453 85.345 Male sterility Yang et al., 2015; Valko, 2019; Perlegos
et al., 2024

Atg10 FBgn0040780 23.853 26.506 - Abaquita et al., 2021; Damulewicz et al.,
2022; Abaquita et al., 2023

Atg12 FBgn0036255 27.5 27.632 Reduced immune function, autophagy defect Pandey et al., 2007; Wang and Zhang,
2019

Atg16 FBgn0039705 41.23 35.762 Defective immune responses, inflammation,
thicker and shorter midgut, short lived,
autophagy defect

Hargitai et al., 2022; Bhattacharjee et al.,
2022

Atg2–PROPPINs Atg2 FBgn0044452 28.917 30.657 Short lived, decreased cell death, reduced
dendritic growth, autophagy defect, reduced
locomotor ability, decreased heart function

Shen and Codogno, 2011; Qin et al.,
2011; Xu et al., 2019; Laczkó-Dobos et al.,
2021; Wang et al., 2023

Atg18a FBgn0035850 59.043 39.944 Short lived, reduced dendritic growth,
autophagy defect, reduced locomotor ability

Xiao et al., 2018; Xu et al., 2019; Bierlein
et al., 2023; Shekhar et al., 2023

Atg18b FBgn0032935 59.043 39.944 - DeLeo et al., 2021; Nagata et al., 2022

Atg9 vesicle Atg9 FBgn0034110 40.625 35.762 Short lived, thicker and shorter midgut, memory
defect, autophagy defect, reduced locomotor
ability

Xu et al., 2019; Blázquez-Bernal et al.,
2021; Yi et al., 2024

AA, amino acids; PI, isoelectric point; Dm, Drosophila melanogaster; Hs, Homo sapiens; Ce, Caenorhabditis elegans; “-”, loss of function has not been carried out yet in fruit flies; “--”, no

homologous protein in C. elegans.
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evidently linking to AMPK/Sirt1/PGC-1α (human AMPK/SIRT1/
PGC-1α) pathway demonstrated that endogenous autophagy Atg2
(human ATG2) plays its role through the AMPK through axis of
Atg2- AMPK in D. melanogaster, which provides comprehensive
understanding of complex effects of autophagy in both mammal and
Drosophila, as described in previous publications (Aparicio et al.,
2019; Terman et al., 2010; Kayashima et al., 2017; Miyamoto, 2019).

3.3 mTORC2 associated autophagy against
heart senescence and aging in Drosophila

The mTOR signaling pathway is associated with various human
diseases, including diabetes, cancer, epilepsy, and liver diseases
(Konopka et al., 2023; Quarles et al., 2020; Sanches-Silva et al.,

2020). Recently many works approved that autophagy tightly
associated with this pathway (Sciarretta et al., 2012; Wohlgemuth
et al., 2007; Dai et al., 2014; Linton et al., 2015; Miyamoto, 2019;
Quarles et al., 2020). It is critical to understanding how autophagy is
regulated under different stress conditions and the role of the mTOR
signaling pathway, which would be important to apprehend
autophagic regulation and its affective role on cardiac function in
Drosophila.

Using the UAS-Gal4 system to drive the RNAi specific against
genes of interest involved in the research, a study showed that when
they specifically knocked down (human INHBA) (TGFβ-INHB/
activin-like ligand) in the heart, cardiac senescence was significantly
slowed down. Daw negatively regulates autophagic flux in
Drosophila hearts, preserving autophagic activity against cardiac
aging, as measured in semi-intact Drosophila adult fly hearts using

FIGURE 2
Protein-protein interactions (PPIs) network of autophagy related proteins in Drosophila melanogaster. Panel (A), circles in network indicate
autophagy related proteins in D. melanogaster, and lines in network between circles indicate from curated databases (cyan), experimentally determined
(pink) and co-expression (black). Panel (B), circles in network indicate proteins Sesn, Sin1, Rictor, Raptor, AMPKalpha and Atg1. The connecting lines
between circles indicate from curated databases (cyan), experimentally determined (pink), gene neighborhood (green), gene fusions (red), gene co-
occurrence (blue), textmining (light green), co-expression (black) and protein homology (light blue). The protein-protein interaction networks were
constructed using the online STRING server. Panel (C), phylogenetic analysis of Sestrins. The phylogenetic tree was constructed using the Maximum
Likelihood (ML) method, incorporating the Sestrin protein sequences ofDrosophila melanogaster as well as the homologous protein sequences of other
model organisms. The tree was generated using the IQ TREE software with the default settings of the software, in which the bootstrap value was set to
1,000. Ce: Caenorhabditis elegans, Dm: Drosophila melanogaster, Hs: Homo sapiens, Mm: Mus musculus.

Frontiers in Cell and Developmental Biology frontiersin.org08

Zhang et al. 10.3389/fcell.2025.1512341

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1512341


M-modes and cardiac parameters generated with a Matlab-based
application (Chang et al., 2020). Remarkably, they demonstrated
that Atg1-mediated autophagic activity, determined through
lysosomal CtsB1 (human CTSB) activities examined with the
Magic Red Cathepsin-B Assay, is critically required for daw-
regulated cardiac aging. By targeting mTOR, they showed that
this mTOR-Atg1-mediated autophagic activity is primarily
achieved via mTORC2-rictor, but not mTORC1, as a negative
regulator (Chang et al., 2020). Their data demonstrated that,
through the Atg1-mTORC2 complex of Atg1-mediated
autophagic activity, cardiac-specific reduction of INHB/activin-
daw and rictor (human RICTOR) overexpression significantly
prolonged lifespan along with healthspan of the heart in Drosophila.

Since mTOR stands for the mammalian target of rapamycin,
studying the characteristics of rapamycin-treated fruit flies can be
particularly insightful for understanding the mTOR pathway and its
function in Drosophila. Recently, Regan and Partridge highlighted a
significant finding in rapamycin-treated flies: In response to
rapamycin, Atg5 (human ATG5) promoted autophagy, playing a
positive role specifically in female Drosophila, but not in males, by
regulating intestinal health and lifespan (Regan et al., 2022).
Interestingly, their data revealed that rapamycin treatment
reduced p62/SQSTM1 (fly Ref (2) P) levels, affecting not only
intestinal epithelial cells but also critical metabolic tissues and
organs, including the liver, brown adipose tissue, muscle, heart,
kidney, jejunum, and colon (Regan et al., 2022). This finding
suggests that rapamycin-induced Atg5-autophagy may exert a
protective function on both cardiac and intestinal health, along
with lifespan extension.

Moreover, the study by Wang et al. demonstrates the role of
endonuclease G (ENDOG) (fly EndoG) in promoting autophagy by
suppressing the mTOR signaling pathway (Wang et al., 2021). The
findings suggest that ENDOG (fly EndoG), released from
mitochondria, promotes autophagy during starvation by
inhibiting the mTOR pathway, and this mechanism is
evolutionarily conserved across species, including Drosophila (Yin
et al., 2021). Since mitochondria are abundantly distributed and
perform critical function in the heart of both mammals and fruit
flies, the current understanding of the autophagy-mTOR signaling
axis, especially the relationship between post-translational
modifications and their role in regulating autophagy in
cardiomyocytes, could serve as an effective target for
pharmaceutical development.

3.4 DmSestrin associated mTOR pathway
could be critical for autophagy in Drosophila

As a highly conserved stress-responsive protein, SESN2 (fly
Sesn) can activate adenosine monophosphate-activated protein
kinase (AMPK) and inhibit the mechanistic target of rapamycin
complex 1 (mTORC1) to maintain cellular homeostasis by
influencing autophagy, including macroautophagy, mitophagy,
ER stress, and apoptosis, along with redox regulation, protein
synthesis, and inflammation (Lu et al., 2023). In liver diseases
such as non-alcoholic fatty liver disease (NAFLD), SESN2 (fly
Sesn) slows disease progression by balancing glycolipid
metabolism through macroautophagy (lipophagy) and delays the

onset and progression of fibrogenesis (Lu et al., 2023). In the
mammalian and human heart, both mTORC1 and
mTORC2 complexes of the mTOR signaling pathway play
critical roles in cardiac physiology and the pathology of
cardiovascular diseases, including cardiac fibrosis and
inflammation (Lu et al., 2023; Sciarretta et al., 2022; Sciarretta
et al., 2018; Gao G. et al., 2020). SESN2 (fly Sesn) and its
regulation are also closely associated with cardiovascular diseases,
making it a potential therapeutic target (Gao A et al., 2020).

In Drosophila, using the fruit fly UAS-GAL4 system compared to
mouse models and 2 cell lines (human embryonic kidney (HEK293) and
mouse embryonic fibroblast (MEF)), Kim and Lee revealed that Sesn or
DmSestrin (human SESN2) overexpression downregulated
mTORC1 activity in AMPK-null MEFs, but directly interacted with
GATOR2, not GATOR1, using tandem affinity purification (TAP)
coupled with mass spectrometry (MS) and co-immunoprecipitation
assays (Kim et al., 2015). Overexpressed Sesn or DmSestrin (human
SESN2) enhanced GATOR1 activity toward RagB, leading to
mTORC1 inhibition, accompanied by subcellular relocalization of
mTOR, which no longer localized with Rag GTPases on the
lysosomal membrane (Kim et al., 2015). Similarly, Drosophila Sesn or
DmSestrin, as the only homologous gene of Sestrin family in flies, in
regulates cell growth through GATOR complex modulation, suggesting
an identical mechanism in mammals. This was confirmed by a
DmSestrin loss-of-function Drosophila model, which accurately
corrected autophagy defects with GATOR2 downregulation (Kim
et al., 2015). Among Drosophila ATGs, Vps34 (human VPS34) and
Vps15 (human VPS15), Sesn (human SESN2) interacts with AMPK,
confirmed through PPI analysis using databases, experiments, and co-
expression (Figure 2, Panel A). Additional PPI analysis shows that Sesn
(human SESN2) can interact with AMPK (via co-expression, curated
databases, and text mining), Sin1 (via text mining), and Rictor (via text
mining)/Raptor-TOR (via textmining) within the PPI network ofAMPK
and Raptor/Rictor-mTOR (Figure 2, Panel B and C). We propose that
Sesn should be considered an autophagy gene in D. melanogaster.

Based on the above discussion, it is reasonable to conclude that
Sesn (human SESN2) -triggered autophagy is important inDrosophila
for maintaining cardiovascular health, sharingmolecular mechanisms
with mammals. We speculate that a deeper understanding of
Drosophila autophagy may reveal whether Sesn (human SESN2)
phosphorylation is involved in the autophagic degradation of
mitochondria damaged by various stressors (Piochi et al., 2021; Xu
et al., 2019), which could provide additional support for developing
more effective therapeutic strategies.

4 RAS and RAF associated autophagy in
cardiac hypertrophy of Drosophila

Cardiac hypertrophy, defined by an increase in cardiomyocyte
size, serves as an adaptive response to stress but, if uncontrolled, can
progress to heart failure, posing significant health risks (Mönck
et al., 2017). In the Drosophila model of cardiac hypertrophy,
research by Wolf’s group has provided valuable insights into the
molecular mechanisms driving this condition, particularly focusing
on the role of receptor tyrosine kinase (RTK) (human HRAS)
signaling pathways associated to the RAS/RAF cascade. The RAS
and RAF signaling pathways, key regulators of cell proliferation and
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survival, have been implicated in the development of cardiac
pathologies (Yu et al., 2013). In this model, activated EGFRA887T,
Ras85DV12, and Raf (human BRAF) transgenes induce phenotypes
similar to those seen in hypertrophic cardiac remodeling, including
increased cardiomyocyte ploidy and heart chamber abnormalities
(Yu et al., 2013). The RAS/RAF pathway’s role in cardiac
hypertrophy has prompted further exploration of its potential as
a therapeutic target, particularly in obesity-related heart disease,
where impaired autophagy exacerbates structural and functional
cardiac changes (Castañeda et al., 2019). These findings highlight the
importance of autophagy in modulating the effects of RAS/RAF
activation in cardiac hypertrophy.

To investigate cardiac hypertrophy in Drosophila, Wolf’s group
studied transgenic fruit flies expressing activated EGFRA887T, Ras85DV12,
and Raf (human BRAF), using confocal microscopy and histological
analysis of heart structure, along with quantification of cardiomyocyte
ploidy, heart rate, and rhythm (Yu et al., 2013). Their data revealed that
adult flies with activated EGFRA887T or Ras85DV12 showed significantly
decreased eclosion frequencies and poor survival. Confocal microscopy
revealed that these transgenic heart tubes exhibited smaller heart
chambers, increased heart wall thickness, abnormal cardiac
morphology, and myofiber disarray (Yu et al., 2013). Expression of
activated Raf induced an increase in cardiomyocyte ploidy, along with
cardiac hypertrophy, similar to that caused by overexpressed Ras (Yu
et al., 2013). Both Ras signaling and Raf are well-studied pathways
closely associated with cardiac pathologies, and many therapeutic
targets have been developed for clinical treatment (Ramos-Kuri
et al., 2021). Recently, autophagy has been recognized linking to
cardiovascular disease and aging in part due to its close relationship
with the Ras pathway (Ramos-Kuri et al., 2021; Koutouroushis and
Sarkar, 2021; Miyamoto, 2019). Additionally, as a key node in the RAS/
RAF/MAPK pathway, RAF family protein kinases are deeply involved
in controlling multiple cellular processes, including proliferation,
differentiation, and survival, in response to growth factor receptor
activation on various cells, including skeletal muscle cells,
cardiomyocytes, and metastatic tumor cells (Jeon H et al., 2024).
RAF kinases are now being used for both mechanistic and clinical
studies as potential therapeutic targets (Bahar et al., 2023).We speculate
that Raf-mediated cardiac hypertrophy in Drosophila could generate
more comprehensive information on hypertrophy using this low-cost
and fast animal model.

In the context of cardiac hypertrophy, the interaction between
the RAS/RAF signaling pathways and autophagy has emerged as a
critical area of investigation. Recent studies in Drosophila have
demonstrated that activation of the RAS/RAF cascade, through
transgenic expression of EGFRA887T, Ras85DV12, and Raf (human
BRAF), induces phenotypes similar to hypertrophic remodeling,
including increased cardiomyocyte ploidy and structural heart
abnormalities (Ramos-Kuri et al., 2021; Koutouroushis and
Sarkar, 2021; Miyamoto, 2019; Xu et al., 2019). In Drosophila,
targeted knockdown of autophagy-related genes such as Atg2,
Atg9, or Atg18 in cardiac and flight muscles resulted in
shortened lifespan and accelerated age-related cardiac
deterioration, characterized by increased heart tube wall thickness
and structural abnormalities (Xu et al., 2019). Using transmission
electron microscopy and the Mef2-GAL4-MitoTimer mitochondrial
strategy, they revealed elongated mitochondria and a reduction in
autophagosomes containing mitochondria in the heart tubes, while

indirect flight muscles showed heightened mitochondrial
fragmentation and reduced mitochondrial density (Xu et al.,
2019). These findings underscore the importance of autophagy in
maintaining mitochondrial health and preventing cardiac
dysfunction. Additionally, Martinelli et al. (2021) identified a role
for galanin in regulating cardiac autophagy and reducing apoptosis
in hypertrophied hearts through the FOXO (Human FOXO)
pathway, thereby preserving mitochondrial integrity and offering
new insights into cell survival mechanisms during cardiac
remodeling (Martinelli et al., 2021). These studies suggest that
enhancing autophagy, particularly the Atg2-Atg18/Atg9 complex
activity, may offer therapeutic potential for ameliorating
hypertrophic cardiomyopathy and related disorders.

