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Abstract

The term ‘autophagy’ literally translates to ‘self-eating’ and alterations to autophagy have been
identified as one of the several molecular changes that occur with aging in a variety of species.
Autophagy and aging, have a complicated and multifaceted relationship that has recently
come to light thanks to breakthroughs in our understanding of the various substrates of
autophagy on tissue homoeostasis. Several studies have been conducted to reveal the relation-
ship between autophagy and age-related diseases. The present review looks at a few new
aspects of autophagy and speculates on how they might be connected to both aging and
the onset and progression of disease. Additionally, we go over the most recent preclinical
data supporting the use of autophagy modulators as age-related illnesses including cancer,
cardiovascular and neurodegenerative diseases, and metabolic dysfunction. It is crucial to dis-
cover important targets in the autophagy pathway in order to create innovative therapies that
effectively target autophagy. Natural products have pharmacological properties that can be
therapeutically advantageous for the treatment of several diseases and they also serve as valu-
able sources of inspiration for the development of possible new small-molecule drugs. Indeed,
recent scientific studies have shown that several natural products including alkaloids, terpe-
noids, steroids, and phenolics, have the ability to alter a number of important autophagic sig-
nalling pathways and exert therapeutic effects, thus, a wide range of potential targets in
various stages of autophagy have been discovered. In this review, we summarised the naturally
occurring active compounds that may control the autophagic signalling pathways.

Introduction

Aging is a biological process that causes the organism’s quality of life to diminish over time
due to time-dependent cellular and functional degradation. Age-related conditions as a
group pose a serious socioeconomic burden on the world and a substantial healthcare concern.
Finding treatment approaches that slow the deterioration of numerous age-related pathological
disorders is therefore crucial (Ref. 1).

The incidence of various diseases such as cancer, cardiovascular diseases, neurodegenera-
tive diseases (NDs) and metabolic dysfunction rises with aging (Ref. 2). Above-mentioned ill-
nesses can be brought on by dysregulation of cellular autophagy. Autophagy is a quite
preserved catabolic cellular process that expresses lysosomal degradation and recycling of
nucleic acids, proteins, lipids and other intracellular components. Autophagy mechanism is
associated with homoeostasis, differentiation, development and survival processes, as well as
defence against pathogens and conservation of cellular energy. Decreased autophagic activity
in aging affects a variety of cellular and molecular processes and results in the accumulation of
damaged macromolecules and organelles. Therefore, it has been suggested that maintenance of
regular autophagic activity is associated with longevity (Ref. 3).

Autophagy functions as both a tumour suppressor and promoter (through protective
autophagy) in cancer. Furthermore, it plays a crucial role in preventing cardiac aging and
maintaining neuronal homoeostasis. Early regulation of the formation of the mammalian
heart, proper maintenance of cardiac structure and function, and the beginning and progres-
sion of cardiovascular disorders are all regulated by autophagic activity (Ref. 4). In addition to
protein aggregation, NDs have dysregulated autophagy along with mitochondrial dysfunction
and reduced lysosomal activity. The prevalence of NDs like Alzheimer’s disease (AD),
Parkinson’s disease (PD), and Huntington’s disease (HD) increases with aging and neuronal
autophagy dysregulation (Ref. 5). Moreover, in metabolic illnesses including obesity and dia-
betes, autophagy is suppressed or increased (Ref. 6). Studies have demonstrated the signifi-
cance of the signalling pathways PI3K/AKT/mTOR, AMP-activated protein kinase (AMPK),
MAPK, SIRT1, and FoXO in the control of autophagy, cell aging, and metabolic diseases.

There are many synthetic compounds that have been discovered that modify autophagy and
are good candidates for the therapy of cancer, but they come with unfavourable side effects. As
a result, several phytochemicals have drawn a lot of interest for their potential to be used as
autophagy modulators with minimum adverse effects (Ref. 7). Indeed, naturally occurring
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compounds including, alkaloids, terpenoids, flavonoids, phenyl-
propanoids, lignans, phenolic acids, stilbenes, tannins, senevol
glycosides, steroids, lectins have been found to be powerful autop-
hagy inducers or inhibitors, opening up new treatment regimens.

In the present review new aspects of autophagy and specula-
tions on how they might be connected to both aging and the
onset and progression of age-related diseases are discussed. We
also aim to summarise the natural compounds that can be used
as autophagy modulators. Eventually, developing practical appli-
cations that support long-term health will be made easier with
a better understanding of the specific interactions between autop-
hagy and the risk of age-related diseases across organisms.

Autophagy and aging

Three different types of autophagy have been described; macroau-
tophagy; is the basic mechanism of autophagy and occurs when
larger particles and organelles are taken into the autophagosome
and fused with lysosomes, microautophagy; small particles are
taken into the lysosome with the indentation in the membrane
and degraded, chaperone-mediated autophagy (CMA); the recog-
nition and transport of cytosolic proteins with a certain peptide
sequence by Hsp73, which is complex with molecular chaperones,
to lysosomes and this type of degradation pathway does not
require vesicular traffic (Refs 8, 9). On the other hand, selective
forms of macroautophagy and microautophagy in which the deg-
radation process occurs due to either the binding of HSC70 to the
hydrophobic residues exposed in misfolded or aggregated proteins
exists, namely chaperone-assisted selective autophagy (CASA) or
the sequence-mediated targeting of proteins by HSC70, namely
endosomal microautophagy (eMI) (Refs 10, 11).

The morphology of autophagy was first described in mamma-
lian cells in the 1950s, and 31 autophagy-related (ATG) genes
involved in the basic mechanism in autophagy were identified
(Refs 12, 13). Most yeast genes encoding autophagy proteins are
orthologous to the Caenorhabditis elegans genome (ATG2,
ATG3, ATG4, ATG5, ATG7, ATGY, ATG10, ATG12, ATG18
genes), but there are two homologues of ATG4, ATG8 and
ATG16. The ATG proteins encoded by these genes act at different
stages of autophagosome biogenesis such as initiation of autop-
hagy (unc-51/ATG1), vesicle nucleation (bec-1/ATG6, vps-
34/VPS34), protein conjugation system (ATG-7/M7.5/ATG7,
lgg-1/ATGS, lgg-3/ATG12), uptake and vesicle transformation
(ATG-18/F41E6.13/ATG18) (Ref. 14).

Macroautophagy can be induced in the presence of various
stress factors such as hypoxia, starvation, presence of damaged
protein or organelles. This type of autophagy involves 5-steps
including initiation, nucleation, elongation, fusion and degrad-
ation. In the initiation stage, inhibition of mTOR, the master
regulator of autophagy, leads to activation of autophagy. The
nucleation stage involving the ULK1 complex (ULK1/2, ATG13
and FIP200) and the class III PI3K complex (Beclin 1, ATG14L,
p150) participates in phagophore formation. The phagophore
membrane is closed via the ATG12 conjugation system (ATG12,
ATGS5 and ATGI16L) and the LC3-II conjugation system in the
elongation stage. This structure, called the autophagosome, con-
tains the autophagic cargo. Finally, in the degradation stage, the
autophagosome fuses with the lysosomal membrane and the
autophagic cargo is sequestered by lysosomal hydrolases
(Refs 15, 16, 17). In macroautophagy and microautophagy (also
called endosomal microautophagy in mammals), cargo transport
to the lysosome is vesicle-mediated, whereas in CMA it occurs
through specific receptors (Refs 18, 19). In CASA, which is one
of the selective macroautophagy types, polyubiquitinated aggre-
gate proteins are transmitted to the autophagosome by helper
chaperone Bcl2-related athanogen 3 (Bag3) and cytosolic
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chaperone heat shock cognate 70 kDa protein (HSC70) without
binding to a pentapeptide amino acid motif (KFERQ)-like motif
(Ref. 18). CMA is a variant of autophagy defined only for proteins
carrying a specific targeting motif in the KFERQ amino acid
sequence. The KFERQ-like motif is recognised by the cytosolic
chaperone HSC70 and translocates to the substrate lysosome by
the lysosome-associated membrane protein type A (LAMP2A) recep-
tor. CASA is distinct from CMA, by being ubiquitin-independent
(Fig. 1) (Refs 20, 21).

The processes of autophagy are related to aging in terms of
biochemical regulation of cells. It has been reported that the
decrease in gene expression of ATG5, ATG7, and Beclin-1 with
age in humans is a result of decreased stimulation of macroauto-
phagy (Ref. 22). Activation of macroautophagy as a result of dis-
ruption in the Beclin-1-BCL2 complex prolongs the lifespan of
mice (Ref. 23). While the impairment of macroautophagy in
cells such as neurons, melanocytes, and fibroblasts increases
aging (Ref. 24), chemical regulation of macroautophagy in tendon
stem cells decreases senescence (Ref. 25). Although the mechan-
ism of microautophagy is well elucidated, the information on
the relationship between microautophagy and aging is quite insuf-
ficient. One of the limited studies has shown that the accumula-
tion of protein and lipid peroxidation products via
microautophagy increases with aging (Ref. 26). The accumulation
and aggregation of proteins known as CMA substrates are asso-
ciated with the pathogenesis of aging and its accompanying dis-
eases. Studies have shown that an increase in LAMP2A levels
improves the reduction in CMA associated with aging (Ref. 27).
Moreover, in previous preclinical studies, impaired CASA was
shown to cause Z disc disintegration and progressive muscle
weakness in flies, mice, and human, revealing the importance of
chaperone-assisted degradation for the preservation of cellular
structures of muscle tissues, thereby shedding light on aging
(Ref. 21).