5 Cardiac laminopathy and autophagy
in Drosophila

Mutations in the human LMNA (fly LamC) gene cause
laminopathies, including cardiomyopathies characterized by
arrhythmias and heart failure (Bhide et al., 2018). Drosophila
models of skeletal muscle laminopathies have been used to
investigate the pathological effects of mutant lamins and identify
potential therapeutic targets (Chandran et al., 2019). Autophagy
plays a key role in mitigating cardiac laminopathy, with age-
dependent autophagy deficiency linked to Nrf2-mediated
dysfunction (Zang et al., 2020a). Activating autophagy, along
with modulating muscle redox and protein aggregation, has been
shown to rescue cardiac function and extend lifespan (Coombs et al.,
2021; Villanueva et al., 2019). In Drosophila models, elevated
Nrf2 levels inhibit autophagy via mTOR activation, but blocking
Nrf2 and enhancing autophagy can alleviate age-related cardiac
dysfunction and improve lifespan (Boťanská et al., 2022; Villanueva
et al., 2019). These findings underscore the therapeutic potential of
autophagy activation in cardiac laminopathy.

5.1 Increasing autophagy suppresses
laminopathy-induced age-dependent
cardiac dysfunction

Increasing autophagy and blocking Nrf2 have been shown to
suppress laminopathy-induced age-dependent cardiac dysfunction
and shortened lifespan in Drosophila (Bhide et al., 2018). This
indicates that autophagy plays a crucial role in mitigating the
effects of laminopathy on cardiac function. Additionally, time-
restricted feeding has been found to restore muscle function in
Drosophila, further supporting the potential of autophagy
modulation in addressing age-related cardiac dysfunction (Bhide
et al., 2018). The interplay between autophagy and redox signaling
has also been implicated in regulating cardiac function,
underscoring the importance of understanding the molecular and
mechanobiological pathways related to autophagy in the context of
laminopathy-induced cardiac dysfunction (Bhide et al., 2018;
Boťanská et al., 2022; Coombs et al., 2021).

Using Drosophila as a model organism, Bhide et al. introduced
human disease-causing mutations into the LamC gene (the
mammalian LMNA homologue) and expressed the mutant LamC
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protein in cardiomyocytes. This manipulation led to progressive
cardiac dysfunction, disruption of adipose tissue homeostasis, and a
shortened lifespan in adult flies. The findings suggest that an
imbalance in autophagic flux and activation of the Nrf2/
Keap1 pathway contribute to the pathogenesis of cardiac
laminopathies. Concurrent enhancement of autophagy and
inhibition of the Nrf2/Keap1 pathway may represent a potential
therapeutic approach for these conditions (Bhide et al., 2018).
Additionally, the Keap1-Nrf2 system has been identified as a
mediator between oxidative stress and cardiac dysfunction,
suggesting that targeting Nrf2 and autophagy may hold promise
for addressing laminopathy-induced cardiac dysfunction (Bhide
et al., 2024; Yu and Xiao, 2021; Zang et al., 2020b). These
findings highlight the potential of autophagy modulation as a
therapeutic strategy for mitigating age-dependent cardiac
dysfunction in the context of laminopathy.

5.2 Mutant LamC causes abnormal
autophagic defects and mitochondrial
dysmorphology

Using the short lifespan and conserved cardiac proteome of
Drosophila, Kirkland et al. found that cardiomyocytes exhibit a
progressive loss of LamC (human LMNA) with age, accompanied by
a decrease in nuclear size and an increase in nuclear stiffness.
Premature genetic reduction of LamC mirrors the effects of aging
on the nucleus, subsequently reducing cardiac contractility and
sarcomere organization (Kirkland et al., 2023). The study of
mutant LamC in Drosophila has revealed various abnormalities
in cellular processes. LamC K521W and R564P mutations have
been shown to cause nuclear and cytoplasmic abnormalities in larval
fat body tissue, indicating defects in cellular structure and function
(Walker et al., 2023).

Additionally, these mutations have been associated with held-up
wings, indicative of myofibrillar defects and mitochondrial damage
in Drosophila (Kucherenko et al., 2010). These findings suggest that
mutant LamC can lead to abnormal autophagic defects and
mitochondrial dysmorphology in Drosophila, highlighting the
importance of understanding the impact of these mutations on
cellular processes (Walker et al., 2023). Further research may help
identify potential therapeutic targets for addressing the cellular
defects caused by mutant lamins. At the cellular level in cardiac
cells, the mutant LamC protein accumulated in the cytoplasm,
leading to the activation of the Nrf2/Keap1 redox signaling
pathway. The mitochondria displayed abnormal morphology, and
there was an upregulation of the autophagy cargo receptor Ref(2)P/
p62 (Bhide et al., 2018).

5.3 Association of autophagy and nuclear
remodeling and myogenic transcription
factors in cardiac remodeling in mouse,
Drosophila and non-human primates

Despite physiological differences between tubular and
chambered hearts, there is noteworthy overlap in the cardiac
proteomes of Drosophila, mice, and the non-human primate

Rhesus macaque (Kirkland et al., 2023), which is certain that
the cardiac proteome tightly related to autophagy via
NRF2 signaling pathway (NRF2, a nuclear factor erythroid 2-
related factor 2). Kirkland et al. found that senescence is a Lamin-
dependent biological process that induces cardiac dysfunction
characterized by dysregulation of cardiac transcriptional
programs in Drosophila and mammalian animals, including
mice and macaques, designating similarities with the human
heart. In aging Drosophila, cardiac senescence is characterized
by reduced LamC, decreased nuclear size, and increased nuclear
stiffness. Interfering with LamC RNA expression using UAS-
LamC-RNAi resulted in downregulation of cardiac transcription
factors accompanied by declined heart function. And meanwhile,
enhancing autophagy by blocking the Nrf2 signaling pathway
moderated cardiac dysfunction and extended the lifespan of
Drosophila, a phenomenon also observed in mice and macaques
(Kirkland et al., 2023). In their study, they demonstrated that the
enhanced autophagy and MTF loss are strongly associated with the
reduction of Lamin C through blocking the NRF2 signaling
pathway. With aging, the occurrence of nuclear remodeling and
myogenic transcription factor (MTF) loss was accompanied by
alterations in cellular structures, such as those within the cell
nucleus, where the integrity of the cardiac cell nucleus is necessary
for maintaining cardiac functions. This association can alleviate
cardiac dysfunction in organisms experiencing senescence
(Kirkland et al., 2023). Aguiari et al. demonstrated that
silencing COUP-TFII restored the myogenic potential of
TRα1PV satellite cells, leading to enhanced myoblast
proliferation and myotube differentiation in a mouse model
(Aguiari et al., 2021). Their data may link to the results on
myogenic characteristics observed by Kirkland et al., where
time-restricted feeding induced cardiac dysfunction and
decreased the food-limitation triggered autophagy through
dysregulation of cardiac transcriptional programs in Drosophila,
mice, and macaques, highlighting the importance of nuclear
integrity in cardiac health across these organisms (Kirkland
et al., 2023).

As the transcription factor that regulates multiple cellular
defenses against toxic and oxidative insults in mammals,
autophagy associated NRF2 (Kirkland et al., 2023) carries out its
function by promoting gene expression in response to oxidative
stress, energy metabolism, and inflammation in both physiological
and pathological states (He et al., 2020; Saha et al., 2020; Bendavit
et al., 2016). As a pleiotropic transcription factor, many of its cellular
functions are involved in autophagy, making it a critical player in
cardiac pathophysiology closely associated with mitochondrial
responses. Rabinovich-Nikitin et al. identified a circadian
CLOCK-mitochondrial interactome that regulates mitochondrial
autophagy and cell survival in cardiac myocytes during ischemic
stress (Rabinovich-Nikitin et al., 2021). Zang et al. reported that
autophagy inhibition allowed NRF2 to exacerbate the progression of
diabetic cardiomyopathy in a mouse model, suggesting a complex
role for NRF2 in cardiac health (Zang et al., 2020b).

Furthermore, Bendavit et al. claimed that Nrf2 is a master
transcription factor that regulates a wide variety of cellular
proteins, as mentioned above, through its binding domain on
gene promoter regions. Increasing cellular autophagy associated
NRF2 promotes the transcriptional activation of the PI3K
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signaling pathway for mTOR transcription (Bendavit et al., 2016).
Pan et al. found that cardiomyocytic FoxP3 was involved in Parkin-
mediated mitophagy during cardiac remodeling, emphasizing the
regulatory role of transcription factors in cardiac health (Pan et al.,
2022). Fang et al. showed that soluble epoxide hydrolase inhibition
protected against diabetic cardiomyopathy by inducing autophagy
and reducing apoptosis through Nrf2 upregulation and
transcriptional activation (Fang et al., 2022).

A translation repressor protein was approved linking to
autophagy through the mTOR signaling pathway. In Drosophila,
Zid et al. published data revealing that food stress significantly
increased nuclear-encoded mitochondrial genes, Complex I and IV
of the electron respiratory chain, while diminishing lifespan
extension, as assessed with the nuclear protein Lamin A and
cytoplasmic Akt (human AKT) (Zid et al., 2009). As a
translation repressor protein and a well-known autonomous
target of the mTOR signaling pathway (Qin et al., 2016), the
eukaryotic initiation factor eIF4E (human EIF4E) binding
protein, 4E-BP (human EIF4EBP1), is essential for appropriate
cardiac performance by tightly regulating Ca2+ handling
associated with Ca2+ ATPase and SERCA (human ATP2A) in the
Drosophila heart (Santalla et al., 2022). In response to
overexpression of the autophagy inducer kinase Atg1, FOXO,
and 4E-BP (human EIF4EBP1) CA in fruit fly muscles, their data
demonstrated that the 4E-BP-Pten/FOXO (human EIF4EBP1-
PTEN/FOXO) signaling axis in Drosophila muscles is critical for
preserving proteostasis during aging through regulation of the
autophagic lysosome system, which is marked by extending the
lifespan of fruit flies (Demontis and Perrimon, 2010).

It was confirmed early that Dm4eBP associated DmTOR and
dFoxo are key regulators of cardiac aging, responding to changes in
nutritional and environmental conditions to control processes that
preserve heart function in Drosophila (Wessells et al.). DmTOR,
which regulates growth and metabolism, and dFoxo, a stress-
responsive transcription factor, both influence the rate of age-
related cardiac decline by modulating cellular stress responses
and protein damage accumulation in flies (Wessells et al., 2009;
Luong et al., 2006). Notably, d4eBP, a downstream effector of both
DmTOR and dFoxo, elevates d4eBP levels in the myocardium
enhancing stress resistance, maintains myogenic rhythm, and
prevent functional decline (Wessells et al., 2009). Furthermore,
Demontis and Perrimon, 2010 show that FOXO and 4E-BP
signaling maintain proteostasis via autophagy (Demontis and
Perrimon, 2010). Inhibition of DmTOR activates autophagy,
counteracting the accumulation of damaged proteins associated
with aging (Nyfeler et al., 2011). Thus, the coordinated activity of
DmTOR, DmFoxo, and Dm4eBP promotes autophagy in the heart,
slowing the cardiac functional decline typical of aging (Wessells
et al., 2009; Luong et al., 2006). Schmid et al. approved that
accumulation of F-actin even associated with the d4eBP-dTOR-
dFoxo axis on brain aging phenotypes and prolong healthspan
(Schmid et al., 2024).

Autophagy associated TOR and FOXO associated nuclear
transcription factors along with lamins located in the nuclear
cortex, are functionally and structurally fundamental for nuclear
remodeling, which is genetically and physiologically necessary for
the maintenance of metabolism and senescence in the cardiac and
skeletal muscles of both mammals and fruit flies.

6 Exercise improves cardiac function
and againgst aging through autophagy
in Drosophila

Recently, extensive evidence supports the beneficial role of
exercise or physical activity in cardiovascular health, partially
through its regulation of autophagy. The relationship between
exercise and autophagy is complex and bidirectional. In
conditions where autophagy is either deficient or excessive,
exercise training restores normal autophagic activity, thereby
potentially delaying the progression of cardiovascular diseases
associated with dysfunctional autophagy (Wang et al., 2020).
Specifically, exercise induces autophagy in the myocardium,
contributing to beneficial effects on cardiac function against age-
related muscle deteriorations (Wang et al., 2023).

6.1 Exercise promoted protection increases
autophagy in cardiac disease with
inadequate autophagy

Numerous studies underscore the significance of autophagy in
various physiological processes, including exercise adaptation,
aging, and disease progression. For instance, Cobb et al.
identified Idit (human FNDC5), a Drosophila homolog of the
Irisin precursor FNDC5, as pivotal in exercise-induced
improvements in cardiac autophagy. Their findings highlight the
evolutionary conservation of autophagy regulation across species,
influencing exercise physiology and metabolic adaptations (Cobb
et al., 2023; Zhou et al., 2019). Autophagy has also been associated
with enhanced clearance of protein aggregates in aging and disease
contexts (Jumper et al., 2021), indicating its role in mitigating
metabolic and degenerative disorders (Yu et al., 2019). Moreover,
interventions that enhance autophagy, such as AMPK activation and
SGLT2 (fly SLC5A11) inhibitors, have shown promise in metabolic
disorders like diabetic heart and kidney conditions in mammals
(Safaie et al., 2024). The Drosophila homolog of the mammalian
SGLT2 gene, SLC5A11, plays a crucial role in central nervous system
(CNS) glial cells and EB R4 neurons in flies (Park et al., 2016;
Yildirim et al., 2022). It is reasonable to hypothesize that this gene
may also have an important physiological function in theDrosophila
heart tube and in the context of aging.

Altered autophagy dynamics have been implicated in skeletal
muscle diseases and cardiac dysfunction in heart failure (Zirin et al.,
2015). Exercise has been shown to modulate autophagy through
mechanisms involving Sestrin activation, which inhibits
mTORC1 and enhances mTORC2 activity, thereby coordinating
metabolic processes and promoting health span (Cobb et al., 2021;
Sujkowski and Wessells, 2021). Notably, high-intensity exercise has
been linked to increased autophagy in the heart, underscoring the
intricate interplay between autophagy and oxidative stress in
diseases such as Parkinson’s disease (Zang et al., 2020a; Kong
et al., 2020). In Drosophila, chronic exercise results in increased
mitophagy in cardiac muscle mitochondria, contributing to reduced
oxidative damage accumulation (Sujkowski et al., 2020).
Conversely, in Drosophila mutants with elevated intramyocellular
lipid stores, exercise training reverses lipid accumulation and
concomitantly decreases autophagy, suggesting a transient
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regulation of autophagy in response to exercise (Sujkowski and
Wessells, 2021).

Selective breeding and endurance training have been shown to
improve endurance levels, cardiac performance, and autophagy in
adipose tissue. The methuselah-like (mthl) gene family,
downregulated by these interventions, plays a role in mediating
these physiological adaptations (Sujkowski et al., 2015).
Furthermore, exercise and octopamine have been demonstrated
to enhance autophagy and lipolysis in various flying insects, with
exercise increasing autophagy in the fat body of wild-type male
Drosophila (Sujkowski et al., 2020). The expression of Octβ2R (β-
adrenergic octopamine receptor; human HTR4) in skeletal muscle is
crucial for enhancing endurance, speed, cardiac function, and fat
body autophagy, indicating systemic effects across tissues
(Sujkowski et al., 2020). Sestrins, evolutionarily conserved
exercise-inducible proteins, are critical mediators of exercise
benefits in both flies and mammals. Their knockout prevents
exercise-induced adaptations in endurance and flight in
Drosophila and impairs metabolic improvements in exercising
mice, underscoring their role in diverse physiological adaptations
conferred by chronic exercise (Sujkowski and Wessells, 2021).

The gene Atg2, essential for autophagy formation, is implicated
in mitigating oxidative stress and delaying muscle aging during
exercise. However, the precise interplay between exercise and
Atg2 in muscle aging remains to be fully elucidated (Wen et al.,
2023). Irisin/FNDC5, essential for multiple exercise-related benefits
such as adipose tissue browning and cognitive enhancement, also
plays a conserved role in upregulating autophagy, as observed
between mammalian FNDC5 (Zhou et al., 2019) and its
Drosophila homolog Idit. Notably, mutations in Idit do not
directly impair mobility but specifically reduce endurance in
Drosophila endurance models (Sujkowski and Wessells, 2021).

6.2 Exercise inhibits excessive autophagy in
cardiac pathologies

As an effective model for studying aging, fat metabolism, adult
cardiac function, and the effects of endurance exercise (Piazza and
Wessells, 2011), Drosophila can also perform as an active model to
investigate exercise and its autophagy mechanism related to cardiac
function, which can compare to mammal models (Feng et al., 2019).
The research on flies unveiled a nutrition-linked autophagy that
responding to endurance training with improved cardiovascular
function and stress resistance at advanced ages (Sujkowski
et al., 2012).

Sujkowski et al. revealed that the regulation of nutrient
allocation and utilization plays a critical role in modulating the
onset and progression of age-related declines in cardiac function.
Using mutants of dFatp (Drosophila Fatp; human SLC27A1), their
data exhibit increased lifespan and stress resistance, altered feeding
behavior, enhanced fat storage, and improved mobility, alongside
impaired cardiac function. Endurance exercise effectively reverses
the increased lipid storage and detrimental cardiac effects associated
with dFatp mutation, albeit not fully restoring lipid levels to wild-
type levels (Sujkowski et al., 2012). Autophagy and lipid metabolism
cooperate closely in modulating longevity pathways, evidenced by
increased lysotracker staining in the fat body of yw males following

exercise training. However, yw; dFatp mutants exhibit minimal
lysotracker staining irrespective of exercise, indicating a role for
dFatp in autophagy regulation and cardiac performance (Sujkowski
et al., 2012).

More researches employed mammal models to investigate
autophagy related mechanism of cardiac function (Feng et al.,
2019). For instance, Liang et al. identified lncRNA
2810403D21Rik/Mirf (myocardial infarction-regulatory factor) as
a regulator of macroautophagy/autophagy through modulation of
microRNA 26a, highlighting its role in cardiac injury and function
(Liang et al., 2020). Moreover, Wang et al. discussed how exercise
training restores normal autophagy function, attenuating
cardiovascular disease progression associated with dysfunctional
autophagy (Wang et al., 2020). Their review emphasizes the
importance of autophagy and its signaling pathways in mediating
exercise-induced cardiovascular benefits. Because of fundamental
role of autophagy in maintaining cellular health and function, these
studies underscore its relevance to exercise performance, aging, and
disease progression. Comprehensive research is needed to further
unravel the specific mechanisms governing autophagic regulation
on exercise-increased improvement of cardiac function in cardiac
disease. Using Drosophila model, more comprehensive information
could can be made for providing understanding on the inadequate
and excessive autophagy, which could potentially generate
therapeutic targeting approach in various pathological conditions.

7 Cold stress affects Drosophila
autophagy associated with cardiac
function

Within the heart, cardiomyocytes remove dysfunctional
mitochondria and other cargo using dedicated membranous
particles driven by the autophagy machinery, which is enhanced
during periods of cardiac stress (Nicolás-Ávila et al., 2020). Zhu et al.
investigated the cardiophysiological responses of Drosophila larvae
to acute and chronic cold stress, focusing on neuromodulators’ role
in modulating cardiac function under cold conditions. Cold
tolerance, crucial for ectothermic organisms, correlates closely
with cardiac performance. Their research reveals that cold
exposure significantly alters heart rate (HR); acute cold stress
induces a marked decrease in HR, whereas chronic cold
conditioning partially mitigates this effect, suggesting an
acclimation process. High-performance liquid chromatography
(HPLC) analysis shows reduced circulating levels of octopamine
(OA) and serotonin (5-HT) in chronically cold-conditioned larvae,
which likely contributes to maintaining heart function (Zhu et al.,
2016; Bhide et al., 2024).

The expression of the Idit gene is intricately linked to autophagy,
critical for cellular homeostasis and stress adaptation. Specifically,
Idit gene expression is necessary for inducing excessive autophagy
through the Atg1/Atg13 protein kinase complex, a pivotal regulator
in autophagic flux. In cardiac tissue, Idit knockout significantly
decreases the autophagic marker Atg8, indicating impaired
autophagic machinery in the heart. Cold tolerance, essential for
surviving low temperatures, relies heavily on Idit gene expression.
Drosophila lacking Idit exhibit reduced cold tolerance, underscoring
its role in thermotolerance mechanisms. Restoring Idit expression

Frontiers in Cell and Developmental Biology frontiersin.org13

Zhang et al. 10.3389/fcell.2025.1512341

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1512341


through transgenic methods restores normal cold tolerance,
emphasizing its importance in cold acclimation. Moreover, Idit
gene expression positively influences cardiac function; Idit
knockout flies demonstrate cardiac performance equivalent to
unexercised wild-type flies under stress, indicating reduced ability
to cope with physiological demands (Cobb et al., 2023). Conversely,
Idit overexpression enhances cardiac resilience and performance
comparable to or exceeding that of exercise-trained wild-type flies,
highlighting its role in cardiac adaptation.

Autophagy plays a crucial role in maintaining cardiovascular
function during physical interferences and cardiac stress including
exercise and cold stress in both mammal and Drosophila models.
Dysregulation of autophagy and mitophagy contributes to
myocardial contractile irregularities induced by cold stress,
although specific interventions can rescue these effects. Further
investigation is warranted to fully elucidate the mechanisms
through which cold stress impacts cardiac function via autophagy
in Drosophila.

8 Conclusion and prospects

The interplay between exercise, cold stress, and autophagy in the
cardiac function of Drosophila has been a subject of significant
research interest due to its potential implications for understanding
heart health and disease mechanisms in mammals, humans, and
higher organisms. Over half of the 12 Drosophila Atg genes are
involved in autophagic cardiophysiology in fruit flies. The axis of
Atg2-AMPK/Sirt1/PGC-1α (human ATG2-AMPK/SIRT1/PGC-1α)
pathways mitigates age-related functional declines in skeletal and
cardiac muscle in Drosophila. Autophagy-mTOR signaling, along
with DmSestrin, plays a critical role in the relationship between
post-translational modifications and their regulation of fundamental

autophagy. Increasing autophagy suppresses laminopathy-induced
age-dependent cardiac dysfunction accompanied by mitochondrial
dysmorphology. Furthermore, nuclear remodeling and myogenic
transcription factors are involved in cardiac remodeling in mice,
fruit flies, and non-human primates. Exercise modulates autophagy
in a context-dependent manner, improving cardiac function in
Drosophila. Specifically, in conditions where autophagy is
inadequate, exercise increases autophagic activity, thereby
ameliorating cardiac disease (Cobb et al., 2023; Sujkowski et al.,
2015; Sujkowski and Wessells, 2021; Sujkowski et al., 2020; Weeks
et al., 2021; Wang et al., 2023; Bonilla et al., 2023). Conversely, in
scenarios with excessive autophagy, exercise inhibits autophagy to
protect against cardiac pathologies (Wang et al., 2020; Sujkowski
et al., 2012; Liu C. Y. et al., 2018). Cold stress, a well-known
environmental stressor, is also implicated in the regulation of
autophagy and cardiac function in mammals and Drosophila.

The role of autophagy in cardiac hypertrophy, a condition
characterized by the enlargement of the heart muscle, is complex
(Li et al., 2023). In Drosophila, cardiac hypertrophy is influenced by
Atgs, suggesting that autophagy plays a critical role in maintaining
cardiac structure and function. Furthermore, the activation of
autophagy suppresses cardiac laminopathy, a disease caused by
mutations in the genes encoding nuclear lamins (Shaw et al.,
2022; Kirkland et al., 2023). This suppression is observed in age-
dependent cardiac dysfunction induced by laminopathy, with
increased autophagy leading to improved cardiac function. The
mechanistic link between autophagy and laminopathy involves
the regulation of mitochondrial morphology and the conservation
of nuclear remodeling and myogenic transcription factor integrity
across species, including mice and nonhuman primates. For insights
into the genetic study of heart aging in Drosophila, Cannon et al.
provide a comprehensive analysis of cardiac-specific gene expression
in aging fruit flies, drawing parallels with mammalian models

FIGURE 3
Mechanistic insights and multifaceted applications in Drosophila and mammals. This illustration depicts the intricate relationship wherein
autophagy, and operates through diverse pathways in both Drosophila and mammals. It showcases how these autophagic processes impact specific
targets, and further elaborates on their extensive applications. In the agricultural realm, they potentially underpin the development of novel pesticides and
other relevant agents. In the medical field, they hold promise for the treatment of a spectrum of human diseases, such as myocardial hypertrophy,
laminopathy, Parkinson’s disease, and non-alcoholic fatty liver disease.
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(Cannon et al., 2017). The multiple signaling pathways that govern
the regulation of autophagy and cardiac function in Drosophila are
multifaceted. Atgs are central to the regulation of autophagy, and
their manipulation can profoundly affect heart function (Xu et al.,
2019). Additionally, the mTOR signaling pathway, a key regulator of
autophagy, is associated with autophagic processes within
Drosophila. A recent review by Griffey and Yamamoto discusses
the role of macroautophagy in CNS health and disease, highlighting
the conserved nature of the process and its emerging selective
pathways (Griffey and Yamamoto, 2022). These findings
underscore the dynamic role of autophagy in the heart’s response
to various physiological and environmental stressors. Insights
gained from Drosophila models provide a valuable foundation for
further research into the molecular mechanisms underlying cardiac
function and disease, with potential applications in developing
therapeutic strategies for human heart conditions (Figure 3).

Recently, Shin and Worman summarized the molecular
pathology of laminopathies, unveiling mechanisms of
cardiomyopathic disease that are tightly related to emerin and
lamin, which are critical for the nuclear envelope (Shin and
Worman, 2022). As an important cellular skeletal component,
nuclear lamin-associated laminopathies include progeroid
disorders, striated muscle disease, adipose tissue disease, and
peripheral neuropathy. The major characteristics involve the
reciprocal regulation of cellular mechanics and metabolism,
which are closely associated with the cellular ERK1/2 and AKT/
mTOR (fly Akt/mTOR) signaling pathways (Shin and Worman,
2022). Current studies on cellular mechanics in cardiomyocytes
(Santinho et al., 2024; Evers et al., 2021; Meizlish et al., 2024) should
promote comprehensive research focusing on responses to
mechanical stress in Drosophila to ultimately understand the
molecular mechanisms underlying autophagic cardiopathology in
both mammals and Drosophila.

Author contributions

WZ: Data curation, Formal Analysis, Investigation,
Methodology, Resources, Software, Validation, Writing–original
draft. RZ: Data curation, Formal Analysis, Methodology,
Writing–original draft. XL: Data curation, Formal Analysis,
Writing–original draft. MW: Data curation, Formal Analysis,
Writing–original draft. QD: Data curation, Formal Analysis,
Conceptualization, Investigation, Methodology, Writing–review
and editing. YM: Data curation, Formal Analysis, Methodology,
Writing–review and editing. TZ: Data curation, Formal Analysis,
Methodology, Funding acquisition, Writing–review and editing. XL:
Data curation, Formal Analysis, Writing–review and editing. ZZ:
Data curation, Formal Analysis, Writing–review and editing. LW:
Data curation, Formal Analysis, Funding acquisition,
Writing–review and editing. OJ: Data curation, Formal Analysis,
Conceptualization, Methodology, Writing–review and editing. MX:
Conceptualization, Data curation, Formal Analysis, Methodology,
Writing–review and editing, Investigation. JB: Conceptualization,
Formal Analysis, Investigation, Writing–review and editing. JM:
Conceptualization, Formal Analysis, Investigation, Writing–review
and editing, Data curation, Supervision. YL: Conceptualization,
Data curation, Formal Analysis, Writing–review and editing. XX:

Conceptualization, Data curation, Formal Analysis, Writing–review
and editing, Funding acquisition, Investigation, Methodology,
Project administration, Resources, Software, Supervision,
Validation, Visualization, Writing–original draft.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This research
was funded by the National Natural Science Foundation of China
(#31771377/31571273/31371256), the Foreign Distinguished
Scientist Program from the National Department of Education
(#MS2014SXSF038), the National Department of Education
Central Universities Research Fund (#GK201301001/201701005/
GERP-17-45) to XX; LW is partially supported by the National
Department of Education Central Universities Research Fund
(#GK202207004) and the Natural Science Basis Research Plan in
Shaanxi Province of China (#2023-JC-QN-0239); TZ, partially
supported by the SNNU Postgradational Leadership program
(#LHRCCX23196).

Acknowledgments

We acknowledge the publicly available database for providing
their platforms and the contributors for uploading their
meaningful datasets.

Conflict of interest

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

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2025.1512341/
full#supplementary-material

Frontiers in Cell and Developmental Biology frontiersin.org15

Zhang et al. 10.3389/fcell.2025.1512341

https://www.frontiersin.org/articles/10.3389/fcell.2025.1512341/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2025.1512341/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1512341


References

Abaquita, T. A. L., Damulewicz, M., Bhattacharya, D., and Pyza, E. (2021). Regulation
of heme oxygenase and its cross-talks with apoptosis and autophagy under different
conditions in Drosophila. Antioxidants (Basel, Switzerland) 10, 1716. doi:10.3390/
antiox10111716

Abaquita, T. A. L., Damulewicz, M., Tylko, G., and Pyza, E. (2023). The dual role of
heme oxygenase in regulating apoptosis in the nervous system of Drosophila
melanogaster. Front. Physiol. 14, 1060175–1060215. doi:10.3389/fphys.2023.1060175

Abe, M., Setoguchi, Y., Tanaka, T., Awano, W., Takahashi, K., Ueda, R., et al. (2009).
Membrane protein locationdependent regulation by PI3K (III) and rabenosyn-5 in
Drosophila wing cells. PLoS One 4, e7306. doi:10.1371/journal.pone.0007306

Aguiari, P., Liu, Y. Y., Petrosyan, A., Cheng, S. Y., Brent, G. A., Perin, L., et al. (2021).
Persistent COUP-TFII expression underlies the myopathy and impaired muscle
regeneration observed in resistance to thyroid hormone-alpha. Sci. Rep. 11,
4601–4612. doi:10.1038/s41598-021-84080-5

Alers, S., Wesselborg, S., and Stork, B. (2014). ATG13: just a companion, or an
executor of the autophagic program? Autophagy 10, 944–956. doi:10.4161/auto.28987

Anding, A. L., and Baehrecke, E. H. (2015). Vps15 is required for stress induced and
developmentally triggered autophagy and salivary gland protein secretion in
Drosophila. Cell Death Differ. 22, 457–464. doi:10.1038/cdd.2014.174

Aparicio, R., Rana, A., and Walker, D. W. (2019). Upregulation of the autophagy
adaptor p62/SQSTM1 prolongs health and lifespan in middle-agedDrosophila. Cell Rep.
28, 1029–1040. doi:10.1016/j.celrep.2019.06.070

Bahar, M. E., Kim, H. J., and Kim, D. R. (2023). Targeting the RAS/RAF/MAPK
pathway for cancer therapy: from mechanism to clinical studies. Sig. Transduct. Target.
Ther. 8, 455–538. doi:10.1038/s41392-023-01705-z