Hallmarks of aging

Hallmarks of aging are mainly loss of proteostasis, mitochondrial
dysfunction, disordered nutrient perception, genomic instability,
telomere attrition, cellular senescence, cellular stemness.

The role of autophagy in the loss of proteostasis

During the aging process, a decrease in the proteostasis activity of
many cells and tissues is observed. Loss of proteostasis, a key fea-
ture of aging, is characterised by the appearance of misfolded or
aggregated proteins. On the other hand, autophagy is capable of
detecting proteotoxic stress and developing an appropriate
response. Autophagy, which plays an important role in removing
misfolded or unfolded protein aggregates, is impaired with age.
With this degradation, protein aggregates accumulate and cause
proteotoxicity (Ref. 28).

Autophagy in mitochondrial dysfunction

The reduced mitophagy (known as clearing damaged mitochon-
dria) associated with aging in mitochondria also leads to
decreased energy production. Autophagy plays a key role in clean-
ing damaged mitochondria. Dysregulation in the autophagy
mechanism causes mitochondria accumulation and thus oxidative
stress (Ref. 29).

Autophagy and cellular stemness

Autophagy plays a major role in the ability of adult stem cells to
self-renew and differentiate into specialised cells. The decrease in
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Figure 1. The types of autophagy (Figure created with Biorender.com).

autophagic activity with age results in a decrease in stem cells
(Ref. 30).

Autophagy and senescence

Oxidative stress, DNA damage, telomere shortening lead to cellu-
lar senescence. While autophagy over-stimulation induces cell
death, its deficiency can trigger cellular senescence (Ref. 31).

Autophagy and genomic instability

UV light, toxic chemicals, agents such as reactive oxygen species
(ROS), mutations in nuclear and mitochondrial genes cause DNA
damage. Weakening of the DNA repair mechanism and accumu-
lating DNA damage trigger cellular senescence (Ref. 32).

Autophagy and telomere attrition

Damage to telomeres or a decrease in their activity is directly
related to the aging process (Ref. 33). An increase in cytoplasmic
vacuoles and autophagy-related ATG5, ATG12 and LC3 proteins
was observed in telomere-defected cells (Ref. 34).

Molecular mechanisms of autophagy

Many signalling pathways have been identified to be responsible
for regulating longevity and aging. Studies have shown that
PI3K/AKT/mTOR, AMP-activated protein kinase (AMPK),
MAPK, SIRT1, FoXO, signalling pathways are important in the
regulation of autophagy as well as cell aging and metabolic
disorders.

The PI3K/AKT/mTOR axis induced by growth factors is an
essential signalling pathway in cancer cell growth in nutrient-rich
conditions. In nutrient deficient conditions, inhibition of this path-
way promotes autophagy (Ref. 35). TOR is an evolutionarily con-
served serine/threonine kinase mainly localised in cytoplasm that
regulates various cellular functions, including cell metabolism,

https://doi.org/10.1017/erm.2023.5 Published online by Cambridge University Press

Autolysosome
L]
" o 5 .
° w e
L ] S L]
L ]

CYTOSOL

N
®
®
L ]
LAMPZA translocation =
complex [ ] ® e

survival, cytoskeleton, and autophagy (Ref. 36). mTOR is encoded
by a single gene and there are two types of mTOR complexes as
the protein product, functionally and structurally: mTOR complex
1 (mTORC1) sensitive to rapamycin and mTOR complex 2
(mTORC?2) insensitive to rapamycin (Ref. 37). mTORC1 consists
of mTOR, raptor (regulatory-associated protein of mTOR),
mLST8 (mammalian lethal with sec-13 protein 8), PRAS40
(proline-rich AKT substrate 40 kDa), Deptor (the DEP domain
containing mTOR-interacting protein), and TTI1/TEL2
(Ref. 38). mTORCI is responsible for negative regulation of cell
growth, differentiation and autophagy. Phosphorylation of
mTORCI inactivates ULK/ATG1, which promotes autophagy,
increases anabolism, and promotes cell growth. Rapamycin is a
well-known inhibitor of mTOR and also an inducer of macroau-
tophagy. The mTORC2 consists of mTOR, mLST8, rictor, mSINT1,
protor, and Deptor subunits. mTORC?2 is mainly involved in the
insulin signalling pathway and indirectly regulates autophagy
(Ref. 39). The activity of mTORCI is regulated by the PI3K/
AKT/mTOR signalling pathway as well as by the AMPK and
Ras-dependent MAPK pathways (Ref. 40). It was shown that
regulation of autophagy dependent on the AMPK-mTOR signal-
ling pathway can delay cardiomyocyte senescence (Ref. 41). It was
also determined that overactivation of mTOR leads to impaired
autophagy and results in premature aging (Ref. 42). ULK1, one
of the important autophagy proteins, is a serine/threonine kinase
and cellular autophagy is triggered by ULK1 binding to ATG13,
FIP200 and ATGI101 proteins to form a complex (Ref. 43).
Under normal energy conditions, mTORC1 phosphorylates
ULK1 and AMPK cannot activate ULK1. Cell autophagy is inhib-
ited because it cannot form complexes with inactive ULK1, ATG
and FIP200. In the absence of nutrients in cells, AMPK is acti-
vated, mTOR is inhibited, and autophagy is activated (Ref. 44).
Consequently, the activated mTOR pathway inhibits the activa-
tion of ULK1 to induce senescence by inhibiting autophagy.
When AMPK, the negative regulator of mTOR, is activated, it
either activates ULK1 or inhibits mTOR and can delay aging by
initiating autophagy.
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Figure 2. The molecular signalling mechanisms of autophagy (Figure created with Biorender. com).

SIRT1 is the mammalian homologue of Sir2 (silent informa-
tion regulator) protein, known as stress resistance and longevity
factor in yeasts. SIRT1 is the most studied sirtuin of seven
human sirtuins (Ref. 45). SIRT1 is a class III protein deacetylase
and uses nicotinamide adenine dinucleotide (NAD) as a cofactor
to deacetylase lysine residues, thereby silencing genes, which can
delay aging, reduce inflammation, improve energy metabolism. It
was revealed that SIRT1 can form complexes with
autophagy-related ATG5, ATG7, LC3 proteins and regulate
autophagy by causing their direct deacetylation (Ref. 46).
Calorie restriction delays the onset of age-related diseases such
as NDs, cardiovascular diseases, and diabetes, therefore it is the
only strategy to extend lifespan in many organisms (Ref. 47).
Although the mechanism of extension of lifespan is unclear, it
has also been determined that autophagy is increased during cal-
orie restriction and energy deficiency (Ref. 48). SIRT1 level in
humans decreases with age, therefore it causes cellular proteins
misfolding and cell damage. SIRT1 and AMPK are positive regu-
lators of each other. NAD expression is increased by AMPK and
activates SIRT1 (Ref. 49). Calorie restriction also induces activa-
tion of SIRT1 with an anti-aging effect. The FoXO family of tran-
scription factors (FoXO1, FoXO3a, FoX0O4 and FoXO6) is also an
important regulator of cellular metabolism and proliferation
(Ref. 50). Recent studies have shown that signalling pathways
related to SIRT1 and FoXO3 have an important role in the regu-
lation of autophagy. SIRT1-mediated activation of FoXO1 induces
expression of autophagosomes, and Rab7 (GTPase) which is
highly important in autophagosome formation (Ref. 51).
Overexpression of Rab7 also triggers autophagy, and activated
FoXO3 protein increases the expression of autophagy-related pro-
teins (LC3 and BNIP3) (Fig. 2) (Ref. 52).

Autophagy and age-related diseases

Cellular components that have been implicated in the aging pro-
cess have been linked to progressively impaired autophagy. In the
elderly, dysfunctional autophagy may play a role in age-related
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disorders such as cancer, cardiovascular and neurological diseases
and metabolic syndrome. Thus, restoring defective autophagy to
its healthy state may aid in preventing age-related diseases and
boosting longevity (Ref. 34).

Autophagy in cancer

Cancer occurs when the balance between cell proliferation and
death is lost, and more cells multiply than die or differentiate
(Ref. 53). Unlike apoptosis, autophagy helps maintain homoeosta-
sis by reversing intracellular molecules in the absence of nutrients
or in cellular stress (Ref. 54). Basal autophagy works as a tumour
suppressor mechanism during tumorigenesis; excessive autophagy
works as a survival pathway in certain cancers (Ref. 55). Unlike
normal cells, basal levels of autophagy are high in tumour cells,
stimulated in hypoxic regions, and provide a constitutive survival
advantage (Ref. 56). Therefore, inhibition of autophagy may pre-
vent the survival of tumour cells and may be a new target for can-
cer therapy (Ref. 57) (Table 1).

Autophagy is used to provide components and energy to cells
for basal survival in each cell (Ref. 54). Autophagy is controlled by
class I PI3K/mTOR and AMPK signalling pathways. During
nutrient availability (growth factors and amino acids), mTOR
kinase, a target of rapamycin, suppresses autophagy. Mutations
in the PI3K/AKT/mTOR pathway, in which autophagy is nega-
tively regulated, may lead to oncogenic transformations by
increasing signalling in the pathway (Ref. 58).

Beclin-1, which has a central role in autophagy, can function
as a tumour suppressor (Ref. 59). Beclin-1 is monoallelic deleted
in many cancers, such as breast, ovarian, brain, and prostate can-
cers, and low protein levels have been found in the tumours of
these cancers. Studies in mice have shown that heterozygous dis-
ruption of beclin-1 increases permeability to spontaneous tumour
development (such as lymphomas, lung carcinomas, hepatocellu-
lar carcinomas, and mammary precancerous lesions), whereas
Beclin-1 restoration in MCF-7 cells reduces proliferation and
tumorigenesis (Refs 59, 60, 61). Bif-1 plays a role in inducing
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Table 1. Studies on autophagy in cancer

Disease Model Results References
Breast cancer Beclin-1 gene transfer in autophagy-defective yeast Beclin-1 is a functional homologue of Apg6/Vps30 (Ref. 59)
and human MCF7 breast carcinoma cells with and by using gene-transfer techniques promotes
targeted degradation of Agp6/vps30 autophagy in autophagy-defective yeast, and in
human MCF7 breast carcinoma cells.
Brain cancer mMRNA expression of autophagy gene Beclin-1 in Low expression has been observed in most (Ref. 61)
human brain tumours high-grade glial tumours and atypical
meningiomas, and Beclin-1 is important in the
pathobiology of brain tumours.
Skin cancer UVRAG-mediated UV protection tested in vivo by UVRAG is a regulator of CRL4ADDB2-mediated (Ref. 62)
comparing tissue loss in the irradiated eye with nucleotide excision repair (NER) which is the
tissue loss in the untreated eye in Drosophila pupal primary repair pathway of UV-induced DNA
retina model. damage, an important risk factor in skin cancer.
Ovarian cancer ATP6VOA2 wild-type and ATP6VOA2 V823 mutant PHY34 is a promising molecule that could be used (Ref. 63)
cell lines were tested with PHY34 which is induced in cancer therapy targeting the ATP6V0OA2 subunit
apoptosis in ovarian cancer cells by late-stage to induce autophagy.
autophagy inhibition.
Ovarian cancer Expression of ubiquitin-conjugating enzyme E2T Knockdown of UBE2T significantly inhibits cell (Ref. 64)
(UBE2T) and its association with growth and proliferation by autophagy.
clinicopathological features and prognosis in
ovarian cancer patients were evaluated.
Colon, pancreas prostate Mouse colon carcinoma CT26 cells, mouse Combining autophagy inhibitor and ICD inhibitor (Ref. 65)
and melanoma cancers pancreatic carcinoma (pan02), melanoma could be a potential cancer treatment method.
(B16F10), and prostate cancer (RM-1) treated with
shikonin, HCQ, doxorubicin hydrochloride (DOX),
oxaliplatin
Gallbladder carcinoma SGC-996 and GBC-SD cell lines induced by 5-FU. 5-FU induces protective autophagy and creates (Ref. 73)
chemoresistance.
Fibrosarcoma HT1080 was treated with spautin-1 after silencing Spautin-1 inhibits the unfolded protein response (Ref. 75)
of the USP10 and USP13 genes in human under 2-deoxy-D-glucose and glucose starvation
fibrosarcoma cells. stressed conditions.
Hypopharyngeal squamous BALB/c nude mice with a subcutaneous injection CQ-inhibited autophagy by increasing the levels of (Ref. 76)
cell carcinoma (head and of human hypopharyngeal FaDu cells LC3 and p62 and enhanced the efficacy of
neck cancer) cisplatin

autophagosome formation in autophagy and interacts with
Beclin-1 via UVRAG. UVRAG proteins have been observed to
be abnormal or deleted in various types of cancer, such as colo-
rectal and gastric cancer. It is also a tumour suppressor candidate
because it reduces proliferation and tumour size in cases of exces-
sive UVRAG expression (Ref. 62). It has been reported that the
MAP1-LC3 gene, which encodes LC3-II located in the inner
and outer membrane of the autophagosome and functions in
autophagy substrate selection and autophagosome biogenesis, is
frequently deleted in the liver, breast, prostate, and ovarian can-
cers (Ref. 63). Thus, it can be considered that autophagy is both
a tumour suppressor and promoter (via protective autophagy)
mechanism, tumours with autophagy deficiency grow faster and
this situation increases exponentially with defects in apoptosis.
Modulation of autophagy in cancer therapy is a promising
potential strategy. Autophagy is also a protective mechanism in
cancer cells during anticancer treatment. The common treatment
strategy in cancer treatment is chemotherapy, but the develop-
ment of chemoresistance (such as the protective autophagy mech-
anism) limits the success rate. Some autophagy regulators, such as
the best-known mTOR inhibitors rapamycin and its derivatives
(temsirolimus and everolimus), chloroquine (CQ), and hydroxy-
chloroquine (HCQ), are also used in cancer treatment.
Rapamycin, an mTOR inhibitor, was developed to inhibit pro-
liferation signals in the PI3K/AKT/mTOR pathway, which is
important for cell growth and proliferation in multiple tumour
types (Ref. 64). Moreover, rapamycin may sensitise cancer cells
to radiation therapy and chemotherapeutic agents such as adria-
mycin, cisplatin and hormonal therapies (Ref. 65). In addition
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rapamycin is used in rare lung diseases, coronary stents
(Ref. 66). Temsirolimus was the first mTOR inhibitor class drug
to be shown to improve survival in patients with advanced
renal cell carcinoma (Refs 67, 68). Increased PI3K/AKT expres-
sion and activation are common in renal cell cancer and this
drug is used in the first-line treatment of metastatic renal cell can-
cer with poor prognosis (Ref. 66). It is also used in the treatment
of relapsed or refractory mantle cell lymphoma in the European
Union. Everolimus is used in combination with exemestane in
the treatment of advanced neuroendocrine tumours and breast
cancer (Refs 69, 70). In preclinical studies in bladder cancer and
pancreatic adenocarcinoma, it has been shown that CQ and
HCQ can suppress cancer cell growth by inhibiting autophagy.
Several studies have demonstrated that these reagents promote
apoptosis through suppression of autophagy and enhance the
therapeutic effects of chemotherapy by inhibiting autophagy-
mediated resistance seen in therapy (Refs 70, 71). Lys05, a water-
soluble analogue of HCQ, showed higher anticancer effects than
HCQ in low doses of melanoma and colon cancer xenograft mod-
els (Ref. 72). 5-Fluorouracil (5-FU), which is used in solid cancers
such as colorectal, breast, and pancreatic cancer, has limited effi-
cacy in the treatment because it induces protective autophagy and
creates chemoresistance (Refs 73, 74). Spautin-1, SAR405 are
newly developed autophagy-related anticancer drugs (Ref. 75).

Autophagy in cardiovascular diseases

Autophagic activity is implicated in the regulation of mammalian
heart development in the early stage, maintenance of cardiac
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Disease Model Results References
Hypoxia Hypoxic mouse embryo fibroblasts (MEFs) Hypoxia-induced BNIP3 triggers autophagy by increasing free (Ref. 78)
cells Beclin-1 levels
Ischaemia and Transgenic mice and cardiac myocytes Autophagy activation during ischaemia relies on AMPK mediated (Ref. 79)
reperfusion incubated in glucose-free medium were inhibition of the mTORC1 pathway. Autophagy plays dual roles
used. during ischaemia and reperfusion: while protective during
ischaemia, it could be harmful during reperfusion.
Cardiomyopathy cardiac-specific ATG5-deficient mice. Deficiency of ATG5 causes loss of cardiac-specific autophagy and (Ref. 81)
cardiomyopathy in mice.
Ischaemia and HIC2 cells for hypoxia/reoxygenation and ischaemic postconditioning helped autophagy against I/R injury (Ref. 80)

adult male C57/B6 mice for ischaemia/
reperfusion

reperfusion

by the activation of nNOS/AMPK/mTOR pathway.

structure and function under normal conditions, in the onset and
progression of cardiovascular diseases including ischaemia/reper-
fusion (I/R) and heart failure (Ref. 4). In addition, autophagy is
important in delaying cardiac aging (Ref. 77).

Activation of autophagy during myocardial ischaemia ensures
the maintenance of energy substrates and removal of damaged
mitochondria that may initiate apoptosis by causing oxidative
stress (Ref. 78). Autophagy activation during ischaemia relies on
AMPK mediated inhibition of the mTORC1 pathway (Ref. 79).
Inhibition of autophagy during chronic ischaemia can cause car-
diomyocyte death by activating apoptosis. Therefore, induction of
autophagy during myocardial ischaemia may be protective.

During reperfusion, tissues exposed to ischaemia are reloaded
with nutrients and oxygen. Reperfusion injury is defined as dam-
age to tissues or organs during the re-bleeding period following
the ischaemic period. Studies have shown that autophagy is a
key regulator with a dual role for I/R and is activated during
I/R (Ref. 80). AMPK activation is involved in autophagy resulting
from ischaemia, whereas activation of Beclin 1 is involved in
autophagy during reperfusion. Autophagy plays different roles
during ischaemia and reperfusion; while protective during ischae-
mia, it could be harmful during reperfusion (Ref. 79). (Table 2).

The heart’s first response to various stresses, such as hyperten-
sion, aortic stenosis, is hypertrophy, and if this situation con-
tinues, heart failure may develop (Ref. 81). Furthermore,
age-related progressive loss of autophagic activity leads to the
development of hypertrophy (Ref. 77). It remains unclear whether
the altered autophagy observed in cardiac hypertrophy and heart
failure is beneficial or harmful. -adrenergic stimulation, which
induces cardiac hypertrophy and heart failure, inhibits autophagy
and stimulates apoptosis (Ref. 80). The deficiency of ATG5 causes
cardiac hypertrophy by inhibition of autophagy with increased
ubiquitination levels, while overexpression of ATG5 increases
autophagy levels with Beclin-1 function and extends lifespan
(Ref. 82). In conclusion, basal autophagy in the heart under nor-
mal conditions is a homoeostatic mechanism for maintaining car-
diac structure and function.