Bali, A., and Shravage, B. V. (2017). Characterization of the Autophagy related gene-
8a (Atg8a) promoter in Drosophila melanogaster. Int. J. Dev. Biol. 61, 551–555. doi:10.
1387/ijdb.170077bs

Bánréti, Á., Lukácsovich, T., Csikós, G., Erdélyi, M., and Sass, M. (2012). PP2A
regulates autophagy in two alternative ways in Drosophila. Autophagy 8, 623–636.
doi:10.4161/auto.19081

Basargekar, A., Yogi, S., Mushtaq, Z., Deivasigamani, S., Kumar, V., Ratnaparkhi, G.
S., et al. (2020).DrosophilaMon1 and Rab7 interact to regulate glutamate receptor levels
at the neuromuscular junction. Int. J. Dev. Biol. 64, 289–297. doi:10.1387/ijdb.190153ar

Bendavit, G., Aboulkassim, T., Hilmi, K., Shah, S., and Batist, G. (2016).
Nrf2 transcription factor can directly regulate mTOR: linking cytoprotective gene
expression to a major metabolic regulator that generates redox activity. J. Biol. Chem.
291, 25476–25488. doi:10.1074/jbc.M116.760249

Bhattacharjee, A., Ürmösi, A., Jipa, A., Kovács, L., Deák, P., Szabó, Á., et al. (2022). Loss of
ubiquitinated protein autophagy is compensated by persistent cnc/NFE2L2/Nrf2 antioxidant
responses. Autophagy 18, 2385–2396. doi:10.1080/15548627.2022.2037852

Bhide, S., Chandran, S., Rajasekaran, N. S., and Melkani, G. C. (2024). Genetic and
pathophysiological basis of cardiac and skeletal muscle laminopathies. Genes (Basel) 15,
1095–1115. doi:10.3390/genes15081095

Bhide, S., Trujillo, A. S., O’Connor, M. T., Young, G. H., Cryderman, D. E., Chandran,
S., et al. (2018). Increasing autophagy and blocking Nrf2 suppress laminopathy-induced
age-dependent cardiac dysfunction and shortened lifespan. Aging Cell 17, e12747.
doi:10.1111/acel.12747

Bierlein, M., Charles, J., Polisuk-Balfour, T., Bretscher, H., Rice, M., Zvonar, J., et al.
(2023). Autophagy impairment and lifespan reduction caused by Atg1 RNAi or
Atg18 RNAi expression in adult fruit flies (Drosophila melanogaster). Genetics 225,
iyad154. doi:10.1093/genetics/iyad154

Blázquez-Bernal, Á., Fernandez-Costa, J. M., Bargiela, A., and Artero, R. (2021).
Inhibition of autophagy rescues muscle atrophy in a LGMDD2 Drosophila model.
FASEB J. 35, e21914. doi:10.1096/fj.202100539RR

Boda, A., Lőrincz, P., Takáts, S., Csizmadia, T., Tóth, S., Kovács, A. L., et al. (2019).
Drosophila Arl8 is a general positive regulator of lysosomal fusion events. Biochim.
Biophys. Acta Mol. Cell Res. 1866, 533–544. doi:10.1016/j.bbamcr.2018.12.011

Bonilla, I. M., Baine, S., Pokrass, A., Mariángelo, J. I. E., Kalyanasundaram, A.,
Bogdanov, V., et al. (2023). STIM1 ablation impairs exercise-induced physiological
cardiac hypertrophy and dysregulates autophagy in mouse hearts. Appl. Physiol. 134,
1287–1299. doi:10.1152/japplphysiol.00363.2022

Boťanská, B., Dovinová, I., and Barančík, M. (2022). The interplay between autophagy
and redox signaling in cardiovascular diseases. Cells 11, 1203–1218. doi:10.3390/
cells11071203

Braden, C. R., and Neufeld, T. P. (2016). Atg1-independent induction of autophagy by
the Drosophila Ulk3 homolog, ADUK. FEBS J. 283, 3889–3897. doi:10.1111/febs.13906

Cannon, L., Zambon, A. C., Cammarato, A., Zhang, Z., Vogler, G., Munoz, M., et al.
(2017). Expression patterns of cardiac aging in Drosophila. Aging Cell 16, 82–92. doi:10.
1111/acel.12559

Castañeda, D., Gabani, M., Choi, S. K., Nguyen, Q. M., Chen, C., Mapara, A., et al.
(2019). Targeting autophagy in obesityassociated heart disease. Obes. (Silver Spring) 27,
1050–1058. doi:10.1002/oby.22455

Chakraborty, M., Llamusi, B., and Artero, R. (2018). Modeling of myotonic dystrophy
cardiac phenotypes in Drosophila. Front. Neurol. 9, 473–478. doi:10.3389/fneur.2018.
00473

Chandran, S., Suggs, J. A., Wang, B. J., Han, A., Bhide, S., Cryderman, D. E., et al.
(2019). Suppression of myopathic lamin mutations by muscle-specific activation of
AMPK and modulation of downstream signaling. Hum. Mol. Genet. 28, 351–371.
doi:10.1093/hmg/ddy332

Chang, K., Kang, P., Liu, Y., Huang, K., Miao, T., Sagona, A. P., et al. (2020). TGFB-
INHB/activin signaling regulates age-dependent autophagy and cardiac health through
inhibition of MTORC2. Autophagy 16, 1807–1822. doi:10.1080/15548627.2019.1704117

Chau, D. D., Yu, Z., Chan, W. W. R., Yuqi, Z., Chang, R. C. C., Ngo, J. C. K., et al.
(2024). The cellular adaptor GULP1 interacts with ATG14 to potentiate autophagy and
APP processing. Cell. Mol. Life Sci. 81, 323–420. doi:10.1007/s00018024-05351-8

Chen, L. L., Song, J. X., Lu, J. H., Yuan, Z. W., Liu, L. F., Durairajan, S. S., et al. (2014).
Corynoxine, a natural autophagy enhancer, promotes the clearance of alpha-synuclein
via Akt/mTOR pathway. J. Neuroimmune. Pharmacol. 9, 380–387. doi:10.1007/s11481-
014-9528-2

Chen, Z., Zhang, W., Wang, F., Mu, R., and Wen, D. (2021). Sestrin protects
Drosophila midgut from mercury chlorideinduced damage by inhibiting oxidative
stress and stimulating intestinal regeneration. Comp. Biochem. Physiol. C. Toxicol.
Pharmacol. 248, 109083–109089. doi:10.1016/j.cbpc.2021.109083

Cobb, T., Damschroder, D., andWessells, R. (2021). Sestrin regulates acute chill coma
recovery in Drosophila melanogaster. Insect biochem. Mol. Biol. 133, 103548–8. doi:10.
1016/j.ibmb.2021.103548

Cobb, T., Hwang, I., Soukar, M., Namkoong, S., Cho, U. S., Safdar, M., et al. (2023).
Iditarod, a Drosophila homolog of the Irisin precursor FNDC5, is critical for exercise
performance and cardiac autophagy. Proc. Natl. Acad. Sci. U. S. A. 120, e2220556120.
doi:10.1073/pnas.2220556120

Coombs, G. S., Rios-Monterrosa, J. L., Lai, S., Dai, Q., Goll, A. C., Ketterer, M. R., et al.
(2021). Modulation of muscle redox and protein aggregation rescues lethality caused by
mutant lamins. Redox Biol. 48, 102196–102215. doi:10.1016/j.redox.2021.102196

Csizmadia, T., Lőrincz, P., Hegedűs, K., Széplaki, S., Lőw, P., and Juhász, G. (2018).
Molecular mechanisms of developmentally programmed crinophagy in Drosophila.
J. Cell Biol. 217, 361–374. doi:10.1083/jcb.201702145

Cui, L., Song, W., Zeng, Y., Wu, Q., Fan, Z., Huang, T., et al. (2020). Deubiquitinase
USP7 regulates Drosophila aging through ubiquitination and autophagy. Aging (Albany
NY) 12, 23082–23095. doi:10.18632/aging.104067

Cumming, R. C., Simonsen, A., and Finley, K. D. (2008). Quantitative analysis of
autophagic activity in Drosophila neural tissues by measuring the turnover rates of
pathway substrates. Methods Enzymol. 451, 639–651. doi:10.1016/S00766879(08)
03235-7

Dai, D. F., Karunadharma, P. P., Chiao, Y. A., Basisty, N., Crispin, D., Hsieh, E. J., et al.
(2014). Altered proteome turnover and remodeling by short-term caloric restriction or
rapamycin rejuvenate the aging heart. Aging Cell 13, 529–539. doi:10.1111/acel.12203

Damulewicz, M., Szypulski, K., and Pyza, E. (2022). Glia-neurons cross-talk regulated
through autophagy. Front. Physiol. 13, 886273–886311. doi:10.3389/fphys.2022.886273

DeLeo, K. R., Baral, S. S., Houser, A., James, A., Sewell, P., Pandey, S., et al. (2021).
Drosophila to explore nucleolar stress. Int. J. Mol. Sci. 22, 6759–6816. doi:10.3390/
ijms22136759

Demir, E., and Kacew, S. (2023). Drosophila as a robust model system for assessing
autophagy: a review. Toxics 11, 682–725. doi:10.3390/toxics11080682

Demontis, F., and Perrimon, N. (2010). FOXO/4E-BP signaling inDrosophilamuscles
regulates organism-wide proteostasis during aging. Cell 143, 813–825. doi:10.1016/j.cell.
2010.10.007

Deng, X., Sun, X., Yue, W., Duan, Y., Hu, R., Zhang, K., et al. (2022). CHMP2B
regulates TDP-43 phosphorylation and cytotoxicity independent of autophagy via CK1.
J. Cell Biol. 221, e202103033. doi:10.1083/jcb.202103033

Dinter, E., Saridaki, T., Nippold, M., Plum, S., Diederichs, L., Komnig, D., et al. (2016).
Rab7 induces clearance of αsynuclein aggregates. J. Neurochem. 138, 758–774. doi:10.
1111/jnc.13712

Donde, A., Sun, M., Jeong, Y. H., Wen, X., Ling, J., Lin, S., et al. (2020). Upregulation
of ATG7 attenuates motor neuron dysfunction associated with depletion of TARDBP/
TDP-43. Autophagy 16, 672–682. doi:10.1080/15548627.2019.1635379

Evers, T. M. J., Holt, L. J., Alberti, S., and Mashaghi, A. (2021). Reciprocal regulation
of cellular mechanics and metabolism. Nat. Metab. 3, 456–468. doi:10.1038/s42255-
021-00384-w

Fang, Q., Liu, X., Ding, J., Zhang, Z., Chen, G., Du, T., et al. (2022). Soluble epoxide
hydrolase inhibition protected against diabetic cardiomyopathy through inducing
autophagy and reducing apoptosis relying on Nrf2 upregulation and transcription
activation.Oxid. Med. Cell. Longev. 2022, 3773415–3773420. doi:10.1155/2022/3773415

Feng, R., Wang, L., Li, Z., Yang, R., Liang, Y., Sun, Y., et al. (2019). A systematic
comparison of exercise training protocols on animal models of cardiovascular capacity.
Life Sci. 217, 128–140. doi:10.1016/j.lfs.2018.12.001

Frontiers in Cell and Developmental Biology frontiersin.org16

Zhang et al. 10.3389/fcell.2025.1512341

https://doi.org/10.3390/antiox10111716
https://doi.org/10.3390/antiox10111716
https://doi.org/10.3389/fphys.2023.1060175
https://doi.org/10.1371/journal.pone.0007306
https://doi.org/10.1038/s41598-021-84080-5
https://doi.org/10.4161/auto.28987
https://doi.org/10.1038/cdd.2014.174
https://doi.org/10.1016/j.celrep.2019.06.070
https://doi.org/10.1038/s41392-023-01705-z
https://doi.org/10.1387/ijdb.170077bs
https://doi.org/10.1387/ijdb.170077bs
https://doi.org/10.4161/auto.19081
https://doi.org/10.1387/ijdb.190153ar
https://doi.org/10.1074/jbc.M116.760249
https://doi.org/10.1080/15548627.2022.2037852
https://doi.org/10.3390/genes15081095
https://doi.org/10.1111/acel.12747
https://doi.org/10.1093/genetics/iyad154
https://doi.org/10.1096/fj.202100539RR
https://doi.org/10.1016/j.bbamcr.2018.12.011
https://doi.org/10.1152/japplphysiol.00363.2022
https://doi.org/10.3390/cells11071203
https://doi.org/10.3390/cells11071203
https://doi.org/10.1111/febs.13906
https://doi.org/10.1111/acel.12559
https://doi.org/10.1111/acel.12559
https://doi.org/10.1002/oby.22455
https://doi.org/10.3389/fneur.2018.00473
https://doi.org/10.3389/fneur.2018.00473
https://doi.org/10.1093/hmg/ddy332
https://doi.org/10.1080/15548627.2019.1704117
https://doi.org/10.1007/s00018024-05351-8
https://doi.org/10.1007/s11481-014-9528-2
https://doi.org/10.1007/s11481-014-9528-2
https://doi.org/10.1016/j.cbpc.2021.109083
https://doi.org/10.1016/j.ibmb.2021.103548
https://doi.org/10.1016/j.ibmb.2021.103548
https://doi.org/10.1073/pnas.2220556120
https://doi.org/10.1016/j.redox.2021.102196
https://doi.org/10.1083/jcb.201702145
https://doi.org/10.18632/aging.104067
https://doi.org/10.1016/S00766879(08)03235-7
https://doi.org/10.1016/S00766879(08)03235-7
https://doi.org/10.1111/acel.12203
https://doi.org/10.3389/fphys.2022.886273
https://doi.org/10.3390/ijms22136759
https://doi.org/10.3390/ijms22136759
https://doi.org/10.3390/toxics11080682
https://doi.org/10.1016/j.cell.2010.10.007
https://doi.org/10.1016/j.cell.2010.10.007
https://doi.org/10.1083/jcb.202103033
https://doi.org/10.1111/jnc.13712
https://doi.org/10.1111/jnc.13712
https://doi.org/10.1080/15548627.2019.1635379
https://doi.org/10.1038/s42255-021-00384-w
https://doi.org/10.1038/s42255-021-00384-w
https://doi.org/10.1155/2022/3773415
https://doi.org/10.1016/j.lfs.2018.12.001
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1512341


Fujioka, Y., Suzuki, S. W., Yamamoto, H., Kondo-Kakuta, C., Kimura, Y., Hirano, H.,
et al. (2014). Structural basis of starvation-induced assembly of the autophagy initiation
complex. Nat. Struct. Mol. Biol. 21, 513–521. doi:10.1038/nsmb.2822

Fujita, N., Huang, W., Lin, T. H., Groulx, J. F., Jean, S., Nguyen, J., et al. (2017).
Genetic screen in Drosophila muscle identifies autophagy-mediated T-tubule
remodeling and a Rab2 role in autophagy. eLife 6, e23367. doi:10.7554/eLife.23367

Gao, A., Li, F., Zhou, Q., and Chen, L. (2020). Sestrin2 as a potential therapeutic target
for cardiovascular diseases. Pharmacol. Res. 159, 104990–105011. doi:10.1016/j.phrs.
2020.104990

Gao, G., Chen, W., Yan, M., Liu, J., Luo, H., Wang, C., et al. (2020). Rapamycin
regulates the balance between cardiomyocyte apoptosis and autophagy in chronic heart
failure by inhibiting mTOR signaling. Int. J. Mol. Med. 45, 195–209. doi:10.3892/ijmm.
2019.4407