The prevalence of autophagic activation in cardiac diseases has
led to studies in this area for therapeutic targets. In the conjectural
applications of cardiovascular diseases, 8-methylchroman-7-ol
derivatives and glycosylated anti-tumour ether lipids inhibit
autophagy; Rubicon, which binds the class III PI3K/Vps34-
Beclin 1 complex, and AP23573, a phosphorus-rapamycin ana-
logue, are used in the regulation of autophagy (Ref. 83).

Autophagy in neurological aging

Autophagy is important for the maintenance of neuronal hom-
oeostasis by mediating the clearance of unfolded or misfolded
protein aggregates.
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Age-related decrease in autophagy may lead to accumulation
of intracellular toxic wastes (Ref. 28). This condition is charac-
terised by aggregated and abnormally deposited proteins in
NDs. Apart from protein aggregation, mitochondrial dysfunction
and decreased lysosomal activity accompany dysregulated autop-
hagy in NDs. Aging and neuronal autophagy dysregulation
increase the incidence of NDs such as AD, PD, HD (Table 3).
In particular, misfolded protein accumulation and disruption of
the autophagy pathway due to mTOR are seen in these diseases.
With aging, there may be decreases in the ubiquitin-proteasome
system and autophagy-lysosomal pathway, which are associated
with the clearance of misfolded proteins in the brain (Ref. 84).
Measures to eliminate the disorders in the autophagy mechanism
may contribute to the prevention of age-related diseases. Gene
polymorphisms involved in autophagy mechanisms contribute
to aging-related neurodegeneration. Plaques formed as a result
of tau protein accumulation in AD, mutant a-synuclein proteins
(Lewy bodies) in PD, and mutant Huntingtin protein (mHtt)
accumulation in the cytoplasm are seen in HD. Autophagy
plays an active role in the clearance of these proteins. There is evi-
dence that overexpression of ATGS5, which is involved in autop-
hagy induction, activates autophagy and increases survival.
However, it was shown that there was a decrease in the expression
of the ATG7 and Beclin-1 genes. In this case, it can be concluded
that the decrease in autophagy activation decreases with aging
(Ref. 22).

Alzheimer’s disease

AD is a ND characterised by the accumulation of extracellular
B-amyloid (Ap) plaques and intracellular neurofibrillary tangles
containing hyperphosphorylated tau (Ref. 5). Only 5% of AD is
familial and results from mutations in presenilin 1, presenilin 2,
and amyloid precursor protein (APP). AS and tau protein are
substrates for autophagy. An abundance of autophagic structures
containing these substrates is observed in AD. In addition, it has
been shown that abnormal conformations of Af reduce lysosomal
amplification, lead to synaptic defects and increase the course of
the disease (Ref. 85). Neurofibrillary tangles caused by mutant tau
proteins can block CMA, resulting in decreased autophagy.
Beclin-1, an autophagy-related protein, decreases with age in
the brains of AD models, and increased levels of Beclin-1 ameli-
orate amyloid pathology.

Due to the morphological structure of nerve cells, the levels of
clearance by autophagosomes may be different compared to other
cells. The importance of autophagy in these cells is due to their
post-mitotic nature. Autophagy is very important in cell survival
as it can remove toxic aggregates in post-mitotic nerve cells. It has
been found that autophagosome clearance is impaired in late-
stage disease in neuron cells from patients with AD only. In
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Table 3. Studies on autophagy in neurodegenerative diseases

Disease Model Results References
AD APP transgenic mice Becnl*/~ transgenic mice Decreased Beclin-1 expression; Increased intraneuronal A3 (Ref. 96)
accumulation
AD Triple transgenic AD (3xTg-AD) mice Parkin-mediated reduction of AS levels (Ref. 97)
AD Becn1F2WA/FI21A knock-in mice Hyperactivation of autophagy by inhibition of (Ref. 98)
Beclin-1-BCL2 binding
AD Senescence accelerated mouse prone 8 (SAMP8) mice Increased expression levels of LC3-Il in hippocampus and (Ref. 99)
cortex; Decreased expression levels of Beclin-1 expression
AD TSC2 heterozygous mice Regulation of tau phosphorylation and degradation by (Ref. 100)
mTOR; Decreased expression levels of LC3-Il in
hippocampus; Decreased levels of ATG7 and ATG5/ATG12
AD Becn1*~ transgenic mice APP express transgenic mice Decreased neuronal autophagy and disruption of (Ref. 96)
lysosomes intraneuronal A3 accumulation
AD Triple transgenic AD (3xTg-AD) mice transfected with mutant AB accumulation, hyperactivation of mTOR (Ref. 101)
APP
PD LRRK2 G2019S knockout mice; LLRK2 knockout mice; LRRK2 Increased LC3-I, p62, LAMP2 and GAPDH levels (Ref. 102)
D1994S knockout mice Decreased p-mTOR levels; Downregulation of mTOR and
TFEB expression; LAMP2 accumulation
PD 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse Loss of dopaminergic neurons and improved motor (Ref. 103)
model functions
PD Rotenone-induced neurotoxicity in SH-SY5Y cells Increased mTOR and Beclin-1 (Ref. 104)
PD A transgenic mouse model (TgM83) expressing the human Neuroinflammation, metabolic dysregulation, and (Ref. 105)
A53T a-synuclein mutation photoreceptor cell death by accumulation of a-synuclein
PD A53T a-synuclein transgenic mice Decreased the cell damage induced by overexpressing (Ref. 106)
A53T a-synuclein
Activation of JNK/Bcl-2-mediated autophagy pathway
HD N171-82Q and R6/1 mouse overexpressing wild-type Impaired autophagy by a-synuclein overexpression (Ref. 107)
a-synuclein and carrying a deletion in the Snca locus Accumulation of p62
HD a-syn knockout R6/1 HD mice Body weight loss and early motor phenotype (Ref. 108)
HD C6R mHtt mice model Degradable mHtt impairs basal autophagy (Ref. 109)
HD Alfy knockout mice and BACHD mice Increased age of onset and progression of HD (Ref. 110)
HD HD knock-in Mouse model (HdhQ"'*) Modulation of autophagy and Htt protein levels (Ref. 111)
HD R6/2 transgenic mice Increased mHtt phosphorylation by TBK1 expression (Ref. 112)
HD R6/2 transgenic mice Improved fine motor control treatment with mitoQ (Ref. 113)
HD Activation of AMPK by A769662 in STHdh cells and mouse Increased expression of LC3 and p62 (Ref. 95)
embryonic fibroblasts
HD Q175 HD mice Enhanced autophagy by ULK1-mediated phosphorylation (Ref. 114)

MEF, HEK293T, HCT116, and Hela cells

of Atgl4

AD, Alzheimer’s Disease; PD, Parkinson Disease; HD, Huntington’s Disease.

some studies, it has been reported that the levels of some autop-
hagy genes are increased in AD brains (Ref. 22).

Parkinson disease

PD is a ND caused by selective loss of dopaminergic neurons and
decreased dopamine content in the striatum (Ref. 86). This loss
can be induced by mitochondrial toxins such as 1-methyl-
4-phenyl-1,2,3,6 tetrahydropyridine (MPTP) and the complex I
inhibitor rotenone. As in AD, mutations that cause PD can dir-
ectly cause disruption of autophagy. Some of these mutations
are a-synuclein (SNCA or PARK]1), also known as Lewy bodies,
Parkin (PRKN or PARK2), ubiquitin carboxy-terminal hydrolase
L1 (UCH-L1), PTEN-induced putative kinase 1 (PINK1), protein
deglycase DJ-1 (PARK7) and leucine-rich repeat kinase 2
(LRRK2) (Ref. 87). Furthermore, many PD-related gene muta-
tions can cause loss of function in the autophagy-lysosome path-
way (ALP). Because these genes play a role in mitophagy,
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mutations in these genes cause insufficient mitochondrial quality
control (Ref. 88). Two major mutations in a-synuclein (A53T and
A30P) are associated with PD (Ref. 89). Mutant a-synuclein
causes disruption of CMA activity, inhibition of autophagosome
formation and disruption of lysosomal degradation (Ref. 90).
Increased expression of mTOR, one of the important autophagy
pathways, has been reported after a-synuclein accumulation in
patients with PD. Apart from aging and genetic mutations, PD
may also develop due to dopaminergic neuron-specific toxins
such as 6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-
1,2,3,6 tetrahydropyridine (MPTP) and rotenone.

Huntington’s disease

HD is an autosomal dominant ND caused by long CAG trinu-
cleotide expansion (over 37 repeats) in the Htt gene (Ref. 91).
In patients with HD, an abnormally long polyglutamine-encoding
CAG trinucleotide expansion produces perinuclear cytoplasmic
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Kevser Taban Akca et al.

Disease Model Results References
T2DM In vivo early stage of type 2 diabetic nephropathy Regulating autophagy and apoptosis in mice through the (Ref. 124)
mice model suppression of microRNA-383-5p
T1DM In vivo Streptozotocin (STZ)-induced type 1 diabetes Increased in tau protein phosphorylation and DRP1 protein (Ref. 121)
rats model phosphorylated in the brain cortex
T2DM In vivo cPKCy knockout diabetes mice model Reduced LC3-Il mRNA and protein level; increased p62 protein level (Ref. 125)
T2DM In vivo ATGT knockout mice model specific for Reduced glucose-stimulated insulin secretion and impaired (Ref. 126)
pancreatic 8 cells glucose-induced cytosolic Ca2 + transients
T2DM In vivo genetic ablation of ATG7 specific for Resulted in degeneration of pancreatic islets and impaired glucose (Ref. 127)
pancreatic beta cells in mice model tolerance with reduced insulin secretion
T2DM In vivo B cell-specific ATGT deficient mice model Accumulation of polyubiquitinated protein aggregates associated (Ref. 128)
with p62, formation of large insulin-containing inclusion bodies and
decreased insulin secretion
T2DM In vivo insulin secretion-deficient Rab3A~~ null mice Increased insulin degradation via macroautophagy (Ref. 129)
model
T2DM In vivo 8 cell-specific ATGT7-deficient mice model Reduced the expression of unfolded protein response (UPR) and (Ref. 130)
antioxidants genes associated with ER stress
T2DM In vivo Zucker diabetic fatty rats model Hyperglycaemia and oxidative stress increased accumulation of (Ref. 131)
polyubiquitinated protein aggregates degraded by autophagy
T2DM In vitro ATGT-knockdown INS-1 rat insulinoma cells Obesity, increased blood glucose levels (Ref. 132)
and in vivo B cell-spesific ATG7-deficient mice model
Obesity Ex vivo siRNA-mediated ATG7 suppression in obese Increased LC3-Il, IL-18, IL-6, and IL-8 mRNA and protein level (Ref. 133)
human adipose cells, In vivo obese leptin deficient
mice model
Obesity Ex vivo obese human tissue biopsies Increased LC3-IlI/LC3-I ratio, LC3 and ATG5 mRNA level; decreased (Ref. 134)
p62 and mTOR protein levels
Obesity In vivo high fat diet (HFD)-induced fat-1 transgenic Increased LC3-1l, ATG12-ATG5; reduced p62 expression protein level (Ref. 135)
mice model
Obesity In vivo HFD-induced nonalcoholic fatty liver disease Increased Beclin-1, LC3-I/Il, ATG3, ATG5, JNK phosphorylation; (Ref. 136)
rat model decreased mTOR phosphorylation
Obesity In vivo OLETF-diabetic obese rat model Decreased ATG5, ATG6, ATGT mRNA level and LC3 protein level (Ref. 137)
Obesity In vivo HFD induced-obese mice model Defective insulin signalling and increased ER stress, reduced (Ref. 138)
autophagy activation (ATG7 level)
Obesity In vivo HFD induced-obese mice model Decreased LC3-I, LC3-II protein level, JNK phosphorylation; increased (Ref. 139)
mTOR phosphorylation
Obesity In vivo HFD induced-obese mice model Decreased LC3-Il, Beclin-1 protein level; decreased autophagosome; (Ref. 140)
increased p62 protein level
Obesity In vivo HFD induced-obese mice model Increased LC3B1 and Atg7 protein level (Ref. 141)

aggregates and intranuclear inclusions. This results in mutant Hitt,
an autophagic substrate, ingestion of defective autophagic sub-
strate into autophagosomes. In addition, this expansion of poly-
glutamine causes misfolded proteins or accumulation of protein
aggregates. Deletion of polyglutamine in the Htt gene has been
shown to improve disease symptoms and increase autophagosome
formation (Ref. 92). In addition, the decrease in Beclin-1 expres-
sion with aging may lead to the accumulation of mutant Htt
(Ref. 93). It has also been reported that the mTOR pathway
plays a role in HD pathology. In a recent study, they identified
the Homeodomain Interacting Protein Kinase 3 (HIPK3) gene
as a negative modulator of autophagy and a positive regulator
of mHtt expression levels in HD cells. It is considered that modu-
lation of mHtt by HIPK3 can be a therapeutic target for HD
(Ref. 94). Stimulation of autophagy usually occurs by inhibition
of mTOR. However, since mTOR is involved in many cellular
processes, its inhibition can lead to unexpected effects. Walter
et al. showed that AMPK activation causes increased expression
of LC3-II and p62, and induced autophagy in an
mTOR-independent manner. This resulted in decreased aggre-
gates containing mHtt and cell viability (Ref. 95).

https://doi.org/10.1017/erm.2023.5 Published online by Cambridge University Press

Autophagy in obesity and diabetes

Obesity, which is associated with excessive calorie intake, is a
chronic disease that occurs as a result of many genetic and envir-
onmental factors, affecting the metabolism and physiology of
organs (Ref. 115). Since triglycerides are stored in adipose tissue
and metabolised by the liver, adipose tissue is at the centre of
obesity and metabolic diseases (Ref. 116). Autophagy, on the
other hand, is a physiological process that removes damaged orga-
nelles, misfolded proteins, and lipids in case of excessive calorie
intake. Autophagy is a highly sensitive mechanism to excessive
calorie intake. Suppression or increase of autophagy is seen in
metabolic diseases such as obesity and diabetes (Ref. 6).

Insulin resistance, which develops due to the increase in cal-
orie intake, suppresses the activity of the mTOR pathway; this
initiates the autophagy process in adipose tissues. However, it
has been determined that calorie restriction increases autophagy
activity and, accordingly, insulin sensitivity in obese individuals.
In addition, an increase in the LC3 level and the number of autop-
hagosomes in the fat cells of obese patients was observed. In
another study, it was determined that the mRNA expression
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Table 5. /n vitro studies on natural compounds modulating autophagy in various cancers signalling pathways

Autophagic
Group Compound name Cancer type and cell lines target Molecular target References
Alkaloids Berbamine Breast cancer (MCF7, Autophagy Inhibits interaction of (Ref. 143)
MDA-MB-231) inhibition SNAP29 and VAMP8
Alkaloids Cepharanthine Non-small cell lung cancer Autophagy Inhibits maturation of (Ref. 144)
(NCI-H1975, NCI-H1650, inhibition cathepsin B and D
HCC827, A549, NCI-H1299)
Alkaloids Dauricine and Cervical cancer (Hela), Colon Autophagy Inhibits autophagosome (Ref. 145)
daurisolin cancer (HCT 116), Non-small inhibition maturation
cell lung cancer (A549)
Alkaloids Liensinine Breast cancer (MCF7, Autophagy Dephosphorylation and (Ref. 146)
MDA-MB-231) inhibition mitochondrial translocation
of DNM1L
Alkaloids Matrine Liver cancer (HepG2, Autophagy p53/AMPK (Ref. 147)
SMMC-7721) induction
Cyclopeptides RA-XII Liver cancer (HepG2) Autophagy Inhibits AMPK/mTOR/ (Ref. 148)
inhibition p70S6K
Diterpenoids Oridonin Cervical cancer (HelLa) Autophagy Suppress Ras and promote (Ref. 149)
induction p38, MAPK, and JNK
Flavonoids Kaempferol Gastric cancer (AGS, SNU-216, Autophagy as Inhibits HDAC/G9a (Ref. 152)
NCI-N87, SNU-638, MKN-74) epigenetic
regulator
Flavonoids Quercetin Pancreatic cancer (MIA Autophagy Inhibits mTOR, proteasomal (Ref. 153)
Paca-2, BxPC-3, AsPC-1, induction activity
PANC-1)
Indole derivatives 3,3’-Diindolylmethane Gastric cancer (BGC-823, Autophagy as Inhibits miR-30e leading to (Ref. 154)
SGC-7901) epigenetic ATGS5 activation
regulator
Lectins Concanavalin Cervical cancer (HelLa) Autophagy Decreases PI3K/AKT/mTOR (Ref. 150)
induction and increases MEK/ERK
Lignans Honokiol Melanoma (B16/F-10, Autophagy Inhibits notch pathway (Ref. 155)
SKMEL-28) induction resulting in autophagic cell
death
Monoterpenes Paeoniflorigenone Head and neck cancer Autophagy Inactivates PI3K/AKT/mTOR/ (Ref. 156)
(YD-10B) induction p70S6K
Naphthoquinones B-Lapachone Glioblastoma (U87 MG, U343) Autophagy Induces ROS (Ref. 157)
induction
Naphthoquinones Plumbagin Non-small cell lung cancer Autophagy Inhibits PI3K/AKT/mTOR (Ref. 158)
(A549, H23) induction
Phenolic acids Ferulic acid Cervical cancer (HelLa, CaSki) Autophagy Decreases LC3-Il, Beclin-1 (Ref. 151)
induction and ATG12-ATG5
Phenolic acids p-Coumaric acid Neuroblastoma (N2a) Autophagy Increases autophagosomes (Ref. 159)
induction formation
Polyketides Elaiophylin Multiple myeloma (Mutant Autophagy Increases ER stress (Ref. 160)
TP53) inhibition
Polyketides Elaiophylin Ovarian cancer (SKOV3, Autophagy Inhibits autophagic flux (Ref. 70)
OVCAR3, A2780, CaOV-3, and inhibition
SW626)
Polyphenols Curcumin Glioblastoma (U87-MG, Autophagy Inhibits AKT/mTOR/p70S6K (Ref. 161)
U373-MG) induction and activates ERK1/2
Polyphenols Curcumin Prostate cancer (22rv1, Autophagy Modulates Wingless (Ref. 162)
LNCaP, (DU145, PC-3)) induction signalling pathway
Polyphenols Curcumin Colon cancer (HCT116) Autophagy Activates of ERK1/2 and p38 (Ref. 163)
induction MAPK
Polyphenols Curcumin Oral cancer (OSCC) Autophagy Induces ROS production (Ref. 164)
induction
Polyphenols Curcumin Pancreatic cancer (PANC1, Autophagy Increases autophagosomes (Ref. 165)
BxPC3) induction
Polyphenols Curcumin Prostate cancer (PC3, DU145, Inhibits DNMT1 and (Ref. 166)
LNCaP) DNMT3B
(Continued)
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Table 5. (Continued.)