Georgila, K., Gounis, M., Havaki, S., Gorgoulis, V. G., and Eliopoulos, A. G. (2020).
mTORC1-dependent protein synthesis and autophagy uncouple in the regulation of
Apolipoprotein A-I expression. Metabolism 105, 154186–154189. doi:10.1016/j.
metabol.2020.154186

Gerenu, G., Persson, T., Goikolea, J., Calvo-Garrido, J., Loera-Valencia, R., Pottmeier,
P., et al. (2021). Thioredoxin-80 protects against amyloid-beta pathology through
autophagic-lysosomal pathway regulation. Mol. Psychiatry 26, 1410–1423. doi:10.
1038/s41380-019-0521-2

Ghosh, A. C., Hu, Y., Tattikota, S. G., Liu, Y., Comjean, A., and Perrimon, N. (2022).
Modeling exercise using optogenetically contractible Drosophila larvae. BMC Genomics
23, 623–716. doi:10.1186/s12864-022-08845-6

Ghosh, R., Vinod, V., Symons, J. D., and Boudina, S. (2020). Protein and
mitochondria quality control mechanisms and cardiac aging. Cells 9, 933–1023.
doi:10.3390/cells9040933

González-Rodríguez, P., Delorme-Axford, E., Bernard, A., Keane, L., Stratoulias, V.,
Grabert, K., et al. (2022). SETD2 transcriptional control of ATG14L/S isoforms
regulates autophagosome-lysosome fusion. Cell Death Dis. 13, 953–1013. doi:10.
1038/s41419-022-05381-9

Griffey, C. J., and Yamamoto, A. (2022). Macroautophagy in CNS health and disease.
Nat. Rev. Neurosci. 23, 411–427. doi:10.1038/s41583-022-00588-3

Gu, X., Jouandin, P., Lalgudi, P. V., Binari, R., Valenstein, M. L., Reid, M. A., et al.
(2022). Sestrin mediates detection of and adaptation to low-leucine diets in Drosophila.
Nature 608, 209–216. doi:10.1038/s41586-022-04960-2

Guo, T., Nan, Z., Miao, C., Jin, X., Yang, W., Wang, Z., et al. (2019). The autophagy-
related gene Atg101 in Drosophila regulates both neuron and midgut homeostasis.
J. Biol. Chem. 294, 5666–5676. doi:10.1074/jbc.RA118.006069

Haghi, M., Masoudi, R., and Najibi, S. M. (2020). Distinctive alteration in the
expression of autophagy genes in Drosophila models of amyloidopathy and
tauopathy. Ups. J. Med. Sci. 125, 265–273. doi:10.1080/03009734.2020.1785063

Hargitai, D., Kenéz, L., Al-Lami, M., Szenczi, G., Lőrincz, P., and Juhász, G. (2022).
Autophagy controls Wolbachia infection upon bacterial damage and in aging
Drosophila. Front. Cell Dev. Biol. 10, 976882–976911. doi:10.3389/fcell.2022.976882

Hauswirth, A. G., Ford, K. J., Wang, T., Fetter, R. D., Tong, A., and Davis, G. W.
(2018). A postsynaptic PI3K-cII dependent signaling controller for presynaptic
homeostatic plasticity. eLife 7, e31535. doi:10.7554/eLife.31535

He, F., Ru, X., andWen, T. (2020). Nrf2, a transcription factor for stress response and
beyond. Int. J. Mol. Sci. 21, 4777–4823. doi:10.3390/ijms21134777

Hegedűs, K., Nagy, P., Gáspári, Z., and Juhász, G. (2014). The putative HORMAdomain
proteinAtg101 dimerizes and is required for starvation-induced and selective autophagy in
Drosophila. Biomed. Res. Int. 2014, 470482–470513. doi:10.1155/2014/470482

Hegedűs, K., Takáts, S., Boda, A., Jipa, A., Nagy, P., Varga, K., et al. (2016). The Ccz1-
Mon1-Rab7 module and Rab5 control distinct steps of autophagy. Mol. Biol. Cell 27,
3132–3142. doi:10.1091/mbc.E16-03-0205

Hernandez-Diaz, S., Ghimire, S., Sanchez-Mirasierra, I., Montecinos-Oliva, C.,
Swerts, J., Kuenen, S., et al. (2022). Endophilin-B regulates autophagy during
synapse development and neurodegeneration. Neurobiol. Dis. 163, 105595–105614.
doi:10.1016/j.nbd.2021.105595

Hood, D. A., Memme, J. M., Oliveira, A. N., and Triolo, M. (2019). Maintenance of
skeletal muscle mitochondria in health, exercise, and aging. Annu. Rev. Physiol. 81,
19–41. doi:10.1146/annurev-physiol-020518-114310

Huang, T., Jian, X., Liu, J., Zheng, L., Li, F. Q., Meng, D., et al. (2022). Exercise and/or
cold exposure alters the gene expression profile in the fat body and changes the heart
function in Drosophila. Front. Endocrinol. (Lausanne) 13, 790414–790513. doi:10.3389/
fendo.2022.790414

Insolera, R., Lőrincz, P., Wishnie, A. J., Juhász, G., and Collins, C. A. (2021).
Mitochondrial fission, integrity and completion of mitophagy require separable
functions of Vps13D in Drosophila neurons. PLoS Genet. 17, e1009731. doi:10.1371/
journal.pgen.1009731

Ishibashi, J. R., Keshri, R., Taslim, T. H., Brewer, D. K., Chan, T. C., Lyons, S., et al.
(2021). Chemical genetic screen in Drosophila germline uncovers small molecule drugs
that sensitize stem cells to insult-induced apoptosis. Cells 10, 2771–2814. doi:10.3390/
cells10102771

Issa, A. R., Sun, J., Petitgas, C., Mesquita, A., Dulac, A., Robin, M., et al. (2018). The
lysosomal membrane protein LAMP2A promotes autophagic flux and prevents SNCA-
induced Parkinson disease-like symptoms in the Drosophila brain. Autophagy 14,
1898–1910. doi:10.1080/15548627.2018.1491489

Jeon H, H., Tkacik, E., and Eck, M. J. (2024). Signaling from RAS to RAF: the
molecules and their mechanisms. Annu. Rev. Biochem. 93, 289–316. doi:10.1146/
annurev-biochem-052521-040754

Jin, Y., Zhao, L., Zhang, Y., Chen, T., Shi, H., Sun, H., et al. (2024). BIN1 deficiency
enhances ULK3-dependent autophagic flux and reduces dendritic size in mouse
hippocampal neurons. Autophagy 10, 223–242. doi:10.1080/15548627.2024.2393932

Jipa, A., Vedelek, V., Merényi, Z., Ürmösi, A., Takáts, S., Kovács, A. L., et al. (2021).
Analysis of Drosophila Atg8 proteins reveals multiple lipidation-independent roles.
Autophagy 17, 2565–2575. doi:10.1080/15548627.2020.1856494

Juhász, G., Hill, J. H., Yan, Y., Sass, M., Baehrecke, E. H., Backer, J. M., et al. (2008).
The class III PI(3)K Vps34 promotes autophagy and endocytosis but not TOR signaling
in Drosophila. J. Cell Biol. 181, 655–666. doi:10.1083/jcb.200712051

Juhász, G., and Neufeld, T. P. (2008). Drosophila Atg7: required for stress resistance,
longevity and neuronal homeostasis, but not for metamorphosis. Autophagy 4, 357–358.
doi:10.4161/auto.5572

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., et al.
(2021). Highly accurate protein structure prediction with AlphaFold. Nature 596,
583–589. doi:10.1038/s41586-021-03819-2

Kaiser, S. E., Mao, K., Taherbhoy, A. M., Yu, S. S., Olszewski, J. L., Duda, D. M., et al.
(2012). Noncanonical E2 recruitment by the autophagy E1 revealed by Atg7-Atg3 and
Atg7-Atg10 structures. Nat. Struct. Mol. Biol. 19, 1242–1249. doi:10.1038/nsmb.2415

Kaiser, S. E., Qiu, Y., Coats, J. E., Mao, K., Klionsky, D. J., and Schulman, B. A. (2013).
Structures of Atg7-Atg3 and Atg7Atg10 reveal noncanonical mechanisms of
E2 recruitment by the autophagy E1. Autophagy 9, 778–780. doi:10.4161/auto.23644

Kawamata, T., Kamada, Y., Kabeya, Y., Sekito, T., and Ohsumi, Y. (2008).
Organization of the pre-autophagosomal structure responsible for autophagosome
formation. Mol. Biol. Cell 19, 2039–2050. doi:10.1091/mbc.e07-10-1048

Kawamata, T., Kamada, Y., Suzuki, K., Kuboshima, N., Akimatsu, H., Ota, S., et al.
(2005). Characterization of a novel autophagy-specific gene, ATG29. Biochem. Biophys.
Res. Commun. 338, 1884–1889. doi:10.1016/j.bbrc.2005.10.163

Kayashima, Y., Katayanagi, Y., Tanaka, K., Fukutomi, R., Hiramoto, S., and Imai, S.
(2017). Alkylresorcinols activate SIRT1 and delay ageing in Drosophila melanogaster.
Sci. Rep. 7, 43679–43688. doi:10.1038/srep43679

Khezri, R., Holland, P., Schoborg, T. A., Abramovich, I., Takáts, S., Dillard, C., et al.
(2021). Host autophagy mediates organ wasting and nutrient mobilization for tumor
growth. EMBO J. 40, 1073366–e107414. doi:10.15252/embj.2020107336

Kim, J. S., Ro, S. H., Kim, M., Park, H. W., Semple, I. A., Park, H., et al. (2015).
Sestrin2 inhibits mTORC1 through modulation of GATOR complexes. Sci. Rep. 5,
9502–9510. doi:10.1038/srep09502

Kim, M., Sujkowski, A., Namkoong, S., Gu, B., Cobb, T., Kim, B., et al. (2020). Sestrins
are evolutionarily conserved mediators of exercise benefits. Nat. Commun. 11, 190–214.
doi:10.1038/s41467-019-13442-5

King, K. E., McCormick, J. J., and Kenny, G. P. (2024). Temperature-dependent
relationship of autophagy and apoptotic signaling during cold-water immersion in
young and older males. Adv. Biol. (Weinh) 8, e2300560. doi:10.1002/adbi.202300560

Kirkland, N. J., Skalak, S. H., Whitehead, A. J., Hocker, J. D., Beri, P., Vogler, G., et al.
(2023). Age-dependent Lamin changes induce cardiac dysfunction via dysregulation of
cardiac transcriptional programs.Nat. Aging 3, 17–33. doi:10.1038/s43587-022-00323-8

Kong, X., Liu, H., He, X., Sun, Y., and Ge, W. (2020). Unraveling the mystery of cold
stress-induced myocardial injury. Front. Physiol. 11, 580811–580819. doi:10.3389/
fphys.2020.580811

Konopka, A. R., Lamming, D. W., Investigators, R. A. P. P. A. C., and Everlast, I.
(2023). Blazing a trail for the clinical use of rapamycin as a geroprotecTOR. Geroscience
45, 2769–2783. doi:10.1007/s11357-023-00935-x

Koutouroushis, C., and Sarkar, O. (2021). Role of autophagy in cardiovascular disease
and aging. Cureus 13, e20042. doi:10.7759/cureus.20042

Krzystek, T. J., White, J. A., Rathnayake, R., Thurston, L., Hoffmar-Glennon, H., Li,
Y., et al. (2023). HTT (huntingtin) and RAB7 co-migrate retrogradely on a signaling
LAMP1-containing late endosome during axonal injury. Autophagy 19, 1199–1220.
doi:10.1080/15548627.2022.2119351

Kucherenko, M. M., Marrone, A. K., Rishko, V. M., Yatsenko, A. S., Klepzig, A., and
Shcherbata, H. R. (2010). Paraffinembedded and frozen sections of Drosophila adult
muscles. J. Vis. Exp. 46, 2438–2443. doi:10.3791/2438

Laczkó-Dobos, H., Maddali, A. K., Jipa, A., Bhattacharjee, A., Végh, A. G., and Juhász,
G. (2021). Lipid profiles of autophagic structures isolated from wild type and
Atg2 mutant Drosophila. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1866,
158868–158911. doi:10.1016/j.bbalip.2020.158868

Le Dour, C., Chatzifrangkeskou, M., Macquart, C., Magiera, M. M., Peccate, C., Jouve,
C., et al. (2022). Actin-microtubule cytoskeletal interplay mediated by MRTF-A/SRF
signaling promotes dilated cardiomyopathy caused by LMNA mutations. Nat.
Commun. 13, 7886–7921. doi:10.1038/s41467-022-35639-x

Frontiers in Cell and Developmental Biology frontiersin.org17

Zhang et al. 10.3389/fcell.2025.1512341

https://doi.org/10.1038/nsmb.2822
https://doi.org/10.7554/eLife.23367
https://doi.org/10.1016/j.phrs.2020.104990
https://doi.org/10.1016/j.phrs.2020.104990
https://doi.org/10.3892/ijmm.2019.4407
https://doi.org/10.3892/ijmm.2019.4407
https://doi.org/10.1016/j.metabol.2020.154186
https://doi.org/10.1016/j.metabol.2020.154186
https://doi.org/10.1038/s41380-019-0521-2
https://doi.org/10.1038/s41380-019-0521-2
https://doi.org/10.1186/s12864-022-08845-6
https://doi.org/10.3390/cells9040933
https://doi.org/10.1038/s41419-022-05381-9
https://doi.org/10.1038/s41419-022-05381-9
https://doi.org/10.1038/s41583-022-00588-3
https://doi.org/10.1038/s41586-022-04960-2
https://doi.org/10.1074/jbc.RA118.006069
https://doi.org/10.1080/03009734.2020.1785063
https://doi.org/10.3389/fcell.2022.976882
https://doi.org/10.7554/eLife.31535
https://doi.org/10.3390/ijms21134777
https://doi.org/10.1155/2014/470482
https://doi.org/10.1091/mbc.E16-03-0205
https://doi.org/10.1016/j.nbd.2021.105595
https://doi.org/10.1146/annurev-physiol-020518-114310
https://doi.org/10.3389/fendo.2022.790414
https://doi.org/10.3389/fendo.2022.790414
https://doi.org/10.1371/journal.pgen.1009731
https://doi.org/10.1371/journal.pgen.1009731
https://doi.org/10.3390/cells10102771
https://doi.org/10.3390/cells10102771
https://doi.org/10.1080/15548627.2018.1491489
https://doi.org/10.1146/annurev-biochem-052521-040754
https://doi.org/10.1146/annurev-biochem-052521-040754
https://doi.org/10.1080/15548627.2024.2393932
https://doi.org/10.1080/15548627.2020.1856494
https://doi.org/10.1083/jcb.200712051
https://doi.org/10.4161/auto.5572
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/nsmb.2415
https://doi.org/10.4161/auto.23644
https://doi.org/10.1091/mbc.e07-10-1048
https://doi.org/10.1016/j.bbrc.2005.10.163
https://doi.org/10.1038/srep43679
https://doi.org/10.15252/embj.2020107336
https://doi.org/10.1038/srep09502
https://doi.org/10.1038/s41467-019-13442-5
https://doi.org/10.1002/adbi.202300560
https://doi.org/10.1038/s43587-022-00323-8
https://doi.org/10.3389/fphys.2020.580811
https://doi.org/10.3389/fphys.2020.580811
https://doi.org/10.1007/s11357-023-00935-x
https://doi.org/10.7759/cureus.20042
https://doi.org/10.1080/15548627.2022.2119351
https://doi.org/10.3791/2438
https://doi.org/10.1016/j.bbalip.2020.158868
https://doi.org/10.1038/s41467-022-35639-x
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1512341