Kevser Taban Akca et al.

Group Compound name Cancer type and cell lines Autophagic Molecular target References
target
Autophagy as
epigenetic
regulator
Steroidal lactones Withaferin A Breast cancer (MCF7, Autophagy Inhibits lysosomal (Ref. 167)
MDA-MB-231, MDA-MB-468, inhibition proteolytic activity
T47D)
Steroids Periplocin Pancreatic cancer (CFPACL, Autophagy Increases p-AMPK (Ref. 168)
PANC1) induction expression and decreases
p-mTOR expression
Stilbenes Resveratrol Breast cancer (MCF7, SUM159) Autophagy Decreases WNT/j-catenin (Ref. 170)
induction
Stilbenes Resveratrol Colon cancer (HT-29, COLO Autophagy Induces ROS (Ref. 171)
201) induction
Stilbenes Resveratrol Ovarian cancer (NIH-OVCAR3) Autophagy as Activates ARH1 to inhibit (Ref. 172)
epigenetic IL-6 dependent cell
regulator migration
Tannins Corilagin Gastric cancer (SGC7901, Autophagy Induces ROS (Ref. 173)
BGC823) induction
Tannins Punicalagin Glioblastoma (U87-MG) Autophagy Increases AMPK/p27 (Ref. 174)
induction
Terpenoids Lucidone Pancreatic ductal Autophagy Inhibits the HMGB1/RAGE/ (Ref. 175)
adenocarcinoma (MIA Paca-2) inhibition PI3K/Akt
Triterpenoids Celastrol Prostate cancer (NCaP, 22Rv1, Autophagy as Inhibits AR/miR-101 (Ref. 176)
DU145, PC-3) epigenetic
regulator
Triterpenoids Isotoosendanin Breast cancer (MDA-MB-231, Autophagy Increases LC3B I1/LC3B | (Ref. 177)
BT549, 4T1) induction ratio
Triterpenoids Toosendanin Breast cancer (MDA-MB-231, Autophagy Increases LC3B I1/LC3B | (Ref. 177)
BT549, 4T1) induction ratio

level of the autophagy gene ATG5 was higher in patients with
higher BMI and larger visceral adipose tissue (Ref. 117).
Obesity was shown to stimulate inflammation by causing hypo-
thalamic resistance to insulin and leptin hormones through an
inhibitor of the Nuclear Factor kappa B (NF-kB) pathway and
induces hypothalamic dysfunction (Ref. 118). Therefore, hypo-
thalamic dysfunction can be considered to play a role in the
pathophysiology of obesity and diabetes. In studies, hypothalamic
inhibition of autophagy via siRNA-mediated ATG7 suppression
was achieved in mice fed a high-fat diet, resulting in increased
energy consumption. In other words, feeding with HFD in mice
caused disruption of lipolysis and insulin resistance. It has also
been observed that hypothalamic autophagy is impaired in
HFD-induced obesity (Ref. 119).

Diabetes is a metabolic disease identified as chronic hypergly-
caemia. There are two main clinical types, insulin-dependent
(Type 1) and insulin-independent (Type 2) (Ref. 120). Type 1 dia-
betes mellitus (T1DM) is a disease that develops by autoimmune
destruction of pancreatic beta cells. It is known that insulin
reduces tau phosphorylation and autophagy by inhibiting the
PI3K/AKT signalling pathway-mediated Glycogen synthase
kinase-3 (GSK-3). Phosphorylation of tau protein is increased
in TIDM with insulin deficiency (Ref. 121). On the other hand,
insulin resistance, hyperglycaemia and relative insulin deficiency
determine the development of Type 2 diabetes mellitus
(T2DM). The increase of adipose tissue in T2DM causes insulin
resistance by activating the mTOR pathway. mTORCI is activated
by high amounts of glucose, fatty acids and amino acids.
Moreover, insulin is a hormone that inhibits autophagy
(Ref. 122). Insulin resistance causes autophagy activation in
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adipose tissues of obese patients. In the previous studies, it was
demonstrated that insulin resistance was induced and autophagy
was inhibited by decreasing the expression levels of
autophagy-related LC3, ULK2, ATGI12 proteins in livers of mice
fed a high-fat diet (Ref. 123). Studies on autophagy in obesity
and diabetes are summarised in Table 4.

Natural active compounds in longevity intervention

Age is the greatest risk factor for all major age-related pathologies.
In recent years, it has been reported that the molecular mechan-
isms underlying aging are associated with cancer, cardiovascular
diseases and neurodegeneration. It can also affect the same path-
way, autophagy, as these diseases. Therefore, autophagy is gaining
importance in the discovery of therapeutic interventions that pro-
mote healthy aging and increase longevity (Ref. 142).

Natural products were widely used to treat different medical
conditions before the development of modern pharmaceuticals.
Today they still serve as an important pool for the identification
of new drug precursors against various diseases including cancer
and chronic diseases, which become widespread with increasing
age. The structural complexity and diversity of natural products
provide a valuable resource for future drug discovery.

In the following section, we summarise the autophagic
mechanisms of natural compounds in cancer, cardiac diseases,
neurological aging, diabetes and obesity.

Autophagic mechanisms of natural compounds in cancer

Natural compounds have been identified as potent inducers or
inhibitors of autophagy to exhibit antitumour mechanisms,
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Figure 3. Autophagy-related pathways regulated by natural compounds in cancer (Figure created with Biorender.com).

opening up new therapeutic regimens against cancer. Some stud-
ies suggest that autophagy exerts a tumour-suppressing role, while
others suggest a tumour-promoting role. This complexity of
autophagy in cancer biology may arise from different contexts
such as stress types, tumour staging and cancer types. In vitro
studies on different groups of natural compounds modulating
autophagy and molecular target mechanisms were summarised
in Table 5 and Figure 3.

Alkaloids are a group of secondary metabolites that are exten-
sively found in nature and have strong pharmacological activities.
They can target the autophagy process in different cancer types
including breast, lung, cervical, colon, liver and pancreatic cancer.
Among the alkaloids, berbamine, cepharanthine, dauricine, dauriso-
lin, liensinine inhibited the autophagy via different molecular target
mechanism while matrine induced autophagy by p53/AMPK path-
way (Refs 143, 144, 145, 146, 147). Natural cyclopeptide RA-XII
suppresses protective autophagy through AMPK/mTOR/P70S6 K
pathways in HepG2 cells (Ref. 148). Oridanin, concanavalin and
ferulic acid induced autophagy and displayed an anticancer effect
against cervical cancer (Refs 149, 150, 151). Kaempferol and
quercetin are natural flavonoids that are found in many fruits, vege-
tables, and medicinal plants. They mediated autophagy in gastric
and pancreatic cancer cell lines via inhibition of HDAC/G9a and
mTOR activity (Refs 152, 153). An indole derivative of
3,3'-diindolylmethane also plays a regulatory role in gastric cancer
and inhibits miR-30e leading to ATGS5 activation (Ref. 154).
Honokiol is a lignan isolated from the genus Magnolia
L. (Magnoliaceae) that inhibits melanoma stem cells by targeting
notch signalling and induced in autophagic cell death (Ref. 155).
Paeoniflorigenone regulated autophagy to induce anticancer bioac-
tivities in human head and neck squamous cell carcinomas. This
compound inactivated PI3K/AKT/mTOR/p70S6K in YD-10B cells
(Ref. 156). B-lapachone and plumbagin, the active naphthoquinone,
showed potent anticancer effects through autophagy induction
(Refs 157, 158). p-Coumaric acid, an ubiquitous plant phenolic
acid, had cytotoxicity on neuroblastoma via generation of ROS
that enhanced autophagy-induced mitochondria dysfunction

https://doi.org/10.1017/erm.2023.5 Published online by Cambridge University Press

(Ref. 159). Elaiophylin, a natural autophagy inhibitor, exerted anti-
tumour activity in multiple myeloma and ovarian cancer (Refs 70,
160). Polyphenols are a large group of natural compounds that
played an important role in modulating autophagy. They had sig-
nificant antioxidant and anti-inflammatory properties as well as
autophagic regulation in cancer cells. Curcumin is a natural poly-
phenol  derived from  rhizomes of Curcuma  longa
L. (Zingiberaceae) commonly known as turmeric. Numerous studies
indicated that curcumin was able to modulate autophagy against
various cancer including prostate, colon, oral, pancreatic cancers
and brain tumours (Refs 161, 162, 163, 164, 165, 166). Withaferin
A had a steroidal lactone structure and inhibited lysosomal activity
to block autophagic flux in breast cancer cells (Ref. 167). Periplocin
is a natural active steroid isolated from Periploca forrestii Schitr.
(Apocynaceae). This compound promoted autophagy in pancreatic
cancer cells via regulating the AMPK/mTOR pathway (Ref. 168).
Resveratrol (3,5,4-trihydroxystilbene) is a stilbenoid found mainly
in red grape, cranberry, mulberry, and peanut. It has gained more
attention over the past two decades because of its ability to prevent
and treat various cancers (Ref. 169). A link between resveratrol and
autophagy regulation by different moleculer mechanism was
reported in breast, colon and ovarian cancers (Refs 170, 171, 172).
Corilagin and punicalagin, members of the tannin group, induced
autophagy in gastric cancer and glioblastoma cell lines, respectively
(Refs 173, 174). Lucidone, a terpeneoid, inhibited autophagy via
HMGBI1/RAGE/PI3K/Akt signalling pathway in pancreatic cancer
cells (Ref. 175). Celastrol induced autophagy by targeting AR/
miR-101 and served as epigenetic regulator in prostate cancer cell
lines (Ref. 176). Two natural triterpenoids, toosendanin and isotoo-
sendanin, suppressed triple-negative breast cancer growth through
inducing autophagy (Ref. 177).