Lee, J. H., Budanov, A. V., Park, E. J., Birse, R., Kim, T. E., Perkins, G. A., et al. (2010).
Sestrin as a feedback inhibitor of TOR that prevents age-related pathologies. Science 327,
1223–1228. doi:10.1126/science.1182228

Li, F. X., Liu, J. J., Xu, F., Shan, S. K., Zheng, M. H., Lei, L. M., et al. (2023). Cold
exposure protects against medial arterial calcification development via autophagy.
J. Nanobiotechnology 21, 226–322. doi:10.1186/s12951-023-01985-1

Liang, H., Su, X., Wu, Q., Shan, H., Lv, L., Yu, T., et al. (2020). LncRNA
2810403D21Rik/Mirf promotes ischemic myocardial injury by regulating autophagy
through targeting Mir26a. Autophagy 16, 1077–1091. doi:10.1080/15548627.2019.
1659610

Lindmo, K., Brech, A., Finley, K. D., Gaumer, S., Contamine, D., Rusten, T. E., et al.
(2008). The PI 3-kinase regulator Vps15 is required for autophagic clearance of protein
aggregates. Autophagy 4, 500–506. doi:10.4161/auto.5829

Linton, P. J., Gurney, M., Sengstock, D., Mentzer, R. M., Jr., and Gottlieb, R. A. (2015).
This old heart: cardiac aging and autophagy. J. Mol. Cell. Cardiol. 83, 44–54. doi:10.
1016/j.yjmcc.2014.12.017

Liu, W., Duan, X., Fang, X., Shang, W., and Tong, C. (2018). Mitochondrial protein
import regulates cytosolic protein homeostasis and neuronal integrity. Autophagy 14,
1293–1309. doi:10.1080/15548627.2018.1474991

Liu, C. Y., Zhang, Y. H., Li, R. B., Zhou, L. Y., An, T., Zhang, R. C., et al. (2018).
LncRNA CAIF inhibits autophagy and attenuates myocardial infarction by blocking
p53-mediated myocardin transcription. Nat. Commun. 9, 29–12. doi:10.1038/s41467-
017-02280-y

Liu J, J., Xiao, Y., Cao, L., Lu, S., Zhang, S., Yang, R., et al. (2024). Insights on E1-like
enzyme ATG7: functional regulation and relationships with aging-related diseases.
Commun. Biol. 7, 382–415. doi:10.1038/s42003-024-06080-1

Liu Y, Y., Zhang, H., Lin, Y., Qian, P., Yin, Y., Zou, G., et al. (2024). Deficiency of
diacylglycerol Kinase ζ promotes Beclin1mediated autophagy via the mTOR/TFEB
signaling pathway: relevance to maladaptive cardiac hypertrophy. Int. J. Med. Sci. 21,
439–453. doi:10.7150/ijms.88134

Lőrincz, P., Lakatos, Z., Maruzs, T., Szatmári, Z., Kis, V., and Sass, M. (2014). Atg6/
UVRAG/Vps34-containing lipid kinase complex is required for receptor
downregulation through endolysosomal degradation and epithelial polarity during
Drosophila wing development. Biomed. Res. Int. 2014, 851349–851419. doi:10.1155/
2014/851349

Lőrincz, P., Tóth, S., Benkő, P., Lakatos, Z., Boda, A., Glatz, G., et al. (2017).
Rab2 promotes autophagic and endocytic lysosomal degradation. J. Cell Biol. 216,
1937–1947. doi:10.1083/jcb.201611027

Lőw, P., Varga, Á., Pircs, K., Nagy, P., Szatmári, Z., Sass, M., et al. (2013). Impaired
proteasomal degradation enhances autophagy via hypoxia signaling inDrosophila. BMC
Cell Biol. 14, 29–13. doi:10.1186/1471-2121-14-29

Lu, C., Jiang, Y., Xu, W., and Bao, X. (2023). Sestrin2: multifaceted functions,
molecular basis, and its implications in liver diseases. Cell Death Dis. 14, 160–214.
doi:10.1038/s41419-023-05669-4

Lund, V. K., Lycas, M. D., Schack, A., Andersen, R. C., Gether, U., and Kjaerulff, O.
(2021). Rab2 drives axonal transport of dense core vesicles and lysosomal organelles.
Cell Rep. 35, 108973–109026. doi:10.1016/j.celrep.2021.108973

Luong, N., Davies, C. R., Wessells, R. J., Graham, S. M., King, M. T., Veech, R., et al.
(2006). Activated FOXO-mediated insulin resistance is blocked by reduction of TOR
activity. Cell Metab. 4, 133–142. doi:10.1016/j.cmet.2006.05.013

Martinelli, I., Timotin, A., Moreno-Corchado, P., Marsal, D., Kramar, S., Loy, H., et al.
(2021). Galanin promotes autophagy and alleviates apoptosis in the hypertrophied heart
through FoxO1 pathway. Redox Biol. 40, 101866–101913. doi:10.1016/j.redox.2021.
101866

Maruzs, T., Lakatos, E., Feil-Börcsök, D., Lőrincz, P., and Juhász, G. (2022). Isolation
and characterization of novel plekhm1 and def8 mutant alleles in Drosophila. Biol.
Futur. 73, 149–155. doi:10.1007/s42977-022-00118-3

Meizlish, M. L., Kimura, Y., Pope, S. D., Matta, R., Kim, C., Philip, N. H., et al. (2024).
Mechanosensing regulates tissue repair program in macrophages. Sci. Adv. 10,
eadk6906–17. doi:10.1126/sciadv.adk6906

Miyamoto, S. (2019). Autophagy and cardiac aging. Cell Death Differ. 26, 653–664.
doi:10.1038/s41418-019-0286-9

Mizushima, N., Sugita, H., Yoshimori, T., and Ohsumi, Y. (1998). A new protein
conjugation system in human. The counterpart of the yeast Apg12p conjugation system
essential for autophagy. J. Biol. Chem. 273, 33889–33892. doi:10.1074/jbc.273.51.33889

Mönck, H., Toppe, D., Michael, E., Sigrist, S., Richter, V., Hilpert, D., et al. (2017). A
new method to characterize function of the Drosophila heart by means of optical flow.
J. Exp. Biol. 220, 4644–4653. doi:10.1242/jeb.164343

Murakawa, T., Kiger, A. A., Sakamaki, Y., Fukuda, M., and Fujita, N. (2020). An
autophagy-dependent tubular lysosomal network synchronizes degradative
activity required for muscle remodeling. J. Cell Sci. 133, jcs248336. doi:10.1242/
jcs.248336

Nagy, P., Kárpáti, M., Varga, A., Pircs, K., Venkei, Z., Takáts, S., et al. (2014). Atg17/
FIP200 localizes to perilysosomal Ref(2)P aggregates and promotes autophagy by
activation of Atg1 in Drosophila. Autophagy 10, 453–467. doi:10.4161/auto.27442

Nagata, R., Akai, N., Kondo, S., Saito, K., Ohsawa, S., and Igaki, T. (2022). Yorkie
drives supercompetition by nonautonomous induction of autophagy via bantam
microRNA in Drosophila. Curr. Biol. 32, 1064–1076.e4. doi:10.1016/j.cub.2022.01.016

Nicolás-Ávila, J. A., Lechuga-Vieco, A. V., Esteban-Martínez, L., Sánchez-Díaz, M.,
Díaz-García, E., Santiago, D. J., et al. (2020). A network of macrophages supports
mitochondrial homeostasis in the heart. Cell 183, 94–109.e23. doi:10.1016/j.cell.2020.
08.031

Nishimura, T., and Tooze, S. A. (2020). Emerging roles of ATG proteins and
membrane lipids in autophagosome formation. Cell Discov. 6, 32. doi:10.1038/
s41421-020-0161-3

Nyfeler, B., Bergman, P., Triantafellow, E., Wilson, C. J., Zhu, Y., Radetich, B., et al.
(2011). Relieving autophagy and 4EBP1 from rapamycin resistance. Mol. Cell. Biol. 31,
2867–2876. doi:10.1128/MCB.05430-11

Pai, Y. L., Lin, Y. J., Peng, W. H., Huang, L. T., Chou, H. Y., Wang, C. H., et al. (2023).
The deubiquitinase Leon/USP5 interacts with Atg1/ULK1 and antagonizes autophagy.
Cell Death Dis. 14, 540–611. doi:10.1038/s41419-023-06062-x

Pan, L., Liu, J., and Li, Y. (2019). Structural basis of autophagy regulatory proteins.
Adv. Exp. Med. Biol. 1206, 287–326. doi:10.1007/978-981-15-0602-4_15

Pan, X. C., Xiong, Y. L., Hong, J. H., Liu, Y., Cen, Y. Y., Liu, T., et al. (2022).
Cardiomyocytic FoxP3 is involved in Parkin-mediated mitophagy during cardiac
remodeling and the regulatory role of triptolide. Theranostics 12, 2483–2501. doi:10.
7150/thno.71102

Pandey, U. B., Nie, Z., Batlevi, Y., McCray, B. A., Ritson, G. P., Nedelsky, N. B., et al.
(2007). HDAC6 rescues neurodegeneration and provides an essential link between
autophagy and the UPS. Nature 447, 859–863. doi:10.1038/nature05853

Park, J. Y., Dus, M., Kim, S., Abu, F., Kanai, M. I., Rudy, B., et al. (2016). Drosophila
SLC5A11 mediates hunger by regulating K(+) channel activity. Curr. Biol. 26,
1965–1974. doi:10.1016/j.cub.2016.05.076

Patel, P. H., Wilkinson, E. C., Starke, E. L., McGimsey, M. R., Blankenship, J. T., and
Barbee, S. A. (2020). Vps54 regulates Drosophila neuromuscular junction development
and interacts genetically with Rab7 to control composition of the postsynaptic density.
Biol. Open 9, bio053421–19. doi:10.1242/bio.053421

Perlegos, A. E., Durkin, J., Belfer, S. J., Rodriguez, A., Shcherbakova, O., Park, K., et al.
(2024). TDP-43 impairs sleep in Drosophila through Ataxin-2-dependent metabolic
disturbance. Sci. Adv. 10, eadj4457. doi:10.1126/sciadv.adj4457

Piazza, N., andWessells, R. J. (2011). Drosophilamodels of cardiac disease. Prog. Mol.
Biol. Transl. Sci. 100, 155–210. doi:10.1016/B978-0-12-384878-9.00005-4

Pino-Jiménez, B., Giannios, P., and Casanova, J. (2023). Polyploidy-associated
autophagy promotes larval tracheal histolysis at Drosophila metamorphosis.
Autophagy 19, 2972–2981. doi:10.1080/15548627.2023.2231828

Piochi, L. F., Machado, I. F., Palmeira, C. M., and Rolo, A. P. (2021). Sestrin2 and
mitochondrial quality control: potential impact in myogenic differentiation. Ageing Res.
Rev. 67, 101309–101313. doi:10.1016/j.arr.2021.101309

Qin, Q. M., Luo, J., Lin, X., Pei, J., Li, L., Ficht, T. A., et al. (2011). Functional analysis
of host factors that mediate the intracellular lifestyle of Cryptococcus neoformans. PLoS
Pathog. 7, e1002078. doi:10.1371/journal.ppat.1002078

Qin, X., Jiang, B., and Zhang, Y. (2016). 4E-BP1, a multifactor regulated
multifunctional protein. Cell Cycle 15, 781–786. doi:10.1080/15384101.2016.1151581

Quarles, E., Basisty, N., Chiao, Y. A., Merrihew, G., Gu, H., Sweetwyne, M. T., et al.
(2020). Rapamycin persistently improves cardiac function in aged, male and female mice,
even following cessation of treatment. Aging Cell 19, e13086. doi:10.1111/acel.13086

Rabinovich-Nikitin, I., Rasouli, M., Reitz, C. J., Posen, I., Margulets, V., Dhingra, R.,
et al. (2021). Mitochondrial autophagy and cell survival is regulated by the circadian
Clock gene in cardiac myocytes during ischemic stress. Autophagy 17, 3794–3812.
doi:10.1080/15548627.2021.1938913

Ramos-Kuri, M., Meka, S. H., Salamanca-Buentello, F., Hajjar, R. J., Lipskaia, L., and
Chemaly, E. R. (2021). Molecules linked to Ras signaling as therapeutic targets in cardiac
pathologies. Biol. Res. 54, 23–14. doi:10.1186/s40659-021-003426

Regan, J. C., Lu, Y. X., Ureña, E., Meilenbrock, R. L., Catterson, J. H., Kißler, D., et al.
(2022). Sexual identity of enterocytes regulates autophagy to determine intestinal health,
lifespan and responses to rapamycin.Nat. Aging 2, 1145–1158. doi:10.1038/s43587-022-
00308-7

Ren, C., Sun, K., Zhang, Y., Hu, Y., Hu, B., Zhao, J., et al. (2021). Sodium-Glucose
CoTransporter-2 inhibitor empagliflozin ameliorates sunitinib-induced cardiac
dysfunction via regulation of AMPK-mTOR signaling pathway-mediated autophagy.
Front. Pharmacol. 12, 664181–664214. doi:10.3389/fphar.2021.664181

Rodney, G. G., Pal, R., and Abo-Zahrah, R. (2016). Redox regulation of autophagy in
skeletal muscle. Free Radic. Biol. Med. 98, 103–112. doi:10.1016/j.freeradbiomed.2016.
05.010

Rong, Y., Zhang, S., Nandi, N., Wu, Z., Li, L., Liu, Y., et al. (2022). STING controls
energy stress-induced autophagy and energy metabolism via STX17. J. Cell Biol. 221,
e202202060. doi:10.1083/jcb.202202060

Rosa-Ferreira, C., Sweeney, S. T., and Munro, S. (2018). The small G protein
Arl8 contributes to lysosomal function and long-range axonal transport in
Drosophila. Biol. Open 7, bio035964. doi:10.1242/bio.035964

Frontiers in Cell and Developmental Biology frontiersin.org18

Zhang et al. 10.3389/fcell.2025.1512341

https://doi.org/10.1126/science.1182228
https://doi.org/10.1186/s12951-023-01985-1
https://doi.org/10.1080/15548627.2019.1659610
https://doi.org/10.1080/15548627.2019.1659610
https://doi.org/10.4161/auto.5829
https://doi.org/10.1016/j.yjmcc.2014.12.017
https://doi.org/10.1016/j.yjmcc.2014.12.017
https://doi.org/10.1080/15548627.2018.1474991
https://doi.org/10.1038/s41467-017-02280-y
https://doi.org/10.1038/s41467-017-02280-y
https://doi.org/10.1038/s42003-024-06080-1
https://doi.org/10.7150/ijms.88134
https://doi.org/10.1155/2014/851349
https://doi.org/10.1155/2014/851349
https://doi.org/10.1083/jcb.201611027
https://doi.org/10.1186/1471-2121-14-29
https://doi.org/10.1038/s41419-023-05669-4
https://doi.org/10.1016/j.celrep.2021.108973
https://doi.org/10.1016/j.cmet.2006.05.013
https://doi.org/10.1016/j.redox.2021.101866
https://doi.org/10.1016/j.redox.2021.101866
https://doi.org/10.1007/s42977-022-00118-3
https://doi.org/10.1126/sciadv.adk6906
https://doi.org/10.1038/s41418-019-0286-9
https://doi.org/10.1074/jbc.273.51.33889
https://doi.org/10.1242/jeb.164343
https://doi.org/10.1242/jcs.248336
https://doi.org/10.1242/jcs.248336
https://doi.org/10.4161/auto.27442
https://doi.org/10.1016/j.cub.2022.01.016
https://doi.org/10.1016/j.cell.2020.08.031
https://doi.org/10.1016/j.cell.2020.08.031
https://doi.org/10.1038/s41421-020-0161-3
https://doi.org/10.1038/s41421-020-0161-3
https://doi.org/10.1128/MCB.05430-11
https://doi.org/10.1038/s41419-023-06062-x
https://doi.org/10.1007/978-981-15-0602-4_15
https://doi.org/10.7150/thno.71102
https://doi.org/10.7150/thno.71102
https://doi.org/10.1038/nature05853
https://doi.org/10.1016/j.cub.2016.05.076
https://doi.org/10.1242/bio.053421
https://doi.org/10.1126/sciadv.adj4457
https://doi.org/10.1016/B978-0-12-384878-9.00005-4
https://doi.org/10.1080/15548627.2023.2231828
https://doi.org/10.1016/j.arr.2021.101309
https://doi.org/10.1371/journal.ppat.1002078
https://doi.org/10.1080/15384101.2016.1151581
https://doi.org/10.1111/acel.13086
https://doi.org/10.1080/15548627.2021.1938913
https://doi.org/10.1186/s40659-021-003426
https://doi.org/10.1038/s43587-022-00308-7
https://doi.org/10.1038/s43587-022-00308-7
https://doi.org/10.3389/fphar.2021.664181
https://doi.org/10.1016/j.freeradbiomed.2016.05.010
https://doi.org/10.1016/j.freeradbiomed.2016.05.010
https://doi.org/10.1083/jcb.202202060
https://doi.org/10.1242/bio.035964
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1512341


Rubin, G. M., Yandell, M. D., Wortman, J. R., Gabor Miklos, G. L., Nelson, C. R.,
Hariharan, I. K., et al. (2000). Comparative genomics of the eukaryotes. Science 287,
2204–2215. doi:10.1126/science.287.5461.2204

Rusten, T. E., Lindmo, K., Juhász, G., Sass, M., Seglen, P. O., Brech, A., et al. (2004).
Programmed autophagy in the Drosophila fat body is induced by ecdysone through
regulation of the PI3K pathway. Dev. Cell 7, 179–192. doi:10.1016/j.devcel.2004.
07.005

Safaie, N., Masoumi, S., Alizadeh, S., Mirzajanzadeh, P., Nejabati, H. R., Hajiabbasi,
M., et al. (2024). SGLT2 inhibitors and AMPK: the road to cellular housekeeping? Cell
biochem. Funct. 42, e3922. doi:10.1002/cbf.3922

Saha, S., Buttari, B., Panieri, E., Profumo, E., and Saso, L. (2020). An overview of
Nrf2 signaling pathway and its role in inflammation. Molecules 25, 5474–5531. doi:10.
3390/molecules25225474

Sanches-Silva, A., Testai, L., Nabavi, S. F., Battino, M., Pandima Devi, K., Tejada, S.,
et al. (2020). Therapeutic potential of polyphenols in cardiovascular diseases: regulation
of mTOR signaling pathway. Pharmacol. Res. 152, 104626–104710. doi:10.1016/j.phrs.
2019.104626

Santalla, M., García, A., Mattiazzi, A., Valverde, C. A., Schiemann, R., Paululat, A.,
et al. (2022). Interplay between SERCA, 4E-BP, and eIF4E in the Drosophila heart. PLoS
One 17, e0267156. doi:10.1371/journal.pone.0267156

Santarelli, S., Londero, C., Soldano, A., Candelaresi, C., Todeschini, L., Vernizzi, L.,
et al. (2023). Drosophila melanogaster as a model to study autophagy in
neurodegenerative diseases induced by proteinopathies. Front. Neurosci. 17,
1082047–1082125. doi:10.3389/fnins.2023.1082047

Santinho, A., Carpentier, M., Lopes Sampaio, J., Omrane, M., and Thiam, A. R.
(2024). Giant organelle vesicles to uncover intracellular membrane mechanics and
plasticity. Nat. Commun. 15, 3767–3812. doi:10.1038/s41467-024-48086-7

Santovito, D., Steffens, S., Barachini, S., and Madonna, R. (2023). Autophagy, innate
immunity, and cardiac disease. Front. Cell. Dev. Biol. 11, 1149409–1149414. doi:10.
3389/fcell.2023.1149409

Schmid, E. T., Schinaman, J. M., Liu-Abramowicz, N., Williams, K. S., andWalker, D.
W. (2024). Accumulation of F-actin drives brain aging and limits healthspan in
Drosophila. Nat. Commun. 15, 9238–9315. doi:10.1038/s41467-024-53389-w

Sciarretta, S., Forte, M., Frati, G., and Sadoshima, J. (2018). New insights into the role
of mTOR signaling in the cardiovascular system. Circ. Res. 122, 489–505. doi:10.1161/
CIRCRESAHA.117.311147

Sciarretta, S., Forte, M., Frati, G., and Sadoshima, J. (2022). The complex network of
mTOR signalling in the heart. Cardiovasc. Res. 118, 424–439. doi:10.1093/cvr/cvab033

Sciarretta, S., Volpe, M., and Sadoshima, J. (2012). Is reactivation of autophagy a
possible therapeutic solution for obesity and metabolic syndrome? Autophagy 8,
1252–1254. doi:10.4161/auto.20670

Scott, R. C., Schuldiner, O., and Neufeld, T. P. (2004). Role and regulation of
starvation-induced autophagy in the Drosophila fat body. Dev. Cell 7, 167–178.
doi:10.1016/j.devcel.2004.07.009

Shaw, N. M., Rios-Monterrosa, J. L., Fedorchak, G. R., Ketterer, M. R., Coombs, G. S.,
Lammerding, J., et al. (2022). Effects of mutant lamins on nucleo-cytoskeletal coupling
in Drosophila models of LMNA muscular dystrophy. Front. Cell Dev. Biol. 10,
934586–934618. doi:10.3389/fcell.2022.934586

Shekhar, S., Moehlman, A. T., Park, B., Ewnetu, M., Tracy, C., Titos, I., et al. (2023).
Allnighter pseudokinase-mediated feedback links proteostasis and sleep in Drosophila.
Nat. Commun. 14, 2932. doi:10.1038/s41467-023-38485-7

Shen, H. M., and Codogno, P. (2011). Autophagic cell death: loch Ness monster or
endangered species? Autophagy 7, 457–465. doi:10.4161/auto.7.5.14226

Shen, J. L., Doherty, J., Allen, E., Fortier, T. M., and Baehrecke, E. H. (2022).
Atg6 promotes organismal health by suppression of cell stress and inflammation.
Cell death Differ. 29, 2275–2287. doi:10.1038/s41418-022-01014-y

Shin, J. Y., and Worman, H. J. (2022). Molecular pathology of laminopathies. Annu.
Rev. Pathol. 17, 159–180. doi:10.1146/annurev-pathol-042220-034240

Shravage, B. V., Hill, J. H., Powers, C. M., Wu, L., and Baehrecke, E. H. (2013). Atg6 is
required for multiple vesicle trafficking pathways and hematopoiesis inDrosophila.Dev.
Camb. Engl. 140, 1321–1329. doi:10.1242/dev.089490

Soukup, S. F., Kuenen, S., Vanhauwaert, R., Manetsberger, J., Hernández-Díaz, S.,
Swerts, J., et al. (2016). A LRRK2-dependent EndophilinA phosphoswitch is critical for
macroautophagy at presynaptic terminals. Neuron 92, 829–844. doi:10.1016/j.neuron.
2016.09.037

Srivastav, S., van der Graaf, K., Singh, P., Utama, A. B., Meyer, M. D., McNew, J. A.,
et al. (2024). Atl (atlastin) regulates mTor signaling and autophagy inDrosophilamuscle
through alteration of the lysosomal network. Autophagy 20, 131–150. doi:10.1080/
15548627.2023.2249794

Su, Y., Wang, T., Wu, N., Li, D., Fan, X., Xu, Z., et al. (2019). Alpha-ketoglutarate
extends Drosophila lifespan by inhibiting mTOR and activating AMPK. Aging (Albany
NY) 11, 4183–4197. doi:10.18632/aging.102045

Sujkowski, A., Bazzell, B., Carpenter, K., Arking, R., and Wessells, R. J. (2015).
Endurance exercise and selective breeding for longevity extend Drosophila healthspan
by overlapping mechanisms. Aging (Albany NY) 7, 535–552. doi:10.18632/aging.100789

Sujkowski, A., Gretzinger, A., Soave, N., Todi, S. V., and Wessells, R. (2020). Alpha-
and beta-adrenergic octopamine receptors in muscle and heart are required for
Drosophila exercise adaptations. PLoS Genet. 16, e1008778. doi:10.1371/journal.pgen.
1008778

Sujkowski, A., Hong, L., Wessells, R. J., and Todi, S. V. (2022). The protective role of
exercise against age-related neurodegeneration. Ageing Res. Rev. 74, 101543–101626.
doi:10.1016/j.arr.2021.101543

Sujkowski, A., Saunders, S., Tinkerhess, M., Piazza, N., Jennens, J., Healy, L., et al.
(2012). dFatp regulates nutrient distribution and long-term physiology in Drosophila.
Aging cell 11, 921–932. doi:10.1111/j.1474-9726.2012.00864.x

Sujkowski, A., and Wessells, R. (2021). Exercise and Sestrin mediate speed and
lysosomal activity in Drosophila by partially overlapping mechanisms. Cells 10,
2479–2516. doi:10.3390/cells10092479

Szabó, Á., Vincze, V., Chhatre, A. S., Jipa, A., Bognár, S., Varga, K. E., et al. (2023).
LC3-associated phagocytosis promotes glial degradation of axon debris after injury in
Drosophila models. Nat. Commun. 14, 3077–3119. doi:10.1038/s41467-02338755-4

Takáts, S., Lévay, L., Boda, A., Tóth, S., Simon-Vecsei, Z., Rubics, A., et al. (2021). The
warburg micro syndrome-associated Rab3GAP-rab18 module promotes autolysosome
maturation through the Vps34 complex I. FEBS J. 288, 190–211. doi:10.1111/febs.15313

Takáts, S., Pircs, K., Nagy, P., Varga, A., Kárpáti, M., Hegedűs, K., et al. (2014).
Interaction of the HOPS complex with Syntaxin 17 mediates autophagosome clearance
in Drosophila. Mol. Biol. Cell 25, 1338–1354. doi:10.1091/mbc.E1308-0449

Terman, A., Kurz, T., Navratil, M., Arriaga, E. A., and Brunk, U. T. (2010). Mitochondrial
turnover and aging of long-lived postmitotic cells: the mitochondrial-lysosomal axis theory of
aging. Antioxid. Redox Signal. 12, 503–535. doi:10.1089/ars.2009.2598

Toda, H., Mochizuki, H., Flores, R., Josowitz, R., Krasieva, T. B., Lamorte, V. J., et al.
(2008). UNC-51/ATG1 kinase regulates axonal transport by mediating motor-cargo
assembly. Genes Dev. 22, 3292–3307. doi:10.1101/gad.1734608

Tsukada, M., and Ohsumi, Y. (1993). Isolation and characterization of autophagy-
defective mutants of Saccharomyces cerevisiae. FEBS Lett. 333, 169–174. doi:10.1016/
0014-5793(93)80398-e

Turco, E., Witt, M., Abert, C., Bock-Bierbaum, T., Su, M. Y., Trapannone, R., et al.
(2019). FIP200 claw domain binding to p62 promotes autophagosome formation at
ubiquitin condensates. Mol. Cell 74, 330–346. e11. doi:10.1016/j.molcel.2019.01.035

Ulgherait, M., Rana, A., Rera, M., Graniel, J., and Walker, D. W. (2014). AMPK
modulates tissue and organismal aging in a non-cell-autonomous manner. Cell rep. 8,
1767–1780. doi:10.1016/j.celrep.2014.08.006

Valko, A. (2019). Autophagic paintings: in the frontier of art and science. Autophagy
15, 2022–2027. doi:10.1080/15548627.2019.1659618

Varga, K., Nagy, P., Arsikin Csordás, K., Kovács, A. L., Hegedűs, K., and Juhász, G. (2016).
Loss of Atg16 delays the alcohol-induced sedation response via regulation of Corazonin
neuropeptide production in Drosophila. Sci. Rep. 6, 34641. doi:10.1038/srep34641

Velentzas, P. D., and Baehrecke, E. H. (2021). Histological assessment of
developmental cell death in Drosophila pupae. Star. Protoc. 2, 100473–100515.
doi:10.1016/j.xpro.2021.100473

Villanueva, J. E., Livelo, C., Trujillo, A. S., Chandran, S., Woodworth, B., Andrade, L.,
et al. (2019). Time-restricted feeding restores muscle function in Drosophila models of
obesity and circadian-rhythm disruption. Nat. Commun. 10, 2700–2717. doi:10.1038/
s41467-019-10563-9

Walker, S. G., Langland, C. J., Viles, J., Hecker, L. A., and Wallrath, L. L. (2023).
Drosophilamodels reveal properties of mutant Lamins that give rise to distinct diseases.
Cells 12, 1142–1224. doi:10.3390/cells12081142

Wang, J. F., Wen, D. T., Wang, S. J., Gao, Y. H., and Yin, X. Y. (2023). Muscle-specific
overexpression of Atg2 gene and endurance exercise delay age-related deteriorations of
skeletal muscle and heart function via activating the AMPK/Sirt1/PGC-1α pathway in
male Drosophila. FASEB J. 37, e23214. doi:10.1096/fj.202301312R

Wang, L., Wang, J., Cretoiu, D., Li, G., and Xiao, J. (2020). Exercise-mediated
regulation of autophagy in the cardiovascular system. J. Sport Health Sci. 9,
203–210. doi:10.1016/j.jshs.2019.10.001

Wang, W., Li, J., Tan, J., Wang, M., Yang, J., Zhang, Z., et al. (2021). Endonuclease G
promotes autophagy by suppressing mTOR signaling and activating the DNA damage
response. Nat. Commun. 12, 476–515. doi:10.1038/s41467-020-20780-2

Wang, Y., and Zhang, H. (2019). Regulation of autophagy by mTOR signaling
pathway. Adv. Exp. Med. Biol. 1206, 67–83. doi:10.1007/978-981-15-0602-43

Weeks, K. L., Tham, Y. K., Yildiz, S. G., Alexander, Y., Donner, D. G., Kiriazis, H.,
et al. (2021). FoxO1 is required for physiological cardiac hypertrophy induced by
exercise but not by constitutively active PI3K. Am. J. Physiol. Heart Circ. Physiol. 320,
H1470–H1485. doi:10.1152/ajpheart.00838.2020

Wen, D. T., Gao, Y. H., Wang, J., Wang, S., Zhong, Q., and Hou, W. Q. (2023). Role of
muscle FOXO gene in exercise against the skeletal muscle and cardiac age-related
defects and mortality caused by high-salt intake in Drosophila. Genes Nutr. 18, 6–17.
doi:10.1186/s12263-023-00725-2

Wessells, R., Fitzgerald, E., Piazza, N., Ocorr, K., Morley, S., Davies, C., et al. (2009).
d4eBP acts downstream of both dTOR and dFoxo to modulate cardiac functional aging
in Drosophila. Aging Cell 8, 542–552. doi:10.1111/j.14749726.2009.00504.x