Autophagic mechanisms of natural compounds in cardiac
diseases

Despite recent advances in therapeutic regimens, cardiac disease
is still a leading cause of morbidity and mortality and remains
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Table 6. Autophagy regulating natural compounds in cardiac diseases

Kevser Taban Akca et al.

Compound in vitro/ Autophagic
Group name in vivo Model target Molecular target References
Alkaloids Berberine in vivo Myocardial ischaemia/ Autophagy Decreases SIRT1, BNIP3, (Ref. 179)
reperfusion (I/R)-induced inhibition Beclin-1
injury
Alkaloids Berberine in vitro Hypoxia/reoxygenisation Autophagy Decreases p-AMPK and (Ref. 179)
with H9c2 cells inhibition p-mTORC2
Alkaloids Berberine in vivo Constriction of abdominal Autophagy Reduces LncRNA MIAT (Ref. 180)
aorta (CAA)-induced induction expression
yyocardial hypertrophy
Diterpenoids Tanshinone IIA in vivo Doxorubicin (DOX)-induced Autophagy Inhibits mTOR; activate (Ref. 181)
cardiotoxicity induction ULK1-Beclin-1/
TFEB-LAMP1
Diterpenoids Oridanin in vivo Aortic banding (AB)-induced Autophagy Inhibits Akt/mTORC1, (Ref. 182)
cardiac hypertrophy induction activate AMPK and p21
Flavonoids Hesperidin in vivo Myocardial I/R-induced Autophagy Activates PI3K/Akt/mTOR (Ref. 183)
injury inhibition pathway
Flavonoids Icariin in vitro 1SO-induced H9c2 or NRCM Autophagy Mediates AMPK/mTOR (Ref. 184)
myocytes hypertrophy induction pathway
Flavonoids Luteolin in vivo Left anterior descending Autophagy Inhibits Mstl (Ref. 185)
(LAD)-ligation induced induction
myocardial infarction
Flavonoids Nobiletin in vivo LAD-ligation induced Autophagy Increases autophagosome (Ref. 186)
myocardial infarction inhibition conversion to
autophagolysosome
Flavonoids Puerarin in vivo AB-induced cardiac Autophagy Activates AMPK/mTOR/ (Ref. 187)
hypertrophy induction S6K
Indoleamines Melatonin in vivo Myocardial I/R-induced Autophagy Activates AMPK/mTOR (Ref. 188)
injury inhibition
Indoleamines Melatonin in vitro I/R injury with neonatal Autophagy Activates AMPK/mTOR (Ref. 189)
CMECs inhibition
Indoleamines Melatonin in vivo Chronic intermittent Autophagy Activates AMPK (Ref. 189)
hypoxia (CIH)-induced induction
cardiac hypertrophy
Monoterpenoids Hinokitiol in vitro H,0,-induced oxidative Autophagy Inhibits GSK3p (Ref. 190)
damaged in cardiomyocytes inhibition
Monoterpenoids Thymoquinone in vivo Sepsis-induced cardiac Autophagy Inhibits PI3K (Ref. 191)
damage induction
Phenolic acids Gallic acid in vivo Transverse aortic constrictio Autophagy Inhibits Akt, ERK1/2, ULK1 (Ref. 192)
(TAC)-induced cardiac induction
hypertrophy and heart
failure
Polyamines Spermidine in vivo High-salt-induced Autophagy Enhances autophagic flux (Ref. 193)
congestive heart failure induction
Polyamines Spermidine in vivo Myocardial Autophagy Promotes AMPK/mTOR (Ref. 194)
infarction-induced induction
myocardial injury
Polyphenolics Curcumin in vitro Isoproterenol (ISO)-induced Autophagy Activates mTOR (Ref. 195)
cardiac hypertrophy and inhibition
fibrosis
Senevol Allicin in vivo Pressure overload-induced Autophagy Activates PI3K/Akt/mTOR (Ref. 196)
glycosides cardiac hypertrophy inhibition and MAPK/ERK/mTOR
Stilbenes Resveratrol in vivo DOX-induced cardiotoxicity Autophagy Inhibits E2F1/mTORC1, (Ref. 197)
induction E2F1/AMPKa2
Stilbenes Resveratrol in vitro DOX-induced Autophagy Inhibits S6K1 (Ref. 198)
cardiomyocyte death induction
Triterpenoid Ginsenoside in vivo 1SO-induced myocardial Autophagy Activates AMPK (Ref. 199)
saponins Rg3 infarction induction downstream signalling
pathway
Triterpenoids Cucurbitacin B in vivo Aortic banding (AB)-induced Autophagy Inhibits Akt/mTOR/ (Ref. 200)
cardiac hypertrophy induction FoXO3a
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Figure 4. Autophagy-related pathways regulated by natural compounds in cardiac disease (Figure created with Biorender.com).

one of the greatest threats to public health. Dysregulation of
autophagy in cardiomyocytes is associated with myocardial
infarction, cardiac hypertrophy, heart failure and diabetic cardio-
myopathy. In this context, autophagy appears to be an important
therapeutic target and delays cardiac aging (Ref. 178). Different
groups of natural compounds including berberine, tanshinone
ITA, oridanin, hesperidin, icariin, luteolin, nobiletin, puerarin,
melatonin, hinokitiol, thymoquinone, gallic acid, spermidine, cur-
cumin, allicin, resveratrol, ginsenoside Rg3, cucurbitacin B were
reported to display cardioprotective effect in experimental animal
models and in vitro studies via autophagy modulation (Refs 179,
180, 181, 182, 183, 184, 185, 186, 187, 188, 189, 190, 191, 192, 193,
194, 195, 196, 197, 198, 199, 200). Autophagy regulating natural
compounds in cardiac diseases and molecular target mechanisms
were summarised in Table 6 and Figure 4.

Autophagic mechanisms of natural compounds in neurological
aging

Many studies indicated that natural compounds had therapeutic
benefits in NDs via different mechanisms by targeting autophagy.
Autophagy regulating natural compounds in neurological aging
and molecular target mechanisms were given in Table 7 and
Figure 5. Berberine, conophylline, curcumin, ginsenoside-Rg2,
and celastrol improved cognitive impairment via autophagy
induction in mice models of AD (Refs 201, 202, 203, 204, 205).
Caffeine is a well-known natural compound commonly used to
increase alertness and energy. It prevented human prion protein-
mediated neurotoxicity via autophagy induction (Ref. 206).
Dendrobine, an alkaloid, induced autophagy flux in hippocampus
primary neurons of rats (Ref. 207). Abnormalities in neuron
axonal transport-related proteins inhibit autophagosome matur-
ation in AD. Curcumin increased autophagic flux by inducing
interactions among autophagic axonal transport-related proteins
and promoting lysosome-autophagosome fusion in N2a/
APP695swe cells (Ref. 208). Curcumin also showed a protective
effect on amyloid-$-42 induced cytotoxicity in HT-22 cells
(Ref. 209). B-asarone and cubeben inhibited amyloid-f, and
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PI3K-AKT, respectively via promoting autophagy in AD model
with neuronal cells (Refs 210, 211). Wogonin, natural active fla-
vonoid, increased B-amyloid clearance and inhibited mTOR in
SH-SHY5Y cells (Ref. 212). Baicalein inhibited caspase-3 activity
and exhibited beneficial effect in PD model with SH-SY5Y
(Ref. 213). Calycosin, an phytoestrogen, showed protective effect
against paraquat (PQ)-induced neurodegeneration by reducing
pS6K and p4EBP1 levels (Ref. 214). Quercetin, a flavonoid
known for its neuroprotective effects, acted as an autophagy
enhancer and upregulated Beclin-1 in PD rat model (Ref. 215).
n-Butylidenephthalide induced autophagic down-regulation in
motor neurons and prolonged the survival of amyotrophic lateral
sclerosis (ALS) mice (Ref. 216). Oleuropein is the active constitu-
ent of olive leaves and fruits and known as antioxidant, neuropro-
tective and autophagy-regulating properties. These polyphenolic
compounds showed therapeutic benefits against PD in neuronal
PCI12 cells and TgCRND8 mouse model (Refs 217, 218).
Resveratrol was reported to have neuroprotective potential in
HD. It protected mutant SH-SY5Y cells from dopamine toxicity
via rescuing ATG4-mediated mediated autophagosome formation
(Ref. 219). Also, resveratrol showed beneficial effects by inducing
autophagy in both in vitro and in vivo AD and PD models
(Refs 220, 221, 222). D-limonene is a fragrance agent and belongs
to the terpene group. D-limonene increased LC3-II and reduced
p62 levels by inducing autophagy in SH-SY5Y cells (Ref. 223).
Cucurbitacin E is a tetracyclic triterpenoid isolated from
Cucurbitaceae plants, decreased autophagic flux and neuronal
death in a postmitotic cellular model of PD (Ref. 224). Geraniol
also diminished autophagy flux in an in vitro model of PD
(Ref. 225). Cannabidiol, a natural compound from Cannabis
sativa L. (Cannabaceae) extended lifespan and improved neuronal
health in C. elegans by induction of autophagy (Ref. 226).