Frontiers in Cell and Developmental Biology frontiersin.org19

Zhang et al. 10.3389/fcell.2025.1512341

https://doi.org/10.1126/science.287.5461.2204
https://doi.org/10.1016/j.devcel.2004.07.005
https://doi.org/10.1016/j.devcel.2004.07.005
https://doi.org/10.1002/cbf.3922
https://doi.org/10.3390/molecules25225474
https://doi.org/10.3390/molecules25225474
https://doi.org/10.1016/j.phrs.2019.104626
https://doi.org/10.1016/j.phrs.2019.104626
https://doi.org/10.1371/journal.pone.0267156
https://doi.org/10.3389/fnins.2023.1082047
https://doi.org/10.1038/s41467-024-48086-7
https://doi.org/10.3389/fcell.2023.1149409
https://doi.org/10.3389/fcell.2023.1149409
https://doi.org/10.1038/s41467-024-53389-w
https://doi.org/10.1161/CIRCRESAHA.117.311147
https://doi.org/10.1161/CIRCRESAHA.117.311147
https://doi.org/10.1093/cvr/cvab033
https://doi.org/10.4161/auto.20670
https://doi.org/10.1016/j.devcel.2004.07.009
https://doi.org/10.3389/fcell.2022.934586
https://doi.org/10.1038/s41467-023-38485-7
https://doi.org/10.4161/auto.7.5.14226
https://doi.org/10.1038/s41418-022-01014-y
https://doi.org/10.1146/annurev-pathol-042220-034240
https://doi.org/10.1242/dev.089490
https://doi.org/10.1016/j.neuron.2016.09.037
https://doi.org/10.1016/j.neuron.2016.09.037
https://doi.org/10.1080/15548627.2023.2249794
https://doi.org/10.1080/15548627.2023.2249794
https://doi.org/10.18632/aging.102045
https://doi.org/10.18632/aging.100789
https://doi.org/10.1371/journal.pgen.1008778
https://doi.org/10.1371/journal.pgen.1008778
https://doi.org/10.1016/j.arr.2021.101543
https://doi.org/10.1111/j.1474-9726.2012.00864.x
https://doi.org/10.3390/cells10092479
https://doi.org/10.1038/s41467-02338755-4
https://doi.org/10.1111/febs.15313
https://doi.org/10.1091/mbc.E1308-0449
https://doi.org/10.1089/ars.2009.2598
https://doi.org/10.1101/gad.1734608
https://doi.org/10.1016/0014-5793(93)80398-e
https://doi.org/10.1016/0014-5793(93)80398-e
https://doi.org/10.1016/j.molcel.2019.01.035
https://doi.org/10.1016/j.celrep.2014.08.006
https://doi.org/10.1080/15548627.2019.1659618
https://doi.org/10.1038/srep34641
https://doi.org/10.1016/j.xpro.2021.100473
https://doi.org/10.1038/s41467-019-10563-9
https://doi.org/10.1038/s41467-019-10563-9
https://doi.org/10.3390/cells12081142
https://doi.org/10.1096/fj.202301312R
https://doi.org/10.1016/j.jshs.2019.10.001
https://doi.org/10.1038/s41467-020-20780-2
https://doi.org/10.1007/978-981-15-0602-43
https://doi.org/10.1152/ajpheart.00838.2020
https://doi.org/10.1186/s12263-023-00725-2
https://doi.org/10.1111/j.14749726.2009.00504.x
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1512341


Wohlgemuth, S. E., Julian, D., Akin, D. E., Fried, J., Toscano, K., Leeuwenburgh, C.,
et al. (2007). Autophagy in the heart and liver during normal aging and calorie
restriction. Rejuvenation Res. 10, 281–292. doi:10.1089/rej.2006.0535

Xiao, F. H., Chen, X. Q., Yu, Q., Ye, Y., Liu, Y. W., Yan, D., et al. (2018).
Transcriptome evidence reveals enhanced autophagy-lysosomal function in
centenarians. Genome Res. 28, 1601–1610. doi:10.1101/gr.220780.117

Xu, P., Damschroder, D., Zhang, M., Ryall, K. A., Adler, P. N., Saucerman, J. J., et al.
(2019). Atg2, Atg9 and Atg18 in mitochondrial integrity, cardiac function and
healthspan in Drosophila. J. Mol. Cell. Cardiol. 127, 116–124. doi:10.1016/j.yjmcc.
2018.12.006

Xu, Y., Liu, W., Sun, Z., Yu, Y., Yang, T., Lu, X., et al. (2024). The two autophagy-
related proteins 8a and 8b play distinct physiological roles in Drosophila. Genomics 116,
110853–110913. doi:10.1016/j.ygeno.2024.110853

Xue, Y., Zhang, M., Liu, M., Liu, Y., Li, L., Han, X., et al. (2021). 8-Gingerol
ameliorates myocardial fibrosis by attenuating reactive oxygen species, apoptosis,
and autophagy via the PI3K/Akt/mTOR signaling pathway. Front. Pharmacol. 12,
711701–711713. doi:10.3389/fphar.2021.711701

Yamamoto, H., Zhang, S., andMizushima, N. (2023). Autophagy genes in biology and
disease. Nat. Rev. Genet. 24, 382–400. doi:10.1038/s41576-022-00562-w

Yang, S., Long, L. H., Li, D., Zhang, J. K., Jin, S., Wang, F., et al. (2015). β-
Guanidinopropionic acid extends the lifespan of Drosophila melanogaster via an
AMP-activated protein kinase-dependent increase in autophagy. Aging Cell 14,
1024–1033. doi:10.1111/acel.12371

Yi, S., Wang, L., Ho, M. S., and Zhang, S. (2024). The autophagy protein
Atg9 functions in glia and contributes to parkinsonian symptoms in a Drosophila
model of Parkinson’s disease.Neural Regen. Res. 19, 1150–1155. doi:10.4103/1673-5374.
382259

Yildirim, K., Winkler, B., Pogodalla, N., Mackensen, S., Baldenius, M., Garcia, L., et al.
(2022). Redundant functions of the SLC5A transporters Rumpel, Bumpel, and Kumpel
in ensheathing glial cells. Biol. Open 11, bio059128. doi:10.1242/bio.059128

Yin, S., Liu, L., and Gan, W. (2021). The roles of post-translational modifications on
mTOR signaling. Int. J. Mol. Sci. 22, 1784–1828. doi:10.3390/ijms22041784

Yu, C., and Xiao, J. H. (2021). The Keap1-Nrf2 system: a mediator between oxidative
stress and aging. Oxid. Med. Cell. Longev. 2021, 6635460–6635516. doi:10.1155/2021/
6635460

Yu, D., Tomasiewicz, J. L., Yang, S. E., Miller, B. R., Wakai, M. H., Sherman, D. S., et al.
(2019). Calorie-restrictioninduced insulin sensitivity is mediated by adipose
mTORC2 and not required for lifespan extension. Cell Rep. 29, 236–248. doi:10.
1016/j.celrep.2019.08.084

Yu, L., Daniels, J., Glaser, A. E., and Wolf, M. J. (2013). Raf-mediated cardiac
hypertrophy in adult Drosophila. Dis. Model. Mech. 6, 964–976. doi:10.1242/dmm.
011361

Zang, H., Mathew, R. O., and Cui, T. (2020a). The dark side of Nrf2 in the heart. Front.
Physiol. 11, 722–728. doi:10.3389/fphys.2020.00722

Zang, H., Wu, W., Qi, L., Tan, W., Nagarkatti, P., Nagarkatti, M., et al. (2020b).
Autophagy inhibition enables Nrf2 to exaggerate the progression of diabetic
cardiomyopathy in mice. Diabetes 69, 2720–2734. doi:10.2337/db19-1176

Zhang, S., Dong, Y., Chen, X., Tan, C. S. H., Li, M., Miao, K., et al. (2022).
Toosendanin, a late-stage autophagy inhibitor, sensitizes triple-negative breast
cancer to irinotecan chemotherapy. Chin. Med. 17, 55–14. doi:10.1186/s13020-
02200605-8

Zhang, Y., Liu, D., Hu, H., Zhang, P., Xie, R., and Cui, W. (2019). HIF-1α/
BNIP3 signaling pathway-induced-autophagy plays protective role during
myocardial ischemia-reperfusion injury. Biomed. Pharmacother. 120,
109464–109468. doi:10.1016/j.biopha.2019.109464

Zhou, L., Xue, X., Yang, K., Feng, Z., Liu, M., and Pastor-Pareja, J. C. (2023).
Convergence of secretory, endosomal, and autophagic routes in trans-Golgi-associated
lysosomes. J. Cell Biol. 222, e202203045. doi:10.1083/jcb.202203045

Zhou, X., Xu, M., Bryant, J. L., Ma, J., and Xu, X. (2019). Exercise-induced myokine
FNDC5/irisin functions in cardiovascular protection and intracerebral retrieval of
synaptic plasticity. Cell Biosci. 9, 32–34. doi:10.1186/s13578-0190294-y

Zhu, Y. C., Yocom, E., Sifers, J., Uradu, H., and Cooper, R. L. (2016). Modulatory
effects on Drosophila larva hearts: room temperature, acute and chronic cold stress.
J. Comp. Physiol. B 186, 829–841. doi:10.1007/s00360-016-0997-x

Zid, B. M., Rogers, A. N., Katewa, S. D., Vargas, M. A., Kolipinski, M. C., Lu, T. A.,
et al. (2009). 4E-BP extends lifespan upon dietary restriction by enhancing
mitochondrial activity in Drosophila. Cell 139, 149–160. doi:10.1016/j.cell.2009.07.034

Zirin, J., Nieuwenhuis, J., Samsonova, A., Tao, R., and Perrimon, N. (2015).
Regulators of autophagosome formation in Drosophila muscles. PLoS Genet. 11,
e1005006. doi:10.1371/journal.pgen.1005006

Frontiers in Cell and Developmental Biology frontiersin.org20

Zhang et al. 10.3389/fcell.2025.1512341

https://doi.org/10.1089/rej.2006.0535
https://doi.org/10.1101/gr.220780.117
https://doi.org/10.1016/j.yjmcc.2018.12.006
https://doi.org/10.1016/j.yjmcc.2018.12.006
https://doi.org/10.1016/j.ygeno.2024.110853
https://doi.org/10.3389/fphar.2021.711701
https://doi.org/10.1038/s41576-022-00562-w
https://doi.org/10.1111/acel.12371
https://doi.org/10.4103/1673-5374.382259
https://doi.org/10.4103/1673-5374.382259
https://doi.org/10.1242/bio.059128
https://doi.org/10.3390/ijms22041784
https://doi.org/10.1155/2021/6635460
https://doi.org/10.1155/2021/6635460
https://doi.org/10.1016/j.celrep.2019.08.084
https://doi.org/10.1016/j.celrep.2019.08.084
https://doi.org/10.1242/dmm.011361
https://doi.org/10.1242/dmm.011361
https://doi.org/10.3389/fphys.2020.00722
https://doi.org/10.2337/db19-1176
https://doi.org/10.1186/s13020-02200605-8
https://doi.org/10.1186/s13020-02200605-8
https://doi.org/10.1016/j.biopha.2019.109464
https://doi.org/10.1083/jcb.202203045
https://doi.org/10.1186/s13578-0190294-y
https://doi.org/10.1007/s00360-016-0997-x
https://doi.org/10.1016/j.cell.2009.07.034
https://doi.org/10.1371/journal.pgen.1005006
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1512341


Glossary
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myocardial infarction-regulatory factor

5-HT Serotonin, also known as 5-hydroxytryptamine

AdD adenylation domain

AKG alpha-ketoglutarate

AMPK adenosine 5‘-monophosphate (AMP)-activated
protein kinase

Atg autophagy-related

atl atlastin

Atg11_C autophagy-related protein 11, C-terminal

Atg2/VPS13_C Atg2/VPS13, C-terminal domain

Autophagy_act_C autophagocytosis associated protein, active-site domain

Autophagy-rel_
prot_9

autophagy-related protein nine family

BARA β-α repeated, autophagy-specific domain

BNIP3 BCL2 interacting protein 3

C2_PI3K_class_III C2 phosphatidylinositol 3-kinase-type domain

CC coiled-coil

cDNA complementary DNA

Ce Caenorhabditis elegans

Chorein_N vacuolar protein sorting-associated protein 13-like,
N-terminal domain

CncC cap-and-collar C

CNS central nervous system

COUP-TFII chicken ovalbumin upstream promoter-factor II

CtsB1 Cathepsin B1

daw TGFβ-INHB/activin-like ligand

DmFatp Drosophila fatty acid transport protein

Dm Drosophila melanogaster

DmSesn DmSestrin

ENDOG endonuclease G

ESCORT-III endosomal sorting complex required for transport III

FNDC5 fibronectin type III domain-containing 5

FOXO1 forkhead box protein O1

FoxP3 forkhead/winged helix transcriptional factor P3

ER endoplasmic reticulum

GATOR GAP toward Rags

HBR α-helical bundle region domain

HEK293 human embryonic kidney 293

HIF-1α transcription factor hypoxia inducible factor-1α

HORMA Hop1p, Rev7p and MAD2

HPLC High-performance liquid chromatography

HR heart rate

Hs Homo sapiens

HSPs hereditary spastic paraplegias

Keap1 kelch like ECH associated protein 1

Idit Iditarod

Kinase protein kinase domain

LamC the mammalian Lamin A/C homologue

lipophagy macroautophagy

LIR LC3 Interacting Region motif

lncRNA long noncoding RNA

LMNA lamin A/C

MEF mouse embryonic fibroblast

MTF myogenic transcription factor

MIT tandem microtubule interacting and transport

MS mass spectrometry

mthl methuselah-like

mTOR mechanistic or mammalian target of rapamycin

mTORC1 mechanistic target of rapamycin complex 1

mTORC2 mechanistic target of rapamycin complex 2

NAFLD non-alcoholic fatty-liver disease

NRBF2 nuclear receptor binding factor 2

Nrf2 nuclear factor erythroid 2-related factor 2

NTD N-terminal domain

OA octopamine

Octβ2R β-adrenergic octopamine receptor

Peptidase C54 peptidase C54, catalytic domain

PGC-1α peroxisome proliferator-activated receptor-gamma
coactivator (PGC)-1alpha

PI3Ka phosphoinositide 3-kinase, accessory (PIK) domain

PI3KC3 phosphatidylinositol 3-kinase catalytic subunit type 3

PI3Kc_III phosphatidylinositol 3-/4-kinase, catalytic domain

PROPPIN β-propellers that bind polyphosphoinositides

Rag Ras-related GTP-binding proteins

Ras renin-angiotensin system

RTK receptor tyrosine kinase

SESN2 Sestrin2

Sestrin PA26 p53-induced protein family

SETD2 SET domain containing 2, histone lysine methyltransferase

SGLT2 Sodium-Glucose Transport Protein 2

Sirt1 Sirtuin 1

Small GTPase small GTPase

Small_GTP-bd small GTP-binding domain

SNAREs soluble N-ethylmaleimide-sensitive factor attachment
protein receptors

SQSTM1 sequestosome 1
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STX17 Syntaxin 17

TAP tandem affinity purification

TFEB the transcription factor EB

TGFβ transformation growth factor beta

ThiF THIF-type NAD/FAD binding fold domain

TRα1PV THRA-PV, thyroid nuclear receptor alpha gene

t_SNARE target SNARE coiled-coil homology domain

Ubl Ubiquitin-like domain

UblA N-terminal ubiquitin-like domain

ULK Unc-51-like kinase

VPS15-like_hel VPS15-like, helical domain

VPS vacuolar protein sorting

WD40 β-propeller domain

WIPI2 WD Repeat Domain, Phosphoinositide Interacting 2

yw y1w67c23
fly
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