Autophagic mechanisms of natural compounds in obesity and
diabetes

Autophagy has a modulating role in the process of adipocyte con-
version. It is also an important signalling pathway for T2DM.
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Table 7. Autophagy regulating natural compounds in neurological aging

148

in vitro/ Autophagic

Group Compound name in vivo Model target Molecular target References

Alkaloids Berberine in vivo APP/tau/PS1 mouse model of AD Autophagy Induces the class Ill PI3K/Beclin-1 pathway (Ref. 201)
induction

Alkaloids Caffeine in vitro Prion-mediated neurotoxicity with SH-SY5Y Autophagy Increaes LC3-Il (Ref. 206)
induction

Alkaloids Conophylline in vitro AD and HD model with PC12 Autophagy Increases protein aggregation (Ref. 202)
induction

Alkaloids Dendrobine in vivo Rat model of AD Autophagy Increases autophagic flux (Ref. 207)
induction

Alkaloids n-butylidenephthalide in vivo SOD1-G93A mouse model of Amyotrophic lateral sclerosis (ALS) Autophagy Inhibits LC3-Il and caspase 3 (Ref. 216)
inhibition

Cannabinoids Cannabidiol in vivo Neuronal aging model in Caenorhabditis elegans Autophagy Modulates SIRT1/sir-2.1 (Ref. 226)
induction

Flavonoids Baicalein in vitro PD model with SH-SY5Y Autophagy Inhibits caspase-3 activity (Ref. 213)
induction

Flavonoids Calycosin in vivo Paraquat (PQ)-induced PD model in Drosophila Autophagy Reduces pS6K and p4EBP1 levels (Ref. 214)
induction

Flavonoids Quercetin in vivo Rotenone rat model of PD Autophagy Upregulates Beclin-1 expression (Ref. 215)
induction

Flavonoids Wogonin in vitro SH-SY5Y, SH-SHY5Y cells Autophagy Inhibits mTOR (Ref. 212)
induction

Phenylpropanoids B-Asarone in vitro AD model with PC12 Autophagy Inhibits amyloid-3 (Ref. 210)
induction

Polyphenols Curcumin in vivo APP/PS1 mouse model of AD Autophagy Downregulates PI3K/Akt/mTOR (Ref. 203)
induction

Polyphenols Curcumin in vitro Mouse hippocampal neuronal cell line (HT-22) Autophagy Downregulates Beclin-1 (Ref. 209)
inhibition

Polyphenols Curcumin in vitro AD model with N2a/APP695swe Autophagy Increases Beclin-1, ATG5, and ATG16L1 (Ref. 208)
induction

Polyphenols Oleuropein in vitro PD model with PC12 Autophagy Inhibits autophagic flux and increases p62 (Ref. 217)
modulation

Polyphenols Oleuropein in vivo TgCRND8 PD mouse model Autophagy Inhibits mTOR (Ref. 218)
induction

Silbenes Resveratrol in vitro HD model with SH-SY5Y Autophagy Induces autophagosomes formation (Ref. 219)
induction

Silbenes Resveratrol in vitro PD model with SH-SY5Y Autophagy Increases HO-1 expression and autophagic (Ref. 220)
induction flux

Silbenes Resveratrol in vitro AD model with PC12 Autophagy Activates the TyrRS-PARP1-SIRT1 (Ref. 221)
induction

Silbenes Resveratrol in vivo Avtivates SIRT1-deacetylated LC3 (Ref. 222)

1D 39 BXYyY ueqge] JISADY
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MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine Autophagy
(MPTP)-induced PD mouse model induction
Terpenes Cubeben in vitro AD model with neuronal cells Autophagy Inhibits PI3K-AKT (Ref. 211)
induction
Terpenes D-Limonene in vitro SH-SY5Y Autophagy Increases LC3-1l and reduces p62 levels (Ref. 223)
induction
Terpenes Geraniol in vitro PD model with SK-N-SH Autophagy Diminishes autophagy flux (Ref. 225)
inhibition
Triterpenoid Ginsenoside-Rg2 in vivo 5XFAD mouse model of AD Autophagy AMPK-ULK1-dependent and (Ref. 204)
saponins induction mTOR-independent
Triterpenoids Celastrol in vivo P301S Tau and 3xTg transgenic AD mouse model Autophagy Activates TFEB (Ref. 205)
induction
Triterpenoids Cucurbitacin E in vitro PD model with PC12 Autophagy Maintaines lysosomal distribution and (Ref. 224)
inhibition decreases autophagy flux
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Figure 5. Autophagy-related pathways regulated by natural compounds in neurological aging (Figure created with Biorender.com).

Table 8. Autophagy regulating natural compounds in obesity and diabetes

in
vitro/in Autophagic

Group Compound name vivo Model target Molecular target References

Alkaloids Berberine in vivo High-fat diet induced Autophagy Decreases Beclin-1 (Ref. 227)
obesity inhibition

Catechins Epigallocatechin-3-gallate in vivo T2DM-induced damage in Autophagy Regulates JNK (Ref. 231)
skeletal muscle inhibition

Disaccharides Trehalose in vitro Hyperglycaemia model in Autophagy Induces (Ref. 232)
neuroepithelial cells induction autophagosome

formation.

Flavonoids Dihydromyricetin in vivo Insulin sensitivity mouse Autophagy Activates (Ref. 233)
model induction AMPK-PGC-1a-Sirt3

Flavonoids Puerarin in vivo STZ-induced diabetic Autophagy Regulates PERK/elF2a/ (Ref. 234)
nephropathy induction ATF4

Indoleamines Melatonin in vivo STZ-induced diabetic Autophagy Inhibit Mst1/Sirt3 (Ref. 235)
cardiomyopathy induction pathway

Phenolic Ferulic acid in vivo STZ/HFD-induced Autophagy Decreases p62 (Ref. 236)

acids diabetic nephropathy induction expression

Phenolics Arjunolic acid in vivo STZ-induced diabetic Autophagy Activates AMPK/ (Ref. 237)
retinopathy induction mTOR/HO-1

Polyphenolics Curcumin in vivo STZ-induced diabetic Autophagy Activates AMPK/mTOR (Ref. 238)
cardiomyopathy induction and JNK1

Polyphenolics Curcumin in vivo STZ-induced diabetic Autophagy Regulates Beclin-1/ (Ref. 239)
nephropathy inhibition UVRAG/Bcl2

Stilbenes Resveratrol in vivo High-calorie diet induced Autophagy Increases AMPK (Ref. 228)
obesity induction

Stilbenes Resveratrol in vivo Myocardial oxidative Autophagy Activates SIRT1/ (Ref. 229)
stress injury model in inhibition FoXO01/Rab7
diabetic mice

Stilbenes Resveratrol in vivo I/R-induced injury of Autophagy Activate PI3K (Ref. 230)
diabetic myocardium induction
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Autophagy regulating natural compounds in obesity and diabetes
and molecular target mechanisms were given in Table 8 and
Figure 6. Berberine, an alkaloid, inhibited basal autophagy in adi-
pocytes in mice fed a high-fat diet by decreasing Beclin-1
(Ref. 227). Resveratrol increased AMPK and improved health
and survival of high-calorie diet induced mice (Ref. 228).
Resveratrol activated SIRT1/FoXO1/Rab7 and ameliorated myo-
cardial oxidative stress injury in diabetic mice (Ref. 229). It alle-
viated I/R injury of diabetic myocardium by promoting
autophagy (Ref. 230). Apart from resveratrol, epigallocatechin-3-
gallate, trehalose, dihydromyricetin, puerarin, melatonin, ferulic
acid, arjunolic acid, and curcumin were reported to effective in
experimental animal models and in vitro studies of diabetes via
autophagy modulation (Refs 231, 232, 233, 234, 235, 236, 237,
238, 239).

Conclusion and future perspectives

Aging, an irreversible biological process, is an independent risk
factor for cancer, neurodegeneration, cardiovascular diseases,
obesity and diabetes. Under both healthy and pathological cir-
cumstances, autophagy is a crucial mechanism. Studies have
revealed that the dysregulation of autophagy plays a role in the
pathogenesis of illnesses associated with aging and have proposed
potential treatments involving the control of the autophagy sys-
tem. It is thought that a number of bioactive substances generated
from medicinal plants have the ability to regulate autophagy by
concentrating on autophagic pathways. The targeted control of
autophagy is thought to offer a method of treating age-related dis-
orders, hence regulation of the autophagic process is increasingly
seen as an intriguing drug development technique. The regulating
function of natural substances on autophagy to delay or treat
age-related illnesses in vitro and in animal models was the main
focus of this review. However, there is broad agreement about
the effectiveness of natural pleiotropic substances capable of
enhancing or reestablishing deficient autophagy in aggregate-
prone proteins. According to literature data, different groups of
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Figure 6. Autophagy-related pathways regulated by natural compounds in obesity and diabetes (Figure created with Biorender.com).

phytochemicals have attracted attention as promising autophagy
modulators. Curcumin and resveratrol stand out in terms of
effectiveness and popularity and these two compounds can be
identified as potent autophagy regulating compounds in cancer,
cardiovascular and NDs, and metabolic dysfunction. Keep in
mind that autophagy can be a two-way process. To successfully
combat age-related illnesses, significant improvements in our
understanding of their modes of action, pharmacokinetics, and
nonspecific effects are required.
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